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1. Introduction

Phosphorus is a stereochemically versatile element. It may be found coordinated to
between one and six ligands in various compounds, but the vast majority of known
phosphorus derivatives have coordination numbers of [3] and [4]. In contrast to
nitrogen, the chemistry of phosphorus is characterised by higher coordination num-
bers [4—6], and is, therefore, in this respect more analogous to that of the heavier
Group V elements, arsenic and antimony. The tricoordinate derivatives of phosphorus
constitute a large class of compounds with nitrogen counterparts. However, the bond
configuration around tricoordinate nitrogen may vary between trigonal pyramidal
(e.g NH3, NMe3) and planar [e.g. N(SiH;)3]". On the other hand, the analogous
phosphorus derivatives are exclusively trigonal pyramidal, with valence angles nor-
mally in the range 90—100°. In spectroscopic studies of members of the series,
M(SiH3)3, M =P, As, Sb, the inference was drawn that the molecular skeleton is
planar, as in the nitrogen analogue® #. However, subsequent electron diffraction
studies have shown these molecules to have the expected pyramidal structure® %),
The stereochemical insensitivity of tricoordinate phosphorus to the chemical nature
of its substituents may be ascribed to the fact that, in contrast to nitrogen, it shows
no tendency to form multiple bonds in which its p,; orbitals are involved.

A coordination number of [4] is most characteristic of the phosphorus atom.

It is displayed in naturally occurring phosphates and nucleotides, and in the numerous
coordination complexes of phosphine ligands, characterised over the last 20 years.
According to classical valence theory the pentavalent phosphorus in the former class
of tetracoordinate derivatives must be formally double bonded to one ligand (usually
oxygen) in non-ionised structures. The distribution of the substituents at phosphorus
is basically tetrahedral but, owing to the presence of bonds of differing nature and
multiplicity within an individual structure, the valence angles can vary within wide
limits (100—120°). The importance of n-bonding involving the phosphorus 3d-or-
bitals in PO3 ™~ ions has been discussed by Cruickshank®.

The existence of two possible geometrical configurations of very similar energies,
namely the trigonal bipyramid and the square (or rectangular) pyramid, bestows the
stereochemistry of pentacoordinate phosphorus with a particular fascination. The
stereochemical and electronic structural aspects of pentacoordination in both main
group elements and in transition metals have been the subject of a number of
reviews” %), Both of the possible geometries are characterised by non-equivalent
bonding; in the former there are three equatorial and two axial, and in the latter one
apicel and four basal substituents. Theoretical considerations based on molecular
orbital and electrostatic calculations have consistently predicted that the trigonal
bipyramidal configuration should be energetically slightly more favourable (ca.
5~-10 kcal/mol) for acyclic pentacoordinate phosphorus derivatives, and these find-
ings have been borne out by electron and X-ray diffraction studies. However, in view
of the relatively small energy difference between the two modifications, it is possible
that a particular arrangement of ligands of differing electronegativities or the inclu-
sion of phosphorus in a strained small 4—5 membered ring can lead to a relative
stabilisation of the square (or rectangular) pyramid. Rectangular pyramidal structures
have indeed been confirmed by X-ray diffraction for a number of spirobicyclic der-
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Fig. 1.1. Trigonal bipyramidal and square pyramidal geometries

ivatives of pentacoordinate phosphorus. The significance of the 3d-orbitals in the
bonding of pentacoordinate phosphorus is still contested. The general features of
molecular geometry can be explained in a qualitative manner without consideration
of these orbitals, and their absolute role will only be better understood as more struc-
tural parameters become available.

The dynamic stereochemistry of pentacoordinate phosphorus has received very
considerable recent interest in view of the role of transitory pentacoordinate species
in mechanisms advanced to account for the hydrolysis of phosphate esters'® or
nucleophilic displacements in phosphonium systems!?. Rapid intramolecular ligand
exchange takes place readily in many phosphoranes. The '°F NMR-spectrum of PF
contains, for instance, only one fluorine resonance”), indicating that the non-equi-
valent axial and equatorial sites are scrambled by molecular inversions during the
relatively long time scale of the NMR-measurements. Mechanisms involving the re-
arrangement of the substituent ligands in the trigonal bipyramid by internal rotation
(the so called turnstile rotatiom mechanism'®), or by a pseudorotation pathway
through an intermediate of C4, symmetry as suggested by Berry!®, have been ad-
vanced to account for such phenomena.

Phosphorus may make use of its 3d-orbitals, to some extent, to increase its co-
ordination number from five to six, as for instance in the adducts of PFs with nitrogen
bases (e.g. PFs - pyridine) or in anions of the type PFg . The neutral complexes dis-
play a distorted octahedral geometry with a very long coordinate bond. Regular
octahedral geometry with equivalent bond distances is observed in the PF¢ anion,
for which the hybridisation may be described as sp3d?.

