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Foreword

The first supplementary volume dealing with the chemistry of double-bonded functional
groups was published in 1977 and contained thirteen chapters on C=C, C=0, C=N and
N=N groups. The second supplementary volume was published in 1989 with eighteen
chapters, some of them ‘integrative’ ones, i.e. giving a unified treatment of several double-
bonded groups together.

I am happy to present now Supplementary A, Volume 3 —including again several ‘inte-
grative’ chapters.

The literature coverage in most chapters is up to the end of 1994 and in many cases
up to the middle of 1995 or later.

Jerusalem SAUL PATAI
January, 1997
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The Chemistry of Functional
Groups Preface to the series

The series ‘“The Chemistry of Functional Groups’ was originally planned to cover in
each volume all aspects of the chemistry of one of the important functional groups in
organic chemistry. The emphasis is laid on the preparation, properties and reactions of the
functional group treated and on the effects which it exerts both in the immediate vicinity
of the group in question and in the whole molecule.

A voluntary restriction on the treatment of the various functional groups in these
volumes is that material included in easily and generally available secondary or ter-
tiary sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, various
‘Advances’ and ‘Progress’ series and in textbooks (i.e. in books which are usually found
in the chemical libraries of most universities and research institutes), should not, as a rule,
be repeated in detail, unless it is necessary for the balanced treatment of the topic. There-
fore each of the authors is asked not to give an encyclopaedic coverage of his subject,
but to concentrate on the most important recent developments and mainly on material that
has not been adequately covered by reviews or other secondary sources by the time of
writing of the chapter, and to address himself to a reader who is assumed to be at a fairly
advanced postgraduate level.

It is realized that no plan can be devised for a volume that would give a complete cov-
erage of the field with no overlap between chapters, while at the same time preserving the
readability of the text. The Editors set themselves the goal of attaining reasonable coverage
with moderate overlap, with a minimum of cross-references between the chapters. In this
manner, sufficient freedom is given to the authors to produce readable quasi-monographic
chapters.

The general plan of each volume includes the following main sections:

(a) An introductory chapter deals with the general and theoretical aspects of the group.

(b) Chapters discuss the characterization and characteristics of the functional groups,
i.e. qualitative and quantitative methods of determination including chemical and physical
methods, MS, UV, IR, NMR, ESR and PES —as well as activating and directive effects
exerted by the group, and its basicity, acidity and complex-forming ability.

(c) One or more chapters deal with the formation of the functional group in question,
either from other groups already present in the molecule or by introducing the new group
directly or indirectly. This is usually followed by a description of the synthetic uses of
the group, including its reactions, transformations and rearrangements.

(d) Additional chapters deal with special topics such as electrochemistry, photochem-
istry, radiation chemistry, thermochemistry, syntheses and uses of isotopically labelled
compounds, as well as with biochemistry, pharmacology and toxicology. Whenever appli-
cable, unique chapters relevant only to special functional groups are also included (e.g.
‘Polyethers’, ‘Tetraaminoethylenes’ or ‘Siloxanes’).

X1



xii Preface to the series

This plan entails that the breadth, depth and thought-provoking nature of each chapter
will differ with the views and inclinations of the authors and the presentation will neces-
sarily be somewhat uneven. Moreover, a serious problem is caused by authors who deliver
their manuscript late or not at all. In order to overcome this problem at least to some
extent, some volumes may be published without giving consideration to the originally
planned logical order of the chapters.

Since the beginning of the Series in 1964, two main developments have occurred.
The first of these is the publication of supplementary volumes which contain material
relating to several kindred functional groups (Supplements A, B, C, D, E, F and S). The
second ramification is the publication of a series of ‘Updates’, which contain in each
volume selected and related chapters, reprinted in the original form in which they were
published, together with an extensive updating of the subjects, if possible, by the authors
of the original chapters. A complete list of all above mentioned volumes published to
date will be found on the page opposite the inner title page of this book. Unfortunately,
the publication of the ‘Updates’ has been discontinued for economic reasons.

Advice or criticism regarding the plan and execution of this series will be welcomed
by the Editors.

The publication of this series would never have been started, let alone continued,
without the support of many persons in Israel and overseas, including colleagues, friends
and family. The efficient and patient co-operation of staff-members of the publisher also
rendered us invaluable aid. Our sincere thanks are due to all of them.

The Hebrew University SAUL PATAI
Jerusalem, Israel ZN1 RAPPOPORT
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CHAPTER 1

Heteropolar double bonds

TOVA HOZ and HAROLD BASCH

Department of Chemistry, Bar-llan University, Ramat-Gan 52900, Israel
Fax: 972-3-5635-1250; e-mail: HBASCH@MANGO.CC.BIU.AC.IL
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I. INTRODUCTION

This review will focus on heteropolar double bonds containing at least one carbon atom,
where the other half of the bond is a group 14 carbene-type functional group [XH(A),
where X = carbon, silicon germanium, tin and lead, and A is one of the substituents
H, CH3, F, OH, CN and NOJ]. The homopolar case complements the recent review by
Trinquier and Malrieu!. The heteropolar systems have been nicely reviewed by Grev?. The
emphasis in this review is on structure, both geometric and electronic. Bond dissociation
energies will not be addressed, although bond strength is usually discussed within the
framework of electronic structure considerations®. The focus here is on the series of
compounds with the generic formulas CH(A)=XH, and CH,=XH(A), where X is one
of the group 14 atoms (C — Pb) and A is one of the substituents enumerated above.
The objective is to probe and elucidate the effect of the substituents on the electronic and

N /
geometric structure description of the heteronuclear < /CZX\ ) double bond involving

main group atoms. Within this context isomerization energies will also be discussed.
The set of CH(A)=XH, and CH>=XH(A) molecules allows a direct study of the
effect of substitution (A) on the ground state geometry of the doubly-bonded systems.
Both stability? and geometry* have been attributed to the singlet—triplet splitting of the
carbenes (H,X, HXA, H,C and HCA) involved in the bond, although other factors have

also been identified as important®. Historically, electronic structure effects have usually
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been elucidated through a study of geometric structure and the effect of ligand substitution
on geometry®™?. Therefore, the availability of a large number of equilibrium structures
can contribute to an understanding of the electronic structure effects. In this context
analogous analyses of transition metal carbenes are also relevant to such studies'®~12,
although transition metal complexes themselves won’t be discussed.

Besides the actual geometric structures and their information content with regard to
local XH(A) electronic structure in the heteropolar double-bond systems, interest has
centered on the degree of charge transfer between the two carbene-like ends of the double
bond, individually and collectively in the 7 and the o bonds. Representative examples
of these types of studies are found in the recent literature' !4, These investigators use
a multi-configuration self-consistent field method (MCSCF) of the complete active space
(CAS) variety which distributes the four double-bond electrons (2 o and 2 7) among the
4 molecular orbitals (MO): o, ¢*, 7 and 7*. This MCSCF-type calculation is descriptively
labeled CAS(4,4). The resultant MOs are then localized and a configuration interaction
(CD) calculation carried out on the resultant carbene-localized o and 7 orbitals. Although
the localized MO (LMO) are still orthogonal, and therefore carry tail contributions from
the other carbene fragment, this localized representation is probably sufficiently good to
serve as a basis for a Valence Bond (VB) type analysis of trends in the CI configurations
and their weights. Here, the open-shell spin coupled electron pairs in the o and 7 spaces
represent the double bond and other VB structures are formed by different occupancies of
the localized carbene o and 7 orbitals. The purely covalent structure puts two electrons
on each local carbene fragment. Since any given orbital can be up to doubly occupied,
additional structures can be constructed that represent electron transfer in both directions
between the carbenes. These structures will have an unequal number of electrons on
each carbene. The weight of each structure is simply the square of its coefficient in the
orthogonal CI calculation. Such an analysis can also show the relative importance of the
spin singlet and triplet character on each local carbene fragment. It should be noted that
the carbene orbitals do not necessarily have to have pure o and 7 character, but can also
be equivalent, or nearly so, to form banana-type bonds between the carbene fragments.
The nature of this orthogonal valence bond (OVB) analysis is not affected by the exact
spatial orientation of the individual carbene orbitals.

However, using the newly developed nonorthogonal Valence Bond SCF (VBSCF)
method these VB structures can be constructed directly from purely carbene localized
orbitals, without the uncertainty introduced by the orthogonality tails'*-!. The orthogonal
LMO analysis described above (OVB) is more convenient computationally, but a limited
number of real VB calculations need to be carried out on actual heteronuclear double-
bond systems to compare with and to validate the LMO results. This analysis has been
carried out here using ab initio VBSCF computer codes.

Density functional theory (DFT) using gradient or nonlocal corrected exchange and
correlation functionals'”-!8 has been shown to be a useful ab initio tool in computing geo-
metric structures'®. Mixing in a small amount of the actual Hartree—Fock exchange to the
functional in a normalized fashion improves performance for a variety of properties?®2!.
These hybrid functionals seem to perform well because of a cancellation of errors due to
spurious self-interaction intrinsic to DFT and the neglect of correlation in Hartree—Fock?2.
The DFT method has the major advantage of being considerably faster than conventional
electronic structure methods at a level of accuracy variously estimated to be around MP2
(Moeller-Plesset to second order) for geometries'® 1%, Several DFT studies of heteronu-
clear double bonds have already been reported>23. It would be useful to have overlapping
studies of the same molecular systems by these different model theory levels for compar-
ison and validation. Therefore, ab initio DFT has also been used for comparison with the
OVB and VBSCEF results.
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The use of substituents to probe the electronic structure description of molecular systems
has a long and successful history and has also been used for heteropolar double bonds?*.
The effect of substituent A on the geometric structures of HyC=XH(A) and CH(A)=XH>,
and an analysis of resultant properties, could shed light on the different electronic factors
that determine structure, in general. An understanding of the nature of the heteropolar
double bond as a function of the group 14 atom X will also benefit from a comparison
with the saturated systems that have only a single o bond. This approach has been adopted
by several researchers>2 and is also brought here for the VBSCF treatment. A great deal
has already been written about the C—X (X = carbon — lead) single bond?® and the
0=X double bond?’. The experience garnered from these and other studies will also be
brought to bear here, where appropriate.

In this review we will discuss the optimized geometric structures of the HyC=XH(A)
and CH(A)=XH, sets of heteropolar double-bonded systems, where X is any of the
group 14 atoms (carbon, silicon, germanium, tin and lead) and A is one of the sub-
stituents H, CH3, F, OH, CN or NO. In this way the effect of substitution on each side
of the double bond can be measured. The resulting MOs are analyzed for the electronic
structure aspects and contributions using localized orbitals. Parallel DFT calculations are
used to examine the geometries and bona fide nonorthogonal VBSCF orbitals are used
selectively to probe the electronic structure description. The approach adopted here to
analyze the electronic structure description of heteronuclear double bonds leans heav-
ily on the previous work of Carter and Goddard®, Trinquier and Malrieu'*, Windus and
Gordon'? and Jacobsen and Ziegler’.

Il. CALCULATIONAL METHODS

Ab initio MCSCF calculations were carried on the CHy=XH(A) and CH(A)=XH, set
of heteropolar double-bond compounds with substituents A = H, CHs, F, OH, CN and
NO on either the carbon or X atom, where X is one of the group 14 column series. The
geometries of all these molecules were optimized at the ab initio CAS(4,4) level!l ™13
using the GAMESS?® set of computer programs. The CAS(4,4) MCSCEF calculation takes
into account all electronic configurations resulting from the distribution of 4 electrons

among the /C=X\ o, w, 7 and 0* MOs, or their banana-bond equivalents, in a self-

consistent field procedure. For all the atoms heavier than hydrogen a compact effective
potential (CEP) was used to replace the core electronszg, where for Si, Ge, Sn and Pb the
relativistic CEP (RCEP) was used?. The valence electron basis sets were taken from the
respective CEP?° and RCEP?? tabulations split double-zeta as published. A single d-type
Gaussian polarization function was added to the post-hydrogen atoms and a single p-type
function was added to hydrogen. The default polarization functions of GAMESS?® for
these atoms were used here. Overall, this basis set can be described as valence double-zeta
plus polarization, CEP-N1(d,p), where N = 3 for the hydrogen, carbon and silicon atoms,
and N = 4 for Ge, Sn and Pb. For brevity, the basis set will be identified as CEP-DZP.

N /
The two HOMO (o and 7) and LUMO (7* and 0*) MCSCF MOs of the /C=X\
bond at the optimized geometric structure were subjected to the Boys localization

procedure3! to produce orthonormal localized carbene fragment molecular orbitals. The
two LMO on each carbene can be either ¢ and 7w or 0 + 7w and o — m. The latter
couple with the other carbene LMO of the same form to produce banana bonds instead

/
of the conventional ¢ and 7 /CZX\ bonds3>33. A complete CI calculation was then
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carried out on the 4-electron/4-LMO set for the spin-singlet electronic ground state.
This distribution generates 20 configurations having zero, 2 or 4 open shells, all coupled
spin-singlet. The resulting CI coefficients and corresponding LMO occupancies can be
interpreted in terms of the local carbene spin state (singlet or triplet) and the ionicity of
each specific configuration'! =14 This approach assumes, of course, that the LMO are
well localized and that the orthogonality tails are small.

The orthogonal localized molecular orbitals produced thereby are intended to mimic the
classical nonorthogonal Valence Bond orbitals. The OVB procedure has been followed
in the past because of the great practical difficulty encountered in trying to produce
real, nonorthogonal VB orbitals. This capability has recently become available using the
VBSCF computer program system, TURTLE!>:1-34 VBSCF is not yet the facile tool that
is routinely available for the MO methods but rapid progress is being made. At this stage,
the OVB method is still more convenient. However, for limited comparison purposes,
ab initio VBSCEF calculations were carried out on the heteronuclear double-bond series,
CH,;=XH,, where X = carbon, silicon, germanium, tin and lead. Compact effective core
potentials were used for the chemically inert core electrons, just like for the CAS(4,4)
calculations. The valence sp basis set consisted of the published CEP?® and RCEP?° bases

N
TABLE 1. VB structures for the four-electron /C=X\

bond
Structure Occupancy*

11 12 rl 2
Covalent”
LI 1 1 1 1
11T 2 0 1 1
v 0 2 1 1
v 1 1 2 0
VI 1 1 0 2
VII 2 0 2 0
VIII 0 2 2 0
X 2 0 0 2
X 0 2 0 2
Il —r CT*
XI 1 0 2 1
XII 1 0 1 2
XIIT 0 1 2 1
X1V 0 1 1 2
XV 0 0 2 2
r—1 CT?
XVI 2 1 1 0
XVl 1 2 1 0
XVIIT 2 1 0 1
XIX 1 2 0 1
XX 2 2 0 0

411 and 12 are the two participating orbitals on the left-side carbene,
with the corresponding definitions for r1 and 12 and the right carbene.
5Two electrons on each carbene, irrespective of spin coupling.

¢l — r CT = LRCT = Left to right charge transfer.

dr | CT =RLCT = Right to left charge transfer.
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contracted K111, where K = 1 for C and Si, K = 2 for Ge — Pb, augmented by the
above-described d-type single Gaussian polarization functions on the nonhydrogen atoms.
This basis set will be called CEP-5ZP. The hydrogen atom basis set was taken as the 311
split of the standard 5° distribution®.

For the OVB and VBSCEF theory levels it remains to define the set of structures that
comprise the wave function. If the two variably occupied orbitals on each carbene fragment
[CH(A) and XH(A)] are labeled 11, 12, r1 and 12 (1 = left and r = right), then Table 1
gives the orbital distribution of all the structures that can be composed by distributing 4
electrons among the 4 orbitals. These structures can be classified as covalent, with two
electrons on each carbene irrespective of spin coupling, and charge transfer (CT) in either
the | — r or r — 1 directions with an uneven number of electrons on each carbene

N /
fragment. In the o, 7 representation of the /C=X\ bond, 11 and 12 are the o and &

carbene orbitals on XH;, respectively, for example. In the VBSCF calculations on the
CH,=XH; series, the geometries were taken from CAS(4,4) gradient optimization in the
CEP-5ZP basis sets.

Ab initio density functional theory calculations were also carried out on the
CH;=XH(A) and CH(A)=XH, series of molecules. The basis set used was the CEP-
TZDP+ described previously?® and is more extensive than the DZP basis set used in the
CAS(4,4)-OVB calculations. In TZDP+ the valence electron wave function is expanded
in a triple-zeta sp set of functions plus a double set of polarization d-type functions plus a
set of diffuse sp-type functions. The B3LYP exchange-correlation functional?® as defined
in the Gaussian 94 program set® was used in all the DFT calculations.

Finally, for correlation purposes, all the HXA carbenes (X = C — Pb, A = H,
CH3,F,OH,CN and NO) in their closed-shell singlet and lowest-energy open-shell triplet
states were geometry optimized at both the CAS (CEP-DZP basis) and DFT (CEP-
TZDP+) basis theory levels. The lowest-energy open-shell singlet state was also obtained
by ab initio methods.

lll. RESULTS AND DISCUSSION
A. CHy=XH»

The CH,=XH> set with X = C — Pb are all calculated to be planar at the CAS(4,4)
theory level in both the CEP-DZP and CEP-5ZP basis sets. This agrees with all previous
work?>:13:36.37 except for the CH,=SnH), results of Windus and Gordon'3. The difference
in geometry for the stanoethylene has been addressed by Jacobsen and Ziegler>. The
calculated bond lengths and angles at the CAS(4,4)/CEP-DZP and DFT/CEP-TZDP+
levels are shown in Tables 2 and 3 for the most stable CHy=XH(A) and CH(A)=XH,
systems. A comparison with previous such work and with experiment where available for
the CH,=XH, molecules has been given by Jacobsen and Ziegler>.

Table 1 shows the covalent and charge transfer (CT) structures (analogous to elec-
t\ri)nic configurations in MO theory parlance) that make up the VB wave function for the
/
and HXA) states that represent the homolytic asymptotic dissociation limit for breaking

/
C=X\ bond. These can be further analyzed in terms of the separate carbene (HCA

N
the double bond in /C=X\. Each carbene is assumed to have two orbitals, a; (o)

and b () in Cpy symmetry, in which are distributed two electrons. The resultant sin-
gle configuration electronic states are 3By and 'Bi(a! b1Y), 'Ai(a1?) and ]A’f(blz). For
CH(A) (A = a substituent not hydrogen) in Cy symmetry the same distribution holds with
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1. Heteropolar double bonds 7

TABLE 3. CAS(4,4)/CEP-DZP optimized geometries of the CHy=XH(A) molecules®

X A C=X X-A Y-Z X-H’ /AXC [H,CX /XYZ /H,CXH, /AXCH, /[ZYCX

Y-Z X-Y LYXC LYXCHj,

Si CHz 1.754 1.884 1.099 1.480 1250 1229 1104 —-0.2 0.3 —-1.3
Ge CHz 1.811 1952 1.098 1.523 1246 121.8 109.7 —-0.2 0.3 —1.4
Sn CH; 2000 2.141 1.098 1.693 1245 121.8 109.8 -0.3 0.3 —1.5
Pb CHz 2.047 2175 1.095 1.741 1254 1203 1084 —-0.4 0.4 —1.5
Si F 1.735 1592 — 1468 123.0 1233 — 0. 0. —
Ge F 1.810 1.708 — 1511 1183 1195 — —32.7 22.1 —
Ge F 1.792 1705 — 1507 1199 1212 — 0. 0. —
Sn F 2.034 1893 — 1.687 1132 117.0 — —54.4 344 —
Sn F 1981 1887 — 1.673 118.0 1203 — —0.1 0.1 —
Pb F 2.100 2.016 — 1744 1094 1123 — —69.1 37.8 —
Si OH 1.740 1.634 0955 1468 1265 1250 1178 0. 0. 0.
Ge OH 1.799 1.740 0.955 1.508 1244 1225 114.1 0. -0.1 0.1
Sn OH 2.032 1936 0954 1.685 119.0 1182 116.7 46.7 —354 36.5
Pb OH 2.100 2.047 0956 1.740 1157 1133 111.8 59.0 —42.0 34.8
Si CN 1.746 1.860 1.155 1466 1202 1219 179.7 0.2 -01 -1799
Ge CN 1.800 1924 1.155 1.503 119.1 120.7 179.6 0. 0. —-179.9
Sn CN 2023 2119 1.156 1.680 1139 1184 1785 43.5 325  —1482
Pb CN 2088 2191 1.156 1.732 1114 1141 178.1 —57.3 395 —1483
Si NO 1.749 1.828 1205 1471 1172 1212 113.6 0. 0. —180.
Ge NO 1.805 1922 1.199 1513 117.6 1203 1127 0.3 -02 -1799
Sn NO 2029 2.151 1.198 1.691 113.7 118.8 1129 41.4 —-323 —156.8
Pb NO 2.097 2227 1.191 1.752 1157 1157 108.9 51.3 —429  —14938

“9Bond distances in Angstroms, angles in degrees. The labeling is: CHa(Hp)=XHc(A), where for an A substituent
that is diatomic, A = Y—Z. Bond lengths and nondihedral angles involving C—H are not listed unless part of A. For
A = C'Hsz, Y—Z is the C—H bond that is most nearly C—C’—H coplanar. Hy and Hc are trans to each other across
the double bond.

[’Averaged for X =C.

a; = a and by = a”. In CH,, for example, 3B is the electronic ground state with 'A;
about 9 kcalmol™! higher in energy. Referring to Table 1, it is clear that each of the ten
covalent structures listed there can be related to some combination of these 4 electronic
states on each carbene within the constraint of overall singlet state spin coupling. Thus
structures I and II represent combinations of the 3B1-3B; and 'B;-'B, carbene states.
All the other covalent structures (Il — X) involve combinations of 'By, 'A; and lA’f
carbene states. In a planar CHy=XH(A) or CH(A)=XH; system, if the overall ground
electronic state is 'A; then B states, triplet or singlet, must appear in identical pairs,
one on each carbene, in order to maintain overall A; spatial symmetry. For a nonplanar
heteronuclear double-bonded system the symmetry combination constraints are relaxed
but the spin combination constraints of the planar molecules still hold. Thus structures
III — VI, as well as of course VII — X, involve only singlet carbene states. In the
asymptotic dissociation limit each carbene goes to its electronic ground state. Thus the
coefficients of most of the structures I — X are expected to decrease in magnitude as the

/
C=X i
Y N bond length increases.

Since the /CZX\ systems dissociate to neutral carbenes, the coefficients of the

charge transfer (CT) states also vanish in the asymptotic dissociation limit. There are 5
left — right CT states (LRCT), four being single electron transfers (XI — XIV) and one
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double electron transfer (XV). The same situation is obtained for right — left electron
transfer (RLCT), where XVI — XIX are one-electron processes and XX is a two-electron
process.

In the VBSCF method the wave function is expanded as a linear combination of the
20 structures described in Table 1. Since the orbitals are nonorthogonal, the sum of the
squares of the structure expansion coefficients (C;) don’t add up to one. However, a
measure of the importance of each structure’s wave function (¥;) can be obtained from

the formula in equation 1 for the weight, W;G®:

WiZZCiCjS[j (1)

1

where S;; is the overlap between structures i and j. The weights for the VBSCF
results in the planar CHy=XH, systems are tabulated in Table 4. In order to mimic
the trans-bent (TB) structures that are so characteristic of the heavier heteronuclear

N /
TABLE 4. VB structure weights (W;) for the planar four-electron C=X_ bond*

/ N
Structure Wb
! CH2 :CHZ CHZZSin CH2 :GSHZ CHZZSHHZ CH2 :PbHZ
Covalent®
I 0.220 0.214 0.218 0.215 0.215
I 0.269 0.285 0.296 0.314 0.319
I 0. 0. 0. 0. 0.
v 0. 0. 0. 0. 0.
v 0. 0. 0. 0. 0.
VI 0. 0. 0. 0. 0.
VII 0.000 0.000 0.000 0.001 0.001
VIII 0.056 0.059 0.062 0.057 0.070
IX 0.056 0.047 0.045 0.043 0.035
X 0.000 0.000 0.000 0.000 0.000
Total ) 0.601 0.605 0.622 0.630 0.640
CH3—XHj3 Y 0.674 0.654 0.676 0.675 0.685
I—rcTd
XI 0.000 0.000 0.000 0.000 0.000
XII 0.074 0.033 0.034 0.023 0.021
XII 0.126 0.083 0.102 0.083 0.099
X1V 0.000 0.000 0.000 0.000 0.000
XV —0.001 —0.005 —0.005 —0.005 —0.004
Total ) 0.199 0.111 0.131 0.101 0.116
CH3—XHj3 Y 0.163 0.080 0.123 0.095 0.116
r—1 CT®
XVI 0.000 0.000 0.000 0.000 0.000
Xvil 0.074 0.107 0.094 0.094 0.098
XVII 0.126 0.172 0.153 0.175 0.148
XIX 0.000 0.000 0.000 0.000 0.000
XX —0.001 0.005 0.000 0.001 —0.001
Total 0.199 0.284 0.247 0.270 0.245
CH3—XH3 ! 0.163 0.266 0.200 0.229 0.199

“Planar geometric structure; from VBSCF calculations.

bSee equation 1.

“Two electrons on each carbene, irrespective of spin coupling.
AL eft to right charge transfer = LRCT.

¢Right to left charge transfer = RLCT.

fSee text.
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double-bond systems5’13*14, trans-bent structures for the CH,=XH; molecules were
produced by bending the CH, and XH, planes 45° away from the C=X bond in a
trans configuration. All other geometric structural parameters were maintained at their
optimized planar values. The resultant VBSCF structure weights for the TB geometries
are shown in Table 5. The weights of the VB structures in Tables 4 and 5 are also
summed into classes of covalent (equal numbers of electrons on each carbene) and ionic
or charge transfer (unequal numbers of electrons on each carbene) contributions. In the
covalent category the sum is taken irrespective of the closed- or open-shell nature of the
contributing structures, as explained above.

Table 4 also contains an analogous analysis of the saturated CH3—XH3 systems for
X = C — Pb, for comparison purposes. The optimized geometries were taken from
CAS(2,2) calculations on CH3—XH3 using the CEP-DZP basis set. VBSCF calculations
were then carried out on the CH3—XH3 set using the usual 3 VB structures: one covalent
(CH3:XH3) and two ionic (CH3TXH3~ and CH3~XH31)%°.

The summed weights, classified as covalent and ionic, show a consistent trend with the
nature of the X atom. The value of the covalent contribution to the total VB wave function
generally increases as X gets heavier from Si — Pb for the CH3—XHj3 series, and from

N /
TABLE 5. VB structure weights for the trans-bent four-electron /C=X\ bond*

Structure Wl-b

i CH,=CH, CH,=SiH, CH,=GeH, CH,=SnH, CH,=PbH,
Covalent®
I 0.220 0.245 0.251 0.259 0.269
i 0.282 0.272 0.266 0.255 0.227
I 0.000 —0.002 0.001 0.003 0.008
v 0.018 0.018 0.021 0.020 0.024
\% 0.000 0.000 0.003 0.008 0.015
VI 0.018 0.018 0.021 0.019 0.026
A%t 0.000 0.000 0.000 0.000 0.000
VIII 0.038 0.032 0.036 0.032 0.370
IX 0.038 0.038 0.033 0.033 0.034
X 0.000 0.001 0.001 0.001 0.001
Total 0.614 0.621 0.632 0.630 0.641
I —rcrd
XI 0.000 —0.001 0.001 0.002 0.005
XII 0.050 0.023 0.024 0.016 0.019
X111 0.134 0.080 0.099 0.073 0.084
XIV 0.011 0.008 0.009 0.006 0.009
XV —0.001 —0.005 —0.005 —0.004 —0.004
Total 0.194 0.105 0.128 0.093 0.113
r—1 CT®
XVI 0.000 0.000 0.002 0.006 0.009
XVII 0.050 0.057 0.052 0.052 0.051
XVIII 0.134 0.199 0.169 0.198 0.165
XIX 0.011 0.017 0.019 0.022 0.023
XX —0.001 0.002 0.000 0.001 0.000
Total 0.194 0.275 0.242 0.279 0.248

“Trans-bent (45°) geometric structure; from VBSCF calculations.
bSee equation 1.

“Two electrons on each carbene, irrespective of spin coupling.
dLeft to right charge transfer = LRCT.

¢Right to left charge transfer = RLCT.
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C — Pb for the CH,=XH, set. The trend in the C—X single-bond group shows that the

increase in covalent character in the /C=X bonding is not due to the double bond or

N

to the 7 bond alone. The net charges on the CH; and XH; groups can be obtained as the
difference between the total weights of the opposite direction (1 — r and r — 1) charge
transfer contributions. These differences are seen to zigzag from zero for the symmetric
X = C case to X = Pb. Such alternations and their possible cause have been discussed
previously?Z®.

As noted above, the ground electronic states of the planar HoC=XH, compounds can
be most easily considered to be formed by the interaction of two triplet state carbenes CHy
(®By) and XH, (®B;). Not all the carbenes have a spin triplet electronic ground state and
some are known or calculated to have A} (or !4’) electronic ground states. The overall VB
wave function contains contributions from all the possible (spin and symmetry-allowed)
combinations of the *By, 1By, 1A and IAT carbene states described above. The covalent

structures I and II arise from the coupling of two 3B; and two !B; state carbenes. As seen
in the weights tabulated in Table 4, these are the major interaction modes of CH; and
XH; (48-53%) to form the planar CH,=XH; systems. The weights of the combinations
of 14, and 1AT states on each carbene (structures VII-X) are seen in Table 3 to be small
for all X. This is surprising in light of the fact that, as will be subsequently discussed, the
ground electronic state of the heavier XH, is !A; and, therefore, 3B, is an excited state
of those systems.

Steric interactions allowing, the interaction of two triplet-state carbenes is expected to
lead to planar molecules, with ethylene as the prototypical model. The coupling of two 'A;
carbenes is expected to lead to the familiar rrans-bent structure'* as the two electron pairs
in the a1 (o) orbital avoid each other maximally and simultaneously try to maximize their
interaction with the other-carbene empty b1 orbital in the plane-perpendicular direction.
The a 12—a 12 interaction is represented by structure VII and this is seen, in Table 4, not
to contribute in a noticeable way to the planar ground state of the CH,=XH; systems.
However, the CH, +XH, combinations of a;2+5b;2 and b12+a,2 (structures VIII and IX)
do contribute somewhat (ca 10-11%) because of their overall o272 configuration which
is also expected to favor a planar geometry. The charge transfer (CT) structures contribute
another 12-28% (XI — XX) of the total wave function. The geometric preference of the
ionic structures is not clear, although those with equal numbers of o and = electrons at
least in single electron CT (XII, XIII, XVII, XVIII) should also tend to planarity. The
double CT structures (XV and XX) don’t contribute, as expected. Thus, the equilibrium
geometries of the heteronuclear double-bonded systems can be considered to be related
to the relative weights of the contributing carbene fragment state energies.

The energies and equilibrium geometric structures of the lowest-energy triplet and
singlet electronic states of the simple HXA carbenes are easily calculated. The rela-
tive energies of the excited states are shown in Table 6 for the ab initio CEP-DZP and
DFT/CEP-TZDP+ level theories. For Table 6 the 3B; (*A”) state (denoted T) was opti-
mized using the restricted open-shell Hartree—Fock method. The energy and equilibrium
structure of the 'A; (!A’) states were obtained as the lowest-energy solution of a one-
pair GVB*® calculation mixing the a1 (a’?) and b2 (a”?) configurations. This state
is denoted S. For the DFT/CEP-TZDP+ calculations the B3LYP exchange-correlation
functional was used with unrestricted Hartree—Fock (UHF) for the triplet state (T) and
restricted HF (RHF) for the closed-shell singlet state (S). The 'A% (!1A”) and 'B; ('A”)
states are more difficult to calculate by ab initio or DFT methods. The 1B, state, denoted
OS, was only ab initio optimized using the single excitation configuration interaction
(CIS) option in Gaussian 943, Using the UHF method for the 3B; state in DFT raises
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the question of spin purity*! of the resultant wave function. The calculated (S?) values
are also tabulated in Table 6 and these are seen to be very close to the exact value of 2
for a spin triplet state, so that spin contamination here is not significant.

Table 6 shows the calculated singlet—triplet (S—T) and singlet—singlet (S-OS) splitting
for all the HXA carbenes, with a limited comparison to experiment and other calculated
results®>*?> ™3 A negative value indicates T more stable than S. An interesting measure of
the reliability of the calculated S-T splitting energies in the substituted carbenes where
experimental data are not available is to compare their values between the two very
different methods used to produce the results in Table 6. As described above, the ab initio
results are obtained using a two-configuration CAS(2,2) wave function for the (S) 14, (14"

TABLE 6. Singlet-triplet (S-T) energy splitting in XH(A)*

A X= C Si Ge Sn Pb
H S-T? —11.4 17.4 235 23.4 34.1
(82y¢ 2.006 2.002 2.002 2.002 2.003
S-T¢ —11.5 19.7 26.2 26.5 36.7
Other —od 16.84 23.18 23.88 34.2¢
17.7¢ 22.9¢ 23.2¢
2417 24.1"
S-08 32.5 59.8 60.8 59.4 63.3
CH; S-T? -59 19.8 25.3 24.8 335
(82)¢ 2.007 2.003 2.002 2.002 2.004
S-T¢ -56 22.1 27.8 27.6 35.5
Other —10.9/ 19.8¢
S-0S 37.4 64.4 63.9 61.0 62.8
F S-T? 13.9 37.5 453 43.0 46.9
(82y¢ 2.005 2.003 2.004 2.004 2.009
S-T¢ 11.4 37.1 454 44.1 54.1
Other 9.24 37.74
S-08 65.4 88.4 88.4 84.6 86.1
OH S-TbJ 14.5 36.3 42.9 39.8 51.2
S-Tb-* 16.5 38.6 447 41.1 52.7
(8%)¢ 2.006 2.003 2.004 2.005 2.010
S-TeJ 22.8 39.8 46.6 442 52.6
Other 23.3¢ 38.0¢
S-0S8 65.7 88.4 87.7 82.4 84.0
CN S-T? -59 25.0 36.3 33.7 479
(8%y¢ 2.066 2011 2.008 2.005 2.007
S-T¢ —14.9 243 332 344 46.8
S-0S 31.2 69.4 727 723 78.0

“9Energies in kcalmol™!. A positive S-T means that 'A; (14’) is below 3B, (3A”). OS =
1B, (14”) state.

bAb initio CEP-DZP theory level.
“DFT/CEP-TZDP+; B3LYP functional.
dSee Reference 42.

¢See Reference 5.

fSee Reference 46.

8See Reference 43.

"See Reference 45.

'See Reference 47.

JNonplanar geometry.

K Trans planar.
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state and a single electronic configuration spin-restricted description of the (T) 3By (CA”)
state. This approach has been shown to give a balanced description of the differential
correlation effects between the two carbene states of different spin multiplicity*>. The
DFT method includes correlation effects in a direct manner for each of the spin states. As
mentioned above, the specific B3LYP exchange-correlation potential used here apparently
corrects for spurious self-interaction contributions in the local exchange term of the
functional through cancellation with some of the correlation energy neglected in using a
part of the Hartree—Fock potential*.

Referring to Table 6, now, the XH, systems give very comparable S-T energy split-
tings for all X (C — Pb) between the two methods. The most extensively studied
system, of course, is CH, and the experimental splitting there has been measured at

ca 9 kealmol~"™". The calculated values in Table 6 are 11.4-11.5 keal mol~! and when
zero-point energy (ZPE) differences are added the theoretical number is reduced towards
the measured value. ZPE corrections have not been applied in Table 6 to the S—T splittings
since these corrections are relatively small and not very important in examining trends.
The other XHy S-T gaps (X = Si — Pb) generally agree well with previous work and
experimental estimates. In the XH; series only CH, has a spin-triplet ground state and
all the other group 14 carbenes have the closed-shell spin singlet electronic ground state.
This situation has been attributed*>** to the s?p?> (*P) ground-state electronic configura-
tion of the group 14 atoms, which naturally combines with two doublet spin radicals (like
the hydrogen atoms) to give the (S) !A; (1A”) carbene ground state. An s — p electron
promotion (s>p?> — sp?) is needed to form the (T) triplet carbene state and this excitation
energy, although difficult to define precisely for those purposes, is generally much larger
for X = Si — Pb than for the carbon atom**.

Looking at Table 6, methyl substitution [to form XH(CH3)] doesn’t change the sign of
the S-T splitting for X = C and the triplet state is still lowest, although with a reduced
magnitude for both the ab initio and DFT methods. Previous work has found the S-T
splitting to be comparable in CH, and CH(CH3)*’. The opposite effect is found for the
electronegative substituents F and OH, which preferentially stabilize the more available
in-plane electron density in the (S) singlet state through electron withdrawal*?. For these
two substituents the (S) singlet state methylenes are the more stable electronic state for
all the X atoms, including carbon. For XH(OH) the triplet state has a nonplanar electronic
ground state*’ where the hydroxyl hydrogen atom is out-of-plane. The (S) singlet state
is planar. The ab initio S-T gap in Table 5 for CH(OH) is smaller than both previous
estimates and the DFT result, and the latter two are very close. The CN substituent to
give CH(CN) again has a spin-triplet ground state. Presumably, the double interaction
in the triplet state between the half occupied perpendicular b;(a”) orbital on the carbon
atom with the 7 and 7* MO on the CN is the determining factor here. In the (S) singlet
state only the bj(a”)-m interaction is available and this is expected to be weaker than
the b1 (a”)-7* interaction in the triplet state since * is more localized on the carbon end
of CN. The heavier (X = Si — Pb) cyanomethylenes all have spin (S) singlet electronic
ground states. All the XH(CN) carbenes are planar.

XH(NO) is a difficult molecule. The closed-shell singlet state can also be written as
H—X=N=0* with a linear or quasi-linear geometry, as bent H—X—N=O0 (cis and trans),
or even with a CNO ring group. The most relevant geometries to the homonuclear double-
bond series [HyC=XH(NO) and CH(NO)=XH,] are the cis and trans bent structures, and
between these two choices the trans structure was found to be preferred, wherever both
conformers could be examined. However, the multiple-bonding possibilities in the HXNO
fragment were too diverse to obtain consistent and definitive results for these carbenes
within the framework and scope of this work. Therefore, the NO liganded carbenes are
not included in Table 6.
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We will now discuss the heteronuclear double-bonded systems in light of the carbene
S-T gaps and the weight analysis of the contributing VB electronic structures to the total
wave function. The VBSCF and OVB structure weights summed by category are set out
in Tables 7 and 8. For a somewhat different approach, analysis and discussion of these

aspects the reader is referred elsewhere!*.

B. CH(A)=XH,

As noted above, all the H,C=XH; species are calculated to be planar, in spite of
the increasing S—-T gap for the constituent carbene fragments with singlet at lower
energy, as the X atom gets heavier (Table 6). Since the geometries of all the HyC=XH;
molecules are planar, it is difficult to attribute characteristic VB contributions to any
geometry differences between them. In Table 7, for both the VBSCF and the orthogonal
VB analyses, the combined covalent triplet-triplet W(T-T) and IB,-1B; W(0S-0S)
components increase as X gets heavier from Si — Pb, W(S-S) stays about constant
and the CT components have a complementary, mildly zigzag behavior. Comparing the
VBSCF and OVB structure weights, the outstanding difference is the tendency of the
OVB method to give larger RLCT XH; — CHj structure weights. This tendency has been
noted previously®!. As noted above, in perfectly Cs symmetry, the left-right W(S-0S)
and W(OS-S) combinations don’t contribute to the overall wave function for symmetry
reasons. Because of the tendency of some of the localized orbital representations to form
banana bond orbitals, a more detailed breakdown and discussion of the W(S-S) and CT
contributions is not warranted.

Going from the planar (P) to the trans-bent (TB) conformation for all the CH,=XH;
set was examined at the VBSCEF theory level by taking the optimized planar geometry and
trans-bending the CH, and XH; hydrogen atoms out-of-plane by 45°. The trans-bending
effect on the summed VB structure weights by category is shown in Table 7 and the indi-
vidual weights are tabulated in Tables 4 and 5, respectively, for both the P and TB forms.
Trans-bending is seen to affect the CT components to only a small degree. The covalent
contributions become redistributed with an increased tendency for the left-right W(T-T),
W(OS-0S) and W(S-S) summed weights to decrease, and the W (S-0OS) + W(OS-S)
weights to be larger as the X atom gets heavier. The individual carbene S-0S (‘A;-!B)
energy splitting roughly correlates with the corresponding S—T ('A; -3By) splitting, as can
be seen numerically in Table 6, because the carbene 3B, and !B states have the same
orbital configuration. This general redistribution among the covalent contributions upon
trans-bending is found in all the CH(A)=XH, and CH,=XH(A) systems studied here.

Methyl substitution on the carbon atom [CH(CH3)=XH;,] does not cause nonpla-
narity in the resultant heteronuclear double-bond system for X = C — Sn. However,
CH(CH3)=PbH; is calculated to have a trans-bent (TB) structure. If we compare in
Table 7 the changes in the combined VB structure components in going from CH,=XH,
to CH(CH3)=XH; for Si — Sn, then the following consistent trends are found: The
W(T-T), W(OS-0S) and W(S-S) contributions increase, [ — r CT (LRCT) increases
and r — 1 CT (RLCT) decreases. These trends are understandable in terms of the accepted
role of a methyl group as electron releasing. Thus, methyl substitution on the carbon atom
tends to equalize the group electronegativities between the carbene partners. This leads to
higher covalency and increased CH(CH3) — XH; charge transfer, and correspondingly
decreased XH, — CH(CH3) CT. The transition from a planar geometry to the trans-
bent structure in going CH,=PbH; — CH(CH3)=PbH, «- CH(CH3)=SnH; correlates
best with the combined carbene fragment S-T transition energies in Table 6. Thus, the
destabilization of the >B; CA”) triplet state in CH(CH3) relative to CHy, and in PbH(CH3)
relative to SnH(CH3), leads to decreased left-right covalent T-T [W(T-T)] contributions
in going to CH(CH3)=PbH, from both CH,=PbH; and CH(CH3)=SnH,, respectively.
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TABLE 7. Summed VB structure weights (W) by category®

CH(A)=XH, Conformation? Covalent? Charge trar}sfer
X A A  wl WO-DF WE-S) WE-0S) wos-y) . veighst
W(OS-0S) LRCT RLCT
VBSCF
C H — P 0.489 0.112 0. 0 0.199  0.199
Si H — P 0.499 0.106 0. 0 0.111  0.284
Ge H — P 0.514 0.107 0. 0 0.131  0.247
Sn H — P 0.529 0.101 0. 0 0.101  0.270
Pb H — P 0.534 0.106 0. 0. 0.116  0.245
C H — TB/ 0.502 0.076 0.018 0.018 0.194  0.194
Si H — TBf_ 0.517 0.071 0.016 0.018 0.105 0.275
Ge H — TB/ 0.517 0.070 0.022 0.024 0.128  0.242
Sn H — TB/ 0.514 0.066 0.023 0.027 0.093 0.279
Pb H — TB/ 0.496 0.072 0.032 0.041 0.113  0.248
OVB*
C H — P 0.374 0.119 0. 0. 0.248  0.248
Si H — P 0.338 0.092 0. 0. 0.078  0.486
Ge H — P 0.361 0.096 0. 0. 0.089  0.447
Sn H — P 0.378 0.090 0. 0. 0.077  0.450
Pb H — P 0.401 0.096 0. 0. 0.089  0.409
C CH3" T P 0.373 0.041 0.003 0.003 0.288  0.288
Si  CHj T P 0.350 0.095 0. 0. 0.089  0.456
Ge CHjs T P 0.373 0.099 0. 0. 0.104 0.418
Sn  CHj T P 0.394 0.092 0. 0. 0.089 0418
Pb CHj3 T TB 0.372 0.044 0.055 0.064 0.120  0.343
C F — P 0.374 0.116 0. 0. 0.263  0.243
Si F — P 0.355 0.093 0. 0. 0.103  0.420
Ge F — TB 0.335 0.058 0.047 0.046 0.107  0.406
Sn F — TB 0.349 0.038 0.063 0.061 0.096  0.391
Pb F — TB 0.389 0.051 0.044 0.060 0.119  0.333
C OH C P 0.371 0.117 0. 0. 0.277  0.231
Si OH" T P 0.359 0.099 0.010 0.007 0.110 0414
Ge OH C TB 0.324 0.054 0.061 0.062 0.124  0.373
Sn  OH T TB 0.354 0.056 0.055 0.070 0.134  0.328
Pb OH T TB 0.381 0.086 0.032 0.069 0.181 0244
C CN — P 0.372 0.118 0. 0. 0226  0.279
Si CN — P 0.320 0.087 0. 0. 0.068  0.520
Ge OCN — P 0.339 0.091 0. 0. 0.074  0.493
Sn CN — P 0.346 0.084 0. 0. 0.060  0.507
Pb CN — TB 0.316 0.041 0.061 0.054 0.077  0.452
C NO C P 0.371 0.119 0. 0. 0.227 0.278
Si  NO C P 0.320 0.088 0. 0. 0.065  0.520
Ge NO C P 0.336 0.092 0. 0. 0.073  0.491
Sn  NO g P 0.341 0.085 0. 0. 0.060  0.507
Pb NO C P 0.288 0.040 0.060 0.053 0.066  0.494

4See text. For the OVB method the weights add up to at least 0.990 because VB structure coefficients less than 0.05
have been neglected.

bg — lA1 (IA’), T= 331 (33//), 0S = lBl (lA”),

“LRCT =1 — r charge transfer; RLCT =r — 1 charge transfer.

dC = cis, T = trans, P = planar, TB = trans-bent. Conformation of A is with regard to the local carbene geometry.
¢Orthogonalized VB from CAS(4,4)/CEP-DZP calculations; see text.

/ Fixed 45° bend.

8Linear C—N=0.

"Not a perfect Cs symmetry.
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TABLE 8. Summed VB structure weights (W) by category®

CH(A)=XH,; Conformation? Covalent? Charge tﬁarisfer
X A A ol W(I-T)+ W(S-S) W(S-08) W(Os-s) _ e
W(0S-08) LRCT RLCT
OVB®
Si  CHs T P 0.333 0.090 0. 0. 0077  0.494
Ge CH; T P 0.356 0.095 0. 0. 0.087 0457
Sn  CHj T P 0374 0.089 0. 0. 0075 0458
Pb CH; T P 0.396 0.095 0. 0. 0.086 0415
Si F — P 0.331 0.087 0. 0. 0074  0.498
Ge F — P 0.358 0.092 0. 0. 0.086  0.459
Ge F — B 0310 0.046 0.058 0049 0092 0443
Sn F — P 0.378 0.086 0. 0. 0075 0457
Sn F — B 0.349 0.039 0.058 0053 009 0.405
Pb F — TB 0.393 0.059 0.034 0051 0124 0336
Si OH T P 0323 0.087 0. 0. 0073 0514
Ge OH T P 0.350 0.092 0. 0. 0.083 0471
Sn OH T TB 0.333 0.038 0.061 0053 0087 0.426
Pb OH T TB 0378 0.058 0.037 0050  0.114 0357
Si CN — P 0.347 0.091 0. 0. 0082 0473
Ge CN — P 0371 0.096 0. 0. 0.094 0434
Sn CN — TB 0.341 0.036 0.065 0056 0092  0.406
Pb CN — B 0.382 0.052 0.045 0055 0120 0342
Si  NO C P 0.343 0.092 0. 0. 0.081 0477
Ge NO C P 0367 0.096 0. 0. 0.097 0438
Sn NO C TB 0.342 0.034 0.064 0056 0092  0.409
Pb NO C TB 0.392 0.054 0.041 0051 0116 0346

4See text. For the OVB method the weights add up to at least 0.990 because VB structure coefficients less than 0.05
have been neglected.

bg — lA1 (IA’), T= SB] (33//)’ 0S = lB| (lA”)_

“LRCT =1 — r charge transfer; RLCT = r — 1 charge transfer.

dC = ¢is, T = trans, P = planar, TB = trans-bent. Conformation of A is with regard to the local carbenegeometry.
¢Orthogonalized VB from CAS(4,4)/CEP-DZP calculations; see text.

It is well recognized that the left-right T-T interaction strongly favors the planar geom-
etry. The left-right OS-OS interaction should not be a strong factor in determining
planar—nonplanar geometric structure as X goes from Si to Pb since the individual car-
bene !A;-'B; energy gap (Table 6) doesn’t change much from SiH, to PbH,. Although
these components are shown together in Table 7, in fact, the covalent OS—OS interaction
weight [W(OS-0S)] is relatively constant in CH(CH3)=XH,, X = Si — Pb, while it
is the W(T-T) component that decreases. Thus, apparently, when the W(T-T) weight
falls below a certain threshold, the distorting electronic structure components determine
the geometric structure. Of course, as pointed out above, those other VB structures that
maintain an equal number of o and  electrons would also be expected to favor a planar
geometry; but W(T-T) should be the most important of all.

The CH(F)=XH, series has planar equilibrium structures for X = C and Si, while
for X = Ge, Si and Pb the optimized frans-bent geometry is more stable (Table 2). The
planar forms for the last three X atoms are calculated to be 0.3, 2.3 and 5.4 kcal mol~!
higher in energy than the respective trans-bent forms. DFT/CEP-5ZP calculations using
the B3LYP functional do not show stationary states in the planar geometry for the Sn
and Pb compounds, while, as noted above, at the ab initio CAS(4,4)/CEP-DZP level
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both planar and trans-bent structures are obtained for X = Ge — Pb. The 347 (T) state
in CH(F) (Table 6) is calculated to be some 11-14 kcalmol™! above the (S) 'A’ state,
depending on theory level. Thus the combined T 4 T energies of the individual CH(F)
and XHj carbenes is higher in CHF=XH, than in either CH,=XH, or CH(CH3)=XH;
for all X, and the tendency to the trans-bent structure for A = F is found already for the
lighter X = Ge and Sn atoms relative to the A=CH3 set.

Comparing the planar and frans-bent structures in CH(F)=XH; for X = Ge, Sn and Pb,
the trends show decreases in W(T-T) + W(OS-0S), W(S-S) and RLCT, and increases
in LRCT, W(S-0S) and W(OS-S) (Table 7). The latter two are exactly zero in the planar
geometry. Thus, in these cases, bending effectively decreases the electronegativity of the
CH(F) to a small extent relative to XH». This may be related to changes in hybridization
at the carbon atom due to, or accompanying, the bending process. Hybridization changes
are expected to be less pronounced for the heavier X atoms (X = Si — Pb) because of
the larger ns—np energy gap. This small effect was not found in the CHy=XH, set. With
increasing size of the X atom, within the CH(F)=XH, set the W(T-T), W(OS-0S) and
LRCT contribution generally increases and the RLCT weight decreases. These trends can
be traced separately for the planar and trans-bent geometric structures, and are in general
agreement with the same trends for the other A group substituents.

As noted above, the more stable form of the planar XH(OH) carbenes is the trans
isomer with a zigzag H-C—O—H arrangement. The global energy minimum belongs to
the structure with the hydroxyl hydrogen atom almost perpendicularly out-of-plane. The
CH(OH)=XH; structures here (Tables 7 and 8) were found to have essentially planar
hydroxyl hydrogen atoms (H). Thus, a (H)cis-planar CH(OH)=CH, and a (H)trans-planar
CH(OH)=SiH; were geometry optimized. For CH(OH)=GeH; a (H)trans-planar geome-
try was calculated but the (H)cis conformer optimized to a trans-bent structure, where the
latter, of course, refers to the local conformation about the carbon and germanium atoms.
The hydroxyl hydrogen atom here is also found to be out of the Ge=C(H)O plane, but to
a much smaller degree than found for the free trans-HCOH carbene. Bending about the
carbon atom is also found to be relatively mild. DFT/CEP-5ZP geometry optimizations
also give the (H)cis nonplanar geometry for HC(OH)=GeH,. Two different conformers
were obtained for HC(OH)=SnH;. The (H)trans,trans-bent structure is the more stable
of the two and also the (H)cis is nonplanar (TB). DFT/CEP-5TZ calculations give similar
results to those obtained by the CAS(4,4)/CEP-DZP method. For HC(OH)=PbH,, results
that are completely analogous to those of HC(OH)=SnH; were obtained. It should be
noted that the tendency to stronger trans-bending about both the carbon and X atoms
increases with the size of the X atom. However, the degree of out-of-plane bending of
the hydroxyl hydrogen atom in HC(OH)=XH, remains small.

From Table 6, the CAS(2,2)/CEP-DZP results for CH(OH) show only a small increase
in the S-T splitting energy compared to CH(F), where the 'A’ state is lower in both
cases. Both conformers are described in Table 6. Compared to the nonplanar structure,
the trans-planar geometry shows a somewhat larger S-T splitting by 1-2 kcalmol~!.
The DFT/CEP-5ZT calculations show a much larger S-T gap in the CH(OH) carbene
compared to CAS(2,2)/CEP-DZP, but very similar S—T splittings for the heavier X atoms.
It is therefore not surprising that the geometric structural preferences for CH(OH)=XH;
should be very similar to that for CH(F)=XH,, as described above, with allowances for
small structural nuances due to the greater number of conformational arrangements in the
hydroxyl series.

Comparing the CH(A)=XH,, A=hydroxyl and fluorine series for a given X atom and
consistent planar/nonplanar conformation in Table 7, the covalent weights add up to about
the same numbers in both cases. Between W(T-T) and W(OS-0S) the latter seems to
be somewhat larger in the hydroxyl series, with a concomitantly smaller W(T-T). A
consistent difference between the two series is in the charge transfer weights, where
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XH; — CH(OH) is smaller in the hydroxyl series than in the fluorine set. Correspond-
ingly, CH(OH) — XH, is larger in the hydroxyl series. These differences don’t seem to
have much effect on the geometric structures and can be attributed to the electronegativity
difference between OH and F.

The CH(CN)=XH, sets are all calculated to have a linear C—C=N bonding structure.
The S-T gap in the CH(CN) carbene is CAS(2,2)/CEP-DZP predicted to be relatively
small, with the triplet ((A”) state lower. The other XH(CN) carbenes have a 'A’ ground
state with a S-T splitting that is somewhere between the CH,, CH(CH3) values and
those for CH(F) and CH(OH). The CH(CN)=XH, geometric structures (Table 7) behave
more like the CH(CH3)=XHj series, as expected from the S-T splittings in the CH(CN)
carbenes. Thus, X = C, Si, Ge and Sn are planar and CH(CN)=PbH; has the frans-bent
conformation. DFT/CEP-5ZP calculations confirm the planarity of CH(CN)=SnH,. These
geometric structural results for the CN set strongly support the qualitative correlation
between the combined carbene S-T splittings and the equilibrium conformation in the
heteronuclear double bonds. Comparing the CN and F substituent groups for corresponding
X atoms in Table 7 shows that the CH(CN)=XH series is less covalent and has a larger
XH; — CH(CN) charge transfer weight. The latter is undoubtedly due to the available
7* orbitals on the CN group.

As noted above, because of all the multiple-bonding possibilities and ring structures
in CH(NO) or HCNO, at the level of theory applied here it was not possible to obtain
clear-cut S-T energy differences in a consistent manner. The CAS(2,2) and DFT meth-
ods also tended to give very different results. Clearly, these carbenes need intensive
study on a very high theoretical level, which is beyond the scope of this work. How-
ever, the CH(NO)=XH, systems seem to be better behaved. As with the OH substituent,
the CH(NO) group can have both cis and trans conformations. For the CH(NO)=XH;
both conformations were obtained with X = Si — Pb, while for X = C only the cis
geometry was examined. All the equilibrium geometric structures calculated here were
found to be planar. For X = Si — Sn the cis conformer was consistently more sta-
ble. CH(NO)=PbH; has the trans conformer as more stable; but this is apparently due
to an extra Pb...O interaction in the frans structure that gives it extra stability. This
tendency for lead compounds to form extra such interactions in a quasi-four-membered
ring arrangement (Pb—C—N—O) has been noted previously>2. Thus, as part of the het-
eronuclear double bond, CH(NO) prefers the cis structure, although this may not carry
over to the isolated carbene. The fact that all the equilibrium geometries are planar, even
for the heaviest X atoms, indicates that the S-T splitting in the XH(NO) carbenes must
be small.

The distribution of VB structure weights among the different types of covalent and
charge transfer contributions in Table 7 is remarkably similar between cis-CH(NO)=XH,
and XH(CN)=XH, for a given X atom and the planar equilibrium geometries. This shows
that the electronic structure description in terms of VB structures by itself does not seem
to determine geometric structure and that the energy value of each component must be
taken into account as part of the overall considerations in this regard.

C. CH,=XH(A)

We now turn to the effect of substitution on the XH, carbene, when X is not the car-
bon atom. The four CH,=XH(CHj3) compounds, with X = Si — Pb, are all calculated
to have planar equilibrium geometries (Table 3). As with their CH(CH3)=XH, counter-
parts, the conformation of the in-plane hydrogen atom on the methyl group (C'—H) in
CH,=XH(CH3) is trans to X—H in the latter series across the X—C’ bond, or C—H in
the former set across the C—C’ bond. The combined S-T energies of the CH, +XH(CH3)
carbenes and the CH(CH3) 4+ XH, carbenes are very similar. As shown in Table 6, the
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largest difference between the two combinations is due essentially to the larger S-T
splitting in CH, compared to CH(CH3). Since for both these carbenes the triplet state is
lower, the CH,=XH(CH3) systems should show a slightly greater tendency to planarity.
This might explain why, along with all the other members of its set, CHy=PbH(CH3) is
calculated planar while CH(CH3)=PbHj; is predicted to have the frans-bent structure in
the CH(CH3)=XH, series.

The VB structure weights for the CH,=XH(A) series are tabulated in Table 8. For
A = CHj3 the trends for the covalent and charge transfer components behave as in the
CH(CH3)=XH; series; with increasing weight of X the covalent component increases
and the combined charge transfer weights (LRCT and RLCT) decrease. Comparing
CH,=CH(CH3) to CH(CH3)=XH,, Table 8 shows that XH(CH3) — CH; charge transfer
is generally larger than XH, — CH(CHj3) for X = Si — Pb, as expected.

To anticipate the results for the CH,=XH(F) set of heteronuclear doubly-bonded
systems we look at the combined S-T energy splitting of CH, and XH(F). Table 6 shows
that simply adding the two individual carbene S—T gaps as X increases in size, keeping
the minus sign for those carbenes that have a ground triplet state, gives resultant energies
of 26.1, 33.9, 31.6 and 45.5 kcal mol~! for X = Si — Pb, using the ab initio values. For
comparison, the analogous combined CH(CH3) + XH; energies calculated from Table 6
are 31.3, 37.4, 37.3 and 48.0 kcalmol~!. These results suggest that the CH,=CH(F)
systems should have a somewhat greater tendency to planarity than CH(F)=XH,.

The calculated equilibrium geometric structures (Table 3) are somewhat interesting in
this regard, CH,=SiH(F) is CAS(4,4)/CEP-DZP calculated to be planar. At this same
theory level, CH,=GeH(F) is found both with a planar and a nonplanar, trans-bent struc-
ture, with an energy difference of only 0.2 kcalmol~!. Both conformers are equilibrium
geometries as indicated by the absence of imaginary frequencies in harmonic force-
field frequency calculations. However, at the DFT/CEP-TZDP+ level with the B3LYP
functional, only the planar structure is obtained, even when the trans-bent geometry is
used as an initial guess; also with all real harmonic frequencies. An exactly analogous
result is obtained for CH,=SnH(F). Both planar and trans-bent equilibrium structures
are obtained at the CAS(4,4)/CEP-DZP level with all real harmonic frequencies, and
only the planar equilibrium geometry is found at the DFT/CEP-TZDP+- level. Here, for
CH,=SnH(F), the planar—nonplanar energy difference at the CAS(4,4)/CEP-DZP level is
1.9 kcal mol~!. For CH,=PbH(F), again at the CAS(4,4)/CEP-DZP theory level, both the
planar and frans-optimized planar structure are calculated, but with an energy difference
of 5.8 kcal mol~!. Here, the optimized planar structure has one imaginary harmonic fre-
quency and the nonplanar geometry has none. The planar geometry is therefore a transition
state and the TB form is the true equilibrium state. For CH,=PbH(F) the DFT/CEP-
TZDP+ method gives only the trans-bent structure with all real harmonic frequencies.
The Ge and Sn systems will need more intensive study in order to resolve the differences
in calculated geometric structure, but the expected somewhat greater tendency of the
CH,=XH(F) set to planarity compared to CH(F)=XH; based on S-T energy splittings
has been found.

As shown in Table 8, the CH,=XH(F) (X = Si — Sn) planar structures have very simi-
lar summed VB weight distributions as the corresponding members of the CH,=XH(CH3)
series. This, in fact, can be seen to hold also for a comparison between CH(F)=XH, and
CH(CH3)=XH,; (Table 7). The surprising aspect here is that the relative LRCT and RLCT
components are so similar between A = CH3z and A = F for substitution on either the
CH; or XH; carbenes. Given the large difference in behavior of the S-T energy splitting
between the methyl and fluorine substituents and the electronegativity difference, the sim-
ilarity in VB weight components separately within the CH,=XH(A) and CH(A)=XH;
sets is another indication that the OVB structure weights alone may not always be a
sufficiently sensitive measure of the electronic structure description of these systems.



1. Heteropolar double bonds 19

The HXOH carbene comes in two conformations: trans and cis. As noted above, the
free carbene favors the trans structure in the planar geometry but the equilibrium geom-
etry is nonplanar, energetically some 1-2 kcalmol~! below the planar form (Table 6).
In the CH(A)=XH, series discussed above the frans HCOH form was also energet-
ically favored in the HC(OH)=XH; compounds. A similar situation is found for the
CH,=XH(OH) set. Thus, trans-CH,=SiH(OH) is CAS(4,4)/CEP-DZP calculated to be
more stable than cis-CH,=XH(OH) by 1.4 kcal mol~! while the same difference in the
isolated H(OH) carbene (Table 6) is 2.3 kcalmol~!. Analogously, for CH,=GeH(OH)
[HGeOH] the frans conformer is 1.3 [1.8] kcal mol~! more stable than the cis geometry.
It should be noted that the trans-CH,=XH(OH) geometry has a lower dipole moment
than the cis structure by ca 1.55D for both X = Si and Ge, and this would favor the
trans conformer energetically. For CH,=SnH(OH) three structures were examined at the
CAS(4,4)/CEP-DZP theory level: the planar and (TB) nonplanar trans structures and the
(TB) nonplanar cis conformer. The lowest-energy geometry was found for the overall
trans-bent structure and a locally coplanar HSnOH arrangement of atoms with a trans
conformation. The nonplanar cis structure is closer energetically to the nonplanar trans
structure than to the planar trans geometry. Using the DFT/CEP-TZDP+ theory level
with the B3LYP functional and the HSnOH trans conformer, only the nonplanar struc-
ture is obtained with all real harmonic frequencies. For CH,=PbH(OH) both the planar
and (TB) nonplanar structures were CAS(4,4)/CEP-DZP calculated in the HPbOH trans
conformer with a 4.4 kcalmol~! energy difference favoring the trans-bent form. At the
DFT/CEP-TZDP+ level only the (TB) nonplanar structure is found with all real harmonic
frequencies, just as for CH,=SnH(OH).

The combined CH; + XH(OH) S-T energy splittings for X = Si — Pb are consis-
tently smaller than the corresponding CH(OH)+ XHj splittings at the CAS(2,2)/CEP-DZP
level for the individual carbenes (Table 6). This difference even increases if the larger
DFT/CEP-TZDP+ calculated S-T splitting energy for CH(OH) is adopted. The expec-
tation, therefore, is that the CH,=XH(OH) series would have a smaller tendency to the
trans-bent distortion than the CH(OH)=XH; series. This, in fact, is what is found here,
where the nonplanar equilibrium geometry is found for X = Sn and Pb in the former set
whereas already CH(OH)=GeHj is also trans-bent, as described above.

CH,=SiH(CN) and CH,=GeH(CN) are CAS(4,4)/CEP-DZP calculated to be planar
(Table 8). Both CH,=SnH(CN) and CH,=PbH(CN) have been obtained in both the planar
and the lower-energy trans-bent structures at the same theory level. The energy differences
between the planar and nonplanar forms are 1.2 and 3.7 kcalmol~!, respectively for
the Sn and Pb complexes. DFT/CEP-TZDP+ level theory with the B3LYP functional
gives only (TB) nonplanar structures for both CH,=SnH(CN) and CH,=PbH(CN). As
described above, in the CH(CN)=XH, series only the X = Pb member was calculated
to be nonplanar. The combined individual carbene CH; + XH(CN) S-T energy splittings
are consistently higher than the corresponding combined CH(CN) + XH; S-T gaps for a
given X, for X = Si — Pb. This situation arises from the CAS(2,2)/CEP-DZP calculated
S-T splittings in Table 6, where CH(CN) is 5.5 kcal mol~! above CH, while the XH(CN)
splittings are increasingly larger with the size of atom X, starting from 7.6 kcal mol™!
for X = Si to 13.8 kcalmol~! for X = Pb. The result is that the CH,=XH(CN) series is
expected to have a stronger tendency to nonplanarity compared to CH(CN)=XH,. This is
the situation found here, where only CH,=SnH(CN) and CH,=PbH(CN) are nonplanar
while in the CH(CN) + XH; set only the X = Pb member is calculated to have the trans-
bent structure. These tendencies are only reinforced by the more negative S-T splitting
energy for CH(CN) calculated by the DFT/CEP-TZDP+ method.

CH,=XH(NO) can adopt two conformations for the HXNO carbene part: trans or
cis. As with the CH(ON)=XH; series, all the members of the CH,=XH(NO) set have
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a cis HXNO carbene geometry in their lowest-energy equilibrium form (Table 8). For
CH,=SiH(NO) both the planar cis and trans structures were obtained. For X = Ge
a nonplanar trans conformation was also calculated, but it was above the planar cis
form in energy. DFT/CEP-TZDP+ level calculations with the B3LYP functional con-
firmed the cis-planar form for CH,=GeH(NO) as the equilibrium ground state. For
CH,=SnH(NO) both the cis-planar, cis-nonplanar and trans-nonplanar geometries were
found at the CAS(4,4)/CEP-DZP level, with the cis-(TB)nonplanar structure lowest in
energy. Finally, for X = Pb both the cis- and trans-CH,=PbH(NO) nonplanar structures
were generated, with the cis conformer lowest. This latter structure was also obtained
by DFT/CEP-TZDP+ calculation. In summary, whereas for the CH(NO)=XH, series all
the equilibrium structures for all X are planar, in CH,=XH(NO) the X = Sn and Pb
geometries are found to be frans-bent. One simple conclusion from these differences in
geometric structure within the framework of combined carbene S—T energy splittings
is that there is a very large difference in this quantity between CH(NO) and the other
XH(NO) carbenes.

D. Isomerization

Another indication of the possible role played by the individual carbene S-T energy
splittings in determining energetics and structure in the heteronuclear doubly-bonded sys-
tems is obtained by examining the isomerization energies for the process,

CH(A)=XH, —> CH,=XH(A) 2)

Total energies are tabulated in Table 9. The energetics of this reaction for A = CH3
is —7.3 (Si), —4.8 (Ge), —3.3 (Sn) and —8.0 (Pb) kcalmol™!, where the minus sign
signifies an exothermic process. Thus all the methyl substituted CH,=XH; systems favor
the CH,=XH(CH3) isomer. Analogously, the combined CAS(2,2)/CEP-DZP S-T energy
splittings for CH, + XH(CH3) are roughly below the combined S-T energy splittings of
CH(CH3)+ XH; by about the same amount as the energetics of reaction 2. For A = F the
isomerization or atom exchange reaction is exothermic by ca 49 kcalmol~! (X = Si) to
ca 36 kcalmol~! (X = Pb). These reaction energies are pure electronic energy differences
with no thermodynamic correction terms. The CH, + XH(F) combined ab initio S-T
splitting energies from Table 6 are from 5 kcalmol~! (Si) to 13 kcalmol~! (Pb) lower
than the corresponding CH(F) + XH, combination. Here, the general correlation is more
qualitative and less quantitative. Analogously, the reaction 2 isomerization energy for
A = OH ranges from ca 40 kcal mol~! for Si to ca 19 kcalmol~! for Pb, all exothermic,
while the CH; + XH(OH) sum of S-T splitting energies (Table 6) is smaller than the
corresponding CH(OH) + XH; total by ca 7 kcal mol~! (Si) to ca 10 kcal mol~! (Pb).

However, for A = CN the isomerization reaction favors CH»=XH(CN) by ca
6 kcalmol~! (Si) to ca 9 kcalmol~! (Pb), whereas the combined CAS(2,2)/CEP-DZP
S-T splitting energies are smaller for CH(CN) + XH; relative to CH; + XH(CN) by
ca 3 kcalmol™! (Se) to ca 9 kcalmol~! (Pb). Here a correlation between the ab initio
S-T splittings and isomerization reaction energies is not found to hold, although the
qualitative geometric structure correlation described above was found to be valid.

The summary in Table 9 shows the correlation between the relative tendency away from
a planar equilibrium geometric structure between the CH(A)=XH; and CH,=XH(A) sets
and the general exothermic direction of the isomerization reaction 2 for a given A sub-
stituent. Thus, even for the A = NO comparisons, where the HXNO S-T splitting energies
are not known from these calculations, the consistently less stable isomer [CH,=XH(A)]
has the higher tendency to the frans-bent structure (X = Sn and Pb). This general corre-
lation holds also for A = CH3, F and OH, but not for A = CN. Also, except for A = CN,



1. Heteropolar double bonds 21
TABLE 9. CAS(4,4)/CEP-DZP energies of CH(A)=XH, and CH,=XH(A)

X A CH(A)=XH, CH,=XH(A)
Conformation? Energy Conformation Energy
A Total (a.u.) A Total (a.u.)
C CH3 T P —19.974071
Si CH3 T P —18.194894 T P —18.206471
Ge CH3 T P —18.148716 T P —18.156259
Sn CH3 T P —17.702732 T P —17.707825
Pb CH3 T TB —17.754138 T P —17.766754
C F — P —36.597301
Si F — P —34.808242 — P —34.886244
Ge F — TB —34.762843 — P —34.816868
TB —34.816562
Sn F — TB —34.320467 — P —34.373884
TB —34.370934
Pb F — TB —34.371716 — TB —34.428810
C OH C P —29.009014
Si OH T P —27.221906 T P —27.285140
Ge OH C TB —27.177137 T P —27.216579
Sn OH T TB —26.737427 T TB —26.767659
Pb OH T TB —27.791738 T TB —26.821687
C CN — P —27.897308
Si CN — P —26.124578 — P —26.134046
Ge CN — P —26.078417 — P —26.082600
Sn CN — P —25.634561 — TB —25.641678
Pb CN — B —25.683015 — TB —25.697117
C NO C P —38.027269
Si NO C P —36.250112 C P —36.247614
Ge NO C P —36.206408 C P —36.196001
Sn NO C P —35.762685 C TB —35.747911
Pb NO C P —35.813392 C TB —35.813049

“C = cis, T = trans, P = planar, TB = trans-bent. Conformation of A is with regard to the local carbene geometry.

the less stable isomer correlates with the higher combined carbene fragment S—T splitting
energy. The electronic structure factors that make the CN substituent different must now
be sought.
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NRMS neutralization-reionization mass spectrometry
PEPICO  photoelectron—-photoion coincidence spectroscopy
PES photoelectron spectrum

RDA retro-Diels—Alder

Il. AN INTRODUCTION, TO WARM UP

It is probably difficult to find a mass spectrometric fragmentation where neither a double-
bonded nor a three-electron-bonded C=C, C=0 or C=N group is present. In addition, in
most ions, other functional groups containing a heteroatom may localize the charge; this
might have a larger influence on the fragmentation pathway than a double bond. Thus it
is not practicable to cover the whole field within a review of this size and the author has
concentrated on a few fields that offer—in his view —a special interest and may serve
as a pars pro toto in this field to guide the ideas. Whenever available, much weight is
given to data including labeled compounds and the measurement of the time dependence
over a wide range. It is the author’s opinion that much information is hidden in such
data that often invalidate conclusions drawn too hastily. Several new applications of mass
spectrometry have been described by Splitter and Turecek!.

Mass spectrometric fragmentation within the ion source covers roughly the time scale
up to ca 1 ps. This might seem a short lapse of time, but is very long compared to
the few hundred femtoseconds it takes for an elementary reaction to take place?. Many
isomerizations will take place already within the ion source. Field ionization kinetics
(FIK)37° is a method that allows one to sample the time range from 10 ps to 1 ps.
Unfortunately, the experimental difficulties are such that this interesting method cannot
count on many adherents, but it is a field where unexpected surprises are programmed
in advance. Infrared excitation can be used to excite additionally the neutral before field
ionization takes place in order to get additional fragmentation. The time window around
ca 10 us is defined by flight time in magnetic and quadrupolar mass spectrometers and
has received very much attention and delivered much new information about ions and
short-lived neutrals. The metastable decay and the different modifications of collisional-
induced dissociation (CID) fall in this field. However, it should not be forgotten that
the structure of the ions whose properties and structure are elucidated during this time
span rarely correspond to those of the ions initially produced. The time window for the
study of reactions and properties of ions has been enlarged to ca 1 s by the ion cyclotron
resonance (ICR) technique. This increase is of importance, e.g. for the study of reactions of
vibrationally relaxed ions. The large majority of ions is being produced with much internal
vibrational energy. It so happens that the time range of the ICR instruments falls within
the range of vibrational emission’ . A review has been given by Dunbar'?. Even slow
metastable decays can be observed within this time range'!"!2. The recent developments
in the applications of the theoretical calculations by RRKM-QET have been reviewed by
Lifshitz!?.

The dramatic increase in computing power has allowed one to calculate ions (and
neutrals) containing many atoms. It can be estimated that semiempirical self-consistent
field methods allow calculations of structures that contain about 100 atoms, whereas
semiempirical methods increase this limit by a factor of ten!*~16. A short review of the
use of MINDO/3 in the field of ketones has been presented by Parker and collaborators'”.
The accuracy has reached a point where often it compares favorably with the experimental
results. Many new structures have been confirmed or discovered. The price to pay is that
many different isomeric structures may have energies that fall within the reach of internal
energies of the ions and it is often an academic discussion to assign a given structure to
a given intermediate.
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Neutralization-reionization mass spectrometry (NRMS) is a new technique that has
increased considerably our knowledge about the structure of intermediate cations, anions
and neutrals!3=2*, Tt is based on the collisional-induced dissociation (CID), a technique
of utmost importance in mass spectrometry?’; it has recently been reviewed by Cooks?®
and Wesdemiotis and McLafferty?’. In NRMS one seeks to neutralize an ion by a (soft)
charge exchange without accompanying isomerization or isotopic scrambling?®?? in the
field-free region between two sectors. The efficiency of the process is governed by the
Franck-Condon overlap between the projectile ion, its neutral counterpart and those
of the target species’®. The neutral will in principle keep its high kinetic energy and
can— according to the instrumental conditions—be dissociated in a high-energy colli-
sion process. Reionization of the fragments then provides a mass spectrum — negative3!32
and positive ions are feasible —that characterizes the original ion structure, but allows
also conclusions about the structure of the neutral intermediate3>~43. A special application
introduced by Tureek and colleagues* ™ is the survivor ion mass spectrometry which
is based on the simultaneous neutralization and reionization of all stable ions produced
in the ion source followed by selective monitoring of the nondissociating species. This
procedure achieves isomer differentiation in a single spectrum while providing informa-
tion on all stable isomers, as opposed to the conventional tandem mass spectrometry,
where a matrix of spectra must be acquired in order to characterize two or more pre-
cursor ions*’. These evolved applications necessitate multisector instruments*®~4. The

applications involving multisector instruments are summarized by Hoffmann.

lll. THE LOCALIZATION OF THE C=C DOUBLE BOND:
AN ANALYTICAL PROBLEM

The location of a C=C double bond in mass spectrometry is not an easy problem, because
the energy for its delocalization within the ion is often not very high, as will be shown
in later sections. This is particularly true for shorter chains. The problem is somewhat
different, when other functional groups with a stronger tendency to localize the charge
are present, such as acids, esters, alcohols etc. In this case a charge-remote fragmentation
might yield fragments that are typical for the position of the C=C double bond (among
other criteria). The analytical possibilities of charge-remote fragmentations have been
reviewed up to 1989 by Adams>®>7; some applications are summarized by Gross®® and
newer results resumed up to 1991 by the same author*%. Jensen, Tomer and Gross
demonstrated on several examples with negative ions (unsaturated®! and polyunsaturated®?
fatty acids) the feasibility of the concept (see later). The collision-induced allylic cleavage
reactions of deuterium-labeled [M — H + 2Li]™ and [M — H]~ ions were investigated by
Adams, Gross and coworkers®?. They demonstrated the usefulness of specific labeling for
the elucidation of such processes; this fact of no visible H/D randomization is also an
indirect proof that the charge is not involved in the fragmentation.

There are several possibilities to circumvent the problem of isomerization. Field ion-
ization (FI) seems to be an ideal solution, since the fragmentation is faster than the
isomerization. Effectively, it has been shown by Levsen and coworkers® for 19 olefins
from C4 to Cg that the fragments thus obtained are typical for the location of the double
bond. However, the difficulty to obtain reproducible results with the FI technique pre-
vented widespread use. All methods that induce either a fragmentation that is faster than
a shift of the double bond or use ionization energies at the threshold of the ionization
energy are potentially useful candidates. One possibility is the secondary fragmentation
of the ions that did not fragment after a few s, as is done in NRMS and the related tech-
niques. The possibility of a preceding isomerization of these ions is a problem, unless the
excess of internal energy in ionization is very small. Photoionization at the lowest-energy



26 Tino Gdumann

level is another method. For mixtures, it has the disadvantage that for best results the
photon energy must be carefully adjusted. Negative ions often show a smaller tendency
for fragmentation which can be an advantage for collisionally activated fragmentation
without a preceding shift of the double bond. CI (chemical ionization) is a very soft
ionization or derivatization method. In mixtures, practically all these methods have to be
preceded by a separation either by gas or liquid chromatography. Analytically, the most
promising method — where applicable —is the derivatization of the double bond in the
neutral molecule before separation and fragmentation. A review of the mass spectrometric
methods for the structural determination and analysis of fatty acids up to 1986 has been
prepared by Jensen and Gross®. A particularly useful ionization method in this field is
the fast atom bombardment (FAB), explained in the preceding review of this series by
Mruzek?, possibly coupled with collision-induced dissociation®. Positive ions, contain-
ing alkali metals, as well as negative ions are observed. Contado and Adams®’ elucidated
the mechanism of the charge-remote fragmentations of the [M + Li]* ions of fatty esters;
a detection limit of 25 ng of methyl palmitate is obtained. Gross and collaborators®®
studied a series of homoconjugated octadienoic acids with FAB. The carboxylate ion
[M — H]~, the dilithiated species [M — H + 2Li]™ or the bariated species [M — H + Ba]™
allow one to localize the charge. The Ba as metal has the additional advantage to shift
the fragments into mass regions where only little overlap with other fragments, i.e. little
‘chemical noise’, is present. In addition, the Ba has a typical isotopic peak distribution.
Other alkaline earth metals can also be used®®. Electrospray ionization has been exploited
by Wheelan, Zirrolli, and Murphy’® for tandem mass spectrometry of polyhydroxy unsat-
urated fatty acids. Last but not least, it should be remembered that other methods such as
infrared spectroscopy’! or '3C NMR’? are often in competition with mass spectroscopy,
albeit with less sensitivity.

The mass spectrometry of olefins is discussed in Sections V-VII. The possibility to
distinguish geometrical (E)- and (Z)-isomers by different mass spectral methods has been
reviewed up to 1990 by Vairamani and Saraswathi’3. It is not possible to formulate general
rules for the fragmentation of unsaturated compounds, but a mathematical treatment of
the intensities of the different peaks can give some indication of the location of the double
bond. Thus Brakstad’# proposes the use of a least-squares correlation between the normal-
ized spectral intensities of the electron impact mass spectrum as the independent variable
and the C=C bond position as the response. Using 12 straight-chain monounsaturated fatty
methyl esters, ranging in double-bond position from C(5) to C(11), incorporating both cis-
and trans-isomers and chain lengths from Cig to Cyg, the author obtained the true position
with a reproducibility of +0.46 at a 95% confidence interval. Sanchez and Kowalski’
use the advantage of the tandem mass spectrometry, thus obtaining two matrices to opti-
mize. The method works, at least for lower olefins. An extended and modern use of the
possibilities of the computer is the application of the fuzzy logic for the interpretation
of the spectra, as has been done by Yuan, Horiike and coworkers. The procedure has
been tested, partly in mixtures separated by gas chromatography, with tetradecenols’®77,
hexadecenols’®, dodecenols’®30, unsaturated acetates®! =83 and in a practical application
on insect pheronomes®*.

For the separate determination of —at least—high boiling alkenes, a gas chromato-
graphic separation before identification by mass spectrometry is necessary. With this
combination Ramnis, Oestermark, and Petersson separated 52 acyclic and 11 cyclic
Cs-Cy alkenes either in petrol® or in the air emitted from petrol®¢. Different complex
hydrocarbon mixtures were analyzed by Revill, Carr, and Rowland®’. In such prob-
lems a heavy load is taken by the gas chromatographic separation, in particular by the
choice and the quality of its column. Sojak, Kraus and collaborators managed to separate
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Cy7 and C,g alkanes and alkenes®® and finally all 17 (cis- and trans-) isomers of non-
adecenes on a mesogenic stationary phase and to identify them by mass and infrared
(cis/trans!) spectroscopy®®. The separation between two peaks in the gas chromatogram
was often barely more than one Kovits index unit. The determination of monounsaturated
Ci2 to Cyg acetates, aldehydes, alcohols and carboxylic acids was performed after gas
chromatographic separation by Leonhardt, DeVilbiss, and Klun? and Lanne, Appelgren,
Bergstrom and Lofstedt®!. In both cases the correlation with certain mass fragment ratios
was necessary to determine the position of the double bond within a certain probability.
Polyunsaturated fatty acids from microalgae in the Cig to Cpy range with up to six double
bonds were determined by Bousquet, Sellier and Goffic®?. Hori, Sahashi, and Koike”
separated polyunsaturated fatty acids in triglycerides. In all these investigations, the main
importance of the mass spectrometer is its high sensitivity and the possibility to determine
the molecular weight. The combination of gas chromatography with tandem mass spec-
trometry (MS/MS) was used to analyze pentacyclic triterpenes by Hazai, Galvez-Sinibaldi,
and Philp®®. In this work a library search enabled the components to be identified.

CI as a soft ionization tool, also capable of producing characteristic adducts, pos-
sibly coupled with a preceding gas chromatographic separation, is an efficient tool to
produce specific ions that can be characterized by collisional activation. Early reviews
have been given by Ferrer-Correia, Jennings and Sen Sharma® and Budzikiewicz®.
Vairamani, Mirza and Srinivas®’ reviewed up to 1988 unusual positive ion reagents in
CIL The use of acetone as reagent ion by Vairamani and collaborators®® is described
in Section VIII. A simple method is to let the molecular ion react with its neutral, a
method not always possible in an analytical application. Ferrer-Correia, Jennings and
Sen Sharma®® applied this technique to determine the position of double bonds. Einhorn,
Kenttimaa and Cooks'% enlarged the method for linear alkenes with 6 to 23 carbon
atoms. Budzikiewicz and Busker!9! studied various reactant gases (CHy, i-C4Hjp, NO,
N,O, amines, ethers, Me;Si) for their usefulness in localizing double bonds, but only
isobutane, NO and MeNH, proved to be useful. Isobutane has been a reagent for CI of
long standing. Doolittle, Tumlinson and Proveaux'%? demonstrated that it can be used in
different functionalized conjugated dienes in the Cj» to C;g range, as long as the double
bonds are not near or conjugated to the functional groups such as aldehydes, alcohols,
formates and acetates. Einhorn and coworkers!0? enlarged the series in the Cj» to Cig
range. Munson and coworkers' concentrated on molecules of smaller molecular weight
and formulated rules concerning the type of ions formed. The optimal conditions for the
use of methyl vinyl ether have been studied by Jennings and collaborators®10%-106 A
mixture of methyl vinyl ether (and N») has been proposed by Chai and Harrison!?, giving
cleaner spectra and well defined adducts. DiMe ether was employed by Keough!®® for the
characterization of alkanes and alkenes. Formaldehyde and diethyl ether were found to be
less useful. Dichlorocarbene, :CCl,, produced by pyrolysis from sodium trichloroacetate
directly in the methane CI source, proved to be a good reagent to determine the geometric
configuration of an added unsaturated compound such as stilbene, furmaric and maleic
acid (Yang and coworkers'?). It was found that the E-isomer of the alkene formed a more
stable E-substituted dichlorocyclopropane ion than that of the corresponding Z-isomer,
which more easily gives fragment ions. Acetonitrile, proposed by Traldi and coworkers' ',
has the advantage, that the [M + CH,CN]* cation seems to be very stable, independent
of the manifold temperature, allowing one to obtain very reproducible results.

Nitric oxide as a reagent gas for the CI has been proposed by Hunt and Harvey!!!.
The ions m/z 30 (NO™) and m/z 60 ([NO - NO]*") react with internal olefins and dienes
to produce (M + NO)™, M+ and (M — 1)*. Terminal olefins produce in addition a series
of fragments derived from the Markownikoff addition of NO™ to the olefin linkage. This
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system has been studied in detail by Einhorn, Malosse and collaborators: in long-chain
alcohols, acetates and aldehydes!'? the double bond assignment is mostly provided by the
presence of an acylium ion Cy;2Hp,1307 formed from the alkyl side of the molecule.
Similar to isobutane as reagent gas mentioned above, the fragmentation scheme changes
when the double bond is located near a functional group. The study has been extended to
alkenoic acids, esters and alkenes'!3. The reproducibility of the results is influenced by
instrumental conditions. Not only the position of a double bond, but also the location of a
cyclopropane ring is possible by this method!'*. However, according to Budzikiewicz and
coworkers!'!3 the reaction of aliphatic double bonds with NO™T can be governed in a wide
range by the remote functional group. This may explain certain discrepancies observed
by other authors (compare Traldi!!® cited above). The mechanism of the cleavage of
the C=C double bond after the insertion of NOT is a complex process, as is demon-
strated by Bukovits and Budzikiewicz'!® by deuterium labeling. Homoconjugated dienoic
acids do not give characteristic fragmentation patterns with NO™, as found by Brauner,
Budzikiewicz and Francke!!7. Budzikiewicz, Blech and Schneider!!8 showed that also
the position of the double bond close to the hydrocarbon end of an aliphatic diene func-
tionalized at C(1) can readily be determined by CI with NO™T, but the localization of the
other double bond may be difficult owing to low abundance of characteristic fragments.

The use of Fe(I) CI has been explored by Peake and Gross. The authors®® 19 propose the
formation of an Fe-olefin (or alkyne) intermediate complex, followed by the insertion of
Fe* into the allylic C—C bond, followed by g-H transfer to produce bis(olefin) complexes.
The collisional-induced spectra allow the determination of the double or triple bond.
The procedure has been extended to mixtures of olefins and alkynes, separated by gas
chromatography'2% 12! The approach is successful over a 1:10 dynamic concentration
range. Hydrocarbons with more than twelve carbon atoms pose problems because of
successive fragmentations. Ni and Harrison'?? studied the singly charged transition metal
ions from Sc™ through Cu™ with six acyclic CsHg isomers. Sc*, Tit and VT, produced by
FAB ionization of the solid metal chlorides, give distinctly different spectra for all isomers
investigated. CI spectra with MeNH, as reagent gas have been studied by Budzikiewicz,
Laufenberg and Brauner!'?3. The use of MeNH, as reagent gas is not limited (as, e.g.,
i-C4Hyo or NO) to straight-chain Z-alkenes. Addition to the double bond occurs also with
E-di-, tri- and tetra-substituted and cyclic olefins. Isomers differing in their double bond
position do in most cases give distinguishable spectra.

The concept of a charge-remote fragmentation is also useful in the domain of nega-
tive ions, especially coupled with collision-induced fragmentations, and contains practical
structural information. The loss of C,Hj, 4> from the alkyl terminus of unsaturated fatty
acid carboxylate anions is such a case, as is demonstrated by Gross and coworkers®! 14,
Even the double bonds in polyunsaturated fatty acids were located by combination of
FAB with MS/MS by these authors®?. Bambagliotti, Traldi and collaborators'? produce
[M — H]™ anions from six Cjg fatty acid methyl esters CI with OH™ as reagent gas. The
positions of chain branching and the double bond are clearly recognized. The collision-
induced fragmentation of [M — H]™ ions of isomeric decenyl and dodecenyl acetates
were systematically studied by Takeuchi, Weiss and Harrison!?®. With the exception of
double bonds in the 3 and 4 positions, the spectra are characteristic for the position of
the double bond. This might be another example of the above-mentioned proximity effect
of the charged functional end group. Stearic, oleic, linoleic and arachidonic acids have
been recorded by Griffiths and coworkers'??, using electrospray ionization and collision
of the pseudomolecular [M — H]™ parent ion with Xe, using a new type of combined
mass spectrometer. The double bonds are clearly characterized. The collision-induced
spectra of hydrogenated cyclic fatty acids, analyzed as their pentafluorobenzyl esters by
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Le Quéré and colleagues'?®, furnish again characteristic fragmentations. The resonance
electron capture furnishes an additional parameter for the analysis of different systems
and is studied by Vionov, Elkin and Boguslavskiy'?*139. The capture of electrons by fatty
acids, their methyl esters and pyrrolides takes place in three electron energy regions: ca
0eV,1-2.5eV and 7 eV. It was established that at low energy, fatty acids form carboxy-
late anions and ester carbanions by the loss of an H from C(2). In the high energy region
neither of these ions is generated, but the fragment spectra contain the information about
the structure of the neutrals!3!. A molecular orbital study for some of the measured ions
gives some information about the mechanism!32.

Photodissociation is also used to differentiate among different isomeric alkenes.
CsH;'3? and CsHg'3* isomers as examples are detailed in Section V. Photodissocia-
tion—-photoionization mass spectrometry is used to determine the sites of branching and
unsaturation in small (C5-Cg) aliphatic compounds, as is shown by van Bramer and
Johnson!3. The same group extend this research also to higher olefins'3°. Van der Hart'3
and Tecklenburg and Russell'*® reviewed some aspects of the field up to 1988 and 1989,
respectively.

Derivatization, i.e. the transformation of the double bond (or the terminal functional
group), can be due to two reasons: Either it substitutes the double bond by a group that
is more easily recognizable in the mass spectrometric fragmentation, or/and it makes the
transfer into the gas phase easier. The price to pay are additional chemical reactions on
the neutral and, coupled with it, probably some loss of sensitivity. An overview of the
different possible strategies up to 1987 was presented by Anderegg!3. A comparison with
13C NMR is given by Schmitquiles, Nicole and Lauer'#?. DiMe disulfide seems to be a
very favorable choice. The addition reaction of disulfides to alkenes was studied by Case-
rio, Fisher and Kim!#!. Francis and Veland'#? worked with alkenes between Cy; and Cjg,
Bhatt, Ali and Prasad'*? with mixtures of dehydrogenated paraffins between undecenes
and tetradecenes, but containing many aromatic compounds, only partly separated by
GC-MS. Hexa-, hepta- and octadienes were studied by Pepe and coworkers'#*. Carlson
and collaborators'® derivatized natural and synthetic long-chain alkenes, alkadienes and
alkatrienes (Cp5—-C37) and investigated the problem of their separation and identification
in mixtures by GC-MS. Attygalle, Jham and Meinwald'#® determined the double-bond
position in unsaturated terpenes and other compounds branched at the double bond. In
contrast to the spectra of the derivatives containing initially the CH=CH double bond,
which show two predominant fragment ions, most of the branched compounds showed
only one predominant fragment ion, arising from that part of the molecule which pos-
sesses the more substituted carbon of the double bond. A few nanograms furnished already
good spectra. Long-chain acetates (C1;-Cjg) were investigated by the groups of Buser!4’
and of Vincenti'*®. The double-bond locations in fatty acid esters were determined by
Pepe and coworkers'4%139. The separation and double-bond determination on nanogram
quantities of aliphatic mono-unsaturated alcohols, aldehydes and carboxylic acid methyl
ester were effectuated by Leonhardt and DeVilbiss!>!. Beside the position of the double
bond, also cis—trans isomers are distinguished. The use of oxazoline derivatives of unsat-
urated fatty acid esters is compared (and combined) with an infrared technique by Wahl
and coworkers!32. The infrared spectrum is less sensitive, but allows an easy distinction
between cis/trans isomers. A combination of both techniques seems to be very useful.
The same derivatives were use by Rezanka'>? to identify polyunsaturated fatty acids from
slime moulds. The derivatization of olefins by cycloaddition of halocarbenes seems to be
a promising method, studied by Schlunegger, Schuerch and collaborators!3*; the use of

bromofluorocarbene offers some advantages'>. A flow-chart type procedure of analysis
is proposed.



30 Tino Gdumann

IV. ETHYLENE: AN OLD FAITHFUL

Ethylene is a relatively simple ion that allows measurements and comparison with cal-
culations that are not possible for more complex ions. The ground state configuration
of ethylene is lag1b7,2a52b7,1b3,3a51b3,1b3,. The highest occupied orbital is of the
occ type and therefore concentrated in the carbon p orbitals. Several electronic levels of
ethylene have been determined by Ohno and collaborators'® by Penning ionization by
collision with He* in the 23S state. They improved the resolution compared with their
earlier work!>7 (see also Kimura and colleagueslsg) and measured five bands (in paren-
theses the orbital character and the state): 10.51 eV (wrcc, 1b2y); 12.85 eV (ocH, 1b2y);
14.66 eV (occ, 3ag); 15.87 eV (ocH, 1b3u); 9.10 eV (Cas, 2b1y). The cross section for the
first state decreases with increasing collision energy, indicating that the interaction poten-
tial between the He atom and the m-orbital of ethylene is attractive. This could have been
expected, since the m-orbital behaves as a Lewis acid to form hydrogen bonds with elec-
tron acceptors'>®, but the authors put a question mark to this explanation. However, this
decrease seems to be a general trend for unsaturated hydrocarbons!’. The cross section
of the other bands increases with increasing collision energy (contrary to the isoelectronic
HCHO molecule), which is explained as a repulsive potential between these orbitals and
He. Higher energy levels have been determined and compared with theoretical ab initio
calculations with the help of the Auger spectra up to 64 eV by Liegener'®®. Two of the
vibrational levels of ethylene ion and its completely deuterated isotopomer have been
reviewed and calculated by Somasundram and Handy'®'. Both are lowered compared to
the neutral molecules. Ab initio molecular orbital calculations on the 1,2-H shift on ethy-
lene, allene and propyne by van der Hart!%? show that CH3CH™** is not a stable structure,
whereas CH,CHCH™* obtained from the two other ions is only stable because the ion
can relax to a more stable form, which could be described as an allyl cation with one of
the terminal hydrogen atoms removed.

The photoelectron—photoion coincidence mass spectrometry has allowed one to elabo-
rate the fragmentation mechanism at the lower energy limit. Stockbauer and Inghram'®3
determined the ionization potential (10.517/10.528 eV), the appearance energy for the
loss of H/D (13.22/13.41 eV), of Ha/D, (13.14/13.24 eV), of 2H/2D (17.86/17.91 eV)
and of CH,/CD;, (18.04/18.13 eV), where the second energy refers to the deuterated
compound. Bombach, Dannacher and Stadelmann!®* calculated the breakdown diagram
for energies up to 18 eV and compared it with the experimental values of Stockbauer and
Inghram. A very good coincidence was found. Tsuji and collaborators' used the charge-
transfer reaction from Ar™ to measure the branching fraction at an energy of 15.76 eV
and obtained 4% CoH; ™, 76% CoH3 ™ and 20% C,H, ™. The fraction of available energy
deposited into internal energy of the ions is estimated to be 85-95%. They obtained sim-
ilar results for CH4, CoHg, C3Hg and C3Hg, but a much smaller value (38%) for C,H;.
The Balmer emission of the hydrogen atom from ethylene, ionized by 70-eV electron
ionization, allowed Beenakker and de Heer!%® to draw conclusions about the ionization
process at this energy. The investigation of the nonresonant multiphoton ionization at two
wavelengths (532 nm and 355 nm) allowed Martin and O’Malley'¢’ to study the frag-
mentation of acetylene, ethylene, ethane, propene, propane, isobutene and cis-2-butene as
a function of the laser energy. The values for the bond dissociation energies have been
reviewed by Berkowitz and collaborators'®:19 An experimental and theoretical study
of the photoionization of vinyl chloride allowed Li and collaborators!’® to draw con-
clusions about possible isomeric structures for the polyatomic fragments. The gas phase
acidity of ethylene has been determined by Graul and Squires!”! and DePuy, Bierbaum
and collaborators!”?. Both groups arrived at an identical value of 1703 £ 4 kJ mol ™.
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The isotope effect of the fragmentation of the ethylene ion has been treated exper-
imentally and theoretically by several authors. Gordon, Krige and Reid'”? observed a
strong isotope effect and an H/D scrambling for frans CHDCHD and C,HD3. Hvis-
tendahl and Williams'7* deduced from the isotopic substitution for molecular hydro-
gen elimination that the two C—H bonds in the transition state must be synchronously
stretched. All possible isotopomers of ethylene have been synthesized and studied by
Vial, Nenner and Botter for dissociation within the source as a function of the electron
energy'” or in the metastable range'’®. They can explain their results with the quasi-
equilibrium theory by allowing for the difference in zero-point energies; no tunneling was
needed.

The concentration of doubly charged ions in the 70-eV mass spectrum of ethylene is
only ca 1% of all ions, making their study difficult. A theoretical investigation of the outer
valence doubly ionized states of ethylene was undertaken by Ohrendorf, Sgamellotti and
coworkers!”?, who showed that the ground state of the dication is nonplanar with a tor-
sional angle of 90°. Auger spectroscopy permitted the authors to determine many double
ionization potentials from 29.46 eV up to 47 eV and to attribute the orbitals involved!”s.
The ionization and appearance energies of several doubly charged ions of ethylene, diflu-
oroethylene and a few other compounds was the subject of a study of Brehm, Frobe
and Neitzke!”. For ethylene they measured the following energies: CoHyTt: 31.4 eV;
CoH; 1 357 eV; CoHy v 36.8 eV; CoHT T 50.1 eV; for difluoroethylene CoHoFp ™
28.5 eV; CoHoF™F 33.4 eV; CoHF™ 35.5 eV; CoHo P 42.0 eV; CoHT 51.8 eV. The
dissociation of doubly charged CH,CD, and CH,CF; ions by single photon excitation
of the valence electrons with photons of 37 and 75 eV was evaluated by Ibuki and
collaborators'®. The branching ratios for a large number of fragments were determined.
It seems that the double ionization releasing at least one mcc electron seems to give a
large contribution to the central C=C bond cleavage, while the double ionization of occ,
och and Cyg orbital electrons occurring at photon energies above 37 eV results in bond
fission to form two smaller fragment ions. By using OH™ as projectiles, Griffiths and
Harris'3! populated mainly triplet electronic states, thus sorting out the values of 31.4,
34.9, 38.2, 40.3 and 42.9 eV from the large number of values determined or calculated by
the authors cited above. A theoretical and experimental study on tetrafluoroethylene dica-
tion has been undertaken by Schwarz and coworkers'82. It is accessible by charge stripping
from CoF4**. According to the calculations the planar (D,y) form is 15 kJ mol~! more
stable than the perpendicular (Dyq) isomer, in distinct contrast to the analogous ethylene
dication (see above).

Ethylene cation forms easily clusters with neutral ethylene. The question if the ethylene
cation preserves its structure in such a polymer or whether it undergoes an ’internal’
ion—-molecule reaction to form ions of higher molecular weight has found much interest;
e.g. Ono and collaborators!33 cited, in 1983, 30 references on the subject without being
complete. The basic question is under which conditions does an ion—-molecule reaction
take place, because the reverse reaction, the loss of an ethylene neutral, is one of the main
fragmentations of alkenes, at least in the metastable range (see later). The cluster properties
can be regarded from two sides: either the ethylene cation collects its neutrals by some sort
of ion—molecule reaction, which demands a minimum pressure that can also collisionally
stabilize the freshly formed clusters, or the clusters are preformed, preferentially in a
molecular beam, and subsequently ionized. In this case the problem consists of separating
the neutral clusters of different size. This can be done by elastically scattering with He and
using angular-dependent mass spectra. Buck and collaborators!84 showed that ionization
of the neutral dimer yields the fragmentation spectrum of the monomer: the internal energy
is redistributed and results in the evaporation of the second ethylene. A small contribution
of higher masses than m/z 28 is attributed to internal ion-molecule reaction. For trimers
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and tetramers again a large probability to form the monomer ion is observed. However,
C3Hs™ and C4Hg™* are now becoming the prominent ions. The structure of the latter ion
forms one of the main problems in this kind of research. It can be concluded that the
fragmentation of such clusters is dominated by ion-molecule reaction of a single ionized
CoH4™ ion within the cluster. In field ionization conditions Beckey and coworkers>18
showed that C;Hs™ is the main reaction product of ethylene. Since the protonation of
ethylene cannot be achieved by a field reaction of ethylene ions, the reaction must take
place in a physically adsorbed layer.

The current interest in clusters stems from their unique position as an aggregate state
of matter between the gas and the condensed phase. Photoionization is probably one of
the best methods to investigate the behavior of neutral van der Waal clusters. Ceyer and
coworkers!80 chose their expansion conditions in a way to produce mainly the neutral
dimer, which is subsequently photoionized by removing an electron from the 1b3, (-
bond) of the ethylene, the vibrational fine-structure near the threshold serving as evidence.
They determine a well depth of 76 & 2 ki mol~! for the dimer and of 18 £ 3 kJmol~!
for the trimer ionic complex. The authors propose structures and energy diagrams for the
solvation of the fragments. The molecular beam photoionization method was also used
by Tzeng and collaborators to study the behavior of ethylene dimers'®? and trimers!®”.
They made the observation that at nozzle expansion conditions, where the trimer and
heavier clusters produced in the beam are higher, the appearance energies for the C3Hs™
and C4H7" fragments from the dimer are shifted from 10.21 4 0.04 eV and 10.05 &
0.04 eV, respectively, to lower values, indicating that trimers and tetramers can give
rise to the same product ions, confirming earlier values'83. The ionization energy of the
dimer is found to be 9.84 & 0.04 eV. The group of Sieck and Ausloos'®® photoionized
different isotopomers of ethylene containing two D atoms and determined the distribution
of the deuterium in the C3(H,D)s* ion as C3HD4t 8%, C3H,D31 39%, C3H3D> T 40%
and C3H4D' 11% a nearly random distribution, independent of the initial position of
the D atoms. Tzeng and coworkers!8” observed several fragmentation pathways for the
trimer, yielding the following product ions: C3Hg™, C3H;+, C4H; T, C4Hg™, CsHo™ and
CeHp 1. The fact that these channels are similar to those observed in the unimolecular
decomposition of (C3Hg),™ and (c-C3Hg),™ is consistent with the interpretation that
these loose complexes rearrange to similar stable CgHi,™ ions prior to fragmenting. The
ionization energies of the trimer and the tetramer were determined as 9.46 + 0.04 and
9.2940.03 eV and the binding energies for successive ethylene units for (CoHg)2 T ~CoHy
and (CoHg)3T-CoHy as 38 £4 and 19 + 4 kI mol ™!, respectively. The precision of
some of these values has been questioned by Baer and collaborators'®® because of the
gradual onset of the photoionization efficiency curves. Meisels and coworkers'*® stated
that the angular momentum can have an influence in ion-molecule reactions and can
affect the branching ratios when the products are selected by an angle-sensitive method.
Electron ionization is used by the group of Garvey'®! to investigate clusters of ethylene,
1,1-difluoroethylene and propene as a function of expansion and ionization conditions.
For ethylene and difluoroethylene, a peaking is observed for clusters containing four
molecules. For propene, it changes from three to four and then to six, with increasing
expansion pressure and lowering of the electron energy. This is explained by intracluster
ion—-molecule reactions, i.e. the formation of covalent bonds between the single units.

The structures and isomerization of C4Hg™ ions in connection with the problem of
ethylene clusters has been the subject of many studies. Doepker and Ausloos'®? studied
the photolysis of cyclobutane, its deuterated isotopomer and mixtures thereof, and in
their detailed product analysis they found cis-2-butene, trans-2-butene and 1-butene as
major ionic products in the approximate ratio of 1:1:2. Lias and Ausloos!?? determined
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by product analysis that at low pressures the C4Hg™ ions which are initially formed
in ethylene, cyclobutane and methylcyclopropane isomerize to the thermodynamically
most stable configurations, namely i-butene™ and 2-butene™, with the latter structure
predominating. At higher pressures, 1-butene™ could be intercepted, indicating a complex
isomerization scheme. In a later work, the same group!®* studied these isomerizations
in detail. They stated that to supplement mass spectrometric studies by photochemical
(and possibly radiolytical) experiments can often help to simplify a complex situation.
Jungwirth and Bally'®>1%0 summarized the situation up to 1992 and studied the reaction
of ethylene and its radical cation theoretically by ab initio methods. Their calculated
binding energy for the dimer compares favorably with the above-mentioned value. They
locate two transition states, one leading to cyclobutane and the other to 1-butene cations,
thus confirming the observations of the Ausloos group. 1-Butene™ can either dissociate
or isomerize to 2-butene™. Booze, Feinberg, Keister and Baer!%° investigated in detail
the dissociative ionization of ethylene dimers, trimers and tetramers by a photoelectron
photoion coincidence technique using a time-of-flight spectrometer that allowed one to
study the metastable decay of the ions. They showed that the neutral ethylene dimer
can be photoionized to produce a stable C4Hg™™ ion, contrary to trimers and tetramers,
and that the dissociation starts from the 2-butene™* structure. The dissociative ionization
step for trimers and tetramers involves the evaporation of an ethylene monomer with the
remaining C,Hp, ™ ion being a straight-chain olefin.

Ton-molecule reactions of the ethylene cation in the gas phase are of interest, because
polymerization chain reactions set in at higher pressures. However, already Wexler and
Marshall!®” demonstrated that fragmentation products are mainly responsible for these sec-
ondary reactions under electron impact. Myher and Harrison!®® and Tiernan and Futrell!®
discussed these reactions in detail and tried to distinguish between secondary and tertiary
reactions. Henis proposed””” intermediate structures. Sieck and Ausloos?®! measured the
rate coefficients for the disappearance of the ethylene cation as a function of the pho-
ton energy used to ionize the neutral. The rate decreases with increasing energy. The
dependence of the rate on deuteration and kinetic energy of the ions was determined by

Huntress?*> who gave a summary of the rate constants obtained for ionization by electrons

and photons up to 1977293 with the following product distributions (average values; AH

in kJ mol™"):
CoHy™* + CoHy —— C3Hy ™" +CHs  (1%; —3) (1)
CoH4 ™ + CoHy —— C3Hs™ + CH3 (90%; —17) 2
CoHst* + CoHy —— CuHe " + Ha (0.2%; —29) A3)
CoHs* + CoHy —— C4H7 T + H. (9%; —11) “)
CoHy™" + CoHg —— C3Hg™ +CHy  (7%; —22) (5)
CoH4™" + CoHg —— C3Hy P +CHze  (93%; —9) (6)

There is strong disagreement concerning the product distribution with C,Hg between
these authors and Dunbar and collaborators?**. The reason is not clear, but is probably
due to impurities. This list has been enlarged by Lindinger, Ferguson and coworkers?%
for reactions of interstellar interest, in particular with H-. Bowers and collaborators?%® per-
formed a study on different ion—molecule reactions of interest in interstellar clouds. CH3 ™
associates with methanol to yield MeOHMe™*; H30" and C,H4 yield CH;CH,OH, ™"
while NH4+ and C,Hy give CH3CH,NH3 ™. They conclude that CH3 ™ infrared radiative
association should not contribute to the formation of CoHsOt, CoH;0% and CoHgN*
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ions in interstellar clouds, but reactions with H3O0% and NH4+ may well do. It is inter-
esting to realize that Cao, George and Holmes?"’ tried a reverse experiment: but they
failed to produce evidence of an involvement of the complex ions [CoH; T /HOCH3] and
[C2H4T*/HOC;,Hs] in a variety of C3HgO™* and C4H9O™ isomeric ions. McAdoo and
collaborators?®® compared the energy dependence of H-exchange vs C—C bond formation
in the complex [CoH4T*/HOCH;]. They came to the conclusion that a distonic [CH;OH™
C;H,-] isomerizes to CH3CH,CH,OH™ via the internal ion-molecule reaction:

[C,H; T /HOCH3] —— [C2Hs® THOCH,] 7

followed by C—C bond formation. About 60 kImol~! higher (attained by CID
and reaction of CpH;™* with methanol) CH,=OH* and CH3zOH,t are formed.
Hydrogen exchange between oxygen and ethylene occurs at this energy. Jung and
coworkers?9%210 studied the electron impact ionization of ethylene-methanol clusters
and looked for stable configurations. It seems that (C;Hy),(CH30H),H' ions with
n + m < 3 have a particularly stable structure, again interpreted as the result
of intracluster ion-molecule reactions. The probability for protonation, expressed
as the ratio [(CoHy),(CH30H),HT1/[(CoH4),(CH30H),, "], increases with increasing
ethylene/methanol mixing ratio, indicating that the proton is preferentially bound to
methanol. The occurrence of H/D within the cluster is also studied.

The reactions of ethylenes substituted with fluorine and chlorine were determined by
Anicich, Bowers and coworkers?!! =216 Su and collaborators?!7 tested several reactions
of fluoroalkyl radical anions with C;Fjy:

CF3™ +CyF4 —> CFs ™ +CF2(3.4x 10719 cm® molecule™!'s™!; —8.8 kimol™!) (8)
CyFs™, C3F;~, C4F9~ —— no reaction )

The reactions of CHs™ with ethylene, CoH,, C3Hg and c-C3Hg have been measured by
Fiaux, Smith and Futrell?!® in a tandem mass spectrometer. The total rates of reaction
are independent of the excitation energy of CHs™. Isotope labeling studies suggest that
reaction occurs by simple proton transfer to the neutral species which —if energetically
feasible — undergoes fragmentation. This study was enlarged by the same authors?!® to
cover the reactions of CH3*, CoHs+, C3Hs* and C3H;* with C,, C3 and C4 hydrocar-
bons. Again the internal energy of the reactants was varied and the effect of deuteration
studied. Most of the major reaction channels are best described as proceeding through a
short-lived intermediate complex. The reactions of C;Hs™ with propene and cyclopropene
are particularly interesting since the major reaction product, C4Ho™, is produced through
both direct proton transfer and complex formation. Abernathy and Lampe?2° performed
a similar study of the reaction of CH3™ with C;H4. No C3H7 ™ is observed, but isotopic
variants of the reaction using C;D4 and '3CH3;% as reactants strongly suggest that the
reaction proceeds via (CH3),CH™ and (c-C3Hg)H™ intermediates of short lifetimes.

The ion-molecule reactions of CF3t with CoH,, CoHs and C3Hg have been studied
at near-thermal energy. The following reactions are found (in parentheses, the branching
ratios):

CF3T 4+ CoHy —— C3HoF3 ™ (100%) (10)
CF;" 4+ CoHy —— C3H3F,™ + HF (62%) (11)
CF3t + CoHy ——> C3H3™ 4+ CF3H + 0.35 eV (29%) (12)

CF;t 4+ CoHy —— CHF> " + C3HsF (7%) (13)
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CF3T + CoHy —— CHYFT + GHOF, (2%) (14)
CF3t + C3Hg —— CoH4FT + CHoFy + 1.1 eV (58%) 15)
CF;' 4+ C3Hg —— CoHsF,T +HF  (26%) (16)
CF3T + C3Hg —— C4H4FT +2HF  (9%) (17)
CF;tT +C3Hg — C3HsT +CF;H+1.7eV (7%) (18)

Several reaction schemes and intermediate structures are proposed. Similar distributions
are found by Morris and coworkers?2!, who studied in addition also the reactions of
CF,Br*. Their intention was to check if ion-molecule reactions of the fire suppressant
Halon 1301 in hydrocarbon flames could produce free radicals that could interfere with
pyrolytic processes in flames, but no evidence is to be found. Stanney and collaborators?2>
also detected large amounts of CHF,+ and CH,F™ in their beam experiments. The pos-
sibility of the collisional deactivation of some long-lived intermediates leading to these
two ions cannot be ruled out. lon-molecule reactions in vinyl chloride are rather com-
plex. A summary has been given by Herman, Herman and McMahon??3. They suggest
on the basis of collision-induced dissociation mass spectra a ‘butadiene-like’ structure
for the product ions C4HsCl** and C4HgCl*, and a nonbenzenium structure for CgH7 T,
formed in a two-step mechanism involving C4;Hs™ as an intermediate ion. El-Shall and
Schriver??* constructed a reaction scheme for the clustering of vinyl chloride that goes
up to seven CoH3Cl units. Five types of reactions are distinguished: addition of CoH3Cl,
addition + elimination of HCI, addition + elimination of Clp, loss of HCI, loss of ClI-.
Gable and collaborators?>> performed the gas-phase ionization of ethylene with positive
ions generated from molecular I>. They assign to m/z 155 the only ion formed, an iodi-
ranium structure. No H/D scrambling, but an isotope effect of 1.41 +0.02, is observed in
a CoH4/CyD4 mixture.

Gross and coworkers??® formed the g-distonic ion from the reaction of pyridine radical
action and ethylene and studied its collision-induced fragmentation that is different from
the isomeric ethylpyridine ion. The reactive site of attachment of C,Hy is the nitrogen
atom of pyridine, giving rise to the B-distonic ion adduct CsHsNT-CH,C"H,, which
can be differentiated from the a-distonic ion CsHsNT-C*HCHj. It is of interest in this
connection that Bally, Roth and Straub®?’ observed and defined spectroscopically the
m-complex benzene-ethylene cation radical with a strong absorption band at 680 nm.
Schwarz and coworkers??® performed an ab initio calculation of the reaction between
ketene radical cation and ethylene. They propose that this reaction should not be classified
as a cycloaddition, but rather as a nucleophilic addition of ethylene to the ketene ion.
CO,™* reacts with CHy, CoH,, (n = 2,4, 6) and C3H,, (n = 6, 8) as has been demonstrated
by Tsuji and coworkers??°. The product ion distributions and rate constants are determined.
Except for methane, only charge-transfer channels leading to parent ions and/or fragment
ions thereof are found. All rate constants are a little smaller than the calculated values
from Langevin’s theory. The reactions of the disilicon carbide Si;C,* with benzene and
unsaturated hydrocarbons was the subject of work by Parent??. The C3H, isomers appear
to react by insertion into the single bond. The reaction sequence with ethylene seems to
be rather simple:

Si,Cot + CoHy —— SiCoHa T + CoH, (19)
Si,C,Hyt + CoHy —— SipCqHst + H- (20)

However, labeling the carbide ion with '3C, reveals a complexity that is hidden in the
reaction sequence. 16% of the reactant ions in equation 19 undergo carbon exchange in a
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statistical 4:1 ratio. It seems that an intermediate complex Si;C4H,™ is formed, where all
C atoms are in equivalent positions. Lindinger and collaborators?3! studied the reaction
of Sit in the 2P ground state with ethylene. SiCoHz and SiC,Hst are observed in
the pressure range from 0.14 to 0.52 Torr in a drift tube. In this pressure range these
products are formed in binary and ternary reactions. The pressure dependence led the
authors to propose that both the binary and the ternary channels are proceeding via the
same rate-determining process before they separate into two channels.

V. THE PENTENE STORY

Duffy, Keister and Baer?3? published under the above-mentioned title a study where
they discuss the competition between isomerization and dissociation, seen by photoelec-
tron-photoion coincidence. CsHjo™ has many isomers and the problem, whether they are
distinct isomers or whether they fragment from a common intermediate ion, has generated
much interest. Millard and Shaw?33 came to the conclusion that CoHy is mainly lost from
the unsaturated end of 1-pentene. Doepker and Ausloos!? studied the ion-molecular
reactions of cyclo-C5D1o™ and its main fragment C3Dg™ both in mass spectrometry
and in radiolysis. They were particularly interested in the ratio of H™ and Hy ™ transfer
from alkanes of different structure. Their conclusion is that at a pressure of 20 Torr, ca
20% of the parent ions undergo ring-opening prior to the charge-transfer process to NO
or (Me)sN. Gross and Wilkins®** use an ICR mass spectrometer to determine the ion-
ization potentials and the appearance energies for the main fragments [M — Me]** and
[M—C,H4] ™ for seven CsHjo " isomers. Their main purpose was to demonstrate the fea-
sibility and the advantages of a computer-coupled instrument. In a later publication Gross
and coworkers?3> use the possibilities of this instrumental method to distinguish among
the different neutral isomers by the reactions of the CsHj isomers with the 1,3-butadiene
radical cation. All isomers undergo characteristic ion—molecule reactions except 2-Me-
2-butene, where only charge transfer is observed, and cyclopentane, where no reaction
is observed. Koyano, Suzuki and Tanaka?3¢ studied the ion-molecule reactions of the
parent ions of five isomeric pentenes and cyclopentene with their corresponding neutral
molecules at 1.7 eV exit energy using a photoionization mass spectrometer. 1-Pentene
is the most and 3-Me-butene-1 and 2-Me-butene-2 the least reactive parent ions, con-
firming earlier conclusions by Henis?%237 that, with the exception of 2-Me-butene-2, no
rearrangement occurs before fragmentation. Dimeric ions were detected in all systems.
According to Bowen and Williams2® the metastable fragmentations of olefin ions are
largely determined by the relative energetics of the possible product combinations. They
derive rules from C,—, C3-, C4— and Cg-olefins, which they apply successfully to predict
fragmentations of CsHjo"* isomers. In particular, they reach the very important conclu-
sion that for the ions C,Hy,™"* up to n = 5 the different isomers should behave very
similarly, whereas for n > 5 the fragmentation of isomers should become increasingly
divergent with n increasing. This parallels somehow the observation of Giumann®* for
alkyl radicals. In either case a well-founded explanation for this behavior is missing. The
advent of collisionally activated fragmentation led Nishishita and McLafferty?* to test this
possibility to differentiate between isomers of pentene and hexene molecular ions. They
confirmed the above-mentioned observations by realizing that the decomposition of the
(metastable) ions of the pentenes were nearly identical, but those of the hexenes showed
some differences. Levsen and Heimbrecht?*!, using the same technique, reached the same
conclusion. Again an onset of nonisomerization was noted at n = 6. However, this is not
true when the time-scale is shortened to nano- and picoseconds by field-ionization kinetics
(FIK). In this time domain, explored by Levsen and collegues®, even isomeric butenes
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are clearly distinguishable at short fragmentation times. In 1-pentene the most important
fragment loss is that of CoHs® (=100), followed by —CyHy (=65) and —Me® (=23),
whereas for 2-pentene the main fragmentation is —Me* (=100), some —C,Hy (=15) and
no loss of ethyl. Thus the double bond retains its original location up to ca 100 ps. The
fragmentation of saturated cycloalkanes is compared with that of alkenes of the same
composition by van Dishoeck, van Velzen and van der Hart?*>2*3_ Photoionization and
charge transfer allow the conclusion that cyclobutane and cyclopentane rings open upon
ionization, whereas cyclohexane and cycloheptane remain cyclic. Alkenes form two iso-
meric molecular ions with strongly different reactivity in ionization and photodissociation
spectra. 1- and 2-pentene are also studied by Herman, Podgértsky and Lalonde?** using
photoionized ions for ion—molecule reactions with their neutrals. With increasing pres-
sure (up to 3 Torr) the reaction sequences are getting complicated by the presence of
many condensed species, up to (CsHyo)4**, confirming earlier results by the group of
Koyano?3® cited above. 1-Pentene is more reactive; 70% of the total intensity at 3 Torr is
accounted for by the formation of CgHs™ and CgH 4™, ions that are unreactive toward
the neutral parent. The clusters for 2-pentene are smaller in size and less reactive. Lunell
and coworkers?* studied the electronic ground state of 1- and 2-pentene by ab initio
calculations at high levels, together with the ESR spectra, recorded in halocarbon matri-
ces at low temperatures. The 1-pentene radical cation is described as a rigid, nonplanar
structure where the two terminal aliphatic carbons are rotated out of the plane. The singly
occupied highest molecular orbital is found to be partially delocalized over the whole
allylic fragment, contrary to 2-pentene, where a localized w-bond ionization is present, as
one would expect in an alkene radical ion. Miller and Gross2*° tried to distinguish ten dif-
ferent CsH;o™"* isomers by CID, charge stripping and low-energy ion—molecule reactions.
For the latter, beside a proton transfer from NH4™, the formation of the immonium ion
CH;CH=NH," through a reactive collision is also observed. According to these authors,
cyclopentane, Me-cyclobutane and substituted cyclopropanes retain their cyclic structure
for at least a few ps. Charge stripping proved to be the best method to distinguish all
isomers, CID and ion-molecule reactions being less informative. The positive results of
the charge-stripping method are not confirmed by Sozzi, Audier and Milliet**” nor by
Holmes and coworkers®*®. Tt might be that the instrumental conditions are rather criti-
cal. The latter authors are, however, able to suggest by charge-stripping and appearance
energy measurements that pentan-1-ol and 1-chloropentane form ethylcyclopropane when
losing H,O or HCl, respectively. Ingemann, Nibbering and coworkers?*%2%9 studied under
ICR conditions in detail the formation of the immonium ion CH3CH=NH," mentioned
above. Only proton transfer to ammonia is observed for [4-octene]**, [2-nonene]** and
[4-decene]**, leading to the conclusion that the intramolecular hydrogen transfer prevent-
ing the immediate dissociation of the collision complex is not sufficiently rapid. Reaction
of [1-hexene] ™ with NDj3 leads to the incorporation of up to ten D atoms in the hexene
ion. Nonterminal alkenes do not undergo H/D exchange; thus, this exchange could be
used for an estimation of the presence of alkenes with a terminal double bond.

Brand and Baer!® studied the dissociation dynamics of six isomeric energy-selected
CsHjo™ ions in a first publication using the photoelectron—photoion coincidence method.
With the exception of 2-Me-2-butene all parent ions exhibit a two-component decay,
indicating a dissociation from at least two distinct forms of the molecular ion. This is
interpreted as a competition between the fragmentation of the original structure of the
parent ion and an isomerization to a common intermediate, identified as 2-Me-2-butene,
the ion with the lowest AHy. In a later study Baer and collaborators?3? repeated this
work, but this time using a molecular beam to cool the isomers before ionization, arriving
at a vibrational temperature of 180 K. By this procedure, multicomponent rates are well
resolved. All parent ions decompose by loosing Me* and C,Hy in different proportions.
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Six rate constants are measured, namely for isomerizations and two dissociation rates, and
fitted by RRKM theory. The rate constants for the direct dissociation (of the original ion)
are too fast to be determined by this method. In all cases, the slowest rates correspond
again to the fragmentation of 2-Me-2-butene ion. The metastable time range is around a
few us, whereas the infrared photodissociation in an ICR instrument takes place between
ten milliseconds and one second. The fragmentations of cyclopentane and six pentene
isomers are compared for these time windows by Bensimon, Rapin and Géiumann®'.
All CsHyp™ ions fragment similarly (2-Me-2-butene and cyclopentane showing slight
deviations), but different in the different times scales (metastable/infrared): [MCH3*]*:
76%/70%; [M—CH4]"*: 3%/19%; [M—CoH4]™: 19%; [M—C,Hs]: 2%/0%. Apparently
a small evolution, i.e. stabilization of the final structure, is still visible over this time range.
This is no more true for the C¢H > and even less for CyH 41 ions.

Van Bramer and Johnston!3313% use a totally different scheme to identify alkene iso-
mers: the neutral molecules are first photodissociated with an ultraviolet laser and the
resulting fragments subsequently ionized with coherent ultraviolet radiation. 14 isomeric
alkenes of five to eight carbon atoms and four isomeric hexadienes were tested. The
primary and secondary product distributions are predictable and usually occur without
isomerization, allowing one to use the method to determine the sites of branching and
unsaturation in aliphatic hydrocarbons. The main photodissociation reaction is the cleav-
age of the f-C—C bond in the neutral. Products of «- or y-cleavage are typically less than
20% as abundant. Secondary fragmentations occur as well in the neutral as in the fragment
ions. Usypchuk, Harrison and Wang?? studied the possibility of the ion-molecule reac-
tion of CH3NH, " with isomeric butenes and pentenes to distinguish different structures;
it is moderately successful, since in many cases only charge exchange is being observed.
Also, Vollmer and Gross®>3 used the reverse way to study CsHjot* ions: the gas-phase
reaction of propene and cyclopropane with ethylene. They find an efficiency of one out
of five collisions to produce 2-Me-2-butene as a final product, formed over ethylcyclo-
propane as an intermediate, defined by its charge-stripping spectrum. It is probably fair to
summarize this story by saying that isomeric pentenes can be characterized by different
methods, that they fragment initially characteristically for the structure of the neutral,
but isomerize rather rapidly to the most stable isomer, 2-Me-2-butene, the dissociation of
which depends on its internal energy, i.e. changing somewhat over the whole time range
available in mass spectrometers.

VI. HEPTENE: THE OTHER STORY

The story of the heptenes is partially reviewed by Gaumann®?. Stefani>>* was probably
the first author to realize that the fragmentations of C7H4 ™ might present some surprises.
While measuring the electron impact spectra of three specifically deuterated 2,4-diMe-1-
pentenes at 70 eV and at low voltages, he realized that the loss of C3Hg by a McLafferty
rearrangement was not only a fragmentation that occurred with little or no H/D scrambling,
but that the CoHy seemed to originate from positions 3 and 5 coupled with a transfer of
an H atom from position 5 to another, unknown position, again without much scrambling.
Houriet and Giumann® studied the CI of linear alkenes with six to nine carbon atoms
using CD4, D0, CD30D as reagent gas and realized a pronounced scrambling in the
alkyl ions formed. This research has been enlarged by using '3C- and D-labeled heptenes
by Parisod and Gidumann®°. The protonation of 1-heptene by CHs™ appears not to occur
solely at the first carbon of the chain or scrambling takes place. The peculiarity of the
scrambling of alkyl radicals has been discussed in detail elsewhere?®. The competing
metastable decompositions of 14 isomeric C7H 4 ions is compared by Falick, Tecon
and Giumann®7 and confirmed by Harrison and Li**%. The most important metastable
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losses are either Me® or C,Hy; however, it is concluded that the molecular ions of these
compounds probably do not isomerize to a common structure prior to metastable decay.
The presence of a terminal bond strongly enhances the metastable loss of CoHy; the
presence of a 2-Me substituent favors this reaction. The metastable decomposition of
labeled 1-heptene and 5-Me-1-hexene has been studied in detail by Antunes Marques,
Stahl and Géumann?*®. Part of the results are shown in Schemes 1 and 2.

Falick and Giaumann®® undertook a study on source and metastable fragmentations
of 1-heptene where all positions were partially multiply-labeled with '3C and/or D. Loss
of Me. and CyHs* occurs mainly from the two ends of the molecule, loss of CoHy
partly from positions 1 and 2, but also from any other position, coupled with some
H/D scrambling (see Schemes 1 and 2 for the metastable fragmentations). Bowen and
Williams2*® and Levsen and Heimbrecht?*! realized that the tendency to isomerize to
a common structure diminishes with increasing size of the olefin (see above). Levsen
and coworkers® show that for heptenes also the fragmentation in the FI range is very
structure-specific. Tecon, Stahl and Giumann?°!-262 examined the time dependence of the
fragmentation of 1-heptene. Below 0.1 ns, 80% of C,Hy is lost from positions 1 + 2,
decreasing to 55% and 22% for ionization within the source with 17-eV and 10-eV
electrons, respectively. In the metastable range this value decreases to 17%%°. The values
for the losses from positions 6 4+ 7 do not exceed 10-15%, since at longer times the
majority of the ethylene is eliminated from inside the chain. The effect is similar, but
less accentuated, for the loss of C3Hs*. At short fragmentation times C;Hs elimination
occurs from the saturated end, but again mixing sets in at longer times. It is evident
that fragmentations in the short time window, i.e. at high internal energies, correspond
to a simple C—C cleavage. When the internal energy is lower, an internal elimination
of ethylene, possibly coupled with a shift of the double bond position, sets in. However,
no skeletal isomerization, but H/D scrambling, is perceived, since only accompanying
positions are lost as CoH4. Gédumann and collaborators?3 ~257:259-268 garted work on
the fragmentation of branched C7H; 4", labeled in all positions with one or several B¢
and D. Some of the results for the metastable decay — partly unpublished —are shown
in Schemes 1 and 2. The fragmentation of labeled 2-Me-1-hexene in the time range
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between 10 ps and the metastable range was measured by Giumann and coworkers?%3;
they compared also its CID spectrum with the spectrum of 2-Me-2-hexene. No shift of
the double bond to the more stable 2-position was noticeable except in the metastable
time range, but even at the shortest observed fragmentation times (10 ps) the Me- and the
1-position are identical. The charge-exchange spectra and the break-down graphs were
measured by Harrison and coworkers?>3%299 These charge-exchange spectra, measured
with 14 C;H 4™ ions, complement in many respects the results obtained with labeled
compounds. Multiply labeled 1-heptenes formed the bases of a publication by Tecon,
Stahl and Gdumann®®®. If most of the fragmentation can be explained by a shift of
the double bond, the loss of ethylene that is mainly expelled from the interior of the
ion (see Scheme 2) remains unexplained. A particularly interesting ion is 4,4-diMe-1-
pentene, studied in extenso by Falick, Tecon and Gaumann?°42%_ The loss of Me is for
fragmentation almost exclusively from positions 5; positions 1 and 4 gain in importance in
the metastable time window. The loss of C,Hy is rather complex for fragmentation within
the source, but gets surprisingly simple—but hard to understand —in the metastable
range: a CHy group from position 1 or 3 is eliminated with exactly equal probability from
positions 2 or 5 and with half the probability from position 3 or 1, respectively. The time
scale for fragmentation of heptenes was enlarged by Bensimon, Rapin and Giumann?®>!,268
using excitation of long-lived ions by infrared photons in an ICR instrument. The structure
of the molecular ion after ca 100 ms could thus be probed. Beside a dependence of the
infrared photodissociation spectrum that is structure-dependent, less fragments than in the
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metastable decay are seen. Betts, Park and Schweikert?’® used plasma desorption mass
spectrometry to study, among other compounds, the fragmentation of 1-heptene. Dimeric
and trimeric ions are also seen, but not enough data are known to judge whether this
technique gives additional information about specific reactions beside its use as a general
analytic method. The situation may be summarized as follows: (i) linear heptenes may
isomerize, since at short fragmentation time neutrals are expelled from different positions;
(ii) for linear heptenes and 1-Me-2- and 2-Me-2-hexene the double bond is shifted, at
least after 1 ps; (iii) most C7Hy4+* ions loose their neutral fragments in a characteristic,
but so far unexplained way; (iv) there is no evidence for a general isomerization to a
common — minimum energy — structure.

Doubly charged ions of 1-heptene were observed in its field ionization mass spectrum
by Tecon, Stahl and Giumann?’. By using '3C-labeled compounds they were able to
prove that these ions are formed in an absorption process on the emitter surface, partly
by ion-molecule reactions.

VIl. ALKENES: TO FILL SOME GAPS

Methods to distinguish different C3Hg** have been sought since the beginning of
organic mass spectrometry. One possibility consists of ion—-molecule reactions. Sieck
and Ausloos?®! used photoionization to study the effect of internal energy on the
bimolecular reactions of propene and cyclopropane with their neutrals. The latter react
much slower. Bowers and coworkers?’! proposed a four-center mechanism for the
formation of the dimers of the two isomers with their neutrals, making use of specifically
deuterated compounds. The results for the ethylene loss from the dimer can be predicted
with the quasi-equilibrium theory. Gross and McLafferty?’? noted distinct variations
in both the rate and modes of reaction of C3Hg™ ions formed by ionization of
propylene and cyclopropane. Sieck, Gordon and Ausloos?’? presented evidence that
ring-opening of the cyclopropane ion depends on the internal energy content of the
ion, an observation confirmed by a photoionization study by van Velzen and van der
Hart?*3. Barbalas, Ture¢ek and McLafferty?’# ascertained the observation by Maccoll and
Mathur?”> that 1-chloropropane forms exclusively cyclopropane when losing HCI, but the
authors demonstrated that HCI elimination from 2-chloropropane yields cyclopropane and
propene as well. Other precursors were also studied by CID. Gross?’®, producing labeled
C3(H,D)¢™* ions from tetrahydrofuran, concludes that a cyclic structure is being formed;
however, he cannot rule out a ring opening before the following reaction with ammonia:

C3Hg™ + NH; —— .CH,NH3 1 + CoHy 21)
C3Hg 1" + NH3; —— CH,NH, ™t + CHs- (22)

This reaction has been discussed in detail by Sack, Cerny and Gross?’’. Lias and
Buckley?’® generated C3Hg™* ions by charge transfer to cyclopropane from several ions,
thus producing C3Hg** ions with different internal energy. In addition to the characteristic
reactions (equations 21 and 22) with ammonia, they observed for ions that are produced
with zero internal energy a proton transfer to ammonia. c-C3Hg™'* reacts with PH3 to
give CH,PH3"* and PH4" as products. Rusli and Schwarz?”® demonstrated that the
C3Hg™ ions produced either from cyclopropane or from tetrahydrofuran consist, under
their experimental conditions, of a mixture of 80% propene and 20% cyclopropane ions.
Morgues, Hammerum and coworkers2%® came to the conclusion that the ring-opening
reaction of C3Hg™ ions produced from cyclopropane is slower than the hydrogen
exchange between propene and DO on the time scale of an ICR mass spectrometer.
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McLafferty, Barbalas and Turetek?8! exclude a low isomerization barrier on the grounds

of their collisionally activated dissociation data. They propose that the observed (low
energy) isomerizations in ion—-molecule reactions should be explained by an intermediate
association product. They showed also that the reactions of cyclopropane™ with methanol
resemble its reaction with ammonia in that addition takes place. The predominant product
ions on the ICR time-scale (ca 1 s) are CH30H, ™ and CoHsO™ ions. The latter ion is
proposed as indicator for the presence of cyclopropane™. It is interesting to note that
these authors also find 20% ring structure in ionized cylopropane. Methanol exchanges
its hydroxyl hydrogen with deuterium in ionized propene according to McAdoo and
coworkers?®?. They explain the reaction as an exchange within an ion/neutral complex:

[CH3;CH=CH,** HOCH3;] «—— [CH,"CHCH, *H,OCH3] (23)

From the speed of the H/D exchange the authors estimate a lifetime of the complex of
10-30 ps. Propanol and tetrahydrofuran yield 48% and 35% of the cyclic C3Hg ™™, respec-
tively, but 1-pentene and i-Bu alcohol none, confirming earlier estimations by Bowen,
Colburn and Derrick?®3, Holmes and coworkers?®*, and Gross and Lin?%3. Holmes and
Terlouw?3® were unable to distinguish in the metastable time range different C3Hgb*
formed from several precursors. This is also true for collisional activated spectra performed
by Bowen and coworkers?®” and Magquestiau and collaborators®®® and charge-stripping
experiments by the latter authors. A somewhat reverse way was chosen by Ono and
collaborators?® in expanding neutral propene and cyclopropane in a supersonic beam,
where also dimers of the neutral could be formed and observed. The photoionization
efficiency of the neutrals and their dimers is measured with high optical resolution;
an ionization energy of 9.738 &£ 0.003 eV for propene, 9.33 £ 0.04 eV for its dimer,
9.721+£0.011 eV for cyclopropane and 9.61 £0.04 eV for its dimer is measured, respec-
tively. The appearance energies for several fragments are also obtained.

First ab initio calculations on cyclopropane were conducted by Haselbach?*® which
reveal that the low-energy form is an isosceles triangle. Collins and Gallup?®' calcu-
lated the two lowest-energy surfaces of the cyclopropane ion. The surface of the ground
state possesses a series of relatively flat minima, whereas the upper surface corresponds
to a ring-opened trimethylene radical ion isomer. The calculations give a difference of
1.3 eV (127 kI mol~!) between the upper-energy and the lower-energy minima, confirm-
ing the conclusions of the group of McLafferty?8! cited above. They estimated correctly
the two adiabatic onset positions of the first two peaks in the PES (photoelectron spec-
trum) of cyclopropane. Du, Hrovat and Borden?®? calculate a very small barrier height
(0.8 kI'mol~") for the hydrogen migration from trimethylene to form propene. Skancke???
uses improved ab initio techniques to estimate the isomerization of cyclopropane™* to
propene ™. For this process she found an asynchronous one-step mechanism with an acti-
vation energy of about 125 kJ mol~!, confirming earlier calculations cited above. It can
be concluded that ion-molecule reactions cannot be used to estimate the concentration
of cyclopropane radical cation, since these reactions apparently pass over intermediate
adducts with low activation energies.

Isomeric C¢Hj; radical ions fragment not very differently by the different mass spectro-
metric methods. The metastable decays are nearly identical, but the collisionally activated
spectra of 14 isomeric hexenes, measured by Nishishita and McLafferty??, exhibit some
quantitative differences. Bensimon, Rapin and Gdumann®' compared the metastable
decay and the photoinduced fragmentation by infrared photons of long-lived parent ions of
six hexene isomers and cyclohexane. If the linear isomers are practically identical, some
notable differences are observed for branched isomers. Cyclohexane behaves similar to n-
hexenes. The metastable fragmentation of H/D-labeled 4-Me-2-pentene, 2-Me-2-pentene
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and 1,1,2-triMe-cyclopropane are, according to Laderoute and Harris0n294, also identical.
Me is lost from the terminal end groups as well as from internal positions, explained by iso-
merization. Very little difference is also observed in Me loss, when the molecular ions are
produced by charge transfer. According to Fura, Ture¢ek and McLafferty!® angle-resolved
NRMS does not allow one to distinguish between isomeric n-hexenes, but the survivor
ion mass spectrometry granted the characterization of all Cg dienes and cyclohexene®’.
The ring-opening reaction was studied by Levsen, Schwarz and collaborators?®3 by field
ionization kinetics and collisional activation. The authors reach the conclusion that three-,
four- and five-membered substituted cycloalkanes form with ca 1 ns the 1-alkene molecu-
lar ions, preceding a shift of the double bond. However, six-, seven- and eight-membered
rings remain intact prior to decomposition. Wolkoff and Holmes?% estimate an activation
barrier of ca 1 eV for the ring opening in cyclohexene, based on appearance energies,
shapes and kinetic energy releases of metastable peaks. Derrick, Falick and Burlingame?®®’
fix the time scale for H/D randomization in cyclohexene between 10 ps and 1 ns. Ethy-
lene is being expulsed by a Diels— Alder reaction (see Section X). The survivor ion
mass spectra (see Section II) of the nondissociating molecular ions of three hexadienes
and cyclohexene differ considerably from the electron impact and NRMS spectra. The
isomers can be distinguished by the ions containing six carbon atoms. This study, using
the same technique, was extended by Turetek and Gu*® to eight CgHjo isomers. Its
seems that, generally, isomers of low internal energy content can be identified, using an
appropriate method.

The various rotamers of the hexatriene cation have been calculated by ab initio methods
by Cave and Johnson?%%. Photodissociation allowed Wagner-Redecker and Levsen'3* to
distinguish 2-pentyne, 1,2-pentadiene, 1,3-pentadiene and cyclopentene. Boyd, Beynon
and collaborators??® compared CID, metastable spectra and dissociative charge stripping
to distinguish among seven CsHg™ isomers and D- and L-limonene as standard. The
greatest degree of structure differentiation was possible using the dissociative charge-
stripping. The AH¢ of the neutral, the ion and the adiabatic ionization energy obtained by
MNDO semiempirical calculations for the CsHg ™ ions were compared with experimental
results. The electron ionization mass spectra of 19 monoterpenes are reported at 70 eV,
500 K and 12 eV, 350 K by Brophy and Maccoll’®. The influence of electron energy and
temperature is very different for the different terpenes. Dunbar, Faulk and So*°!302 studied
the photodissociation of nine Me-substituted butadiene cations and of 2-Me-1-penten-3-
yne ion with high optical resolution. This allowed them to study the Me-substituent band
shift and to make molecular orbital attributions.

Levsen and coworkers® demonstrated that also in n-octene radical cations (see above)
the location of the double bond can be clearly seen in the field ionization spectrum,
contrary to the metastable fragmentation. This does not hold for 2,4,4-triMe-pentenes
with the double bond in the 1- or 2-position. The FIK technique permits one to follow
the progress of hydrogen migration in 4-octene’®® and isomerization in all four n-octene
ions3%; it seems to be complete after ca 1 ns. '3C labeling allowed one to realize that up
to 0.1 ns the ions decompose predominantly by specific mechanism. At longer lifetimes
the fragmentations become more complex, being explained by isomerization reactions by
the authors. Levsen®®> demonstrates that collisional activation spectra also allow some
distinction of six isomeric octenes. By multiple labeling with '3C and D, Géumann, Stahl
and Tecon3% showed analogous fragmentation reactions for 1-nonene as for 1-heptene
indicated in Schemes 1 and 2.

The mass spectra of eleven doubly charged alkenes between Cs and Cio and 12 alkadi-
enes and cyclic olefins have been measured by Appling, Musier and Moran3"’. In general,
the spectra are rather different from the spectra of the monocharged analogues; they are
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dominated by fragments which result from extensive hydrogen loss. Not enough iso-
mers were measured to allow a judgment about the isomerization of the doubly charged
molecular ion, but at least C¢H;o2" ions indicate some differences among isomers. The
fragmentation due to unimolecular charge separations of the doubly charged ions CoHp2t,
C,HD?*, C4H,2t and C4H32t are reported by March, Macmillan and Young3®®. From the
charge separation the authors come to the conclusion of a three-membered ring structure
for the C4 ions. Harris and coworkers measured and calculated triplet*”® and singlet®!”
energies of the allene dication. The triplet states were created by double charge-transfer
from OH* and F*. The singlet states were populated by double charge-transfer from H
projectiles. The ionization energies to the triplet states start at 27.2 eV, to the singlet at
28.7 eV. Values up to 40 eV are measured.

The O~ CI mass spectra of thirteen acyclic CgHj isomers and cyclohexadienes have
been determined by Bosma, Young and Harrison®'!. Beside the common [M — H]~ base
peak, some isomer distinction is possible from the intensity of the fragments and the
ions resulting from the addition of O to the base peak; in particular, the alkynes can
be identified. The corresponding mass spectra of 1,3- and 1,4-cyclohexadiene are easily
distinguishable. The authors assume a common structure for the base peak of the hexa-
dienes and methylpentadiene. The use of NO in a mixture with either H, or CHy by
Smit and Field3!? gives similar results, with the exception that instead of an O-addition
the [M — H + NOJ~ ion is being formed. The 7* anion state of 1,4-cyclohexadiene has
been calculated and earlier results reviewed by Juang and Chao®'3. The chemical prop-
erties of butadienyl anions are the subject of a study by van der Hart, Nibbering and
collaborators3'#. Proton abstraction from 1,3-butadiene yields an isomeric mixture of 1-
and 2-butadienyl anions, the former being ca 10 kI mol~! less stable and having a very
different structure, as confirmed by ab initio calculations. The acidity of 1,3-butadiene,
leading to the more stable 2-butadienyl anion, is determined to be 1637 & 2 kJmol~'.
Bond dissociation energies, gas-phase acidities and ion—-molecule chemistry of allene, Me-
acetylene and the propargyl radical CHy=C=C*—H is compared by Bierbaum, DePuy,
Lineberger and coworkers>!>. The reactions of perfluoroisobutene with anions possible in
air (from H;O, CO,, O;) were determined by Watts and coworkers®!0 in view of pollu-
tion problems in air, perfluoroisobutene (a potential industrial hazard) being highly toxic.
NRMS can also produce anions from collision of neutrals with Xe3!. This technique
is used by Wesdemiotis and Feng®!” to gain information about anions produced from
C3H,* ions (n = 0-6). Reionization efficiencies decrease by two orders of magnitude
from n = 0 to 6. All C3H,, radicals (n = 1, 3, 5) can be transferred collisionally to stable
even-electron anions. For n = 0, 2, 4 and 6 the stability of the radical anion increases
with decreasing n.

Normal and cyclic alkenes form stable gas-phase ions in air at atmospheric pres-
sure, when the moisture is below 1 ppm, as has been proven by Bell, Karpas and
colleagues318'319. The reactions, including those of alkanes, with H30%" and N ** were
also studied. High-pressure (0.1-2 Torr) photoionization of isobutene allowed Nagase
and Herman32° to study the kinetics, and the deactivation by different neutrals, of clus-
ters of the type C4Ho*(C4Hs), and CgHy4+(C4Hs),,. The stabilization of the clusters,
compared with the dissociation of an excited dimer to form C4Hg™, increases tenfold
from a rare gas to a polyatomic hydrocarbon as neutral. Correlations of the deactivation
efficiency with the potential well depth and the heat of vaporization are made. According
to Vairamani®?!, nitromethane can be used as a substitute for NO in the CI of alkynes,
alkenes and alcohols. Terminal olefins yield fairly abundant [M+NO]" peaks, contrary to
nonterminal olefins. Bouchoux and Penaud-Berruyer3?? studied the competition of hydro-
gen atom abstraction and the cycloaddition—cycloreversion reactions by vinylamine radical
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cation with various neutral olefins and compared it with the reactivity of the nucleophilic
attack of an olefin by a free radical. A close parallelism was found and substantiated by
ab initio calculations. Conjugated dienes lead to the elimination of NH3 or of a hydro-

carbon radical from the adduct [M + CH2=CHNH2]+323. With the same idea in mind
the reactions of the charged radical (Me);S*-CH,* with cyclic alkenes was studied by
Chyall, Byrd and Kenttimaa®?*. Again, the competition between hydrogen abstraction
and addition to the double bond is compared to the reactivity of neutral radicals and sup-
ported by ab initio calculations. This distonic ion is 74 kI mol~! higher than the radical
cation CH3CH,SCH3 ™, but it is stable against isomerization. The gas-phase reactions
of (Me),STCH,* were also studied by Nibbering and collaborators?® who compared the
reaction rate with the (faster) Et Me thioether CH3CH,S ™ CHj3. A reaction mechanism is
proposed for the reaction with 1,4-cyclohexadiene, based on the use of labeled substrates.
The ion-molecule reactions of fullerene cations C,%+ and dications C,%+ (n = 54, 56,
58, 60, 70) with propene, 1-butene and isobutene is the subject of a study by Stry and
Garvey32%. The isomeric form of the butene as well as the size of the fullerene ion affects
the reactions observed. The numerous new reactions discovered still await explanation.
The reactions of monocyclic carbon cluster ions C,** (n = 10-20) with allyl chloride
and 2-chloropropene were investigated by ICR mass spectrometry by Sun, Griitzmacher
and Lifshitz3?7. The chloropropenes add to the carbon cluster by loss of Cl. Exception-
ally large reaction rates are found for the antiaromatic clusters Cy;3** and Ci7, ie.
n = 4r + 1. The collisional-induced fragmentation of the products from even C,™* yield
exclusively C3H3™, while ions from odd C, ™ generate several fragment ions. A reaction
model is proposed.

VIil. ACETONE, SEEMINGLY SIMPLE

Neutral alkane molecules are eliminated in the low-energy reactions of many ketones, low
molecular weight secondary alcohols (e.g. 3-pentanol3?®) and s-alkyl primary amines3%.
Even [2,2,6,6]-tetramethylcyclohexanone yields acetone. In this case Schwarz and colla-
borators33? discovered two pathways for its formation. McLafferty and colleagues33!
and Holmes and collaborators®?® have shown that the enolic form—the most stable
isomer —is being formed in this process. However, the former authors were able to
demonstrate that the main fragmentation of the resulting C3HgO™* ion, the loss of Me to
yield m/z 43 (MeCO™), originates from the keto form. By labeling the ketones, they made
the unusual observation that the two methyl groups are lost from this intermediate acetone
at unequal rates, probably due to an incomplete randomization of energy before fragmen-
tation, considered to be a nonergodic behavior of the intermediate acetone. The problem of
the a-cleavage is reviewed by Bouchoux332. Lifshitz, Schwarz and colleagues3? labeled
2-hexanone with '3C either in the 1- or the 3-position. By a McLafferty rearrangement
the enol form of acetone is produced with the label either in the Me or in the methylene
position. The probability for losing Me within the metastable time window range from the
original methylene in hexanone is 56% instead of 50% and the half-width T 5 value in the
MIKE spectrum is 72 meV against 59 meV for the loss of the original Me group. Similar
results were obtained by Heyer and Russell33. They produced [3CH;C(OH)=CH,]**
ions starting from 1-'>C-Me cyclobutanol and found for the neutral loss ratio CHz/'*CHj
a value of 1.38. A statistical model used by Lifshitz*>* confirmed the findings. In neu-
tral molecules (and probably in most ions) the equilibration of the internal vibrational
energy is reached within a few picoseconds33°~338 and a violation of the ergodic theorem
is a rare event>°. Turetek and McLafferty’? made the interesting observation that the
Me loss from the isomeric propene oxide and Me vinyl ether is also nonergodic. They
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concluded from this observation that also for these ions this loss passes through the keto
form of acetone. Hrugdk and Tkaczyk3*? predict the parallel existence of the keto and the
enol structure of the acetone cation on the basis of MNDO calculations. They enlarged
their calculations to a series of MeCOR compounds (R=H, F, CI, Me, NH,, OH, OMe,
NHMe)?*!. The keto—enol tautomers and their relation to distonic ions is the subject of
reviews by Bouchoux**?3*3 and by Holmes?**.

It is thus not astonishing that the fragmentation of acetone has roused much interest in
spite of the fact that it presents one of the simplest mass spectra, m/z 43, [M—Me]" being
the base peak with >70% of the total ion current. But of the fragmentation reactions,

Me,CO™ —— MeCO™ + Me. (24)
Me,CO+* —— CH,CO™ + CHy (25)
Me,CO™ —— CH3" 4 MeCO. (26)
Me,CO™ —— CH3% 4 (Me. 4+ C=0) 7

only the first two have been carefully studied over the twenty years since McLafferty
and colleagues®313* proposed that the loss of Me from the acetone molecular cation
also constitutes an example of nonergodicity. This behavior and its explanation has been
confirmed with acetone labeled with '3C by Turetek and McLafferty>*® and by labeling
with D by Lifshitz and her colleagues’*’, McLafferty and collaborators®}! and Beynon
and collaborators>*®, although the explanation is seriously questioned (for a résumé see
elsewhere?4©). They assume that Me is not lost from the more stable enol cation, but
from the re-isomerized keto form33!, Hudson and McAdoo3*° (among others, see later)
proposed the formation of ion-radical complexes. It is particularly intriguing that in the
metastable time scale only loss of Me (reaction 24) and in the CID spectrum only loss of
methane (reaction 25) is observed 3397352,

The problem can be best visualized by looking at Scheme 3333333 C3HgO™ ions pro-
duced as intermediates will in most cases have the enol structure a. Its heat of formation
has been determined by Holmes and Lossing>* as 660 kJ mol~'. By choosing a suitable
precursor, the Me and the methylene groups correspond to defined positions in the pre-
cursor neutral. Ionized acetone b will either lose Me in a fast reaction or isomerize to
b. The enol has a direct way to lose Me by e, but the isomerization via ¢ to the keto
form b offers a pathway much lower in energy for the same loss. The enol a ‘discrim-
inates’ between the two Me groups of acetone, whatever the detailed structure of the
intermediate ¢ may be. The loss of CHs from acetone has an appearance energy that
is about 4 kJmol~! lower than the loss of Me; the probability to lose CH,; compared
to Me loss in the metastable time window is at least 10* times higher when acetone is
formed by direct ionization as b; but the reverse is true when the C3HsO™* is produced
as the enol form a, e.g. from heptan—2—0ne350. Lifshitz, Schwarz and collaborators3>’
performed RRKM-QET calculations on an ab initio potential energy surface in order to
explain the difference in speed of the two eliminations. They assumed tunneling in the
methane elimination path. The existence of a hydrogen-bridged intermediate complex ¢
leading to a loose transition structure was proven. However, the idea of a tunneling is
contested by Osterheld and Brauman3>® on the basis of infrared multiphoton dissociation
experiments in an ICR spectrometer. They studied the fragmentation of CH3COCH; ™
and CD3COCD3**, excited by a continuous wave (CW) CO; laser with a wavelength of
10.6 um . The branching ratio (Me)/(methane) for He-acetone was 2,4 and 2.2 £ 0.1 for
Dg-acetone respectively. The ions were irradiated for about 300 ms. When irradiated with
a high-power pulsed CO; laser of 2 us half-width, this ratio increased with the fluence
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of the irradiation from 4.0 to 5.3, independent of the isotopic substitution. When doing
the same experiments with CH3COCD3, some complications arise since acetone can eas-
ily exchange within the inlet system which the authors tried to minimize and to correct
for. The loss of the following isotopomer neutrals is measured: -CD3, CD3H, -CH3 and
CH3D. For the methane loss they obtained a ratio CD3H/CH3D > 8. Because of the above
mentioned corrections this is to be taken as a lower limit; the ratio approaches proba-
bly about 70, the value obtained for the metastable decay by Lifshitz and Tzidony>>’.
When neglecting the CH3D loss, they obtain for the branching ratio -CH3/-CD3/CD3H
the values of 0.61/0.21/0.18 £0.02. Since the difference in energy for the loss of methane
and Me is only 4 kImol~!, the influence of the differences of the zero-point energies
of the vibrations C—H and C—D can strongly influence the branching ratios. Because of
the isotope effect for a C—D abstraction, the pathway for CH3zD cannot compete with
the other reactions. However, the same amount of CHs and CD4 in the pulsed laser
experiments is not consistent with a tunneling mechanism; the tunneling of a deuterium
atom would only compete with the pumping rate at energies significantly higher than
those necessary for hydrogen. In a subsequent publication Osterheld and Brauman33
made similar photofragmentation studies with '3CH3COCH;*, produced from 1-'3CHj-
cyclobutanol; in this case the enol produced has the structure 3CH;C(OHT)=CH,. CW
laser photolysis gave a ratio of 1.16 & 0.08 in favor of the loss of CHs, i.e. 7.6% of
the acetone decomposes nonrandomly. With pulsed irradiation this ratio increases with
intensity to a limiting value of 1.6, corresponding to 22% nonrandom fragmentation. This
can be interpreted that the nonrandom part increases with increasing energy, i.e. shorter
fragmentation time, as is the case with the pulsed laser. How far this augmentation is
due to excitation of nonreacting vibrations>>® remains an open question. The increase in
importance of the ‘nonrandom’ part of the fragmentation is also derived from the kinetic
release distributions from metastable peaks>>’. The authors find a ‘bimodal’ distribution
in the sense that it consists of a narrow, low translational component and a much broader
high-energy component. For a review see McAdoo and Morton®>. It is of interest that
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Iraqi, Lifshitz and Reuben3® were unable to observe the reverse reaction between ketene
ion and methane: CH,=C=0%* 4+ CH; — [CH,=C=07%" + CH4]. The reaction is with
1.6 kJmol~! only slightly uphill3>.