The most interesting recent developments in the structural chemistry of phos-
phorus have involved penta- and hexacoordinate derivatives. Little structural infor-
mation was available until recently owing, in the main, to the instability and volatili-
ty of many of these compounds. In the last decade improved methods of analysis
by electron and X-ray diffraction and the availability of increasing numbers of phos-
phoranes, which owe their stability to the inclusion of phosphorus in one or two
small rings, have led to a substantial growth in the fund of determined structures.

At the end of 1976 more than 50 diffraction studies of pentacoordinate phosphorus
derivatives had been published, 14 of these being for acyclic molecules. This informa-
tion has in its turn led to a better theoretical understanding of the nature of penta-
coordination at phosphorus. The present state of knowledge of the static stereo-
chemistry of penta- and hexacoordinate phosphorus derivatives as determined by
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diffraction methods will be discussed in this review. Although a detailed consideration
of the dynamic stereochemistry of pentacoordinate phosphorus is outside the scope
of this article, it is nevertheless self-evident that many of the factors governing the
stability of trigonal bipyramidal species, which may be inferred from studies of static
geometries, are of immediate relevance to the development of ligand exchange mecha-
nisms and to proposed reaction mechanisms involving transitory pentacoordinate
intermediates. Furthermore, distortions in the regular trigonal bipyramidal geometry
at phosphorus have been interpreted as providing evidence for the onset of just such

a ligand exchange. The stereochemistry of tri- and tetracoordinate phosphorus deri-
vatives have been extensively reviewed elsewhere!$—17),

2. Stereochemistry of Pentacoordinate Phosphorus Derivatives

2.1. Static and Dynamic Configurations

Before we proceed to a detailed discussion of the significance of individual struc-
tural studies, it is apposite to summarise those features which characterise the ste-
reochemistry of the simplest class of compounds containing pentacoordinate phos-
phorus, namely the acyclic derivatives. In the later sections we shall see how the
inclusion of phosphorus in one or more strained small ring system (4—5 atoms) may
lead to a modification of these structural principles. Structural data on compounds
containing acyclic pentacoordinate phosphorus are however relatively limited, owing
to the high volatility and reactivity of these species. Therefore, of particular relevance
to the development of bonding theory has been the determination of accurate struc-
tural parameters by electron diffraction for the series of methyl substituted fluoro-
phosphoranes PF5_,Me,,, n = 0—3'3-29) Previously the structure of PF5 had been
the subject of some controversy as a result of early electron diffraction studies
carried out in 1937--38, which had suggested that the PF5 molecules are trigonal
bipyramids in which the axial and equatorial P-F bonds are equal in length?!* ),

A similar analysis on the related molecule PCls, carried out two years later demon-
strated, however, that the P-C| axial bonds are significantly longer than the equatorial
bonds (0.15 £ 0.06 A) in this likewise trigonal bipyramidal molecule?®. The situation
was finally clarified in 1965 when Hansen and Bartell’®? were able to demonstrate,
using modern electron diffraction techniques, that the P-F bond distances in PF;
actually are significantly different. They obtained values of 1.577(5) for the axial
and 1.534(4) A for the equatorial bonds (see Fig. 2.1.1.). Any theory of bonding
should be capable of explaining, at least in a qualitative manner, the stereochemical
features observed in the fluorophosphorane series (Fig. 2.1.1.), which are represen-
tative for all acyclic derivatives:
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Fig. 2.1.1. Results of electron diffraction studies on the series PF 5 ,Me,, n = 0-3

F

1. The molecules are trigonal bipyramids or distorted trigonal bipyramids rather
than the alternative square pyramid.

2. The more electronegative substituents (fluorine) preferentially occupy the axial
sites in the trigonal bipyramid.

3. Axial bonds are longer than the corresponding equatorial bonds.

4. All the corresponding bond lengths and the ratio of the length of the axial bonds
to that of the equatorial bonds, ryy /req . increase, the former linearly, as the
number of methyl substituents increases.

5. Methyl substitution causes the P-F bonds to be bent away from the methyl groups
[eg CeqP-Fax =91.8(4) in MePF,].

The preferential occupation of axial sites by more electronegative substituents
had also been anticipated by Muetterties er al.>* 2%) on the basis of IR and NMR
studies. The observation of axial bonds which are significantly longer than the corre-
sponding equatorial bonds suggests that the former are weaker than the latter. This
has been confirmed for phosphorus and other analogous non-transition metal deriv-
atives by investigation of vibrational stretching frequencies. These have been shown
to be 100—200 cm™! higher for equatorial bonds?®). The stretching force constants
are correspondingly lower for axial as compared to equatorial bonds?”>28),

The NMR-equivalence of all fluorine atoms in PFg at temperatures above —100°
implies very rapid interchange of axial and equatorial ligands. This phenomenon,
which has since been observed for numerous acyclic and cyclic phosphoranes
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prompted Berry in 1960 in propose the pseudorotation exchange mechanism, which
has since been named after him!?, He suggested that a pairwise exchange of the two
axial ligands with two equatorial ligands may take place through synchronous vibra-
tional motions, as illustrated in Fig. 2.1.2. mechanism 6. The third equatorial

ligand (3), which may be regarded as functioning as a pivot, is not involved in the
exchange retains its original position. As may be seen from mechanism 6, molecular
C,y- symmetry isretained throughout the exchange pathway, which also passes through
a Cy4y square pyramidal intermediate state.

(1)

(2)
(3)
4
G
5
Dsp
(6) 40
. 1 :
™ v— 3
2
C4v 5

Fig. 2.1.2. Possible mechanisms for the isomerisation of trigonal bipyramidal molecules as pro-
posed by Mutterties?9: 30)
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Muetterties attempted to symbolise the conceivable mechanisms and symmetries
of intermediate states for the regular pentatopal isomerisation of trigonal bipyramidal
molecules [Fig. 2.1.2. mechanisms (1)—(6)]*% 3. A further physically reasonable
model, which was not discussed by Muetterties, is the turnstile rotation mechanism
developed by Ugi, Ramirez ef al. 31-33) which is depicted in Fig. 2.1.3. This mecha-
nism corresponds to an internal rotation of one axial and one equatorial ligand with
a pair angle a; about an approximate local C; axis, combined with a simultaneous
opposite rotation of the three remaining ligands (trio angle a3) about an approximate
local Cj axis. It has been envisaged as involving the pathway illustrated in Fig. 2.1.3.
As a prerequisite to internal rotation, the diequatorial angle (4)-P-(5) contracts from

60°-TR 0°-TR’ 0°-TR’ TBP'

Fig. 2.1.3. The turnstile rotation mechanism for pentatopal isomerisation

120° to 90° and the ligand pair (1)(3) tilts 9° in the plane P(1)(3)(2) towards the
axial ligand (2) to yield (b), which is termed, the 0°-TR configuration (TR = turnstile
rotation). The ligand pair (1)(3) rotates against the trio (2)(4)(5) leading to the
30°-TR configuration (d), which is the halfway intermediate between the two iso-
meric trigonal bipyramidal geometries. Further rotation leads to the 60°-TR con-
figuration (e), which through tilting of the pair (3)(1) and expansion of the angle
(5)-P-(2) generates the new trigonal bipyramidal geometry TBP'. It should be noted

7
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that ligand (5) retains an equatorial position in the new trigonal bipyramid. Assum-
ing a staggered 30°-TR configuration, optimisation of the angles &, and a3 for PFg
has been carried out by CNDO/23" 32)_extended Hiickel3® and ab initio3%) MO-
calculations. The lowest barrier for a turnstile rotation was found by all these
methods for values of a, ~ 85° and a3 = 95°.

The mechanistic alternatives 1—5 considered by Muetterties have since been
demonstrated to be in disagreement with experimental evidence and have therefore
been discarded. This may be illustrated by reference to an elegant study by White-
sides and Mitchell>® of the temperature dependence of the F-NMR spectrum of
the substituted fluorophosphorane (CH;), NPF,. At temperatures below —100°

F*
F.__ F*.__
““P——N(CHj); —» P——N(CHa)2
| e
F*

there is no exchange of equatorial and axial fluorines. Above —50° all four fluorines
are NMR -equivalent, but there is an intermediate temperature range in which the
equatorial fluorine pair replaces the axial pair viz a single concerted step. F* and F
do not, however, exchange with one another. Only the Berry pseudorotation and
turnstile rotation mechanisms are capable of explaining this phenomenon. MO-
Calculations (to be discussed in Section 2.2.) indicate that the Berry pseudo-
rotation mechanism is energetically more favourable than the turnstile rotation
mechanism for the regular pentatopal isomerisation of acyclic phosphoranes.
Extended Hiickel>* and ab initio®>) MO-calculations on PF have produced energy
barriers of 1.4 and 4.8 kcal/mol for the pseudorotation and 10.0 and 18.1 kcal/mol
for the turnstile rotation mechanism. The high values for the latter energy barrier
would seem to rule out turnstile rotation as a possible mechanism for the intercon-
version of PFg. On the basis of CNDO/2 calculations, however, which yield respective
barriers of 3.5 and 9.1 kcal/mol for the two mechanisms in discussion, Ugi, Ramirez
et al. Y 3P concluded that neither of the mechanisms is quantum mechanically
impossible. They also pointed out that, as there are four possible turnstile rotation
pathways which lead to the same isomerisation as one Berry pseudorotation, the
involvement of the former mechanism in interconversion processes becomes relative-
ly more likely from a statistical point of view. Furthermore, in some cyclic oxyphos-
phoranes. for which pentatopal isomerisation has been confirmed by NMR spectro-
scopy there may be very high energy barriers to Berry pseudorotation. Variable
temperature NMR studies>” on a polycyclic oxyphosphorane derived from a phos-
phatrioxaadamantane serve to illustrate such a state of affairs. From the °F- and
'H-NMR data, it would appear that there is a permutational isomerisation in this
molecule. Solvent dependent *!P-NMR data indicate that this isomerisation is regular
i.e. it occurs without bond breaking and re-formation. Examination of molecular
models reveals that any pentatopal isomerisation by Berry pseudorotation must
traverse a prohibitively high energy barrier, but that the experimental data may be
nicely explained by the turnstile rotation mechanism. This may be readily appreciated