Several studies of the unimolecular fragmentation of energy-selected acetone, either by
photoelectron—photoion coincidence spectroscopy (PEPICO) or high resolution photoion-
ization, have been published. In an early work Cant, Danby and Eland®¢!-3%? measured the
decay of acetone by the PEPICO method over an energy range of 10 eV. Both the product
translational energy distributions and the branching ratios show deviations at high internal
energies. The authors point out that electronically excited Me radicals could be produced in
some of the decompositions. Mintz and Baer3®® investigated also CD3COCD3. Although
they disagree partially with the findings of the former authors, they also realize that the
theoretical predictions underestimate the kinetic energy release, again for higher values of
the excess energy above the fragmentation threshold. Johnson, Powis and Danby3%* treat
the problem from a more theoretical standpoint. A breakthrough came from the PEPICO
work of Bombach, Stadelmann and Vogt?®> on the unimolecular fragmentation of internal
energy selected fragmentation of 1,2-epoxy propane. They realized that epoxy propane
cations initially formed in the electronic ground state with little vibrational energy do not
dissociate. This is used to explain the comparable slow dissociation process of acetone
ion that is initially ionized to the electronic excited A state of the enol that coincides
with the one obtained from the epoxide. By internal conversion, the ion will decay to
the electronic ground state, followed by rapid fragmentation. In a subsequent publication
Stadelmann’®® demonstrates that CHs " is not formed directly from the acetone molecular
ion in a violation of Stevenson’s rule3%”, but in a secondary fragmentation from CH3CO™
fragment. Compare also the ab initio calculations of the structures and stabilities of the
C,H307 ions by Nobes, Bouma and Radom>%® and the MNDO calculations on acetone
and its enol by Hrugdk and Tkaczyk40.

Further progress was attained by scattering studies with the acetone molecular ion.
Futrell and collaborators3%%-370 determined the scattering contour maps for the fragment
ion MeCO™. They show that this ion is predominantly backward scattered with intensity
maxima for the two center-of-mass collision energies studied (0.65 and 0.45 eV) that
are lying well outside the elastic scattering circle. This can occur only by the conver-
sion of internal energy into translational energy, demonstrating the presence of long-lived
(t > 30 us) excited states of the acetone molecular ion. It must be mentioned that this
lifetime of an excited state exceeds by far the microsecond time scale of metastable
and CID experiments in the mass spectrometer. The authors infer from their results that
on collision the ion releases all the excess energy into recoil energy of the resulting
internally excited ground state which rapidly fragments into MeCO™ and Me- without
allowing equilibration of the internal energy. This idea was ensued by subsequent work
of the group of Futrell3”! 373 where they investigated the collision-induced dissociation
of acetone molecular ion activated by He and Ar. The released energy measured matches
the X < A electronic excitation energy difference, suggesting a very efficient transfer
of electronic excitation in translation energy. At collision energies >6 eV the superelas-
tic scattering is no longer observed. The dynamics is consistent with the hypothesis that
the reverse process, namely transfer of translational energy of the ground state acetone
ion to an excited state, can take place under these conditions. This interconversion of
translational and electronic energy was further studied by these authors®’*. They were
able to demonstrate that two populations of collisionally excited ions are formed, one
long-lived and the other dissociating into MeCO™ and Me-. The interconversion of trans-
lational and electronic energy seems to be unexpectedly facile in low-energy collisions. A
triple-cell ICR spectrometer has been used by Futrell and collaborators3”> to measure the
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lifetime of electronically excited acetone molecular ions that were collisionally excited.
The threshold energy for CID is around 0.15 eV; this is consistent with a small barrier
to curve-crossing into the ground state. The lifetime depends on the experimental condi-
tions: two values, 4 and 14 ms, are obtained for collisions with He and O, respectively.
Martinez and Ganguli®’® confirmed, enlarged and refined the above-mentioned results.
Their work resumes the state of our understanding of the acetone fragmentation under
collision, presenting branching ratios and cross sections as a function of the collision
energy with argon.

The energy necessary for the double ionization of acetone has been determined with the
help of the Auger spectrum 28.0 eV by Correia and coworkers3’’. They determined also
the energies necessary for the double ionization of formaldehyde (33.8 eV), acetaldehyde
(30.3 eV) and formamide (30 eV). The assignment of the spectra has been made by using
ab initio calculations; similarities and differences among the four neutrals are stressed. In
a later publication Harris and collaborators3”® measure the triplet electronic states of the
doubly charged ion of acetone with the help of a double-charge-transfer spectrum with
multisector mass spectrometers. They determine a vertical ground state energy for the
doubly charged triplet of 29.6 eV together with the energies, the state configurations and
the state designation for 27 higher-lying states up to 40 eV. The same group>’® determined
a series of double ionization potentials of acetaldehyde for the triplet electronic state
between 31.2 and 40 eV and for the singlet state from 30.4 to 42 eV.

Acetone has been detected in the stratosphere as a trace component, together with ace-
tonitrile and nitric acid®®, although acetonitrile is the component of major interest38!.
The concentration of acetone decreases steeply above the tropopause due to increasing
photolysis and decreasing production from nonmethane hydrocarbons (mainly propane).
The lifetime of acetone in the lower stratosphere is only about ten days. The presence
of acetone can interfere with the detection of vinyl acetate traces as pollutant in the
air’¥2. However, it can easily be determined by soft ionization methods in ppb levels3%3.
Ion/molecule reactions of protonated bases of atmospheric importance were studied by Lif-
shitz and collaborators3®*. Exothermic proton transfers, e.g. from (MeCN)H* to Me,CO,
are observed to be fast. Hoshika, Nikei and Muto385 developed a method to determine
trace amounts of acetone in air by atmospheric pressure ionization. A series of peaks,
including clustering with water, is used and a sensitivity better than 0.01 ppm is obtained.

The vertical electron affinity (EA) of acetone is given as —1.51 eV by Jordan and
Burrow38 . Lifshitz, Wu and Tiernan®®” determine — among other compounds — the exci-
tation function and rate constants of the slow proton transfer reactions between acetone-Hg,
acetone-Dg and other ketones. The acetone enolate anion has been produced in a CO; laser
induced alkane elimination from alkoxide anions by Brauman and collaborators388~3%,
These show, e.g. that the methane elimination from z-butoxide anion is a stepwise process:

(Me);CO™ —— [(Me),C"O™ - --*CH3 or (Me),CO - - - “CHs]
(Me);CO™ —— MeC(O~)=CH, + CHy (28)

This reaction was further studied by the same group®®! using several D-labeled butoxide
anions with CW and high-power pulsed CO, lasers. Relatively small primary, but large
secondary isotope effects were found, pointing again to a stepwise process that has been
modeled by using RRKM theory. The gas-phase ion/molecule reaction of nitric oxide
anion with several ketones (among other substances) has been examined with the flowing
afterglow technique by Grabowski and collaborators3?2. The reaction of NO~ with acetone
is very slow; the only primary reaction observed is cluster addition:

Al
NO™ + MesCO —— (Me,CO)NO™ (29)
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A large series of nucleophilic displacement reactions has been determined by Olmstead
and Brauman3%3, including different fluorinated and deuterated acetone molecules and
anions. Rate constants and reaction affinities are determined and the results compared
with theoretical calculations using the RRKM theory. Klass and Bowie®®* studied the
reactions of methoxide anions with different ketones, supported by a theoretical ab initio
study with acetone as ketone by Sheldon3®>. Three different adduct complexes were
distinguished and their energies calculated. A tetrahedral adduct at the carbonyl carbon
seems to be the most favorable. The same authors®*® enlarged their study on the reactions
of alkoxide-alkanol negative ions with carbonyl compounds. The condensation of the
carbanion of acetone with acetone neutral formed the basis of a study by Bouchoux
and Hoppilliard®®?. They noted the analogies with the above-mentioned measurements of
Brauman and coworkers®®°. The gas-phase base-catalyzed Claisen—Schmidt reaction of
the acetone enolate anion with various p-substituted benzaldehydes and its correlation with
the Hammett constant was investigated in detail by Haas and Gross>®. The structure of
acetone anion in a solid argon matrix at 4 K has been determined by Koppe and Kasai®®
in an ESR study. It is surmised that the acetone anion is pyramidal and each methyl group
is locked into a staggered conformation, the C- and O-atom of the C=0 group sharing
the electron in a 1:2 ratio. The state-of-art of the electron transfer as a possible initial
step in nucleophilic addition—elimination reactions between (radical) anions and acetone,
fluorinated acetone, CF3CO,Et and CF3CO,Ph has been investigated and résuméd in a
thesis by Stanecke**®. Much work remains to be done in this field.

Many isomers having the composition [C3H70]" of protonated acetone are possible.
Some are presented in Scheme 4. A partial potential energy profile had been proposed
by Bowen and collaborators*?!1-492 for the isomers proposed in this Scheme. McLafferty
and Sakai*®?® determined stable structures for a and b. Harrison, Gdumann and Stahl#%*
studied the isomers of Scheme 4 using metastable and collision-induced fragmentation.
The CID studies show that protonation of acetone (a) and allyl alcohol (e) yield different
metastable ions with distinct structures while protonation of propanal (b) or propylene
oxide (c) yields ions of the same structure. The main fragmentation reactions are loss
of H,O, CoHs4 and CH;O. Protonated oxetane (d) rearranges less readily to give the
same structure(s) as protonated propanal and propylene oxide. The ions fragmenting as
metastable ions after formation by i-butane or methane CI have a higher internal energy
than the same ions fragmenting after formation by EI (electron impacts)*?2. Deuteration
of the C3HgO isomers using CD4 reagent gas shows that loss of Co,H3D proceeds by
a different mechanism than loss of CoHy. These findings were confirmed by Curtis and
Harrison*?. Tsang and Harrison** showed experimentally and theoretically that the rel-
ative metastable fragmentation of a and b are rather independent of the internal energy.
It may be mentioned that the structures of C3H707 ions formed from alcohols are also
relatively well defined, as has been shown by labeling with D and '3C*07. The same
labels were used to get information about the loss of ethylene from ions of the struc-
ture b*%®. Propylene oxide is depicted to exist in a very shallow potential energy (ca
15-20 kI mol~")*®_ Lin and Kenttimaa*!® measured the relative stabilities of different
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protonated C3HgO isomers by using proton transfer reactions with different exother-
micities and then probing the structure by using energy-resolved mass spectrometry. In
contrast to the results mentioned above, it is demonstrated conclusively that protonated
propylene oxide is not only thermodynamically but also kinetically stable towards ring
opening in the gas phase. McAdoo and Hudson*!! concentrate on the question of how
CH;CH,T0O=CH, (f) and b fragment, since Bowen and coworkers*0? in their poten-
tial energy scheme mentioned above suggested that these two ions reach a common
region with an ion-neutral complex as a transition state. McAdoo and Hudson present
evidence that b forms a complex of the structure [CH,=CH,; THO=CH,] (g) and f
[CH3CH,* O=CH,] (h). g and h are distinct in their chemistry, in particular for losing
CyHy, and h — g is irreversible. Bowen, Suh and Terlouw?!2 investigated the alkene
elimination of metastable '3C-labeled oxonium ions with five and seven carbon atoms.
Several pathways for isomerization are proposed, but the preference to retain the ini-
tial C—O connection is general, leading to a very high selectivity for elimination of
propene and butene. C3H70™ ions of different structures have also been prepared by
Eyler and coworkers*'? from oxygen-containing hydrocarbons with infrared multiphoton
dissociation.

Using supersonic cooling of a molecular beam, Trott, Blais and Walters*'# obtained the
dimer, trimer and tetramer of acetone and its hexadeuteroisotopomers ((Me),CO), and
measured their ionization potentials and the appearance potential of the main fragment
MeCO™. The measured ionization energies are found to decrease linearly with 1/n from
9.6941+0.006 eV for n = 1 t0 9.02+£0.03 eV for n = 4. By consideration of appropriate
thermodynamic cycles, a lower limit for the acetone dimer ion binding energy is calculated
to be 52 kI mol~! and the desolvation energy of (Me),CO)-MeCO™ is estimated to be
also 52 kJmol~'. No appreciable isotope effect is found. Parker and coworkers*" use
also photoionization to produce ground electronic state molecular ions with little internal
or translational energy. Ion/molecule reactions occurring under thermal energy conditions
lead to the formation of the proton-bound dimer of acetone at mTorr pressures.

Protonated acetone has the possibility of adding a second acetone neutral to form
a dimer with a rate constant k¢ (see Scheme 5). Since this is an exothermic reaction,
the dimer has to be stabilized either by collision with a third body of collision rate k.
and probability for stabilization B, or by radiating part of its excess energy as infrared
emission with a rate constant k,. The lifetime of vibrationally excited states is in the
millisecond range (see, e.g., Dunbar!'®416417) " thus the determination of k. can only be
done at very low pressures in order to avoid the competition by collision or by reverse
fragmentation. This experiment has been done by Kofel and McMahon*!8. They observed
the formation of ((Me),CO),H™ in an ion cyclotron mass spectrometer at a pressure of
3.4 x 107!9 mbar for over 3 h. Only the dimer is formed (as the main peak), and no
trimers or higher polymers are detected*'®. By measuring the overall rate over a range
of pressures and by taking kf = 2.2 x 20~ cm? molecule™ s~!, as measured at high
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pressures by Parker and collaborators*'>, and with some (reasonable) assumptions about
collision rate and efficiency, Kofel and McMahon obtain for the dimer a radiative lifetime
of 10 ms and the rate constant kp, = 2.4 x 10* s~!, corresponding to a ‘lifetime’ of 43 ps.
McMahon and coworkers*?? determined also the threshold energy for the decomposition
of the ‘stable’ dimer by measuring the collision-induced fragmentation 5-10 ms after
formation. They evaluate a bond dissociation energy for loss of Me,CO from the pro-
ton bound dimer of 140 & 10 kJ mol~!. Fisher and McMahon*?! extended this work to
include dimethyl ether, diethyl ether and acetonitrile. Parker and collaborators!” confirm
that in high- and low-energy collision-induced dissociations and in multiphoton-infrared
dissociation spectra, the only observable fragment of the proton-bound dimer of acetone is
the protonated monomer. By model calculation using MINDO/3 they propose three possi-
ble isomeric ion-neutral complexes for the proton-bound dimer of acetone, two of which
may interconvert. Thus there is disagreement with earlier calculations by Yamabe and
coworkers*?2 about the structure of the dimer (and trimer). The thermodynamic quantities
for polymers of protonated acetone have been measured by Lau, Saluja and Kebarle*??,
Hiraoka and Takimoto*>* and Parker and collaborators!”. Their results for the cluster-
ing reaction B,H* + B — B, H' (B = acetone, water, several alcohols, acetic acid,
ammonia, different amines, pyridine) are tabulated together with his own data by Meot-
Ner*?: AH® = —126 and —60 kImol~! and AS° = —123 and —96 Jmol~! K~! for
n =1 and 2, respectively. He is not able to confirm a general trend observed by Hiraoka
and collaborators*?* between the proton affinity of the base and the bond energies for
proton-held dimers. The reaction of proton-bound dimers is reviewed and enlarged by a
series of dimers of acetonitrile, acetone and dimethyl ether with many neutrals by the
group of Lifshitz*20. The comparison of the rate constant for reactions of the protonated
dimer of acetone with a calculated collision rate for a series of bases is near unity for
bases with a higher proton affinity than acetone. The high rate constant for acetone with
the proton-bound dimer of acetonitrile is also remarkable and explains some of the prob-
lems encountered in the understanding of stratospheric reactions>3%-38!, Radiative lifetime
measurements were also made for a series of ion complexes, e.g. of NOT with acetone
and 2-butanone by Weddle and Dunbar*?’. The latter author provided also a review of
the field®.

MacNeil and Futrell*?® demonstrated that several fragments of acetone, in particular
CH3* and CH3CO™, are also able to form polymers with acetone. A considerable tem-
perature effect is noted which results in a shift towards higher polymers as the reaction
temperature is lowered. Luczynski and Wincel*?® photoionized acetone at 150 and 320 K.
They produce polymers up to n = 6, some containing water, others losing water in a frag-
mentation reaction. A complicated fragmentation pattern for clusters of protonated acetone
is also observed by Stace and Shukla*3°. The study of the photophysics of acetone clusters
has been continued by the group of Castleman**!432, The most striking finding is that
the presence of water in a cluster suppresses the above-mentioned dehydration reaction,
yielding evidence for the influence of a solvent on ion/molecule reactions. They con-
firmed also the above-mentioned presence of acetone clusters formed with the fragments
of acetone. The stability of C7H;o™ and C¢H70™ cyclic ions in the acetylene/acetone
heteroclusters is the subject of a study by Garvey and coworkers*33. Clusters with two
C,H; units seem to be particularly stable. This is explained by intracluster ion/molecule
polymerization reactions forming covalently bonded cyclic ions.

The domain of ion/molecule reactions with acetone and ketones in general is very
large and only a sketchy overview of the field can be given. Eyler, Ausloos and Lias*3*
showed that the C=0 bond in ketones can be split by CF3+, C,Fs™ and CCl3™, e.g.
the reaction
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CF;" 4+ CH3COCH; —— C3HgF' + (CF,0) (30)

which is endothermic. The product ion reacts with carbonyl compounds to form the
protonated ketone or aldehyde as the final product. In a field ionization experiment,
Beckey and coworkers®>*3 demonstrate a somewhat similar reaction of acetone surface
ions and CCly in the high electric field strength of the field emitting surface:

*OC(CH3),™ + CCly —— TOC(CH3),Cl+ CCl3™ 31
*OC(CH3)2Cl + H- —e~ —— TOH + C3H¢Cl™ (32)

(* signifies an adsorbed species). The electron impact ionization of a mixture of acetone
and iodomethane in a high-pressure ion source induces the protonation of acetone and a
methylation yielding an ion C4HoO™, as has been shown by Maquestiau and colleagues*3¢.
By labeling experiments and ab initio MO calculations, most of the ions of this composi-
tion are shown to have the structure of a dimethylmethoxycarbenium ion C*(Me),OMe;
but depending upon the experimental conditions, the isomeric Me-2-propenyloxonium ion
CH,=C(Me)O+(H)Me is also detected. Ionized acetone reacts with ketene by abstraction

of a methylene group to form a distonic ion m/z 72 (Kenttimaa and collaborators*>7):
(Me),CO™* + CH,CO —— (Me), "COCH," 4+ CO (33)
(Me),*COCH," + CH,CO —— (Me), *COCH,CH," + CO (34)

This ion reacts further with ketene to form the y-distonic ion CsHjoO"* (m/z 86). The
primary products m/z 43 and 59 are also observed.

The ammonia CI of ketones has been the subject of considerable work. It has been
reviewed by Harrison*3%43% and by Westmore and Alauddin**. Maquestiau, Flammang
and Nielsen**! investigated the adducts of thirteen aliphatic and aromatic ketones K by
mass analyzed ion kinetic energy spectrometry. Three main peaks were found: [K +
NH; + H]* (a), [K+ (NH3)2 + H]™ (b), and [K; + NH3 + H]™ (¢) (K = RR’CO). They
assign the structure of a protonated carbinolamine R(R")C(OH)NH3™" to the ion a. No
metastable fragmentation is observed, but on high-energy collision-induced dissociation
NH3 and H;O is lost. The proposal is in contradiction with earlier suggestions where
a hydrogen bridged structure R(R")C=O0---H" -.-NH;3 between the ketone and ammo-
nia was assumed**?. The question is of some importance, since Cooks and Kruger**3
proposed to use the adduct ion a to determine relative proton affinities of their compo-
nent neutral bases. The ion a was also observed as a metastable fragment of b and c.
They suggest that the additional ammonia (ion b) or ketone (ion ¢) are weakly bonded to
the protonated amino group of a and form a hydrogen-bonded cyclic structure with the
OH group. Tzeng, Wei and Castleman*** formed neutral acetone-ammonia clusters they
subsequently photoionized in a multiphoton process. Clusters of the general composition
[(NH3),,-(C3HgO),,JH", n = 1-18, m = 1-5, were observed. For n = 1 the cluster loses
an acetone moiety, whereas for n = 2-18 ammonia is eliminated. The authors propose
a structure with a central NH4 T, around which the additional molecules are clustered.
They assume that the different source conditions for formation of the clusters in the work
of Maquestiau could explain the different findings. Castleman and coworkers**>, using
photoionization, realized that clusters prepared by different methods have different com-
position. Li and Harrison**® repeat the work of Maquestiau with acetone and 3-pentanone
as ketones including D-labeling products, using in addition to ammonia Me-, diMe- and
triMe-amine as ionizing gas. They are unable to find any dependence on the source condi-
tions, but they propose a severe discrimination against detection of low-energy fragments
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in the technique used by Maquestiau (see Cooks and colleagues**7). All results point in
the direction of a proton-bound cluster, as expected since, in each case, the proton affinity
of the amine is greater than the proton affinity of the carbonyl compound.

Terlouw, Schwarz and collaborators**® propose that p-ketocarbenium ion
(Me);Ct*CH,COOH  rearranges to the proton-bound acetone-ketene ion
[(Me);C=0---H---CHy=C=0]* prior to its dissociation into (MeCO" + Me>CO)
or (Me;COH™ 4 CH,CO). Collision-induced experiments on D- and 13C-labeled iso-
topomers indicate that this rearrangement is characterized by two consecutive [1,5]proton
migrations. Stirk and Kenttimaa**® studied an inverse reaction, the transfer of an ionized
ketene to acetone. They base their findings on the theoretical calculations and predictions
of Schwarz and colleagues??® and Dass and Gross*° that ionized cyclobutanone should
have a y-distonic, open-chain structure, .CH,CH,CH,C=07. Stirk and Kenttimaa®!
prove this structure experimentally. The authors realize that this ion transfers an ion of
milz 42, corresponding in mass to trimethylene, to acetone**®, forming an ion m/z 100.
However, accurate mass measurement proves the transferred fragment to contain an oxy-
gen atom, yielding the y-distonic ion shown in Scheme 6. The reaction scheme is in
addition confirmed by labeling experiments. The only reaction of this ion m/z 100 with
(CD3)2CO gives an ion m/z 106 with a collision efficiency of about 50%. As would be
expected, the lower homologue B-distonic ion, -CH,CH,C=0", does not react with ace-
tone. These findings were enlarged by Kenttimaa and coworkers*>” by showing that the
reaction of neutral ketene with oxygen- or sulfur-containing ions can be used to produce
a variety of stable distonic radical cations.
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Acetone is not only an interesting substance in the field of kinetics of ion/molecule
reactions, it can also be used as a reagent for analytical use in CI. An overview up to
1988 of its use in this field is given by Vairamani, Mirza and Srinivas”’ in a review
about the use of unusual positive ion reagents in CI. Wang and coworkers*? found that
acetone can be used as reagent to detect distinct features in the spectra of stereoisomers of
monosaccharides which do not appear in the corresponding CI with isobutane and ammo-
nia. Hass, Nixon and Bursey*? use the acetyl fragment of acetone for CI studies of a
variety of substances, including a series of ketones. Vairamani and his colleagues explore
the many characteristics of the CI with acetone. Acyclic, cyclic and bicyclic olefins are
found to undergo acetylation, giving rise to diagnostic ions 98. Terminal olefins show
enhanced loss of water from the [M 4 43]" adduct. The adducts with other olefins give
characteristic CID spectra. Acyclic, cyclic and bicyclic alkyl acetates show characteristic
displacement reactions*>*. The authors propose an Sy 1-like mechanism. Vairamani and
Kumar*3 explored in more detail the reaction with hexenyl acetates. With aromatic com-
pounds, often only charge exchange can be observed*°. Substances with a higher proton
affinity than acetone will react by proton transfer. Phenols and anilines will acetylate.
A complex formation between phenol and acetone is observed*’. Acetone CI of many
acyclic, cyclic alcohols and diols were studied*®. Comparison with reported isobutane
CI mass spectra of these compounds suggests close similarity in the case of acyclic alco-
hols. Cyclic alcohols undergo different kinds of ion—-molecule reactions under acetone CI.
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Overall, the diagnostic adduct ions such as [M+43]F, [M+59]% and [M+101]* are highly
abundant. Vainiotalo and coworkers*® found that acetone is a nondiscriminating agent for
the characterization of fourteen 4-substituted camphors, the same as ammonia and isobu-
tane, but contrary to methane. The same authors studied the electron impact mass spectra
and, among other reagents, the CI of acetone of 33 differently substituted oxazolidines*¢.
Mainly acetyl adducts are observed. This is also true in a series of 1,3-dioxolanes and their
sulfur-substituted analogues*®!. Because stereoisomeric trinorbornane-2,3- and -2,5-diols
cannot be distinguished under electron ionization, their differentiation was investigated
under CI conditions by Vainitalo and collaborators462, using ammonia, isobutane, methane,
acetone and trimethyl borate as reagent gas. Although all the stereoisomers can be iden-
tified, the differences between the cis-2,3-diols are minor. Isobutane and trimethyl borate
give results similar to acetone.

Harrison and Jennings*®3 studied the reactions of the negative oxygen ion O~* with
methyl-, dialkyl- and some cyclic ketones. The main reactions are:

O~* + RCH,COCH;R" —— OH™ + [M — H] (35)
O~ + RCH,COCHaR' —— [M — H]~ + OH- (36)
O™ + RCH,COCHaR" —— H0 + RC™*COCH,R’ —— RCCO™ +R'CH,  (37)
O™* + RCH,COCH;R" —— H,0 + R'C"COCH;R —— R'CCO™ +RCH,  (38)
O~ 4+ RCH,COCHR" —— RCH,COO~ + -CH,R’ (39)
OH™ + RCH,COCH;R" —— [M — H]™ + H,0 (40)

The H,™ abstraction stems exclusively from a single carbon atom in a-position
(equations 37 and 38). In contrast to the specific abstraction of H* from the a-position
by O™ and OH™ in forming (M — H)™ ions (equations 36 and 40), the reaction of O~*
ions to produce OH™ ions (equation 35) is much less specific and other positions may
also be involved, although to a lesser extent. Siirig and Griitzmacher*®* demonstrated
that collisional charge-reversal NRMS spectra allow the distinction of heptanal and
ten isomeric heptanones, cyclanones and several monoterpene ketones. In a later work,
Marshall, Tkaczyk and Harrison*®> use these reactions in order to characterize twenty-
eight C4 to Cy7 carbonyl compounds. In addition to the above-mentioned reactions they use
the fact that the [M — 2H] " ions (equations 37 and 38) fragment further by alkyl radical
elimination. The relative importance of the reactions depends strongly on the molecular
structure. For isomeric aldehydes, charge reversal spectra were needed in addition to
distinguish among all isomers.

IX. OTHER KETONES: THE MORE IT CHANGES, THE MORE IT IS THE SAME

The fragmentation of ketone cations RCOR’** other than [acetone] ™ follow similar pat-
terns insofar as the loss of the alkyl side chains R- and R’- and of alkanes RH and
R'H are again observed in most cases, although in different proportions. Both reactions
can be fast, since ketones deuterated in the «-positions show no H/D scrambling when
ionized by 70-eV electrons*®®, contrary to ionization by 10-eV electrons*®’, metastable
decays or collision-induced dissociation. This indicates that the speed of the keto—enol
equilibration is slower than the fast decomposition. Cooks, Yeo and Williams**® real-
ized that in the metastable fragmentations of ketones of the general formula RR;C=0
(where Ry is the shorter and R; the longer alkyl group), Ry is usually lost with the
lower activation energy. The relative probability for the loss of the two alkyl neutrals
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seems to depend, however, on the internal energy of the molecular ion. In addition to
the alkyl and alkane losses, McLafferty eliminations of olefins and y-eliminations of
radicals are observed when the conditions for such reactions are favorable. Yeo and
Williams*® show that also with 70-eV electron ionization for these reactions scrambling
is observed for deuterated ketones, pointing to relatively slow rearrangement reactions.
Methyl ketones other than acetone have little or no tendency to lose an alkane moiety,
as has been shown by Hammerum, Donchi and Derrick3??; they may lose Me from other
than the a-position (Bouchoux and Hoppilliard*®®). Maccoll*’? finds an approximately
linear relationship between the intensity ratios [RCO*]/[CH3CO™] and the appearance
energy differences AE(CH3CO1) — AE(RCO™). As mentioned above, 2-pentanone is
an exception, probably because of the McLafferty rearrangement that interferes in this
case. Abbatt and Harrison*’! demonstrate the use of charge-exchange spectra with CS,**,
COS** and N,O** for identification of isomers. The energy transfer from NoO™* is suf-
ficiently high for producing spectra that resemble EI spectra. The two fragmentation
reactions were explored by Traeger, Hudson and McAdoo®? by measuring the pho-
toionization curves. The results are discussed in the framework of ion-neutral complexes
proposed and reviewed by Longevialle and Botter*’2=47%. The energy range over which
alkane eliminations are significant increases substantially with the size of the alkane
eliminated. This is attributed to an increasing polarizability of the radicals in the inter-
mediate ion-neutral complex [R”C.HCO™ ---R’H]. A review of the fragmentations of
ketones up to 1986 has been given by Bouchoux3*>4”7, on ion-neutral complexes by
McAdoo*’8. The problems become rather involved when more than one functional group
is present, as is often the case with enols, since the two functional groups in their com-
bination may react differently than when they are separate. This problem is reviewed by
Zshorsky*7.

The two major fragmentations of butanone are losses of Me and Et, also for low-
voltage, low-temperature spectra*’?. Loss of CHy and CoHg are of little importance. This
is also true for fragmentation within the metastable time window, where the ratio of
[M — Me]*/[M — CH4]* > 10°2, but in contrast to collisional-induced dissociation,
where the loss of methane is the main fragmentation, increasing even for ‘metastable’
selected ions*0. As with the fragmentation of acetone, the (main) loss of alkyl radical
originates from the keto form of butanone*3!. With photoionization mass spectrometry it
has been demonstrated by Traeger and his collaborators*32~484 that the two fragmenta-
tions occur at the thermochemical threshold for production of acylium ions C;HsCO™ and
CH3CO™. Many different isomers C4HgO™"* have been produced from suitable precur-
sors (for an exhaustive list see McAdoo, Hudson and Witiak*83) and their thermochemical
data measured (see e.g., elsewhere484’486’487). The thermochemical data of some neutral
and ionized C4HgO™ species has been tabulated by Bouchoux>*?. The rather complicated
way for explaining the alkyl loss from the different isomers is presented in Scheme 7,
following a proposition by Bouchoux3*>438 It might be mentioned that isomers hav-
ing the oxygen in position 1, such as butanal, 2-Me-propanal, 2-Me-2-propen-1-ol, 2-
and 3-buten-1-ol, form hydroxycarbenium [CH,CHCHOH]* ions*®°. 3-Buten-2-ol is an
exception, since it seems to produce both C3HsO™ isomers. Bouchoux, Flament and
Hoppilliard*®® performed a theoretical and experimental study on a series of C4HgO™*
isomers. The seemingly complicated way for losing Me had already been realized by
McAdoo and collaborators*®4%0 who propose a rearrangement sequence that shifts the
oxygen from position 1 to position 2 in order to explain the results, including the scram-
bling of deuterium atoms. For an ab initio calculation of the competing pathway of the
loss of ethylene in a McLafferty reaction for a system with the oxygen in the 1-position,
see Bouchoux, Hoppilliard and Tortajada*®!:#2 and Hudson, Griffin and McAdoo*?3. The
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latter authors performed RRKM calculations to estimate rates of reaction of the McLafferty
rearrangement and concluded that this reaction must be stepwise.
The (small) loss of methane from metastable butanone ¢ has an associated average

translational energy of 13.5 kJ P Hudson, McAdoo and collaborators*®* investi-

gated in detail, experimentally and theoretically, the barrier to methane elimination from
ionized butanone. The authors compute a threshold energy of 50 kJmol~! for Me loss.
They try to produce butanone by a CT (charge transfer) reaction in order to see if at very
low excess internal energy content the methane loss might gain in importance. With CS**
(54 kI mol~! above threshold) no fragmentation is observed. NH3** (63 kJ mol~! above
threshold) yields 11% MeCO™, 4% MeCH=C=0%* ([M—CH4]**) and 35% MeCH,CO™*
relative to the abundance of c¢. These figures are very close to the distribution observed
by Maccoll*”? for low-temperature, low-voltage fragmentation of ¢. In another attempt
to generate ¢ at low internal energies, the authors let ketene ion react with CoHe and
C,Dg in an ion/molecule reaction. It is interesting that ¢ can be formed by the reaction
of ethane with CH;=C=0"", since MeCO™ is not found as a dissociation product of the
reaction with CHy with ketene by Iraqi, Lifshitz and Reuben®®. Although ¢ could not
be detected, the fragmentation products demonstrate clearly the formation of the complex
[CH3CO™ *CH,CHj3] and fragments without isotopic scrambling with approximately the
same distribution as observed CT (100:3:15 for —Et*, —CH4, —Me" respectively). All ab
initio calculations placed the transition state for H-transfer in ¢ 6-7 kJmol~! above the
combined heats of formation of Me* + MeCH,CO™. It is hard to understand why such
a small difference can be so discriminating, in particular because tunneling was already
excluded for acetone with its higher difference in energy of the TS (in favor of the Me
elimination) and of the final products (in favor of the methane elimination) (see above,
Brauman>®). Hoppilliard and Bouchoux**> advance the explanation that the rate constant
for methane elimination is too large for the reaction to be observed in the metastable time
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window. However, this explanation is refuted by Derrick and Hammerum?*%. Hammerum,
Vulpius and Audier*”” argue that one or several isomerization mechanisms in competi-
tion with slow fragmentation can create a bimodal distribution of the internal energy that
can falsify the relative distribution among competing dissociation channels allowed by
a breakdown diagram, i.e. the fragmentation as a function of the internal energy. They
explain the metastable Me- loss as an isomerization d <> ¢, the distonic ion d being about
30 kJmol~! lower in energy. The internal energy of the back-isomerizing ion would be
sufficiently high for the predominant fragmentation to be the loss of Me- rather than
methane.

The research on the isomerization and fragmentation of 2-pentanone, 3-pentanone and
3-Me-butan-2-one up to 1986 is summarized by Bouchoux3*3, who also gives thermo-
chemical data for the CsHjoO"" ions. The main fragmentations of 2-pentanone in the
ion source are the loss of Me and ethylene. The same dissociations are also found in

the metastable range and in the CT spectrum with COS'+471, where in addition, as with
higher electron energies, loss of C3H;* and C,H30° is becoming important. Again the
thermodynamically most stable products, corresponding to the methane elimination, is
not observed. McAdoo and colleagues**® studied the reactions of metastable CsH;oO""
ions with the oxygen on the second carbon atom. Nearly all of them seem to interconvert
with each other and lose Me and ethylene at the threshold for dissociation. The loss of
ethylene is explained by McLafferty and collaborators**®4%° and the reaction is named
after him. The authors propose a stepwise and not a concerted reaction with the formation
of a y-distonic ion CH3CT(OH)CH,CH,CH," as an intermediate product. It should be
remembered that Dewar>® questions the possibility of truly synchronous reactions. The
intermediate ion is in equilibrium with CH,=C(OH**)CH,CH,CH3, demonstrated by the
exchange of deuterium between positions 1 and 3, as several authors have shown348:498.501
Already in their classical paper on the photoionization of ketones, Murad and Inghram>?
have shown that the loss of Me must correspond to several different reaction mecha-
nism, since they observe for 2-pentanone-1,1,1,3,3-Ds a loss of CH3® and CD3* in a
ratio of about 1:5, whereas the ethylene lost was practically pure CoHy. This is con-
firmed by Beynon, Caprioli and Cooks**® and Krenmayr’®3. Harrison and coworkers®**
were able to demonstrate that the loss of a methyl from position 1 leads to the forma-
tion of the acyl ion CH3CH,CH,C=0" and from position 5 to the protonated vinyl
ketone CH,=CHC(=OH")CHj3. These findings were independently confirmed by Bou-
choux and colleagues®®!. McLafferty and collaborators**® and Hudson and McAdoo®®
found also evidence for a small loss of Me from position 3, which can be explained
by an isomerization of the Pr side chain. It has been mentioned above that 3-penten-2-
ol fragments similarly to 2-pentanone in the metastable range. Nibbering, Harrison and
colleagues506 found the same T 5 value of 18 meV for the ethylene loss from both
isomers. Therefore, we can assume that the time behavior for Me loss for the former
isomer has also some meaning for 2-pentanone. When studying the time dependence
of the methyl loss from 3-penten-2-ol-1,1,1-D3 with field ionization, they realized that
CH3* and CD3* are lost already at times <30 ps, with a prevailing loss of the latter.
After 30 ps, loss of CH3* is preponderant, but in the metastable window of ca 1 us it
decreases again to an intensity ratio [M* — CH3]/[M* — CDj3] of 3/2, confirmed by
others*¥8:501:506  Thig demonstrates only how difficult it is to draw valid conclusions for
fragmentation pathways, realizing that mass spectrometry allows one to observe frag-
mentation between 0.1 ps (FIK) and 100 ms (ICR), a time window of twelve orders of
magnitude.

Although the elimination of C,Hg is the lowest energy process for 3-pentanone, Et
is the main fragment eliminated in the source, in the CAD3>? and in the charge-transfer
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spectra*’! . It is lost from the keto form, as has been proven with 13C labeling by Depke and
Schwarz>?7. They show also that the keto form of 3-pentanone fragments after complete
energy randomization, i.e. ergodically, contrary to acetone (see above). The prevailing
Et loss within the ion source is explained by a cul-de-sac isomerization reaction by
Hammerum, Vulpius and Audier*”” as mentioned above for butanone. From the photo-
ionization curves obtained by Traeger, Hudson and McAdoo332, one realizes that ethane
is lost only in a rather narrow energy range, confirming the finding that in the metastable
range only the loss of ethane is important. A study by Cooks and coworkers*® indicates
that metastable 3-pentanone-2,2,4,4-D4 loses practically only CH3CD3. However, some
isotope effect is seen, since Traeger, Hudson and McAdoo®®® measure a ratio Mt —
CoH3D3]/[MT — CoHg] of 6/10 with a T 5 value of 17.2 and 16.2 meV, respectively. 3-
Pentanone-2,2-D; loses overwhelmingly CoH4D», 3-pentanone-2,2,4,4-D4 CoHsD/CyHg
in a ratio 2/1. The authors propose rather elaborated isomerization schemes.
3-Methylbutanone loses in the source mainly the two alkyl groups, Me and C3H7*
(isobar with CH3CO?®). This is also true when the ketone is ionized by low-energy charge

471 . . .
transfer from COS™*"", at low voltage and low temperature*’® or by photoionization®?,

whereas in the metastable range loss of Me and of some CyHy is observed. Bouchoux,
Hoppilliard and Jaudon’® studied labeled 3-methylbutanone-1,1,1,3-D4 and found the
following numbers for the metastable loss of Me: CD3* = 100, CH3": 16(29), CH,D*: 4
(9), and CHD;": 3 (7); the corresponding values for ethylene are CoHy: 10 (10), CoH3D:
13 (13), CoH,Ds: 6 (6) and CoHD3: 1 (—), respectively. The numbers in parentheses
are the values given by McAdoo and colleagues**®. The kinetic energy releases for CD3
and CHj differ only slightly: Tps = 10 meV and 12 meV, respectively’®. The loss
of ethylene with 795 = 10 meV exhibits an important scrambling. The totally different
metastable decomposition pathways of the ions [M™ —CHj3] and [M* —CD3] produced in
the source prove their different structure that has also been studied by collisional-induced
dissociation®®'. The time dependence of the Me loss from 2-CD3-3-buten-2-ol was studied
by Nibbering, Harrison and colleagues®®®. The similarity of the CH3*/CD53" ratio in the
metastable range (among other considerations) led the authors to the proposal that the ion
is isomerized to the 3-Me-butanone ion. Below 30 ps the loss of CD3* amounts to 90%.
When the enol form of the 1,1,1,-D3 ketone is produced from a suitable precursor, the
ratio CH3*/CDs" is inverse*®. The isomerization of the different enol form is discussed
by Bouchoux>*3.

The thermochemical data for C¢H9O isomers are also tabulated by Bouchoux3®.
The fragmentations of isomeric 2-hexanones, i.e. 2-hexanone (a), 3-Me-pentan-2-one
(b), 4-Me-pentan-2-one (c¢) and 3,3-diMe-butanone (d), were measured by Abbatt and
Harrison*’! and Maccoll*’%. Although the EI and the CT spectra of all isomers are differ-
ent, a, ¢ and d present identical metastable decay: loss of Me. b loses only little Me beside
C,H4. The metastable loss of 1,1,1,3,3,-Ds-hexan-2-one consists of two competing losses,
leading to a major [M™ —CDj3] and a minor [M™ — CH3] 1oss#00-310 shown to have differ-
ent structures by McLafferty and collaborators>!!. Bouchoux and collaborators’!? proved
by '3C labeling that Me loss a in the metastable range stems mainly from positions 4 and
6. In the elimination of ethylene and Et (in the ratio 7:1) considerable ‘scrambling’ of the
carbon atoms (with the exception of position 1 and possibly 2) is observed. The necessary
skeletal rearrangement of the Bu group is interpreted in terms of a 1,2-[enol-olefin]** shift.
Loss of Pr and propene is also measured by these authors. Again, considerable mixing of
the carbon positions is observed that is explained by ion-neutral complexes>32. The loss
of a methyl group not coming from the position 1 is also seen for other isomers by the
research groups of Bouchoux343>13:314 and Griitzmacher®!>. In photoionization, i.e. at the
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ionization limit, a and ¢ lose mainly Me* and propene>®?. This corresponds to the CT
spectra observed by Abbatt and Harrison*’!. Loss of C;Hg and C3Hg in the ratio 5:1 with
Tos values of 15 and 9 meV, respectively, is observed for 2-Me-pentan-3-one (Et i-Pr
ketone) (€)>324%9. The photoionization ion efficiencies are given by Traeger, Hudson and
McAdoo?2. When deuterated in positions 2 and 4, CoH3zD3 and C3HsD3 are lost with
little or no scrambling. In 3-hexanone (f) ethylene is lost in a McLafferty reaction beside
Et in an a-cleavage (Yeo and Williams*®®). When deuterated in the 2 and 4 positions,
CoH3D;* and CoHy are lost without scrambling at 70 eV. This is no longer true with
low ionization energies and even less in the metastable range. This study is enlarged for
metastable fragmentations, including the enol forms produced from suitable precursors
and CID spectra of the main products by McAdoo and his collaborators®'®. The authors
base their interpretation on the assumption that all isomerizations take place in stepwise
processes, explaining the fragmentations of the deuterated ions.

Many different isomers are possible for ions of the composition [C7H;40]"*, some of
them being shown in Scheme 8. Beside the fact that the elucidation of reasonable frag-
mentation pathways is always difficult and often not without ambiguity or some wishful
thinking, the unequivocal differentiation between the different isomers is not a simple task.
This problem has been addressed by several research group using different methods. Yeo
and Williams*%® demonstrate for deuterated 3-heptanone (Scheme 8: i) that for ionization
with 70-eV electrons little scrambling of the deuterium atoms could be observed; this
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changes already for ionization with 10-eV electrons, where the lower energy increases
the reaction time for fragmentation. In the metastable range, the scrambling for the loss
of Et or ethylene is rather complete. This is also evident from the work of Abbatt and
Harrison*’!, where the impact, charge transfer and metastable spectra of the ions a, c,
d, f and i are compared. The metastable fragmentation of 2-heptanone (a) is completely
different from the corresponding 70-eV spectrum®!”. Since most of the methods utilizing
special techniques to elucidate the structure of an ion work with ions having a lifetime of
1 us or longer, the (eternal) question may be asked: how significant are such results for
the structure of the initial ion (or molecule)? Bouchoux and collaborators>!8 enlarged their
above-mentioned study on the metastable fragmentation of '3C-labeled 2-hexanone®'? on
isomeric hexanals and the heptanones b, f and g. Surprisingly enough, the main fragmen-
tation of the ions f and g consists in the loss of neutrals containing two carbon atoms, in
particular ethylene (see also elsewhere*’!). By studying several deuterated isotopomers
of the ions i, k, 1 and m, Bouchoux and coworkers>!? try to draw the fragmentation
pathways presented in Schemes 9 and 10. The structure of the fragment ions produced
from precursors of both high and low internal energy are identified by collision exper-
iments in a six-sector mass spectrometer*®. They reach the conclusion that a complete
isomerization of 3-heptanone i and its Me isomer k takes place (Scheme 9), whereas 1
and m give essentially ethylene and Et loss, respectively. 4-Methyl-3-one 1 undergoes an
isomerization to the enol distonic ion, that exchanges D atoms with the deuterated Et
group before losing an ethylene by a McLafferty reaction (Scheme 10). The ion m loses
only its Et side chain. The intramolecular '>C and D isotope effect of the McLafferty
reaction of 4-heptanone and 3-ethylpentan-2-one e is measured and interpreted by Bowie,
Derrick and collaborators®?°. They assume a stepwise mechanism in which more than one
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step is rate-determining. They use two mass spectrometers of different dimensions, thus
having different flight times for the metastable time window. The isotope effects increase
with increasing lifetime, i.e. decreasing internal energy, of the precursor ion. Traeger,
Hudson and McAdoo®? studied the alkane and alkyl elimination in the photoionization
of 2,4-dimethylpentan-3-one. This ion loses exclusively propane in the metastable and Pr
in the collisionally activated dissociation. They explained their results by the formation
of ion-neutral complexes mentioned above. Masur, Sprafke and Griitzmacher’?! come to
the same conclusion for the ions a, b, ¢, d, e, f, g and h. They study the collision-induced
dissociation. The main question they address is whether the different isomers could be
distinguished by this technique. Since only in a few cases is the result unequivocal, they
use the ‘similarity index’ introduced by the group of Nibbering?? to distinguish between
the different spectra. This index corresponds in principle to the variance of the summed
difference over all peak intensities between the spectra of two isomers. It is compared
with the index obtained for repetitive measurements of the same isomer, i.e. the repro-
ducibility of the measurements. As with all statistical calculations, a confidence limit has
to be defined which creates a ‘gray zone’ that is always open to question. The authors
conclude that the isomer pairs b/f and d/h are indistinguishable in the CID range, a/f, a/c
and c/f are limiting cases (gray zone), but the other pairs have definitely different precur-
sors (or precursor mixtures). In a later publication Siirig and Griitzmacher*®* study the
charge-reversal (CR-NRMS) spectra of the negative enolate ions. Such CR mass spectra
of linear heptanones differing in the position of the carbonyl group can be easily correlated
with the structure of the parent ketone. For the isomeric 2-heptanones a—h of Scheme 8,
the pairs a/d, a/h and c/e lay in the gray zone; all the other combinations are clearly dis-
tinguishable. Isomeric Me-cyclohexanones cannot be distinguished, but cycloheptanone
is clearly different. A series of monoterpene ketones yield also rather identical similarity
indices by this technique.

2-, 3- and 4-octanone can be distinguished by their reaction intermediate spectra, neces-
sitating the use of a multisector instrument, as is shown by the group of Cooks>?. Different
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reaction pathways can be recognized, such as a-, y- and §-cleavage, simple and double
McLafferty rearrangements, Et and Pr loss, cyclizations, etc. The same authors also use
these substances to demonstrate the superiority of a pentaquadrupole instrument>?. The
combination of the different ion manipulations necessary for the reaction intermediate
scans hide pitfalls and can produce errors that are not always immediately visible, as is
demonstrated with 2-octanone by Eller and Drewello”?*. It is of interest that in the time
window of FIK 7-methyl-octan-4-one-7-D; a the H/D isomerization competes with even
the fastest fragmentation, whereas this is not the case for 2-octanone-1,1,1,3,3-Ds b, as is
shown by Derrick and collaborators323-326, Partial H-D randomization occurs prior to the
McLafferty rearrangement. This behavior contrasts sharply with that of the straight-chain
ketone b in which no such randomization occurs prior to the McLafferty rearrangement
at times <0.7 ns. At times of 10-100 ps following field ionization (FI) the rate of the
McLafferty rearrangement is an order of magnitude smaller in a than in b, but at ca 1 us
the situation is reversed with the rate being an order of magnitude smaller in the straight-
chain ketone. The difference in kinetics is consistent with the McLafferty rearrangement
at times > a few 10~!! s following FI being a stepwise rather than a concerted process.
It is proposed that H-D randomization in a involves y-transfer to the oxygen forming a
tertiary radical, followed by reverse D transfer from the oxygen to the alkyl chain. The
reverse transfer is facilitated by the stability of the tertiary radical.

X. DIELS-ALDER AND RETRO-DIELS-ALDER REACTIONS

The Diels—Alder (DA) reaction is in its simplest form a [4+2] cyclization between a diene
and a dienophile. The retro-Diels—Alder (RDA) reaction is the opening—in the simplest
case — of a substituted cyclohexene as is shown in Scheme 11. According to Winters and
Collins®?’, the energy required to produce C4Hg+* + CoH, from [cyclohexene]* lies with
169 kImol~! near the thermochemical threshold. Although not many pericyclic reactions
of doublet (spin) species are symmetry-allowed 23, the DA is such a reaction (for a
discussion see elsewhere®>?-33%): The orbital correlation diagram reveals that cycloaddition
of the ethylene cation radical to s-cis-1,3-butadiene is symmetry-allowed>3!. However, the
reactions are not limited to six-membered rings>>2. They are of considerable importance in
organic chemistry, especially because of their stereoselectivity. Since they are in addition
much faster for cations than for neutrals>3, products or fragments of DA or RDA are of
analytic interest in mass spectrometry. However, care has to be taken that the reaction
does not already take place with the neutral substance in the inlet system, as has been
demonstrated e.g. by Veith and Hesse>3* for different classes of compounds. It will be
shown later that this can also be used for producing new, unstable compounds by pyrolysis.
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It is not astonishing that a series of reviews covers this interesting field. After a first
review by Kuhne and Hesse > on RDA reactions of tetralin and its derivatives, a ‘clas-
sical’ overlook of the field was given in 1984 by Tureek and Hanu¥®*®. A chapter in
this series by Mruzek? covers the field up to 1988. The literature in the field of mass
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spectrometry of large oligonucleides, primarily by electrospray and laser desorption meth-
ods, is summarized for the period 1988 through mid-1991 by McCloskey and Crain33.
Mandelbaum’?’ treated in 1993 the stereochemical effects of the RDA fragmentation in
a book about the applications of mass spectrometry in organic stereochemistry>3%. Many
cases of RDA fragmentations are cited in the review by Vairamani and Saraswathi’> on
a mass spectral study of geometrical E- and Z-isomers. The DA reaction of ‘neutral’
molecules has been reviewed by Fringuelli and Taticchi®®.

Bouchoux and Salpin®* studied the simplest DA reaction in detail: [1,3-butadiene]* +
ethylene, using also labeled compounds. Because of the low pressure in the ion cyclotron
resonance instrument no stable adduct [C¢(H/D)o]™ is seen, only ions corresponding to
the loss of Me and ethylene. Measurements of the deprotonation enthalpies indicate that
the [CsH7]™ ions have the cyclopentadienyl structure. The distribution of the deuterium
atoms in the products is nearly random, contrary to the loss of ethylene, where very little
scrambling is observed. The ethylene contains one terminal CH, group of butadiene and
one CH, from ethylene. Since the two fragmentations have about the same time depen-
dence, it can be assumed that they originate from the same adduct, which the authors
propose to have the structure of the distonic ion CHy=CHC*HCH,CH,CH,". That this
reaction occurs without critical energy is concluded by Bauld®!' from a MO calcula-
tion. This ion either isomerizes to a vinycyclobutene that can split off an ethylene, or
it undergoes several hydrogen shifts causing the H/D scrambling and finally leading to
a Me-cyclopentadiene that loses the methyl group. The complex addition-dissociation
of 1,3-butadiene cation and ethylene precludes a synchronous character for the DA
reaction.

The RDA reaction is a high-energy process that is in competition with other processes
that need less activation energy, albeit with higher steric hindrance. Even if one limits
the RDA process as an elimination of a dienophile that contains two consecutive carbon
atoms from the ring (in the correct initial position), there is still the possibility of a con-
certed or a two-step process, possibly in competition. In the latter case, the stereospecific
characteristic of the RDA fragmentation may be lost. Several reactions yielding the same
products may compete with each other, asking for much experimental ingenuity in order
to get a clear-cut answer. This may be illustrated by the classic elimination of ethylene
from tetralin that had been studied by Budzikiewicz, Levsen and collaborators3#2343; see
also Mruzek® (Scheme 12). The time dependence of the reaction is studied with the help
of field ionization kinetics, using '3C- and D-labeled compounds. It results that ethylene
is not only lost in a RDA reaction from position 3 44, but also from 1+ 4 and 2+ 3 and
after complete scrambling of all C and D atoms of the saturated ring. The time dependence
demonstrates that the high-energy RDA process prevails at short times, giving way after
1 ns to the process that eliminates ethylene from positions 1 42 and 3 + 4, which is still
the main process in the metastable window (>1 ps), although an important scrambling
sets in after 1 pus. Therefore, it can be concluded that the metastable decomposition and
the structure of the molecular ion that is used for the study of fragmentation by colli-
sional activation do not necessarily correspond to the structure of the initial molecular

SCHEME 12
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ion after ionization. It can be assumed that the resulting CgHg™* ion consists of a mix-
ture of structures. The RDA fragmentation might yield the o-quinodimethane ion, the
1,2-elimination may yield styrene. CID experiments give a spectrum that is somewhere
midway between the corresponding spectra of styrene and the CgHg™* ion formed from
tetrahydroisoquinoline. The latter fragments in a pure RDA reaction. The ideal case for
such a study is the ‘symmetric’ molecule 5,6,6a,7,12,12a-hexahydrobenzo[a]anthracene,
studied by Bobenrieth, Levy and Hass>** and amply discussed by Mruzek?.

C4H,;™ is an interesting candidate for a study of the DA reaction, since in spite of its
simple formula it exists in several isomeric forms that can be prepared separately. Its rate
of formation as a function of the internal energy of benzene, one of its precursors, has
been measured by Andlauer and Ottinger>*>-34%. Rosenstock and collaborators>*7>*® pro-
pose the existence of linear and cyclic forms. Several attempts to elucidate the structure of
C4H;™* are summarized by Baer and collaborators>*® who studied its formation, together
with that of C3H3 %, as a function of the internal energy of 2,4- and 1,5-hexadiyne as pre-
cursors. They suggest the structure of a methylene-cyclopropene cation (¢ in Scheme 13)
for C4H41*. Benzene and pyridine as precursors were studied by Ausloos>°. In the frag-
mentations two C4Hy+* are formed, only one of them reacting with benzene. On the basis
of CT reactions he attributes the structure of 3-butene-1-yne (a) to the reactive form and
methylenecyclopropene (c) to the unreactive form. Bowers and collaborators®! confirm
the findings by Ausloos and show that the linear form can be isomerized with acetylene
to the cyclic form over a long-lived C¢Hg ™™ intermediate. Van der Hart'37, studying the
photofragmentation of benzene and 1,5-hexadiyne, determined that in these fragmenta-
tions 60% a, 10% b, and 30% d are formed, measured on the time scale (milliseconds)
of an ion cyclotron resonance spectrometer. When studying the ion/molecule reactions,
unimolecular dissociations and CID spectra of a series of precursors, the group of Lifshitz
and Levsen®? adds cyclobutadiene (d) as an additional structure to the list. Kohn and
Chen’>3 measured the photoelectron spectrum of cyclobutadiene, determined an ioniza-
tion energy of 8.16 £0.03 eV and confirmed the rectangular structure for the neutral and
the ion. The spectrum confirms that correlation between o and 7 electrons is needed in
an ab initio calculation for the ion to obtain even a qualitative correct geometry for the
Jahn-Teller distorted ion. The group of McLafferty>>*~>¢ confirms all four structures with
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the help of the newly developed NRMS technique. The four isomers a-d can be produced
from vinylacetylene, butatriene, 6,7—benzo—3—methylenetricyclo[3.2.2.024]n0na—6,8—diene
and 7,8-benzotricyclo[4.2.2.02’5]deca—3,7,9-triene, respectively49. Cyclobutadiene radical
cation is also obtained directly from cis-3,4-dichlorocyclobutene>’; its potential surface
is calculated by Borden, Davidson and Feller>®®. McLafferty and collaborators™* show
that neutrals that correspond formally to the condensation products of cyclobutadiene or
methylenecyclopropene with benzene or naphthalene yield, on electron impact, C4Hyt*
ions with a structure that corresponds to the C4Hy4 in the neutral. A summarizing overview
is given by Zhang, Carpenter and McLafferty>°.

The possibility of a DA reaction by the four isomers a-d in Scheme 13 is studied in
detail by Shay, Eberlin, Cooks and Wesdemiotis*®. They use a pentaquadrupole instru-
ment, where the first (Q1), third (Q3) and fifth (Q5) quadrupole are used as mass analyzers
and the second (Q2) and fourth (Q4) as ‘reaction chambers’. Different combinations of
the mass analyzing quadrupoles allow experiments that give answers to rather specific
questions such as sequential product and reaction intermediate scans. Although for none
of the isomers is the DA-reaction product with isoprene detected at m/z 120, the authors
are able to show that only cyclobutadiene d yields fragments that could be derived from
the unstable intermediate product CoH;,™*. The authors formulate this ion as derived
from a cycloaddition yielding the 2-methylcyclo[4.2.0]octa-2,5-diene (Scheme 14). The
ions m/z 119 (loss of H*) and m/z 105 (loss of Me®) form the basis of this conclusion.
The latter ion can add an additional isoprene neutral in a second DA reaction to yield
the ion m/z 173 (C13Hy7F). In Scheme 14 a series of consecutive reaction products that
are observed from these ‘primary’ fragments of the DA product reinforce this conclu-
sion. The origin of many of these ions is proven by using the multiple possibilities the
pentaquadrupole instrument offers. The ion-molecular reactions of the other ions a-c
with isoprene are dominated by charge exchange with the neutral, forming products start-
ing from the isoprene cation (m/z 68), subsequently reacting with isoprene neutrals. The
product spectra differ only slightly from the results of the ion/molecule reaction between
isoprene ion with the isoprene neutral . These results show that the DA reaction has
little chance in cases where competing reactions exist. The competition by the CT was
confirmed when the isomeric ions were allowed to react with allene.

The correctness of these conclusions was proven by the fact that only cyclobutadiene
underwent a DA reaction (series) with thiophene and furan*®. Again the primary addi-
tion product is unstable, but the fragmentation products (loss of H* and of Me) from the
unstable precursor could again be identified, in addition to the loss of C3H3", yielding the
aromatic six-membered heterocyclic ring. In the reaction with the thiophene neutral the
elimination of acetylene yielding an odd-electron ion is observed, necessitating a preceding
rearrangement to a thiocyclohexadiene or thiocycloheptadiene structure before fragment-
ing. Other candidates as precursors (e.g. a substituted tiophenol) could be ruled out with
the help of sequential product scans, showing again the possibilities of a multiquadrupole
instrument. The authors* conclude that it is difficult to distinguish the isomeric C4H4b*
ions on the basis of their ion/molecule reactions (a possibility offered by multisector
instruments), whereas it is even more difficult to do so by conventional CID methods.
This is both because of the milder conditions used to perform ion/molecule reactions and
because bond-forming processes allow a greater variety of products than the (often) brute-
force conditions of CID. To determine the set of four C4H4™"* isomers one needs simply
to apply the allene and thiophene reactions. The yields of C4Hs™ addition products to
electron-rich dienes decrease in the order d > a, b > c.

An important question is when the DA reaction is a concerted or a two-step cyclo-
addition. This question is answered experimentally by Groenewold and Gross®*®® and
theoretically by Bauld and collaborators>3%33! for the reaction of butadiene neutral with
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1,3-butadiene cation radical, and by Holman, Rozeboom, Gross and Warner’®' with ben-
zene ion in favor of the two-step process. In the former reaction the resulting CgHp**
is decomposed by collision-induced fragmentation. If this ion is stabilized by collisions
before CID, the resulting spectrum corresponds closely to the spectrum of vinylcyclo-
hexene, but without collisional stabilization, a branched acyclic cation radical was found.
Therefore the cyclization must proceed in two steps. CS; is used as a stabilizing gas
because of its high ionization energy and in order to avoid further reactions of neutral
butadiene with the adduct. Slight deviations between the CID spectra of vinylcyclohexene
and the collisionally stabilized product are explained by small amounts of [2 + 2] and/or
[4 + 4] additions. The results with benzene are analogous: With collisional stabilization,
the CID spectrum corresponds to a 2-phenyl-2-butene radical cation and without prior
stabilization to 1-methylindan.

Chen and Williams 2 demonstrated by ESR the rearrangement of 4-vinylcyclohexene
to bicyclo[3.2.1]oct-2-ene in a CFCl3 matrix when irradiated by y-rays and then
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allowed to warm from 77 K to 140 K. Semiempirical AM1 calculations by Dewar and
coworkers®®3 have shown this rearrangement to be exothermic by 59 kImol~!. As an
intermediate structure Chen and Williams propose either a bicyclo[3.2.1]oct-2-yl-6-ylium
or a bicyclo[2.2.2]oct-2-y15-ylium distonic ion. Vollmer, Rempel, Gross and Williams %
demonstrated the occurrence of this isomerization in the gas phase by use of MS/MS
and ion cyclotron resonance spectrometry, using a specially developed technique to
collisionally cool the ions>®>. When vinylcyclohexene and bicylo[3.2.1]oct-2-ene were
separately ionized by electron impact, they had identical CID spectra. However, when they
are ionized by charge transfer from CS; and collisionally cooled, their CID fragmentation
is different in the intensity ratio of the [M™ —Me]/[M™ —C3Hg] peaks produced. Since the
FT instrument allows a controlled excitation of the collisionally cooled ion, this peak ratio
is measured as a function of the excitation energy. Since it passes through a maximum
before decreasing to the small value corresponding to bicylo[3.2.1]oct-2-ene, the existence
of an additional unstable and unknown intermediate ion is postulated.

1,3-Butadiene cation reacts with acrolein and methyl vinyl ketone to produce products
that can be stabilized by collisions. The question arises as to whether the butadiene ion
reacts as a dienophile or as an ‘ene’ in these reactions? This problem has been attacked
by Castle and Gross>®. The two possible pathways are given in Scheme 15 (acrolein:
R = H, al, bl; Me vinyl ketone: R = Me, a2, b2). The authors use an ion cyclotron
mass spectrometer at low pressures and a triple-sector instrument for CID studies at high
pressures. Since they did not dispose of pulsed multiple inlet systems for their instruments,
the simultaneous ionization of both components of the mixtures poses some problems. By
measuring the time dependence of the product formation and disappearance and using the
feature of double resonance in the FTICR instrument, they are able to circumvent some
of the problems. An additional complication is the isomerization of the substituted pyran
bl to the aldehyde al by a Claisen rearrangement; the metastable decay of these two
products are practically identical, as has been shown by Sarraf, Audier and Morizur>®’.
Thus the two possible adducts a and b, that are not detectable at the low pressure of the
FT instrument, are difficult to be characterized according to their CID spectra in the high

|oT;

R

|

‘diene ene @

M\
=
|

SCHEME 15



2. Mass spectra of double-bonded groups 69

pressure instrument. However, by a series of experiments the authors are able to advance
arguments that the butadiene cation serves as the ’ene’ and the acrolein and methyl vinyl
ketone react as dienes, forming adducts that have the pyran structure b. This is supported
by the finding that a substituted pyran does undergo the corresponding RDA reaction in
a metastable decay®®.

At least in solution this does not seem to be the case, because Mayoral and collabo-
rators>®® performed the reactions between isoprene and acrolein and methacrolein in
toluene solution and got only products that had the structure of a substituted cyclohexene
carbaldehyde (a, b for acrolein; ¢, d for methacrolein in Scheme 16). Their aim was to
study the RDA reaction of these products. The experimental results are complemented
by semiempiric AM1 MO calculations, since it has been shown by Camaioni®® for the
through-bond delocalization in bibenzylic systems and by Wiest, Steckhan and Grein>’°
for the calculations of the selectivity of the DA reactions in indoles and electron-rich
dienes, that this method is perfectly useful for such systems. This is of importance for
the decision, if—under the assumption of a stepwise reaction —the C(1)—C(2) or the
C(5)—C(6) bond is opened, On the basis of these calculations, the authors could show that
in the case of a the former and of b the latter case is energetically more favourable. This
allows one to explain the observed differences in the electron impact and the metastable
spectra of a and b: a — [M — Me]™, [M — H,O]'", [M — CO]""; b — [M — CHO],
as main peaks in the metastable decay. The case of ¢ and d is slightly more complex.
The calculations for this case show that the scission of C(1)—C(2) is energetically more
favorable than C(5)—C(6) for both ions. This is consistent with the H,O loss for both
isomers in the metastable fragmentation. By simplifying the results of the calculations one
can say that a metastable loss of H,O is characteristic for a scission of the C(1)—C(2)
bond, whereas loss of -CHO is typical for an opening of the C(5)—C(6) bond. Since
[M — HCO]* is much more important for d than for ¢, it is to be concluded that the
opening of C(5)—C(6) is more important for the former in spite of the calculations that
predict a difference in heats of formation between C(1)—C(2) and C(5)—C(6) scission of
95 and 54 kJmol~! for ¢ and d, respectively. Since the spectra are rather different, an
isomerization of one form in another does not seem to be important, the problem remains
to be definitively resolved.

/‘/CHO \O/CHO : CHO  ~ : _CHO
@) ) © @
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The stereospecificity of the RDA reaction can be used to produce unstable species and to
determine their thermodynamic properties with the mass spectrometer. Such a project was
undertaken by Ture¢ek and collaborators>’! to distinguish the Z- and E-form of the dienol
¢ given in Scheme 17. The 3-exo-vinylbicyclo[2.2.1]hept-5-en-2-ol is flash-pyrolized in
the inlet system of a mass spectrometer and ionized within a few ms after decompo-
sition. The mass spectra and the ionization energies of E-c and Z-c were determined.
The electron impact spectra are similar, although some reproducible differences can be
seen; the CID spectra are identical. The same ions are produced by dissociative ioniza-
tion of the precursors a and b. Their CID spectra are identical, however different from
the isomeric aldehyde®’?. The ionization energies of the neutral dienols were measured as
IE(E - ¢) = 8.51£0.03 and IE(Z - ¢) = 8.47£0.03 eV, respectively. Since the activation
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energy for thermal Z—E isomerization has been estimated by Rabinovitch and Michel®”?
to be about 200-250 kJ mol~!, it is improbable that the two forms isomerize. The authors
obtain AH?([E -¢]t) =733+ 5 kImol~! and AH‘f’([Z -¢]™) =728+ 6 kImol .

A possible isomerization before or during a RDA reaction must be taken into account.
With this question in mind Buchs and collaborators®’* prepared a large number of D- and
13C-labeled 2-cyclohexen-1-ols and studied the loss of ethylene from the molecular ion
which corresponds to the base peak in the EI spectrum. The mass shift for the different
D-labeled compounds indicated no H/D scrambling, but the presence of (at least) two
different RDA processes; 35% correspond to the elimination of C(5) + C(6) as neutral
ethylene, in 65% C(4) 4+ C(5) are lost. The latter route requires that the molecular ion
undergoes an allylic isomerization either via a 1,3 shift of the C(1) hydrogen (shift of the
double bond in position 1), or of the OH group. Similar isomerizations have been observed
before, e.g. in cyclohexene?’, menthene®” or methylcyclohexene®’®. The elimination of
Me is not straightforward in 2-cyclohexen-1-ol. Labeling studies prove that the carbon of
the Me group comes from position 2, whereas in the metastable time scale a complete
scrambling of H/D is observed. Since Derrick, Falick and Burlingame®’ have shown
that on the ca 10 ps time scale of a field ionization kinetics experiment, an All group
of cyclohexene is eliminated without any scrambling, together with an additional H-
atom, some sort of reversible isomerization between a six- and five-membered ring could
be assumed. This has been shown to be the case for (even electron) c-Hex ions by
Wesdemiotis, Wolfschiitz and Schwarz3”’. However, no definitive conclusion could be
reached for cyclohexenol.

Eberlin and Cooks®’® discovered that acylium ions react with neutral isoprene and
other 1,3-dienes in the gas phase to form covalently bound adducts by polar [4 + 27]
Diels—alder cycloadditions. The general reaction is given in Scheme 18, where R may
range from H and alkyl to unsaturated, aromatic and polar substituents. The formation
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of stable adducts occurs for the acetyl ion, but not for its C,H307 isomers, as was also
shown by the groups of Cooks®’®. Isoprene is used as neutral to check if a DA reaction
(yielding a stable adduct or its fragments) or a charge or proton transfer takes place with
the acyl ion. R = Me, Ph, Me;N, H,C=C(i-Pr), PhAHC=N yielded stable adducts in at
least tenfold excess compared to the proton-transfer product; for R = H, MeNH, HO, CI
only the CT product could be observed. Some substituents show comparable probabilities
for both reactions. A second question is the necessary structure of the neutral indispensable
for a stable adduct. The acetyl ion is used as probe. Only isoprene, 1,3-butadiene and
cyclopentadiene give a stable adduct whose structure seems to correspond to a [4 + 27]
addition. When 3-methylenecyclohexadiene is used, with a diene which is locked in the
trans configuration, the adduct is not generated and the product spectrum is dominated
by proton transfer. It seems that a cis-diene conformation is needed for the DA reaction.
In order to discriminate against a [2 4 2*] addition, the reaction of 1,3-butadiene is
compared with that of limonene, a nonconjugated diene. The latter yields very little
adduct products. Similarly, the acetyl cation fails to show substantial adduct formation
with benzene, benzonitrile and Et vinyl ether. Thus, ample evidence is produced to show
that a [4+27] addition takes place. MS3 spectra (see above) give additional evidence for
such an addition.

The reaction of vinyl Me ether cation radical with 1,3-butadiene forms another case
where the reaction scheme seems to be rather complicated, as is demonstrated by Groe-
newold and Gross®®°. When the reaction is being conducted at low pressure, no adduct
is observed. Since the ether as well as the diene is ionized by electron impact, both
molecular ions and their fragmentation products are observed in the ion source. The
time revolution in the ICR spectrometer shows a rapid transfer from the butadiene ion
to vinyl Me ether. At the same time CgHg™* (m/z 80) and C¢H9O™ (m/z 97) rise in a
ratio of about 10:1. The fragment m/z 80 corresponds to a loss of methanol, typical for
a 4-methoxycyclohexene, as is shown by deuterium labeling by van Doorn, Nibbering,
Ferrer-Correia and Jennings>3!. These observations are strong evidence for a cyclic adduct
at low pressures. In a high-pressure ion source the adduct ion is stabilized by collisions;
it can be isolated and studied by CID. There is no resemblance with any cyclic product,
but a nearly 1:1 correspondence with the spectrum of 2,4-pentadienyl Me ether. There-
fore the authors propose the reaction sequence of Scheme 19, where an acyclic unstable
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intermediate adduct either undergoes ring closure to the unstable substituted cyclohexene
or is stabilized by collisions to the stable pentadienyl Me ether. Sequential and not two
parallel reactions are preferred, because in the latter case, as well as in the low- as in the
high-pressure spectra, evidence of both structures should be evident, which is definitely
not the case.

The influence of stereochemistry on the mass spectrum in the RDA reaction can be
well studied with substituted norbornanes (bicylo[2.2.1]heptane). Traldi, Cativiela and
collaborators 82 studied the case of mono- and disubstituted norbornanes (see Scheme 20).
For the carboxylic acids 1a and 2a, there is a clear difference in the spectra produced
by electron impact: e.g. the endo-form 1a having [M — C,H30,R] " as the base peak,
whereas the exo-form 2a had a much stronger tendency to lose the carboxylic group.
However, this is not the case for the slow metastable decay, where spectra of both ions
are indistinguishable. The isomerization of the two forms, although slow compared to the
larger part of the decay (which takes place in <1 ns), is faster than the metastable time
window (>1 ps). Clear differences are also observed for the two isomers 1b and 2b, but
in contrast to 1a and 2a, also the metastable spectra are different, e.g. the intensity of
[M — ROH]** is more important for the exo-isomer. 1c¢ and 2¢ are again different in the
electron impact and the metastable spectra, but for 1d and 2d only minor differences can
be seen in both kinds of spectra. Different substituents may change the fragmentation
pathways and with this a stereoisomeric difference may manifest itself or not. Of special
interest is the dependence on the time scale of fragmentation; isomerization may precede
the relatively long time needed for a collisional excitation experiment. However, the fact
that the RDA reactions of differently D-labeled 5-norbornenols have been used by Turecek
and Hanu§>83-5%4 to prepare by flash pyrolysis differently labeled unstable ethenols and
to obtain their mass spectra proves that usually the fast fragmentations proceed without
too much isomerization.
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Vainiotalo and collaborators’®® measured the electron impact spectra of several either di-
exo- or di-endo-norbornane/ene-fused 2-N—phenyl iminoperhydro-1,3-oxazines. Whereas
the stereoisomeric unsaturated compounds cannot be distinguished on the basis of their
electron impact spectra, the spectra of the stereoisomeric saturated compounds are suf-
ficiently different to allow differentiation of the stereoisomers. The N-substituents were
either H or Me. The difference is due to the fact that the unsaturated compounds fragment
mainly by two RDA reactions with first a loss of cyclopentadiene and then yielding
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phenylisocyanate O=C=NPh™* as the base peak. N-Me substitution changes the base peak
to the diene fragment N -(2-propenylidene)methylamine, probably because of a shift of the
ionization potentials. The fragmentation of the saturated compounds is more complex and
allows the differentiation of the stereoisomers. The same authors®3® study also the frag-
mentation of four norbornane/ene di-exo- and di-endo-fused 1,3-oxazin 2(1H)-ones and
four 1,3-oxazines-2(1H )-thiones. The results are so far similar in that it is again possible
to differentiate among the saturated compounds, whereas the unsaturated molecules allow
no distinction. The use of CI as a softer ionization technique reveals some differences. It
might well be that initially the difference in structure is maintained, but the small barrier
to isomerization asks for especially mild ionization techniques. Hints in this direction
may be taken from the work of the group of Vainiotalo®®’, where four diastereoisomeric
camphane-2,3-diols were synthesized and their mass spectrometric behavior studied. Elec-
tron impact ionization spectra are within reasonable limits identical and stereochemical
effects are weak when NH3, i-C4Hj9 or CHy are used as CI reagents. The situation is
much more favorable when the CID spectrum of the ammonium adduct [M + NH4]" is
measured. The study of this adduct, possible with the CID spectra for its main fragment
[M —H; +NH4]*, may allow a differentiation of the stereoisomers. Labeling experiments
show that the two hydrogen atoms come from the hydroxyl groups.

Rice, Dudek and Barber’®® were the first to show that the major fragmentation in
the electron impact spectrum of uracil was the RDA reaction with a loss of HNCO (or
RNCO) from positions 2 and 3. Reiser>® proved this not to be always the case, depending
on the substitution. An alkyl group with two or more carbon atoms in position 2 gives
rise to a [M — C4H7]* ion that often forms the base peak. The RDA reaction can be
used to differentiate between 2- and 4-thiouracils, and between 1- and 3-Me and Ph
substituted uracils. Traldi and coworkers® studied the influence of different substituents
R in position 5 of uracil on the metastable spectrum (R = H, F, Cl, Br, I, OH, CFj3,
Me). For all substituents except R = OH the ‘RDA’ peak [M — HNCO]** forms the
base peak with >80% of the total intensity. For OH as substituent, [M — HN(CO),] " is
of comparable intensity. They assume the reaction sequence given in Scheme 21, where
positions 3 and 4 as well as 2 and 3 are eliminated in the RDA reaction, contrary to the
proposition of the authors cited above. The reason is that the metastable spectra of the
[M — HNCO]** fragments are different for the different neutral precursors: for R = OH
and CH3s, exclusively CO is eliminated; for R = Cl and Br, HCN is the neutral fragment
lost; for R = F and CFs, the loss of both of these fragments is observed; this is also
true for R = I, but in addition I and CI* are formed, probably because of their low
ionization energy; with R = H, [(M — HNCO) — H]*, [(M — HNCO) — HCO]* and
CO™* are additional fragments of comparable intensity. Therefore several [M — HNCO] "
and/or mixtures thereof must be formed according to the substituent of the uracil. This
is underlined by the very different values of T 5 that vary between 50 and 1100 meV
according to the substituent.

Nelson and McCloskey>®! studied the collision-induced dissociation of protonated uracil
and some of its derivatives using extensive isotopic labeling with D, 3C, N and '30.
The principal fragment in the CID spectrum of the protonated uracil molecular ion MH™
is again the ion resulting from a RDA reaction, [MH — HNCO] ™, followed in importance
by [MH —NH;3] ™, but the spectra of the labeled uracils confirm the suspicion advanced in
the paragraph above that several pathways for the RDA reaction are possible even for the
unsubstituted molecule. For the principal fragments the following pathways are determined
(for the numbering see Scheme 22): [MH — NH3]™: 7% N(1), 95% N(3); [MH — H,O]*:
50% 02, 50% O* [MH — HNCO]*: 10% (N(1) + CO(2)), 87% (N(3) + CO(2)), 3%
(N(3) + CO4)); [MH — NH3 — COJ*: 90% (N(3) + CO(4)), 10% (N(3) + CO(2));
[MH — H,0 — COJt: 100% (CO(2) + O%). Most of the minor fragments are also formed
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in highly site-specific processes. The first question to answer is where the protonation takes
place. Hass, Mezey and Ladik>®? calculate that the two oxygen atoms should have about
the same probability to be protonated. This seems to be a general feature>3. However,
an observation by Kenttimaa®*, that in the moment of the collision process isomeriza-
tions may take place, makes the question somewhat academic. The findings of Nelson
and McCloskey591 are summarized in Scheme 22: Several initial isomers are assumed;
in three of them a ring opening (k/I) between two consecutive atoms k and / takes place
before fragmentation sets in. This explains the loss of HyO and NHj3 as primary frag-
mentation, whose sum amounts to about 80% of the RDA reaction. A small percentage
of the primary ions fragments further in often clean processes, coupled with hydrogen
transfer, but deuteration of positions 5 and 6 indicated that some hydrogen exchange
between these positions and the heteroatoms takes place before elimination of the neu-
tral fragments. The authors studied also the influence of substitution in the pyrimidine
ring: 2-thiouracil, 4-thiouracil, 2-thiothymine, as well as 3-methyluracil and a series of
C-5-substituted uracils (Me—, —OH, CH30—). The results, taken cum grano salis, are
similar. It may be mentioned that the mass spectrum of the deprotonated negative ion of
uracil (m/z 111) seems to be simpler, consisting of only two ions, m/z 67 and m/z 42, as
is demonstrated by Sakurai, Matsuo, Kusai and Nojima>*>.