8
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by observing that the five-membered ring oxygens may provide the pair and the
adamantoid oxygens the trio for such a process. Therefore, in conclusion, it seems
probable that isomerisation of acyclic phosphoranes involves a pseudorotation pro-
cess, but that for some cyclic derivatives simple or multiple turnstile rotations must
be invoked to explain experimental observations.

As mentioned previously, it is outside the scope of this review to pursue this
topic in detail. Its relevance to an appreciation of the static stereochemistry of
pentacoordinate phosphorus derivatives lies in the fact that, as will be seen in later
sections, deviations from idealised trigonal bipyramidal (and square pyramidal)
geometries in cyclic derivatives have often been interpreted as being in accordance
with a partial pseudorotation or turnstile rotation of the molecule in question. For
instance, Ramirez has interpreted X-ray analyses of caged adamantoid polycyclic
oxyphosphoranes as supporting the latter mechanism for the permutational isomerisa-
tion of such species37). He has incorporated the turnstile rotation mechanism in its
turn into his “oxyphosphorane concept”, which proposes that metastable oxyphos-
phoranes are intermediates in the nucleophilic displacement reactions of tetra-
coordinate phosphorus compounds®”), This concept has been invoked in the design
of new types of phosphorylating agents suitable for the synthesis of oligodesoxyri-
bonucleotides.

2.2, Theories of Bonding

Many theories of bonding of pentacoordinate phosphorus have been advanced over
the last 20 years, which purport to explain, at least in a qualitative manner, those
features of molecular geometry, which have been characterised by recent structural
investigations using spectroscopic and diffraction techniques. One of the most fasci-
nating aspects of this area of bonding theory is how models which start from totally
opposite conceptual standpoints give rise to closely paraliel predictions for the
external aspects of molecular structure. For instance, as will be discussed subsequent-
ly, a simple Hiickel model3®), which altogether neglects explicit electron repulsions,
explains the experimentally observed trends in molecular geometry of the trigonal-
bipyramidal series PF5_,Me,, n = 03, which are also unambiguously predicted by
the valence shell electron pair repulsion model (VSEPR), which has been developed
by Gillespie®®.

The shape of AB5 complexes with fixed A-B distances of equal length has been
investigated in terms of electrostatic repulsion forces*?. It was found that the tri-
gonal bipyramid is energetically slightly more favourable than an optimised square
pyramid with a B,y-A-By, (ap = apicel, ba = basal) angle of 104.1 and By,,-A-By,
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angles of 86.6 and 151.9°. Variation of the angles ¢, and ¢y, whilst preserving local
C,,-symmetry along the axis A-B3, showed that the two equivalent trigonal bipy-
ramids TBP and TBP' (¢, = 90, ¢,, = 120 and ¢, = 120, ¢, = 90°) lie at opposite
ends of a trough in the potential energy diagram of ABs, which has an intermediate
square pyramidal form SP (¢, = ¢,, = 104.1°) at a flat minimum. This is, of course,
exactly the proposed pathway for molecular inversion between trigonal bipyramids
by the Berry pseudorotation mechanism'®.

B! B! B4
B4\ 6 B4\ \ BZ\ ‘
AN s TS B > A3
A B3 —
BS/\ /¢y Bs// Bl/ ‘
B? B B
TBP SP TBP'

Analogous results were obtained by F oppl‘“), who investigated the optimum
arrangement of 2—9 particles on the surface of a sphere (equivalent to introducing
fixed bond lengths in an AB,; system, n = 2—9) for an inverse square force law,
Zeman*®) also found that the introduction of non-Coulombic repulsion terms into
his calculations served to further increase the relative energetic stabilisation of the
trigonal bipyramid.

According to the VSEPR model of Gillespie®®* 42=47) which has augmented
and developed the original simple electrostatic model of Sidgwick and Powell*®),
pairs of electrons in a valence shell, irrespective of whether they are bonding or non-
bonding, are always arranged so as to minimise the repulsions between themselves.
Gillespie demonstrated that the mutual interactions of the valence shell electrons
arising from the Pauli exclusion principle are, in general, more important than those
due to electrostatic repulsions. The magnitude of this Pauli exchange force increases
rapidly with increasing overlap of the orbitals of two electrons with the same spin
and may be represented as being proportional to 1/r", where n is large. The optimum
arrangement of particles on the surface of a sphere under such a force law has been
investigated by Shutte and Van der Waerden*®), They obtained the same results as
had been given by Foppl for an inverse square law™") in all cases (n = 2—9) except
that of seven particles. Thus for ABs systems a trigonal bipyramidal rather than a
square pyramidal shape was found to be most favourable under any inverse force law.

The VSEPR model provides an unambiguous explanation of all the trends ob-
served in the trigonal bipyramidal methyl-substituted fluorophosphoranes (see
Fig. 2.1.1.). Because an axial bonding electron pair has three nearest neighbouring
pairs at 90°, while the equatorial pairs have only two such neighbours, minimisation
of the repulsions can only be attained if the axial pairs are at a greater distance from
the nucleus than the equatorial pairs. Therefore, axial bonds in a trigonal bipyramid
must be longer than the corresponding equatorial bonds. Now electron pairs bonding
electronegative ligands must be drawn further away from the central nucleus than
those bonding less electronegative ligands, and as a consequence will take up less
space on the surface of the central atom. Thus electronegative ligands with small

10
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electron pairs will tend to occupy the axial positions in order to minimise interactions
with other electron pairs, while the larger electron pairs will occupy the equatorial
positions where there is more space available for them. Substitution of an equatorial
fluorine by a methyl group leads to a decrease in the effective electronegativity of
the phosphorus and allows all the bonding pairs to move away from the phosphorus
slightly, thereby increasing all the bond lengths. At the same time, there will be in-
creased axial-equatorial repulsions, because of the size of the electron pair bond to
carbon, and this will lead to the P—F,, bonds being both further lengthened and
bent away from the methyl groups. Thus the VSEPR model is capable of accounting
for all the observed structural features of the methyl-substituted fluorophosphoranes
without having to make any arbitrary assumptions about the atomic orbitals which
take part in the bonding (e.g. the role of the phosphorus 3d-orbitals). The success

of such an inherently simple model hints at an underlying simplicity in nature. It
cannot, however, tell us anything about the geometrical preferences of m-electron
donors and acceptors, independent of their electronegativities, which we shall see

are predicted for pentacoordinate phosphorus derivatives by a recent MO-descrip-
tion.

The earliest descriptions of the hybrid orbitals for PFs always assumed signifi-
cant involvement of the phosphorus 3d-orbitals, which are of low energy and about
the same size as the 3s and 3p. Cotton®*® constructed an orthonormal set of trigonal
bipyramidal hybrid orbitals from an sp3d set of orthonormal atomic orbitals in order
to investigate the relative strengths of the axial and equatorial bonds in PF5 and
PCl;, using the overlap integral criterion of Mulliken®!). Calculations, using overlap
integrals computed from the Slater orbitals, over the entire range of distribution of
s and d-character between the axial and equatorial bonds, showed the latter to be
stronger over wide ranges and particularly at values corresponding to greatest total
overlap. Another model based on overlap considerations, due to Craig et al >, which
also assumed that a least one 3d-orbital was of low enough energy to participate in
the bonding, showed that the maximum overlap of a substituent orbital with an
equatorial orbital of the central atom occurs at a smaller internuclear distance than
for an axial orbital.

In total contrast to these approaches was that of electron-rich three-centre bond-
ing proposed by Rundle®3~%6)_ which suggests that a good first order representation
of the structures of PXg species may be constructed without an appreciable con-
tribution from the phosphorus 3d-orbitals. The equatorial P—X bonds may be re-
garded as normal in this model, while the delocalised three-centre orbitals are con-
structed for the axial P—X bonding from the phosphorus 3p, and the axial ligand
s~ and p-functions. The interaction diagram for the construction of such molecular
orbitals for the unknown model compound PHg is shown in Fig. 2.2.1. The non-
bonding @, orbital of this three-centre set is localised on the axial hydrogens. Upon
mixing with the equatorial P—H ¢ and o* levels, this ;" orbital transfers a small but
significant part of its electron density onto the equatorial atoms. The P—H axial
bonds will naturally be longer than the P—H equatorial bonds in this interpretation,
as the linear H—P—H bonds contain one bonding and one non-bonding pair, whereas
the latter are electron pair bonds. The character of the non-bonding orbital favours
increasing the electron density on the axial atoms, thereby explaining why electro-

11
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Fig. 2.2.1. Interaction diagrams for the construction of the molecular orbitals of trigonal bi-
pyramidal PHs.