Nelson and McCloskey>®° studied also the collision-induced fragmentation of pro-
tonated adenine (Scheme 23), again labeled with N, 3C and D. Four main primary
reactions are determined: [MH — NH3]": 55% N(1), 45% N(6); [MH — NH,CN]*:
100% N(1) 4+ N(6); [MH — HCN]': 90% N(1) + C(2); NH4F: 90% N(1) retained in
the ion. There are many secondary reactions; this makes it uncertain to determine the
fragmentation paths. Up to three consecutive losses of HCN from MH™ and two from
[MH — NH;3]*t are observed. This is rather typical in nitrogen heterocycles®®’. The lat-
ter ion loses also CoN, and NH,CN, but the isotopic distribution of the fragment ions
is complicated, indicating different possible reaction pathways. The CID spectra for 1-,
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2-, 7- and N®-Me adenine were also studied. These are analogous to adenine except for
the loss of Me, which however is a minor process for 7-Me-adenine. A review of the
mass spectrometry of nucleic acid constituents up to 1992 is given by McCloskey and
Crain’3.

The RDA fragmentation can also be of diagnostic value in more complex molecules.
Couladouros and Haroutounian®®® demonstrate that the electron impact ionization mass
spectra of 6-carbamoyloxy-3-oxo0-3,6-dihydro-2H -pyrans show a weak molecular peak,
but a base peak of m/z 84 resulting from a RDA reaction and a subsequent fragmen-
tation. The three main fragmentation pathways are given in Scheme 24 (R! = Ph—S,
Ph—S(0), Ph—SO3; R? = Me, Et). The fragmentation for oxazoendiones is similar, but
three fragments are formed, shown in Scheme 25; their relative intensity is a function of
the substituents (same R! and R?; in addition R? = OMe).
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The fragmentation of negative organic ions is reviewed by Bowie>®*% It turns out
that negative ions do not easily undergo a RDA reaction. For example, substituted
cyclohexenes, the classical case for positive ion RDA, will not undergo this fragmen-
tation. Since in negative ion spectroscopy the main reaction is the cleavage to an oxygen
atom, dioxin containing 1,3- and 1,4-oxygen atoms do undergo a RDA fragmentation. This
is shown by Bowie and Ho%! for nitro-2H, 4H-1,3- and -2,3-dihydro-1,4-benzodioxins.
The relative abundance of peaks produced by the RDA reaction shows that the extent of
the reaction is largely dependent upon the position of the nitro group. The order observed
is 7-NO; > 5-NO; > 6-NO, ~ 8-NO,. It seems that the importance of the reaction is
mainly determined by the relative ease of cleavage of the second bond.

Ofloxacin, 9-fluoro-3-methyl-10-(4-methyl-1-piperazinyl)-7-oxo 2,3-dihydro-7HH-py-
rido[1,2,3-de]-1,4-benzoxazine-6-carboxylic acid, is a DNA gyrase inhibitor that displays
potent antibacterial activity. Routine molecular mass determination of ofloxacin by
negative chemical ionization mass spectrometry with methane as reagent gas by Burinsky,
Dunphy, Alves-Santana and Cotter®? revealed the astonishing fact that only two ions,
the molecular anion m/z 361 and a fragment m/z 319, are present. MS/MS experiments
confirmed that the fragment must result from a RDA reaction where C—N and C—-O
bonds are cleaved (Scheme 26). CID showed only one additional fragment, [M — C3Hg —
C,yHsF]~*, resulting from an additional loss from the piperidine ring. Both the NCI mass
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spectrum and the daughter ion MS/MS spectrum for the molecular anion of des-fluoro-
ofloxacin exhibit a fragment that corresponds to the RDA reaction. This shows that the
presence of fluorine is not necessary for this fragmentation behavior, although the fluorine-
substituted ring possesses a considerable positive electron affinity.

Etinger and Mandelbaum®®? report what they call the first examples of negative-ion
RDA fragmentation in a carbocyclic system. The diones Z-1, Z-2 and Z-3 shown in
Scheme 27 exhibit highly stereospecific RDA reactions in positive ion electron ionization
and in chemical ionization mass spectra®>’. The negative chemical ionization of Z-1
exhibits practically no fragmentation. The same is true for CID with Ar as collision gas
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for energies below 60 eV. At higher energies, m/z 172 is the most abundant fragment
beside [M — Me]~. The epimeric E-1 exhibits an even higher CID stability and only
[M — Me]~ can be observed. The same is true for Z-2 and E-2. In the spectra of the
nitro-substituted diones Z-3 and E-3 more fragments can be seen in the negative chemical
ionization spectra, but the RDA fragment is only observed in the cis-isomer Z-3. Because
of the high stereospecificity the authors assume a concerted mechanism for the RDA
reaction.



2. Mass spectra of double-bonded groups

X=Nt, miz 187
X=NO, miz 217

SCHEME 27

79



80

Tino Gdumann

XI. ACKNOWLEDGMENTS

It is a pleasure for the author to dedicate this review to Hs. H. Giinthard on the occasion
of his 80th birthday and to Daniel Stahl on his 55th birthday as recognition of lifelong
friendship and encouragement. I wish to thank my collaborators mentioned in the text for
many fruitful discussions and help.

1.

Xil. REFERENCES

J. S. Splitter, in Applications of Mass Spectrometry to Organic Stereochemistry (Eds. J. S. Splitter
and F. Turecek), 1994, pp. 83-102.

A. B. Myers and T. R. Rizzo, Laser Techniques in Chemistry, Wiley-Interscience, New York,
1995.

H. D. Beckey, K. Levsen, F. W. Rollgen and H. R. Schulten, Surf. Sci., 70, 325 (1978).

H. D. Beckey, H. Hey, K. Levsen and G. Tenschert, Int. J. Mass Spectrom. Ion Phys., 2, 101
(1969).

K. Levsen, Chem, Zeit., 95, 725 (1971).

1. Aben and N. M. M. Nibbering, Int. J. Mass Spectrom. Ion Processes, 146, 247 (1995).

R. C. Dunbar, Int. J. Mass Spectrom. Ion Processes, 100, 423 (1990).

R. C. Dunbar and J. D. Faulk, Chem. Phys. Lett., 214, 5 (1993).

R. C. Dunbar, in Unimolecular and Bimolecular Ion—Molecule Reaction Dynamics (Eds. Cheuk-
Yiu Ng, T. Baer and 1. Powis), Wiley, Chichester, 1994, pp. 279-309.

R. C. Dunbar, Mass Spectrom. Rev. 11, 309 (1992).

Hun Young So and R. C. Dunbar, J. Am. Chem. Soc., 110, 3080 (1988).

R. C. Dunbar, Int. J. Mass Spectrom. Ion Processes, 54, 109 (1983).

C. Lifshitz, Int. J. Mass Spectrom. lon Processes, 118/119, 315 (1992).

J. J. P. Stewart, in Reviews in Computational Chemistry (Eds. K. B. Lipkowitz and D. B. Boyd),
VCH Publishers, New York, 1990, pp. 45-81.

M. C. Zerner, in Reviews in Computational Chemistry (Eds. K. B. Lipkowitz and D. B. Boyd),
VCH Publishers, New York, 1991, pp. 313-365.

W. Thiel, Adv. Chem. Phys., 93, 703 (1996).

J. A. Hunter, C. A. F. Johnson, J. E. Parker and G. P. Smith, Org. Mass Spectrom., 26, 815
(1991).

F. W. McLafferty, Science, 247, 925 (1990).

A. Fura, F. TureCek and F. W. McLafferty, J. Am. Soc. Mass Spectrom., 2, 492 (1991).

F. W. McLafferty, Int. J. Mass Spectrom. Ion Processes, 118/119, 221 (1992).

F. W. McLafferty and F. Turecek, Interpretation of Mass Spectra, 4th edn., University Science
Books, Mill Valley, 1993.

N. Goldberg and H. Schwarz, Acc. Chem. Res., 27, 347 (1994).

D. V. Zagorevskii and J. L. Holmes, Mass Spectrom. Rev., 13, 133 (1994).

J. L. Holmes, Mass Spectrom. Rev., 8, 513 (1989).

M. N. Mruzek, in The Chemistry of the Double-bonded Functional Groups (Ed. S. Patai), Wiley,
Chichester, 1989, pp. 53-79.

R. G. Cooks, J. Mass Spectrom., 30, 1215 (1995).

C. Wesdemiotis and F. W. McLafferty, Chem. Rev., 87, 485 (1987).

D. E. Drinkwater and F. W. McLafferty, Org. Mass Spectrom., 28, 378 (1993).

P. O. Danis, R. Feng and F. W. McLafferty, Anal. Chem., 58, 348 (1986).

C. E. C. A. Hop and J. L. Holmes, Org. Mass Spectrom., 26, 476 (1991).

R. Feng, C. Wesdemiotis and F. W. McLafferty, J. Am. Chem. Soc., 109, 6521 (1987).

F. Turecek and F. W. McLafferty, J. Am. Chem. Soc., 106, 2528 (1984).

C. A. Muedas, D. Siilzle and H. Schwarz, Chem. Ber., 125, 1517 (1992).

R. Flammang, S. Laurent, M. Flammang-Barbieux and C. Wentrup, Rapid Commun. Mass Spec-
trom., 6, 667 (1992).

D. Siilzle, T. Weiske and H. Schwarz, Int. J. Mass Spectrom. Ion Processes, 125, 75 (1993).

N. Goldberg, M. Iraqi, J. Hrusak and H. Schwarz, Int. J. Mass Spectrom. lon Processes, 125, 267
(1993).

D. Schroder, J. Miiller and H. Schwarz, Organometallics, 12, 1972 (1993).

S. A. Shaffer, F. TureCek and R. L. Cerny, J. Am. Chem. Soc., 115, 12117 (1993).



2. Mass spectra of double-bonded groups 81

M. Sirois, M. George and J. L. Holmes, Org. Mass Spectrom., 29, 11 (1994).

G. A. McGibbon, C. A. Kingsmill and J. K. Terlouw, Chem. Phys. Lett., 222, 129 (1994).

G. A. McGibbon, P. C. Burgers and J. K. Terlouw, Int. J. Mass Spectrom. lon Processes, 136,
191 (1994).

J. L. Holmes, A. A. Mommers, J. K. Terlouw and C. E. C. Hop, Int. J. Mass Spectrom. lon Pro-
cesses, 68, 249 (1986).

F. W. McLafferty and C. Wesdemiotis, Org. Mass Spectrom., 24, 663 (1989).

M. Gu and F. Tureek, Org. Mass Spectrom., 28, 1135 (1993).

M. Gu and F. Tureek, Org. Mass Spectrom. 29, 85 (1994).

F. Ture¢ek and M. Gu, J. Mass Spectrom., 30, 144 (1995).

F. TureCek and M. Gu, Org. Mass Spectrom., 27, 1335 (1992).

R. H. Bateman, J. Brown, M. Lefevere and R. Flammang, Int. J. Mass Spectrom. lon Processes,
115, 205 (1992).

B. J. Shay, M. N. Eberlin, R. G. Cooks and C. Wesdemiotis, J. Am. Soc. Mass Spectrom., 3, 518
(1992).

M. N. Eberlin and R. G. Cooks, Org. Mass Spectrom., 28, 679 (1993).

S. S. Yang, G. D. Chen, S. G. Ma, R. G. Cooks, F. C. Gozzo and M. N. Eberlin, J. Mass Spec-
trom., 30, 807 (1995).

J. C. Schwartz, K. L. Schey and R. G. Cooks, Int. J. Mass Spectrom. Ion Processes, 101, 1
(1990).

J. C. Schwartz, A. P. Wade, C. G. Enke and R. G. Cooks, Anal.Chem., 62, 1809 (1990).

R. G. Cooks, S. H. Hooke II, K. L. Morand and S. A. Lammert, Int. J. Mass Specrom. Ion Pro-
cesses, 118/119, 1 (1992).

E. de Hoffmann, J. Mass Spectrom., 31, 129 (1996).

J. Adams, Mass Spectrom. Rev., 9, 141 (1990).

J. Adams, L. J. Deterding and M. L. Gross, Spectrosc. Int. J., 5, 199 (1987).

M. L. Gross, Mass Spectrom. Rev., 8, 165 (1989).

M. L. Gross, Int. Mass Spectrom. Ion Processes, 118, 137 (1992).

M. L. Gross, Acc. Chem. Res., 27, 361 (1994).

N. J. Jensen, K. B. Tomer and M. L. Gross, J. Am. Chem. Soc., 107, 1863 (1985).

N. J. Jensen, K. B. Tomer and M. L. Gross, Anal. Chem., 57, 2018 (1985).

M. J. Contado, J. Adams, N. J. Jensen and M. L. Gross, J. Am. Soc. Mass Spectrom., 2, 180
(1991).

K. Levsen, R. Weber, F. Borchers, H. Heimbach and H. D. Beckey, Anal. Chem., 50, 1655
(1978).

N. J. Jensen and M. L. Gross, Mass Spectrom. Rev., 6, 497 (1987).

M. L. Gross and P. Hu, in Biological Mass Spectrometry: Present and Future (Eds. T. Matsuo,
R. M. Caprioli, M. L. Gross and Y. Seyama), Wiley, Chichester, 1994, p. 255.

M. J. Contado and J. Adams, Anal. Chim. Acta, 246, 187 (1991).

J. S. Crockett, M. L. Gross, W. W. Christie and R. T. Holman, J. Am. Soc. Mass Spectrom., 1,
183 (1989).

E. Davoli and M. L. Gross, J. Am. Soc. Mass Spectrom., 1, 320 (1990).

P. Wheelan, J. A. Zirrolli and R. C. Murphy, J. Am. Soc. Mass Spectrom., 7, 140 (1996).

M. J. Zhang, S. D. Li and B. J. Chen, Chromatographia, 33, 138 (1992).

M. Matlengiewicz, N. Henzel, J. C. Lauer, T. Laurens, D. Nicole and P. Rubini, Analyst, 117,
387 (1992).

M. Vairamani and M. Saraswathi, Mass Spectrom. Rev., 10, 491 (1992).

F. Brakstad, Chemom. Intell. Lab. Syst., 19, 87 (1993).

E. Sanchez and B. R. Kowalski, J. Chemometrics, 2, 247, 265 (1988).

M. Horiike, G. Yuan and C. Hirano, Org. Mass Spectrom., 25, 329 (1990).

G. Yuan, C. Hirano and M. Horiike, Rapid Commun. Mass Spectrom., 5, 622 (1991).

M. Horiike, G. Yuan, C. Kim, C. Hirano and K. Shibuya, Org. Mass Spectrom., 27, 944 (1992).
G. Yuan, M. He and X. He, Org. Mass Spectrom., 28, 873 (1993).

G. Yuan, M. He, X. He, M. Horiike, C. Kim and C. Hirano, Rapid Commun. Mass Spectrom., 7,
591 (1993).

G. Yuan, M. He and X. He, Rapid Commun. Mass Spectrom., 7, 1118 (1993).

G. Yuan, M. Horiike and C. Hirano, Chin. Chem. Lett., 4, 351 (1993).

G. Yuan, M. He, X. He, M. Horiike, C. Kim and C. Hirano, Acta Chim. Sin., 53, 263 (1995).



100.
101.
102.
103.
104.
105.

106.
107.
108.
109.
110.

111.
112.
113.
114.
115.

116.
117.
118.
119.
120.
121.
122.
123.
124.
125.

126.
127.

128.

129.
130.
131.
132.

Tino Gdumann

. Yuan, M. He and X. He, Rapid Commun. Mass Spectrom., 9, 573 (1995).

. Ramnis, U. Oestermark and G. Petersson, Chromatographia, 38, 222 (1994).

Ramnis, U. Oestermark and G. Petersson, J. Chromatogr., 638, 65 (1993).

T. Revill, M. R. Carr and S. J. Rowland, J. Chromatogr., 589, 281 (1992).

Sojak, I. Ostrowsky, R. Kubinec, G. Kraus and A. Kraus, J. Chromatogr., 520, 75 (1990).
Sojdk, I. Ostrovsky, R. Kubinec, G. Kraus and A. Kraus, J. Chromatogr., 609, 283 (1992).

. A. Leonhardt, E. D. DeVilbiss and J. A. Klun, Org. Mass Spectrom., 18, 9 (1983).

S. Lanne, M. Appelgren, G. Bergstrom and C. Lofstedt, Anal. Chem., 57, 1621 (1985).

. Bousquet, N. Sellier and F. L. Goffic, Chromatographia, 39, 40 (1994).

M. Hori, Y. Sahashi and S. Koike, Yukagaku, 42, 619 (1993).

1. Hazai, A. Galvez-Sinibaldi and R. P. Philp, J. High Res. Chromat., 15, 791-794 (1992).

A. J. V. Ferrer-Correia, K. R. Jennings and D. K. Sen Sharma, in, Advances in Mass Spectrom-
etry 7A (Ed. N. Daly), Heyden & Sons, London, 1978, pp. 287-294.

H. Budzikiewicz, Fresenius Z. Anal. Chem., 321, 150 (1984).

M. Vairamani, U. A. Mirza and R. Srinivas, Mass Spectrom. Rev., 9, 235 (1990).

M. Vairamani, K. V. S. Kumar and G. K. V. Rao, Org. Mass Spectrom., 25, 363 (1990).

A.J. V. Ferrer-Correia, K. R. Jennings and D. K. Sen Sharma, Org. Mass Spectrom., 11, 867
(1976).

J. Einhorn, H. I. Kenttdimaa and R. G. Cooks, J. Am. Soc. Mass Spectrom., 2, 305 (1991).

H. Budzikiewicz and E. Busker, Tetrahedron, 36, 255 (1980).

R. E. Doolittle, J. H. Tumlinson and A. Proveaux, Anal. Chem., 57, 1625 (1985).

J. Einhorn, H. Virelizier, A. L. Gemal and J. Tabet, Tetrahedron Lett., 26, 1445 (1985).

B. Munson, T. Feng, H. D. Ward and R. K. Murray jr., Org. Mass Spectrom., 22, 606 (1987).
A. J. V. Ferrer-Correia, K. R. Jennings and D. K. Sen Sharma, J. Chem. Soc., Chem. Commun.,
973 (1975).

R. J. Greathead and K. R. Jennings, Org. Mass Spectrom., 15, 431 (1980).

R. Chai and A. G. Harrison, Anal. Chem., 53, 34 (1981).

T. Keough, Anal. Chem., 54, 2540 (1982).

Hou-Jun Yang, X. Li, Y. Pan and Y. Chen, Org. Mass Spectrom., 27, 1381 (1992).

G. Moneti, G. Pieraccini, F. R. Dani, S. Catinella and P. Traldi, Rapid Commun. Mass Spectrom.,
10, 167 (1996).

D. F. Hunt and T. M. Harvey, Anal. Chem., 47, 2136 (1975).

C. Malosse and J. Einhorn, Anal. Chem., 62, 287 (1990).

J. Einhorn and C. Malosse, Org. Mass Spectrom., 25, 49 (1990).

J. Einhorn, A. Parrilla, C. Malosse and A. Guerrero, Tetrahedron Lett., 33, 231 (1992).

H. Budzikiewicz, B. Schneider, E. Busker, W. Boland and W. Francke, Org. Mass Spectrom.,
22, 458 (1987).

G. J. Bukovits and H. Budzikiewicz, Org. Mass Spectrom., 19, 23 (1984).

A. Brauner, H. Budzikiewicz and W. Francke, Org. Mass Spectrom., 20, 578 (1985).

H. Budzikiewicz, S. Blech and B. Schneider, Org. Mass Spectrom., 26, 1057 (1991).

D. A. Peake and M. L. Gross, Anal. Chem., 57, 115 (1985).

D. A. Peake, S. K. Huang and M. L. Gross, Anal. Chem., 59, 1557 (1987).

D. A. Peake, S. K. Huang and M. L. Gross, Anal. Chem., 59, 1557 (1987).

J. S. Ni and A. G. Harrison, Rapid Commun. Mass Spectrom., 10, 220 (1996).

H. Budzikiewicz, G. Laufenberg and A. Brauner, Org. Mass Spectrom., 20, 65 (1985).

K. B. Tomer, F. W. Crow and M. L. Gross, J. Am. Chem. Soc., 105, 5487 (1985).

M. A. Bambagliotti, S. A. Coran, V. Giannellini, F. F. Vincieri, S. Daolio and P. Traldi, Org.
Mass Spectrom., 19, 577 (1984).

G. Takeuchi, M. Weiss and A. G. Harrison, Anal. Chem., 59, 918 (1987).

W. I. Griffiths, Y. Yang, J. A. Lindgren and J. Sjovall, Rapid Commun. Mass Spectrom., 10, 21
(1996).

J. L. Le Quéré, J. L. Sébédio, R. Henry, F. Couderc, N. Domont and J. C. Promé, J. Chro-
matogr., 562, 659 (1991).

V. G. Voinov, Y. N. Elkin and V. M. Boguslavskiy, Khim. Prir. Soedin, 3, 348 (1987).

V. G. Voinov and Y. N. Elkin, Int. J. Mass Spectrom. Ion Processes, 113, 241 (1992).

V. G. Voinov, V. Boguslavskiy and Y. N. Elkin, Org. Mass Spectrom., 29, 641 (1994).

V. G. Voinov, N. E. Petrachenko, V. E. Dorofeyev, H. Nakamatsu and T. Mukoyama, Int. J.
Mass Spectrom. Ion Processes, 137, 31 (1994).

CWWErFO000



133.
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
150.
151.
152.
153.
154.

155.
156.

157.
158.

159.

160.
161.
162.
163.
164.

165.

166.
167.
168.

169.
170.

171.
172.

173.
174.
175.
176.
177.

178.

2. Mass spectra of double-bonded groups 83

W. A. Brand and T. Baer, J. Am. Chem. Soc., 106, 3154 (1984).

W. Wagner-Redeker and K. Levsen, Org. Mass Spectrom., 16, 538 (1981).

S. E. van Bramer and M. V. Johnston, Org. Mass Spectrom., 27, 949 (1992).

S. E. van Bramer, P. L. Ross and M. V. Johnston, J. Am. Soc. Mass Spectrom., 4, 65 (1993).
W. J. van der Hart, Mass Spectrom. Rev., 8, 237 (1989).

R. E. Tecklenburg and D. H. Russel, Mass Spectrom. Rev., 9, 405 (1990).

R. J. Anderegg, Mass Spectrom. Rev., T, 395 (1988).

F. Schmitquiles, D. Nicole and J. C. Lauer, Analyst, 119, 1731 (1994).

M. C. Caserio, C. L. Fisher and J. K. Kim, J. Org. Chem., 50, 4390 (1985).

G. W. Francis and K. Veland, J. Chromatogr., 219, 379 (1981).

. D. Bhatt, S. Ali and J. V. Prasad, J. Chromatogr., Sci., 31, 113 (1993).

epe, P. Dizabo, J. Dagaut, N. Balcar and M. F. Lauteir, Eur. Mass Spectrom., 1, 209 (1995).
. A. Carlson, C. Roan, R. A. Yost and J. Hector, Anal. Chem., 61, 1564 (1989).

. B. Attygalle, G. N. Jham and J. Meinwald, Anal. Chem., 65, 2528 (1993).

. R. Buser, H. Arn, P. Guerlain and S. Rauscher, Anal. Chem., 55, 818 (1983).

incenti, G. Guglielmetti, G. Cassani and C. Tonini, Anal. Chem., 59, 694 (1987).

Scribe, J. Guezennec, J. Dagaut, C. Pepe and A. Saliot, Anal. Chem., 60, 928 (1988).

Pepe, J. Dagaut, P. Scribe and A. Saliot, Org. Mass Spectrom., 28, 1365 (1993).

. A. Leonhardt and E. D. DeVilbiss, J. Chromatogr., 322, 484 (1985).

H. G. Wahl, S. Habel, N. Schmieder and H.. M. Liebich, J. High Res. Chromat., 17, 543 (1994).
T. Rezanka, Phytochem., 33, 1441 (1993).

S. Schuerch, M. Howald, H. Gfeller and U. P. Schlunegger, Rapid Commun. Mass Spectrom., 8,
248 (1994).

M. Howald, S. Schuerch, H. Gfeller and U. P. Schlunegger, Anal. Methods Instrum., 2, 83 (1995).
K. Ohno, K. Okamura, H. Yamakado, S. Hoshino, T. Takami and M. Yamauchi, J. Phys. Chem.,
99, 14247 (1995).

T. Takami and K. Ohno, J. Chem. Phys., 96, 6523 (1992).

K. Kimura, S. Katsuma, Y. Achiba, T. Yamazaki and S. Iwata, Handbook of He I Photoelectron
Spectra of Fundamental Organic Molecules, Japan Scientific, Tokyo, 1981.

D. A. Rodham, S. Suzuki, R. D. Suenram, F.J. Lovas, S. Dasgupta, W. A. I. Goddard and
G. A. Blake, Nature, 362, 735 (1993).

C. M. Liegener, Chem. Phys., 92, 97 (1985).

K. Somasundram and N. C. Handy, J. Chem. Phys., 84, 2899 (1986).

W. J. van der Hart, Int. J. Mass Spectrom. Ion Processes, 151, 27 (1995).

R. Stockbauer and M. G. Inghram, J. Chem. Phys., 62, 4862 (1975).

R. Bombach, J. Dannacher and J. Stadelmann, Int. J. Mass Spectrom. lon Processes, 58, 217
(1984).

M. Tsuji, H. Kouno, K. Matsumura, T. Funatsu, Y. Nishimura, H. Obase, H. Kugishima and
K. Yoshida, J. Chem. Phys., 98, 2011 (1993).

C. I. M. Beenakker and F. J. de. Heer, Chem. Phys., 7, 130 (1975).

W. B. Martin and R. M. O’Malley, Int. J. Mass Spectrom. Ion Proc., 95, 39 (1989).

J. Berkowitz and B. Ruscic, Photoionization Mass Spectrometric Studies of Free Radicals
(C. Y. Ng, ed.) Vacuum Ultraviolet Photoionization and Photodissociation of Molecules and
Clusters, World Scientific Singapore 1991, pp. 1-41.

J. Berkowitz, G. B. Ellison and D. Gutman, J. Phys. Chem., 98, 2744 (1994).

L. S. Sheng, F. Qi, L. Tao, Y. Zhang, S. Yu, C. Wong and W. Li, Int. J. Mass Spectrom. Ion
Processes, 148, 179 (1995).

S. T. Graul and R. R. Squires, J. Am. Chem. Soc., 112, 1517 (1990).

C. H. DePuy, S. Gronert, S. E. Barlow, V. M. Bierbaum and R. Damrauer, J. Am. Chem. Soc.,
111, 1968 (1989).

S. M. Gordon, G. J. Krige and N. W. Reid, Int. J. Mass Spectrom. Ion Phys., 14, 109 (1974).
G. Hvistendahl and D. H. Williams, J. Chem. Soc., Chem. Commun., 4 (1975).

N. Vial, I. Nenner and R. Botter, J. Chim. Phys., 76, 1083 (1979).

N. Vial, I. Nenner and R. Botter, J. Chim. Phys., 76, 1091 (1979).

E. Ohrendorf, H. Koppel, L. S. Cederbaum, Tarantelli. F. and A. Sgamelloti, J. Chem. Phys., 91,
1734 (1989).

E. Ohrendorf, H. Kopel, L. S. Cederbaum, F. Tarantelli and A. Sgamellotti, J. Electron. Spec-
trosc. Relat. Phenom., 51, 211 (1990).

m>onw
«RWPT

£

@A



84

179.
180.
181.
182.

183.
184.
185.
186.

187.
188.
189.
190.

191.

192.
193.
194.

195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.

206.
207.
208.

209.
210.

211.

212.

213.
214.
215.
216.
217.
218.
219.
220.
221.

222.
223.
224.
225.

Tino Gdumann

B. Brehm, U. Frobe and H. P. Neitzke, Int. J. Mass Spectrom. lon Proc., 57, 91 (1984).
T. Ibuki, T. Imamura, I. Koyano, T. Masuoka and C. E. Brion, J. Chem. Phys., 98, 2908 (1993).
W. J. Griffiths and F. M. Harris, Int. J. Mass Spectrom. Ion Processes, 122, 321 (1992).
W. Koch, G. Frenking, F. Maquin, D. Stahl and H. Schwarz, J. Chem. Soc., Chem. Commun.,
1187 (1984).
Y. Ono, S. H. Linn, W. B. Tzeng and C. Ng, J. Chem. Phys., 80, 1482 (1984).
U. Buck, C. Lauenstein, H. Meyer and R. Sroka, J. Phys. Chem., 92, 1916 (1988).
F. W. Rollgen and H. D. Beckey, Z. Naturforsch., 29a, 230 (1974).
S. T. Ceyer, P. W. Tiedemann, C. Ng, B. H. Mahan and Y. T. Lee, J. Chem. Phys., 70, 2138
(1979).
W. B. Tzeng, Y. Ono, S. H. Linn and C. Ng, J. Chem. Phys., 83, 2813 (1985).
L. W. Sieck, S. K. Searles, R. E. Rebbert and P. Ausloos, J. Phys. Chem., 74, 3829 (1970).
J. A. Booze, T. N. Feinberg, J. W. Keister and T. Baer, J. Chem. Phys., 100, 4294 (1994).
G. G. Meisels, G. M. L. Verboom, M. J. Weiss and T. C. Hsieh, J. Am. Chem. Soc., 101, 7189
(1979).
M. T. Coolbaugh, G. Vaidyanathan, W. R. Pfeifer and J. F. Garvey, J. Phys. Chem., 95, 8337
(1991).
R. D. Doepker and P. Ausloos, J. Chem. Phys., 43, 3814 (1965).
S. G. Lias and P. Ausloos, J. Res. NBS. A. Chem. Phys., T5A, 591 (1971).
L. W. Sieck, S. G. Lias, L. Hellner and P. Ausloos, J. Res. NBS. A. Phys. Chem., T6A, 115
(1972).
P. Jungwirth, P. Céarsky and T. Bally, J. Am. Chem. Soc., 115, 5776 (1993).
P. Jungwirth and T. Bally, J. Am. Chem. Soc., 115, 5783 (1993).
S. Wexler and R. Marshall, J. Am. Chem. Soc., 86, 781 (1964).
J. J. Myher and A. G. Harrison, Can. J. Chem., 46, 101 (1968).
T. O. Tiernan and J. H. Futrell, J. Phys. Chem., 72, 3080 (1968).
J. M. S. Henis, J. Chem. Phys., 52, 282 (1970).
. W. Sieck and P. Ausloos, J. Res. NBS. A. Phys. Chem., T6A, 253 (1972).
. T. Huntress Jr., J. Chem. Phys., 56, 5111 (1972).
. K. Kim, V. G. Anicich and W. T. Huntress jr., J. Phys. Chem., 81, 1798 (1977).
. C. Dunbar, J. Shen and G. A. Olah, J. Chem. Phys., 56, 3794 (1972).
. Hansel, R. Richter, W. Lindinger and E. E. Ferguson, Int. J. Mass Spectrom. Ion Processes,
4, 251 (1989).
. F. Jarrold, N. J. Kirchner, S. Liu and M. Bowers, J. Phys. Chem., 90, 78 (1986).
. R. Cao, M. George and J. L. Holmes, Org. Mass Specrom., 26, 481 (1991).
. J. McAdoo, M. S. Ahmed, C. E. Hudson and C. S. Giam, Int. J. Mass Spectrom. lon Phys.,
00, 579 (1990).
. N. Shin, K. W. Jung and K. Jung, J. Am. Chem. Soc., 114, 6926 (1992).
. J. Choi, K. W. Jung, W. K. Kang, D. Y. Youn, K. Jung and D. Kim, Org. Mass Spectrom.,
28, 931 (1993).
R. M. O’'Malley, K. R. Jennings, M. T. Bowers and V. G. Anicich, Int. J. Mass Spectrom. Ion
Phys., 11, 89 (1973).
V. G. Anicich, M. T. Bowers, R. M. O’Malley and K. R. Jennings, Int. J. Mass Spectrom. Ion
Phys., 11, 99 (1973).
G. Anicich and M. T. Bowers, Int. J. Mass Spectrom. lon Phys., 11, 329 (1973).
G. Anicich and M. T. Bowers, Int. J. Mass Spectrom. Ion Phys., 12, 231 (1973).
G. Anicich and M. T. Bowers, Int. J. Mass Spectrom. lon Phys., 13, 351 (1974).
G. Anicich and M. T. Bowers, Int. J. Mass Spectrom. lon Phys., 13, 359 (1974).
Su, A. C. L. Su, A. A. Viggiano and J. F. Paulson, J. Phys. Chem., 91, 3683 (1987).
Fiaux, D. L. Smith and J. H. Futrell, Int. J. Mass Spectrom. lon Phys., 15, 9 (1974).
Fiaux, D. L. Smith and J. H. Futrell, Int. J. Mass Spectrom. Ion Phys., 25, 281 (1977).
N. Abernathy and F. W. Lampe, Int. J. Mass Spectr. Ion Phys., 41, 7 (1981).
A. Morris, E. R. Brown, A. A. Viggiano, J. M. v. Doren, J. F. Paulson and V. Motevally, Int.
. Mass Spectrom. Ion Processes, 121, 95 (1992).
. Stanney, J. M. Tedder and A. L. Mitchell, J. Chem. Soc., Perkin Trans. 2, 1383 (1986).
. A. Herman, K. Herman and T. B. McMahon, Can. J. Chem., 69, 2038 (1991).
. Samy El-Shall and K. E. Schriver, J. Chem. Phys., 95, 3001 (1991).
. P. Gable, T. N. Phan and D. Griffin, Org. Mass Spectrom., 28, 397 (1993).

OU”U“‘Z@CDW‘QI_‘

REfAsEEsrocdcs



226.
2217.
228.
229.

230.
231.
232.
233.
234.
235.
236.
237.
238.
239.

240.
241.
242.

243.
244.
245.

246.
247.
248.

249.
250.

251.

252.
253.
254.
255.
256.
257.
258.
259.

260.
261.
262.
263.

264.

265.
266.

267.
268.
269.

270.
271.

2. Mass spectra of double-bonded groups 85

S. J. Yu, C. Holliman, D. L. Rempel and M. L. Gross, J. Am. Chem. Soc., 115, 9676 (1993).
T. Bally, K. Roth and R. Straub, J. Am. Chem. Soc., 110, 1639 (1988).

N. Heinrich, W. Koch, J. C. Morrow and H. Schwarz, J. Am. Chem. Soc., 110, 6332 (1988).
M. Tsuji, K. Matsumura, T. Funatsu, Y. Nishimura and H. Obase, Int. J. Mass Spectrom. Ion
Processes, 135, 165 (1994).

D. C. Parent, Int. J. Mass Spectrom. Ion Processes, 138, 307 (1994).

J. Glosik, P. Zakouril and W. Lindinger, Int. J. Mass Spectrom. lon Processes, 145, 155 (1995).
L. M. Duffy, J. W. Keister and T. Baer, J. Phys. Chem., 99, 17862 (1995).

B. J. Millard and D. F. Shaw, J. Chem. Soc. (B), 664 (1966).

. L. Gross and C. L. Wilkins, Anal. Chem., 43, 1624 (1971).

. L. Gross, P. H. Lin and S. J. Franklin, Anal. Chem., 44, 974 (1972).

Koyano, Y. Suzuki and 1. Tanaka, J. Chem. Phys., 59, 101 (1973).

J. M. S. Henis, J. Chem. Phys., 52, 292 (1970).

R. D. Bowen and D. H. Williams, Org. Mass Spectrom., 12, 453 (1977).

T. Gdumann, in The Chemistry of Alkanes and Cycloalkanes (Eds. S. Patai and Z. Rappoport),
Wiley, Chichester, 1992, pp. 395-454.

T. Nishishita and F. W. McLafferty, Org. Mass Spectrom., 12, 75 (1977).

K. Levsen and J. Heimbrecht, Org. Mass Spectrom., 12, 131 (1977).

E. F. van Dishoeck, P. N. T. van Velzen and W. J. van der Hart, Chem. Phys. Lett., 62, 135
(1979).

P. N. T. van Velzen and W. J. van der Hart, J. Chem. Phys., 61, 335 (1981).

J. A. Herman, A. Podgorski and P. J. Lalonde, Int. J. Mass Spectrom. Ion Phys., 44, 183 (1982).
L. A. Eriksson, L. Sjoqvist, S. Lunell, M. Shiotani, M. Usui and A. Lund, J. Am. Chem. Soc.,
115, 3244 (1993).

D. L. Miller and M. L. Gross, Org. Mass Spectrom., 18, 239 (1983).

G. Sozzi, H. E. Audier and A. Milliet, Bull. Soc. Chim. France, 11, 292 (1984).

D. Harnish, J. L. Holmes, F. P. Lossing, A. A. Mommers, A. Maccoll and M. N. Mruzek, Org.
Mass Spectrom., 25, 381 (1990).

S. Ingemann and N. M. M. Nibbering, Org. Mass Spectrom., 20, 314 (1985).

T. Vulpius, S. Hammerum, M. Bensimon, R. Houriet, S. Ingemann and N. M. M. Nibbering,
Adv. Mass Spectrom., 10, 785 (1986).

M. Bensimon, J. Rapin and T. Gidumann, Int. J. Mass Spectrom. and Ion Processes, 72, 125
(1986).

L. Usypchuk, A. G. Harrison and J. Y. Wang, Org. Mass Spectrom., 27, 777 (1992).

. L. Vollmer and M. L. Gross, Org. Mass Spectrom., 28, 185 (1993).

. Stefani, Org. Mass Spectrom., 7, 17 (1973).

. Houriet and T. Gdumann, Helv. Chim. Acta, 59, 107 (1976).

. Parisod and T. Gdumann, Adv. Mass Spectrom., 7, 1402 (1978).

. M. Falick, P. Tecon and T. Giumann, Org. Mass Spectrom., 11, 409 (1976).

. G. Harrison and Y. Li, Adv. Mass Spectrom., 8A, 207 (1980).

J. Carlos Antunes Marques, D. Stahl and T. Gdumann, Int. J. Mass Spectrom Ion Phys., 47, 101
(1983).

A. M. Falick and T. Gdumann, Helv. Chim. Acta, 59, 987 (1976).

P. Tecon, D. Stahl and T. Gdumann, Int. J. Mass Spectrom. lon Phys., 27, 83 (1978).

P. Tecon, D. Stahl and T. Gdumann, Int. J. Mass Spectrom. Ion Phys., 29, 363 (1979).

A. M. Falick, T. Gdumann, A. Heusler, H. Hirota, D. Stahl and P. Tecon, Org. Mass Spectrom.,
15, 440 (1980).

A. M. Falick, P. Tecon and T. Gdumann, 28th Ann. Conf. Mass Spectrom. Allied Topics, Am.
Soc. Mass Spectrum, Santa Fe 215 (1980).

P. Tecon, D. Stahl and T. Gdumann, Adv. Mass Spectrom., 8A, 843 (1980).

J. Carlos Antunes Marques, A. Falick, A. Heusler, D. Stahl, P. Tecon and T. Gédumann, Helv.
Chim. Acta, 67, 425 (1984).

P. Tecon, D. Stahl and T. Gdumann, Int. J. Mass Spectrom. Ion Phys., 28, 267 (1978).

M. Bensimon, T. Gdumann and J. Rapin, Adv. Mass Spectrom., 10B, 977 (1986).

J. A. Herman, Y. Li, M. S. Lin and A. G. Harrison, Int. J. Mass Spectrom. Ion Phys., 66, 75
(1985).

R. L. Betts, M. A. Park and E. A. Schweikert, J. Mass Spectrom., 30, 305 (1995).

M. T. Bowers, D. H. Aue and D. D. Elleman, J. Am. Chem. Soc., 94, 4255 (1972).

M
M
I

>rQmP UL



86

272.
273.
274.
2175.
276.
271.
278.
279.
280.

281.
282.

283.
284.

285.
286.
287.

288.

289.
290.
291.
292.
293.
294.
295.

296.
297.
298.
299.
300.
301.
302.
303.
304.

305.
306.

307.
308.

309.
310.
311.
312.
313.
314.
315.

316.

Tino Gdumann

M. L. Gross and F. W. McLafferty, J. Am. Chem. Soc., 93, 1267 (1971).

L. Wayne Sieck, P. Gordon jr. and P. Ausloos, J. Am. Chem. Soc., 94, 7157 (1972).

M. P. Barbalas, F. TureCek and F. W. McLafferty, Org. Mass Spectrom., 17, 595 (1882).

A. Maccoll and D. Mathur, Org. Mass Spectrom., 15, 483 (1980).

M. L. Gross, J. Am. Chem. Soc., 94, 3744 (1972).

T. M. Sack, R. L. Cerny and M. L. Gross, J. Am. Chem. Soc., 107, 4562 (1985).

S. G. Lias and T. J. Buckley, Int. J. Mass Spectrom. lon Processes, 56, 123 (1984).

R. D. Rusli and H. Schwarz, Chem. Ber., 123, 535 (1990).

P. Mourgues, D. Leblanc, H. E. Audier and S. Hammerum, Int. J. Mass Spectrom. Ion Processes,
113, 105 (1992).

F. W. McLafferty, M. P. Barbalas and F. Turecek, J. Am. Chem. Soc., 105, 1 (1983).

D. J. McAdoo, G. H. Zhao, M. S. Ahmed, C. E. Hudson and C. S. Giam, Org. Mass Spectrom.,
29, 428 (1994).

R. D. Bowen, A. W. Colburn and P. J. Derrick, J. Am. Chem. Soc., 113, 1132 (1991).

J. L. Holmes, J. K. Terlouw, P. C. Burgers and R. T. B. Rye, Org. Mass Spectrom., 15, 149
(1980).

M. L. Gross and P. Lin, Org. Mass Spectrom., 7, 795 (1973).

J. L. Holmes and J. K. Terlouw, Org. Mass Spectrom., 10, 787 (1975).

R. D. Bowen, M. P. Barbalas, F. P. Pagano, P. J. Todd and F. W. McLafferty, Org. Mass Spec-
trom., 15, 51 (1980).

A. Magquestiau, Y. van Haverbeke, R. Flammang, C. de Meyer and A. Menu, Org. Mass Spec-
trom., 12, 706 (1977).

W. B. Tzeng, Y. Ono, S. H. Linn and C. Ng, J. Chem. Phys., 83, 2803 (1985).

E. Haselbach, Chem. Phys. Lett., 7, 428 (1970).

J. R. Collins and G. A. Gallup, J. Am. Chem. Soc., 104, 1530 (1982).

P. Du, D. A. Hrovat and W. T. Borden, J. Am. Chem. Soc., 110, 3405 (1983).

A. Skancke, J. Phys. Chem., 99, 13886 (1995).

K. R. Laderoute and A. G. Harrison, Org. Mass Spectrom., 20, 624 (1985).

F. Borchers, K. Levsen, H. Schwarz, C. Wesdemiotis and R Wolfschiitz, J. Am. Chem. Soc., 99,
1716 (1977).

P. Wolkoff and J. L. Holmes, Can. J. Chem., 57, 348 (1979).

P. J. Derrick, A. M. Falick and A. L. Burlingame, J. Am. Chem. Soc., 94, 6794 (1972).

R. J. Cave and J. L. Johnson, J. Phys. Chem., 96, 5332 (1992).

J. M. Curtis, A. G. Brenton, J. H. Beynon and R. K. Boyd, Org. Mass Spectrom., 22, 779 (1987).
J. J. Brophy and A. Maccoll, Org. Mass Spectrom., 27, 1042 (1992).

R. C. Dunbar and H. Y. So, J. Am. Chem. Soc., 110, 2726 (1988).

J. D. Faulk and R. C. Dunbar, J. Phys. Chem., 94, 2324 (1990).

J. Stocklov, K. Levsen and G. J. Shaw, Org. Mass Spectrom., 18, 444 (1983).

F. Borchers, K. Levsen, H. Schwarz, C. Wesdemiotis and H. U. Winkler, J. Am. Chem. Soc., 99,
6359 (1977).

K. Levsen, Org. Mass Spectrom., 10, 55 (1975).

T. Gdumann, D. Stahl and P. Tecon, Proc. ASMS Conference, Am. Soc. Mass Spectrum Seattle
(1978).

J. R. Appling, K. M. Musier and T. F. Moran, Org. Mass Spectrom., 19, 412 (1984).

R. E. March, J. G. Macmillan and A. B. Young, Int. J. Mass Spectrom. lon Processes, 82, 177
(1988).

S. R. Andrews, D. E. Parry, M. Vairamani and F. M. Harris, J. Chem. Soc., Faraday Trans., 88,
3403 (1992).

S. R. Andrews, D. E. Parry and F. M. Harris, J. Chem. Soc., Faraday Trans., 91, 1181 (1995).

N. L. Bosma, A. B. Young and A. G. Harrison, Can. J. Appl. Spectrosc., 39, 91 (1994).

A. L. C. Smit and F. H. Field, J. Am. Chem. Soc., 99, 6471 (1977).

Chwan-Young Juang and J. S. Chao, J. Phys. Chem., 98, 13506 (1994).

S. P. de Visser, L. J. de Koning, W. J. van der Hart and N. M. M. Nibbering, Recl. Trav. Chim.
Pays-Bas, 114, 267 (1995).

M. S. Robinson, M. L. Polak, V. M. Bierbaum, C. H. DePuy and W. C. Lineberger, J. Am.
Chem. Soc., 117, 6766 (1995).

A.J. Bell, C. J. Hayhurst, C. A. Mayhew and P. Watts, Int. J. Mass Spectrom. lon Processes,
140, 133 (1994).



317.
318.

319.

320.
321.
322.
323.
324.
325.

326.
327.
328.
329.
330.

331.

332.
333.
334.
33s.
336.
337.
338.
339.
340.
341.
342.
343.
344.
345.
346.
347.

348.
349.
350.
351.
352.
353.
354.
355.
356.
357.
358.
359.
360.
361.
362.
363.
364.
365.
366.
367.
368.

2. Mass spectra of double-bonded groups 87

C. Wesdemiotis and R. Feng, Org. Mass Spectrom., 23, 416 (1988).

S. Ehart Bell, R. G. Ewing, G. A. Eiciman and Z. Karpas, J. Am. Soc. Mass Spectrom., 5, 177
(1994).

S. Ehart Bell, R. G. Ewing, G. A. Eiciman and Z. Karpas, J. Am. Soc. Mass Spectrom., 5, 1026
(1994).

K. Nagase and J. A. Herman, J. Phys. Chem., 88, 1368 (1984).

M. Vairamani, Org. Mass Spectrom., 25, 271 (1990).

G. Bouchoux and F. Penaud-Berruyer, Org. Mass Spectrom., 28, 271 (1993).

G. Bouchoux and F. Penaud-Berruyer, Org. Mass Spectrom., 29, 366 (1994).

L. J. Chyall, M. H. C. Byrd and H. I. Kenttimaa, J. Am. Chem. Soc., 116, 10767-10772 (1994).
M. W. van Amsterdam, P. O. Staneke, S. Ingemann and N. M. M. Nibbering, Org. Mass Spec-
trom., 28, 919 (1993).

J. J. Stry and J. F. Garvey, J. Phys. Chem., 98, 8289 (1994).

J. Sun, H. Griitzmacher and C. Lifshitz, Int. J. Mass Spectrom. lon Processes, 138, 49 (1994).
J. L. Holmes, P. C. Burgers and M. Y. A. Mollah, Org. Mass Spectrom., 17, 127 (1982).

S. Hammerum, K. F. Donchi and P. J. Derrick, Int. J. Mass Spectrom. Ion Phys., 47, 347 (1983).
R. Wolfschiitz, W. Franke, N. Heinrich, H. Schwarz, W. Blum and W. J. Richter, Z. Naturforsch.,
37b, 1169 (1982).

F. W. McLafferty, D. J. McAdoo, J. S. Smith and R. Kornfeld, J. Am. Chem. Soc., 93, 3720
(1971).

G. Bouchoux, Trends Org. Chem., 4, 161 (1993).

W. Depke, C. Lifshitz, H. Schwarz and E. Tzidony, Angew. Chem., Int. Ed. Engl., 20, 792 (1981).
R. C. Heyer and M. E. Russell, Org. Mass Spectrom., 16, 236 (1981).

C. Lifshitz, Int. J. Mass Spectrom. Ion Phys., 43, 179 (1982).

J. D. Rynbrandt and B. S. Rabinovitch, J. Chem. Phys., 54, 2275 (1971).

J. D. Rynbrandt and B. S. Rabinovitch, J. Phys. Chem., 75, 2164 (1971).

R. A. Coveleskie, D. A. Dolson and C. S. Parmenter, J. Chem. Phys., 72, 5774 (1980).

J. D. Rynbrandt and B. S. Rabinovitch, J. Phys. Chem., 74, 4175 (1970).

J. Hrusdk and M. Tkaczyk, Org. Mass Spectrom., 24, 989 (1989).

J. Hru$ak and M. Tkaczyk, Org. Mass Specrom., 25, 214 (1990).

G. Bouchoux, Mass Spectrom. Rev., 7, 1 (1988).

G. Bouchoux and Y. Hoppilliard, Int. J. Mass Spectrom. lon Phys., 43, 63 (1982).

J. L. Holmes, Org. Mass Spectrom., 20, 169 (1985).

D. J. McAdoo, F. W. McLafferty and J. S. Smith, J. Am. Chem. Soc., 92, 6343 (1970).

F. Tureek and F. W. McLafferty, J. Am. Chem. Soc., 106, 2525 (1984).

C. Lifshitz, E. Tzidony, D. T. Terwillinger and C. E. Hudson, Adv. Mass Spectrom., 8, 859
(1980).

J. H. Beynon, R. M. Caprioli and R. G. Cooks, Org. Mass Spectrom., 9, 1 (1974).

C. E. Hudson and D. J. McAdoo, Int. J. Mass Spectrom. Ion Processes, 59, 325 (1984).

D. J. McAdoo and D. N. Witiak, J. Chem. Soc., Perkin Trans. 2, 770 (1981).

R. B. Cody and B. S. Freiser, Int. J. Mass Spectrom. lon Phys., 41, 199 (1982).

J. C. Traeger, C. E. Hudson and D. J. McAdoo, J. Phys. Chem., 92, 1519 (1988).

T. H. Osterheld and J. I. Brauman, J. Am. Chem. Soc., 115, 10311 (1993).

J. L. Holmes and F. P. Lossing, J. Am. Chem. Soc., 104, 2648 (1982).

N. Heinrich, F. Louage, C. Lifshitz and H. Schwarz, J. Am. Chem. Soc., 110, 8183 (1988).

T. H. Osterheld and J. I. Brauman, J. Am. Chem. Soc., 114, 7158 (1992).

C. Lifshitz and E. Tzidony, Int. J. Mass Spectrom. Ion Phys., 39, 181 (1981).

C. Lifshitz, J. Phys. Chem., 87, 2304 (1983).

D. J. McAdoo and T. H. Morton, Acc. Chem. Res., 26, 295 (1993).

M. Iraqi, C. Lifshitz and B. G. Reuben, J. Phys. Chem., 95, 7742 (1991).

C. S. T. Cant, C. J. Danby and J. H. D. Eland, J. Chem. Soc., Faraday Trans. 2,71, 1015 (1975).
I. Powis and C. J. Danby, Int. J. Mass Spectrom. lon Phys., 32, 27 (1979).

M. Mintz and T. Baer, Int. J. Mass Spectrom. lon Phys., 25, 39 (1977).

Johnson, I. Powis and C. J. Danby, Chem. Phys., 63, 1 (1981).

R. Bombach, J. Stadelmann and J. Vogt, Chem. Phys., 72, 259 (1982).

J. P. Stadelmann, Chem. Phys. Lett., 89, 174 (1982).

K. Levsen, Fundamental Aspects of Mass Spectrometry Verlag Chemie, Weinheim, 1978, .

R. H. Nobes, W. J. Bouma and L. Radom, J. Am. Chem. Soc., 105, 309 (1983).

D.
K.



88

369.

370.
371.

372.
373.
374.
375.

376.
371.

378.

379.

380.
381.
382.

383.

384.
385.
386.
387.
388.
389.
390.
391.
392.
393.
394.
39s.
396.
397.
398.
399.
400.

401.
402.

403.
404.
405.
406.
407.
408.
409.
410.
411.
412.
413.
414.
415.

Tino Gdumann

A. K. Shukla, S. G. Anderson, S. L. Howard, K. W. Sohlberg and J. H. Futrell, Int. J. Mass
Spectrom. Ion Processes, 86, 61 (1988).
K. Qian, A. Shukla, S. Howard, S. Anderson and J. Futrell, J. Phys. Chem., 93, 3889 (1989).
A. K. Shukla, K. Qian, S. L. Howard, S. G. Anderson, K. W. Sohlberg and J. H. Futrell, Int. J.
Mass Spectrom. Ion Processes, 92, 147 (1989).
K. Qian, A. Shukla and J. Futrell, J. Chem. Phys., 92, 5988 (1990).
A. K. Shukla, K. Qian, S. Anderson and J. H. Futrell, J. Am. Soc. Mass Spectrom., 1, 6 (1990).
K. Qian, A. Shukla and J. Futrell, Chem. Phys. Lett., 175, 51 (1990).
S. Fenistein, J. Futrell, M. Heninger, R. Marx, G. Mauclaire and Yang. Y. M., Chem. Phys. Lett.,
179, 125 (1991).
R. I. Martinez and B. Ganguli, J. Am. Soc. Mass Spectrom., 3, 427 (1992).
N. Correia, A. Naves de Brito, M. P. Keane, L. Karlsson, S. Svenson, C. M. Liegener, A. Cesar
and H. Agren, J. Chem. Phys., 95, 5187 (1991).
W. J. Griffiths, A. N. de Brito, N. Correia, J. C. Severs and F. M. Harris, Int. J. Mass Spectrom.
Ion Processes, 134, 197 (1994).
J. C. Severs, F. M. Harris and W. J. Griffiths, Int. J. Mass Spectrom. Ion Processes, 139, 163
(1994).
F. Arnold and G. Knop, Int. J. Mass Spectrom. Ion Processes, 81, 33 (1987).
E. Arjis, D. Nevejans and J. Ingels, Int. J. Mass Spectrom. Ion Processes, 81, 15 (1987).
A. Sturaro, G. Parvoli, L. Doretti, C. Bancomina and C. Neonato, Org. Mass Spectrom., 29, 575
(1994).
S. V. Cherepitsa, S. V. Korol and A. L. Mazanik, Doklady Akademii Nauk Belarusi, 37, 50
(1993).
M. Iraqi, M. Peres, A. Petrank and C. Lifshitz, Rapid Commun. Mass Spectrom., 4, 323 (1990).
Y. Hoshika, Y. Nikei and G. Muto, Bunseki Kagaku, 44, 1055 (1995).
K. D. Jordan and P. D. Burrow, Acc. Chem. Res., 11, 341 (1978).
C. Lifshitz, R. L. C. Wu and T. O. Tiernan, J. Am. Chem. Soc., 100, 2040 (1978).
W. Tumas, R. F. Foster, M. J. Pellerite and J. I. Brauman, J. Am. Chem. Soc., 105, 7464 (1983).
W. Tumas, R. F. Foster and J. I. Brauman, J. Am. Chem. Soc., 106, 4053 (1984).
W. Tumas, R. F. Foster and J. I. Brauman, Isr. J. Chem., 24, 223 (1984).
W. Tumas, R. F. Foster, M. J. Pellerite and J. I. Brauman, J. Am. Chem. Soc., 109, 961 (1987).
E. Rinden, M. M. Maricq and J. J. Grabowski, J. Am. Chem. Soc., 111, 1203 (1989).
W. N. Olmstead and J. I. Brauman, J. Mass Spectrom., 30, 1653 (1995).
G. Klass and J. H. Bowie, Aust. J. Chem., 33, 2271 (1980).
J. C. Sheldon, Aust. J. Chem., 34, 1189 (1981).
G. Klass, J. C. Sheldon and J. H. Bowie, Aust. J. Chem., 35, 2471 (1982).
G. Bouchoux and Y. Hoppilliard, Tetrahedron Lett., 28, 4537 (1987).
G. W. Haas and M. L. Gross, J. Am. Soc. Mass Spectrom., 7, 82 (1996).
R. Koppe and P. H. Kasai, J. Phys. Chem., 98, 12904 (1994).
P. O. Stanecke, Electron Transfer Induced lon/Molecule Reactions in the Gas Phase, Thesis,
University of Amsterdam, Amsterdam, 1995.
R. D. Bowen, J. R. Kalman and D. H. Williams, J. Am. Chem. Soc., 99, 5481 (1977).
R. D. Bowen, D. H. Williams, G. Hvistendahl and J. R. Kalman, Org. Mass Spectrom., 13, 721
)-
. McLafferty and I. Sakai, Org. Mass Spectrom., 7, 971 (1973).
. Harrison, T. Gdumann and D. Stahl, Org. Mass Spectrom., 18, 517 (1983).
J A. Curtis and A. G. Harrison, J. Am. Soc. Mass Spectrom., 1, 301 (1990).
sang and A. G. Harrison, Org. Mass Spectrom., 7, 1377 (1973).
sang and A. G. Harrison, Org. Mass Spectrom., 5, 877 (1971).
H Imes, R. T. B. Rye and J. K. Terlouw, Org. Mass Spectrom., 14, 606 (1979).
Bowen and A. G. Harrison, Org. Mass Spectrom., 16, 159 (1981).
and H. 1. Kenttdmaa, J. Phys. Org. Chem., 5, 201 (1992).
McAdoo and C. E. Hudson, Int. J. Mass Spectrom. lon Processes, 88, 133 (1989).
. Bowen, D. Suh and J. K. Terlouw, Eur. Mass Spectrom., 1, 33 (1995).
aykut, C. H. Watson, R. R. Weller and J. R. Eyler, J. Am. Chem. Soc., 107, 8036 (1985).
W M. Trott, N. C. Blais and E. A. Walters, J. Chem. Phys., 69, 3150 (1978).
J. A. Hunter, C. A. F. Johnson, I. J. M. McGill, J. E. Parker and G. P. Smith, J. Chem. Soc.,
Faraday Trans. 2, 83, 2025 (1987).

o
oé;

QRUTEI—=QQNL T
“ss
=

wUHl‘O



416.
417.
418.
419.
420.

421.
422.
423.
424.
425.
426.
427.
428.
429.
430.
431.
432.

433.

434.
435.
436.

437.

438.
439.
440.
441.
442.
443.
444.
445.

446.
447.

448.

449.
450.
451.
452.
453.
454.
455.
456.
457.
458.
459.

460.
461.
462.

463.

2. Mass spectra of double-bonded groups 89

. C. Dunbar, J. Chem. Phys., 90, 7369 (1989).

. C. Dunbar, J. Am. Chem. Soc., 95, 472 (1973).

. Kofel and T. B. McMahon, J. Phys. Chem., 92, 6174 (1988).

. Kofel, University of Berne, Switzerland, Personal communication.

. E. C. A. Hop, T. B. McMahon and G. D. Willett, Int. J. Mass Spectrom. lon Processes, 101,
91 (1990).

. J. Fisher and T. B. McMahon, Int. J. Mass Spectrom. Ion Processes, 100, 701 (1990).
Yamabe, T. Minato and K. Hirao, Can. J. Chem., 61, 2827 (1983).

K. Lau, P. S. Saluja and P. Kebarle, J. Am. Chem. Soc., 102, 7429 (1980).

Hiraoka and H. Takimoto, J. Phys. Chem., 90, 5910 (1986).

Meot-Ner (Mautner), J. Am. Chem. Soc., 114, 3312 (1992).

. Y. Feng, M. Goldenberg and C. Lifshitz, J. Am. Soc. Mass Spectrom., 5, 695 (1994).

. H. Weddle and R. C. Dunbar, Int. J. Mass Spectrom. lon Processes, 134, 73 (1994).

. A. G. MacNeil and J. H. Futrell, J. Phys. Chem., 76, 409 (1972).
Lu
R

—QUoRIF

—
— =

AL

=

czynski and H. O. Wincel, Int. J. Mass Spectrom. lon Phys., 23, 37 (1977).

Stace and A. K. Shukla, J. Phys. Chem., 86, 865 (1982).

W. B. Tzeng, S. Wei and A. W. Castleman jr., J. Am. Chem. Soc., 111, 6035 (1989).

A. W. Castleman Jr., W. B. Tzeng, S. Wei and S. Morgan, J. Chem. Soc., Faraday Trans., 86,
2417 (1990).

S. G. Whitney, M. T. Coolbaugh, G. Vaidyanathan and J. F. Garvey, J. Phys. Chem., 95, 9625
(1991).

J. R. Eyler, P. Ausloos and S. G. Lias, J. Am. Chem. Soc., 96, 3673 (1974).

F. W. Rollgen, K. Levsen and H. D. Beckey, Org. Mass Spectrom., 10, 737 (1975).

A. Maquestiau, C. Jortay, D. Beugnies, R. Flammang, R. Houriet, E. Rolli and G. Bouchoux,
Int. J. Mass Spectrom. Ion Processes, 82, (1988).

R. L. Smith, R. L. Franklin, K. M. Stirk and H. I. Kenttimaa, J. Am. Chem. Soc., 115, 10348
(1993).

A. G. Harrison, Chemical Ionization Mass Spectrometry, CRC Press, Boca Raton, FL, 1992.

A. G. Harrison, J. Chim. Phys. Phys.-Chim. Biol., 90, 1411 (1993).

J. B. Westmore and M. M. Alauddin, Mass Spectrom. Rev., 5, 381 (1986).

A. Maquestiau, R. Flammang and L. Nielsen, Org. Mass Spectrom., 15, 376 (1980).

W. J. Richter and H. Schwarz, Angew. Chem., Int. Ed. Engl., 17, 424 (1978).

R. Graham Cooks and T. L. Kruger, J. Am. Chem. Soc., 99, 1279 (1977).

W. B. Tzeng, Wei. S. and A. W. Castleman jr., Chem. Phys. Lett., 166, 343 (1990).

W. B. Tzeng, S. Wei, D. W. Neyer, R. G. Keesee and A. W. Castleman jr., J. Am. Chem. Soc.,
112, 4097 (1990).

X. Li and A. G. Harrison, J. Am. Chem. Soc., 115, 6327 (1993).

R. Graham Cooks, J. H. Beynon, R. M. Caprioli and G. R Lester, Metastable Ions, Elsevier,
Amsterdam, 1973.

B. L. M. van Baar, J. K. Terlouw, S. Akkok, W. Zummack, T. Weiske and H. Schwarz, Chimia,
42, 226 (1988).

K. M. Stirk and H. I. Kenttimaa, Org Mass Spectrom., 27, 1153 (1992).

C. Dass and M. L. Gross, Org. Mass Spectrom., 25, 24 (1990).

K. G. Stirk and H. I. Kenttdmaa, J. Am. Chem. Soc., 113, 5880 (1991).

G. Wang, Y. Sha, Z. Xu and J. Pan, Anal. Chem., 57, 2283 (1985).

J. Ronald Hass, W. B. Nixon and M. M. Bursey, Anal. Chem., 49, 1071 (1977).

M. Vairamani, M. Saraswathi and K. V. S. Kumar, Org. Mass Spectrom., 27, 27 (1992).

M. Vairamani and K. V. Siva Kumar, Org. Mass Spectrom., 28, 689 (1993).

M. Vairamani, Org. Mass Spectrom., 28, 1498 (1993).

M. Vairamani, M. S. Rajeev and G. K. V. Rao, Org. Mass Spectrom., 27, 57 (1992).

M. Vairamani, K. V. S. Kumar and G. K. V. Rao, Indian J. Chem., B31, 9 (1992).

P. Vainiotalo, S. Kettunen, K. Pihlaja and D. G. Morris, Rapid Commun. Mass Spectrom., 8, 876
(1994).

P. L. Lehtela, R. Smolander and P. Vainiotalo, Org. Mass Spectrom., 29, 647 (1994).

A. Leinonen and P. Vainiotalo, Org. Mass Spectrom., 29, 295 (1994).

T. Partanen, M. Pykalainen, H. Hulkkonen, O. Savolainen and P. Vainiotalo, J. Chem. Soc.,
Perkin Trans. 2, 1743 (1994).

A. G. Harrison and K. R. Jennings, J. Chem. Soc., Faraday Trans. 1, 72, 1601 (1976).

>NRQ



90

464.
465.
466.
467.
468.
469.
470.
471.
472.
473.
474.
475.
476.

477.
478.
479.
480.

481.
482.
483.
484.
485.
486.
487.
488.
489.
490.
491.

492.
493.
494.

495.
496.
497.
498.

499.
500.
501.

502.
503.
504.
505.
506.

507.
508.

509.
510.
511.

512.

Tino Gdumann

T. Siirig and H. Griitzmacher, Org. Mass Spectrom., 25, 446 (1990).

A. Marshall, M. Tkaczyk and A. G. Harrison, J. Am. Soc. Mass Spectrom., 2, 292 (1991).

A. N. H. Yeo and D. H. Williams, J. Am. Chem. Soc., 91, 3582 (1969).

W. Carpenter, A. M. Duffield and C. Djerassi, J. Am. Chem. Soc., 90, 160 (1968).

R. Graham Cooks, A. N. H. Yeo and D. H. Williams, Org. Mass Spectrom., 2, 985 (1969).

G. Bouchoux and Y. Hoppilliard, Can. J. Chem., 60, 2107 (1982).

A. Maccoll, Org. Mass Spectrom., 16, 297 (1981).

J. A. Abbatt and A. G. Harrison, Org. Mass Spectrom., 21, 557 (1986).

P. Longevialle and R. Botter, J. Chem. Soc., Chem. Commun., 823 (1980).

P. Longevialle and R. Botter, Int. J. Mass Spectrom. lon Phys., 47, 179 (1983).

P. Longevialle and R. Botter, Org. Mass Spectrom., 18, 1 (1983).

P. Longevialle, Mass Spectrom. Rev., 11, 157 (1992).

P. Longevialle, Proc. 13th Int. Mass Spectrom. Conf., Budapest, 1993,, Wiley, Chichester, 1995,
pp. 347-360.

G. Bouchoux, Mass Spectrom. Rev., 7, 203 (1988).

D. J. McAdoo, Mass Spectrom. Rev., 7, 363 (1988).

U. L. Zahorszky, Mass Spectrom. Rev., 11, 343 (1992).

G. Bouchoux, Y. Hoppilliard, R. Flamang, A. Maquestiau and P. Meyrant, Org. Mass Spectrom.,
18, 340 (1983).

D. J. McAdoo, F. W. McLafferty and T. E. Parks, J. Am. Chem. Soc., 94, 1601 (1972).

J. C. Traeger, R. G. McLoughlin and A. J. C. Nicholson, J. Am. Chem. Soc., 104, 5318 (1982).
J. C. Traeger, Org. Mass Spectrom., 20, 223 (1985).

J. C. Traeger and D. J. McAdoo, Int. J. Mass Spectrom. lon Processes, 68, 35 (1986).

D. J. McAdoo, C. E. Hudson and D. N. Witiak, Org. Mass Spectrom., 14, 350 (1979).

J. L. Holmes and F. P. Lossing, J. Am. Chem. Soc., 102, 1591 (1980).

M. Iraqi, I. Pri-Bar and C. Lifshitz, Org. Mass Spectrom., 21, 661 (1986).

G. Bouchoux, R. Flammang and A. Maquestiau, Org. Mass Spectrom., 20, 154 (1985).

G. Bouchoux, J. P. Flament and Y. Hoppilliard, Nouv. J. Chim., 7, 385 (1983).

D. J. McAdoo and C. E. Hudson, Org. Mass Spectrom., 18, 466 (1983).

G. Bouchoux, Y. Hoppilliard and J. Tortajada, Int. J. Mass Spectrom. Ion Processes, 90, 197
(1989).

G. Bouchoux, Adv. Mass Spectrom., 11A, 812 (1989).

C. E. Hudson, L. L. Griffin and D. J. McAdoo, Org. Mass Spectrom., 24, 866 (1989).

C. E. Hudson, M. S. Ahmed, S. Olivella, C. S. Giam and D. M. McAdoo, Org. Mass Spectrom.,
27, 435 (1992).

Y. Hoppilliard and G. Bouchoux, Int. J. Mass Spectrom. Ion Phys., 47, 109 (1983).

P. J. Derrick and S. Hammerum, Can. J. Chem., 64, 1957 (1986).

S. Hammerum, T. Vulpius and H. Audier, Org. Mass Spectrom., 27, 369 (1992).

D. J. McAdoo, C. E. Hudson, F. W. McLafferty and T. E. Parks, Org. Mass Spectrom., 19, 353
(1984).

F. P. Boer, T. W. Shannon and F. W. McLafferty, J. Am. Chem. Soc., 90, 7239 (1968).

M. J. S. Dewar, J. Am. Chem. Soc., 106, 208 (1984).

G. Bouchoux, Y. Hoppilliard, R. Flamang, A. Maquestiau and P. Meyrant, Can. J. Chem., 62,
1740 (1984).

E. Murad and M. G. Inghram, J. Chem. Phys., 40, 3263 (1984).

P. Krenmayr, Monatsh. Chem., 106, 925 (1975).

K. R. Laderoute, J. J. Zwinselman and A. G. Harrison, Org. Mass Spectrom., 20, 25 (1985).

C. E. Hudson and D. J. McAdoo, Org. Mass Spectrom., 20, 402 (1983).

J. J. Zwinselman, N. M. M. Nibbering, N. E. Middlemiss, J. Hegediis Vajda and A. G. Harrison,
Int. J. Mass Spectrom. lon Phys., 38, 163 (1981).

G. Depke and H. Schwarz, Org. Mass Spectrom., 16, 421 (1981).

J. C. Traeger, C. E. Hudson and D. J. McAdoo, Int. J. Mass Spectrom. lon Processes, 82, 101
(1988).

G. Bouchoux, Y. Hoppilliard and P. Jaudon, J. Chem. Res. (S), 148 (1983).

F. W. McLafferty, D. J. McAdoo and J. S. Smith, J. Am. Chem. Soc., 91, 5400 (1969).

F. W. McLafferty, R. Kornfeld, F. W. Haddorn, K. Levsen, I. Sakai, P. F. Bente, S. C. Tsai and
H. D. R. Schuddemage, J. Am. Chem. Soc., 91, 3886 (1969).

G. Bouchoux, J. Tortajada, J. Dagaut and J. Fillaux, Org. Mass Spectrom., 22, 451 (1987).



513.

514.
515.
516.
517.
518.

519.
520.

521.
522.

523.

524.
525.
526.

527.
528.
529.
530.
531.

532.
533.
534.
535.
536.
537.

538.

539.
540.
541.
542.
543.
544.
545.
546.
547.

548.
549.
550.
551.

552.
553.
554.
555.

556.
557.
558.

2. Mass spectra of double-bonded groups 91

G. Bouchoux, Y. Hoppilliard, P. Jaudon and J. Fillaux, Int. J Mass Spectrom. lon Processes, 64,
159 (1985).

G. Bouchoux, Y. Hoppilliard and P. Jaudon, Tetrahedron Lett., 23, 3349 (1982).

H. F. Griitzmacher, A. Dommrse and U. Neuert, Org. Mass Spectrom., 6, 279 (1981).

L. L. Griffin, K. Holden, C. E. Hudson and D. J. McAdoo, Org. Mass Spectrom., 21, 175 (1986).
H. E. Audier, A. Milliet and C. Moustapha, Org. Mass Spectrom., 18, 132 (1983).

G. Bouchoux, F. Bidault, F. Djazi, B. Nicod and J. Tortajada, Org. Mass Spectrom., 22, 748
(1987).

G. Bouchoux, R. Flammang, P. Jaudon and O. Lefevre, Org. Mass Spectrom., 28, 1189 (1993).
M. B. Stringer, D. J. Underwood, J. H. Bowie, C. E. Allison, K. F. Donchi and P. J. Derrick,
Org. Mass Spectrom., 27, 270 (1992).

M. Masur, A. Sprafke and H. Griitzmacher, Org. Mass Spectrom., 22, 307 (1987).

J. O. Lay jr., M. L. Gross, J. J. Zwinselman and N. M. M. Nibbering, Org. Mass Spectrom., 18,
16 (1983).

J. Raymond O’Lear, L. G. Wright, J. N. Louris and R. G. Cooks, Org. Mass Spectrom., 22, 348
(1987).

K. Eller and T. Drewello, Org. Mass Spectrom., 28, 1462 (1993).

P. J. Derrick, A. M. Falick, S. Lewis and A. L. Burlingame, Org. Mass Spectrom., 7, 887 (1973).
P. J. Derrick, A. M. Falick, A. L. Burlingame and C. Djerassi, J. Am. Chem. Soc., 96, 1054
(1974).

R. E. Winters and J. H. Collins, Org. Mass Spectrom., 2, 299 (1969).

N. L. Bauld and J. Cessac, J. Am. Chem. Soc., 99, 23 (1977).

F. Tureek and V. Hanus, Mass Spectrom. Rev., 3, 85 (1984).

D. J. Bellville and N. L. Bauld, Tetrahedron, 42, 6167 (1986).

N. L. Bauld, D. J. Bellville, P. Pabon, R. Chelsky and G. Green, J. Am. Chem. Soc., 105, 2378
(1983).

H. Liu, W. Yeh and E. N. C. Browne, Can. J. Chem., 73, 1135 (1995).

C. F. Giirtler, S. Blechert and E. Steckhan, Angew. Chem., Int. Ed. Engl., 34, 1900 (1995).

H. J. Veith and M. Hesse, Helv. Chim. Acta, 52, 2004 (1969).

H. Kuhne and M. Hesse, Mass Spectrom. Rev., 1, 15 (1982).

J. A. McCloskey and P. F. Crain, Int. J. Mass Spectrom. lon Processes, 118/119, 593 (1992).
A. Mandelbaum, in Applications of Mass Spectrometry to Organic Stereochemistry, (Eds.
J. S. Splitter and F. Turecek), VCH Publ., New York, 1994 pp. 299-324.

J. S. Splitter and F. Turecek, Applications of Mass Spectrometry to Organic Stereochemistry,
VCH Publ., New York, 1994,

F. Fringuelli and A. Taticchi, Dienes in the Diels-Alder Reaction, Wiley, New York, 1990.

G. Bouchoux and J. Y. Salpin, Rapid Commun. Mass Spectrom., 8, 325 (1994).

N. L. Bauld, J. Am. Chem. Soc., 114, 5800 (1992).

R. Stolze and H. Budzikiewicz, Org. Mass Spectrom., 13, 25 (1978).

K. Levsen, F. Borchers, R. Stolze and H. Budzikiewicz, Org. Mass Spectrom., 13, 510 (1978).
M. J. Bobenrieth, L. A. Levy and J. R. Hass, Org. Mass Spectrom., 19, 153 (1984).

B. Andlauver and C. Ottinger, J. Chem. Phys., 55, 1471 (1971).

B. Andlauer and C. Ottinger, Z. Naturforsch., A, 27, 293 (1972).

H. M. Rosenstock, J. T. Larkins and J. A. Walker, Int. J. Mass Spectrom. Ion Phys., 11, 309
(1973).

H. M. Rosenstock and K. E. McCulloh, Int. J. Mass Spectrom. Ion Phys., 25, 327 (1977).

T. Baer, G. D. Willett, D. Smith and J. S. Phillips, J. Chem. Phys., 70, 4076 (1979).

P. Ausloos, J. Am. Chem. Soc., 103, 3931 (1981).

W. Wagner-Redeker, A. J. Illies, P. R. Kemper and M. T. Bowers, J. Am. Chem. Soc., 105, 5719
(1983).

C. Lifshitz, D. Gibson, K. Levsen and 1. Dotan, Int. J. Mass Spectrom. Ion Phys., 40, 157 (1981).
D. W. Kohn and P. Chen, J. Am. Chem. Soc., 115, 2844 (1993).

J. C. Ray jr., P. O. Danis and F. W. McLafferty, J. Am. Chem. Soc., 109, 4408 (1987).

M. Y. Zhang, C. Wesdemiotis, M. Marchetti, P. O. Danis, J. C. Ray, B. K. Carpenter and
F. W. McLafferty, J. Am.Chem. Soc., 111, 8341 (1989).

C. Wesdemiotis, M. Y. Zhang and F. W. McLafferty, Org. Mass Spectrom., 26, 671 (1991).

R. Bakhtiar, J. J. Drader and D. B. Jacobson, Org. Mass Spectrom., 28, 797 (1993).

W. T. Borden, E. R. Davidson and D. Feller, J. Am. Chem. Soc., 103, 5725 (1981).



92

559.
560.
561.

562.
563.

564.
565.
566.
567.
568.

569.
570.
571.
572.

573.
574.
575.
576.
571.
578.
579.
580.
581.

582.

583.
584.
585.
586.

587.

588.
589.
590.
591.
592.
593.
594.
595.
596.
597.
598.
599.
600.
601.
602.

603.

Tino Gdumann

M. Y. Zhang, B. K. Carpenter and F. W. McLafferty, J. Am. Chem. Soc., 113, 9499 (1991).

G. S. Groenewold and M. L. Gross, J. Am. Chem. Soc., 106, 6569 (1984).

R. W. Holman, M. D. Rozenboom, M. L. Gross and C. D. Warner, Tetrahedron, 42, 6235
(1986).

Guo-Fei Chen and F. Williams, J. Am. Chem. Soc., 113, 7792 (1991).

M. J. S. Dewar, E. G. Toebisch, E. F. Healy and J. J. P. Stewart, J. Am. Chem. Soc., 107, 3902
(1985).

D. L. Vollmer, D. L. Rempel, M. L. Gross and F. Williams, J. Am. Chem. Soc., 117, 1669 (1995).
D. L. Rempel and M. L. Gross, J. Am. Soc. Mass Spectrom., 3, 590 (1992).

L. W. Castle and M. L. Gross, Org. Mass Spectrom., 24, 637 (1989).

M. Sarraf, H. E. Audier and J. Morizur, Bull. Soc. Chim. Fr. II, 78 (1983).

C. Cativiela, J. I. Garcia, J. Garin, J. A. Mayoral, J. Orduna and L. Salvatella, Org. Mass Spec-
trom., 28, 752 (1993).

D. M. Camaioni, J. Am. Chem. Soc., 112, 9475 (1990).

O. Wiest, E. Steckhan and F. Grein, J. Org. Chem., 57, 4034 (1992).

F. TureCek, Z. Havlas, F. Maquin, N. Hill and T. Gdumann, J. Org. Chem., 51, 4061 (1986).

J. K. Terlouw, W. Heerma, J. L. Holmes and P. C. Burgers, Org. Mass Spectrom., 15, 582
(1980).

B. S. Rabinovitch and K. W. Michel, J. Am. Chem. Soc., 81, 5065 (1959).

D. Braem, F. O. Giilagar, U. Burger and A. Buchs, Org. Mass Spectrom., 14, 609 (1979).

D. S. Weinberg and C. Djerassi, J. Org. Chem., 31, 115 (1966).

T. H. Kinstle and R. E. Stark, J. Org. Chem., 32, 1318 (1967).

C. Wesdemiotis, R. Wolfschiitz and H. Schwarz, Tetrahedron, 36, 275 (1980).

M. N. Eberlin and R. G. Cooks, J. Am. Chem. Soc., 115, 9226 (1993).

M. N. Eberlin, T. K. Majumdar and R. G. Cooks, J. Am. Chem. Soc., 114, 2884 (1992).

G. S. Groenewold and M. L. Gross, J. Am., Chem. Soc., 106, 6575 (1984).

R. van Doorn, N. M. M. Nibbering, A.J. V. Ferrer-Correia and K. R. Jennings, Org. Mass
Spectrom., 13, 729 (1978).

O. Curcuruto, D. Favretto, P. Traldi, D. Aj6, C. Cativiela, J. A. Mayoral, M. P. Lépez,
J. M. Fraile and J. I. Garcia, Org. Mass Spectrom., 26, 977 (1991).

F. Turecek and V. Hanu§, Org. Mass Spectrom., 19, 423 (1984).

F. TureCek and V. Hanu§, Org. Mass Spectrom., 19, 631 (1984).

T. Partanen, P. Vainiotalo, G. Stajer and K. Pihlaja, J. Heterocycl. Chem., 31, 893 (1994).

T. Partanen, P. Vainiotalo, G. Stdjer, G. Bernith and K. Pihlaja, Org. Mass Spectrom., 25, 615
(1990).

T. Partanen, P. J. Milkonen, P. Vainiotalo and J. Vepsildinen, J. Chem. Soc., Perkin Trans. 2,
777 (1990).

J. M. Rice, G. O. Dudek and M. Barber, J. Am. Chem. Soc., 87, 4569 (1965).

R. W. Reiser, Org. Mass Spectrom., 2, 467 (1969).

D. Favretto, P. Traldi, E. Celon and G. Resnati, Org. Mass Spectrom., 28, 1179 (1993).

C. C. Nelson and J. A. McCloskey, J. Am. Soc. Mass Spectrom., 5, 339 (1994).

E. C. Hass, P. G. Mezey and J. J. Ladik, Theor. Chim. Acta, 60, 283 (1981).

J. E. del Bene, J. Phys. Chem., 87, 367 (1983).

I. Kenttimaa, Org. Mass Spectrom., 20, 703 (1985).

Sakurai, T. Matsuo, A. Kusai and K. Nojima, Rapid Commun. Mass Spectrom., 3, 212 (1989).
C. Nelson and J. A. McCloskey, J. Am. Chem. Soc., 114, 3661 (1992).

M. Porter, Mass Spectrometry of Heterocyclic Compounds, Wiley, New York, 1985.

A. Couladouros and S. A. Haroutounian, J. Heterocycl. Chem., 32, 579 (1995).

H. Bowie, Mass Spectrom. Rev., 3, 161 (1984).

H. Bowie, Mass Spectrom. Rev., 9, 349 (1990).

H. Bowie and A. C. Ho, J. Chem. Soc., Perkin Trans. 2, 724 (1975).

D. J. Burinsky, R. Dunphy, J. D. Alvesanta and M. L. Cotter, Org. Mass Spectrom., 26, 669
(1991).

A. Etinger and A. Mandelbaum, Org. Mass Spectrom., 27, 761 (1992).

H.
T.
C.
Q.
E.
J.
J.
J.



Supplement A3: The Chemistry of Double-Bonded Functional Groups. Edited by Saul Patai
Copyright O 1997 John Wiley & Sons, Ltd.
ISBN: 0-471-95956-1

CHAPTER 3

Electronic effects of groups
containing carbon-carbon or
carbon-oxygen double bonds

JOHN SHORTER

School of Chemistry, University of Hull, Hull HU6 7RX, UK
TEL/FAX (home): +44 1947-603-348

I. INTRODUCTION: THE SCOPE OF THIS CHAPTER ............. 94
II. THE HAMMETT EQUATION . ... ... ... ... . 95
A. Introduction . . ..... ... .. 95
B. Multiparameter Extensions . . ... ............ .. ... ... ... .. 97
C. The Determination of Substituent Constants from the Application of
Modern Experimental and Theoretical Techniques . ............. 99
1. Experimental techniques . ............................ 99
2. Theoretical techniques . .. .......... ... ... ..., 100
III. THE ELECTRONIC EFFECTS OF OLEFINIC GROUPS ........... 101
A. The Characteristics of the Vinyl Group . .................... 101
B. Structural Effects in Aliphatic Acids Containing C=C ........... 104
C. The Transmission of Substituent Effects through C=C ........... 107
IV. THE ELECTRONIC EFFECTS OF GROUPS CONTAINING
CARBON-OXYGEN DOUBLE BONDS . ..................... 108
A. Alkoxycarbonyl Groups . . ........... ... ... 108
B. The Carboxy Group . .. ... ... ... ... 111
C. Acyl Groups . . . ..ot e 112
D. Various Groups Containing Carbon-Oxygen Double Bonds ... ... .. 114
E. The ortho-Effects of Various Groups Containing Carbon-Oxygen
Double Bonds . . ..... ... .. .. .. .. .. 115
V. SOME FURTHER MULTIPARAMETER TREATMENTS OF
SUBSTITUENT EFFECTS . ... .. ... ... . 119
A. Introduction . . ..... ... .. 119
B. Exner’s Analysis .. ... ... ... ... ... 119
C. C.G. Swain’s Treatments . . ... ...... ... ... .o, 119

93



94 John Shorter

D. The Poly Substituent-Parameter (PSP) Equation . . .............. 120
E. Charton’s LDR Equation . ................. ... ... ....... 121
VI. REFERENCES AND NOTES . .. ... ... ... 122

I. INTRODUCTION: THE SCOPE OF THIS CHAPTER

Previous articles by the present contributor in The Chemistry of Functional Groups series
have dealt with the electronic effects of the sulphonio group!, of the sulphinyl and sulpho-
nyl groups?, of SOOH and related groups’, of amidino, guanidino and related groups®,
of ether and hydroxyl groups’, of cyano, isocyano, acetylenic and diazonio groups® and
of nitro, nitroso, amino and related groups’. In the first two cases'2 there was copious
information from which to draw, but fairly comprehensive surveys were practicable. In the
third and fourth contributions>* the amount of information available was very restricted.
In the fifth and sixth cases>® the amount of available material was enormous and the
treatment was highly selective both in the topics covered and in the illustrative examples
provided. This was the situation a fortiori for the seventh case, because the nitro group
and the amino group and closely related groups are extremely popular substituents. In
the space available it was not possible to give detailed accounts of all the substituents of
interest. The contributor therefore decided to give a fairly thorough account of the nitro
group and to deal with the other relevant substituents much more concisely.

The writing of a chapter on electronic effects in a volume devoted to the chemistry of
groups containing carbon linked by a double bond to other atoms presents its own prob-
lems. There is a fair amount of material on the effects of substituents containing C=C and
C=0, but very little on the effects of groups containing other double bonds, in particular
C=N and C=S. Such experimental data regarding substituent constants as are available
for groups containing C=N or C=S would not form the basis of substantial coherent
accounts. Thus it has been decided to concentrate exclusively on groups containing C=C
or C=0.

The general arrangement of this chapter differs in some respects from that adopted
in recent chapters on electronic effects®~7. There is no specifically historical section in
the present Introduction, but as in the earlier accounts, notice is often taken of classical
papers and texts whose importance has been overlaid by more recent work. The quantita-
tive study of the electronic effects of C=C and C=O groups is naturally much concerned
with the Hammett equation and its extensions. Section II therefore contains a summary
of the salient features of the Hammett equation and cognate linear free-energy relation-
ships, along the general lines of corresponding sections in certain of the contributor’s
articles in the series'*>>~7. This section also includes general material on the determina-
tion of substituent constants from the application of modern experimental and theoretical
techniques.

In Section III the electronic effects of olefinic groups are discussed. The vinyl group
is treated in detail, followed by accounts of structural effect in aliphatic acids containing
C=C and of the transmission of substituent effects through C=C. Section IV deals with
groups containing C=0 under the headings of alkoxycarbonyl groups, the carboxy group,
acyl groups, various groups containing C=0 and the ortho-effects of these groups. The
last-mentioned involves the moderation of the electronic effects of the groups by steric
effects and hydrogen-bonding.

Multiparameter treatments such as the Yukawa-Tsuno equation and the dual sub-
stituent—parameter equation have long been important and further treatments have been
devised in recent years. As in some of the earlier contributions to the series®~’ a final
section is devoted to some of the newer multiparameter treatments, with an indication of
the place of C=C and C=O groups in those treatments.
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An account of directing and activating effects of doubly bonded groups was previously
contributed to the series by Marvin Charton®. This article notes the paucity of experimental
information for C=N and C=S groups.

This chapter is dedicated to the memory of Robert Wheaton Taft (1922-1996). The
contributor enjoyed friendship with Bob Taft for some thirty years. The present chapter,
like the corresponding chapters in earlier volumes! =7, contains much discussion of Taft’s
work in linear free-energy relationships. Since the 1950s he had always been at the
forefront of progress in this field.

Il. THE HAMMETT EQUATION?®
A. Introduction

The Hammett equation is the best-known example of a linear free-energy relationship
(LFER), that is an equation which implies a linear relationship between free energies
(Gibbs energies) of reaction or activation for two related processes!®. It describes the
influence of polar meta- or para-substituents on reactivity for side-chain reactions of
benzene derivatives.

The Hammett equation (1937)11716 takes the form of equation 1 or 2:

logk = logk® + po (H
logK = log K + po 2)

The symbol k or K is the rate or equilibrium constant, respectively, for a side-chain
reaction of a meta- or para-substituted benzene derivative, and k9 or K% denotes the
statistical quantity (intercept term) approximating to k or K for the ‘parent’ or ‘unsub-
stituted” compound. The substituent constant o measures the polar (electronic) effect of
replacing H by a given substituent (in the meta- or para-position) and is, in principle,
independent of the nature of the reaction. The reaction constant p depends on the nature
of the reaction (including conditions such as solvent and temperature) and measures the
susceptibility of the reaction to polar effects. Hammett chose the ionization of benzoic
acids in water at 25°C as a standard process. For this p is defined as 1.000, and the
value of o for a given substituent is then log(K,/K g), where K, is the ionization constant

of the substituted benzoic acid and K9 that of benzoic acid itself. Selected values of o
for well-known substituents are given in Table 1. They are readily interpreted qualita-
tively in simple electronic terms, i.e. through the inductive (/) effect and the resonance
or conjugative (R) effect.

Jaffé (1953)'° showed that while many rate or equilibrium data conform well to the
Hammett equation (as indicated by the correlation coefficient), many such data are outside
the scope of the equation in its original form and mode of application. Deviations are
commonly shown by para-substituents with considerable +R or —R effect?®. Hammett
himself found that p-NO, (+R) showed deviations in the correlation of reactions of
anilines or phenols. The deviations were systematic in that a o value of ca 1.27 seemed to
apply, compared with 0.78 based on the ionization of p-nitrobenzoic acid. Other examples
were soon discovered and it became conventional to treat them similarly in terms of a
‘duality of substituent constants’.

When o values based on the ionization of benzoic acids are used, deviations may
occur with +R para-substituents for reactions involving —R electron-rich reaction centres,
and with —R para-substituents for reactions involving +R electron-poor reaction centres.
The explanation of these deviations is in terms of ‘cross-conjugation’, i.e. conjugation
involving substituent and reaction centre.
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TABLE 1. Selected values? of o, o and o~ constants

+

Substituent o op op op

Me —0.07 -0.17 —0.31 —
OMe 0.12 —0.27 —0.78 —
SMe 0.15 0.00 —0.60 0.21
OH 0.12 —-0.37 —-0.92 —
SH 0.25 0.15 — —
NMe, —0.15 —0.63 —-1.7 —
F 0.34 0.06 -0.07 —
Cl 0.37 0.23 0.11 —
CF3 0.43 0.54 — 0.65
CN 0.61 0.65 — 0.88
NO, 0.71 0.78 — 1.24
COH 0.37 0.45 — 0.73

“These values, drawn from various sources, are presented solely for illus-
tration. The table should not itself be used uncritically as a source of o
values for correlations. See rather References 13, 17 and 18. The values
for COoH will be discussed later in this chapter.

In the ionization of the p-nitroanilinium ion, the free base is stabilized by delocalization
of electrons involving the canonical structure 1. An analogous structure is not possible
for the p-nitroanilinium ion. In the ionization of p-nitrophenol, analogous delocalization
is possible in both phenol and phenate species, but is more marked in the ion. Thus, in
both the aniline and the phenol system p-NO, is effectively more electron-attracting than
in the ionization of benzoic acid, where the reaction centre is incapable of a —R effect,
and indeed shows a small +R effect (2).

_ + + _
O,N NH, O,N CO, H

@ 2

An example of a reaction series in which large deviations are shown by —R para-
substituents is provided by the rate constants for the solvolysis of substituted f-cumyl
chlorides, ArCM62C12l. This reaction follows an Sy 1 mechanism, with intermediate for-
mation of the cation ArCMe,*. A —R para-substituent such as OMe may stabilize the
activated complex, which resembles the carbocation—chloride ion pair, through delocal-
ization involving structure 3. Such delocalization will clearly be more pronounced than
in the species involved in the ionization of p-methoxybenzoic acid, which has a reaction
centre of feeble +R type (4). The effective o value for p-OMe in the solvolysis of -
cumyl chloride is thus —0.78, compared with the value of —0.27 based on the ionization
of benzoic acids.

+ +
MeO CMe,CI' MeO CO, H

3 (C))

The special substituent constants for +R para-substituents are denoted by o~, and
. 21 .
those for —R para-substituents are denoted by o+~ . They are based respectively on the
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reaction series discussed above. Selected values are given in Table 1. Characteristic o~ or
o values are sometimes distinguished for meta-substituents also, but only for a minority
of substituents which show very marked +R or —R effects do these differ significantly
from ordinary o values. The range of applicability of the Hammett equation is greatly
extended by means of o~ and o, notably to nucleophilic (by o~) and to electrophilic
(by o) aromatic substitution.

However, the ‘duality of substituent constants’ and the attempt to deal with cross-
conjugation by selecting o, o or o~ in any given case is somewhat artificial. The
contribution of the resonance effect of a substituent relative to its inductive effect must
in principle vary continuously as the electron-demanding quality of the reaction centre is
varied, i.e. the extent to which it is electron-rich or electron-poor. A ‘sliding scale’ of
substituent constants would be expected for each substituent having a resonance effect and
not just a pair of discrete values: o+ and o for —R, or o~ and o for +R substituents??.

B. Multiparameter Extensions14.15.23

There are two main types of treatment, both involving multiparameter extensions of
the Hammett equation, which essentially express the ‘sliding scale’ idea.

In the Yukawa-Tsuno equation (1959)2* (equation 3), the sliding scale is provided by
multiple regression on o and (6™ — o) or (60~ — o), depending on whether the reaction
is more or is less electron-demanding than the ionization of benzoic acid. (There is a
corresponding equation for equilibria.) The quantity r* gives the contribution of the
enhanced =R effect in a given reaction. (The equation was modified in 1966 to use o°
instead of o values, see below, but the essential principles are unaltered.)

logk = logk® + plo + rt(cT — 0)] 3)

In the form of treatment developed by Taft and his colleagues since 195620728, the
Hammett constants are analysed into inductive and resonance parameters, and the sliding
scale is then provided by multiple regression on these. Equations 4 and 5 show the basic
relationships, the suffix BA signifying benzoic acid. The o; scale is based on alicyclic
and aliphatic reactivities (see below),

om = o1 + 0.330r(BA) “)
op = o1 + or(BA) )

and the factor 0.33 in equation 4 is the value of a ‘relay coefficient’, «, giving the
indirect contribution of the resonance effect to o,,. However, the ionization of benzoic
acids is not regarded as an entirely satisfactory standard process, since it is subject to
some slight effect of cross-conjugation (see structure 4 above). Consideration of ‘insulated
series’, not subject to this effect, e.g. the ionization of phenylacetic acids, is used as the
basis of a ¥ scale, which can be analysed by equations 6 and 72°. (Note the different
value of .) By a different procedure Wepster and colleagues?? devised an analogous ¢”
(n = normal, i.e. free from the effects of cross-conjugation). Analysis of 0% and o~
constants correspondingly involves og™ and og~.

0 =074+ 0.500 (6)
02 =o7+ 02 @)

Multiple regression on o; and og-type parameters employs the ‘dual substituent-
parameter’ equation, which may be written as in equation 8.

log(k/k") = proy + pror ®)
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TABLE 2. Selected values? of ¢°, o; and og-type constants

Substituent ad (rg o7 or(BA) oy ot oR™
Me —0.07 —0.15 —0.05 —0.12 —0.10 —0.25 —
OMe 0.06 —0.16 0.26 —0.53 —0.41 —1.02 —
NO, 0.70 0.82 0.63 0.15 0.19 — 0.61
F 0.35 0.17 0.52 —0.46 —0.35 —0.57 —
Cl 0.37 0.27 0.47 —0.24 —0.20 —0.36 —

“See footnote to Table 1.

The combining of the k and k¥ terms implies that there is no intercept term allowed,
and k% is now the actual value for the parent system, cf below. For any given reaction
series the equation is applied to meta- and para-substituents separately, and so values of
pr and pg characteristic both of reaction and of substituent position are obtained. The
various og-type scales are linearly related to each other only approximately. In any given
application the scale which gives the best correlation must be found>'.

Values of 0¥, o7 and og-type parameters for certain substituents are given in Table 2. It
should be mentioned that Exner has developed a slightly different procedure for analysing
sigma values>? into inductive and resonance components (Section V.B)!3.16:33,

A slightly different procedure for carrying out multiple regression on o7 and og-type
parameters employs the ‘extended Hammett equation’ of Charton>*, which may be written
as in equation 9.

O =oao;x + Porx +h 9)

For the substituent X, Q is the absolute value of the property to be correlated (logk or
log K in the case of reactivity), i.e. not expressed relative to X = H, 4 is introduced as
the appropriate intercept term, and the regression coefficients are « and 8. (Charton has
used various symbols at various times.)

The correlation analysis of spectroscopic properties in terms of o7 and og-type parame-
ters has been very important. Substituent effects on '°F NMR shielding in fluorobenzenes
have been studied in great detail by Taft and colleagues®%-3>3%. For 851 linear regression
on o7 is on the whole satisfactory, but a term in (72 with a small coefficient is sometimes
introduced. The correlation analysis of 8};, however, requires terms in both o7 and og-type
parameters, with 02 being widely applicable. Many new values of these parameters have
been assigned from fluorine chemical shifts. In recent years there has also been extensive
use of correlation analysis of 3C NMR data37-38.

The correlation analysis of infrared data has been much examined by Katritzky, Topsom
and colleagues3>%°. Thus the intensities of the vg ring-stretching bands of some mono-
and di-substituted benzenes may be correlated with the 02 values of the substituents and
these correlations may be used to find new (72 values. A more detailed discussion of the
correlation analysis of spectroscopic properties is given in Section II.C.

Finally, in this account of multiparameter extensions of the Hammett equation, we
comment briefly on the origins of the o; scale. This had its beginnings around 19568
in the o’ scale of Roberts and Moreland*!' for substituents X in the reactions of 4-X-
bicyclo[2.2.2]octane-1 derivatives. However, at that time few values of ¢’ were available.
A more practical basis for a scale of inductive substituent constants lay in the o* values
for XCH; derived from Taft’s analysis of the reactivities of aliphatic esters into polar,
steric and resonance effects?®42~%*. For the few o’ values available it was shown that
o’ for X was related to o* for XCH, by the equation o’ = 0.450*. Thereafter the factor
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0.45 was used to calculate o7 values of X from o* values of XCH,%. These matters will
be referred to again later in this chapter, and other methods of determining o7 values will
also be mentioned. Taft’s analysis of ester reactivities was also important because it led
to the definition of the E scale of substituent steric parameters, thereby permitting the
development of multiparameter extensions of the Hammett equation involving steric as
well as electronic terms.

C. The Determination of Substituent Constants from the Application of Modern
Experimental and Theoretical Techniques

1. Experimental techniques

In Section IL.B brief reference was made to the use of substituent constants in the
correlation analysis of spectroscopic data, particularly '°F and '3C substituent chemical
shifts and infrared frequencies and intensities. These matters must now be explored in
greater detail as background to later discussions of individual substituents relevant to the
present chapter.

Attempts were made to apply benzoic acid-based o, and o, constants to the correla-
tion analysis of spectroscopic data. Some significant correlations were obtained, but many
of the correlations were rather poor, trends rather than precise relationships. Success in
this area was found to involve the separation of inductive and resonance effects and the
application of the dual substituent—parameter (DSP) equation (Section II.B). Indeed the
development of the DSP equation became closely associated with the correlation analysis
of %F NMR shielding of substituted fluorobenzenes at an early stage, around 19574, oy
and 02 were applied extensively to ’F NMR data®®, and within a few years the correla-
tions were being used to investigate ‘the effect of structure and solvent on the inductive
order’35, and ‘the effect of structure and solvent on resonance effects’3®. New o7 and
02 values were based on the correlations. What happened with '°F NMR set a pattern
which was followed by later work. Established o; and 02 values for substituents which
were expected to be ‘well-behaved’ were used to set up regression equations. In the
very early days the established substituent constants were all based on chemical reactiv-
ity (rate or equilibrium constants). '°F NMR data for groups for which no appropriate
substituent constants were available were then substituted in the regression equations to
obtain ‘!°F NMR-based values’ of the substituent constants. Further, for the substituents
which had been used to establish the regression equations, back-calculation from the
NMR data led to ‘'F NMR-based values’ for those substituents as well. Thus, for many
substituents both ‘reactivity-based’ and ‘I9F NMR-based’ values of o; and 02 became
available. For certain substituents there was a proliferation of values based on reactivity
under various conditions or on '°F NMR in different solvents. Slightly later, correlation
analysis of infrared data led in particular to new og values and, to a lesser extent, new oy
values, which were described as ‘IR-based’39-40:46  Somewhat later the same development
occurred in connection with 13C NMR, leading to ‘13C NMR-based values’37:38.

There is a continual tendency for the values of o7 and 02 (and other og-type constants)
to be adjusted in the light of new measurements. Thus measurements in 1979%7 of para
13C substituent chemical shifts for a series of mono-substituted benzenes in very dilute
solution in cyclohexane, carbon tetrachloride or deuteriochloroform were the basis for a
redefinition of the 02 scale and some amendment of 02 values.

Reynolds and coworkers*® based a similar operation on '*C substituent chemical shifts
of meta- and para-substituted styrenes. Iterative multiple regression was used for the
redefinition of the o; and og scales. The authors also took the opportunity to replace the
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symbol o7 by o, having become convinced that the so-called inductive effect was entirely
a field effect (see the present author’s discussion of this matter'>). The authors presented
an extensive table in which their values of the substituent parameters are compared with
those obtained by other authors.

Happer* determined '3C substituent chemical shifts for meta- and para-substituted
styrenes in seven different solvents. Data for the side-chain carbons, and in the meta
series for the ring carbon para to the substituent, were analysed as a basis for assessing
solvent effects on oy, og, or(BA) and op~.

The influence of solvent on the inductive order of substituents was studied by Laurence
and collaborators through infrared measurements on 4-substituted camphors>?. From these
Laurence’! has tabulated new o values applicable to solutions in carbon tetrachloride or
other solvents of low dielectric constant.

Mention must also be made of the use of studies of chemical reactions in the gas phase
as a means of determining substituent constants. The investigation of substituent effects
and LFERs in the gas phase has become an enormous subject with which we can deal
only briefly. Part of this subject was established a long time ago and consists in the study
of such reactions as the pyrolysis of esters by the techniques of gas kinetics (see the
review by Smith and Kelly>2). One purpose of such work is to see how far substituent
constants based on processes in solution may be applied successfully in the gas phase.
This leads to the possibility of determining substituent constants in the complete absence
of solvent. Work of this nature continues today; see the recent review by Holbrook in this
Series>3, which updates the earlier review by Taylor>*.

The major activity in gas phase studies now depends on the use of modern techniques
such as ion cyclotron resonance (ICR). Thus Fujio, Mclver and Taft®®> measured the gas-
phase acidities, relative to phenol, of 38 meta- and para-substituted phenols by the ICR
equilibrium constant method, and their results for 4R substituents led them to suggest that
such substituents in aqueous solution exerted solvation-assisted resonance effects. It was
later®® shown by comparison of gas-phase acidities of phenols with acidities in solution in
DMSO that solvation-assisted resonance effects could also occur even when the solvent
did not have hydrogen-bond donor properties.

Taft and Topsom®’ have written an extensive review of the electronic effects of sub-
stituents in the gas phase. This article includes a tabulation of substituent inductive and
resonance parameters. The inductive parameters (designated of) are based on measured
spectroscopic properties in either the gas phase or in hydrocarbon or similar solvents. The
resonance parameters were arrived at through the treatment of 38 gas-phase reactivity
series by iterative multiple regression, using the (72 values of Bromilow and coworkers*’
as the starting point. The column heading in Taft and Topsom’s table is simply og,
but inspection shows that the values must be regarded as being those of 02 when the
distinction matters, i.e. with —R substituents.

2. Theoretical techniques

The application of ab initio molecular orbital theory to suitable model systems has led to
theoretical scales of substituent parameters, which may be compared with the experimental
scales. Calculations (3-21G or 4-31G level) of energies or electron populations were made
by Marriott and Topsom in 198438, The results are well correlated with o (i.e. o7) for
a small number of substituents whose o values on the various experimental scales (gas
phase, non-polar solvents, polar solvents) are concordant. The regression equations are
the basis of theoretical o values for about fifty substituents.

A theoretical scale of substituent resonance effects was based on calculations of electron
populations in substituted ethylenes®. A suitable regression equation was again set up
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by using standard substituents, but in this case the quantum-mechanical quantity was
correlated with infrared-based 02 values. The equation was the basis of theoretical 02
values for more than forty substituents. A further redefinition of the theoretical scale
was later made as a result of a change of view as to the most suitable level of MO
approximation®. Other recent theoretical papers by Topsom are on a scale of variable
m-electron transfer®!, the influence of water on substituent field effects®?, the influence
of water on substituent resonance effects® , the acidities of ortho-substituted phenols64
and theoretical studies of the effects of hydration on organic equilibria®. There is also
an extensive review of theoretical studies of electronic substituent effects®®. It seems
rash, however, to regard theoretical substituent parameters as in any way replacing those
founded on experimental results.

Fairly recently there have been various other treatments of substituent effects, e.g.
the correlation analysis of substituent effects on the acidity of benzoic acid by the AM1
method®’ and direct prediction of linear free-energy substituent effects from 3D structures
using comparative molecular field analysis, the relevant data set being 49 substituted
benzoic acids®®. Very recently Russian workers have presented a new model for the
inductive effect, in an extremely detailed communication in three parts®®. The approach
appears to be successful in rationalizing a large amount of relevant experimental data.

Although the term ‘theoretical techniques’ in relation to electronic effects may com-
monly be taken to refer to quantum-mechanical methods, it is appropriate also to mention
the application of chemometric procedures to the analysis of large data matrices. This is
in a way complementary to analysis through substituent constants based on taking certain
systems as standards and applying simple or multiple linear regression. Chemometrics
involves the analysis of suitable data matrices through elaborate statistical procedures,
such as principal component analysis and factor analysis. The parameters characterizing
substituents and processes emerge from the data analysis. As an example of this kind
of work, the recent contributions of the group of Ludwig and Pytela will be mentioned
briefly. These authors determined the dissociation constants of a large number of substi-
tuted benzoic acids in different solvents’®. The results were treated as a data matrix by
the chemometric methods referred to above, and various sets of Hammett o values were
derived for the 35 substituents involved’!. More recently these authors have augmented
their own experimental results with other information from the literature to construct a
data matrix of 46 sets of measurements on substituted benzoic acids in various solvents;
a total of 51 meta- or para-substituents was involved’?73. ‘Optimized’ o values were
tabulated’?. Other papers in the series ‘Chemometrical Analysis of Substituent Effects’
are on additivity of substituent effects in dissociation of 3,4-74 or 3,5-73 disubstituted
benzoic acids in organic solvents and on the ortho-effect’®. In the last-mentioned, data
for the dissociation of ortho-substituted benzoic acids in 23 solvents are combined with
data on the reactions of the acids with diazodiphenylmethane (Section IV.E) and with
other rate and equilibrium data bearing on the behaviour of ortho-substituents to form a
matrix involving data for 69 processes and 29 substituents.

lll. THE ELECTRONIC EFFECTS OF OLEFINIC GROUPS
A. The Characteristics of the Vinyl Group

The pronounced electronegative character of the carbon-carbon triple bond has long
been recognized. It is indicated by the acidity of terminal acetylenes, RC=CH, and by
the effect of C=C on the strengths of carboxylic acids®. This electronegative or electron-
attracting character is commonly attributed to the sp hybridization of the carbon atoms
involved. The electronegativity of a carbon atom increases with the percentage of s
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character in the hybrid orbitals, thus in the order: sp> < sp? < sp, the percentage of s char-
acter being 25%, 33% and 50%, respectively. The behaviour of the carbon-carbon double
bond might thus be expected to lie between that of the triple bond and the single bond in
this respect. Terminal olefins, R,C=CHp, are not acidic, but the acid-strengthening effect
of C=C has long been known. In 1889 Ostwald determined pK, values for propanoic
acid and propenoic acid in water at 25°C as 4.87 and 4.25, respectively’’, c¢f 1.89 for
propynoic acid. The behaviour of C=C in this respect thus appears to be much closer to
that of C—C than to that of C=C. Ingold’® classified both acetylenic groups and olefinic
groups as —I in character (his sign convention?®), with the inductive effects of the for-
mer being greater than those of the latter. He also recognized that the mesomeric effects
of olefinic groups could be in either direction with respect to an attached benzene ring,
depending on the nature of any other groups attached to the double bond, so that olefinic
groups in general should be classified as =M in Ingold’s system.

The +/ character of the vinyl group (sign convention being used in this article?”) is
most simply shown by its effect on the acidity of acetic acid. The pK, value of vinylacetic
acid is 4.352 (water, 25 °C). The pK, value of acetic acid being 47567, ApK, = 0.404.
[The change in acid strength produced by a substituent X is conveniently expressed as
ApK,, defined as (pK,)uy — (pKa)x, so that an increase in acid strength is associated with
a positive value of ApK,.] This may be compared with ApK, = —0.064 for butanoic
acid and 1.316 for ethynylacetic acid.

In Charton’s work pK, data for 4-X-substituted-bicyclo[2.2.2.]octane-1-carboxylic
acids in 50% w/w EtOH-H,O are the basis for primary o; values of the substituents
X (Section ILB)®. (The bicyclooctane system is considered to have the ideal features
that the 4-X and 1-COOH are not conjugated with the molecular skeleton, the substituent
is somewhat remote from the acidic centre and the geometry for 4-X and 1-COOH closely
resembles that for groups in a 1,4-disubstituted benzene)3!. However, the pK, value for
the vinyl-substituted acid in this solvent was not available, so the o; value for the vinyl
group was calculated by substituting the pK, value for vinylacetic acid in water at 25°C
(4.352) in the regression equation 10:

pKa = —4.050; +4.791 (10)

which had been established for the acids XCH,CO;,H by using data for groups X whose
oy values were available from data for the bicyclooctane system. This procedure gave the
value of 0.108 for o7 of vinyl, which was rounded to 0.11.

Values of o7 for vinyl in the neighbourhood of 0.10 have also been obtained by using
other procedures involving pK, data. Thus earlier calculations by Charton based on the
substituted acetic acid system found a value of 0.09%2. Exner'” used data from Grob’s
studies of the ionization of 4-substituted-quinuclidinium ions®? to calculate a o; value of
0.08 for vinyl. Back-calculation from Charton’s3" regression based on Grob’s data yields
a o7 value of 0.09 for vinyl. A similar calculation from his regression based on Grob’s
data®* for the rates of quaternization of 4-substituted quinuclidines with methyl iodide in
methanol at 10°C gives 0.10.

For our present purposes we shall accept a value of 0.10 as a reactivity-based value to
characterize the inductive effect of a vinyl group in aqueous solutions, and probably also
applicable in other hydroxylic solvents.

It should be mentioned that the compilation of Hansch and Leo® (1979) and the recently
published updated version by Hansch, Leo and Hoekman3® (1995) provide four and six
values, respectively, of o* for vinyl, ranging from 0.4 to 0.65. The values are mainly
reactivity-based. They may be converted into oy values for the vinyl group by dividing by
the methylene group decremental factor of 2.7 to give o* values for 2-propenyl?® and then
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multiplying by 0.45 (see Section IL.B*), thus giving a range from 0.07 to 0.11, in fair
agreement with the values discussed above. Similarly, the same sources®>8¢ give several
o™ values for 2-propenyl ranging from 0.12 to 0.26 (excluding one or two obviously
eccentric values). When multiplied by 0.45 these give o; values for the vinyl group
ranging from 0.05 to 0.12, again in fair agreement with the values previously discussed.

Ellam and Johnson®” measured the pK, values of m- and p-vinylbenzoic acids in water
at 25°C as 4.13 and 4.28, respectively. Taking the value for benzoic acid as 4.205, the
corresponding o;, and o, values are 0.08 and —0.08, respectively (rounded to two places of
decimals). These values have recently been recommended in a .U.P.A.C. technical report
on ‘Values of 0, and o), based on the ionization of substituted benzoic acids in water at

25°C’!8. Ellam and Johnson’s work appears to have been carefully done. However, the
results of a simple analysis of these o values into inductive and resonance components
indicate that all is not well. The application of equations 4 and 5 of Section IL.B as
simultaneous equations gives o7 and og(BA) values as 0.16 and —0.24, respectively. The
former is far higher than any value suggested above for oy; the latter is much more
negative than any value indicated by any other method for a og-type parameter for vinyl
(see below). The only other experimental result which can help with this problem is a
pKa value for p-vinylbenzoic acid in 50% ethanol-water determined by Hoefnagel and
Wepster®8. (See note®® for a more precise specification of this solvent.) The ApK, value
is —0.03, and since the p value for the dissociation of substituted benzoic acids in this
solvent is about 1.5%°, a value of —0.02 is indicated for o) of vinyl. If the above analysis
into inductive and resonance components is repeated with this value for o, and Ellam
and Johnson’s value of 0.08 for o,,, the calculated values of o7 and og(BA) are 0.13 and
—0.15, respectively. These values are much more reasonable than those based solely on
Ellam and Johnson’s o values. The use of 0.06 for o,, would lead to even more reasonable
values of o7 and og(BA), 0.10 and —0.12, respectively.

The present situation regarding the o values of the vinyl group is obviously unsat-
isfactory. Pending the carrying out of further experimental work, values of o, and o)
may be suggested tentatively as 0.06 and —0.02, respectively. Charton has also pro-
posed o,, = 0.06, along with o, = —0.04%0. The latter is said to be based on a
pKa value privately communicated by Wepster. This was presumably the value for p-
vinylbenzoic acid referred to above. Either Wepster had second thoughts about the value
before publication®®, or an error has crept in somewhere. Charton had suggested much
earlier®® the values 0, = 0.05 and op = —0.02 for vinyl, cf above. In any event it is
clear that in the position para to a carboxy group, vinyl behaves as a —R group. Such
character should of course be enhanced in the effect of this substituent on an electron-poor
reaction centre (see Section II.A), but there appears to be little reliable information on
this matter. Hansch and colleagues®® quote a op™ value of —0.16 for vinyl, said to be
based on solvolysis studies. In processes involving electron-rich reaction centres, such as
the ionization of phenols or anilinium ions, indications of +R behaviour of vinyl might
be expected, but there appears to be no information available about this.

We turn now to characterizing the electronic effects of the vinyl group through spec-
troscopic studies.

Laurence®! has derived o7 values (he uses the symbol o; see Section II.C.1) from the
correlation analysis of the carbonyl stretching frequencies of 4-substituted camphors in
carbon tetrachloride. The value of 0.11 is given for the vinyl group, in good agreement
with the reactivity-based values discussed above, in spite of the use of a non-polar medium.
Laurence compares this with a ‘statistical value’ of 0.06 from Taft and Topsom>’, said to
refer to effects on physical properties in either the gas phase or in hydrocarbon or similar
solvents.
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The classical spectroscopic method of determining o7 values is from '°F NMR shield-
ing effects in meta-substituted fluorobenzenes (see Section II.C.1). Taft and Collealgues35
applied this method to the vinyl group and tabulated a value of 0.01, independent of
whether the solvent used was a ‘normal solvent’, dioxan, or a ‘weakly protonic solvent’.
However, a detailed inspection of their results reveals a rather complicated situation. The
shielding parameters for m-vinylfluorobenzene in the various solvents vary from 0.30 to
0.68 ppm, but are mainly 0.60 £ 0.05. The regression equation relating the substituent
shielding effect to o7 has a gradient of —7.10 and an intercept of +0.60, of no particular
physical significance. The consequence is that a shielding parameter of 0.60 ppm corre-
sponds to o7 = 0.00. Values slightly greater than 0.60 correspond to a small negative
value of o7, while values slightly less than 0.60 correspond to a small positive value
thereof. The method is therefore not suitable for the precise study of substituents of fairly
small inductive effect. In the case of vinyl, however, it certainly appears that the inductive
effect as probed by 'F NMR is rather smaller than would correspond to the o7 value of
about 0.10 derived by reactivity-based methods or from the camphor infrared model, but
no particular significance should be attached to the tabulated value 0.01.

A recent re-examination of the '°F NMR data for meta-substituted fluorobenzenes in
hydrocarbon solvents by Hansch, Leo and Taft”? led to a slightly different regression
equation. When this was applied to the vinyl group, o7 was found to be 0.07, in fair
agreement with the reactivity-based value of 0.10.

The 'F NMR shielding parameters of para-substituted fluorobenzenes are governed
mainly by the 02 values of —R substituents, with a small contribution from a o; term. In
the classical work of Taft and colleagues®® a value of —0.03 for 012 of the vinyl group was
derived. In the re-examination®® of the work of Taft and colleagues>>3° the value was
changed to —0.01. A value for 02 of vinyl has also been determined from '3C substituent
chemical shifts as —0.04 (quoted by Hansch and colleagues®®). Correlation analysis of
the infrared intensities of the vig ring bands of monosubstituted benzenes involves the
squares of og constants. Thus it is capable of leading to new numerical values of such
substituent constants, but the signs must be inferred from other evidence?®. In the case of
vinyl the numerical value is 0.05, to which is added a negative sign in accord with the
well-recognized behaviour of vinyl as a —R substituent. Thus the values suggested for
02 are all much less negative than the values tentatively indicated above for or(BA) at
around —0.12 to —0.15. This is of course as it should be, in view of the nature of COOH
as a weakly +R group (see Section IL.A).

The vinyl group has been included in the work of Topsom and colleagues on theoretical
scales of field (inductive) and resonance parameters (see Section II.C.2). A value of 0.04
was derived for o778, in fair agreement with the values of o7 determined spectroscopically
as discussed above, but rather lower than most of the reactivity-based values. The first
attempt at establishing a theoretical scale of resonance parameters found (72 = —0.05,
in good agreement with the spectroscopic values discussed above. However, the later
redefinition of the theoretical scale of resonance parameters®® produced a value of 0.04
for vinyl, which the authors tabulate alongside the infrared-based value of 0.05, i.e. the
+ option of + has now been chosen, cf above.

B. Structural Effects in Aliphatic Acids Containing C=C

The pK, values (water, 25°C) in the series of acids HyC=CH(CH,),,—COOH are as
follows: n =0, 4.25; n =1, 4.352; n =2, 4.678; n = 3, 4.721. The direct attachment of
the vinyl group to COOH, rather than through CH», will greatly enhance the +/ effect,
but now the —R effect will be a factor tending to weaken the acidity by stabilizing the
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undissociated acid relative to the ionized form (cf the —R effect of Ph in benzoic acid).
In the result the pK, value is decreased by only about 0.10, which is in marked contrast to
the analogous situation for the ethynyl group, when the —R effect of HC=C is completely
swamped by the +1 effect.

The introduction of successive methylene groups in the series n = 1, 2, 3 produces a
marked damping of the acid-strengthening effect of the vinyl group. However, even when
n = 3, the acid is appreciably stronger than the corresponding saturated acid, AmCOOH,
which has a pK, value of 4.88.

The effect on the acidity of substituting the H atoms of the vinyl group in
H,C=CHCOOH by various alkyl groups is of interest for several matters, in particular
the behaviour of stereoisomers. Pertinent data are collected in Table 3. The methyl group
in trans-crotonic acid (entry 2) is markedly acid-weakening and this is attributed to
the electron-releasing properties (—I, —R) of the group. cis-Crotonic acid (entry 3) is,
however, only 0.17 units weaker than acrylic acid (entry 1); various factors have been
suggested as being in competition with the electron-releasing effect of the methyl group.
The traditional explanation is based on a structural analogy between this acid and o-
methylbenzoic acid. The apparent acid-strengthening effect of the o-methyl group in the
latter is usually attributed to the methyl preventing coplanarity of phenyl and carboxy
groups and thus introducing steric inhibition of resonance involving these groups, which
is normally a factor stabilizing the undissociated form of the acid relative to the ionized
form, cf above for acrylic acid.

The concept of steric inhibition of resonance has, however, recently been criticized
by Exner, Gal and their coworkers®3, who consider that it has often been invoked for
molecules in which it is unlikely to occur. These include o-methylbenzoic acid. Substantial
evidence was assembled in support of this view. The authors suggest that a primary steric
effect may be involved, which is greater in the undissociated molecule than in the ion and
is therefore acid-strengthening. This idea would presumably be applicable to cis-crotonic

TABLE 3. The pK, values (water, 25°C) of various
alkyl-substituted acrylic acids

R! R3
\c—c/
4 N\
R COOH
R2 R? R3 pK,
1. H H H 4.25
2. Me H H 4.70
3. H Me H 442
4. H H Me 4.65 (18°C)
5. Me Me H 5.12
6. Me H Me 4.96 (18°C)
7. H Me Me 4.29 (18°C)
8. Me Me Me 4.41
9. Et H H 4.74
10. Pr H H 4.75
11. Bu' H H 4.88
12 H Et H 4.70
13 H Pt H 4.63
14. H Bu' H 4.12
15. Et Me H 5.15
16. Me Et H 5.13
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acid. We may also recall that about thirty years ago Bowden®* suggested that all cis-3-
substituted acrylic acids were strengthened relative to their trans isomers by about 0.30
pK, units, through the operation of a factor which was not steric in nature, but was
somehow associated with cis substitution. The nature of the factor could not be definitely
established. This matter will be referred to again below.

The introduction of a cis-3-methyl group when a trans-3-methyl group is already there
produces an acid-weakening effect of 0.42 units (entry 5 compared with entry 2). This
is similar to the effect of the trans-3-methyl group (entry 2 compared with entry 1), so
no special effect of cis substitution is manifested here. One or the other of the methyl
groups can be replaced by an ethyl group without affecting the acidity to any great extent;
compare entries 5, 15 and 16.

It is perhaps surprising that the introduction of a 2-methyl group into acrylic acid (entry
4) does not have as strong an acid-weakening effect as a the 3-methyl group (entry 2).
Competition with an acid-strengthening effect could be responsible, possibly a primary
steric effect of the type suggested by Exner, Gal and coworkers®>. The introduction of
a 3-methyl group frans to the carboxy group in 2-methylacrylic acid (entry 6) or of a
3-methyl group cis to the carboxy group in 2-methylacrylic acid (entry 7) produces an
acid-weakening or acid-strengthening effect, respectively, which is fairly similar to the
corresponding effect in the case of acrylic acid. It appears from entry 8 that when three
methyl groups are present very complicated interactions occur; no approach to additive
behaviour in substituent effects can be discerned. However, it should be pointed out that
entry 8 relates to work done about one hundred years ago®.

Entries 2, 9, 10 and 11 show the effect of branching at the «-carbon atom of the 3-
alkyl group in the trans disposition with respect to COOH. This is in accord with the
order of electron-release Me < Et < Pr' < Bu'. For the effect of such branching of
the 3-alkyl group in the cis disposition: entries 3, 12, 13 and 14, the situation is more
complicated. There is an apparent marked decrease in acidity of 0.28 pK, units when Me
is replaced by Et. This is difficult to understand, cf entries 15 and 16. The values for
entries 12, 13 and 14 were all determined by the same authors®®, who also found a pKa
value of 4.70 for cis-crotonic acid, compared with the value of 4.42, or thereabouts (entry
3), which has been found by several different authors. (In Reference 79b the work of
Reference 96 is classified as ‘approximate’, rather than ‘reliable’.) We shall therefore not
attribute any particular significance to the difference in values between entries 3 and 12,
but will assume that the entries 12, 13 and 14 constitute a self-consistent series worthy
of comment. The increase in acidity through this series would traditionally be ascribed to
steric inhibition of resonance destabilizing the undissociated acid relative to the ionized
form. This may certainly be true for the Bu’ compound, but an increase in a primary steric
effect, as suggested by Exner, Gal and their coworkers® (see above), is also a possible
explanation.

Extending the conjugated system of acrylic acid by introducing another
C=C has a somewhat acid-weakening effect. Values of pK, for cis,cis-
Me—CH=CH—-CH=CH—-COOH and trans,trans-Me—CH=CH—-CH=CH—-COOH at an
ionic strength I = 0.10 are 4.49 and 4.50, respectively. For comparison with the proper
thermodynamic pK, value of 4.25 for acrylic acid, a correction of about 0.12 is required”’,
changing the values to 4.61, and 4.62, respectively. Presumably the introduction of the
second C=C should enhance the electron-attracting influence of the vinyl group, but
the effect of this is apparently swamped by the extension of the conjugation stabilizing
the undissociated acid relative to the ionized form. The stereochemistry of the molecule
seems not to matter. The introduction of a second C=C directly into the vinyl group as
in CH,=C=CH—-COOH has a markedly acid-strengthening effect; this acid has a pK,
value of 3.685 at I = 0.10, giving a corrected value of 3.805, compared with 4.25 for
acrylic acid.
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TABLE 4. Values of oy for substituted vinyl

groups®?

Group* oy
H,C=CH 0.11
MeCH=CH 0.07
H,C=CMe 0.10
H,C=CHCH, 0.02
Me,C=CH 0.05
EtCH=CH 0.07
MeCH=CHCH, 0.02
H,C=CHCH,CH, 0.02
Me,C=CHCH, 0.00
Z-CICH=CH 0.18
E-CICH=CH 0.17

4Charton89 also tabulates values for Cl,C=CH,
CH,=CCl and Cl,C=CHCHj, but the present
contributor has been unable to trace in the literature
the experimental data on which they are said to
be based.

With a pK, value of 4.42 (water, 25 °C) trans-cinnamic acid clearly shows the acid-
weakening effect of extending the conjugated system by introducing the phenyl group.
cis-Cinnamic acid, however, with a pK, value of 3.93, is a considerably stronger acid
than its trans isomer, and is even somewhat stronger than acrylic acid. The traditional
explanation of this behaviour would be in terms of the +/ effect of Ph and steric inhibition
of resonance, but we may recall the suggestions of Exner, Gal and coworkers”® and of
Bowden®* discussed above.

Charton®® tabulates o7 values for several of the alkyl-substituted vinyl groups which are
components of the acids discussed in the present section, as well as values for other sub-
stituted vinyl groups, such as chloro-substituted groups. A selection is shown in Table 4.

C. The Transmission of Substituent Effects through C=C

C=C may be used as the connective G in the acids PhGCOOH, and so its transmission
of the effects of substituents in Ph may be studied, When G = CH; or (CH>); the Hammett
o values for ionization in water at 25 °C are 0.56 and 0.24, respectively, compared to 1.00
for benzoic acid®®. Transmission by CH=CH is, however, greater than that by CH,—CH,,
the p value for the ionization of trans-cinnamic acids being 0.42. In a simple way it may
be imagined that the w-bond component makes the C=C double bond more polarizable
than the C—C single bond and this facilitates the transmission of substituent effects. The
p values for the rate coefficients of reaction of the acids with diazodiphenylmethane in
ethanol at 30 °C show much the same pattern: CHy, 0.40; (CH3),, 0.22; CH=CH, 0.42,
compared with 0.95 for benzoic acid. The necessary data for estimating the transmission
of substituent effects through C=C in cis-cinnamic acid do not appear to exist. Bowden”®
and Bowden, Chapman and Shorter” tried to develop a simple theory of the relative
transmitting powers of various groups G. The theory achieved a modest success.

Bowden®* studied the transmission of substituent effects through C=C in the esterifica-
tion of 3-substituted acrylic acids with diazodiphenylmethane (DDM) and in the ionization
of the same acids. The o, values of the substituents were used to characterize their elec-
tronic effects for Hammett-type correlations. In esterification with DDM at 30 °C, the p
values of the trans acids and the cis acids were 1.682 and 1.772, respectively, in ethanol
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as solvent, corresponding results in 7-butanol being 2.065 and 2.16, and in ethyl acetate,
2.960 and 3.042. Thus the transmission of the substituent effect through the cis acids is
slightly greater than through the trans acids, and there is a considerable solvent effect,
which enhances transmission is the less polar solvents. The p values for the ionization
of the acids in water at 25 °C were 2.249 for the trans acids and 2.452 for the cis acids.
There was a linear free-energy relationship between log k values for the trans acids react-
ing with DDM in ethanol and the pK, values in water. The data for the cis acids were
correlated by a different line, approximately parallel to the first and separated from it
by about 0.3 pK, units. This behaviour was the basis for Bowden’s suggestion that the
cis-3-substituted acids were all strengthened relative to their trans isomers by 0.3 units
(see Section III.B). An analogous effect had previously been detected for ortho-substituted
benzoic acids'%. The nature of this effect seems not to have been satisfactorily explained,
although reference to it is made from time to time®”.

In a review article on substituent effects in non-aromatic unsaturated systems.
Charton'®! treats many systems by means of his extended Hammett equation
(Section II.B). There is much information on the transmission of the inductive and
resonance components of substituent effects through C=C.

IV. THE ELECTRONIC EFFECTS OF GROUPS CONTAINING
CARBON-OXYGEN DOUBLE BONDS

A. Alkoxycarbonyl Groups

Alkoxycarbonyl groups are classified as 41, +R substituents in their electronic effects.
Most of the available information concerns CO,Me and CO,Et and these groups are
often regarded as having essentially identical electronic effects, within the usual limits
of experimental error of reactivity and spectroscopic studies and within the precision of
correlation equations. Thus in the absence of relevant information about one of these
groups, information about the other may be used. Indeed Exner’s compilations of sub-
stituent constants'®!7 do not distinguish individual alkoxycarbonyl groups and tabulate
values simply for CO;R. It seems probable that the electronic effects of, for example,
CO;,Bu’ would differ appreciably from those of CO;Me or CO,Et, but there is little
information about such matters. Our discussion will be restricted to CO,Me and CO,Et,
but it will be made clear whether a particular piece of information relates to CO,Me
or CO,EL.

The pK, value of 4-ethoxycarbonylbicyclo[2.2.2]octane-1-carboxylic acid in 50% w/w
EtOH-H;0 at 25°C is 6.40, compared with 6.87 for the parent compound, i.e. ApK, =
0.47. These values are used by Charton®” to define a primary o; value for CO,Et through
equation 11:

oy = ApK,/1.56 11)

the value being 0.301, which was rounded to 0.30. A secondary value for CO,Me was
based on the ionization of 4-substituted bicyclo[2.2.2]octane-1-carboxylic acids in 50%
v/iv MeOH-H;0 at 25 °C, which conforms to equation 12.

pK, = —1.1407 4+ 6.230 (12)

The o7 value for CO;Me was found to be 0.318, which was rounded to 0.32.

The above values of o7 for CO,Me and CO;Et are found to be widely applicable to
the effects of these substituents on processes in aqueous, aqueous organic or other protic
solvents. To illustrate this point we show in Table 5 the back-calculated values of o7 for
CO,Me and/or CO,Et from some of the regressions in Charton’s article®0.
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TABLE 5. The influence of alkoxycarbonyl groups on reactivity in various aliphatic and alicyclic
systems

Process Solvent Temp. (°C) Group o4 (calc)

Tonization of 3-substituted 50% viv 25 CO,Me 0.302
adamantane-1-carboxylic acids EtOH-H,0

Tonization of substituted H,O 25 CO;Me 0.314
methylamines CO,Et 0.309
Tonization of 4-substituted H,O 25 CO,Me 0.305
quinuclidinium ions CO,Et 0.305
Rate of reaction of 4-substituted MeOH 10 CO,Et 0.282
quinuclidines with Mel

Rate of reaction of trans- EtOH 30 CO;Me 0.320

4-substituted cyclohexane
carboxylic acids with

diazodiphenylmethane
Rate of reaction of ethyl 4-sub- 87.83% wiw 30 CO,Et 0.303
stituted bicyclo[2.2.2]octane-1- EtOH-H,0

carboxylates with OH™

4From regression equations by Charton80.

In the establishing of the o7 scale about forty years ago CO,Et played an important
part because it was one of the substituents for which Roberts and Moreland*! determined
a o’ value from the bicyclooctane system (see Section IL.B). The value was 0.30 and in
conjunction with the value of 0.78 for the o* value of CH,CO,Me?® it contributed to
determining the factor 0.45 for the interrelationship of the ¢* and o; scales (see again
Section II.B).

The situation regarding the benzoic acid-based o values of CO;Me or COEt is not
straightforward. The necessary pK, values have not become available until recent years.
No value appears to exist for either of the meta acids in water, but there is a value for
m-methoxycarbonylbenzoic acid in 10% v/v EtOH-H,0%. From this value and the p
value for the ionization of benzoic acids in this solvent, o, = 0.33. However, Charton®?,
by using what appear to be the same data communicated to him privately before publi-
cation, calculated o, = 0.38. For the para acid a pK, in water is cited by Hoefnagel
and Wepster'92, from which op may be calculated to be 0.46. The recent L.U.P.A.C.
compilation'® recommends the slightly different value 0.45, data for ionization in 10%
EtOH-H,0® having also been taken into account. Charton®® appears to have had access
to the latter data before publication and calculates o), as 0.43.

If 0,, = 0.33 and o), = 0.46 are analysed in a simple way into inductive and resonance
components, as in Section II.B, we obtain values of o7 and ogr(BA) as 0.27 and 0.19,
respectively. The former value is slightly lower than the reactivity-based value discussed
above. Charton considers that his o0, and o, values for CO,Me are consistent with
or = 0.32 (as above) and ogr(BA) = 0.11. For CO,Et he proposes o, = 0.36 and
o, = 0.41, consistent with o; = 0.30 and ogr(BA) = 0.11.

Since these substituents are +R groups, there will be no important distinction between
o and o°, or between or(BA) and 02 (see Section II.B). There is, however, a distinctive
o, value (see Section II.A). The recent compilation by Hansch and coworkers®® presents
several values of this substituent constant for both CO,Me and COEt. Quite a range of
values is given in each case and this situation is one in which to take notice of the authors’
own caveat®®. We will content ourselves with following Exner!” on this occasion and
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dealing with the general substituent CO,R. Exner!'” quotes 0.74 based on the ionization
of anilinium ions and 0.64 based on the ionization of phenols. The present contributor
has pointed out previously that there are often discrepancies between the phenol and
anilinium scales and the most significant are usually in the sense that the enhancement
of the +R effect is smaller for the ionization of phenol than for the ionization of the
anilinium ion®. This provides a warning that values based on the two systems should
not be mixed in correlations. Ideally only one of these systems should be chosen as
the basis for the o~ scale. The other should be regarded as a system for treatment by
the Yukawa-Tsuno equation?*23 or other multiparameter extensions?® of the Hammett
equation (Section II.B).

The +I effect of alkoxycarbonyl groups has been studied by several spectroscopic
techniques. The infrared method using the camphor model®' (see Section IIL.A) found
a value of 0.31 for o7 of CO,Me in carbon tetrachloride, in good agreement with the
value based on reactivity in aqueous organic solvents. However, the work of Taft and
collaborators in 1963 on '°F substituent chemical shifts’> found that the shift for m-
ethoxycarbonylfluorobenzene varied considerably with solvent, the extreme values for the
shielding parameter being —0.13 ppm in benzene and —1.80 in trifluoroacetic acid. The
derived values of oy were 0.11 in ‘normal solvents’, 0.13 in dioxan, 0.21 in ‘weakly
protonic solvents’ and 0.35 in trifluoroacetic acid. The last-mentioned high value was
attributed to the effect of the hydrogen-bonding of CF3COOH to one or the other or both
oxygen atoms of CO,Et. With the exception of the value determined in trifluoroacetic
acid, all the other values are well below the value of 0.30 determined from reactivities
in protonic solvents, as already discussed. It thus appears that this value is for an ester
group that is extensively solvated by hydrogen-bonding. According to the shielding param-
eters, even methanol and formic acid, the ‘weakly protonic solvents’, do not produce as
pronounced a hydrogen-bonding effect as the aqueous organic solvents involved in the
determination or application of the reactivity values of o7. (Note, however, that in one
example in Table 5 methanol is the solvent. The back-calculated value of o7 is the lowest
in the Table at 0.282, but the deviation is not particularly serious.) As already mentioned
(Section III.A) a recent re-examination of the '°F NMR data for meta substituted fluo-
robenzenes in hydrocarbon solvents®? led to a slightly different regression equation. The
value of o7 (the symbol o is preferred by the authors concerned) is now given as 0.19. If
the new regression equation is applied to the shielding parameter formerly obtained using
methanol as solvent®®, o; for CO,Et comes out at 0.26, which is at least approaching the
value based on reactivity in aqueous organic solvents. In trifluoroacetic acid the value
would now be 0.42.

For para-substituted fluorobenzenes containing —R substituents the '°F substituent

chemical shift is considered to depend on 0236, but for +R groups the resonance effect
is slightly enhanced by cross-conjugation between the substituent and the F atom. In the
recent re-examination of '°F shielding by Hansch, Leo and Taft2, the resonance effect
of COEt is described simply with the symbol og and given a value of 0.16. Measure-
ments of infrared intensities do, however, give information about 02 values for +R groups
(Section II.C). Katritzky and colleagues*® give values of 0.155 and 0.180 for CO,Me and
CO,Et, respectively. As already mentioned (Section III.A) the sign is not given by the
correlation, but must be inferred from other evidence, which gives no trouble for these
ester groups. It is interesting that these values are rather greater than the 0.11 suggested
by Charton®° for the resonance parameter of CO,Me and CO;Et, but not too far from the
value 0.19 obtained by simple analysis of o, = 0.33 and 0, = 0.46.

Other estimates of inductive and resonance parameters for these groups have been based
on the correlation analysis of '>C substituent chemical shifts, e.g. in the work of Reynolds
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and colleagues*® (see Section IL.C). In the case of CO,Me they favour a fairly low value
for o, that is o7, at 0.21, and a value of 0.16 for 02.

It must finally be said that the recent compilation of Hansch and coworkers®® records
for these ester groups a very wide numerical range of inductive and resonance parameters
determined by physical methods. These values must be viewed very critically and the
situation raises the fundamental question: ‘Do the various probes really ‘see’ the same
aspects of the substituent?’

The CO,Me group was included in the work of Topsom and colleagues on theoretical
scales of field (inductive) and resonance parameters (see Section II.C.2). A value of 0.23
was derived for 6%, in only fair agreement with the experimental value of 0.17 which
they quote as applicable to the gas phase® . However, Taft and Topsom®’ quote the quite
different value of 0.24 for this purpose. Both the earlier’® and the later®® attempt to
establish a theoretical scale of resonance parameters produced a value of 0.17 for og of
CO;,Me, in good agreement with the experimental value of 0.16 quoted from the literature
(see above).

B. The Carboxy Group

Charton bases a primary o7 value for COH on the ionization of the bicyclooctane
carboxylic acids in 50% w/w EtOH-H,O at 25°C, as described in Section IV.A for the
corresponding methyl ester group®®. The value is 0.30, very close to the values for the
ester groups. This is not unreasonable, although CO,H might be expected to be slightly
more electron-attracting than CO,R. The determination of o7 in this way involves the
titration of the 1,4-dicarboxylic acid. The apparent pK, values for the first and second
ionizations are 6.10 and 6.87, respectively. The difference of 0.77 is not really sufficient
to give a clearcut separation of the two stages of ionization. Thus the determination of
oy for COOH must in principle be subject to the same problems that are involved in
determining o0, and o, for COH (see below). Too much stress should therefore not
be laid on the exact numerical value of o; for this substituent. The value 0.30 has not
been widely applied, but it seems to be approximately valid for other alicyclic carboxylic
acids®, although it must be pointed out that in these series also there may be overlapping
of the first and second stages of ionization of the dicarboxylic acids. It should also be
pointed out that the pK, value of the bicyclooctane carboxylic acid requires correction by
a statistical factor of 0.5 in calculating oy, i.e. 0.301 must be added to give 6.40, which
is the same as that of the ethoxycarbonyl-substituted acid (see Section IV.A).

The difficulty of determining benzoic acid-based o values for CO,H has recently been
examined in a technical report of IUPAC'3, and we will essentially follow the discussion
as presented therein.

The determination of accurate pK, values for the first ionization of isophthalic and of
terephthalic acid is very difficult, because the second ionization overlaps with the first.
Elaborate treatment of results is required.

Probably the most reliable value for the first ionization constant of isophthalic acid
is that determined by Ang in 1958'%3, When the pK, value of 3.70 (water, 25°C) is
combined with a value of 4.205 for benzoic acid and a statistical correction is applied for
the presence of two ionizable groups, the value of 0.204 for o, is obtained. It is generally
believed among physical organic chemists that CO,H should differ but little from CO,Me
in net electron-attracting ability and therefore the above o;, value is anomalously low by
at least 0.1 unit (see Section IV.A). The explanation of this is not clear. There does not
appear to be any information available for the first ionization of terephthalic acid of
reliability comparable with that for isophthalic acid.
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However, Exner!%* has directed attention to the work of Thamer and Voigtlo5 , which
is mentioned by Kortiim and coworkers’*® but classified by them as unsicher. This work
involved a combination of spectrometric and electrometric methods for both isophthalic
and terephthalic acids and a treatment of results which was claimed to separate K| and
K. Exner has re-examined the work and suggests that it yields values for 10*K of 2.78
(£0.25) and 3.4 (1) mol dm~! for isophthalic and terephthalic acids, respectively. When
the corresponding pK, values of 3.556 and 3.469 are combined with a value of 4.205
for benzoic acid and the statistical correction of 0.301 is applied, the values of 0.348 and
0.435 are obtained for oy, and o, respectively, which may be rounded to 0.35 and 0.44,
respectively. These seem reasonable values by comparison with the corresponding values
for CO;Me (see Section IV.A). This part of the report concludes, ‘Nevertheless it would
be unwise to tabulate ‘recommended’ values for CO,H’.

For CO;H Charton®® gives 0.36 and 0.41 for o, and op, respectively. These are
exactly the same as for CO,Et and are approximately in accord with o7 = 0.30 and
or(BA) = 0.11. Exner’s values!®* as above are approximately in accord with o7 = 0.30
and og(BA) = 0.14.

Hansch and collaborators®® give nine pairs of ¢ values for this substituent, determined
in a wide variety of ways. Most of them are around 0.35 for o, and 0.43 for o, but
there are some eccentric values. They also provide some four values for o,~. These are
mainly in the range 0.73 to 0.78.

The infrared method using the camphor model®! (see Section IIL.A) found a value
of 0.36 for o7 of CO;H in carbon tetrachloride. It is interesting that this is slightly
larger than the value for CO,Me at 0.31. This could be an indication that the acid group
is actually slightly more electron-attracting than the ester group, but see below. Little
attention seems to have been paid to using the carboxy group as a substituent in studies
of F or 13C NMR. The main information about the o,% value of CO,H comes from
infrared intensities. Katritzky and colleagues*® find 0.29 for this quantity, which is far
greater than the indication of the resonance effect from dissociation of the substituted
benzoic acids at 0.11 to 0.14. These authors*® quote for comparison a value of 0.21 based
on '°F substituent chemical shifts and communicated to them by Taft and Sheppard.
There appears to be an anomaly here. It seems possible that dimerization of benzoic
acid in carbon tetrachloride, the solvent used in the infrared intensity studies, leads to
an erroneous indication of the resonance effect of CO,H. The measurement of o7 by the
infrared camphor model may also be affected by the dimerization of the substrate.

On the theoretical scale of field parameters>® CO,H acquires a value of 0.27 and on the
theoretical resonance scales®®" a value of 0.17. The authors quote for comparison the
infrared intensity-based 02 of 0.29 and imply that there must be something wrong with
it and that their theoretical value of 0.17 is more reliable®. It is still somewhat greater
than the indications from the dissociation of the substituted benzoic acids.

C. Acyl Groups

The largest amount of information is available for the acetyl group. Charton® bases the
oy value for acetyl on the effect of this group on the ionization of the quinuclidinium ion,
there being no data available for this group as a substituent in the bicyclooctane system.
The value is 0.30, essentially the same as that for CO2R. This is perhaps surprising
since it might well be supposed that the +/ effect of the ester group would be reduced
relative to that of COR by internal conjugation involving the canonical form C(O™)=0"R.
Such internal conjugation is not possible in COR, although in COCH3, for example,
hyperconjugation involving the methyl group would be possible, i.e. C(O™)=CH,H™.
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This value of o7 for acetyl is essentially confirmed by other reactivity-based methods. In
1956 Taft?® gave a value of 0.60 for the o* constant of CH3COCH,, which was based
on his analysis of ester reactivity. When the factor of 0.45 is applied, o7 for acetyl comes
out at 0.27 (Section II.B). In 1964 Charton®? derived a value of 0.29, based on a pKa
value of 3.58 for acetylacetic acid (water, 25 °C). Substitution of this pK, value into
Charton’s later regression equation for substituted acetic acids®" gives 0.299 for the oy
value of acetyl.

The o0y, and o, values for acetyl are well-established as based on the determination of
the pK, values of the substituted benzoic acids by many authors; various experimental
techniques have been used for measurements in water and in several aqueous organic
solvents. The recent ITUPAC report!® considers four independent determinations of o,
ranging from 0.35 to 0.38, with a mean value of 0.368, rounded to 0.37 as the recom-
mended value. For o), five independent determinations were considered, ranging from
0.47 to 0.503, with a mean value of 0.486, rounded to 0.49 as the recommended value.
These values are consistent with o; = 0.31 and ogr(BA) = 0.18. The values of 0.37 for oy,
and of 0.49 for o), of acetyl are both higher than the corresponding values for CO;Me,
0.33 and 0.46, respectively (Section IV.A). This suggests that in fact the +/ and +R
effects of acetyl are slightly greater than the corresponding effects of methoxycarbonyl,
but it is difficult to quantify the individual differences within the limits of experimental
error and the limitations of the simple separation of inductive and resonance effects in
the ionization of the substituted benzoic acids (Section ILB). Charton®° gives almost the
same values as the above for o, and o, of acetyl, 0.38 and 0.50, respectively.

The +R effect of acetyl is subject to considerable enhancement in processes involving
electron-rich reaction sites (Section II.A). Thus values of o,,+ are tabulated by Exner'” as
0.82 from the ionization of anilinium ions, 0.84 from the ionization of phenols and 0.87
from nucleophilic aromatic substitution. These values are greater than the corresponding
values for CO2R (see Section IV.A), confirming that in identical circumstances, the res-
onance effect of acetyl is greater than that of alkoxycarbonyl. Presumably this difference
is due to the internal conjugation of the ester group diminishing its ability to conjugate
with the benzene ring.

We turn now to the study of the inductive effect of the acetyl group by spectroscopic
techniques. The infrared method using the camphor model®! (see Section IIL.A) found
a value of 0.25 for o7 of COMe in carbon tetrachloride. The agreement with the value
based on reactivity in water or aqueous organic solvents is not quite so good as was noted
for CO,Me, but perhaps the surprising fact is that the agreement was so good in the
latter case. Much more serious indications of solvent-dependence of the inductive effect
of the acetyl come from '°F NMR studies. The work of Taft and coworkers in 19633
found that the substituent chemical shift for m-acetylfluorobenzene varied considerably
with solvent, the extreme values of the shielding parameter being —0.35 ppm in dioxan
and —2.65 in trifluoroacetic acid. The derived values of o7 were 0.18 in ‘normal solvents’,
0.15 in dioxan, 0.23 in ‘weakly protonic solvents’ and 0.46 in trifluoroacetic acid. The
last-mentioned high value is of course attributed to the effect of hydrogen-bonding of
CF;COOH to the CO of acetyl. The slightly reduced value in dioxan is attributed to
Lewis acid bonding. (No effect of this nature was observed for CO,Et, see Section IV.A.)
The values determined in the ‘weakly protonic solvents’ methanol and formic acid are still
somewhat below the reactivity-based value of 0.30. In the recent re-examination of the
I9F NMR data for meta-substituted fluorobenzenes in hydrocarbon solventsgz, the use of a
slightly different regression equation led to a value of 0.25 for o7 of acetyl in hydrocarbon
solvents. If the new regression equation is applied to the shielding parameter formerly
obtained using methanol as solvent®, o; now comes out at 0.30, in good agreement with
the reactivity-based values. In trifluoroacetic acid the value would now be 0.52.
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For para-substituted fluorobenzenes containing —R substituents the '°F substituent

chemical shift is considered to depend on 0236, but for +R groups the resonance effect
is slightly enhanced by cross-conjugation between the substituent and the F atom. In the
recent re-examination of '°F shielding by Hansch, Leo and Taft%?, the resonance effect
of the acetyl group is described simply with the symbol og and given a value of 0.16.
Measurements of infrared intensities do, however, give information about 02 values for
+R groups, although they do not give the sign (Section II.C). Katritzky and colleagues*®
give a value of 0.219. This is in reasonable agreement with the value of 0.18 obtained
above from the simple analysis of the Hammett o values. Charton® suggests 0.20. In the
13C NMR work Reynolds and colleagues*® (see Section IL.C) a fairly low value of oF,
that is o7, is favoured, at 0.229, and a value of 0.161 for o.

The recent compilation of substituent constants by Hansch, Leo and Hoekman®® records
for acetyl twelve values of o7 covering a wide numerical range, and mainly determined by
physical methods. We repeat that this kind of situation raises the fundamental question:
‘Do the various probes really ‘see’ the same aspects of the substituent?’

On the theoretical scale of field parameters®> COMe acquires a value of 0.19 (for
comparison the authors quote a gas-phase value of 0.22) and on the theoretical resonance
scales values of 0.20°° and 0.15%. The authors quote for comparison a literature value
of 0.22 for 02, which is probably the value based on infrared intensity measurements.

We will add a few comments on the behavior of the formyl group CHO. In water or
aqueous organic solutions this substituent exists as an equilibrium of CHO and CH(OH),.
Charton does not attempt to determine a value of o; for CHO by his usual methods®C.
The apparent pK, value of the 4-formylquinuclidinium ion is 9.89 (water, 25°C)3. When
this value is inserted into Charton’s regression equation for this system®, an apparent oy
value of 0.216 is obtained. This certainly relates mainly to CH(OH),. Indeed the value is
almost exactly twice the value for CH,OH calculated from the data for the quinuclidinium
system.

The situation for the ordinary Hammett o values based on measurements of the dis-
sociation constants is unsatisfactory. The experimental results do not seem to be very
reproducible as between one set of authors and another!8. The value of o, appears to
be about 0.40, and that of o, to be about 0.5 (see also Hansch and coworkers®®). These
are certainly in the region expected for CHO rather than CH(OH),, so it may well be
that the hydration equilibrium is more in favour of CHO in aromatic aldehydes than in
compounds in which the group is attached to a saturated carbon atom.

The recent re-examination®® of '°F substituent chemical shifts for meta-substituted
fluorobenzenes finds a oy value of 0.35 for CHO in hydrocarbon solvents, greater by
0.10 units than the corresponding value for COMe. In view of the electron-releasing nature
of the methyl group, relative to the hydrogen atom, such a difference is not unreasonable.
The corresponding og values are 0.23 for CHO and 0.16 for COMe, again a reasonable
difference. The infrared intensity method*® yields a 02 value of 0.244.

On the theoretical scale of field parameters>® CHO acquires a value of 0.22, rather lower
than the value based on 1°F NMR, and very close to that of COMe. On the theoretical
resonance scales the values are 0.18%° and 0.170, again rather lower than the value based
on '9F NMR and close to that of COMe.

6

D. Various Groups Containing Carbon-Oxygen Double Bonds

The electronic effects of the groups already discussed in Section IV have attracted the
most study, but some quantitative information is available for various other groups COX.
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TABLE 6. The inductive and resonance con-
stants of COX groups as determined through '°F
NMR measurements”>

X of COX oy oR

OEt 0.19 0.16
NH, 0.23 0.12
Me 0.25 0.16
OPh 0.25 0.20
Ph 0.29 0.16
H 0.35 0.23
F 0.45 0.26
Cl 0.45 0.26
CF3 0.52 0.27
CN 0.62 0.31

This information is rather patchy and this discussion will be restricted to the data for
o7 and ok based on °F NMR measurements of m- and p-substituted fluorobenzenes in
hydrocarbon solvents, as compiled and re-examined by Hansch, Leo and Taft’2. Most of
the available data are in Table 6. Data for some groups already discussed are included for
comparison.

It has already been suggested that the 4/ and +R effects of the alkoxycarbonyl groups
are reduced relative to those of the corresponding acyl groups by internal conjugation
in the former (see Section IV.C). No doubt the electronic effect of the amide group is
similarly affected by internal conjugation. The slightly enhanced electron-attracting power
of phenoxycarbonyl compared with ethoxycarbonyl is due to the +/ and +R effects of
phenyl. In the case of the benzoyl group the slightly greater value of o7 compared with
that of acetyl is also due to the +/ and +R character of phenyl, but this is not apparent
in the og values. The electronic effects of acetyl and formyl have already been compared
(Section IV.C). The remaining entries in Table 6 involve highly electronegative moieties
X and the increasingly positive values of o7 and, to a less marked extent, those of og,
clearly reflect this. Probably the behaviour of COF and COCI is also affected by internal
conjugation, as in the CO,Et group.

Another type of substituent involving a carbon-oxygen double bond is —G—COX, in
which the linking to the molecular skeleton is through the connective G. Possible groups
G include NH, O and CH;. In such substituents COX essentially serves to modify the
electronic effects of GH, that is NH,, OH and CH3, respectively. For illustration we take
COX as COMe and base a comparison on the o; and oy values determined through '°F
NMR measurements®?. The relevant values are as follows: NHAc, 0.34, —0.21; NH,,
0.09, —0.48; OAc, 0.34, —0.19; OH, 0.32, —0.43; CHzAc, 0.11, —0.08; Me, —0.01,
—0.13. These figures are in accord with the electron-attracting effect of the introduced
acetyl group making the inductive effect of GH more positive and the resonance effect
less negative.

E. The ortho-Effects of Various Groups Containing Carbon-Oxygen
Double Bonds

The term ortho-effect has long been used to cover the peculiar influence of a substituent
in the position ortho to a reaction centre, which often differs markedly from that of the
same substituent in the meta- or para-position*>196197_Steric phenomena have long been
recognized as playing a major part in the ortho-effect. Primary steric effects of various
kinds, including steric hindrance to the approach of the reagent or to solvation, and
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secondary steric effects have been invoked. In certain systems hydrogen-bonding and
other intramolecular interactions have been postulated.

One of the main difficulties in understanding the ortho-effect, however, lies in ade-
quately specifying the electronic effects of ortho-substituents. The relative contributions
of I and R effects to the influence of ortho-substituents are liable to be very different
from those operating at the meta- or para-position. There have been many attempts to
develop scales of ‘sigma-ortho’ constants analogous to o, oY, oF, o7, etc. (Section II)
for the meta- and para-positions, but such scales are never found to be of very gen-
eral application*>197. The composition of the electronic influence of ortho-substituents
with respect to / and R effects seems greatly subject to variation with the nature of
the reaction, the side-chain, the solvent etc. The inductive effect of an ortho-substituent
operates at much shorter range than that of a meta- or para-substituent, but the orien-
tations of substituent dipoles with respect to the reaction centre are very different from
those of meta- or para-substituents. It is sometimes supposed that the resonance effect
of an ortho-substituent tends to be inherently weaker than that of the same substituent in
the para-position, because ortho-quinonoid instead of para-quinonoid structures may be
involved in its operation. However, the resonance effect also is being delivered at rather
short range from the ortho-position.

The most fruitful treatment of the electronic effects of ortho-substituents involves the
use of the same o7 and og-type constants as may be employed in correlation analysis for
meta- and para-substituents by means of the ‘dual substituent-parameter equation’>C or the
‘extended Hammett equation’>* (Section II.B). Obviously it is a considerable assumption
that these are valid for ortho-substituents and the implication is that in the correlation anal-
ysis any peculiarities may be adequately expressed through the coefficients of the inductive
and resonance terms. Really satisfactory correlation analysis for any given reaction system
requires a large amount of data and can only rarely be accomplished.

One system for which this can be done is the reactions of ortho-substituted benzoic
acids with diazodiphenylmethane (DDM), which were studied by the present contributor
and his colleagues some years ago!%®19% Rate coefficients (I mol~! min~!) at 30 °C were
measured for the reactions of benzoic and 32 ortho-substituted benzoic acids in 11 alco-
hols (including 2-methoxyethanol) as solvents'%%. The reaction involves a rate-determining
proton transfer from the carboxylic acid to the DDM to form a diphenylmethanediazo-
nium carboxylate ion-pair. Subsequent fast product-governing stages have been variously
formulated'%®. A more restricted study was carried out for reaction at 30 °C of the sub-
stituted benzoic acids in 7 aprotic solvents!??, in which the proton transfer is believed to
be rate-limiting rather than rate-determining.