(a) Semilocalised orbitals as calculated using Rundle’s electron-rich three-centre bonding model.
(b) Fully delocalised orbitals as calculated using a semiempirical extended Hiickel model (after
Hoffmann ez al, 3“'))
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negative substituents will preferentially occupy these positions. Using a simple Hiickel
MO model, which considered only ¢ orbitals in the valence shell, Bartell was able to
demonstrate that Rundle’s model could explain the trends observed in the fluoro-
phosphoranes38). As he commented, it is somewhat remarkable that both the simple
Hiickel MO model, which totally neglects explicit electron repulsions, and the VSEPR
model, which only considers such repulsions, can be invoked to interpret the same
experimental results.

Various semiempirical (extended Hiickel MO3% 57-69 modified extended Hiickel
MOSYD, CNDO/2 32-62) VESCE-M06) calculations on PF43% 34.57; 60-63),
PH; 3% 34 58,60 oxyphosphoranes®® 5%, and the series PF,,Cls.,, 0 <n < 557,
have been performed More recently, these studies have been augmented by non-
empirical LCAO-SCF-MO calculations on PH; 64) PF¢3% 65), and a series of sub-
stituted phosphoranes PF,,Rs_, 3. The resultant MO wave functlons have been dis-
cussed with particular regard to the following aspects:

1. Qualitative understanding of the differences in bonding between trigonal bipyra-
midally coordinated phosphorus and axial and equatorial substituents.

2. The role and significance of phosphorus 3d-orbitals in the fully delocalised molec-
ular orbitals.

3. Possible interaction between m-electron donors and acceptors and the framework
g-orbitals or the phosphorus 3d-orbitals.

4. Construction of a potential surface for permutational isomerisation by the Berry
pseudorotation or turnstile rotation mechanisms.

The conclusions which have been arrived upon may be summarised as follows:

1. The bonding in the hypothetical model compound PH; (D3, or C,, geometry)
has been discussed in terms of a set of five valence molecular orbitals®* 58 64), These
are, in order of increasing energy (Fig. 2.2.2.), a nodeless orbital (a,’ or a,), three
singly noded orbitals of similar energy (2, + €’ or a; + &), and one doubly noded
high-lying orbital (2, or b;), which is separated by a large gap from the other bondmg
orbltals The ab initio calculations®# led to an inversion of the levels of the a," and
¢ orbitals, which is however of no consequence to a qualitative understanding of the
bonding. The two geometries differ in that for D3, there are no low-lying unoccupied
orbitals, whereas for Cy4, the 32; molecular orbital is not too high in energy. Of par-
ticular interest for an understanding of the bonding in trigonal bipyramidal deriva-
tives is the non-bonding 2a,’ orbital, which is essentially distributed only over the
hydrogens with very little contribution from the phosphorus 3s. Inspection of the
interaction diagram for the construction of the D3, molecular orbitals (Fig. 2.2.1.)
shows that this orbital is derived primarily from the a;" axial hydrogen combination
mixing itself into the planar PH3 ¢ and o* ¢’ orbitals. Cancellation at P 35 occurs
and comparison of the resultant delocalised molecular orbital shows it to be very
similar to that derived from Rundle’s semilocalised three-centre electron-rich model.
The axial bonding is therefore weaker than the equatorial and the corresponding
hydrogens more electronegative. A similar reasoning applies to the basal hydrogens
in the square pyramid. Electronegative substituents will prefer to occupy those posi-
tions of highest electron density — the axial positions of a trigonal bipyramid, the
basal positions of a square pyramid. The description of bonding in the model com-
pound PH; appears to be equally valid in describing, in a general manner, the bond-
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Fig. 2.2.2. Occupied molecular orbitals for D3y and CqyPHs with the correlation diagram for
the Berry pseudorotation transformation

ing in PF, with the F 2p ¢ atomic orbitals now playing the role of the H 1 s-orbitals.
Although all MO-calculations have indicated, in agreement with the electrostatic and
VSEPR considerations mentioned earlier, that the trigonal bipyramidal geometry
should be energetically more favourable for acyclic phosphorus (V) derivatives than
the alternative square pyramid, it is worth noting that for particular stoichiometries,
distortions in the regular D3y, skeleton might reasonably be expected. For PX;3Y,
molecules, where X is more electronegative than Y, one X ligand must enter an
equatorial position. In a skeleton of C; symmetry with local C and C3 axes there
are three sites of high electron density and it is conceivable that the equilibrium
geometry of such a molecule could be distorted from D5y, towards C;, or that the
latter could serve as a transition state for permutational isomerisation (.e. that a
turnstile rotation mechanism would be involved rather than a Berry pseudorotation).
In cyclic PX3Y, derivatives, where both Y atoms are included in a small ring system,
one of them is forced to take up an axial position in order to reduce ring strain (see
Section 2.4.). For such derivatives a distortion towards C; symmetry, equivalent to
a partial turnstile rotation would be predicted. In PX,Y derivatives, where X is more
electronegative than Y, a C,, distortion from Djy, towards Cyy skeletal geometry
could be favoured (ie. a “frozen” partial Berry pseudorotation might be observed).
2. There is still considerable disagreement about the role of the phosphorus
3d-orbitals in bonding. Hoffmann et al in their semiempirical calculations on PH;
concluded, partly on the basis of pseudosymmetry observations, that the participa-
tion of P 3d-orbitals will effectively be limited to the stabilisation of the doubly-
noded non-bonding orbital>®, This stabilisation is also apparent in the ab initio
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calculation®¥, but is simultaneously accompanied by a destabilisation of the same
order of magnitude for all other orbitals. The semiempirical study, which contained