The correlation analysis employed the extended Hammett equation in the form of
equation 13:

logk = aor + Bor + v+ h (13)

where o7 and of are, respectively, the inductive and resonance constants of Taft’s analysis
of ordinary Hammett o constants (see Section 1I.B) and v is the steric substituent constant
developed by Charton!'9~112 A full discussion of the ortho-effect as revealed in this
work would be inappropriate here. We must restrict ourselves to the more limited task of
indicating the role of certain substituents containing carbon-oxygen double bonds. We
discuss first the work involving alcohols as solvents. To apply the extended Hammett
equation, i.e. to determine the regression coefficients «, § and ¢ and the intercept term
h, it is first necessary to select a set of substituents which can be expected to be ‘well-
behaved’. Particular problems for og and v may be caused by conformational effects, and
internal hydrogen-bonding may occur as a further factor governing reactivity, for which
parametrization is not included in equation 13.
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Nine substituents (Set A: H, Me, Bu/, F, Cl, Br, I, CF; and CN) were selected as a
basic set for the following qualities'®®: (i) symmetry and simplicity, (ii) freedom from
conformational effects, (iii) lack of a large resonance effect, (iv) lack of any marked
tendency to form hydrogen-bonds with the reaction centre. It proved possible to expand
the list from 9 to 18 by making reasonable assumptions about the conformations of certain
substituents, thus enabling them to be placed on the or and v scales [Set B: Set A + Et,
Prl, OMe, OEt, OPh, SMe, SO,Me, CH,Ph, (CH,),Ph). Correlations based on Set B
turned out to be superior to those based on Set A.

The regression equations were established for data in 11 alcohols as solvents and were
used to assess the peculiar behaviour of another 15 ortho-substituents in respect of confor-
mational effect and intra-molecular hydrogen-bonding!%®:113. Here we are concerned with
assessing the situation for several ortho-substituents containing carbon-oxygen double
bonds. We first give as an example the regression for 2-methoxyethanol as solvent:

logk = 1.6240; + 0.9640r + 0.346v — 0.305 (14)
(£0.074)  (£0.082)  (£0.060)

n=18, R=0990, s=0.070

(n = number of data points, R = multiple correlation coefficient,
s = standard deviation of the estimate)

The regression coefficients are positive for the o; and og terms because electron-
attracting groups accelerate the reaction and electron-releasing groups retard it. The
positive regression coefficient for the v term corresponds to the reaction being subject
to steric acceleration by ortho-substituents through deconjugation of COOH with the
benzene ring.

Before we discuss the results for individual substituents containing carbon-oxygen
double bonds, it is necessary to describe the possible role of hydrogen-bonding of sub-
stituent to reaction centre. If 0-X bonds to the H of CO,H, the reaction will be retarded
(‘unfavourable’ hydrogen-bonding), while if 0-YH bonds to a negatively charged O in the
nascent carboxylate ion, the reaction will be accelerated (‘favourable’ hydrogen bonding);
see 5 and 608,

(0) (0] o.—-0
N G .
X C/ \I;I ~N C/ oH
X Y
Unfavourable Favourable
&) (6)

For CO;Me there are two sets of substituent parameters: o; = 0.32, og = 0.10 and
v = 1.51 for the group when coplanar with the benzene ring, and o7 = 0.32, og = 0.0
and v = 0.50 for the group when orthogonal to the benzene ring. Thus the induc-
tive effect is considered to be unaffected by twisting the CO,Me group, the resonance
effect is eliminated by twisting to the orthogonal conformation and the steric effect is
much greater for the coplanar conformation than for the orthogonal. We may now sub-
stitute these parameters in equation 14 and analogous equations for the reactions in the
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other solvents to obtain values of log k(calc, coplanar) and log k(calc, orthogonal), which
may be compared with logk(obs). For equation 14, logk(calc, coplanar) = 0.834 and
log k(calc, orthogonal) = 0.388. Logk(obs) = 0.441, i.e. between the values calculated
for the two conformations, but rather closer to the value for the orthogonal conformation.
Without quoting the regression equations'%% 14, we give the results of similar calcu-
lations for the reactions in various alcohols [solvent, logk(calc, coplanar), logk(calc,
orthogonal), log k(obs)]: methanol, 1.510, 0.958, 1.156; ethanol, 1.135, 0.586, 0.763; 2-
methylbutan-2-ol, 0.415, —0.129, 0.093; benzyl alcohol, 1.966, 1.502, 1.650. In every
case the observed value lies between the two extremes, indicating that an intermediate
conformation of the methoxycarbonyl group is preferred, probably somewhat closer to
the orthogonal than to the coplanar. No evidence of unfavourable hydrogen-bonding is
apparent.

The results for other groups of interest to the present chapter are briefly as follows.
0-CO,H also adopts an intermediate conformation, but for the reaction in several of
the alcohols (particularly phenyl-substituted alcohols) logk(obs) is much closer to the
value calculated for the coplanar conformation than to that calculated for the orthogonal.
There is no clear evidence for the favourable hydrogen-bonding effect which might be
expected to occur. For 0-CONH», logk(obs) is always near to the value of logk(calc,
orthogonal) and for some solvent alcohols is actually below it. This may be an indica-
tion of a role for unfavourable hydrogen-bonding. In the case of 0-COPh the log k(obs)
values are intermediate between the log k(calc) values for the conformational extremes,
and there is no evidence for any hydrogen-bonding effect. The substituent constants
of the remaining three groups do not show conformational dependence, but deviations
of log k(obs) from log k(calc) may indicate the role of hydrogen-bonding between sub-
stituent and reaction centre. For o-NHCOMe there are indications of a small favourable
hydrogen-bonding effect, although o-NH, does not show any significant deviation from
the regression equations. Presumably the electron-attracting influence of COMe promotes
such hydrogen-bonding. In the case of 0-OCOMe and 0-CH;CO,Me the log k(obs) values
are always below those of log k(calc), probably indicating the occurrence of unfavourable
hydrogen-bonding.

The more limited study of the reactions of ortho-substituted benzoic acids with DDM in
aprotic solvents'%? revealed some differences in the ortho-effects, compared with the reac-
tions in alcohols. Thus 0-CO;Me appears to adopt an essentially orthogonal conformation
in most of the solvents, and this is also the case for 0-CO,H in DMA, DMF and DMSO.
However, for the reactions of the 0-CO,H acid in acetone or ethyl acetate, log k(obs)
is considerably greater than log k(calc, coplanar), certainly indicating the occurrence of
favourable hydrogen-bonding, which was not observed for the reactions in alcohols. The
favourable hydrogen-bonding shown in a small degree by o-NHCOMe in the reactions
in alcohols is very marked for the reactions in acetone, ethyl acetate, DMA, DMF and
DMSO. 0-COPh appears to adopt a coplanar conformation in DMA, DMF and DMSO,
but in nitrobenzene, chlorobenzene, acetone and ethyl acetate an intermediate confor-
mation appears to be shown. There is no evidence for unfavourable hydrogen-bonding.
Finally, 0-OCOMe and 0-CH,CO;Me conform to the regressions for aprotic solvents
rather better than they do to the regressions for alcohols. This behaviour is anoma-
lous because the unfavourable hydrogen-bonding effect, which appears to be indicated
from the reactions in alcohols (see above), would be expected to be enhanced in aprotic
solvents.

Intramolecular catalysis by the carbonyl group is important in some reaction systems
and can sometimes be a component of the ortho-effect. Bowden has recently reviewed
intramolecular catalysis by carbonyl groups in ester hydrolysis!'!>.
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V. SOME FURTHER MULTIPARAMETER TREATMENTS OF SUBSTITUENT
EFFECTS

A. Introduction

Earlier sections of this chapter contain accounts of the Yukawa-Tsuno equation®*23,

the Dual Substituent-Parameter (DSP) equation”’31 and the Extended Hammett (EH)
equation®* (see Section IL.B), with the particular intention of showing how these may be
applied to data sets involving the substituents of particular interest for this chapter. These
equations are not now the only possibilities for multiparameter treatment. In this section
we shall give accounts of some of the other approaches. The accounts will necessarily
be brief, but key references will be given, with indications as to how the substituents of
interest for this chapter fit into the various treatments.

B. Exner’s Analysis

This is essentially a method of providing an alternative set of o7 and og parameters for
use in the DSP equation or EH equation. In the mid-1960s Exner>> found evidence that
the inductive effect from the para position of benzoic acid was stronger than that from
the meta position by a factor of 1.14. He also suggested that o7 values current at that time
and based on alicyclic and aliphatic reactivities were out of scale with o;, and o, by a
factor of 1.10, and should be multiplied by this to introduce the m-inductive component.
This led Exner to a revised analysis of 0, and o, in terms of inductive and resonance
components. He calculated revised o; values by multiplying the alicyclic/aliphatic values
by 1.10, and then multiplying these further by 1.14 before subtracting from o, values to
obtain revised values of og.

The most dramatic changes were for some +R substituents, such as NO, and CN,
whose og values dropped to zero. The implication of this is that such substituents are
normally not conjugated with the benzene ring and only become so in the presence
of a —R para-substituent with which cross-conjugation is possible (Section II.A). For
+R substituents containing a carbon-oxygen double bond there is a small residual og
value, thus: COMe, 0.05; COPh, 0.04; CO3R, 0.03; CO,H, 0.03. Exner’s recalculation
of og values imposes less dramatic changes on —R substitutents, although these are still
appreciable.

The status of Exner’s revised o7 and op values has been debated for thirty years. A
number of prominent workers in the field are rather critical of Exner’s approach. For a
fairly recent appraisal of the situation, see an article by the present author'>. Exner has
continued to propagate his view on this matter in his book published in 1988'¢. Some of
his papers in the past few years indicate that he is developing further criticisms of aspects
of the ‘traditional’ separation of inductive and resonance effects and of the ways in which
correlation analysis of substituent effects is generally carried out®3 116~ 118,

C. C.G. Swain’s Treatments

These began with a paper by Swain and Lupton!!'® in 1968. The approach was slightly
modified and greatly extended by Hansch’s group in 1973'2. During the first 15 years or
so of its life, the Swain—Lupton treatment was applied extensively, but was also severely
criticized. A revised version appeared in 1983 in a paper by Swain and coworkers!2!. This
version was in its turn severely criticized, but also applied. The Swain-Lupton treatment
was reviewed by the present author in 1978%3 and again more briefly in 1982!4. A more
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recent review!?

print in which several of Swain’s critics set forth their views, and Swain replie

The Swain-Lupton treatment'!” was a reaction against the proliferation of scales of
polar substituent constants. The authors maintained that the polar effect of any given
substituent could be adequately expressed in terms of just two basic characteristics: a
field constant J and a fixed resonance constant R. Swain and Lupton maintained that the
correlation analysis of chemical reactivity data and spectroscopic data of aromatic systems
could be carried out satisfactorily in terms of F and R (¢f the four og-type parameters
introduced for the DSP equation), meta and para series being dealt with separately, as
in the case of the DSP equation. The assumptions involved in establishing the ¥ and R
scales provoked much criticism. Nevertheless, the treatment achieved fair success when
applied to chemical reactivity data and some spectroscopic data, particularly NMR!423.
The most notable success, however, was in the correlation analysis of biological activity
data'?6.

The revised version'2! developed new scales of field and resonance parameters, the
awkward symbols F and R being replaced by the more straightforward F' and R. Some of
the criticism made of the earlier form of the treatment had been met by the modifications,
but the critics were still not satisfied'?2~124,

A compilation of F' and R constants, as revised by Hansch, appeared in a book by
Hansch and Leo®. A more recent compilation of substituent constants includes F and
R values, revised again by Hansch®?. See also Hansch, Leo and Hoekman30. Values are
provided for numerous substituents of interest in this chapter.

covers also the revised version and an account of a mini-symposium in
d122-125

D. The Poly Substituent-Parameter (PSP) Equation

This equation is an elaboration of the dual substituent-parameter (DSP) equation. Its
development has been relatively recent, but Taft and Topsom, who were closely associ-
ated with it, have written a long review article’” involving the equation, and this article
will probably acquire the status in respect of the PSP equation that the article of Ehren-
son, Brownlee and Taft’! has in connection with the DSP equation. The name Poly
Substituent-Parameter Equation was devised by the present author in a short account
thereof'>. Hopefully, that account and the present briefer one will encourage study of
Taft and Topsom’s article>’.

The new treatment had its origins partly in ab initio molecular orbital calculations
of substituent effects and partly in extensive studies of gas-phase proton transfer reac-
tions since about 1980 (Section II.C.1). Various aspects of this work essentially drew
attention to the importance of substituent polarizability. In 1986 Taft, Topsom and their
colleagues'?” developed a scale of ‘directional substituent polarizability parameters’, og,
by ab initio calculations of directional electrostatic polarization potentials at the 3-21G//3-
31G level for a large set of CH3X molecules. The o, values were shown to be useful in
the correlation analysis of gas-phase acidities of several series of substrates'?’, and such
work has subsequently been extended by Taft and Topsom>’.

Values of o, are available for over thirty substituents. H is the standard at 0.00 and
the values range from +0.13 for F to —0.81 for Ph. The values for CH,=CH, CO;Me,
COMe, CHO and COCF;3 are —0.50, —0.49, —0.55, —0.46 and —0.51, respectively. To
set these values in context we mention that the o, values for Me, Cl, CN and SO,Me are
—0.35, —0.43, —0.46 and —0.62, respectively.

The PSP equation is written by Taft and Topsom®’ in various forms. Equation 15 is a
convenient form with which to begin this discussion:

—8AG® = proF + PROR + PaOa + PxO (15)
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The equation is written in terms of Gibbs energy changes, rather than log K or logk,
because much of its application initially was to gas-phase reactions for which the use of
Gibbs energies is conventional. Corresponding equations in terms of —SAE° or —SAH°
have also been used. The negative sign is introduced to make the signs of p values
correspond to the conventions of the Hammett equation. of is Taft and Topsom’s preferred
symbol for the inductive constant o7 (see Section II.C.1), og is a resonance constant
closely related to 012, 0, the substituent polarizability parameter as above and o, is the
substituent electronegativity parameter.

The inclusion of o is to deal with the possibility that consideration of electronegativity
may be helpful in understanding substituent effects. Values of o, come from ab initio
calculations. On this scale H is taken as a standard at o, = 0.00, and the values range
from —0.15 for SMe to +0.70 for F. CH,=CH, CO,Me, COMe, CHO and COCF3 are at
0.00, 0.04, —0.04, —0.05 and 0.03, respectively. To set these values in context we mention
that the o, values for Me, Cl, CF3 and CN are 0.00, 0.16, 0.02 and 0.30, respectively.
However, except at very short range, electronegativity effects of substituents are found
not to be important, and the PSP equation may be simplified to equation 16:

—8AG® = proF + PROR + PaCy (16)

Taft and Topsom’s article®’ and also Topsom’s®® should be consulted for details of the
setting up of the scales of substituent parameters. The equation has been applied to a
wide range of gas-phase reactivities. (In the multiple regressions an intercept term is
often permitted, but usually this turns out to be indistinguishable from zero, as it should
be if equation 16 is valid.) For aliphatic and alicyclic saturated systems the resonance term
is duly negligible. The roles of field, resonance and polarizability effects are discussed
and the interpretation of the various p values is attempted.

When the equation is applied to reactions in solution, it is found that polarizability
effects tend to be much smaller than in the gas phase, but the PSP equation has to be
adapted to include Substituent Solvation Assisted Resonance (SSAR). The PSP equation
then assumes the form of equation 17:

—8AG"°(soln.) = pror + ProR + psAog an

where Aog is the SSAR parameter. A scale of Aog values has been established. It is also
necessary to use special or(aq.) values for some hydrogen-bond acceptor substituents in
aqueous solution.

The SSAR phenomenon affects only +R substituents. The Aogr value of H is 0.00.
Values for several +R substituents are as follows>’: SO,Me, 0.02; CN, 0.07; CO;Me, 0.08;
COMe, COPh, 0.10; NO,, 0.18; CHO, 0.18. Several of the substituents for which enhanced
or(aq.) values are tabulated are +R substituents, including: COMe, 0.29; CO,Me, 0.31;
CHO, 0.34. The ‘enhancement’ of these values is, of course, with respect to the gas phase.
The values correspond closely to the ‘reactivity’ values discussed in Sections IV.A and C.

A fairly recent study applied the PSP equation to good effect in discussing the gas-
phase and aqueous solution basicities of about fifty 2-, 3- or 4-substituted pyridines and
some 2,6-disubstituted compounds'?®. The substituents studied included 3- and 4-COMe,
and 3- and 4-CO,Me, and these conformed fairly well to various relations and graphical
plots. Various groups containing carbon-oxygen double bonds also feature extensively
in another study on the inherent dependence of resonance effects of strongly conjugated
substituents on electron demand'?.

E. Charton’s LDR Equation

This has been developed since 1986. The title letters stand for Localized Delocalized
Response. The localized effect is Charton’s preferred name for the inductive effect and
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delocalized effect is his preferred name for the resonance effect. Indeed, he would like to
change the usual symbols from o7 to o7 and og to op for the purposes of the Extended
Hammett (EH or LD) equation®. The response referred to is that of the substituent to
the electronic demand of the site (i.e. reaction site in the correlation analysis of reactiv-
ity). Thus this equation, like the PSP equation, is concerned with the parametrization of
substituent polarizability.

We shall describe the treatment only rather briefly, because a detailed article!*® and
a useful introductory account!3! have already appeared. (The latter includes a table of
substituent constants for about thirty common substituents.)

The LDR equation may be written as in equation 18:

Ox = Lo; +Dog + Ro, + h (18)

where Qx is the property influenced by the substituent X, o; is the localized effect
parameter, identical to o7, o4 is the intrinsic delocalized effect parameter for minimal
electronic demand of the active site and o, gives the sensitivity of X to changes in
electronic demand of the active site; & is the intercept term. Quantities o4 and o, are
defined by equation 19:

oD = 0en + 04 (19)

where 71 expresses the electronic demand of the active site and op (i.e. o) is the relevant
delocalized electronic parameter which would be used in the EH treatment of the system,
i.e. a og-type quantity. The main article mentioned above'3? should be consulted for the
methods whereby the substituent parameter scales were established. Several hundred data
sets have been treated by means of the LDR equation, and the various sigma parameters
have been tabulated for more than 120 substituents.

As already mentioned, the o; values correspond to those of o7 as derived by Charton®°,
while the values of o, are broadly similar to Charton’s values of or%0. However, indi-
vidual values may sometimes differ by a few units in the second place of decimals,
consequent upon o, being derived from op (i.e. or) in equation 19 by subtracting an
electronic response term. For substituents of interest for this chapter, values of o; and
o4, respectively, are as follows: CH,=CH, 0.11, —0.08; CO,Me, 0.32, 0.16; CHO, 0.30,
0.27. H is the standard for o, at 0.00, and the scale runs from +0.041 for F to —0.29
for PPhj. The values for CH,=CH and CO,Me are —0.12 and —0.07, respectively. To
set these values in context we mention the values for a few selected substituents: Me,
—0.030; C1, —0.011; OMe, —0.064; NO,, —0.077.

The electronic demand parameter 7, characteristic of a given process, is equal to the
ratio of the coefficients R/D and has been shown to depend on the nature of the active site,
skeletal group and medium. Contrary to the general view, electronic demand is roughly
the same in magnitude for o (based on benzoic acid ionization) and 02 scales, but is
positive for the former and negative for the latter.

It is claimed that, ‘The LDR equation is the first successful model for electronic effects
of substituents bonded to carbon in all substrates’'32.
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I. INTRODUCTION

This chapter is not an update of a previous chapter and will therefore try to review the
reported chiroptical data on the carbon-carbon double bond, starting from 1968. It will
refer only to the available literature on the C=C chromophore itself. It will analyze the
available data of molecules which contain only one chromophore, the carbon-carbon
double bond. It will not dwell on molecules which have the C=C bond as one of the
chromophores which are responsible for its optical activity. It will cover the literature
in the field of electronic excitations and will not provide information on vibrational CD
(VCD) or Raman optical activity. The chiroptical properties provide information regarding
the spectroscopy of the chromophore, as well as its absolute configuration. The latter is
usually done with the help of sector rules around the chromophore of interest. In this
review both aspects will be discussed.

A. History

CD instruments became available commercially at the beginning of the sixties!. Since
the olefinic moiety is absorbing in the wavelength range below 220 nm, it was not among
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the first measured chromophores, because the first instruments could not reach this wave-
length region. It took a few more years for the first report to be published?. The amount
of data available for olefins was still limited, due to the lower wavelength limit of 195 nm
imposed by the commercially available instrumentation. In 1970 two new instruments>*
were built, capable of extending CD measurements down to 140 nm. This breakthrough
enabled the study of higher valence and Rydberg states of the olefinic chromophore.

Il. THE SPECTROSCOPY OF THE OLEFINIC CHROMOPHORE
A. General Remarks

The most comprehensive review of the excited states of ethylene, the symmetric chro-
mophore, was written by Merer and Mulliken’. According to their ordering of the excited
states, the lowest singlet state, lower than the first N — V (7 — 7*) valence state,
is a transition from the 7 orbital to a 3s Rydberg orbital (N — R). This ordering was
not accepted by Scott and Wrixon®, who advocated the lower-lying transition, having
an opposite-sign CD signal to that of the # — 7* transition, as the ¢ — 7* absorp-
tion. This transition, the 0 — 7*, has a predictable nonzero rotational strength. It is
worth mentioning that another state, the so-called ‘mystery band’, was also detected at
lower energies than the N-V valence band. However, this band, which was recorded
mostly in solution, was assigned as a w — ¢* transition having an almost-zero magnetic
moment and thus a vanishingly small rotational strength. While dealing with the lower
excited states, the 7 — 3s Rydberg transition and the 7 — 7* valence transition, we
should introduce the other notations used for these states. The first transition can be rep-
resented by the Merer and Mulliken notation® as the 1b3, — 4ag or as Ag — Bjy; here,
the lower-case symbols denote one-electron orbitals and the capitals refer to molecular
states in the symmetric chromophore. The corresponding notations for the 7 — n* are
1b3y — lbyg or Ag — Byy. These symbols, which are used in the assignment of the
excited states of ethylene, are adopted also for the substituted optically active molecule
whose symmetry is lower than that of ethylene. The use of the ethylenic symbols is
justified, because the excited states of the symmetric chromophore are only slightly per-
turbed by the introduction of the substituents. This is true when substituents such as
a hydrogen atom or an alkyl group are creating the asymmetry. The excited states of
these substituents are higher in energy than the excited states of the chromophore of
interest, and the previous assumption is therefore justified. Among the higher excited
states, the one that will be mentioned quite often in this review is the 7 — 3p, Rydberg
transition, known also as wy — my. This state, whose symmetry in the symmetric chro-
mophore is Ba,, is an electric-dipole forbidden and magnetic-dipole allowed transition
from the ground state’. It will therefore show a weak absorption band and a strong CD
signal.

This review will use the terminology of differentiating between valence and Rydberg
transitions. We will therefore devote some explanation to clarify the subject. A Rydberg
orbital is an orbital in which the principal quantum number, n, is higher than the n of
the ground-state molecular orbitals. For example, the ground-state w orbital is composed
of 2p atomic orbitals of the carbon atoms. The Rydberg orbitals (for the alkene moiety)
will have its n > 2. The lowest Rydberg in the alkene chromophore will be the 3s orbital.
The 7* orbital, which is also an unoccupied orbital in the ground-state configuration, is
a valence orbital because it is generated only from 2p atomic orbitals. Several techniques
are known to be used for the identification of Rydberg states. They are all summarized in
Robin’s book3? and will be mentioned later in this review.

This review will start with frans-cyclooctene for reasons that will become clear later.
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B. trans-Cyclooctene

The molecule that has been investigated more than any other olefin is the trans-
cyclooctene. This molecule, which is a twisted olefin, served as a model compound for
the olefinic chromophore, the main reason being that chromophores in general can be
divided into two types: those which are asymmetric (inherently asymmetric) by nature
and those which become asymmetric as a result of chiral centers in their vicinity.

Chromophores which are asymmetric by nature are characterized by the absence of a
center and plane of symmetry in the group of atoms participating in the optical transition.
The rotational strength of these are usually larger when compared with chromophores that
become optically active due to substitution. This is demonstrated in Mason and Schnepp’s®
study of trans-cyclooctene, a-pinene and B-pinene. They pointed out that the g (anisotropy
factor, g = Aeg/¢) value of the major bands in trans-cyclooctene is ‘relatively high as
expected for an intrinsically asymmetric chromophore’ when compared with the other
two olefins.

The earliest work on trans-cyclooctene, in the time period which this review is covering,
is by Yaris, Moskowitz and Berry®. They have measured the absorption and CD of (4)-
trans-cyclooctene in a cyclohexane solution, as well as the ORD in heptane solution.
They have also presented the temperature dependence of the absorption spectra of vapors
of trans-cylcooctene and trans-cyclononene. The solution spectrum reveals one intense
and very broad absorption band peaked at around 195 nm. Yaris and coworkers® have
also carried out semiempirical calculations of energies, oscillator strengths and rotational
strengths for a number of singlet-singlet transitions of ethylene and of trans-cyclooctene.
The analysis showed that a minimum of three low-lying singlet states are required to
explain the CD and absorption data which have been scanned in the 225-190 nm region.
The states were the aforementioned states, namely the = — 3s Rydberg, the 7 — 7*
valence transition and the 7 — 3p, magnetic-dipole allowed transition. The latter is the
only transition which could conceivably account for the absolute sign and magnitude of
the observed rotational strength of trans-cyclooctene, because the other transitions had
a reasonable magnitude for the measured rotational strength, but the wrong sign. The
7 — 7 was responsible for the strong absorption.

Scott and Wrixon!? have also calculated the transition energies and rotational strengths
of ethylene and trans-cyclooctene. The energies of the latter were measured at two twisting
angles, 8 = 0° (planar) and § = 15°. The energy of the 7 — 7* transition was 6.31 eV for
the ‘planar’ trans-cyclooctene and 5.81 eV for the twisted (8§ = 15°) trans-cyclooctene.
The experimental value is 6.32 eV. For the same transition the rotational strength was
calculated’ as +71.39, while the observed experimental value was —130 (10~*° cmgs)
at 8§ = 10°. The results showed that the planar trans-cyclooctene gave better energies
for the m-7* state and that an opposite sign was calculated for the CD of the same
transition in the twisted trans-cyclooctene. These results led the authors to claim that an
alternative, dissymmerically-perturbed chromophore model approach should be examined
side by side with the twisted olefin calculations as a basis for chirality assignment and
transition energy allocations for chiral olefins.

Two back-to-back papers!!"12 have reported the CD spectrum of (4)-trans-cyclooctene
in the vapor phase. The first, by Bach!!, scanned the 225185 nm region using a CARY 60
spectropolarimeter. The second (see Figure 1), by Schnepp and coworkers!?, measured
the same enantiomer, employing their home-made instrument down to 160 nm. In both
cases a broad positive CD band was observed peaked at 197 nm. A distinct break in
the slope of the CD contour at 207 nm was detected in the two spectra, indicating the
existence of a weaker CD system. The differences between the two measurements were
observed only in the magnitude of the CD band, where Bach!! reports 16 x 10* for the
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FIGURE 1. The absorption and CD spectra of (+)-trans-cyclooctene in the gas phase. CD resolution
is 0.8 nm

[6] value at the maximum, while for Schnepp’s group the measured value of [6] was
9 x 10%,

We have already mentioned that trans-cyclooctene has attracted the attention of a few
theoreticians, and various calculations were applied to calculate the sign and magnitude of
the rotational strength of the 7w — 7* transition in this molecule. Two other calculations
will be mentioned at this stage: they are the ab initio calculation by Robin and coworkers!?
which included configuration interaction, and another by Levin and Hoffmann'* which
employed extended Huckel and CNDO/2 methods to calculate two conformations of
trans-cyclooctene, as well as some other model compounds. Robin and his coworkers'3
concentrated on a twisted ethylene prototype as a model for the trans-cyclooctene. The
ethylene in their calculations was twisted so as to form a 10° dihedral angle between
methylene groups, with all bond distances remaining as for planar ethylene. The twisting
about the C=C axis has the effect of mixing m — 7* electric dipole intensity into both
the 0 — 7* and m — o™ excitations. They argue that for a large twisting angle, the
oscillator strengths of these forbidden states might reach 0.2, but for a 10° dihedral angle,
they are of the same order of magnitude of vibronically allowed bands. Their calculated
energy levels placed four excitations at energies lower than the 7 — 7* transition. The
oscillator strengths and rotational strengths for these and some higher excited states were
also calculated. According to their results, the rotational strengths of 7 — o* excitations
are smaller than those for 0 — 7™ transitions.

Levin and Hoffmann!# carried out their calculations on two trans-cyclooctene confor-
mations, 1 and 2. To introduce the two conformations here and also on a number of simpler
prototypes, one of them was twisted ethylene, using 29°, 20° and 10° torsion angles. They
have suggested three possible sources for the optical activity of trans-cyclooctene: the
chirally disposed allylic substituents, the transannular portion of the methylene chain
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and the double-bond torsion. For the twist conformation, 2, the third parameter is the
most important factor, and the others are only minor perturbers. As the angle of twist is
decreased, the magnitude of the rotatory strength is decreased. For the chair conformation
the transannular methylene contribution is more important. The explanation provided for
the major role of the twisting angle in determining the rotational strength (magnitude
and sign) of the twisted double bond is as follows: the rotational strength of a transition
between ground state g and the excited state e is

Rge = Im(g|ule)(elm|g) (D)

where p and m are the electric and magnetic transition moment operators, respectively,
and Im is the imaginary part of the following expression. The scalar product dictates
that the electric and magnetic transition moments should be allowed along the same axis.
For a molecule like ethylene, having a Dj, symmetry, this cannot happen, because if
the electric transition moment is allowed along the internuclear distance (which is the
case for the # — 7* transition), the magnetic transition moment along this axis is zero.
Twisting the double bond out of planarity reduces the local symmetry from Dyp to D3,
where the magnetic transition moment along the internuclear axis is nonzero. In cases
where the chirality is due to substitution, the local Dy, symmetry is preserved and other
mechanisms are used to explain the optical activity. The authors speculate that the chiral
disposition of substituents around the double bond uniquely define its sense of twist or, in
other words, that on a time-average basis all chiral olefins are nonplanar. A similar case
was reported by Charney and coworkers!> 1%, who found this speculation to be true for a
number of steroidal dienes.

The absorption and CD spectra of gaseous trans-cyclooctene in the wavelength region
of 230-140 nm was measured and assigned by Mason and Schnepp!’. The spectra are
presented in Figure 1. They have assigned the first electronic transition, which appears
as a weak shoulder at 208 nm (48077 cm™!), to be a m — 3s Rydberg transition. This
assignment was based on some extensive theoretical calculations'8. The intense absorption
peak at 196 nm (51020 cm™!) was assigned as the valence w — 7* transition. As for
the CD, two options were mentioned. The first, which is based on the observation that
the CD and the absorption have almost the same contour and therefore represent only
one transition, is the valence 7 — n* transition. The second option is that the spectra
correspond to a superposition of two states, both of which contribute similarly to the
absorption and have the same CD sign. In this case the two transitions would be the
7 — " and the 7 — o*.

The weak system consisting of two peaks at 178 nm (56180 cm™!) and at 175.5 nm
(56923 cm~!) was not well characterized. The interpretation suggested by Mason and
Schnepp!” was to assign the bands to the second Rydberg transition, the = — 4s.
The spacing between the two peaks (740 cm™!) was interpreted as a twisting vibration
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about the double bond. This assignment is in accordance with the expectation® that the
angle of twist would change upon excitation to a Rydberg state. The intense negative
CD system peaking at 156.5 nm (63898 cm~!) was attributed to a ¢ — 7* transition.
Both Yaris® and Robin!? predicted a negative CD sign for this transition. The absorption
strength according to Yaris® should be somewhat less than half that of the 7 — 7*,
and this was indeed consistent with the observed experimental results. The g values
of both major bands were relatively high, as expected for an intrinsically asymmetric
chromophore.

Bouman and Hansen!® have reported the results of ab initio calculations of absorption,
as well as CD intensities using a particular version of the equations-of-motion method
called the random-phase approximation (RPA). The molecular system they have consid-
ered comprised chiral conformations of ethylene and trans-2-butene. These molecules
were chosen to mimic the twisted mono-olefin chromophore. Their paper!® also contains
three other ab initio approaches, which are added for comparison with the RPA results. The
calculations do not include Rydberg orbitals, and the spectra!’ are assigned as based only
on valence transitions. The agreement between the computed ethylene and trans-2-butene
results, on the one hand, and the overall agreement between the prominent experimental
features and the computed excitations, on the other, indicate that the low-energy excita-
tions of the twisted C=C chromophore can be accounted for by a twisted ethylene'®. The
two opposite-sign main CD signals!” were assigned as the 7 — 7* and oc_y — 7*
valence transitions, respectively, and the magnitude of the calculated CD signal agrees
with the experimental results in sign and magnitude. The calculated excitation energies
were about 2 eV higher than the experimental transitions energies. The calculated sepa-
ration of these two transitions (1.5-2.0 eV), on the other hand, was in better agreement
with the experimental splitting of 1.6 eV. They concluded that the prominent features of
the low-energy excitation properties of twisted mono-olefins can be accounted for on the
basis of a localized, twisted ethylenic chromophore. As for the two weak negative CD
transitions at 5.8 and 6.9 eV, which were previously assigned as = — 3s and 7= — 4s!”
Rydbergs, they!® offer a different characterization. The double-zeta basis set leads to two
excitations of about the right rotatory strength, namely a # — oc—c (having a By sym-
metry) and a 7 — of_y (having a B3 symmetry). They reject the idea that Rydberg

transitions'? play any role in these excitations, because ‘such Rydberg-type excitations
would not be expected to show up in the CD spectrum with appreciable intensity’.

In another theoretical study?’, rotatory strengths of twisted ethylene were computed
directly from wavefunctions obtained by the following molecular orbital methods:
CNDO7/2, INDO, ODIN and RHF-LCAO-MO-SCF. Several approaches, including limited
single-excitation CI and the electron-hole potential method, were used to improve the
description of the excited state. Despite the fact that all the semiempirical methods
yielded the same signs as obtained from the most rigorous ab initio study for all
transitions, the authors concluded that the semiempirical (CNDO/2 and INDO) and the
nonempirical (ODIN) methods yield unreliable results for rotatory strength computations.
The results contain information regarding Rydberg and valence transitions. The lowest-
energy excitation is the 7 — 3s Rydberg transition, for which the right CD sign and
magnitude were also obtained. The couplet of the two strong oppositely signed CD bands
observed in the CD spectrum of trans-cycooctene is assigned as the # — 7* and 0 — 7*
valence excitations, respectively.

In a later study Rauk and Barriel” have recalculated the twisted ethylene molecule.
The approach they took in this calculation, to overcome the difficulty of configuration
interaction of a large set, made use of perturbation theory. Their method was recommended
for small and medium-size molecules. The excitation energies for ethylene twisted 10°
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were uniformly lower than the planar excitation energies by only 0.07 eV, with three
exceptions: the first was the m — 7* state, which was lowered by 0.21 eV upon twisting;
the ocy — 7%, which was raised by 0.09 eV; and the w — 3p,, which was lowered by
0.12 eV. The main features of the CD spectrum of frans-cyclooctene were reproduced’.
The lowest-energy transition was the w — 3s, which occurred at lower energy than the
7 — 7* transition, but had a significant rotational strength and the same sign as the
7w — m*. At higher energies they have calculated’” a strong CD signal of opposite sign
to that of the m — 7, the ocy — 7™ transition. The experimentally observed separation
of these two states was approximately 1.6 eV, which was close to the calculated value
of 1.5 eV.

Liskow and Segal?! reported on a series of extensive CI calculations directed towards
the complete elucidation of the trans-cyclooctene CD spectrum. These calculations dealt
with CI problems ranging up to 23322 configurations, utilizing a partition approach. The
calculations were carried out in ethylene in the planar form, 10° twisted (D>) and in the
trans-cyclooctene (C») double-bond geometry. The energy of the first negative CD band
is 6.32 eV, and it was assigned unequivocally as a m — 7™ transition. The computed
excitation energies (Table III, Reference 21) for this state were 8.80, 7.54 and 8.14 eV
for the planar ethylene, the trans-cyclooctene and the 10° twisted ethylene, respectively.
This trend, where the trans-cyclooctene is lower by 1.0-1.5 eV than the planar ethylene,
is the same for the calculated excited states. This was explained?' as due to effects of
the trans-substitution on ethylene. In reality, the absorption maximum of the 7 — =*
transition in planar ethylene lies at 7.66 eV. The second major dichroic band in trans-
cyclooctene is observed at 7.95 eV. The calculated value for the o — 7™ is 7.98 eV.
The calculated rotatory strength for this state was found positive, opposite in sign to the
V state. In order to make this comparison more quantitative, and to analyze the effect of
the saturated hydrocarbon substituents on the excitation energies, additional calculations
on trans-substituted ethylene were performed. These calculations used a minimal STO-
4G basis set. Although a more extensive basis set is necessary to calculate the excitation
energies of twisted ethylenes, this lower-level basis is adequate for the calculations of
the shifts in the state energies due to the presence of a saturated hydrocarbon moiety.
The results (presented in Table IV of Reference 21) indeed improve dramatically the
excitation energies. For the m — 7™ the calculated energy was 6.15 eV, as compared
with 6.32 eV observed experimentally. The 7 — 3s Rydberg transition was calculated?!
to lie at 5.94 eV and to have the same CD sign as the 7 — 7* (V state). This is in good
agreement with the shoulder observed in trans-cyclooctene in both CD and absorption
at 5.92 eV, the CD being the same sign as the 6.32 eV band. The experimental CD and
absorption spectra of trans-cyclooctene exhibit structure to the blue of the V state from
6.95 to 7.08 eV. The rotation of at least one of these three features is of the same sign
as the V state, but smaller in magnitude. The # — 3do transition is calculated?! to lie at
7.09 eV, and the rotatory strength is calculated to be negative (as the V state) and to be
one-ninth of that of the V state. Liskow and Segal could not rule out, however, that the
transition is a m — 4s because 4s Rydberg basis functions were not incorporated in the
calculations.

At that time these calculations?! provided a comprehensive based assignment to the
absorption and CD spectra of trans-cyclooctene. Hansen and Bauman have revisited the
trans-cyclooctene®? 24 calculations several times over the last 25 years. In each visit they
have used another computational technique to calculate energies, oscillator strengths and
rotatory strengths, carrying out the calculations either directly or on distorted ethylene. In
197922 they imposed off-diagonal hypervirial relations upon two approximate configura-
tion interaction representations of the ground and excited states. It was shown that if the
ground state is approximated by the Hartree—Fock function, correlated by double excita-
tions, and the excited state is represented by mono-excited CI, the hypervirial constraint
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leads directly to the RPA equations!®. The geometry of the ethylene group was adopted
from Traetteberg?, where the only element of symmetry in the chosen geometry was a
C, axis. The excitations under considerations were the ¥ — 7* and 0 — 7*, having both
a B symmetry. The results show that agreement with the experimental results for the two
excited states is somewhat better than what is obtained in the large-scale perturbative CI
calculations?!. The authors argue that further improvement of the results can be achieved,
recalling that the saturated surroundings of the ethylenic chromophore tend to lower the
transition energies as well as rotatory strengths.

In their third calculation, Hansen and Bouman~ carried out an ab initio random-phase
approximation study, using an extended basis set to account for Rydberg as well as valence
excitations. They computed the excited states of two examples: a planar olefin, (3R)-3-
methylcyclopentene, and a twisted olefin, (—)-trans-cyclooctene. The work?> also presents
calculations on the fragment molecules ethylene and trans-2-butene distorted as in trans-
cyclooctene. The results were analyzed using various techniques. The excitation analyses
were conducted in terms of transition and rearrangement densities and by the study of
improved virtual orbitals. The use of localized orbitals allowed the RPA expression for the
rotatory strength to be cast into a form containing all three contributions in Kirkwood’s
theory of optical activity2?®27. The results are exhibited in contour plots of occupied
orbitals, improved virtual orbitals, transition densities and charge rearrangement densities.
All the plots are presented for the trans-cyclooctene molecule. When the intensities of the
various transitions in frans-cyclooctene are compared to their intensities in the fragments,
the following results are observed: in all three fragments, the 7—m* showed a considerable
oscillator strength and the same sign of the calculated CD signal; the 7-3s and o-7*
transitions also retain their respective negative and positive CD signs in all three fragments.
Beyond that, little regularity was found when the intensities and signs of the fragments
were compared with the frans-cyclooctene. The decomposition of the rotatory strength
to Kirkwood’s three mechanisms (the one-electron model; the electric dipole—magnetic
dipole coupling, ©—m; and the polarizability theory, u—u) were also presented. The three
mechanisms contribute to all the transitions, even for the w—7* and o —7*, which in zeroth
order would be thought of as dominated by the one-electron model. The assignment of
the various bands in trans-cyclooctene followed the previous suggestion with some minor
modifications. The main absorption band at 6.32 eV is assigned as a superposition of the
m—n* and a 7-3p; Rydberg calculated to lie at about the same energy. In the same way the
shoulder at 6.07 eV is also assigned as being composed of the 7 — 3s Rydberg transition
and the m — 3p_. state?3, which have the same CD sign and almost the same energy.

Recently Hansen and collaborators?* have revisited the frans-cyclooctene molecule,
carrying out ab initio calculations using London atomic orbitals. The calculations were
carried out on frans-cyclooctene, as well as on various fragments. The results demon-
strated that the absorption and CD spectra of frans-cyclooctene could not be generated
from any of the fragment molecules. The rotatory and oscillator strengths, as well as ener-
gies, were computed for the 16 lowest transitions in frans-cyclooctene. The calculations
in general reproduce successfully the w — 7* and fail to account for the observed spectra
in the o — 7* region.

23

lll. THE PLANAR C=C CHROMOPHORE

The discussion of the planar C=C chromophore will be divided into two classes: in the
first, substituted cyclic alkenes will be discussed, while the second class will present the
aliphatic planar moiety. In the first class, we will concentrate mostly on small cyclic
compounds rather than on steroidal compounds containing a double bond. Among the
first cycloalkenes studied was 3-methylcyclobutene?®. Its absorption was reported in the
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gas phase, while its CD spectrum was measured in a n-heptane solution. The absorption
spectrum was measured with a CARY 14 spectrophotometer, which was limited in its
wavelength scanning ability. It has revealed the beginning of a strong and broad absorption
band peaked at about 189 nm.

Three shoulders at 192, 195 and 208 nm were also observed. When the absorption of
3-methylcyclobutene (MCB) was measured in n-heptane solution, the 192 and 195 nm
bands remained untouched while the 208 nm band disappeared. This was indicated on the
valence nature of the 192 and 195 nm bands and on the 208 nm band as being a Rydberg
3s transition. The CD of the (R) enantiomer showed a negative maximum at 191 followed
by a negative shoulder at 193 nm. The negative CD was assigned as the w — 7* valence
transition. This assignment was questioned by few groups. In a detailed investigation of
the chiroptical properties of (R)-3-methylcyclopentene (MCP)?® a positive CD band was
measured and calculated for the w — 7* transition. The question was raised whether
the addition of one ring carbon caused a change in the CD sign, or whether it was a
result of the solution study which shifts the Rydberg state to the blue and caused the
overlap with the 7 — 7* and the change of sign. Chabalowsky and coworkers®® carried
out an ab initio calculation including CI of MCB. They reasoned their choice as follows:
(1) MCB possesses a relatively rigid ring with no large groups or side chains whose
orientation might be difficult to determine; (2) it is small enough to treat within an ab
initio framework and still use a variety of basis sets; (3) experimental data are available
for direct comparison with calculated results; (4) the MCB is a molecule in which the
methyl group gives rise to the CD spectrum, because of its asymmetric perturbation
of an otherwise inherently symmetric chromophore. In all five basis sets in which the
calculations were carried out, a positive CD signal was obtained for the w—n* transition.

This is again opposite to the sign reported by Rossi and Diversi?®. Their attempt®° to
associate the broad negative band observed by Levi and coworkers2® as being composed
of three transitions still resulted in a positive sign, and they remained in disagreement
with the experimental results®.

The CD and absorption spectra of (R)-3-methylcyclopentene (MCP) was measured?® in
the gas phase down to 140 nm. The spectra are presented in Figure 2. Four distinct CD
bands with alternating sign were observed. Ab initio self-consistent field wavefunctions
obtained for the ground and excited states of MCP were used to calculate the optical
rotatory strengths of the lowest-lying electronic excited states. The assignment of the
measured spectra, based on the computations, showed that the first three observed bands
can be identified with 7 — 7* and # — Rydberg-type excitations of the olefin chro-
mophore and 0 — Rydberg transitions of the skeletal frame. In Table 1, we present a
comparison between experimental data and calculated values. The calculations predicted
the correct sign for the various transitions, though the magnitude is systematically small
by an order of magnitude. The first excited state, which was assigned as the w — 3s
Rydberg transition, showed a relatively large g value of 4 x 1073, which was the largest
for the MCP molecule. Taking into consideration that it is a magnetic-dipole forbidden
transition, the g value was surprisingly large. The unexpected g value was explained?’
by evoking the computational results which calculated a 0 — 3s Rydberg transition to
contribute appreciably to the CD of the 202-nm band. It was mentioned earlier that the
MCP spectra was also reproduced theoretically by Hansen and Bouman’s®> RPA calcu-
lations. They have calculated two conformers of the MCP, the equatorial MCPE and the
axial MCPA. The SCF energies make the equatorial more stable by 2.2 kcal, while using
the second-order Moller-Plesset correction the axial is favored by 1.0 kcal. The results
are given therefore for 1:1 mixtures of the two conformers. In Table 2 we present their
data and compare their results with those of Reference 29 and the experimental data.
The result common to the two calculations is that the o — 7* transition, which plays
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FIGURE 2. The absorption ( ) and CD (----- ) spectra of (R)-3-methylcyclopentene in the gas
phase. The spectral resolution of the absorption spectrum is 0.8 nm and that of the CD is 3.2 nm

TABLE 1. Assignment of the observed spectrum of MCP

Band Description Energy“ Rs? 7
Obsd Calcd Obsd Caled® Obsd Calcd
1 6.05 —16 0.03
7 — R(3s) 6.04 —2.03 0.014
o — R(3s) —6.01 0.006
2 6.7 +26 0.16
T — ¥ 7.4 +2.74 0.504
3 7.0
7 — R(3pyx) +3.17 0.006
o — R(3py) +0.75 0.006
4 7.7 —16 0.09
m — R@3py,2) —1.36 0.005
7 — R(3p,,y) —4.24 0.007
“In eV.

In 1040 cgs.
¢ Average of RS (V) and RS(r) in Table IIL.
=10 FOV2

a major role in frans-cyclooctene, is pushed to very high energies (>9.5 eV) in planar
olefins. The location and sign of the 7 — =™ transition is also in agreement in the two
calculations?>2°. The differences are as follows: (1) Hansen and Bouman have not found
any evidence for low-lying excitations out of o orbitals; and (2) the asymmetric tail on
the blue side of the = — 7 transition was assigned in Reference 23 as a # — 3p,
excitation of the axial conformer, while Levi and coworkers?® assign it as 7 — 3p, and
o — 3p,.

Mason and Schnepp!” were mentioned already as being responsible for the first
gas-phase VUVCD measurement of trans-cyclooctene. In the same study they also
reported the absorption and CD spectra of o- and B-pinene in the gas phase!’. In
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TABLE 2. Association of computed excitations with observed bands in MCP, assuming a 1:1 mixture

of MCPE + MCPA
Band Present Levi and coworkers?’ Experimental®
Assign f R Assign f R f R
I T — 3s 0.02 —4 T — 3s 0.02 -8 0.03 —16
o — 3s
Ila T — 3px
7 — 3p; —0.28 +33 T — * 0.50 +3 0.16 +26
T — "
IIb T — 3py 0.01 +15 T — 3px +4 shoulder shoulder
o — 3p
I T — 3d 0.05 —4 7 — 3p, 0.01 —16 0.09 —16
T — 3p;
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FIGURE 3. The absorption and CD spectra of (—)-«-pinene in the gas phase. CD resolution is 0.4 nm

Figure 3 we present the results of Schnepp and Mason'” for the CD also the absorption
spectra of «-pinene in the gas phase. The first CD band in «-pinene was observed at
222 nm (45045 cm™!). It was followed by a band at 216 nm (46300 cm™!), having the
same-sign CD signal. The two bands are assigned as the # — 3s Rydberg transition.
The spacing between the two peaks was 1250 cm™!, which is similar to the interval
observed in the corresponding absorption in ethylene. There it was interpreted as some
combination of the C—C stretch and twist. In a-pinene the frequency may be expected
to be at higher energies due to the rigid skeleton in which the double bond is held.
The corresponding absorptions for these two peaks were not observed, either because
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the absorption was underlying the rise to the intense band, or because of the higher
sensitivity of the CD measurement as compared with absorption study. The negative
CD!7 band at 202 nm (40500 cm™!), which corresponded to the intense absorption band
at 201 nm (49750 cm™"), is assigned as the = — 7* valence transition. The assignment
is based on the high absorption intensity and its low g value. This transition is an electric-
dipole allowed magnetic-dipole forbidden transition. The following CD system to higher
frequencies is positive and exhibited a large peak at 184 nm (54350 cm™!). The relatively
large g value provided evidence for its character as a magnetic-dipole allowed transition in
the symmetric chromophore. The proposed assignment was a m — o™ or, if we consider
the calculations of Buenker and collaborators'®, this state is largely composed of n = 3
basis functions and as such should be assigned as a m — 3p, Rydberg transition. A
vibrational structure is observed as superimposed on the envelope of this system. The
vibrational spacing was 700 cm~! and attributed to the twisting vibration. The weak
positive band at 169 nm which corresponded to the shoulder in the absorption spectrum
was assigned as m — 4s Rydberg transition. The spectra of S-pinene'’ was assigned
similarly to that of «-pinene, the only difference being the absence of the m — 3s
Rydberg transition from the CD spectrum while it appeared clearly in the absorption
spectrum.

Drake and Mason>? have also measured the CD and absorption spectra of a-pinene. The
measurements were carried out in the gas phase as well as in 2,2,2-trifluoroethanol and 3-
methylpentane solutions. In the latter, CD measurements were taken at room temperature
and also at lower temperatures. The enantiomer that was measured was the (—)-a-pinene
and, as in Reference 17, a positive CD signal was obtained for the m — 3s transition
at 222 nm in the gas phase. A negative CD signal peaked at 200 nm was ascribed to a
7 — 7* transition. In the solution, the positive CD was shifted strongly to the blue. In
3-methylpentane at room temperature the Rydberg is shifted to 204 nm, at —95°C it is
peaked at 198 nm and at —182°C it was found at 192 nm. The blue shift that a Ryd-
berg transition undergoes is a well known phenomenon34~3%. The absorption spectrum
in the gas phase is dominated by the valence w — m* transition and the Rydberg is
not resolved. When the molecule was embedded in the solvent, the w — 7* transition
underwent a red shift which is typical for valence states®. That has raised the ques-
tion of the g factor of the m — 3s Rydberg, which was estimated by Drake and Mason
as being as large as 1072, This has been compared with the g value of the = — 7*,
which was only 6 x 107, The large g value for the Rydberg state was attributed to
the configuration of the molecule in the Rydberg state, which has an equilibrium tor-
sion angle of 25°. The rotational strength of this transition is derived from the 7-bond
torsion. The authors® also pointed out that the large g factor indicated that caution is
required in the application of a sector rule to the w# — 7 transition of the CD spec-
tra of olefins. This is due to the assumption that only the m — #7* and the higher
transitions contribute to the CD, while they®? show that the Rydberg—Cotton effect is
detectable even in nonvolatile chiral alkenes through the marked blue shift observed in
their report.

Gross and Schnepp®' have measured the absorption and CD and absorption spectra
in the gas phase of three aliphatic olefins. These three molecules were: (S)-3-methyl-
1-pentene, (S)-4-methyl-1-hexene and (S)-5-methyl-1-heptene. The measurements were
carried out over the wavelength range of 200-140 nm. The general features common
to all three olefins were as follows: (1) The lowest transition was the 7 — 3s, whose
CD sign was opposite to that of the m — 7*, the next higher excited state. (2) The g
value for the m — 7* is lower by an order of magnitude when compared with the g
value of the same transition in planar cycloalkenes or twisted cycloalkenes. This drop in
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g value is due to the decrease in the CD signal. It is hardly detected in (S)-5-methyl-1-
heptene, while the absorption has almost the same ¢ as in the other chromophores. The
explanation that we propose for this small CD value is based on work by Hansen and
Bouman23, who showed that at least two additional excited states lie close to the 7 — 7*
transition and might have opposite-sign signal. The flexibility of the molecule is also
contributing to the small CD signal. (3) At higher energies two distinct CD signals of
opposite sign were observed. The first, at 160—-170 nm, does not have a corresponding
absorption band. It reveals a positive CD signal in all three olefins and it was assigned
as the 1 — 0¥, also assigned as the 7 — 3p,, whose symmetry in the symmetric
chromophore is A — Big, which justifies the relatively large g value being a magnetic-
dipole allowed electric-dipole forbidden transition. (4) The highest-energy transition was
observed in the wavelength region of 145-155 nm (a red shift is observed with the
lengthening of the alkyl chain) having a negative CD band. The corresponding absorption
in this case is also hardly observed. It was assigned as the 0 — 7* whichis alsoag — g
transition. This state is next to the w — 7 transition in the twisted olefins and is pushed
to higher energies in the planar olefins>>. In fact, it has not been detected in the planar
cycloalkenes.

Drake and Mason’” have measured the CD and absorption spectra of 17 chiral olefins
under various conditions. Of the 17 molecules, few were measured in the gas phase as
well as in solution at various temperatures. The less volatile molecules were investigated
only in solution at various temperatures. We have already presented their’® results of
a-pinene. Three other six-membered rings were studied in the gas phase: (4)-camphene,
(—)-bornene and (—)-B-pinene. The CD of camphene and bornene were similar to that
of a-pinene in revealing a CD signal of the m — 3s Rydberg transition, opposite in its
sign to that of the # — =™, which disappeared in an alkane solution due to either a
large blue shift or to a severe broadening. In contrast, neither the gas-phase CD nor the
solution of B-pinene exhibit the features distinctive of a Rydberg band. The reader is,
however, reminded that Mason and Schnepp!” have detected in the absorption spectrum
(not in the CD) two vibronic bands at 230 and 219 nm assigned as the 3s Rydbergs.
The explanation provided was that the 7 — 3s and the adjacent w — 7* have the same
sign and the intrinsically weaker Rydberg is not evident in the CD spectrum. On the
other hand, when the Rydberg and adjacent valence state have opposite-sign CD signals,
the weaker Rydberg is more readily detected in the gas phase and the solution. With
respect to all the olefins studied by them and by others, they concluded that there is
no relationship between the signs of the CD signals of the Rydberg # — 3s and that
of the adjacent w — m*. The authors®’ have offered a different mechanism based on
higher-energy opposite-sign signals that will be discussed later. It should, however, be
noted that since 1977 some other 20 olefins were studied in the gas phase and all of them
showed opposite-sign CD signals for the 7 — 3s and the 7w — 7*. On the other hand, in
a few cases the mechanism proposed®’ ‘does not hold water’ because of similar CD signs
or the disappearance of one component (see Reference 31). The detection of the lower
Rydberg was not limited to the volatile molecules mentioned above. It was found indirectly
also in A’-cholestene in n-pentane solution (see Figure 4). The positive CD band lying
at 213 nm (47000 cm™") at 4+70°C blue-shifted progressively through 4700 cm™! as
the temperature is reduced to —190°C. The major negative CD band (Figure 4) is less
temperature-sensitive and at low temperatures it began to appear at the lower frequency.
They?’ concluded that only two excitations were operative in the CD spectrum, the lowest
in energy being a Rydberg transition. In the same manner Drake and Mason3’ have
introduced a new mechanism for explaining the CD spectra of olefins, namely the olefin
CD couplet. The spectra of a number of chiral alkenes exhibited two major CD bands
and comparable areas, in addition to the low-frequency Rydberg CD band in the cases
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FIGURE 4. The absorption spectra (upper curves) and CD spectra (lower curves) of A’-cholestene,
(A) in n-pentane at +20°C, (B) in iso-octane at +70°C, and in 3-methylpentane, (C) at —100°C,
(D) at —150°C and (E) at —190°C

where the latter was observed!”-2*31. Each major CD band of the couplet is associated
with an isotropic absorption band which, for a given chiral olefin, has similar intensities.
For one of the compounds, cyclohexylidene-cyclohexane, the polarized single crystal
has been investigated®. This study showed that both the 208 (48000 cm~!) and 182 nm
(55000 cm™!) bands are strictly z-polarized along the direction of the C=C bond. The 208
and 182 nm bands were ascribed, respectively, to the 7 — 7* and o, — o7 transitions,
each having individually a z-polarized electric dipole moment. This assignment was,
however, questioned and found improbable because an oppositely-signed CD couplet is
generated by the interaction of two electric transition dipoles only if the two moments have
a finite separation in the molecule and are noncoplanar, having orthogonal components>.
A couplet originated only from the interaction of two collinear transition moments if one
is an electric dipole and the other a magnetic dipole. The proposed assignment’’ was
therefore a m — m* transition, with a z-polarized electric dipole moment and a w — 775
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having a z-component magnetic dipole. These two states were represented as the linear
combination

Yy = Cilxx™) 4 Calxy™) 2)
and
Yo = Caxx™) — Cylxy™) 3)
where
box*) = 1/vV2{m (D (2) — 7 (D (2)) “4)

The energy of the transition from the ground state to the olefin excited states, {; and
Y_, are given by the expression

Eos = 0.5(Exex + Exy) £ (™ |VIxy*)/2C1C2 (&)

where (xx*|V|xy*) is the matrix element of the coulombic potential between the charge
distributions of the configurational excitations.

A chiral deformation mechanism for optical activity in the olefin chromophore requires
a nonzero torsional angle at the equilibrium configuration, or equivalent turning points
in each level of the torsional vibration, vs. For a m-bond torsion angle in the range
0 < 0 < 7/2 and for the m — x* excitation, they concluded that if the electric
dipole moment y,+ is parallel to the magnetic dipole moment m,y+, then for a nega-
tive angle of the w-bond torsion a positive CD will be obtained for the lower-frequency
component of the CD couplet. The m-bond negative angle is defined in Figure 11 of
Reference 37.

The low-frequency m — 3s Rydberg transition develops an intrinsic rotatory strength
when the olefin becomes inherently dissymmetric. For a negative m-bond torsion angle
the m — 3s transition acquires an x-polarized magnetic moment parallel to the zero-
order electric moment. The resulting positive rotatory strength has the same sign as the
lower-frequency component of the CD couplet. Having the same sign as the adjacent
and stronger CD band, the Rydberg CD band is not readily detected in the spectra of
chiral alkenes owing their optical activity to w-bond torsion. This was indeed the case
for trans-cyclooctene and (+)-twistene. For the pinenes, camphene, bornene and many
others in which the CD sign of the 7 — 3s Rydberg is opposite to that of the = — =*
transition, their optical activity is clearly not due to a m-bond torsion. This was indeed
the result of an electron diffraction study of a-pinene®.

For the planar olefins, the case in which the symmetric chromophore is embedded in
a dissymmetric molecular environment, two approaches were proposed®’. The first, the
static field mechanism, is concerned with the substituent-induced mixing of chromophore
transitions, namely the 7 — 7* and the 7 — nj. They were mixed by a Coulombic
potential due to the ground-state distribution of the substituents. The result was that if a
substituent bearing a positive charge is placed in an octant region defined by +XYZ, the
rotatory strength is positive for the lower-energy part of the couplet, the m — 7*. The
second theoretical treatment®’ was based on a second-order dynamic coupling mechanism.
This mechanism resulted in a +XYZ sector rule, namely if a substituent is located in an
octant for which the coordinate product XYZ is positive, the 7 — 7* will have a positive
CD signal and an opposite sign signal will be observed for the 7 — ﬂ;‘,, the higher-energy
part of the couplet.

Our next section will deal with symmetry rules for chiral olefins. Before introducing
these rules we would like to present another molecule whose spectra will serve later as
a warning for the use of chirality rules. This molecule is limonene, whose absorption
and CD spectra were measured*! in the VUV region in the gas phase. In addition, the
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photoelectron spectrum of limonene was also recorded. Prior to the w — 7™ transition
a rich vibrational structure of the # — 3s Rydberg was observed. It consisted of three
bands separated by about 1500 cm~! and located at 217.5, 210.6 and 204.9 nm. They
represent the excitation of one and two quanta of the C=C stretching vibration. We have
assigned the broad feature at 190 nm to the m — 7* valence transition arising from the
double bond of the ring. The other transitions were assigned as Rydbergs converging to
either the first or the second ionization potentials.

IV. SECTOR RULES FOR CHIRAL OLEFINS

In this section we will present the various sector rules that have been proposed for chiral
olefins. Historically, the earliest attempt to correlate the CD and the absolute configuration
of the olefin was suggested by Yogev and his coworkers>2. We will, however, start with
Scott and Wrixon*?, who have proposed an octant rule for the olefinic chromophore. This
rule, whose octants are depicted in Figure 5 (also known as ‘left-handed’ octant rule or
reversed octant rule), was based on Schellman’s theory43. His theory, which was based on
the static field perturbation model, claimed that from group theoretical consideration, the
planar olefinic chromophore (Dj} point group) should obey a regional octant rule. Scott
and Wrixon have shown*? that an octant rule with a left-handed coordinate frame has
predicted correctly the sign of the CD signal of the w — #* transition in the vicinity of
the 200-nm region. Sixty-eight molecules were examined in their study and only in three
cases was the observed sign opposite to the predicted sign. In six other cases, however,
the predicted sign was not determined. It is worth mentioning that in all 68 cases the
CD spectra were measured in solution. As an example we will introduce a monocyclic
olefin, such as R-(+)-4-methylcyclohexene (see Figure 6). The assumption for all the
alkyl substituents on the cycloalkene ring was that they adopt equatorial or pseudo-
equatorial positions. This assumption included S-(—)-limonene that will be discussed later.
The antioctant behavior of a cyclopropyl moiety which was detected for ketones™ was
examined also for olefins by studying*? the CD of (4)-sabinene. The spectrum exhibited
a normal octant behavior for the w — 7* transition. It did show, however, a red shift of
the peak greater than in normally disubstituted olefins. This red shift was accounted for
in terms of conjugation between the olefin and the cyclopropane function. The wrong CD
signs were obtained for o- and B-pinenes. The explanation offered was that the existence
of the cyclobutyl ring, which is known to possess a low refractivity constant*4® was
causing the antioctant behavior.

Levin and Hoffmann'4, who were mostly interested in twisted olefins, have formulated
the correlation between the twisting angle and the CD sign for these molecules. They have
predicted correctly the CD sign of trans-cyclooctene, but failed to predict the CD sign
of twistene(tricyclo[4,4,0,03’8]dec—4—ene), which was recently shown to have its absolute
configuration incorrectly assigned in the first instance>®. For the planar olefins they have
examined two hypothetical conformations of cis-2-pentene and concluded!* that their
considerations for the torsion angle and the CD sign that resulted from it concurred with
the olefin octant rule*?.

A number of exceptions to this octant rule have been observed and reported*’~°. For
example, Fetizon and Hanna?’ have studied 18 methylene-steroids, mostly androstane,
where one exo-methylene or two methylene groups were substituted at various ring places.
Yogev and coworkers*® have found that the two CD maxima which are usually observed
in the C=C spectrum are resolved mostly in endocyclic olefins, while in exocyclic olefins
the two maxima were very close, making the assignment of signs difficult. They have
used linear dichroism as a tool for resolving the absorption spectrum into its components.
This* procedure helped in resolving the CD spectrum as well.
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FIGURE 5. Octant diagram for chiral olefins showing (a) intersecting symmetry planes xy, yz, xz, and
(b) the corresponding front and rear octants viewed along the z-axis

The CD spectra of the exo-methylene compounds which revealed an antioctant behavior
were reexamined®! and measured more carefully. It was observed that the lowest-energy
band, assigned as the m — 7*, is almost obscured by the higher-energy transition of
opposite sign. Thus, in many cases, the anomalous olefins display a shoulder near the
position expected for the lowest-energy transition and, in fact, the principal CD maximum
frequently occurred at a wavelength considerably lower than that found for regular olefins.
While solving, perhaps, the question of the octant rule, the remaining problem, according

to this explanation, was why the 7 — 7™ is so diminished relative to the = — 7. This
interpretation, arguing that the 7 — 7* and the 7 — 7§} have an opposite-sign CD signal
in which the former is obscured by the latter, was not detected for all the exomethylene

compounds, certainly not for B-pinene!”.
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FIGURE 7. Absorption ( ) and CD (----- ) of (4)-d-limonene in the gas phase. The spectral
resolution of the absorption and CD spectra is 16 A

Limonene, which was molecule number 63 on the Scott—Wrixon list*2, was also
measured*! in the gas phase over the VUV wavelength range. The studied enantiomer*?
was the (—)-1-limonene, which revealed a negative CD signal for the m# — 7* in a solu-
tion study*?. This was also the predicted sign according to the octant rule. However, the
gas-phase measurements*! of the (+)-d-limonene, depicted in Figure 7, also showed a
negative CD signal for this transition. This result contradicted the octant rule. We have

not introduced the limonene case to point out that antioctant behaviors existed, but rather
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to call the attention of the reader to the opposite signs obtained for the CD signal of the
7w — ¥ transition in solution and in the gas phase. This issue and the importance of
the gas-phase measurements have already been discussed in this review and were also
mentioned by Drake and Mason3”.

A few other attempts to correlate the CD sign with the structure of the molecules were
made. The first was suggested by Yogev’s group®2, who claimed that both the double bond
and its neighboring o-bonds should be regarded as a dissymmetric chromophore. Similar
ideas were also suggested by other groups>>~>>. The axial bond chirality signs are in direct
variance with the octant rule proposed by Scott and Wrixon*?. In fact, only by ascribing
a dominant role to the allylic C—H bonds can it be applied to endocyclic olefins with any
success. The second attempt, which was based on the allylic bond polarization model,
was developed by Anderson and coworkers>®37. Their model suggested that the w — 7*
CD sign was dominated by the rotatory contribution of more polarizable allylic bonds
(C—CH, C—-0, C—X). The sign depended on the sense of polarization of the bond and
its chiral relationship to the m orbital. The magnitude is maximal, with optimum overlap
(¢ = 90°, negative; 270°, positive); thus the contributions of axial substituents dominated.
They analyzed these contributions for endocyclic and exocyclic olefins. Figure 8 compares
the three sector rules which correlated the CD sign with the absolute configuration of the
optically active molecule. In their later paper’’ they have provided the first experimental
evidence for establishing the characteristics of torsion-induced olefin CD, and presented
the first observation suggesting an additional active CD transition in the & — 7* region.
To define the characteristic features of the twisting of the m bond they measured the
CD of a series of 1,3-dialkylcyclohexanes and compared it with the CD of a series of
1,4-dialkylcyclohexenes. In the first series a couplet CD was observed with a positive CD
for the lower-energy transition; the Ae was larger for a heavier alkyl group at position 1.
For the 1,4-dialkylcyclohexenes only one positive CD band was observed; the magnitude
of the CD signal was independent of the alkyl size. The explanation provided was as
follows: the CD couplet is an outcome of the twisting of the 7w bond. By steric arguments
this torsion was particularly favorable when a C-3 pseudo-equatorial group was present.
The 1,4 series, which lacked a pseudo-equatorial group at C-3, displayed only a single
CD band. For the same reason the increase of the vinylic substitution did not increase the
rotatory power. They have®’ also provided evidence for the existence of a fourth transition,
which played a role in the CD spectra of olefins in the 185-225 nm wavelength span. The
sequence of transitions for trisubstituted olefins was as follows: (1) the m — 3s Rydberg
transition at 225-190 nm whose wavelength was solvent-dependent, (2) the w — 7* at
200-210 nm, (3) the 0 — #* at 195-205 nm and (4) the 7 — nj at 185-200 nm. The

S

axial bond chirality the Scott — Wrixon ABP model
sign convention'! ‘reversed octant’ sign convention
rule

FIGURE 8. Comparison between the sector rules proposed by the three models
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author of this review does agree with their comment that the extreme complexity of this
spectral region argues against strict use of any simple rule.

A very detailed study, which included 228 olefinic compounds, was carried out by
Hudec and Kirk®. The CD spectra were measured in a hexane solution, enabling the
extension of the measurements to shorter wavelengths (183 nm). Most of the compounds
examined were cyclohexene or methylenecyclohexane derivatives. Some were among
those reported earlier by other authors.

The olefinic compounds were divided into four classes, according to their substitution
patterns when considered as alkylated ethylene derivatives. Class A: 1,1-Disubstituted
ethylenes. Exocyclic methylene compounds for the most part follow a carbonyl-like
octant rule, the main point of difference being a large consignate octant contribution
from a B-axial methyl group, which can outweigh effects of carbocyclic rings. Class B:
cis-1,2-Disubstituted ethylenes. Cyclohexene analogues which give a CD band with sign
corresponding to a consignate effect of the allylic axial C—H bonds. Class C: Trisubsti-
tuted ethylenes. Compounds of the 1-methylcyclohexene type follow those of class B fairly
closely, but trisubstituted ethylene fragments of the ethylidenecyclohexane type, includ-
ing A'19_octalin analogues, gave strong CD bands with signs determined by chirality
of the ethylidenecyclohexane unit. An additional feature of the A'U%-octalin analogues
was a very large dissignate effect accompanying axial alkyl substitution at the allylic
carbon atom trans to the olefinic C—H bond. Alkyl substitution at the other allylic cen-
ters had relatively little effect. Class D: Tetrasubstituted ethylenes. These compounds
generally showed rather weak CD curves, but axial-allylic methyl substituents produce
dissignate effects. This classification and the nature of the regularities found were based
on the assumption that their so-called XA; is the same transition for all the compounds
studied. They assigned this transition as the 7 — 7* state. They claimed®® that any
attempt at similar correlations with the = — n} state (A, in their notation) would be
tentative. J

Scott and Wrixon® have also compared the relation between their octant rule*? and
the Mills rule®!, which was refined by Brewster®?. In analyzing 25 alkyl cycloalkenes
and 49 oxygenated cycloalkenes, they have found a satisfactory correlation between the
two oppositely signed m — 7* transitions and the resultant sign of the D line rotation.
In every case the olefin octant rule (or its inverse for oxygen substitution) predicted the
sign of the longest-wavelength transition. In most, but not in all cases, the A[M]p values
followed the Mills—Brewster®!:%2 rules. The correlation by the CD method, however, was
found to be most useful in several examples which cannot be treated by molecular rotation
differences.

Another system in which an attempt was made to correlate the CD sign of the 7 — 7*
transition and the absolute configuration of the molecule was the methylenecyclohex-
ane chromophore®. The CD of 12 different olefins all having a basic moiety, the (4-
methylcyclohexylidene)methane structure, were studied in the gas phase over the VUV
region. The absorption spectra of all the 12 molecules showed a striking similarity to
the spectrum of the symmetric methylenecyclohexane which was studied previously by
Robin® and Demo®.

The first transition®® was assigned as the = — 3s Rydberg transition. It usually showed
one symmetric stretching vibration built on its origin. The second transition was assigned
as the m — 7* valence transition. It has exhibited a richer vibrational structure. The active
vibration was also the symmetric stretching, and since the absorption maximum usually
appeared at the v = 3 vibration in the progression, it is believed that the configuration of
the molecule in the excited state is stretched, as compared with the ground state. In all 12

molecules, opposite CD signs were observed for the 7 — 3s and 7 — 7* transitions®.
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Unlike the olefins mentioned so far, the spectrum of 4-methylcyclohexylidene chro-
mophore showed a rich structure, even at higher energies than the 7 — 7* transition.
The transitions were assigned as belonging to higher Rydberg transitions. For example,
for the ns Rydberg series, bands were detected with members up to n = 7. In Figure 9
we present the absorption and CD spectra of (4-methylcyclohexylidene)ethane in the
gas phase. The second purpose of the study®® was to determine whether, and in what
manner, a substituent lying in the nodal plane of the 7 orbital contributed to the CD.
Deuterium®-97 and fluorine®3:%° substituents, which are known to exhibit an antioctant
effect on the n — 7* of carbonyls, were of special interest in our system, in which the
molecular asymmetry was due to having both a substituent other than hydrogen in the
4-position of the cyclohexane ring and a situation in which X did not equal Y in Figure 8.
Any contribution of allylic axial bond in Figure 8 would, of course, cancel each other out.
In all our compounds the methyl substituent in the 4-position is kept constant and only
the X and Y attached to the double bond are varied. It is therefore the effect of the X and
Y substituents that will determine the sign of the 7 — 7* CD signal. In particular, we
have explored the effect of the deuterium and fluorine atoms on the = — n* transition.
The results presenting the sign of the 7 — 7* transition for the R configuration are sum-
marized in Table 3. It can be seen that, with the exception of deuterium, when Y = H a
negative CD sign is observed for the w — 7* transition. The alkyl substituents, as well as
the halogens, including fluorine, exhibited the same consignate effect. Attempts to corre-
late the sign of the CD spectra of the fluorine derivatives with mass or polarizability”® of
the substituents failed. The results were rationalized in terms of the C—X vs C—Y bond
lengths. When the covalent radius of X > Y, then the CD sign of the 7 — 7™* transition
will be negative, and when Y > X it will be positive, as long as the substituent X or Y
does not possess a 7 delocalizing system at the point of attachment to C. The dependence
of the CD sign on Rc—x ", where Rc—x is the distance between the chromophore and
a substituent X, is common to all three semiempirical mechanisms (static perturbation,
dynamic coupling and the coupled oscillator’!) explaining optical activity. These relations
were raised in an attempt to account for the experimental results.

A more serious explanation was offered recently’?. The independent systems perturba-
tion (ISP) approach was used to calculate the CD of the # — 3s and = — 7™ transitions.
The ISP approach is interested in a particular transition belonging to an achiral chro-
mophore A; the other chromophores in the molecule interact with this transition giving it
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TABLE 3. Configuration, atomic radii and sign of 7 — 7* CD of 1 substituted by
various X and Y groups

Configuration Substituent (radii, A) CD (r — 7*)
X Y Predicted Found

R)~(—)-3 Br (1.14) H (0.37) =) =)
R)-(—)4 CH3 (0.77) H (0.37) (=) (=)
R)-(—)-5 CDj3 (0.77) H (0.37) (=) (=)
R)-(+)7 D (0.371) H (0.373) (+) (+)
(R)-(—)-8 Cl1 (0.99) H (0.37) (=) (=)
(R)-(—)9 CH,CH3 (0.77) H (0.37) (=) (=)
(R)-(—)-6 t-Bu (0.77) H (0.37) (=) (=)
(R)-(—)-13 F (0.72) D (0.371) (=) (=)
(R)-(—)-14 F (0.72) H (0.373) (=) (=)
(R)-(—)-11 Br (1.14) F (0.72) (=) (=)
(R)-(—)-12 F (0.72) CHj3 (0.77) +) +)

a helical character. A perturbing chromophore that lies on the reflection plane of A gave
on helical character. Two identical chromophores symmetrically placed with respect to
a reflection plane have no net effect. Thus one might expect the ethylene chromophore
transitions of Figure 9 to have no CD since the substituents lie on reflection planes of
the chromophore framework. In fact, small CD were observed for these transitions as a
result of the concerted coupling of both substituents to the transitions of A. The final
explanation for the deuterium dissignate behavior is that it is a reflection of the fact that
the C—D bond length is less than the C—H one.

A theoretical attempt that has provided the basis for the octant rule*? was developed
by Scott and Yeh’?. They have considered the intensity of the CD band from the ground
state to an excited state as consisting of three components:

R= Rinherent + Rslalic + Rdynamic (6)

For olefins, the first term has been studied in terms of the symmetry D, independently by
two groups®!3. The second term, which was also called the one-electron term, is usually
neglected in cases of electronically allowed transitions because it is small compared with
the other two terms. It is even smaller in the olefinic case, where the molecules contain
mainly nonpolar bonds. Scott and Yeh’? have therefore concentrated on the third term,
which arises from the coupling of a considered transition a with all the transitions of
different chromophores within the molecule. If transition a falls energetically below all the
transitions of the other chromophores, the latter can be viewed as polarizable groups and
their anisotropies 8 determine the dynamic coupling’*. The final expression obtained was

Rdynamic . —208.7 £, 10~% cgs - esu

where $ is the anisotropy for which three sets of values were introduced and tried in
their’® calculations. The I" factor contained, besides, a directional factor, an expression
that is inversely proportional to the square of the distance of the polarizable group and
the double bond. Thus the allylic bond is expected to have a dominant effect because it
is close to the double bond, and also because other groups may be sufficiently flexible
for their effects to be canceled by virtue of random orientation. Among the three sets
of anisotropies, two yielded the same signs as the Scott—Wrixon rule*? and Anderson’s
model®® as well. The authors admitted that too many assumptions were made to justify
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the above-mentioned rules and that the negative C—C single-bond anisotropies which they
have used represent only a minority viewpoint.

A second theoretical study, which was also based on the dynamic coupling mechanism,
was developed by Weigang”. The formalism was developed for electric-dipole allowed
transitions. Unlike most sector rules, Weigang’s formalism required”> careful observation
of the orientation as well as the location of bonds placed dissymmetrically with respect
to the chromophore. The expression representing the rotatory strength consists of two
sector rules. In the first the space is divided into eight octants, while the second has a
conical distribution which is depicted in Figure 10. In addition, the expression contained
the averaged polarizability and the anisotropy of the perturber’s polarizability. This treat-
ment was applied to the ethylenic chromophore, and (+4)-trans-cyclooctene as well as
twistene were examined in light of the two sector rules. The contributions to the sign
of the w — n* signal in (4)-trans-cyclooctene, from the conical and the octant sector
rules, were both positive, which was the measured sign for this transition. The predicted

X

FIGURE 10. Sectors and nodal surfaces for the two terms developed in Weigang’s theory. The signs
refer to the absolute sign of the rotatory strength when the trigonometric functions and the o are all
positive. The chromophore and perturber must be oriented in a manner discussed in Weigang’s paper
and depicted in his Figure 175
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sign” for the same transition in (—)-a-pinene is positive, while a negative sign was
measured?.

V. ISOTOPE EFFECT

Since the discovery of deuterium, many chiral compounds owing their optical activity to
the presence of this isotope have been prepared’®. In the early days of optical activity it
was thought that such a small effect would not be amenable to experimental observation.
Over the years it became clear that, for many chromophores, optical activity which is due
solely to the introduction of a deuterium atom can be measured. In fact, the anisotropy
factor, g, for the oxirane chromophore, for example, was a factor of 2 smaller when the
deuterium was replaced by a methyl and almost the same as for a hydroxyl replacement’” .
The first report of CD measurements of olefins which owed their chirality solely to isotopic
substitution was by Paquette and coworkers’8. Four such compounds were prepared and
measured in pentane solution at 20 °C. They were (lR)—[l—zH]—apobornene 11, (1R)-[1,2-
2H]-apobornene 13, (1R)-[2-2H]-ap0bornene 16 and (1R)-[2-2H]-norb0rnene 21. For two
compounds, 13 and 21, gas-phase measurements were also performed and yielded the same
results as in the pentane solution. The only exception was that the gas-phase absorption
of compound 21 revealed’® two vibrational shoulders at 48600 and 49900 cm~'. The
frequency interval between the two shoulders and their position on the red side of the
main absorption band indicated that they arise from the m — 3s Rydberg transition.
This Rydberg is overlaid by the w — 7* transition. The Rydberg has not been detected
in the CD spectra of all the four compounds. The specific rotation of compounds 11
and 13 were negative, opposite to the CD sign of the lowest-energy band. The negative
specific rotation was attributed to the higher excited states such as the 7 — =z}, which
indeed has a negative CD signal. The two isotopic perturbations in compound 13, which
confer chirality upon the otherwise achiral apobornene structure, are different in kind.
A comparison of the CD spectra of 11 and 22 (which has a methyl group in position 1)
showed that the contributions of the C—D and C—CHj3 in 1-position to the optical activity
of the m — n* are dissignate. This is similar to what was observed for carbonyls and
other chromophores’®. The comparison of two other compounds (21 and 23) which have a
deuterium vs CHj3 at the 2-position of norbornene showed consignate contributions to the
7w — 7* transition. The chiral perturbations introduced by C-1 and by C-2 in the chiral
parent structure are of a different kind. The explanation was’® that for the dissignate
effect of C-1, in addition to the usual common explanations —the polarizability and the
bond-length changes —the steric compression factor in the H/D isotopic replacement is
also of importance. In other words the lighter isotope effectively acts like a larger atom
in repulsive interactions with its neighbors, so that the bridgehead C—C—C bond angles
are less compressed sterically in the 1-deuterio derivatives.

g Ay Ay

an 13) (16) 2D
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CH;

CH;

(22) (23)

For the 2-position in which the deuterium showed a consignate signal with the CH3
group, the explanation was centered on the displacement of the carbon atom of the olefin
chromophore. Although the amplitude of the vibrational motion of a C—H bond is larger
than that of the corresponding C—D bond, the displacement of the carbon atom in the
motion is smaller for the lighter isotope. The mass of the methyl group is still larger, and
the consignate effect of the C—D and the C—CH3 is thus dependent on the displacement
of the carbon atom, which was related to the mass of the substituent.

We have already discussed another example®® of an isotope effect related to the C=C
chromophore and the theoretical explanation’?> which was proposed for the experimental
results. It is worth mentioning that the Ag/e for the # — n* transition of the deuterio-
substituted 4-methylcyclohexylidene was 4.4 x 107, whereas for a methyl replacing a
vinylic hydrogen a value of 1.6 x 10~3 was obtained.

VI. LINEAR DICHROISM MEASUREMENTS

The spectroscopic properties of isolated double bonds were measured through their linear
dichroism. The molecules were oriented in stretched films, and their UV spectra were mea-
sured using polarized light in the direction of stretching and orthogonal to it’®. The instru-
mentation and the method by which these experiments were carried out was described in
an early paper®®. The molecules subjected to these measurements included symmetrically
substituted and unsymmetrically substituted olefins. The symmetric molecule was bicy-
clohexylidene and among the optically active olefins were A*- and A°-cholestenes. While
the first showed two bands at 208 and 185 nm, the latter revealed only one band peaked
at 190 nm. The latter exhibited a wavelength-dependent linear dichroic spectrum, while
bicyclohexylidene’s spectrum was wavelength-independent over the absorption bands. The
two transitions were assigned as being polarized along the double bond. The broad and
structureless band was resolved into two overlapping bands, A; and Aj, at shorter and
longer wavelengths, respectively. The polarization of the shorter-wavelength component,
A1, was along the double-bond axis. The A, transition formed an angle of 17° with the
plane of the double bond; the projection of this transition on the double-bond plane falls
at an angle of 10° with the axis of the double bond. The shorter-wavelength band, 11, was
assigned as the valence w — 7* transition. The other band was assigned as the Rydberg
7 — 3p,, which is also known as the = — n§;. The reader is, however, reminded that

the order of these excited states in Mason and Schnepps’ paper was reverseds.
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I. INTRODUCTION

Chiroptical properties of compounds containing a carbonyl group are among the most
studied in organic chemistry. Among the many different carbonyl-containing functional
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groups, in this series chiroptical properties of carboxylic acids and their simple derivatives
(esters, lactones, amides, lactams) and thio analogues have been reviewed most recently
in 1992!. This review also included a section on exciton chirality. Chiroptical properties
of ketones and aldehydes, on the other hand, have not been reviewed in this series, except
for «,B-unsaturated ketones?. Since Djerassi’s book on optical rotatory dispersion (ORD)
appeared in 1960%, many monographs have appeared covering chiroptical properties of
organic chromophores*~!>. Most of these appeared in the 1960s and 1970s, whereas from
198213 until 1994415 none appeared. Since the mid-1960s the most studied chiroptical
property of ketones and aldehydes has been circular dichroism (CD), and while books
on CD have appeared periodically, they have covered many different aspects of CD
spectroscopy.

Since the chiroptical properties of most compounds containing C=0O groups have been
reviewed recently in this series, in the following we focus on CD of ketones and the
relatively few aldehydes that have been studied by CD spectroscopy. Because most studies
of saturated ketones have focussed on their octant rule behavior, a description of the octant
rule and how to apply it appears early in this chapter. This is followed by an easy-to-
read graphic compilation of the published work on saturated aldehydes and ketones since
1977, the date of the most recent comprehensive review!® with many literature references.
Conjugated ketones implicitly do not obey the octant rule. We discuss rules for interpreting
the CD spectra of «,8-and B,y- unsaturated ketones. This discussion is also followed by
a graphical updating of their CD spectra. Finally, we attempt to update the reader on
applications of the exciton chirality rule to ketones.

Il. THE OCTANT RULE

The octant rule remains the most successful and longest serving chirality rule for inter-
preting ORD and CD spectra. It was formulated by Djerassi and colleagues>!%!7 more
than 35 years ago and provided a way to determine (i) the absolute configuration of a
saturated alkyl ketone or aldehyde when its conformation is known, or (ii) the conforma-
tion when the absolute configuration is known. It is doubtless the most important of the
many chirality sector rules proposed for various chromophores!®-18. Sector rules focus on
the chromophore in a molecule and relate the CD spectrum to the chirality of the extra
chromophoric environment, to the chirality of the chromophore, or to both'®. The octant
rule relates the n — 7* CD spectrum of a saturated ketone or aldehyde to the extra
chromophoric environment, to the molecule’s structure surrounding the C=0 group. In
chirality rules for unsaturated ketones, considerations of the chirality of the extended
chromophore become important.

The octant rule is probably best summarized by the graphics of Figure 1. The ketone or
aldehyde carbonyl chromophore is oriented along the Z axis while its oxygen and carbon
and atoms conjoined lie in the YZ plane. The two local symmetry planes, XZ and YZ of
the C=0, divide all surrounding space into quadrants, and a nonsymmetry-derived third
nodal surface (A or B) divides quadrant space into octants. In the classical octant rule!6,
the third nodal surface was approximated as a plane (A). Subsequent theoretical and
experimental studies defined it as a concave surface (B) in the revised octant rule20-21,
To apply the octant rule, the observer looks down the C=0O axis, from O to C. Front
octants are nearer the observer; back octants are farther away, behind A or B. Groups or
atoms lying on or near the octant surfaces make essentially no contribution to the octant
rule and the CD of ketone or aldehyde. Groups or atoms lying off the octant surfaces
make signed contributions according to the sign ascribed to each octant (Figure 1). These
contributions are summed and weighted to predict the CD of the saturated ketone or
aldehyde.
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FIGURE 1. (Left) Classical octant rule diagram (Reference 16) for the carbonyl n — 7* transition of
ketones and aldehydes. Local symmetry-derived, orthogonal octant planes XZ and YZ divide all space
into quadrants, and a nonsymmetry-derived third nodal surface (A) is approximated by an orthogonal
plane bisecting the C=0 bond. To apply the octant rule, the observer looks down the C=0 bond from O
to C. ‘Front’ octants lie in the 4+-Z direction and are those nearer and observer. ‘Back’ octants lie in the
—Z direction and are farther away from an observer. (Middle) Octant contribution signs from perturbers
in back and in front octants. (Right) Revised octant rule (Reference 20) with octant planes XZ and YZ
unchanged and the third nodal surface defined theoretically as a concave surface (B). Reprinted with
permission from Reference 21. Copyright (1986) American Chemical Society

In order to use the octant rule to determine the absolute configuration of a ketone,
its conformation must be known. With cyclohexanones, for example, one may assume
a predominance of the chair conformation and orient the cyclohexanone so that the
local symmetry planes of its carbonyl chromophore are coincident with those shown
on the octant diagram of Figure 1. As illustrated in Figure 2, the preferred chair confor-
mation of (3R)-methylcyclohexanone has an equatorial methyl. On the octant diagram,
its methyl group lies in an upper left (4) back octant, whereas ring atoms 1, 2, 4
and 6 lie in symmetry planes and thus make no contributions. Carbons 3 and 5 lie in
upper left (+) and upper right (—) back octants, equally disposed across the XZ sym-
metry plane and thus make no net contribution. Consequently, the net contribution to
the CD is positive, and a positive n — 7* CD is predicted. Rotation of the molecule
about the C=0 (Z) axis by 180° would position the methyl group in a lower right
(+) back octant, with the same conclusion. Strictly speaking, one weighs the contribu-
tion of the equatorial methyl carbon and its three hydrogens lying in the upper left (+)
back octant vs an equatorial hydrogen lying in an upper right (—) back octant. More
‘weight’” is given to the larger group, and hence a net positive n — n* CD Cotton
effect is predicted. The experimentally observed CD is positive. If absolute configura-
tion of 3-methylcyclohexanone had not been known, the observed positive Cotton effect
would be interpreted by the octant rule to correspond to 3R. If the absolute configura-
tion were known, the observed positive Cotton effect would fit best an equatorial chair
conformation.

The possibility of ring conformational flexibility such as inversion (to afford the
axial methyl isomer) or the intrusion of twist-boat isomers can be dismissed in (3R)-
methylcyclohexanone because its n — 7* Cotton effect sign and magnitude (AgJgx +0.57)
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FIGURE 2. (a) Interconverting chair conformers of (3R)-methylcyclohexanone with axial (left) and
equatorial (right) methyls. (b) CD and ORD spectra of (3R)-methylcyclohexanone showing positive
CD and ORD Cotton effects. (c) Octant rule (Figure 1) applied to an octant projection diagram for
(3R)-methylcyclohexanone with an equatorial methyl configuration. [(c) is modified from J. F. King, in
Elucidation of Structures by Physical and Chemical Methods, Part One (Ed. K. W. Bentley), Chap. VI,
Wiley, New York, 1963 Reproduced by permission of John Wiley & Sons, Inc]

is very close to that observed of a rigid analog, (1S,3R)-4(e)-methyladamantan-2-one
(Aeqgy + 0.67), where the cyclohexanone is locked into a chair conformation and the

methyl perturber is equatorial (Figure 3)>!. Adamantanone is highly symmetric. All ring
atoms lie on the XZ or YZ symmetry octant planes (Figure 1) or are equi-disposed across
them. Only groups attached at ring carbons S to the C=0 make octant contributions. As
such it is an ideal system for isolating and evaluating octant contributions. Significantly,
replacing the methyl perturber with larger alkyl substituents (ethyl, isopropyl, fert-butyl
or neohexyl) on the rigid and symmetric adamantanone framework causes relatively
little change in the n — n* Cotton effect magnitude. These results indicated that the
major octant contribution is made by the first carbon in the alkyl perturber chain, and
the magnitude of octant contributions falls off rapidly with distance, as predicted much
earlier 16,

In general, octant contributions fall off with increasing distance of perturbers from
the carbonyl chromophore. This is further illustrated by comparing the n — 7* Cotton
effects from «-axial methyl and B-equatorial methyl perturbers on chair cyclohexanones
as found in Table 1. Both methyl perturbers lie far from octant nodal planes (Figure 1),
but the w-axial methyl lies closer to the carbonyl chromophore and thus makes a larger
octant contribution. When the perturber lies close to an octant symmetry plane, as in an «-
equatorial methylcyclohexanone, even if it also lies close to the carbonyl chromophore, the
magnitude of the octant contribution is significantly diminished. With S-methyls, neither
the equatorial nor the axial lie near an octant symmetry plane. However, since the S-axial
lies closer to the carbonyl group than B-equatorial, it was predicted'® to be an ordinary
octant perturber with a strong positive n — 7* Cotton effect. It was thus quite surprising
when Snatzke and colleagues?? showed that a -axial methyl perturber not only did not
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FIGURE 3. (a) (15,3R)-4(e)-Methyladamantan-2-one and its octant projection diagram. (b) (3R)-
Methylcyclohexanone and its octant projection diagram. (c) CD spectra of (1S5,3R)-4(e)-substituted
adamantan-2-ones in EPA (ether-isopentane-ethanol, 5:5:2, v/v/v) run at 25 °C and corrected to 100%
e.e. The equatorial substituents are methyl (----- ), Aelgs = +0.67; ethyl (----- ), Aeler = +0.81;
isopropyl (approx. ----- ), Aeje = +0.80; tert-butyl (approx. ----- ), Aghus = +0.771; neohexyl
( ), Aghgs = +0.92. [(c) is reprinted with permission from Reference 21 Copyright (1986)
American Chemical Society]

TABLE 1. Axial and equatorial ¢-methyl and S-methylcyclohexanone units and their associated Cotton
effects and octant diagrams

o-Axial CHs B-Equatorial CHy o-Equatorial CHy B-Axial CHy
o o H o o CH;
\\: — N -CH; \\X — A “H
H i CH3 !
CH; H
Ae = +14 Ae = +0.6 Ae = -03 Ae = -0.1
+ - + CHs -
+ o—9—9o — H;C

)
- ._C)-<>-_
¢
2
- ,_C)__“__

obey the octant rule but also gave only a very weak Cotton effect, much smaller than
a-equatorial. Since the B-axial methyl does not lie near a C=0 nodal plane (Figure 1),
this observed ‘anti-octant’ behavior was astonishing. It was a source of much concern
and led to a re-consideration of the octant rule that led to a better definition of the third
nodal surface as concave (Figure 1)20:21,
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FIGURE 4. (a) Coordinate system for C=0 group. (b) Relevant n-orbital of ketone carbonyl n — =*
transition. The vertical XZ plane is a nodal plane for the n-orbital that bisects the R—C—R’ angle and
lies perpendicular to the R(R")C=O0 local symmetry plane. (c) Relevant 7*-orbital of ketone n — 7*
transition. The horizontal YZ plane is a nodal plane for the 7* orbital and lies on the R(R")C=0
local symmetry plane. (d) Carbonyl oxygen, as viewed looking down the Z-axis from O to C, showing
circular movement of electron from the n to the 7* orbital

A. The Ketone C=0 n — #* Transition in Ketones and Aldehydes

The n — 7* transition of ketones and aldehydes lies near 300 nm in the UV-visible
spectrum. The relevant orbitals of n — 7* transition are shown in Figure 4. The transition
involves movement of an electron from an oxygen nonbonding (n) orbital (p,) to a 7*
anti-bonding orbital comprising a linear combination of oxygen and carbon p, orbitals.
This rotation of charges leads to a large induced magnetic dipole moment (i, = 1 Bohr
magneton) oriented along the C=0 bond (Z-axis), but it does not induce an electric dipole
moment (jie = 0) in the same direction. Therefore, on the basis of local symmetry, the
n — 7* transition is a magnetic dipole-allowed (jim, # 0), electric dipole-forbidden (it =
0) transition. Thus, to a first approximation, the n — 7* should not be observed. However,
a weak UV absorbance (¢ ~ 10-100) near 300 nm is typically observed for ketones
because electric dipole intensity is ‘borrowed’ through vibronic coupling from higher
energy electric dipole-allowed transitions such as the 7 — 7*, which is polarized along the
Z-axis (Figure 4). Although intensity borrowing provides a mechanism to observe n — 7*
absorption, it does not lead to optical activity of the chromophore, which still possesses a
plane of symmetry. When the carbonyl group is located in a chiral environment, however,
dissymmetric perturbations on the n — 7* transition lead to a nonzero rotatory strength,
R = [ie - jim, and thus a nonzero CD.

B. C=0 Symmetry Planes, Quadrants and The Third Nodal Surface

In the octant rule, all space surrounding the carbonyl chromophore is divided up into
eight octants (Figure 1), and the octant occupied by a particular perturber determines the
sign of its contribution to observed n — 7* CD, to the rotatory strength of the n — 7*
transition. The octants are derived primarily from the local symmetry (Coy) of the carbonyl
chromophore and the relevant orbitals of the n — 7™ transition. The two well-defined
carbonyl symmetry planes (XZ and YZ, Figure 5a) coincide with the symmetry-derived
nodal planes of the n and 7* electronic wavefunctions (Figure 4). They divide all space
about the C=0 group into quadrants. Quadrants are the minimum number of spatial
subdivisions based on the intersecting symmetry planes of the isolated C=0 chromophore.
Using group theory, Schellman?® showed that a quadrant rule is the minimum sector
rule for ketones. However, there may be additional nonsymmetry-derived nodal surfaces.
Bouman and Moscowitz?* showed that if only n — 7* and 7 — 7* states are mixed
by incomplete coulombic screening, a quadrant rule is obtained for a localized n-orbital.
However, if the n-orbital is delocalized, an incorrect octant rule is predicted. On the
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FIGURE 5. (a) C=0 symmetry (Cyy) planes that divide all space surrounding the carbonyl group into
quadrants. The 4+ or — signed contributions that perturbers make are denoted: upper right and lower
left, negative; lower right and upper left, positive. (b) The third nodal surface associated with the =*
orbital and approximated by a plane (A) that lies midway between the C and O. (c) Concave third nodal
surface (B) derived by theory and experiment

other hand, mixing of the n — #™* state with D states generated from 3d-orbitals leads
to the octant rule behavior with the correct sign for hydrogen and carbon perturbers. In
either case, the contribution to the CD intensity from the D states is in most instances
about an order of magnitude greater than that obtained from mixing with the 7 — =*
states. Thus, whatever ‘quadrant’ contributions come into play are suppressed by ‘octant’
contributions.

Moffitt and colleagues'® took the third surface to be a plane bisecting the C=0 bond
(Figure 5b) purely for convenience rather than on any theoretical basis. Indeed they specit-
ically cautioned that this surface was very probably not a plane. Subsequently, Bouman
and Lightner?® showed by theory and experiment that the shape of the third nodal surface
is closer to concave, cutting behind the carbonyl carbon (Figure 5c).

Reflection of a perturber across either of the symmetry planes (XZ and YZ, Figures 4
and 5) leads to a mirror image molecular fragment, and hence one with oppositely-signed
rotatory strength. Since the third nodal surface does not follow from symmetry, ‘reflection’
across it does not correspond to a mirror image situation, and hence the weight given to a
perturber in a front octant is not the same as for a like position in a back octant. Each atom
or group surrounding the C=0 chromophore makes a signed contribution to the observed
n — 7* CD. The signs for atoms such as C, H, CI, Br and I are shown in Figure 5.
Atoms lying in symmetry planes offer no contribution, and atoms symmetrically located
across the carbonyl symmetry planes will exert no effect on the CD, due to cancellation.
In general, the sign made by an octant perturber to the observed CD of the n — 7*
transition varies as the sign of the product, X - Y - Z of the atomic coordinates, as defined
in Figures 1, 4 and 5. Contributions are assumed to be additive, and the magnitudes of the
contributions vary according to the nature of the perturber while falling off rapidly with
increasing distance from the carbonyl chromophore or closeness to the nodal surfaces.
Broadly speaking, the octant rule, a geometrical rule so simple and straightforward to
apply, has served well in establishing the absolute configuration and in elucidating the
conformation of a large number of compounds’~2.

C. Front Octants and Anti-Octant Effects

The validity of the octant rule is supported largely and convincingly by ORD and CD
spectra from numerous examples where the dissymmetric perturbers (the groups perturb-
ing the carbonyl chromophore in a nonsymmetric way), such as the methyl group of



162 Stefan E. Boiadjiev and David A. Lightner

3(R)-methylcyclohexanone, are invariably located in back octants —behind the carbon of
the carbonyl group. There are extremely few examples in which dissymmetric perturbers
are found in front of the carbonyl carbon or oxygen. And in most of these few examples
there are also dissymmetric perturbers in back octants. Although there was some doubt
over the existence of or need for front octants, it was quite obvious at an early stage in the
development of the octant rule that ketones could be found where some atoms would lie
in front octants, e.g. in 1-0xo0, 7-oxo- and 11-oxosteroids. Here, however, octant contribu-
tions from atoms lying in back octants always appeared to dominate the sign of the Cotton
effect® 9. Examples of contributors entering front octants were discussed by Djerassi and
Klyne?>, but their examples also had back octant as well as front octant contributions and
thus did not clearly test the existence of front octants. Kirk, Klyne and Mose?® prepared
structurally related D-homo and D-nor 7-ketosteroids and subtracted Cotton effect of the
D-norsteroid from that of the D-homosteroid to estimate its front octant contributions.
The authors concluded in favor of an octant rather than a quadrant rule. At the same time,
CD spectra of potentially cleaner examples, cis- and trans-6-methylspiro[4.4]nonan-1-
ones, supported the notion of front octants, but the analysis was complicated by ring
conformational changes?’. With the lack of unambiguous proof for the existence of front
octants, the octant rule remained incompletely proved by experiment until 1974, when
the existence of front octants was shown unequivocally by the synthesis and CD?® of
two spiroketones, syn-(1'R)-spiro[cyclobutan-2-one-1,2-(4’(a)-methyladamantane)] and
its anti isomer (Figure 6), prepared from (—)-(1R,3S)-4(R)(a)-methyladamantan-2-one
(Table 1). In the former the methyl group lies in front of the carbonyl oxygen; in the
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FIGURE 6. (Left)y CD spectra of syn-(1’R)-spiro[cyclobutan-2-one-1,2'-(4’(a)-methyladamantane))
( ) anti-(1'R)-spiro[cyclobutan-2-one-1,2’-(4 (a)-methyladamantane (----- ) in isopentane at 20°.
(Right) CD spectra of syn-(1’R)-spiro[cyclobutan-2-one-1,7’-(2'-exo-methylnorbornane)] in isopentane
at 20°C Corrections are made to 100% optical purity. [(Right) Reproduced by permission of The
Royal Society of Chemistry from Reference 29; (Left) Reprinted with permission from Reference 28.
Copyright (1974) American Chemical Society]
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latter it lies well behind. With a time-average planar cyclobutanone conformation, the
plane of the cyclobutanone ring bisects the spiro-fused adamantane skeleton. That is, in
the absence of the methyl group, the plane of the cyclobutanone ring would lie on an
octant symmetry plane (YZ, Figure 1). Thus, the methyl group, which does not lie on a
symmetry or nodal plane, represents the lone dissymmetric perturber of the ketone car-
bonyl chromophore. In a quadrant rule, the methyl perturbers of both spiro-adamantyl
cyclobutanones would lie in oppositely-signed quadrants: upper left or lower right posi-
tive for the syn and upper right or lower left negative for the anti (Figure 5a). However,
the observed n — 7* CD Cotton effect signs are the same for the syn and the anti. The
negative sign of the anti is in agreement with both a quadrant rule and the octant rule, but
the negative sign of the syn is in agreement only with the octant rule. The methyl group
of the syn lies in an upper left or lower right (—) front octant. Additional support for front
octants comes from the positive n — 7* Cotton effect of spiro-bornylcyclobutanone?’
(Figure 6b), which has a different carbocyclic framework, but one where the lone dissym-
metric methyl perturber lies in front of the carbonyl oxygen in an upper right or lower left
positive front octant. Even considering puckering of the cyclobutanone ring and attendant
changes in octant locations of the perturbers, the n — 7* Cotton effect is still dominated
by a methyl perturber in a front octant>®. The syn spiroketones of Figure 6 thus provided
the previously missing unequivocal experimental proof for the existence of front octants.

Instances where octant rule behavior was predicted and not observed, the problem of
‘anti-octant’ effects, emerged shortly after the octant rule was first postulated!°, e.g. in
a theoretical derivation of the octant rule in 1966, where Pao and Santry31 calculated the
n — 7* Cotton effects of various methyl-substituted chair cyclohexanones. Their results
from Gaussian orbital calculations for all methyl configurations except 3-axial agreed
with those predicted by Moscowitz in his theoretical derivation of the octant rule®?. Later
calculations using an extended Hiickel treatment®® agreed with the new prediction for
axial 3-methylcyclohexanone. (It is important to note that Moscowitz did not include
this structure in his calculations.) These findings suggested that the third nodal surface
might be curved. At nearly the same time, Snatzke and coworkers®*3> published the first
experimental verification that the 3-axial substituents on chair cyclohexanone gave anti-
octant contributions to the octant rule. (1R,35)-4(R)(a)-methyladamantan-2-one (mirror
image shown in Table 1) gave a weak, positive CD Cotton effect in ethanol or dioxane
solvent3®, opposite to the predicted negative Cotton effect for the methyl perturber in
a lower left or upper right back octant. The significance of this surprising observation
was obscured by the fact that a weak negative Cotton effect was seen when the solvent
was changed to isooctane for the same ketone. Yet adamantanones with other f-axial
perturbers were found to exhibit ‘anti-octant’ CD Cotton effects which did not change
sign: Cl, Br, I, N32%3% and SCN, ONO,, OAc, OCO,CH3%.

Other apparent ‘anti-octant’ effects were found shortly thereafter’” ~*!. The most per-
ceptive of these is the work of Coulombeau and Rassat’”, who analyzed CD and ORD
data for a number of ketones and made the proposal that the third nodal surface was con-
vex, curving sharply away from the carbonyl oxygen. They thus explained ‘anti-octant’
behavior in terms of the perturber actually lying in front of the third nodal surface as
they defined it. Tocanne drew a similar conclusion from his cyclopropylketone work®*!.
Although other anti-octant effects had been noted prior to 1974*>43, at that time there
was no unambiguous experimental demonstration from carbon and hydrogen as static, dis-
symmetric perturbers — except the work of Snatzke and Eckhardt®® in which a peculiar
solvent effect had been noted. In 1974 it was shown that the stereochemically rigid and
well-defined (1R)-exo-2-methyl-7-norbornanone and (1R)-endo-2-methyl-7-norbornanone
gave negative and positive n — 7* CD Cotton effects, respectively, in isopentane*?
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FIGURE 7. CD spectra of (1R)-exo-2-methylbicyclo[2.2.1]heptan-7-one (----- ) and (1R)-endo-2-
methylbicyclo[2.2.1]heptan-7-one ( ) in isopentane at 20 °C Corrections are made to 100% optical
purity. [Reprinted with permission from Reference 42. Copyright (1974) American Chemical Society]

(Figure 7). Since 7-norbornanone is achiral, the methyl perturbers represent the lone dis-
symmetric octant perturbers, which in both compounds lie behind the third nodal surface
(A, Figure 1) in a positive upper left or lower right octant. It thus appeared that the
apparent ‘anti-octant’ effect should not be interpreted as such but rather as a front octant
effect, with the exo methyl perturber lying in a negative front octant. And it was becoming
likely that other so-named ‘anti-octant’ effects for alkyl and other perturbers’®~38 could

be attributed to the perturbers lying in front octants*?.

In 1976, Bouman and Lightner?’, in a detailed theoretical analysis and CNDO/S cal-
culations of the known ‘anti-octant’ compounds and a series of decalones, updated the
octant rule by defining the third, nonsymmetry-derived nodal surface as concave (from
the perspective of a viewer looking down the C=0O bond, from O to C, as in B of
Figure 1). The third nodal surface thus bends outward in the +Z direction. Although this
might appear to contradict the empirical results, surface B cuts just behind the 3-axial
position, which locates the ‘anti-octant’ B-axial methyl group of adamantanone and the
2-exo-methyl group of 7-norbornanone in front octants. Replacing the methyl perturber
with larger groups that project even farther into front octants, as in (15,3R)-4(a)-ethyl or



5. Chiroptical properties of compounds containing C=0 groups 165

As Ag
. +0.05}
0
,O'l —
0.2 0.1}~
0.3 B
0.4+ 02
0.5
0.3—
0.6/—
| | | ] L | 1 \ | N ] ! | |
250 300 350 250 300 350
A (nm) A (nm)

FIGURE 8. CD spectra of 1073 M (1S,3R)-4(a)-substituted adamantan-2-ones (left) in EPA
(ether—isopentane —ethanol, 5:5:2, v/v/v): (Left) run at 25°C and corrected to 100% e.e. methyl
(----- ), Aefiy = —0.046; ethyl (approx. ----- ), Aghee = —0.15; isopropyl (----- ), Aehpy =
—0.17; tert-butyl ( ), Aelse = —0.54; neohexyl (----- ), Aglge = —0.17. (Right) In MI
(methylcyclohexane -isopentane, 4:1, v/v): methyl (----- ), Aefi = +0.025; ethyl (approx. ----- ),
Ak = —0.10; isopropyl (----- ), Aehett = —0.15; tert-butyl ( ), Aejse = —0.29; neohexyl
(approx. ----- ), Aehi* = —0.10. [Reprinted with permission from Reference 21. Copyright© 1986
American Chemical Society]

tert-butyladamantan-2-one, gives relatively stronger Cotton effects (Figure 8)>'. Applica-
tion of the octant rule places the perturbers in an upper left (or lower right) negative front
octant. Although an axial methyl perturber sometimes makes a negative contribution and
sometimes a positive at 25 °C, the Cotton effects are uniformly strongly negative at low
temperatures>'. The temperature and solvent effects seen for the f-axial-methyl group,
which lies close to the third nodal surface, have been ascribed to restricted rotation and
solvent perturbation of the C=0 chromophore or vibronic effects®'.

D. Octant Consignate and Dissignate Perturbations

Kirk and Klyne assigned the term octant ‘consignate’ to apply to those groups or loca-
tions obeying the octant rule, and octant ‘dissignate’ where the octant rule is not obeyed**.
Following an extensive analysis of decalones and analogues*, they also proposed a some-
what different model to use in predicting Cotton effect signs and magnitudes, adopting
the view espoused by Hudec and colleagues*>~*3 that interactions from the hydrocarbon
chains outside the chromophore (rather than direct perturbative action on the carbonyl
group) dominate the contributions to Cotton effect. They believed that the ‘through-bond’
interactions are quite sensitive to chain conformations and reach appreciable values only
when a planar (W-zig-zag) path can be traced along the bonds from the carbonyl group to
the dissymmetrically placed substituent. Using this approach, Kirk and Klyne integrated
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FIGURE 9. Carbon W-coupling (zigzag) paths shown in heavy lines for octant consignate perturbers:
CH3 of (a) and C-6, C-7, C-8 of (b). Octant dissignate perturbers [the angular CH3 of (c¢) and axial CH3
of (d)] do not lie on a primary zigzag coupling path. [Modified from Figure 10.11 in D. A. Lightner,
Chap. 10 in Reference 15. Reproduced by permission of VCH Publishers, Inc., Deerfield Beach, FL]

data for cis- and frans-decalones and the ‘anti-octant’ compounds of Snatzke?>3% into a

single empirical scheme, but the shape of the third nodal surface was more difficult to
assess®.

Perturbers lying on a primary zig-zag (Figure 9) are said to make octant consignate
contributions to the ketone n — 7* Cotton effect and obey the octant rule*>*°. Per-
turbers not lying on a primary zig-zag make octant dissignate contributions and give
front octant or ‘anti-octant’ effects. This analysis places considerable importance on bond
couplings in the framework and a lesser importance on octant ‘perturbers’ and therefore
offers a complementary perspective to that expressed in the octant rule. Recently a quali-
tative MO analysis was developed to explain both the enhancement of magnitude and the
bathochromic shift of n — 7* transitions of carbonyl compounds which adopt a planar

zig-zag as ‘W’ conformation°.

E. Qualitative Completeness

One of the basic tenets of the octant rule is that atoms or groups lying in the symmetry
planes do not contribute to the Cotton effect. Among the problems recognized quite early
by Moffitt and colleagues!'® in applying the rule included the undefined shape of the third
nodal surface (approximated as a plane) and the effect of unforeseen distortions from
the ‘idealized’ geometries typically employed. The shape of the nonsymmetry-derived
third nodal surface was described by theory?? and experiment®' as concave and cutting
behind the carbonyl carbon (B, Figure 1) —a surface which divides quadrant space into
octant space and explains many previously noted dissignate (or ‘anti-octant’) contributions
of normal perturbers. Problems associated with distortion from the ‘idealized’ geometry
were less well recognized or investigated. For example, it may be noted that the octant
symmetry planes (XZ and YZ, Figures 1 and 4) are derived from the local symmetry
(Cay) of the C=0 chromophore and are therefore only approximations when the molecular
symmetry does not coincide with the local symmetry of the chromophore. Thus, for chair
cyclohexanone only the XZ octant plane coincides with both a C=0 local symmetry
plane and the molecular symmetry plane. In contrast, the YZ octant plane is no longer a
molecular symmetry plane. Consequently, the C=0 local symmetry breaks and the YZ
surface is only approximately a plane. In 3(e)-methylcyclohexanone, which has no planes
of symmetry (and therefore no molecular symmetry coincident with the local symmetry
of the C=0 group), the XZ octant surface is also only approximately a plane (Figure 2).
In fact, distortion from planarity of the C=0 local symmetry-derived octant surfaces
(XZ and YZ, Figures 1 and 4) will follow for all chiral molecules; yet the octant rule
still works because most perturbers lie far from the octant ‘planes’. However, when a
perturber lies close to an octant surface, anomalous behavior may be anticipated®!. A
good example is (15,55)-dimethyladamantan-2-one (Figure 10), which has both methyl
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FIGURE 10. (a) (15,55)-Dimethyladamantan-2-one and its octant projection diagram. (b) CD spectra
in cyclopentane ( ) and 2,2,2-trifluoroethanol (----- ) at 18 °C; the Ae = 0 baseline is the CD of
the racemic ketone. Data are corrected to 100% e.e. [Modified from Figure 10.17 in D. A. Lightner,
Chap. 10 in Reference 15. Reproduced by permission of VCH Publishers, Inc., Deerfield Beach, FL]

perturbers lying in octant symmetry planes. Although optically active, the n — 7* Cotton
effect predicted by the octant rule is zero®>33. Despite the octant rule prediction, the CD
data clearly reveal a weak monosignate negative Cotton effect. The Cotton effect remains
negative, and its intensity is essentially invariant down to —150°C.

The apparent discrepancy with the octant rule predictions was anticipated ten years
previously in a theoretical paper of Yeh and Richardson>*, who explained how a dimethy-
ladamantanone CD might be reconciled with the octant rule. Although the one-electron
perturbation model of n — 7* optical activity in chiral ketones provides the simplest
and most direct rationalization for the octant rule, it may be insufficient to account
for optical activity when carried out only to first order. That is, in first-order pertur-
bation only (additive) pairwise interactions between the C=0 group and dissymmetric
perturbers are considered. At this level the octant rule lacks qualitative completeness,
but when the one-electron model is carried to higher-order perturbation, multiplicative
terms contribute to the n — x* Cotton effect. Thus, a ketone such as the dimethy-
ladamantanone of Figure 10 are predicted in first-order one-electron perturbation the-
ory (octant rule) to have zero optical activity. However, it is predicted to be optically
active in second-order perturbation, which accounts for three-way interactions among
the two CHj3 perturbers and the C=0 chromophore. Qualitatively, this means that each
CH3 group of the dimethyladamantanone destroys each of the two planes of symme-
try (octant symmetry planes) in the C,, local symmetry of the C=0O chromophore.
One way to understand the octant or quadrant symmetry planes is that they are only
approximately planes, except for molecules with C,, symmetry, e.g. adamantanone.
Any deviation from planarity will depend on the nature and location of the perturb-
ing group. And while such deviations are not important for more qualitative applica-
tions of the octant rule, they can in fact be detected and analyzed in carefully chosen
molecules.
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F. Isotopic Perturbers

Prior to about 20 years ago, there were very few examples where the octant rule had
been applied to interpret the n — 7* Cotton effects of chiral ketones with isotopic per-
turbers. Then for a period of about 10 years a significant effort was brought to bear on
this aspect of isotopic stereochemistry. By the mid-1980s research efforts in this area
essentially ceased but left behind a large body of CD data®. The first attempt to study
the influence of isotopic substitution focussed on deuterium as a perturber of the ketone
carbonyl n — 7* Cotton effect>®; however, no difference could be detected between the
ORD spectra of 38-acetoxy-68-deuteriocholestan-7-one and its protio analogue. (Results
derived by difference measurements of large values are not entirely satisfactory, espe-
cially since the two systems measured must be of the same concentration and optical
purity, and they must have identical geometries.) Subsequently, Djerassi and Turschd’
attempted the first direct measurement of a ketone Cotton effect where chirality was due
to a single deuterium perturber, viz. where the protio analogue is achiral. They prepared
(35)-deuteriocyclopentanone of known absolute configuration and measured its ORD spec-
trum but found no rotation (<42°) down to 280 nm. Subsequently, Meyer and Lobo’®
determined that (4)-camphor-9,9,9-d3 had a molecular amplitude 3% smaller than that
of the protio analogue. From this observation and the fact that deuterium has an atomic
refractivity less than hydrogen, the authors concluded that deuterium, like fluorine?*59,
makes an octant-dissignate contribution.

The first monoketone n — 7* Cotton effect due solely to deuterium was observed in
a later reinvestigation of (3R)-deuteriocyclopentanone which showed it to have a weak
negative circular dichroism CD n — 7* Cotton effect, Agzps = —0.019 (25°C) and
Agzgn = —0.021 (=196 °C)®. This result indicated that deuterium is an octant-dissignate
perturber and led to a flowering of interest in the CD Cotton effects of conformationally
mobile® ~%3 and locked® cyclic deuterio ketones. In those papers, deuterium was typically
but not always® % found to exhibit an octant-dissignate effect and also to prefer the more
hindered (axial) configuration relative to hydrogen5?.

Investigations of the CD of w-axial and a-equatorial deuteriocyclohexanones on the
chair conformation anchored by a 4-isopropyl group (Table 2) indicate that an «-axial
D is a dissignate perturber and an a-equatorial D is a consignate octant perturber>.
Although both are very weak perturbers, the magnitude of the octant contribution from
an o-axial deuterium is an order of magnitude larger than that from an «-equatorial.

Similarly, studies on «-axial and B-equatorial deuteriocyclohexanones couched in the
rigid adamantanone framework (Table 2)21:66 jndicate that a B-equatorial deuterium makes
an octant-dissignate contribution. A S-axial deuterium is found to be an octant-dissignate
perturber, with reference to the original octant rule. CD data on the deuterioadamantanones
were confirmed in endo-and exo-deuterio-7-norbornanones®’ (Table 2). Endo- and exo-
deuterium atoms in norbornanones lie in octant positions very similar to those occupied
by p-equatorial and p-axial deuterium atoms (respectively) in adamantanone. The
octant dissignate contribution from p-equatorial deuterium was confirmed in 4-fert-
butylcyclohexanone. However, opposite to that of adamantanones, a $-axial deuterium
behaves as a weak consignate octant perturber in 4-fert-butylcyclohexanone®%. A g-
equatorial or endo deuterium gave a much larger octant contribution than B-axial or
exo, and a theoretical explanation for the dissignate contributions has been offered®’.
Although deuterium is generally a dissignate octant perturber, the most notable exception
to this trend is the consignate contribution of an a-equatorial deuterium>-%®, which is
located close to an octant nodal plane, a region of sign change. These investigations of
deuterium octant contributions in conformationally immobile ketones provided reliable
estimates of the sign and magnitude of the perturber’s contribution to the n — 7* CD
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TABLE 2. Chair conformations, octant projection diagrams and n —
7* CD Cotton effects of - and «-deuteriocyclohexanones as found in
adamantanones and 4-isopropylcyclohexanones

Octant projection diagram  Observed n— 7%

Cotton effect
D-axial
Ox
H m_< As = —0.090
D
D-equatorial + -
6}
Dm_< D A= —0.0091
| %
H - +
D-equatorial + -
7 p—1—
H—y -+— Ag= —0.11
- H +
O
D-axial + DI -
I._I -
Dp —*~(i)——-— Ae = —0.01
_ i +
/
O/
endo-D + P
0} D :
- . ..... A= —0.13
- . +
D
exo-D
e}
i As= —0.03
D
H
. i
equatorial-D + _
6} H
\\m—\r D Ae =+0.088
D B .
axial-D —
D v D
O
m—‘- 1t Ag = —0.0085
H
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Cotton effect for deuterium « and S positions of chair cyclohexanone. And application
of those data to conformationally mobile systems led to the interesting stereochemical
conclusion that deuterium prefers the more sterically crowded axial configuration in 3-
deuteriocyclohexanone®> .

Octant contributions from an o-deuterium were explored further in conformationally
rigid, symmetric ketones: bicyclo[3.2.1]octan-3-one and bicyclo[3.1.1]heptan-3-one. Sub-
stitution of ring hydrogen by deuterium is not expected to lead to skeletal distortions from
their Cy symmetry. Thus the deuterium atom may be viewed as the lone dissymmetric
octant perturber that controls the sign and magnitude of the CD Cotton effect. a-Axial
deuterioketones (entries 6 and 7) show negative n — 7* Cotton effects (Table 3). Even
a quasi-axial deuterium (entry 5) lying in an upper left or lower right back octant makes
an octant-dissignate contribution, albeit with a smaller magnitude. Similarly, in entry 4
where the deuterium perturber lies in a negative back octant, an octant-dissignate posi-
tive CD is observed. Even as the a-deuterium tilts toward an equatorial location (as in
entry 3)72, it still makes an octant-dissignate contribution. However, as the D—C,—C=0
torsion angle closes to 20° (entry 2)”' and adopts the characteristic smaller angle asso-
ciated with an equatorial position, the deuterium perturber becomes octant consignate.
Therefore, it would appear that an ‘equatorial’ deuterium is an octant-consignate per-
turber up to D—C,—C=O0 torsion angles lying between 20° and 37°, at which point it
becomes an octant-dissignate perturber. The reason for this is not entirely clear.

G. Applications of the Octant Rule

The octant rule has been invaluable to the determination of absolute configuration3™13.
Ilustrations of its utility may be found in a wide variety of ketones, from monocyclic
to polycyclic. In the following, applications to decalones illustrate its usefulness and the
concept of additivity of octant contributions. For example, (55)-trans-1-decalone, (a) of
Table 4, is predicted to have a negative n — 7* CD Cotton effect. According to its
octant projection diagram, carbons 1, 2, 4, 8, 9 and 10 all lie on carbonyl symmetry
planes (Figure 1), and carbons 3 and 5 lie equally disposed across a symmetry plane.
These atoms are predicted by the octant rule to make no contribution to the Cotton effect,
leaving atoms 6 and 7 to determine its sign. Since both lie in an upper right (or lower
left) negative octant, a net negative Cotton effect is predicted —in agreement with that
observed (Ae >~ —1.0). The presence of an angular methyl at C (10), as in (b) of Table 4,
leads to a positive Cotton effect. Since the ring atoms of decalone (b) make the same
contribution as in those of (a), it is the angular methyl group that causes the sign reversal.
The angular methyl is close to the carbonyl group, much closer than carbons 6 or 7, and
in an «-axial position. It can therefore be expected to act as a stronger octant perturber.
An «-axial methyl group on cyclohexanone probably contributes Ae >~ +1.7 when the
a-axial methyl lies in a positive octant, as in (b).

Octant projection diagrams for the 2- and 3-ketodecalins, (c) and (d) of Table 4, are
very similar. The octant locations of the ring atoms are identical, with carbons 7, 8 and
9 in (c) and carbons 6, 7 and 8 in (d) lying in a positive back octant. Since the other
ring atoms lie on octant planes, or have counterparts across an octant plane, they make
no contribution to the Cotton effect. One would therefore expect a net positive n — 7*
CD coming from both carbocyclic skeletons. The methyl perturbers either lie in an octant
plane, as in the angular methyl of (d); or they lie (barely) in a front octant, as in the
angular methyl of (c); or they lie distant from the C=0O but still in a positive back octant,
as in the C(9) methyl of (c). Thus the net CD Cotton effect contributions in decalones (c)
and (d) are positive and nearly identical in magnitude, as is observed.

The ring carbons of the trans-4-oxodecalin, (e) of Table 4, lie in the same back octants
as those of trans-1-decalone (a): These perturbers should thus sum to a negative CD. The
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TABLE 3. Reduced rotatory strengths [R] and D—C,—C=0 torsion angles for the
n — 7* transition of «-deuterioketones

Compound [R]¢ Octant dissignate Torsion angle
or consignate

—0.037¢ Consignate -9°
—0.29¢ Consignate -20°
+0.078¢f Dissignate -37°
+0.0374f Dissignate —
—0.0294 1 Dissignate 60°
—0.14%¢ Dissignate 96°
H- \( —0.25¢d:h Dissignate 108°
Z
O/
4[R] = rotatory strength x 1.08 x 10740, corrected to 100% ee. and & 100% D and measured at
25°C.

bValues from Reference 69.

“Measured in isooctane solvent.

4Value from Reference 71.

¢Value from Reference 70.

/Measured in CF3CH,OH solvent.

& Measured in EPA (ether:isopentane:ethanol, 5:5:2, v/v/v) solvent.

"The value in EPA (—0.3) is thought to be low due to H exchange for D occurring during isolation
(Reference 64).

only difference between (e) and (a) is the presence of a fS-axial methyl in the former.
B-Axial methyls are known from earlier work on adamantanones to be weak dissignate
perturbers. Consequently, the Cotton effect in (e) is predicted to have the same negative
sign as (a), with a slightly smaller magnitude. The observed CD Cotton effect of (e) is
negative and only slightly smaller than that of (a).
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TABLE 4. Decalones, conformational representations, octant projection diagrams and predicted and
observed n — 7* CD Cotton effects

Decalone? Conformation Octant projection Cotton effect
diagram? pred. Asobs.
o}
a t i -
@ dl H 9 o 3 !.4 5 é 7
2 8 £f C 7 H - -0
3 i 7 2 1 10 9 8
4 H ¢ - *
o) + : -
(b) 0 b -
P [ + 407
—() - -
| ! 3
H - +
+ -
. :
© o 9 . o I
2\ I f, +  +13
N7 - Y
kS !

+ 412
H 6
© 9 v .
8 !
ﬁﬁ Lot Lo
i — —
H 0 ,
0 - +
0 0 . ; _
0 O LA 8 6,_5 14 3
1 T
) o , ! B — H3
0 Y 2
4 - —b ' +
H 3 g 9
0 98 7 + . G
© 10, i4 "
1 S 3 —
o A 6 +  +.3
2 7 0o
H 27 3 - +

“Steroid numbering system.
bSee Figure 1. Back octant contributors are denoted by filled circles (e), front octant contributors or suspected
front octant contributors are denoted by open circles (o).

In cis-fused decalones, two different conformations are possible, as in the steroid (f) and
nonsteroid (g) conformers of Table 4. The octant rule predicts a strong negative Cotton
effect for (f) and a strong positive Cotton effect for (g). Assuming chair conformations,
nearly all of the ring atoms of (f) lie in octant symmetry planes (carbons 1, 2, 4, 7, 10
and the angular methyl) or have counterparts across the octant planes (carbons 3 and 5,
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6 and 8), leaving only carbon 9 to make an «-axial contribution in a negative octant. In
the nonsteroid conformer (g), most of the ring atoms are cancelling, as in (f). Carbons 1,
2, 4,9 and 10 lie in an octant plane, and carbons 3 and 5 lie equally disposed across
an octant plane and are thus cancelling. The angular methyl lies close to the C=0, in
an o-axial position in a positive octant. Carbon 8 lies distant in a negative octant, and
its contribution is probably weak. Carbons 6 and 7 lie in positive front octants similar
to B-axial methyl on 3-methylcyclohexanone. The predicted net Cotton effect for (g) is
thus positive. Since a strong positive Cotton effect is observed, the cis-decalone probably
adopts conformation (g).

When the absolute configuration of the ketone is known, the conformation can often be
determined by applying the octant rule—as in (f) and (g) of Table 4. In other examples,
low-temperature CD measurements have been used to extract conformational information
when the absolute configuration is known. Although a wide variety of ketones have been
investigated, several classical examples are worthy of note.

The most stable conformation of (—)-menthone is almost certainly one where both the
a-isopropyl and B-methyl groups are equatorial (Figure 11). The diaxial conformer might
relax into a lower-energy twist-boat conformation, but that is still a higher-energy state.
The CD spectrum in hydrocarbon solvent at 25 °C consists of a mainly negative CD with a
weak positive component’?. At lower temperatures, the Cotton effect becomes increasingly

(a) (b)

0.6 —192°
u As 192
(CH;»CHY:iC” *_I__@'_:I_CH(CHOZ
05
diequatorlal chair
I T
CH(CH, ), T { CH(CH,), 03k
0" H i 02
CH, _CHy
diaxial chair +
l I +0.11 —74,
+ 0 <~
CH(CH;), ;
_CH(CH,), I
,Ol b
+25°
tw1st boat 1 L L.

240 290 340

A(nm)

FIGURE 11. (a) (—)-Menthone conformations and octant projection diagrams. (b) Variable-temperature
CD spectra of (—)-menthone in hydrocarbon solvents: +25°C and 74°C in decalin; —192°C in
isopentane-methylcyclohexane. [Modified from D. A. Lightner, Chap. 5 in Reference 14 and reproduced
by permission of Elsevier Science Publishers, Amsterdam]
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positive, indicating that the lowest-energy conformer has a strong positive CD. According
to the octant rule, the diequatorial conformer is predicted to have a moderate positive
Cotton effect, but the diaxial and twist boat conformers are predicted to exhibit strong
negative Cotton effects. Although a small population of either the diaxial or twist-boat
conformers at room temperature might overwhelm the positive CD due from the major
diequatorial conformer, as the temperature is lowered the population is shifted more toward
the more stable conformer. Then the positive Cotton effect becomes dominant.

(+)-trans-6-Chloro-3-methylcyclohexanone can adopt diequatorial or diaxial chair con-
formations, or a twist-boat conformation as in (—)-menthone. In isooctane solvent a
negative n — 7* Cotton effect is observed, but in methanol a positive Cotton effect
is found (Figure 12)"3. Octant projection diagrams for the two chair conformations pre-
dict a weak to moderate positive Cotton effect for the diequatorial isomer and a strong
negative Cotton effect for the diaxial isomer. In methanol a positive Cotton effect is
found, suggesting a preponderance of the diequatorial isomer. However, in isooctane a
negative Cotton effect is observed, corresponding to a significant percent of the diaxial
isomer. The red-shifted CD spectrum in isooctane is consistent with an «-axial chlorine,
indicating a significant contribution from the diaxial conformer in this nonpolar solvent
(where the C=0, C—Cl dipole-dipole repulsion is minimized).

For 2-oxo- p-menthanol (Table 5) the octant rule predicts a positive Cotton effect for the
equatorial isopropyl isomer and a negative Cotton effect for the axial isopropyl isomer. A
positive Cotton effect is observed in methanol, and a negative Cotton effect is observed
in isopentane-methylcyclohexane’*. These results suggest that the axial isopropyl isomer,
which is stabilized by intramolecular hydrogen bonding between the a-equatorial OH and
the C=0, is present to a much greater extent in the hydrocarbon solvent than in methanol.

(a) (b)

+ _ Ae
O M i 0.8
SR v 7
H 7 +'" 0.6
diequatorial chair 04l

l [ 02

] 0 <
al iy ;o a .. -
/1:7 ] i - N '
7 ' ~02p- ) .
O7H ¢ [, \ !
diaxial in o * ‘ '
1axial chair - ! At
0.4 \ '
A Il
l l 0.6f- o
+ - ' ,‘/’
vy
1 0.8} v
N v I —
CH, 250 300 350
twist - boat ~ CHy +
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FIGURE 12. (a) (+)-trans-6-Chloro-3-methylcyclohexanone conformations and octant projection dia-
grams. (b) CD spectra in methanol ( ) and isooctane (----- ). [Reproduced from D. A. Lightner,
Chap. 5 in Reference 14 by permission of Elsevier Science Publishers, Amsterdam]
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TABLE 5. Chair conformers of 2-oxo- p-menthanol, octant projection diagrams, predicted and
observed n — 7* Cotton effects

Conformation Octant diagram Cotton effect
predicted observed
+ i -
]
A H (CH,CH —
CH.
CH; M‘CH(CHg)z - <3 (S7) Ae+ 1764
! !
OH _ OH .
CH; T
! 0
4 L OH -) As =—136P
VAN H
O ! !
O\H/ CH(CHa), CH(CH3), N
“Tn methanol.

bIn isopentane-methykyclohexane 5:1.

Methanol interferes with intramolecular hydrogen bonding, and the equatorial isopropyl
isomer is the major species present.

lll. COMPILATION OF KETONE AND ALDEHYDE CD
A. Acyclic Ketones and Aldehydes

The acyclic aldehydes and ketones are expected to give substantially weaker CD than
that of their cyclic counterparts because of the conformational mobility of the former,
as was borne out by Dijerassi and Geller”” in an early study of a series of optically
active methyl-substituted aldehydes and ketones. Since then only a few studies on acyclic
aldehydes and ketones have appeared’®7”.

Potapov and coworkers’® applied the octant rule to (+4)-2-s-butyl alkyl ketones (1),
which exhibit very strong temperature- and solvent-dependent CD Cotton effects. The
shift in Ae from positive to negative by changing the steric demand of R group was
rationalized on the basis of changing the conformational preference of the s-Bu group in 1.

COR 0 OH
H—}—C,H
CH,
6)) 2)
in EtOH: CCls  —0.03 (310), +0.05 (277)
R = Me, +0.076 (278); Et, (+) CD; CH;CN —0.20 (283)

i-Pr, (=) CD; i-Bu, +0.088 (280);
cyclo-CsHii, +0.010 (310), —0.008 (275)
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3

CCly —-0.02 (312), +0.17 (280)
CH;CN -0.18 (287)

The strong solvent dependence of the molecular rotation and CD of 2 and 3 on solvent
polarity was attributed to formation/breaking of an intramolecular hydrogen bond between
the carbonyl and hydroxy group’®.

HO Ph

R = CHMe;

0 0 0
\R \R
o}
o o o R'= / \R
\ /N7
H

@)

,
a

0] / (0] ! /!
R—0 S S
R = CHMe;
-0.76 (315)%° +2.70 (300)%° +0.14 (320)%°
HO R!
Ox R R
O i 0 n-Bu + n-Bu
\ MezN | M€3N
R
’ / (0] (6]
/ (0]
(0] !
\R_’ 4
+1.21 (297)80 —0.05(315), +0.06(281) R=Me +1.15(292)
—2.53(318), +2.76(240) R = CHMe; +1.67(295)
—1.09(304), +0.96(238)8! R=CH:CHMe: +1.36(295)8!
(0]
H/lk H
N~ N
H H 2HCI
—0.038(285) +0.084(287)82

Sulfate —0.111(281)82
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Biologically active cyclic tetrapeptides (4-7) showed: (1) a conformational preference
in the epoxyketone moiety; (2) no n — 7 peptide bond contribution to A¢ near 288 nm;
and (3) anti-octant perturbation of oxirane ring.

“4) cyclo (Aib-L-Phe-D-Pro-25,95-Aoe) — 0.26 (288)
(5) cyclo (Aib-L-Phe-D-Pro-25,9R-Aoe) + 0.25 (288)
6) cyclo (D-Pro-L-Ala-D-Ala-L-Aoe) —0.24 (288)
(7)  cyclo (D-Phe-L-Leu-L-Pip-L-Aoe) —0.23 (288)%3

HO ’
where Aib = «-aminoisobutyric acid, Pip = pipecolic acid and Aoe = W/ZKCCHv)s)Sg

0 H
The identity of the Cotton effects of natural peptides 6 and 7 with the synthetic peptide
4 having a known oxirane configuration allowed for assignment (9S) of the absolute
configuration of the L-Aoe residue®’

0
I H I "
CH;CCHZCHZSCH2C‘H (‘ZHCHQSCHZCHZCCHg {CHZCHZCCHZCHZSCHﬁHEHCHZS}
OR OR o_ 0 n
CH(CH,),CH;
R = H+0.026 (285) —0.051 (245)84 ~0.014 (285)85

R= CHa(CHz)zCH +0.004 (290)35

ey~

—1.56 (275)8¢6 +0.12 (284)

The CD data for a series «- or S-deuterated aliphatic aldehydes (8, 9) and ketones (10)
were reported®’.

D D O (0]
H w
R H R
(0] D
(8a) R =n-Pr —0.034 (298) (9) +0.006 (298) (10a) R =n-Pr —0.079 (298)
(8b) R=i-Pr —0.028 (298) (10b) R=i-Pr —0.098 (298)

The n — x* Cotton effects for 8-10 were consistent with the preferred (ca

1 kcal mol~!) eclipsed conformation of the carbonyl/a-alkyl moiety as shown in the octant
projections below.

The ‘anti-octant’ or dissignate behavior of deuterium was discussed -earlier
(Section ILF), and it operates as expected in compounds 8-10. The octant representations
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_ _ + —
i : Tow H + H
| ' i ' ' i

R—i—o—H-—- ----PrAI—i—Q—H---- ----R—Q—i—M -
. B .

— + _ + - +
(8) )] 10)

show also that when the carbonyl perturber is displaced one carbon farther away, as in the
aldehyde 9 compared to 8, the Ae magnitude is decreased five-fold, thus demonstrating
the ‘proximity rule’ in these cases. Changes of solvent polarity did not appear to affect the
conformational preference in 8-10, though variable-temperature effects were observed.

B. Cyclic Ketones and Aldehydes

Dijerassi and coworkers3® showed the extraordinary sensitivity and utility of the chirop-
tical methods in detecting subtle conformational changes by CD measurements on chiral
4-tert-butylcyclohexanones.

PR

11 12) 13) (14) (15)
—0.46(298)88 +1.33(296)38 +1.36(295)88 —0.17(297)88 —0.39(303)88
(0] (0] (0] (0]
Br
(16) a7 (18) 19)
+3.39(299)88 —0.45(297)88 —0.70(295)88 +2.71(297)88

While the ketones 11-15 are anchored by an equatorial tert-Bu group in the preferred
chair conformation, and the octant contributions of - or S-methyl substituents follow
according to expectation, the CD of ketone 16 was unanticipated. The predicted CD of 16
in a chair conformation (with B-equatorial methyl group) was weak and negative as was
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found for 17 and 18 (A¢e ca —0.5). The A¢ of compounds 11-19 were calculated approxi-
mately from the reported rotational strength using the relationship: [R] = 3.32- A&38. The
observed strong positive Cotton effect for 16 and for the similar bulky substituted 19 led
to a reasonable assumption that the twist-boat form is of lower energy, confirmed by an
empirical force-field calculation. The unusually large positive n — 7* CD of 16 indicates
that the presence of equatorial substituent adjacent to the 4-tert-butyl blocking group
causes the twist-boat conformation to become energetically preferred due to release of an
unfavorable nonbonded steric repulsion between the 4-equatorial ferf-Bu and 3-equatorial
Me interaction.

'H-NMR and CD spectroscopy have been used to determine the equatorial = axial

equilibrium in B-heteroatom-substituted cyclohexanones®®.
(0] (0] (0]
N |
X X SR
R=CH; or CDs
X Ae X Ae X Ae R Ae
OH  +0.07 F +0.33 OAc  +0.06 Et +0.41
OAc  -0.67 Cl +1.69 Me +1.3889 4-+-BuCeHy +2.85°0
OMe —0.8089 SEt  +2.97
Me —0.51%8°
0] 0] 0]
EtS” i Es” i EtS/©w<
+1.4189 —2.8589 —1.2789

[All data are for n — 1* (296—301 nm) Cotton effect measured in EPA at RT.]

Comparison with monosubstituted cyclohexanones showed that in the case of F, OH,
OMe, OAc and Me substitution, the 3-keto group enhanced the axial preference of the sub-
stituent, the effect being greater for more electronegative substituents. Less electronegative
substituents (Cl, Br and SR) showed a decreased axial preference89.

The octant rule holds for 2-methylpiperidin-4-one (20) and trans-decahydroquinolin-4-
ones (21-23).

The CD of bicyclic ketone 24°> as hydrochloride as well as 25°° was compared to that
of their carbocyclic analog (+4)-norcamphor (26)*°, and the absolute configuration was
established as (1R,4S) and (1R,4R) for 24 and 25, respectively. Comparison between (—)-
24-HCI and (+)-26 was based on an earlier finding that the relative geometry of the lone
pair on the N atom and the C,—CO bond greatly influences the CD of a-aminoketones,
whereas the coupling between n — 7* and 7 — 7* transitions is removed by protonation
in (—)-24-HCl.

The CD of all trans-fused ketones belonging to the perhydro-naphthalene, -anthracene,
-naphthacene and -phenanthrene has been reported. These studies provided the pure ring
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2
O R S 0
R R
R = Ho!
R2=H +0.94 (290) R=H —1.82 (288), R=H +3.26 (289),
R2=SEt  +1.39(291), +0.85 (248) +0.39 (249) +2.55 (247)
R2=SBu-t +1.44(290), +1.03 (248) R=OMe -1.58(289), R=0Me +3.19(288),

R2=SPh  +1.15(295), +1.36(260)
R!= OMe’!
R2=H +0.83 (292)
R2=SEt  +1.34(290), +0.83 (248)
R2 =SBu-t +1.40(291), +1.11 (249)
R2=SPh  +1.12(294)
0

+0.45 (247)°1

+2.97 (243)71

® *
(‘ZHSCHZ (‘ZH — C‘HCHZ SC‘H CHSCHZ CH C‘HCHz S
Ph OR OR Ph OR OR
n

+0.37 (293), —1.25 (244)
+0.08 (290)

R=H

1

+1.17 (300)

R=CN +1.04 (300)%2
R =COOMe +1.44 (298)92
1 |
P IN N SN
i \)\
(20)

-0.15 (300)92 +0.16 (296)°3

R = CH3(CH2).CH

+0.30 (294), —0.30 (247)
< +0.15 (300)85

—0.88 (299)

R=CN
R =COOMe -0.91 (300)%2
O
H
Ho)
R
21)R=H +0.76 (296)
(22) R = (5)-CH3CH2(CH;)CH
+0.73 (293)

(23) R = (S)-PhCH, (CH3 )CH
+0.68 (30494
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HCI
(=)-24) (-)-(24-HCD ()-(25) (+)-(26)
—2.1(309) -0.012 (313), —0.78 (298) —0.25 (305),
+0.123 (282) +0.15 (280)

additive contributions (including from the front octants) of third and fourth annelated
unsubstituted rings to the previously proposed empirical rules*>4%97:98 for extended
decalones.

H H H
: “\o
H | H H |
0 0
27)
Hexane +0.81 (296). +3.6 (188)13  —1.12(297), 0.5 (190)*3  —1.43 (297), ~2.72 (192)°°
MeOH +0.95 (292)43 —1.37 (290)*3 —1.85(293)”
CF:;CH:OH —1.9 (189)100 +1.0 (190)100
H H H H
| : :: o
H H H H
0
Hexane +0.76 (295), +3.9 (187)l01-102 —1.37 (297), +1.5 (185)*
MeOH +1.01 (290), <0 (<196)0b102 —1.86 (290)43
CHCH,0H —1.9 (188)100 +2.8 (194)100
H
I H |
0
(28)
—0.53(299), -3.02 (189)® Hexane +1.20 (296), +1.40 (189)

—0.54 (295)%9 MeOH +1.67 (291), —2.10 (192)"?
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—0.56 (297), +0.2 (193) +1.26 (300), +3.55 (190)
~0.72 (288)12 +1.37 (296)%

Hexane —0.47 (296), —0.7 (190) +1.40 (298), —1.0 (195)
MeOH —0.75 (293)103 +1.70 (290)103

H
::I::
H
R 0

R=CO,H -1.09(289)

R=CH,OH -1.50 (293)

R=COMe —1.23(292), —1.89 (208) Hexane +1.46 (295), <0 (195)
~1.38(290), —0.38 (208)®  MeOH +2.14 (293), —2.2 (196)104

H H H
ilili'o
H H H

~1.55(298), +2.0 (187)
—2.05 (291)102,105

The contribution of the methyl substituent in 8-methyl-1-decalones 27 and 28 is octant
consignate but different in magnitude for the axial and equatorial methyl group, though
they are nearly symmetrically located with respect to the horizontal carbonyl plane®.



5. Chiroptical properties of compounds containing C=0 groups 183

OMe
OAc
OMe
H OAc
‘ OAc
N\
0 Yo
D
Me
+0.14 (298)106 —0.19 (297)107 —0.42 (303), +0.32 (269)

Methiodide —0.31 (330), +0.39 (273)108

X-ray analysis of hydrindanone 29 showed a cis ring fusion. The absolute configuration
of 29 was proposed by applying the octant rule!%. The absolute configuration of the trans-
fused hydrindanone 30 was correlated by chemical transformations of (—)-carvone. The
ketone 30 CD is in accord with the octant rule'!?.

H
H H
0 0
(29) (30)
+0.37 (304) +1.33 (294)

0 j
H H

HO |

(0] ‘ !

! ‘ H

\ ! " H 5
OH O H
+0.94 (318)m ~1.82 (293)12
CH,OAr
H ;
=
o)
H
0

+1.07 (286)12 +0.19 (318)13 ~0.10 (338), +0.87 (298),

sh —1.55 (230)'*
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CH,OAr CH,OAr
1
1

MeO \
Ar =
= = NN
O O o) (6]
OMe

+0.80 (340), +2.40 (295)1#  —0.44 (345), +1.12 (299),
—4.40 (210)1#

€q ax
COOH CH,OAr

| ,/ /" OHCCH,CH,.._

= =
(0) (6)

+0.04 (318), —0.23 (289)1#  +0.05 (335), —2.53 (290)!4  —0.24 (350), —0.85 (293)14

CH,0Ar CH,OAr CH,OAr
: : : /
_ _
0 0 07
~0.42 (330), +0.05 (295), ~0.58 (328), +0.04 (295),  —0.50 (330), —4.5 (20415
~0.50 (245), —19.5 (203)115 ~10.3 (203)15

~0.42 (330), +1.60 (294)5  —1.20 (326), +3.10 (290)1'5 +1.07 (295)116

An interest in anomalous CD properties of 4,4-dimethyl-3-keto steroids and 4,4,88-
trimethyl-3-keto steroids'!7-118 continued in the studies of Tsuda and coworkers on
onoceranediones' %120, Analysis of the CD spectra of 31-35 in methanol and dioxane led
to the conclusion that the A-ring conformation in solution is in equilibrium between chair
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R=H

R =CHs;

R =OH

R =0Ac

R = CH.OH

R = CH,0Ac
(0]

(3D

~0.28 (317),
~0.12 (319),
-0.22 (319),
—0.11 (320),
~0.10 (323),
~0.10 (323),

(34

+0.36 (283)
+1.50 (289)
+1.04 (288)
+0.96 (280)
+1.13 (292)
+1.22 (289)

—0.34 (305), +0.12 (272)

O

0)
(32)
—-0.90 (302)
OH
0)
(33)

—-0.31 (315), +0.36 (283)

(35)

—-0.12 (320), +1.59 (290)

and twist forms with variable ratios. This equilibrium was affected by minor changes at
remote positions and by the polarity of the solvent. An increase of the steric bulkiness of
the 8 8-substituent increased the A-ring twist population. Introduction of an 8«-substituent

in 33 decreased the flexibility of the B-ring, thus increasing the A-ring chair population

120

X-ray crystallographic analysis revealed that methyl cis-tetrahydro-«- (36) and -B-
santoninate (37) have a nonsteroid decalone conformation in the solid state. Furthermore,
positive Cotton effects shown by both cis-fused decalone analogues indicated the presence

of such nonsteroid conformation (38) in solution, in accord with the octant rule

121
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(0) T H --R! OH
! OH R2

(36) R!=CH3s, R2=CO,CHs +0.67 (284), +0.78 (213) 0 (38)

(37) R!=CO,CH3;, R2=CHz +0.58 (284)!2!

Rl

R2
|
!
H

0 N

¢}
R'=H,R>=0-CH; +0.83 (285), +1.03 (215)
R'=H,R>=B-CH;  +0.91 (285), —0.72 (215)
R'=0H,R*>=0-CH; +0.64 (282), +1.33 (215)
R'=0OH, R? = B-CH; +0.66 (283), —0.59 (220)??

AcO

39) (40)
R! R2 R3 —3.14 (299), +4.26 (242)126
H H H —0.89 (299)123
H Ac H —0.51 (300), —0.40 (225)123124
OH H H ~0.87 (302)125
OH Ac H ~0.52 (301)125

10B-OH OAc Ac OH —0.71 (298), —0.62 (225)126
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/
(0]
\
AcO AcO
41) 42)
+1.74 (296), —0.65 (252)126 —2.20 (289), +2.30 (225)126
/ /
(0] O
\ \
AcO AcO
43) (44)
+2.29 (288), —3.77 (232)126 +0.18 (320), +0.22 (308),

+0.10 (300), —0.26 (276)126

New diterpenoids belonging to neo-clerodane type (39), some having an unusual neo-
clerodane rearranged skeleton with eight-membered ketone ring (40-44), were recently
described!?0.

!
P

OH i OAc
CH,O0Ac CH,O0Ac

+0.93 (303)127 ~2.00 (295)127 +1.98 (298)128
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OAc

R=H sh-0.20(312), —0.51 (293), —0.06(250) +1.95 (290)130
R = OH sh-0.23 (315), —0.57 (295), —0.08 (252)129

Rl R R} R¢
OH OH OAc OH -0.73(314)"
—-0.75(312)33
H OH OAc OH -0.97(300)3
H OH OAc H -1.94(303)"*
-2.71(312)"
H OAc OH OH -1.67(305)%
H OAc H OH —0.18(305)%2
H H H OH —0.27(305)"?

-0.15 (305)B2

The absolute stereochemistry of forskolin (45) and of the C) and C(7) dibenzoyl
derivative (46) was unequivocally assigned by applying the exciton chirality method, thus
placing R? (OAc in 45) substituent at S-position!34.

CD data for n — 7™ Cotton effect of D:A-friedo-oleanones (47-51) have been inter-
preted on the basis of the octant rule, with the prediction that the D and E rings adopt a
boat-boat conformation for 48 and 50'38,

Intermediate-intensity positive n — x* Cotton effects (all in dioxane) of the 3-
oxotriterpenoids 54, 57-59 were attributed to an A-ring chair-boat conformational
equilibrium. The contribution of the boat form (like in 28-methyl model derivatives 53
and 56) was estimated to be ca 30%!40.
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(46)

+15.18 (239), —2.42 (221)34 R RZ R

H H H  —2.68(290)3
H OAc H  —1.47(300)135
OAc H H  -2.36(298)!3
H H  OAc -3.17(300)1%

OH
R=H +1.44(287) R=H +1.60(287)
R=Ac +0.30 (280)56 R=0H +1.03(290)36

—2.18 (285)17
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47
(48)
49)
(50)
(51)

Stefan E. Boiadjiev and David A. Lightner

R' R? R3 R* RS R®  Ae(CHCL)
(0] H> Hx H Hx H, -1.17
H O H H H> H -3.46
H, H> (6] Hy Hy H» +2.49
H H> H> H> (0] H> +8.98
H; Hx Hx H, Hx (0] +2.38

(52) R'=CH;,R*=H
(53) R'=H, R> = CH;
(54) R'=R>=H

Amax
293
294
293
295
294

-0.60(293) (55) R'=CH;,R2=H -0.71(292)
+3.65(294) (56) R'=H,R>=CH; +3.85(291)
+0.76(293) (57) R'=R>=H +0.55(292)
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+0.73 (293)

Br

RI=0, R2= <H +0.35 (293)H41 +0.37 (292)14!

RI=HH R2=0  -0.60 (287)4!

R = bond -2.70 (292) R=H —2.11 (292)
R=HO- ~1.43 (300) J/

o= R= MezC\ ~1.95 (291)42
R=MeaCl 288 (292)
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R = bond —2.95 (291)

—=2.64 (292)142
R=HO- —3.51 (294)12

H
R1
R2
R'=CH, R2=0 R!=CH;, R2=0
+0.75 (317), +1.22 (307), +0.67 (319), +1.23 (309),
+1.22 (298), —6.10 (212)43 +1.11 (294), +11.0 (198)43
R!=0, R2 = 0-OAc,f-H R!=0, R? = a-OAc,B-H
sh +0.07(315), sh +0.17 (302), +2.72 (292), +0.80 (205)43
+0.28 (287), —1.30 (199)143
R!'=0, R? = o-H,B-OAc R!'=0, R? = o-H,B-OAc
+0.06 (319), +0.01 (306), +2.23 (288)143

+0.13 (278), —1.60 (201)43
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—2.48 (295)144
R2 R2
0 b o} " h
R! Ri
R2 = CH(CH;3)CH,CH,CO,CHj
Ri=H -0.82 (292) R!'=CH; +1.27 (289)
R!=CH; -0.39 (285) Ri=(CH:), —0.27 (309)45
Ri=(CHs), —0.94 (299)45 o
\A"
CsHy -
BnO /\
H
OH
0 i o [~
H

+1.01 (296)H6
sh —1.3(305), -1.55(293),

—1.06 (247), +4.7 (212)¥7
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(0]

A

‘ (0]
14p-H, R=H
Z -2.97 (313), —3.10 (304),
—0.39 (248), +2.2 (220)
R=Ac
—4.11 (308), +2.3 (223)
H N 140-H R =Hsh +1.12(315),
(6] +2.48(292), +4.2 (211)

H R=Ac
sh +1.16 (316),
RO o +2.80 (296), +3.7 (211)17
)
‘ 0
/
o H /\
H
OH
OH
R=H —1.61 (294), sh —0.98 (257), +2.76 (294148
+5.9 (212)

R = Ac—1.67 (293), sh —1.16 (257),
+4.9 (212)W

AcO

H

—-3.91 (309), —1.29 (252)19 +4.57 (310)
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The CD spectra of six derivatives (60-65) of cedran-10-one devoid of a Cg)-C(i3)
oxide bridge exhibit negative Cotton effects near 290 nm in accordance with the octant
rule and a chair conformation of the six-membered ring'>!. The corresponding ketones
with oxide bridge show a preference for a boat-like conformation and exhibit positive
n — 7* Cotton effects!2,

O H

e} __CO,CHs R &
R w CO,CHj
R2 i R2--
13 .
: I OAc
: OH
(60) R'=CO,CH;, R2=H (62) R'=CO,CH;, R2=H
—1.97 (285) -2.33 (287)
(61) R'=H, R? = CO,CH; (63) R'=H, R2=CO,CH;
—1.97 (287) —2.82 (288)
¢} o}
T Pt
RZ__“‘i PN 5
CO,Me
(64) R'=CO,CH;, R2=H +2.29 (310)113
—2.06 (285)
(65) R'=H, R? = CO,CH;
—-1.97 (287)
e} 0
¢ CO,Me H H¥ %
o H ! H
o} OH
(66) (67)
—1.82 (291)153 +4.67 (300) +1.40 (296)

The n — 7* CD of diketone 66 is 60% larger than twice the CD of the corresponding
monoketone 67, indicating interaction between the nonconjugated chromophores'>*. A
similar enhancement was found in spiro[5.5]undecane-1,7-dione (68)155.
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(0]
)
e
o (6] (6] o

(=)-(5)-(68)

—5.35(316) +2.4 (315), —0.56 (287) +0.82 (425), —0.77 (298)156
+6.8 (222)156

(0] O
H [ H [ t-Bu
/ t+-Bu / t+-Bu / H
t-Bu- - H-- H--
0 t-Bu 0 Bu 0

—~0O

H .
(-)-(3S.5RS8S) (+)-GR.5R8S) (+)-GRSRSR)
+0.40 (329), —3.60 (292)157:158  +1.87 (311), —1.07 (285)157158 +6.40 (298)157:158
0
//
o
\@O &\%
X o
(O-(IR5R-69)  (-)-(1S.5R)-(70) (-(IR2S.55)-(T1)  (H)-(15,59)-(72)

~1.19(297)  -0.42(283), —1.25(210)  +0.83 (315), +0.78 (304)  +0.15 (292)
—0.67 (278), —4.47 (209)

Chromatographic separation (50-60%ee) on triacetylcellulose and CD spectra of bicy-
clo[3.3.1]nonadiones 69-71 were described!>®. The enantiomer, (+)-(15,55)-69 (Ag3n
+3.20), and monoketone 72 were reported earlier'%.

b g d &

+4.24 (287161 +6.36 (293)162 ~1.85 (299)'6! +2.70 (300)163
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A o

(—)-brexan-2-one
—2.23 (300)k4

R = CO,CH;3;
R=CO:H

+0.14(302)'%*
+0.18(302)'¢4

R = CH,CO,CH; +0.21(308)'*

norbrexan-2-one

+1.21 (296)164

V

(+)-C2-bishomo-
cuban-6-one
+0.39 (302)165

0]

oo (1 T

(+)-(18,3R,6R.8S)
+0.40 (302)!168

(—)-ditwist-brendan-5-one
+2.13 (293)165

| %
(+)-Ds-trishomo-
cuban-4-one
—1.70 (293)165

(—)-enantiomer
+1.99 (293)166

o I

+)
+0.05 (301)168

o

+3.36 (292) 165

197

3’%
\ (0]
(0]

(+)-(1R)
—0.13 (298)167

(-)-(18,3R,58,7R)
—2.19 (301)19
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0
N\
(0] O 0
(I)Ac \O
(-)-(1R,2S5,45)- (-)-(73)
-0.17 (296)170 -1.76 (296)1"t +2.68 (298), —3.33 (216)72

—2.19 (296), +34(245), +0.94 (284), +9.5 (224), —193 (294), +0.55 (256),
-53Q214); -153 (202); HCIOy salt —0.86 (292),
HCIO, salt: —0.87(293), HClsalt +0.21(284), +10(230)!73
+105(232), +115 (225),
-294(204)'73 —229(203)!73
o
GHyy
s
’ R
R
AcO §
4570 (312), —3.87(275), (74) R=H +0.67 (297)
+14.25 (220)174 (75) R=Cl 42,65 (313)!7?
CGgHy7
EN
Rl

R'=H,R=H -3.64 (299)
R'=CH;, R=H —4.58 (297)
(76) R'=CH;, R=Cl -2.10 (325)!"°
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An empirical estimation of the sign and magnitude of Ag of (—)-quadrone (73) indi-
cated that strain effects and octant-dissignate contributions of the pseudoaxial a-hydrogens
dominate the CD spectrum of 73172,

A half-boat conformation of the cyclobutanone ring (in an octant projection) of 74
correctly explains the observed positive CD near 300 nm. A pseudo-axial chlorine sub-
stituent in 75 substantially enhances the positive Cotton effect. The cyclobutanone ring
in 76 is nearly planar, thus the effect of exo and endo chloro substituents is effectively
cancelled while the remainder of cholestane skeleton resides in a negative octant!”>.