a 3d-orbital Slater exponent of 1.4 in good agreement with that obtained from an
SCF-calculation on phosphorus®®, found that the stabilisation is accompanied by

a transfer of electron density of approximately 0.6 of an electron from the hydrogens
to phosphorus. A more conservative figure of 0.27 of an electron was obtained from
the ab initio study. The 3d-orbitals might reasonably be expected to play a more sig-
nificant role in PF5, where the possibility of back bonding would be associated with
the presence of the more electronegative fluorines. From the results of the semiempi-
rical Hiickel calculations, however, the conclusion was drawn that d-orbitals make
only minor contributions to the bonding3% 57). These findings contrast sharply with
those from CNDO/2 studies by Ramirez et al 3! 3% 37, which predict substantial par-
ticipation of the phosphorus 3d-orbitals in the molecular bonding orbitals. According
to their calculations a 25—35% increase in the stability of pentacoordinate phosphorus
derivatives is provided by (p - d) 7 back donation of electron density from the sub-
stituents onto the central atom. The axial positions of a trigonal bipyramid will be
less involved in d-orbital interaction than the equatorial positions and will conse-
quently tend to be occupied by the most electronegative substituents, with the
corollary that the axial bonds will be longer than comparable equatorial bonds. In
terms of this bonding model, the assignment of ligand positions will, however, be
significantly influenced by d-orbital effects, in addition to electronegativity con-
siderations and ligand-ligand steric interactions. This has led to the introduction of
the term “apicophilicity” to describe the proclivity of a particular ligand to assume
an axial position in a trigonal bipyramidal phosphorane3% 37, At present, however,
there is no unambiguous example of a trigonal bipyramidal phosphorus (V) derivative
in which the ligand positional assignment cannot also be explained in terms of the
straightforward “polarity rule” based on electronegativity considerations (see Sec-
tions 2.3. for further details).

A further concept introduced by Ramirez er al on the basis of the significant
bonding role of the phosphorus 3d-orbitals predicted by their CNDOQ/2 calculations
is that of “stabilisation of ligand-set symmetry”, an electronic effect which must be
taken into account when comparing the relative stabilities of phosphoranes with
different substituent patterns. An overall weakening of the bond system occurs
when either the equatorial ligand subset, or the axial ligand subset, contains two
different types of substituents. It appears that the mean contribution of a ligand to

v | x|
Sp——x T p——X SP——Y

e

(A) (B) ©

the total chemical binding energy of a phosphorane is less in a “heterosystem”

[e.g (A)] than the mean contribution of the same ligand in a “homosystem” [e.g. (B)
or (C)]. An analogous, though less pronounced effect is obtained for the axial subset
[ie. heterosystem (D) vs homosystems (E) and (F)].
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3. A methodical examination of the geometrical preferences of w-¢lectron donors
and acceptors in phosphoranes independent of their electronegativity has been made
by Hoffmann et al. >¥. Their predictions are based on a theoretical consideration of
symmetry restrictions and on computational studies of model donors and acceptors.
If 3d-orbitals are not of importance, the the only chemicalty significant n-interactions
of a substituent will be with the occupied skeletal orbitals — for acceptors stabilising,
for donors inherently destabilising. Those axial and equatorial interactions which
are allowed by symmetry are shown below for the model compound PHjs. Interac-
tions e, and e,, are identical by symmetry, whereas b, is weaker than its axial counter-
part e,, where the p-type hydrogens are also involved. Calculations on model donors
and acceptors showed the b; interaction to be of comparable strength to e, and e,

by

by

in every case, allowing the following conclusions to be drawn for trigonal bipyramidal
geometry:

a) If 3d-orbitals are not important, interactions between donor orbitals and
framework c-orbitals are stronger for axial than for equatorial substitution. Thus
w-acceptors will prefer axial sites, 7-donors equatorial sites.

b) An equatorial single m-system will prefer to have its acceptor orbital perpen-
dicular to the equatorial plane, or its donor orbital in that plane.

16



Stereochemistry of Penta- and Hexacoordinate Phosphorus Derivatives

The role of the phosphorus 3d-orbitals, which could interact with donor n-or-
bitals in a stabilising manner, was investigated for the two extreme cases of high and
low overlap. The following less confident conclusions were reached:

a) There is a (p = d) n bonding component with significant effects on computed
bond orders over a wide range of d-orbital participation.

b) The difference between axial and equatorial interactions is dominated by the
interaction with the framework c-orbitals rather than with the 3d-orbitals, except
in the case of maximum d-orbital participation.