OH
—1.52 (298)'7 +10.69 (297), —1.13 (257),
+9.88 (236)!"7

77
—0.68 (292) (C¢Hp)
-0.96 (289) (EtOH)"®

The CD of fenchone (77), where the applicability of the octant rule is not obvious, and
its sulfur and selenium analogues have been compared!”s.

The CD of (+)-camphor and (—)-carvone was measured in gas phase in the temperature
interval 100-200°C'7°. Gas-phase and vacuum UV CD measurements of the same ketones
using synchrotron radiation were reported!80. (4)-3-Methylcyclohexanone was the first
example in synchrotron radiation CD measurement in the range of 130-205 nm!8!.
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R R
R R
N\ A\ N\
0 0 0
R=H +1.68 (303) .
R = PhCH, +6.48 (306) +4.20 (303) +0.08 (300)"
R =2-CICsH,CH: +5.10 (302) +1.63 (305)
R = 4-CICsHsCH, +4.17 (306) +2.80 (302)
R =2, 6-CLCsH3CH, +1.11 (303)"?
R =Me +2.96 (298) R
R =Et +3.19 (300)
R = —(CHa)4— +2.95 (298)"? R
o

R=H +1.91 (300)

R = CH; +2.26 (291)

R = —(CHy)s— +1.82 (287)

R = PhCH, +1.00 (288)

R = 4-CICsHsCH, +0.55 (285)183

0
%0 S
= R!
R AN O
0 R?
(78) R = CH3 —0.45 (484), +0.29 (293)'%° (81) R'=Me, R2=H

R=D +0.020 (487), +0.017 (465), —0.69 (506), +1.43 (283)186

(79) R = CH,OH

R=F

R=Cl
(80) R=Br

R =CO;Me

R=NH:"

+0.017 (303),

+0.018 (286)184 185

—0.69 (483),

+0.10 (294)186

+0.21 (473)(solid state)!87
+0.05 (509), —0.42 (489),
+0.24 (292)186

—1.80 (488), +1.02 (280)186
—2.82 (477), +1.17 (280)186
—-1.01 (477),

+0.14 (268)186

—-0.61 (465),

+0.62 (288)186

(82) R'=H, R? = Me

+0.30 (488), —0.12 (294)186

(83) R1=R?> = Me,

—0.41 (491), —0.56 (296)156

(84) R'=CO:Me, R2 =H

—0.59 (484), +0.41 (293)186

(6]
=
O/

~0.39 (508), +0.09 (455),
+0.82 (295)186
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Crystallographic analysis of camphorquinone derivatives 79 and 80 showed that the
a-diketone chromophore is planar!'3®. The CD magnitude of model compounds similar
to 79 varies with the polarizability of the vicinal substituent. An ‘octant rule’ with signs
opposite to those for monoketones correctly predicts the long-wavelength CD sign in
bicyclo[2.2.1Theptane-2,3-ones 81-84!80. The CD of camphorquinone (78) radical-anion
has been also reported!38.

0 0

R=CH; -2.02 (310)% R=CH; -0.30 (288)"! +0.25 (308)2
R=D —-0.042 (312), R=D +0.029 (288)10

+0.013 (285)189
R=D —-0.017 (299)0

Schippers and Dekkers reported on the CD and circularly polarized fluorescence of 4,4-
dideuterio-adamantan-2-one (85)!93. The CD of 85 originates in transitions to a totally
symmetric n — 7* excited state with double minimum potential in the C=0 out-of-plane
bending mode.

Q
p 18 O. \
07 S o7 o7 o7
(85) (86) 87) (88)

—0.08 (299)13 —4.8.107 (296)©5  +0.087(321), —0.070(298),
+0.033 (260)195

The synthesis and CD of (1S)-2,4-adamantanedione-4-'80 (86), whose chirality is solely
due to isotopic substitution, have been described. The CD of a sample with 69%ee and
65% isotopic purity consists of three major positive bands at 320, 307 and 297 nm with
Ae & 0.08"4,

The chirality of (1S)-2-adamantar10ne-4-13C (87) and (1S)-2,4-adamantanedione-4-13C
(88) is solely due to '3C substitution. Since the !3C ring carbon of 87 is located in
a positive octant, from the negative Cotton effect of 87, it follows that 13C makes a
smaller contribution than '2C. Diketone 88 exhibits three CD bonds with remarkably
large amplitudes, which were attributed to different n — 7* transitions'?.

Meijer and Wynberg have reported preliminary results on the studies of compounds
that are chiral solely in excited state'®. This property can be found in meso compounds
with two identical chromophores, one of them being selectively excited.
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89) 90)

The optically active 1,2-dioxetane of 2,4-adamantanedione (89) was synthesized. Ther-
mal activation of 89 yielded chemiluminescence (Amax = 420 nm characteristic of ketone
fluorescence), pointing to intermediate 90 which is chiral only in its excited state due to the
out-of-plane geometry of one of the two carbonyl groups. However, circular polarization
of chemiluminescence measurement of 90 has not detected optical activity at the moment
of emission. The authors have concluded that fast, relative to the lifetime of ketone singlet
excited state, intramolecular n, 7* energy transfer caused racemization of 90!,

Using a qualitative approach and implementation of empirical rules, a computer package
program which combines computer graphics and molecular mechanics with rule-based
correlations was developed to assist the prediction of CD properties from the three-
dimensional structure of a molecule!®’.

IV. UNSATURATED KETONES

When two carbonyl chromophores or a carbonyl and a carbon-carbon double-bond chro-
mophore are brought into close proximity, as in «,8- and B,y-unsaturated ketones, an
inherently dissymmetric extended chromophore is created if the two chromophores are
dissymmetrically disposed'®. The coupling is expressed through coulombic mixing of
the local states of the separated chromophores and through interchromophoric charge
transfer states. The relative importance of charge transfer diminishes with increasing dis-
tance between the chromophores. Consequently, whereas coulombic and charge transfer
interactions are both important for coupling between C=0 and C=C chromophores in
a,B-unsaturated ketones, charge transfer is generally of small importance in 8, y, 4, etc.
unsaturated ketones. For both theoretical and practical reasons, the octant rule does not
apply to dissymmetric «,8- and B,y-unsaturated ketones. Their n — 7* Cotton effects
have been explained on the basis of different chirality rules.

A. a,-Unsaturation

Gawroriski has published a comprehensive review of «,8-unsaturated ketones'*8. o, 8-
Unsaturated ketones are often non-coplanar and thus dissymmetric. For such cases, a
helicity rule was proposed to correlate the sign of the Cg=C,—C=0 C—C torsion angle
with the n — 7* Cotton effect. For cis-enones a negative torsion angle correlates with a
negative Cotton effect; for trans-enones it correlates with a positive Cotton effect!%8. A
few examples of applications of this helicity rule to the n — 7* Cotton effects of trans and
cis steroid ketones may be found in Table 6. In principle, a better correlation between CD
and stereochemistry might be found for the # — 7* type transitions of «,S-unsaturated
ketones'?; however, Gawroriski analyzed three bands in the 185-260 nm (x — 7*) region
and found that the Cotton effects are variously influenced by the presence of axial allylic
substituents, o or g’ axial alkyl groups as well as the enone dissymmetry'%%. For the
special cases of planar o,B-unsaturated ketones, Snatzke!*® proposed a sector rule for the
n — 7* transition with a sign pattern opposite to that of the octant rule.
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TABLE 6. The correlation of predicted and observed n — 7* Cotton effects with the sign
of the o,B-unsaturated ketone torsion angle®

o, B-Unsaturated Cp=C,—C=0 Predicted Observed
steroid torsion n— 7t n— 7*
ketone angle sign Cotton Cotton

effect effect
GHy

positive negative Ae = —1.31

trans

GHy
C@j negative positive Ae = +1.35

trans

GHy

positive positive Ag = +1.43

G& Hy
C@j negative negative Ae=—1.2

“Data from Reference 198.

B. B,y-Unsaturation and the Extended Octant Rule

A chirality rule, called the extended octant rule, was proposed long ago to correlate
the sign of the n — 7* Cotton effect with absolute stereochemistry of f,y-enones'®2%0,
Although not really an octant rule, this chirality rule states that when the intersection
of the two planes containing the C=0 and C=C chromophores has a dihedral angle (¢,
Figure 13) whose absolute value is greater than 90°, a negative Cotton effect is predicted
for negative ¢ and a positive Cotton effect is predicted for positive ¢'*1%. Here, the
dihedral angle ¢ is defined as the C—C—C—C torsion angle of O0=C—C,—Cg=C,. The
rule was extended to other geometries of §,y-unsaturated ketones, including smaller and
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(a) (b) (©)

+¢('

+ Cotton effect — Cotton effect

FIGURE 13. Extended octant rule applied to enantiomeric dissymmetric orientations of j,y-unsaturated
ketone chromophores. When the absolute of the dihedral angle ¢ is >90°, a positive Cotton effect is
predicted for the geometry of (a) and a negative for (b). In a transoid arrangement of j,y-unsaturated
ketone (c) the Ae values are often quite small (References 200 and 201)

larger angles about the a-carbon that encompass a range of cisoid (Figure 13a and b) and
transoid (Figure 13c) dissymmetric orientations, all with dihedral angles, |¢| > 90°. This
chirality rule may fail when Aeg values are not large, when ordinary octant perturbations
are of the same magnitude as those from the coupling of locally excited C=0 n — 7*
and C=C 7 — 7* transitions?°!.

More recently, Schippers and Dekkers?? correlated the cosine of the angle between
the O=C and Cg=C, bonds (cos&), defined in Table 7, and sign of the n — 7* Cotton
effect. When & is less than 90° but greater than —90° (or when cos & is positive), a positive
Cotton effect is predicted. When £ is less than 270° but greater than 90° (or when cos &
is negative), a negative Cotton effect is predicted. These workers formulated the new
chirality rule for §,y-unsaturated ketones: cos = —(sign x - y) - (cos§). Here, 0 is the
angle between the electric and magnetic transition moments of the erstwhile n — 7*

TABLE 7. Relationship between cos 9, cos& and the n — 7* CD Cotton effects of
B,y-unsaturated ketones. & is the angle of intersection of the Z and Z’ axes of the
C=0 and C=C bonds, respectively. Angle 0 is the angle between the C=0 axis and
7, the electric dipole moment associated with the n — 7* transition

Ketone &4 cos& Obs. Ae 04 cos 6

105° —0.26 —3.14 101° —0.19
o
o? 90° 0 +5.4 82° +0.14
N\
CHZ
Hzc\
90° 0 +2.55 83° +0.13
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TABLE 7. (continued)

Ketone £4 cos & Obs. Ae 04 cos 6

~0 75 +0.26 +4.71 76 +0.24
AN

@ 707 40.34 +5.69 740 4028
\

(0]
&/0 60° +0.50 +12.0 55° +0.57
Eb/o 55° 40.57 4188 48° 10.67

“4See Figure 14.

+X

FIGURE 14. Chirality rule reference frame for C=0 (X, Y, Z) and C=C (X', Y’, Z’) chromophores of
B,y-unsaturated ketones. The C, atom connecting the chromophores lies in the XZ plane; the Y’ axis is
perpendicular to the plane of the C=C group. & denotes the angle between Z and Z’ axes. The chirality
rule is given by: cos @ = —(sign XY) - (cos &), where X and Y are the Cartesian coordinates of Cg and
0 is the angle between the C=0 axis and 7 (the electric dipole moment associated with the transition).
Applications are shown in Table 7
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transition, x and y are the Cartesian coordinates of Cg, and £ is the angle of intersection
of axes drawn along and through the C=0 and C=C bonds (Figure 14). The correlation
for the limited number of examples of Table 7 is quite good, but only one example has
been reported with a negative value of cos&. Additional experimental support of the
chirality rule has been published recently?®3, and a detailed theoretical treatment of 2-
norbornenone supported the concept but not all of the assumptions, while clearly showing
the importance of extrachromophoric perturbers?®*. Recently, a theoretical analysis was
presented for B,y-unsaturated ketones based on coupling between 7 — 7* and n — 7*

transitions2%.

V. COMPILATION OF UNSATURATED KETONE AND ALDEHYDE CD

Walborsky and coworkers?®® have reported the CD of series conjugated cyclohexylidene
aldehydes and ketones. These compounds served as additional examples supporting the
planar diene rule for CD 7 — 7* transition2%8.

2 H
j\ 2\(0
RS/ *
H
R=CH;  —0.61 (347), +2.08 (230) +0.44 (348), —2.70 (236)206

R =C(CH;); —0.72 (347), +2.65 (231)206

4 H 4

~0.70 (347), +0.82 (230p0s  +0.62(348), 455 232200 ~O.87 (348). +4.93 (323700

o ety

—0.65 (346), +3.58 (231)206 +0.58 (347), —3.36 (232)20¢ g

H
O
1.74 -5. 207
H o + (347), —=5.76 (236)
I I
O
X7 " W)\f

—0.80 (347), +3.48 (233)206 +0.47 (347), —2.16 (233)206



5. Chiroptical properties of compounds containing C=0 groups 207

H
(0]
RO\M
H
R=H +0.29 (346), —1.00 (230)
R =TBDMS +0.57 (347), —3.30 (235)209
H
)YO
R
H
R =O0OH +0.78 (345), —4.2 (231)

R=CHs +0.13(345), —1.9 (235)209

R=0H -1.09(357), +16.39 (242)
R=CHs -0.94 (358), +12.45 (244)210

\M)\%\H

H

R=CHO -0.40 (289)
R=COCH; —1.40 (290)21!

AcO AcO

+0.06 (325), —5.4 (250),
+6.6 (225) 212

+0.3 (330), —4.1 (253),
+7.1 (22722213

R=H —-0.05 (337), +2.30 (238)
R=TBDMS -0.07 (345), +0.90 (240)209

H

s

CH,

R =0H -0.12 (337), +4.30 (239)
R=CH; —0.03(332), —0.80 (240)209
H H
\M)\%\R
H
R=CHO —0.22(350), +0.30 (277)

R =COCH; -0.04 (347), +1.20 (287)
R =COtBu -0.03 (350), +1.60 (287)211

=Y

R

R=CH;  —0.05(363),+2.9 (235)
R=C(CHs); —0.03 (367), +2.7(237)211

O

H
P :
° \(/ ° > H
_OH _OH
O

+2.3 (296), —6.6 (253),
+7.8 (229212
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0 H H
%’\ 0 %‘ 0
N ° > ° >
. . f f
o ) _-OH _OH
ACO/ AcO (0]
-0.3 (321), +0.2 (297), +2.2 (296), -3.0 (253),
-0.3 (330), —1.5 (251), b -
112 (231 +2.9 (235) +5.0 (230)
Ph H
//
MeS i 0
-1.73(329), +2.55(285),  +0.26 (502), —0.76 (400), +0.96 (464), —0.71 (390),
+5.00 (211)# +2.83 (317), +5.48 (272), —1.04 (360), —1.40 (275),
—3.75 (235)215 +1.48 (247)215
OH OAc
H |
>
CHO 0
CHO
+0.47 (367), +1.42 (338), —0.8 (322), +7.4(236)217
—-10.17 (285), +5.45 (239)216
0 0
ﬁ/\COZH ’/\COZR
RO OH
R=H  +244(318), R=H -2.35(320),
—-16.46 (224) +18.54 (221)
R = PhCO +1.89 (320), R=Me -141(312),

~28.86 (230)218 +9.30 (222)218
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The absolute configuration of a new sex pheromone (hepialone, 91) was determined?'?

on the basis of a rule for (nearly) planar «,8-enones!?®. The (R) configuration of 91 is
supported also by the negative n — 7* CD Cotton effect of the saturated ketone 92
(obtained by B-methylation of 91) where the equatorial g'-ethyl group has larger contri-
bution than equatorial B-methyl group and S-axial methyl group has small or dissignate
contribution.

0 0
CH;0
o
OH
1) 92)
+0.89 (312), +2.15 (261)21 (=) (300)21 +2.88 (330), +1.52 (300),

+7.52 (270), —2.88 (220)220

epeapes;

H3N CONH 0,
—-0.45 (312), +0.49 (359), +1.03 (344), —0.42 (360), —0.87 (344),
+7.03 (245)221:222 —0.23 (285), +0.69 (260)223  —13.0 (287), +9.1 (260)223

OH )|
1/
0 OCH; R
v R
Ve” ! 0
€ 1-2 s (0}
+3.09 (371), —3.70 (329), R! R2 Ve = Vera[‘_ryl
+1.58 (247), —1.06 (226)224 OMe H +1.68 (301), —3.47 (267),
—4.21 (258)
H H +2.23 (301), —3.53 (267),
—4.18 (258)

OMe bond  +2.71 (301)?25
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H
H AN o H
/ OMe@ N N
Pi o \O ! 0 H

N\
\O
Pi = piperonyl +0.69 (308), —0.46 (257), —4.5(337), +1.1(298)
+4.12 (334), +18.03 (298), —0.58 (238)226 Perchlorate
-3.61 (277), —6.18 (258)225 —4.6 (327), +2.5(294)227
(0] ) (0]
N N = N N !
H
—-6.3 (335), +1.0 (290) —2.6 (261)227
Perchlorate
-7.8(328), +1.4(290)227 R
|
cr,—
(CHy), N R= W ~0.49 (325)229
(0]

o OH
=1 +3.33(335) R= W\( ~0.32 (326)229
o

n=1
n=2 +3.19 (336)
n=3 +2.71 (337)228

HO
(6]

R=HH -1.74(292), +3.55 (236) R=HH  +1.96(239), -0.56 (212)
R=0 —-0.11 (385), sh—1.83(291), R=0 —-0.21 (408), —0.61 (280),
—2.32 (285), —1.97 (220)23° sh +3.09 (215), +4.01 (200)230
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A series of steroidal and related cisoid «,8-enones was synthesized, and their CD was
investigated?31-232 adding new examples of enones containing y-transoid or y-cisoid

allylic substituents. The relation between structure and observed Cotton effects was dis-
cussed in terms of previously published rules.

0)
0
93) 94)
~0.10 (352), +0.23 (301), ~0.55 (321), —4.01 (234)
—3.25 (235), +5.30 (204)
CgHyy
i AcO
AcO
0 0
95) (96)
+0.73 (323), —2.23 (226) ~1.67 (320), —6.19 (232),
+11.0 (198)
Cng7 C8H17
AcO AcO
AcO” AcO o)
0
97 (98)
—2.07 (325), +11.30 (225), ~1.05 (332), —3.24 (248),
+11.1 (200)

+1.50 (218), +11.30 (193)

All cisoid «,B-enones studied, including compounds 93-98, obey the helicity rule for
n — 7* transition Cotton effects**233234 The sign of the 222-272 nm 7 — #* band
is also in accord with the helicity rule for unsubstituted enones, while the polar C—O
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allylic bond strongly influences the 7 — 7* band?*®. However, compounds 93 and 94
have opposite signs to those predicted by the helicity rules. Substituents at the y-cisoid
position (as in 98) also show a remarkable contribution to the first 7 — 7* transition.
The shorter-wavelength 7 — 7* transition (200-220 nm) exhibited a sign opposite to
that of the n — 7* transition®3!.

O
OH

RI=0H, R2 =OH —176 (345), -0.23 (290) —190 (337), +4.00 (253)236

—196 (337), —170 (216) —195(239)236
RI=OH, Rz =H

—2.04 (338), +0.30 (240),
-153 (215)

RI=H, Rz =OH
—2.39(338), +0.29 (241),
—156 (209)236

Beecham and Collins?*7 analyzed the CD of 22 steroidal 4-en-3-ones. Based on simi-
larities of Cotton effect amplitudes, ratios of heights of 0-0/0-2 lines and X-ray structural
data, they concluded that the chromophore conformation is identical within the series
possessing 17a-, 178- and 6a-substituents. A low-intensity, spin-forbidden singlet-triplet
n — 7* transition might be the origin of a weak positive Cotton effect at 384 nm (Ae
+0.001 to 4+0.020) observed in addition to the main vibronically-structured negative Cot-
ton effect (Ae —1.20 to —1.50) for 0-2 line at 339 nm. In three of the 68-substituted
compounds, this pattern was modified by a positive CD with the same vibrational pro-
gression, thus giving an overall bisignate shape: e.g. Ag3z39 +0.51, Agyg7 —0.13 for
68-methylcholest-4-en-3-one??’.

R
RI=H +0.20 (375), 4.83 (317), —1.73 (347), +2.13 (317), +1.03 (349), —3.95 (316),
—3.64 (307), 42.74 (282)238239 +2.13 (308), +11.0 (219)238239 —3.54 (306), +7.12 (257)240
RI=CH3 +0.22 (376), —4.45 (318),
-3.33(307), +2.46 (282)238
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0
OH 2
0% 07
R’} S0,Ph H | SO,Me

R 0, Me

RI=CO,Me, R2 =H 78—
40.15 (378), 045 (326), -3.81(240), +182 (219) +0.52 (360), +2-3? 7(294)’ +12.5(220)

RI=H, R2 =00, Me o«

+0.53 (359), —1.99 (292),44.5 (223)241
+0.59 (360), —0.74 (265), —2.08 (238), +13.4 (220)241

o) o

OR OH OAc
< H
o~ o ‘S/\/C02 0%
R=H -127(324), +44(286), ~049 (324), +3.7 (286), 160 (342242
+88(232) 423 (234242
R=Ac -116(324), +4.1(286),
+11.1(233)242
R R
(o 0”
H
R
R2 =CH(CH; )CH,CH, CO,CH
RI=H +185(23)) +877 (224145 R=H  —471(343), +1141(278),
RI=CH;  +174(236) —11.11(226)

R=Ac -521(343), +1222(277),
—1171(225)243

RI=(CH;), +13.1(232)145

Caution in using a solid state conformation to explain CD data in solution was indicated
in the work of Kirk and colleagues??*. They found that the CD of 17a-acetoxy-6a-
methyl progesterone (99) in solution did not deviate from that of analogous compounds,
while the CD of crystalline samples of 99 in SE30 (silicone polymer) or KBr showed
an inverted sign of the n — 7* band. Exhaustive NOE experiments supported the CD
data, concluding that the A ring of 99 in solution is in a normal (le,28) half-chair
conformation — while X-ray studies had shown that 99 crystallizes with an A-ring inverted
(18,2c) conformation.
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(0]
Enone 20-Oxo
n—>m* n—m* - ¥ - ¥
99) R=0Ac MeOH -12(326) +3.4(284) +0.4(235sh)  +8.6 (213)
0 . SE30 (+)(330) +HE00) () (255) (+)(205)
R=H MeOH -14(330) +2.6(292) +6.8 (240sh) +9.9 (220)
KBr =332 (+) (296) (+H) (249)
O
207 R
R=H MeOH -12(325) +4.0(284) +8.0(233sh)  +10.3(214)
o Progesterone  SE30 =) (328) +H)(298)  (+++)(230) (+H (210)
R=0OH MeOH -10(331) +2.6 (293) +6.7 (235sh) +10.3 (218)
SE30 (+) (328) (+)(282sh)  (++) (268)
R=0Ac MeOH -17(321) +3.3(287) +4.6 (245sh) 494 (215)
SE30 (+(320) (+)(300sh)  (+H) (250) () 210)
GyHpy CsHpy GHypy
AcO AcO
H H
AcO o AcO o
—0.79 (340), +16.4 (239)245 —0.89 (341), +18.8 (238)245 sh—0.98 (337), —3.58 (293),

+122 (248)245

R!=CHz, R = OH

+3.3(376),—-3.4 (320)
—112 (317), 633 (275), R!=OH, R = CH3

279 21y4¢ 239 (376), 447 (320247

R!' = CH3, R? = OH
—10.7 (349), +15.6 (304)

R! = OH, R? = CH3
49.1(349),-12.2 (304247
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I ‘l

H

+0.30 (402), —17.90 (317)*** —2.70 (382), +16.79 (315)***
o R' R* R’

N H OH O=-278(369), —8.74(289),
+2.28(263)

R? OH OH OH —5.36(345), +4.41(277),
—4.17(228)

OH H OH —5.17(347), +4.84(278),
R3 ~3.25(230)

H O=O0H —3.27(368), +3.97(271)**°

R\
AcO
R2
Ae Mn—>mE)  Ae M — T0+)
R'=R’ = H.R® = CHs 180-H -0.15 353 +345 242
’ ) 18B-H +0.17 362 -1.15 246
R'= H R? = CHs. R® = OAc 180.-H -127 339 +150 255
’ ” 18B-H +0.56 336 -1.47 253
R'= R’ = H. R® = CHhOAc 180-H -1.84 337 +2.80 247
’ 18B-H +0.18 362 —290 248
R'= OAc R? = CHLOAc. R® =g 18a-H -145 337 +323 245
+0.20 361 -2.05 246%%
_0

AcO

180-H  +0.05 (393), —0.98 (342), +0.95 (265), —3.90 (237) —-1.3(346), -2.9 (331),
18B-H —0.08 (347) —3.48 (246)** -3.1(319), -10.2 (235)**
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—0.68 (317), +9.70 (238)>52  —1.41 (320), +8.22 (238)>2  —0.67 (306), +7.03 (240)2>

+1.38 (330), —9.87 (234)2%2 R = COC(CH3)=CHCH; + 2.54 (299), -3.64 (213)*™
R=H +1.48 (301), —1.03 (212)?33
R = COPh +2.40 (300), —2.68 (227233

O

+1.42 (430), —6.15 (342), R =H+2.58 (450), —2.21 (380),
-6.39 (329), +2.13 (270)>%* —4.79 (333), -4.42 (318)
R = Ac—1.15 (450), —0.62 (330),
+13.62 (273), —3.08 (242)>*

R'=H,R? = CH;
~0.30 (390), —2.77 (304),
+5.84 (283), —1.68 (232)

R'=CHs;,R2=H
~1.80 (390), —4.51 (305),

+6.41 (284), +6.51 (270)2%
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OH CH,0H

OH CH,O0H

R'=H, R?> = CHs R'=H, R?> = CH3
+3.76 (443), —1.22 (398), +1.31 (350), +1.09 (460), —=3.11 (420),
+3.43 (301), +4.49 (280) +4.20 (347), +2.10 (279)
R'=CHs;,R*=H R'=CH;,R’=H
+0.42 (460), —2.35 (420),

+2.94 (446), —0.82 (398), +0.65 (360),

—1.71 (328), +3.84 (298), +3.02 (281)*%® +2.02 (352), +1.01 (298)*>°

OAc OH

+0.43 (380), —0.55 (325), +8.79 (259),
—0.42 (242), +1.29 (234)>3°

OH

+2.11 (445), -2.21 (370), —7.34 (336),

—0.20 (420), +7.20 (252),
—6.73 (320), —3.12 (257)>7

+7.20 (232)*3¢
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OMe

+0.82 (320), —1.44 (272)2%

AcOCH,  _OH

—0.46 (324), +1.54 (292)2%7

—0.5 (434), +1.0 (375), —1.1 (261)58

HO

R=H  —0.6(434),+1.0 (373),
—1.0 (263), +0.2 (240)

R=bond —2.1 (434), +1.8 (368),
2.2 (263), +1.9 (241)*38

©)

R

R = CH; +0.23 (325)
R =Ph +0.55 (335), —2.45 (275)**°

R
é /,/"\/Y ;
0 ‘ R
OH (6]
R

R = CH; +0.62 (326)
R=Ph +1.24 (345),-9.88 (280)25

—0.38 (325), +3.42 (243)260,261
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R=H
R=Cl
R="Ph
R =4-CH3CsHs4

R =4-CH3;OCsH4

R =4-FCsH4

R = 4-CICsHa4
R =4-BrCsHs4
R = 4-pyridyl

+0.83 (344)
+0.41 (338)
—1.46 (364)
—-1.80 (364)
—-2.60 (362)
—-1.53 (365)
—1.78 (366)
—2.08 (355)
—-0.87 (372)*¢2

R=H
R=Ph
R =2-CICcH4
R =2-BrCeH4
R =4-CICcHs
R =4-BrCsHs

R =2-CH3CsHy

R =2-CH3;0CsH4

R =4-CH3;CsHa

cl
SO
Y cl

+0.69 (345)263

Cl

X=H
X=4-Cl
X=2,6-Cl

+0.22 (334)%¢3
+1.57 (340)*%°
+1.50 (342)%¢3
+1.00 (344)%¢3
+1.68 (343)%¢3
+1.69 (345)%63
—25 (275)*4

+0.97 (352)%%°

+0.73 (362)*%°
+1.76 (349)%%°

—0.57 (334)*%°

+0.85 (333), +6.10 (270)
+0.52 (343), +5.30 (266)
+0.42 (345), +3.90 (258)26¢

+1.60 (348), —41.2 (278)*%7

—1.50 (389), —11.2 (297)*¢”

219
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R?
R'=COH,R*=H R=COH
—0.86 (369), —1.04 (352), —-2.31 (356), —0.08 (271)
+0.68 (267), +1.85 (232) +8.80 (238), —4.02 (215)
R'=CH;, R? = OH R = CHOH
-0.95 (372), —2.14 (338) -2.98 (360), —0.97 (261)
-1.07 (257), +1.39 (226)%3 +5.73 (228)%3
MeO MeO
-- NHCOCH; --NHCOCH;
MeO MeO
OMe OMe
(0] OMe
OMe 0
(100) 1o1)
—9.26 (351), —8.21 (274), +11.0 (232) —13.1 (345), +2.31 (257), +13.5 (238)
MeO
-- NHCOCH;
MeO
OMe i H
h \
~=0
OCH;
(102)

+13.5 (350), —49.6 (293), —15.9 (212)

The CD spectra of approximately fifty alkaloids of colchicine (100) and isocolchicine
(101) types and alkaloids with altered tropolone rings (e.g. 102) have been reported?®.
Six to seven CD bands of these alkaloids were identified in the 400-190 nm region. The
350 nm Cotton effect appears to result from a m — 5* transition of methoxytropone
system. The pH-dependent changes in the CD spectra were studied following ionization
of a free phenolic group on ring A, a hydroxy group on the tropolone ring or substituted
amino group in colchicine (100) analogues®’°.
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~0.36 (333), +0.51 (294),
+8.23 (233) 0

(38, 3’S)-Astaxanthin R = H -3.2(521), +6.7 (384), —23.1 (323),
+12.5 (280), —14.4 (249), +12.8 (22471272
R=Ac +4.5 (387), —19.6 (321), +12.1 (278),

—14.7 (248)*™
R = CH;(CH)uCO  +3.7 (385), —16.4 (320),
+11.5 (279), —13.0 (248)*"!

0}
HO P\/Q P\/Q HO P
HO~
O o

0
+2.0 (285), +5.0 (225)*7 —2.1 (380), +10.9 (316), +1.5 (300), —1.0 (270),
—7.0 (278), +6.9 (246)*™ +3.5 (250), —0.5 (240),
+7.0 (225)*7
OH
p
0

+2.5 (345), =7.5 (295),
+4.5 (258)*73
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(¢}

HO OH
+6.3 (477), —24.0 (380), +9.0 (305), —8.0 (266)>"!
o)
OH
/ N AN AN AN
A N Z
HO
0
—5.9 (466), +7.5 (365), —25.5 (282)*™
Ph
RI
!
Ox NH-—(:?——R3 O N o N
R
C02M€
(103) (104) (105)
+28.0 (289)*™ -16.1 (286)*™
R! R? R? Reference 274
C=CH Me H 3250274
Et C=CH H +27.9(274) o N
C=CH n-Pr H -252074) Ph
C=CH Et Me  +1.4(276)
CH=CH, Et H -16.8(798)
n-Pr COOMe H +17.7 (274)

(106)
+15.0 (292)>™

Chromophoric derivatives for the optically transparent amino group, such as dimedone
derivatives 103-106, were prepared for assigning the absolute configuration of primary
and secondary amines. The vinylogous planar amide chromophore (280-290 nm = — =*
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absorption) shows positive Cotton effects for derivatives possessing the (R) configuration
in primary and secondary amines2’*.

Fluorescamine has been used as a Cottonogenic reagent for secondary amines (form-
ing aminoendione chromophore)?” and for primary amines (forming pyrrolinone chro-

mophore, 107)27® whose in situ CD was directly correlated with the amine absolute
configuration.

R2
R'm—C—=R’ Amine
N (R)-a-methylbenzylamine +5.01 (387), —7.29 (275)
H \ (R)-a-(1-naphthyl)ethylamine +4.73 (388), —8.02 (287)
O (R)-a-phenyl-l-propylamine +5.34 (386), —8.95 (270)
Ph (R)-norepinephrine +1.55 (385), —3.48 (285)
o (R)-2-aminobutane +0.38 (385), —0.95 (288)
CO,H
(107)

Circularly polarized (laser) light is widely used not only to study the absorption proper-
ties of enantiomers, but also to generate optically active compounds via enantioselective
photochemical process.

CO,Me
HO
OCH; 2 OCH; H
(+)-(1R,55)-(108) (+)-(1R, 4R,55)-(109) (+)-(45)-(110) (—-)-(18,5R)-(111)
+2.5 (350) +7.8 (305) —-0.32 (320) -2.0 (350)
(caled from 3.7% ee) (caled from 2% ee) (caled from 1.6% ee) (caled from 1.6% ee)
(0] O
& . '
' '
OH Ph H MeO,C H
(+)-(R)-(112) + 1.02 (353) R=H +0.17 (319), +0.32 (308) R=H +0.13(318),+0.22 (307)
(44%ee) (34%ee)
R=CHs R =CHs -0.04 (318), +0.02 (312),
280
S%ee) TO17 B19), 4034 GOV 100 o) 0.03 (307), +0.04 (300280
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Some difficult-to-resolve enones were obtained by enantioselective hydration of 108
and 109277 or laser phototransformation using circularly polarized light on 108, 110,
111778 and 112%7°.

UV irradiation of a cis bicyclic o, B-unsaturated ketone in diethyl (+)-tartrate afforded
trans ketone 113 enriched in the (—)-enantiomer, with an estimated optical purity
of 0.5-1%8!.

0
\\ o °
= AN
= ‘\
R
(113)
~0.67 (307)2%! R=H -0.030 (350), R=H -0.030 (357)
+0.027 (327) R=CH; —0.016 (354),
R=CH; -0.052(347), +0.009 (310)
+0.015 (313) R=Cl —0.043 (353)*%?
R = CH;O —0.102 (343),
-0.041 (317)*%2
o} /H
—0.34 (328), -0.12 (287),
—0.49 (252), +2.24 (219)*%3
Ph q Ph H Ph H
) [ H/’\vl\coph \vl
H/\v/\ COPh N H COPh
e}
H
—476 (312), =7.76 (2603 —4.21 (315),-9.00 (263),  —2.86 (322), -6.30 (257),
+6.97 (232)284 +8.31 (235)*%°
MeO OH OMe
OH @ OH
o 0
(114) 115)
+0.65 (305), —1.39 (278)*%° —3.30 (310), +1.05 (246),

—1.15 (230)%8¢



5. Chiroptical properties of compounds containing C=0 groups 225

OH
AN NHC(CH;);
o}
X
(¢}
+0.27 (286), +0.79 (267),
—-6.77 (231)?%7

Chiral chalcone epoxides with oxygenation patterns of naturally occurring flavonoids
and isoflavonoids were transformed into the corresponding «-hydroxydihydrochalcones
similar to 115, and their CD was reportedzgs. (+)-(¢R)-Enantiomers showed a weak neg-
ative 310-330 nm n — 7* transition, followed by positive (260-290 nm) and negative
(230-250 nm) & — 7* Cotton effects. Due to the profound influence of intramolecular
hydrogen bonding (involving - and 2’-OH functions) on the conformation and hence the
sign of the Cotton effect, conclusions based on CD regarding the absolute configuration of
115 analogues are reliable for similarly derivatized «- and 2'-OH functionalities (compare
114 and 115).

COPh
HgC-N

OCH;
(6]

(0)

(116) (117)
—0.48 (330), +1.21 (277), +5.45 (253)  —0.73 (344), —0.72 (263), +2.85 (240)

The absolute configuration assignment of both chiral centers in 2-glycosyl-3-
benzoylaziridines was achieved by comparing the CD properties of series cis- (116) and
trans- (117) isomers23°.

OO O

—-2.53 (325) —4.90 (334) —-5.22 (327)*%°

R = CH,OH (MeOH) +0.54 (326)

;) (C¢Hp) —0.30 (366), —0.35 (348)

R —0.21 (334), +0.10 (326),
+0.07 (315)
R = CH,0Ac +0.55 (323)

R = CH;OGlu +0.57 (324)*°1
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o} 0
RO
OH OH
R=H -521(325) R=H -6.19(330)
R =Glu —5.01 (325)*°! R =Glu —5.56 (330)*°!
0
HO / o _.Ph
R -
RZ
\\
OH

(5)-(5)-(118)
+2.24 (342), -4.77 (311),
—3.02 (252), +4.43 (227)4¢

R'=CH:OH,R>=Me +5.54 (330)
R'=Me, R>=CH,OH +5.60 (330)*°!

H
N Ph S Ph CH,

o]
()-(R)-(119) (=)-(R)-(120)
—2.25(368), +2.81 (326),  —2.56 (364), +2.01 (322), +2.33 (346),

+0.99 (267), =5.93 (235)#¢  4+2.57 (271), -11.32 (229)“¢  +0.61 (303),
—-0.61 (286), +6.06 (255)*°2

The n — #n* and m — #* CD transitions of aza- (119) and thiaflavonone (120)
were identified. Opposite signs were found for the Cotton effects of (—)-119 and (—)-
120 as compared to those of known (—)-(S)-118. According to the helicity rule, the
heterocyclic ring must also adopt the opposite conformation because the phenyl substituent
is equatorially oriented in all three flavonones. Thus, the (2R) absolute configuration was
assigned to (—)-119 and (—)-120'4.

H H
H H |
CHO 0

—1.43 (305), -1.02 (271) +0.49 (343), —0.11 (286),
—-1.02 (225), +9.30 (201)*°3 +1.42 (243), —4.30 (210)*°3

R CH,CH,

R = Me -2.40 (366), +1.75 (332),
+0.60 (303), —1.95 (274)
R =nPr+1.10 (362), —1.35 (332),

—0.50 (304), +1.35 (273)*°*
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—6.18 (358), +4.97 (293), +6.29 (355), —1.17 (275),
—13.5 (258), +38.2 (232)*%° —0.63 (258), —2.61 (225)*83
0 0
l |
H
0] (0]
+20.2 (357), —11.5 (293), —7.12 (348), +7.29 (299),
+58.6 (265), —48.2 (241)*83 —16.8 (259), +18.9 (244),
+56.8 (209), —54.8 (198)296
0
H
_Ph
COH
H
o)
+0.50 (331), +1.2 (291), —1.06 (331), —0.86 (293),
-3.9(268), 7.2 (251), —-0.35 (269), —6.12 (244),
+38.1 (206)296 +6.66 (210)296

Octant diagram projections for the n — 7* 335 nm transition of axially chiral

conformational enantiomers (AGi = 19.8 kcalmol™!) of 2,6-dimethyl-1,5-bis(2,2-
dimethylpropanoyl)naphthalene (121a and 121b)**7 led to the assignment of absolute
configuration.

(121a) (121b)
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The enantiomeric conformers 121a and 121b were resolved using low-temperature
HPLC on a chiral stationary phase, and their differential absorption (A; —A;) was reported
as a signal from an on-line CD detector.

Two other ketones (122) containing axially chiral aromatic compounds were recently

reported?’8.

(122)

R=COCH3 +0.14 (355), —26.3 (287)
R=COPh  +0.03 (376), —33.6 (304)

COCH;
(+)-(123)
+0.10 (342), -0.19 (317), +28.3 (267),

—54.7 (243), +26.2 (223), —22.0 (209)

2-Acetyl[a,c.e,g]cyclooctatetraene (123) has been resolved by repeated HPLC on
swollen microcrystalline triacetylcellulose, and its CD has been reported”®®. Both longer-
wavelength Cotton effects were assigned to n — 7* transitions from the acetyl group,
possibly in two different conformations. The absolute configuration of (+4)-123 was
assigned as (R) for the 1-2 and 3-4 biphenyl units on the basis of calculations by the
coupled oscillator technique of the rotational strengths of the dominant transitions (267
and 243 nm).

PN CH N
(@), O
“H
O < 10O)
N N
(=)-(5)
R=H -11.12(318) R!=H,, R2 =0 +10.09 (321)

R =0OH -10.00 (321)300 R!'=0,R?=H, -9.19 (321)30!
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~1.5 (475), —1.8 (405), +0.8 (358), ~1.0 (475), —0.6 (400), —0.4 (370)
—4.8 (316), +0.8 (290)302 +1.6 (320), —3.9 (270)*°?

(0]
O
MeO - MeO
“CO,H
MeO MeO
OMe OMe
+1.32 (339), +6.64 (297) —1.01 (338), —6.85 (304),
—0.42 (275), +29.1 (243), +5.29 (276), —41.0 (244),

—29.1 (221)%%3 +39.6 (218)%%3

R

CH; COCH3 +2.45 (280), +10.79 (264), —11.83 (247)
CH; C2Hs +0.22 (284), +1.54 (260), +1.72 (254)

H CHO +2.45 (293), +11.63 (267), —12.85 (252)

OCH; COCHs  +1.80(287), +9.43 (257), —10.96 (240)304
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O

0]

R=H +0.18(327),-0.19 (287) +2.37 (311), —0.74 (267)*°0:26!
R = OH —0.28 (326), +1.55 (264)*°*2¢"

—0.66 (330)>%°
o]
I ‘
o]
0 o)
+2.8 (216)%°¢ R'=R? = H+2.8 (345), +6.4 (244),
—4.5 (229)30¢
OR | 5 > (229)
R'=S0:;Na, R* = H-4.8 (301),
OMe 106
+3.3 (244), -11.5 (230)
R!'=R?=CH; +1.8 (413),
| \ +1.4 (383), +1.7 (363),
+2.8 (347), =5.5 (303),
0 +4.6 (244), —8.9 (232)306-307
OMe O
R=H +1.8 (406), +4.6 (344),

—-5.8 (307), +1.8 (283),

—11.8 (239), +13.6 (217)*°¢
R=TBDMS +5.6 (344), —-6.2(307),
+2.6 (283), —11.7 (240),

+16.5 (218)%¢

O o

—1.8 (335), +3.9 (250)3°8
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OR O

R = Me +0.7 (397), —3.8 (326), +1.8 (399), -3.5 (337)
+2.0 (281), +3.4 (235) +4.0 (304), —1.2 (277),

R=H +0.5(420), -4.5 (325), —6.6 (243)%%°

+2.1 (282)3%8

+2.0 (414), —4.0 (346),
+2.8 (303), +6.3 (282),
—4.0 (258), —6.7 (239)309

R!=pB-D-Glu, R = H
—4.01 (320), —1.27 (295),
—4.03 (275), +5.45 (239)

OMe R'=R*=H
~4.79 (320), —1.30 (295),
~5.09 (275), +7.88 (237)310

—0.39 (320), —0.82 (295),

—1.39 (275)310
OMe

OMe
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Rifamycin S (R = OH)

MeOH/H*
+7.06 (437), —4.89 (353), +12.4 (300),
_24.6 (278), +41.4 (225)11

MeOH/OH™
+2.81 (515), +6.38 (426), +22.9 (338),
—22.7 (314), -9.83 (270), +25.7 (227)311

R = OCH;3
-2 (470), +5 (342), +28 (310), —10 (285),
—15 (254), +81 (233), =74 (209)3 12

16,17,18,19 - Tetrahydrorifamycin
+4.81 (420), —2.29 (346), +12.0 (301),
—5.13 (274), +7.38 (239)311

Hexahydrorifamycin
+3.93 (433), +3.99 (333), +8.62 (300),
—3.55 (274), +3.02 (252), +2.37 (235)31

AcO

CH;0

The observed complex CD of the antibiotic rifamycin chromophore was simulated

(250-190 nm) by means of coupled oscillator theory, from coupling of the long-axis
312

polarized aromatic transition with dienone transition

(0] (0] OCH;

~5.48 (354), —2.0 (264),
~19.38 (219)33

OH O OH OH O OH CHO
| 0
0 0 S
CO,Me CO,Me og H
+3.50 (370), +2.20 (340), +3.06 (330), —1.71 (405), +4.29 (360),
—2.63 (269), —2.85 (263), —12.7 (224)3B +2.15 (312), —6.15 (276),

+8.01 (23738

An octant projection diagram predicts a dissignate halogen contribution in the Cs)
halogen-substituted bicyclo[2.2.1]hept-5-en-2-ones (125 and 126), and a consignate
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o)
N =
H
1
OH I /
H H
\ OH 0
0 0 OCH; T N
H
—2.58 (325), +1.42 (290), +1.8 (301), —4.56 (269)3 3
+1.42 (270)38
OH 0

OH o

R = H-4.60 (299), —7.60 (260), +0.06 (330)316
+1.40 (231), +6.16 (195)3
R = bond sh —2.63 (307), —17.93 (273),
+17.90 (229) 313-315

OH 0 )\ 0 OH

OH O \‘/ 0 OH

OH OH O OH

—0.55 (304), +0.55 (276), —1.27 (234)316
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OH OH (0] OH
—0.91 (302), —0.91 (270), +3.45 (234), +4.73 (218)316

X

(124) X=H +18.8 (306)202

(125) X=CI +20.4 (318), +30.8 (306),
+25.8 (295), —5.6 (220)203

(126) X = Br +23.3 (320), +34.4 (308),

(127) X=CI +18.6 (320), +28.8 (308),
+23.2 (297), —6.6 (232)203

(128) X = Br +23.4 (320), +34.0 (308),
+28.4 (297), —6.6 (232)203

+28.3 (297), —7.2 (220)203

—0

o

(—)-(129) (+)-(130)

—-16.9 (304)

contribution in C) substituted enones 127 and 128. The experimental data showed
no significant difference (n — 7*) between unsubstituted and S- or y-halogenated
derivatives?93. The results confirmed the interpretation that the n — 7* transition in
B,y-enones is to a large extent determined by an admixture of 7 — 7* olefinic transitions
polarized along the Cg)-C,,) direction?92-317,

The C, symmetrical 5,7-dioxobicyclo[2.2.2]oct-2-ene (129) CD has been reported%.
Its absolute configuration was assigned utilizing the extended octant rule?®® and cor-
related with that of (+)-130. Optically active 129 was reported earlier as formed in
3.5%ee by preferential photodestruction of (1S5,4S)-enantiomer using right circularly polar-
ized light318,
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CO,Me
0 i
\ H |

CO,Me
—0.49 (325), —3.14 (306)°20-321 +1.0 (299)13
+3.20 (238)*Y

R2
O gy

R=
—1.45 (295), —1.02 (220) ‘/%/ +9.85 (300)

W

—1.70 (285), —1.03 (220) r\)H/ +3.64 (290)322

W
—2.30 (290), —1.67 (220)

@)

68
I
T
-
Il

-1.97 (293), —1.33 (220)

ige

Ac,R'=

—3.97 (295), —2.58 (220)

—3.94 (293), —2.42 (230)*??

Ac

©)

~3.64 (290), +2.12 (225)°22
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R! R!

o 0

Z ?
R

R
(131) —8.05(308), —7.43(299) R =n-C3H;, Ri=COCH; (136) +13.45 (292)
(132) -7.67(296), R=n-C;H,, RiI=OH  (137) +9.41 (296)
(133) —2.35(307), —2.18(299) R =H, Ri=COCH, (138) +12.47 (293)
(134) —5.23 (296) R=H, Ri=0OH (139) +6.40 (295)
(135) —6.22(297) R=H, Ri=CgHp (140) +8.29 (295)323

Ns®

—8.0(282), +11.3 (243),
—40.0 (200324

The structure of 4'-propyl-48,5B-ethenopregnane-3,20-dione (131) as the main product
of photochemical [2 4 2] cycloaddition of 1-pentyne to progesterone and 4o,5x-analogue
138 was confirmed by X-ray analysis. The CD data of 131-140 were in agreement with
A/B-cis and A/B-trans fusion in 131 and 138, respectively, and with the cyclobutene
ring (main perturber of the C=0 n — 7* transition) lying in a (—)-octant of 131 and a
(+)-octant of 138323,

HO
(+)-(45,6S) - HCl salt +10.2 (296)325 (+)-(4R,6S) - HCl salt +21.3 (298)325
(0] (0]
P | P,
CH,CH; >CCH2CH3
N(CH, CH,N(CH;
Ph CHZC: ( 3)2 Ph C: 2 ( 3)2
| | "H
CH; CH;
(+)-(6S)-methadone +1.48 (307) (—)-(58)-isomethadone —2.42 (310)

(+)-(6S)-methadone - HC1 +12.8 (295)326 (—)-(58)-isomethadone - HCl —9.73 (300)326
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An unusually strong CD for open-chain ketones 141 was recently reported®?’. Ketones
141 were formed by hydrogenation of S,y-unsaturated precursors (Ae not reported) which
were obtained by enantioselective protonation of samarium enolates (Table 8).

The CD of a series of eight differently-substituted analogues of 9,10-ethano-9,10-
dihydroanthracen-11-one (142 and 143) was studied experimentally and theoretically3%°.
Alteration of the substituent(s) on the benzene ring(s) affects the transition dipole magni-
tude and the transition energy of the aromatic chromophore without much change in the
polarization direction.

0) Ph 0} Ph
H i H i
N02 N02

MeO
—3.19(299), —1.30(268)328 +1.38(303), +1.86(275)328

P. Vogel’s group studied exhaustively the 5,6,7,8-tetramethylidenebicyclo[2.2.2]octane
system and its metal carbonyl complexes. The preparation and CD spectra of tricarbonyl-
iron complexes (144-147) were reported®33. The chirality of complexes 144 and 146 is
due uniquely to the coordination of Fe(CO)3 moieties. The signs of the Cotton effects for
(+)-144 and (+)-146 obey the octant rule, as the endo-Fe(CO)3 of 144 and 146 fall in a
positive octant, while the second exo-Fe(CO)3 (syn to the carbonyl) lies almost on the XY
nodal plane, and thus its contribution is expected to be small. The deuterium-substituted
free tetraenone 148, however, showed an anti-octant behavior. The CD spectra of 144
and 146 are strongly temperature and solvent dependent.

TABLE 8. CD of ketones 141 in Et;O (corrected for 100% ee)

(0]
Rl
X —> saturated sample (141)
RZ
R! R? Configuration Agmax Amax
Ph Me R —6.0 292
Ph Et R —8.1 292
> Me R -25 295
h
Me R —1.3 295
Ph
t-Bu Me R —1.8 300
Me R —0.8 295
t-Bu
p-ClCeHy i-Pr S +6.8 293
PhCH, Et S +9.3 293
PhCH, i-Pr S —-0.7 293
0,0-Cl,CeHj3 Me R —6.1 290
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0}
/

> O

(142)

R=CH,OH -0.29 (307),
+1.50(276), +11.0(221)
R =COH
+6.07(282),
R = NH,
+2.50(275),

~1.33 (303),
+19.6(228)

—0.34 (308),

7

+1.50 (309)320:321

+21.7(228)329

—0.36 (324), +0.59 (318),
—0.97 (298), —1.20 (288),
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0

Vi
@) ‘ ‘
o <O

(143)

R = CH,OH —0.08 (319),
+1.13(269), —1.98(232)
R=CO,H -0.08 (329),
+4.02(294), +6.73(237)

R=NH, +7.12 (304),
—5.01(263), +13.3(237)329

o7 \

+1.2 (320), —2.5 (280),
+14.5 (253)332

+10.3 (248)330:331

(0]

/

X
1\'4 7
7 N

Z-

X = H (+)-(144)
sh+2.0 (355), +19.6 (310),
~1.4 (269), +8.4 (241)

X =D (+)-(145)
sh+2.0 (355), +19.5 (310),
—1.3 (269), +8.5 (242)333

(-)-(148)
+0.13 (330), +0.12 (316),
+0.07 (304)333

(CO)Fe

O
/
X

M = Fe(CO);

-\

7

</

X =H (+)-(146)
+15.3 (317), +4.4 (270),
sh —6.0 (240)

X =D (+)-(147)
+152 (317), +4.4 (270),
~6.0 (240)333

O O

—=0

/. /.

=0

+33.4 (312)334 +13.2 (312), +20.8 (205)333
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The CD properties of a number (1*-polyene) Fe(CO)3 complexes containing carbonyl
group have been described®*337 . Tricarbonyliron complex of 2,3-dihydrotropone (149)
was resolved by HPLC and its absolute configuration determined by X-ray and CD338.

(CO)sFe

O
(+)-(149)

+7.5 (385), —10.5 (305),
+13.0 (250)338

H
(0]

(-)-(150)

—6.6 (353), +32.2 (280),
—37.8 (215)339

(CO);Fe

O
(+)-

+9.0 (370), —6.5 (305),
+4.0 (260)338

(CO);Fe "

H
o

(+)-

+5.9 (380), —2.4 (305),
+11.8 (250)339

The absolute configuration of homotropone (150) and its Fe(CO)3; complexes was
deduced from comparison between experimental and theoretically calculated (CNDO/S)

CD of preferred trans conformation°.

R
R = CH,N(Me), ~1.93 (341), +1.11 (285)
R = CH,N(Me),-HC1 +5.54 (363), —3.85 (287)
R = (R)-CH(CH;)N(Me), —2.78 (339), +2.20 (273)
CHO R = (R)-CH(CH;)N(Me), -HCI ~ +7.75 (364), —5.47 (288)340
Mn(CO),
| |
0 R 0. R
R=H +1.55 (290) R=SEt -0.79 (290), +0.44 (250)
R=SEt  +2.12 (290), +0.91 (259) R=SPh -4.67 (291), +1.67 (260)°!

R = St-Bu
R = SPh

+2.18 (290), +1.30 (253)
+1.79 (294), +1.36 (265)0!
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o - S o OR CH,COCH;
-7 =
X Ph
| O
P ©
1470 (288), 42.55 (247)°" R=H ~1.33 (300), +6.48 (268),

+2.67 (236), —-34.2 (219)

R=CH; +3.36 (315), —2.85 (277),
—-0.64 (258), —1.30 (243),
+4.15 (221)341

| %
O
R=H  -277 (293)

-8.17 (323)342
R= MezC\ —-1.94 (293)142 (

OR!
o’
Y % i\{ 0
. R

H 4229 (290) R=H, RI=H -492 (2949 R=H Ri=Ac +0.70 (297)
CH; +1.40 29043 R_p Ri=Ac -555 (294) R=CHs, Ri=H +0.66 (295)343

OAc

R

R=CH;,R'=H -1.30(293)
R=CH;s, Rl= Ac —5.67 (293)343

VI. EXCITON CHIRALITY

Movement of an electron from the ground electronic state of a molecule to an excited
state creates a momentary dipole, called an electric transition dipole. Thus, associated
with each electric transition is a polarization (electric transition dipole moment) that has
both direction and intensity which vary according to the nature of the chromophore and
the particular excitation. When two or more chromophores lie sufficiently close together,
their electric transition dipoles may interact through dipole—dipole (or exciton) coupling.
Exciton coupling arises from the interaction of two (or more) chromophores through
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I l | ]
200 250 300 350 400

FIGURE 15. Typical bisignate exciton coupling CD spectra (upper) and bell-shaped UV (lower) spectra
for chromophores with electronic transitions near 300 nm. The shape of the observed CD curve is due
to overlapping, oppositely-signed positive and negative CD transitions from electronic excitation into
(two) exciton states

their (locally) excited states. These excited-state dipole—dipole interactions, which lie at
the heart of exciton coupling, are most effective when the electric dipole transitions are
strongly allowed —as in & — 7* UV-visible transitions. Exciton coupling leads to shifted
and broadened, if not split, UV-visible spectra of the composite molecule’**. When the
chromophores are held in a chiral orientation, exciton coupling is typically seen as two
oppositely-signed CD Cotton effects flanking the relevant UV-visible absorption band(s)
(Figure 15). The signed order of the CD transitions may be correlated with the relative
orientation of the relevant electric dipole transition moment from each chromophore,
thereby leading to an assignment of absolute configuration of the composite molecule®*’.

The correlations comprise the exciton chirality rule, which was derived from nonem-
pirical calculations. It states that when the relevant transition moments are oriented in a
positive chirality, the long-wavelength component of the associated exciton couplet can
be expected to exhibit a positive Cotton effect (Figure 16). When they are oriented in a
negative chirality, the long-wavelength Cotton effect is negative. Thus, from the CD spec-
trum, one can determine the helical orientation of the transition moments and therefore
the absolute configuration of the molecule, if the preferred conformation is known.

Applications of the exciton chirality rule have become numerous during the past fif-
teen years and claim an extraordinarily high degree of success in predicting absolute
configuration'>3%3. In most applications of exciton chirality to the determination of abso-
lute configuration, the molecule under study is derivatized with a suitable chromophore
and its circular dichroism spectra are measured and analyzed. Successful application of
the rule depends on knowing which chromophores are interacting and the orientation of
the component chromophores’ electric dipole transition moments.

In most of these studies, hydroxyl has been the typical resident functional group,
which is derivatized with appropriate acids containing chromophores suitable for exci-
ton coupling. The ideal chromophore would have a very intense UV-visible transition,
located in a convenient spectral window, and with the orientation of its electric transition
moment being well-defined relative to alcohol R—OH bond. One of the most successful
has been p-dimethylaminobenzoate, which has an intense (¢ ca 30, 000) transition in an
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Positive Exciton Chirality Negative Exciton Chirality

I

Ag
N . Positive long + - Positive short
wavelength
wavelength
Cotton effect Cotton effect
0 0

Negative short
wavelength
~- Cotton effect

Negative long
wavelength
- Cotton effect

FIGURE 16. The exciton chirality rule relates the torsion angle or helicity of two electric dipole tran-
sition moments («——>) to the signed order of the CD Cotton effects

easily accessible, generally noninterfering, region (near 310 nm). The associated electric
dipole transition moment of charge transfer transition is oriented along the long axis of the
molecule, from nitrogen to carboxyl. Although the chromophore might adopt a large num-
ber of different conformations (relative to its point of attachment on the chiral molecule)
by rotating about the ester bonds, one conformation (s-cis) apparently predominates, and
the relevant transition dipoles are thus aligned parallel to the ester R—O bond. One can
determine the relative helicity (+ or —) of the transition dipoles by inspection and assign
absolute configuration from the CD spectrum!4 15343,

The cyclohexane ring of trans-1,2-cyclohexanediol (Table 9) adopts a chair
conformation, with diequatorial preferred. The two enantiomers exhibit oppositely signed
O—C—C—-O torsion angles. In the bis- p-dimethylaminobenzoate derivatives, the electric
transition moments lie parallel to the alcohol C—O bonds. Thus, the relative orientation
(helicity) of the two transition dipoles correlates with the signs of the torsion angles.
According to the exciton chirality rule, a positive exciton chirality is predicted for
the (15,2S) enantiomer, and a negative exciton chirality is predicted for the (1R,2R)
enantiomer —in complete agreement with the observed bisignate Cotton effects.

Orientation, proximity and chromophore are paramount considerations in applying
the exciton chirality rule. Extrachromophoric considerations are relatively unimportant.
Thus the CD spectra of bis- p-dimethylaminobenzoates of Sc«-cholestan-2«,38-diol and
(1R,2R)-cyclohexanediol (both diequatorial diols with the same absolute configurations)
are essentially identical. Other steroid diols, whether with vicinal hydroxyls or very distant
hydroxyls, give bisignate CD Cotton effects originating from exciton coupling— with a
signed order consistent with the exciton chirality rule!>3%.

Soon after the original development of exciton chirality method3*%-347 for steroidal diols,
Koreeda, Harada and Nakanishi**® extended its application to exciton interaction between
benzoate transition at 230 nm (¢ 14,000) and enone 7 — 7™ transition at 230-260 nm (&
7,000-15,000). The p-chlorobenzoate of 38-hydroxycholest-5-en-7-one (151, Figure 17)
exemplifies the application of this method3*®. The 38-hydroxy-enone has a As typical of
the s-trans enone chromophore, and the relative orientation (helicity) of the two interacting
dipoles in p-chlorobenzoate 151 is shown in Figure 17. Such positive exciton chirality



243

AreIry ) 9ANIS0d K1rearyD oanesoN i H
) u m )
f _
* - v
m “m U HWM U HO OH
H H @

(V)]
e < . . .
€8+ T3V VY=oV £8— Ylay byt coeav ST'S1 qTl
0 0
I H H |l
Y [ U
OO L i f
1 [l
/ \ HO OH
T 0 0 NN\
AN / H H \ N%W mo.-y --OH
(SN D D NZN H H

| Il
o} o}

& ®

»1(P) S9[3ue UOISIO) puE BIEP 10912 UONOD (1D ALUSISIq () SOAIIRALIOD
Jreozuaqourwe[AyIowIp-d -sig [OIp UeXIYO[IAI-(Y Y1) Pue -(§2'S1) Jo (q) sweiderp uonossfoid uewmaN pue () seInonns [euonewiojuo) ‘6 41dV.L



244 Stefan E. Boiadjiev and David A. Lightner

cl
0£ Yol
+
Pp-CIC{H,CO0 0
o —

(151)

FIGURE 17. 3B-Hydroxycholest-5-en-7-one p-chlorobenzoate and its conformation (right) showing the
orientation of the p-chlorobenzoate and enone transition dipoles giving a positive exciton chirality

is predicted to give rise to splitting of the CD band into a positive lower-energy Cotton
effect and a negative higher-energy Cotton effect, which were experimentally observed: p-
chlorobenzoate 151 exhibits Aeyge +16.7 and Aezp; —21.6. In contrast, the corresponding
acetate ester is noninteracting and has Aepax around 210 nm. Large exciton interactions

have also been found between two «,B-unsaturated ketone chromophores348.

4CIBZO/¢O\’/\/Y Of

4-CIBzO

+16.7 (246), —21.6 (221)348 —24.4 (247), +23.0 (224)348
BzO

-25.1 (242), +3.2 (221)348 -23.0 (228), +11.3 (208)348

MeO
\ O (6}

-2.5 (330), +10.4 (266), —9.5 (242)348 +38.4 (242), —30.2 (208)348
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OR?
H
R!' =
(152) R'= O, R? = 4-CIC¢H;CO +25.6 (247), —1.8 (230), +8.4 (212)
(153)R'=0,R% = sh +7.6 (236), +11.0 (215)

(154)R'=OH, H, R2 =4-CICcHsCO +5.0 (241)

The pure contribution from exciton coupling in testosterone 17S-(p-chlorobenzoate)
(152) was estimated by subtracting the CD spectra of exciton interaction-free 17 8-hydroxy-
4-en-3-one (153) and 4-en-38-0l-178-( p-chlorobenzoate) (154) from the experimental CD
spectrum of 152. The exciton CD curve (4+16.2 (247), —12.8 (230)) obtained is much
more symmetrical, as required by the theory®*®. Several more examples of benzoates
and sorbates of steroidal 4-en-3-ones were treated in similar way, thus smoothing the
imbalance of the exciton Cotton effects due to contributions of component chromophores.

H 4- B1C6H4000
|
. CH(OEt),
PhCOO
—1.65 (335), -3.00 (242), +0.3 (384), 0.8 (336), 1+34(256), —84(238)353
+4.00 (217)350 +2.0 (300), —24.1 (270),

+21.0 (250)351

The absolute configuration of Wieland—Miescher ketone analogues bearing an angular
protected hydroxymethyl group was unambiguously determined after regio- and stereos-
elective reduction of the saturated ketone function to cis-alcohols and application of the
exciton chirality method to bicyclic enone-benzoate chromophoric systems 155-158332.

R2 2
OR! R O\ OR!
0 o)
(155) R'=4-CIC¢H,CO, (157) R!'=4-MeOCsH,CO,
R? = H+40.6 (247), R? = Ac -30.4 (261),
—-16.0 (228) +14.7 (241)
(156) R'=4-CIC4H,CO, (158) R'=4-MeOCsH,CO,
R? = OMEM +38.1 (248), R? = Me —25.0 (260),

—15.5 (230)352 +12.1 (242)352
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s

1
1
!
OH CHO
(159)

\/K/\/K/ CHO

---Q
jun)

R=CN +49.4 (261), =37.0 (227)
R = CO,CH; +50.5 (261), —38.9 (228)*>*

(CH;),N

o._-_

T

The (4R)-absolute configuration of a new chromophore of native visual pigment (159)
(negative Cotton effect at 375 nm, negative Cotton effect at 254 nm) was established by
the CD exciton chirality method applied to the 4-(dimethylamino)cinnamate (160). The
split negative (381 nm) and positive (338 nm) exciton effects of 160 show a counterclock-
wise helicity between pentaenal and a-4-(dimethylamino)cinnamate chromophores>>.

(160)

MOMO OMOM OMe J
OR H Ar
| 9.
3 Ar
o) Ar
o) 0
(161)
—4.57 (283), +5.81 (245) R = 4-MeOC6H,CO
MOMO OMOM OMe

OR

(¢}
(162)
+5.10 (282), =7.97 (245)
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Exciton interaction between p-methoxybenzoate and benzoyl chromophores in the pre-
ferred conformation of 161 allowed for assignment of the (wR) absolute configuration
on the basis of an observed negative exciton chirality>>®. This also correlates with the
absolute configuration of a novel natural 4-methoxy-aR,2’,4’-trihydroxydihydrochalcone.
A series of 12 differently-substituted 161 or 162 analogues with an oxygenation pattern
similar to that in natural flavonoids was reported by the same group. As with 161 or 162,
exciton-type Cotton effects were observed?®8.

0] o)
CH; : Q H CH; : Q H
CH;0 CH;0 .
OR OR
R=H —14.5 (333), +5.0 (295),
+11.7 (260) (163) R = H—13.2 (340), +7.2 (296),
R = 4-CH;OCsH,CO —10.9 (335), +1.5 (270), +2.1 (263)

(164) R = 4-CH;OCsH,CO
—5.8 (345), +8.0 (299),
—72.1 (262), +16.0 (245)*7

+5.1 (293), +4.9 (285),
+22.9 (263), —10.9 (245)*7

CH;0

0]

-9.9 (347), +8.2 (303),
—15.8 (267)3%7

The absolute configuration of the benzocycloheptenone, (—)-isofavelol (163), was con-
firmed as (9R,12R) by X-ray crystallographic analysis of its 4-bromobenzoyl derivative,
and by exciton chirality between the o-ketostyrene and 4-methoxybenzoate chromophores
in 164°%7.

No exciton coupling was observed for the dialdehyde 165. The CD of (+)-166 also
shows a simple pattern. The small amplitude of those Cotton effects can be attributed to the
complicated polarization spectra of benzophenone chromophore and to the conformational
flexibility of the 2-tolyl group. In contrast to (4)-165 and (+)-166, the quinone (+4)-167
exhibits relatively strong Cotton effects ascribed to exciton interaction between favorably
oriented transition moments in the 9,10-anthraquinone chromophore3°.

The CD spectrum of ketone 168 also exhibits split Cotton effects: Agr7s —17.4 and
Aegysy +24.7, corresponding to an intramolecular charge transfer transition at 261 nm (e
28300). Since this transition is polarized along the direction from the benzene ring to
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122 (397),+12.3 (331),-60.0 (26118

OH OH
+21.2 (359), —34.9 (246)3%8 ~10.0 (397), +9.7 (331), — 48.2 (262)3%
CHO
H
cho H
H
(165) (166)
~1.1 (335), +16.0 (297), +6.6 (289), +10.6 (254),

+29.4 (240), +31.2 (219)*% —4.1 (228)%%
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\O
NG
H
H
167) (168)
+33.6 (360), —2.1(324), —44.1 (279), +0.4 (330), +2.3 (302),
+133.4 (260), —26.3 (247), +12.3 (232) —17.4 (275), +24.7 (252), +51.9 (214)%¢°

+34.2 (221)*%

(169)

—-37.6 (351), +22.9 (315), —12.6 (279),
—89.0 (254), +222.0 (217)*¢!

OMe OH O
MeO : : O
MeO : (0]
OMe OH O
(170) X=Cl —5.05 (432), +4.00 (373), —1.87 (403), +1.32 (361),

(171) X=H+3.80 (342), =18.40 (294) 1570 (343), =1.04 (320), +1.20 (350), +1.49 (343),
! ;ggg g;igggg“'m Q47). 1261 (303),-73.1 (282), —33.0 (288), +70.24 (273),
: +70.9 (267), —17.4 (250), —51.24 (251), —31.66 (245)363
—6.53 (240)363
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the carbonyl group, a positive exciton chirality is predicted —similar to other dibenz|[a,
h]anthracene derivatives where it was actually observed. It was suggested that homoconju-
gation between the two tetralone chromophores changes the relative sequence of relevant
energy levels>®.

The absolute configuration of diketone 169 was confirmed by comparison of the exper-
imental CD with that calculated by the SCF-CI-Dipole Velocity MO method®®!.

By simplifying the chromophoric system of gilmaniellin 170 to m-divinylbenzene and
applying the exciton chirality method to the CD couplet at 247 and 231 nm of 171, its
absolute configuration was determined as shown®%2. The sign of n — 7* CE (342 nm) is
in agreement with the rule?>*, which correlates the CD of transoid enone (acetophenone
moiety) with its helicity.

VIl. ADDENDUM

The following references/data were found during a search of Chem. Abstr., Gen. Subject
Index, ‘Circular dichroism’, Vol. 122 (Jan.-June), 1995.

Conformational analysis of 3,3-disubstituted piperidin-4-ones (172) using NMR and
CD spectroscopy was presented recently3%*,

0 J
Me R = Me, CH,Ph, (5)-CHMePh
CH,CH,R! R'=CN, CO;Me
N 0/
R
(172) (—)-(1R, 58)-(173)3%

—0.42 (283), —1.25 (210)°

SR
SR
SR
SR
(6]
(6]

Reference 368 Reference 368

Agmax Aé&max Aémax Aemax
R An — 7*) A — %) Aln — 7%) A — %)

Dioxane EtOH Dioxane EtOH
CHj3 +0.025 408 +1.00 340 —0.56 380 +12.5 300
CH3CH, +0.058 417 +0.67 330 —0.82 375 +11.2 300
PhCH, +0.179 413 +4.31 337 —-0.99 375 +9.9 325
—(CHz)2— +0.052 380 +1.62 342 —0.37 355 +13.1 315

—(CHz)3— +0.068 397 +3.76 345 —0.60 375 +16.9 325
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Berg and Butkus®® reinvestigated the CD spectra of bicyclo[3.3.1]nonane-2,6-dione

(69) and bicyclo[3.3.1]nonane-2,9-dione (70). They analyzed earlier reported CD spec-
tral data and compared them with calculated CD using Schellman’s computational
method. The comparison showed that the absolute configuration of «,e-diketone (—)-69 is
in agreement with the earlier assignment. The absolute configuration of the (—)-enantiomer
of a,y-diketone 70, however, has to be reversed to (1R,5S) as shown for 173. The incor-
rect earlier empirical assignment'>® was explained by the spatial relationship of the two
carbonyl chromophores in 173. In the major chair-boat conformer they are placed close
to the nodal planes where Cotton effects change their sign. In addition, the cyclohexane-
dione ring in 173 adopts a boat conformation®®>. The calculations also confirmed strong
transannular orbital interactions in 173, as was observed in 693

Cl OR 0

OMe

@ ‘ OMe
(¢}
@ O

OR O

+2.02 (332), —26.35 (272)*¢7 (+)-(aR)

R=H +28.1(360), -66.4 (324), +24.8 (267)
R Me +38.9 (344),-69.1 (310), +29.5 (258)

= (h)-camphor- 71 7 (348), ~79.4 (314), +33.9 (249)*°
sulfonyl

CH;

2

CH2

0CcoO— CH

n— Tk T —> TUk
AMBE co-units A& 10> () Ae10% (W) Ae10> (V)
(mol%)

79 —2.7(339) —9.5(270) -22.9 (253)
15 -11.2(338) —26.5(269) —70.7 (255)

At referred to one AMBE repeating unit *7°.
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(0] 0]
a74)
EtOH +2.14 (309), —-2.59 (282) —0.31 (441), +0.94 (351),
Hexane +2.16 (315) +19.63 (272)371 372

+1.63 (305), —1.96 (282)

' reported recently the crystal structure and

CD spectrum of (1R,3R,4R)-3-((1R,3R,4R)-1,7,7-trimethylbicyclo[2.2.1]-2-oxohept-3-yl)-
1,7,7-trimethylbicyclo[2.2.1]heptan-2-one (174, 3,3’-dicamphor). This compound appears
to be the first example of exciton coupling between two n — 7* transitions from isolated
carbonyl chromophores, as incorporated in «,5-diketone 174.
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I. INTRODUCTION

Compounds with double bonds are important for the theory of dipole moments and dipole
moments are of importance for determining structure of compounds with double bonds.
There are two reasons for this. All double bonds give some degree of rigidity to the
molecule which enables the partial dipole moments to be treated as vectors of known
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direction. Second, some double bonds, particularly C=0 and C=N, themselves possess a
considerable dipole moment of known direction and of a reasonably constant magnitude.
Therefore, dipole moments were one of the first physical methods applied for determining
configuration on the double bond or conformation on the adjacent single bonds (or partial
double bonds). The example of (E)- and (Z)-1,2-dichloroethenes’ may be considered
as the first in history when configuration was determined directly and nonempirically,
from a pure principle. Numerous further examples were reviewed in a previous article?
in this series. Particularly important was the extension to partial double bonds whose
double-bond character is sufficiently strong to keep the molecule in a relatively stable
conformation. In this case dipole moments are often an efficient experimental approach
(esters, amides).

Nevertheless, when this article is continued after two decades, it should not remain
restricted to stereochemical problems. During that time, other very powerful methods will
have been developed which are mostly easier and often also more reliable. Particularly, the
recent development in X-ray analysis gives a completely reliable proof of configuration
valid even for the isolated molecule: in the case of conformation it may appear necessary
to prove that it is unchanged in solution (see for instance Reference 3). While X-ray is the
most reliable method, NMR spectroscopy is the fastest. It still uses some empirical rules
and comparison with model compounds, but in a modern version (2-D NMR, NOE) it is
also completely trustworthy. Therefore, many recent dipole-moment studies investigated
compounds whose steric arrangement was already known, and attention was focused on
the electron distribution on the individual bonds, or in conjugated systems. The difference
in the point of view may be explained as follows.

The dipole moment of a molecule can be generally interpreted in one of two ways. If we
know — with a certain approximation—the electron distribution on the individual parts
of the molecule, expressed say in terms of partial dipole moments or bond moments, then
we can determine the mutual position of these parts to each other. The other possibility
is that if we know the steric arrangement, i.e. configuration and conformation, then we
can determine the electron distribution in some of the parts and express it, for instance,
in terms of resonance formulas, of special moments valid only in this molecule, etc.
Thus, in 1933 the dipole moments of substituted azoxybenzenes (1, 2) were first used
for determining their configuration. Although the reasoning was not exact with respect to
modern views, the result was right*. The simplest proof today would be a reference to the
4,4'-dichloro derivative. Since 1a and 2a possess similar dipole moments, quite different
from 1c, the configuration Z is assigned to la.

Fifty years later, when the configuration was known beyond any doubt, the dipole
moments were reinterpreted in terms of electron distribution®. The direction of u was
determined for la by means of substituted derivatives; the same was done for (E)-
azobenzene as reference. The vector difference between p of these two compounds should

represent the bond moment N—O. The standard N*™—O~ bond moment! was derived from
trimethylamine oxide and the dipole moment anticipated for the ideal structure la was
calculated; the vector difference against pexp was called the mesomeric dipole moment
Wm according to the vector equation 1. This finding was explained by mesomerism of

the two formulas 1a and 1b. Since the derived u,, was not orientedd( from O toward
N(2) but merely from O toward N(1), it was concluded that these mesomeric formulas
do not describe the electron distribution completely and a hypothesis was advanced that
the nitrogen atom N(1) could allocate more than its equivalent of eight electrons®. This

T Direction of the dipole moment is shown always from the positive toward the negative end; in the
bond moments the first atom is positive. Units D (debye) are used throughout for better comparison
with the previous review?; 1 D = 3.334 10730 Cm.
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X X
z 3 X X
N=N NN~ ; .