¢) Equatorial (p - d) 7 bonding is more efficient than axial (p > d) 7 bonding.
The latter finding is in agreement with the CNDO/?2 calculations of Ramirez et al.,
although, of course, they predicted a far more significant role for (p — d) 7 bonding
in phosphoranes.

A similar analysis of donor and acceptor interactions for a square pyramidal
geometry reached the following conclusions:

a) In a C4y geometry w-donors will prefer the apicel positions, m-acceptors the
basal sites.

b) If the basal substituent carries a single n-system, it will preferentially align
that system in the basal plane for an acceptor, but parallel with the apicel bond for
a donor.

4. All MO calculations, both semiempirical and ab initio, have demonstrated that
the barrier to a D3p-Cay-D3y interconversion, the Berry pseudorotation process, is
small for acyclic phosphoranes (see also Section 2.1.). Estimates of 1.4 (extended
Hiickel MO®%), 4.8 (ab initio®) and 3.5 keal/mol (CNDO/23") have been obtained
for PF¢. The barrier computed from the ab initio calculation increases to 8.5 kcal/mol
if the 3d-orbitals are not included. The turnstile rotation mechanism traverses a much
higher energy barrier: 10.0 (extended Hiickel MO), 18.1 (ab initio) and 9.1 kcal/mol
(CNDOQ/2). On the basis of these calculations, the Berry pseudorotation mechanism
must be the preferred explanation of pentatopal isomerisation in acyclic phospho-
ranes (see Section 2.1.).

2.3. Acyclic Derivatives

The results of 14 structural determinations of acyclic pentacoordinate phosphorus
derivatives using diffraction and microwave techniques are listed in Table 2.3.1.
Electron diffraction studies on members of the series PF;_,Me,,, n = 0-3, the results
of which are illustrated in Figs. 2.1.1. and 2.3.1., were extensively commented upon
in Sections 2.1. and 2.2., on account of their relevance to the development of bond-
ing theory for pentacoordinate phosphorus. The following general stereochemical
features of acyclic derivatives may be recognised on the basis of the presently available
information:

1. All the molecules are trigonal bipyramids. No considerable distortion towards
a Cyy structure for PX,Y or a C structure for PX5Y, derivatives (X more electro-
negative than Y) is observed.
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Fig. 2.3.1. Variation of bond distances in the fluorophosphoranes PF 5_,Me,, n = 0—3, with
increasing methyl substitution

2. The ligand distribution over the axial and equatorial sites of the trigonal bi-
pyramid for all unambiguous structural determinations is in accordance with elec-
tronegativity predictions. An “apicophilicity” series which differs in order from that
based on ligand electronegativities has not as yet been established on the basis of
diffraction studies.

3. Axial bonds are longer than corresponding equatorial bonds. Both increase
for corresponding bonds, the former more markedly, upon substitution of less
electronegative ligands at phosphorus.

4. The orientation of the n-donor orbital of an equatorial substituent is dictated
by a compromise between steric interactions and electronic energy and is not nor-
mally perpendicular to the axial plane of the trigonal bipyramid for bulky ligands.

The assignment of molecular point group symmetries for a series of phosphorus
chlorofluorides PCl,,Fs_, by vibrational spectroscopy has been reviewed”*). The
results of an early electron diffraction study on Cl,PF 3, which predicted that the
chlorines are axially substituted??), have been superseded by a more recent analysis
of the vibrational spectrum, which shows the molecule to have the expected Cy,
point group symmetry76). A recent electron diffraction study”? on the two molecules
(CF3),PCl3 and (CF3)3PCl, is of particular interest because NMR investigations by
Cavell et al.77~7%) have been interpreted as suggesting that in such derivatives the
chlorines preferentially occupy the axial sites in the trigonal bipyramid, despite the
higher electronegativity of the CF ligands (xcr ; = 3.46, Xc1 = 3.16)%9), This led to
the conclusion that Cl is more “apicophilic” than CF ;. In contrast, however, the

_vibrational spectra81'82) of CF3PCl, and (CF3),PCl; appeared to confirm the axial
position for CF3 as predicted by electronegativity considerations. The results of
the electron diffraction study are in accordance with this latter conclusion, but also
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suggest that there is a very considerable C5, distortion of the trigonal bipyramidal
geometry in (CF3)3PCl, [Cay-P-Ceq = 95.5(19), ClegP-Cleq = 133.0(17)°). Contrary
to the rule observed in all other acyclic derivatives, the P-C,., bond is very long and
not significantly shorter than the corresponding axial bond. However a C,, distor-
tion, which should lead to this equatorial carbon taking up some apicel character,
will not be associated with a relative weakening of the P-C‘.,q bond. In view of the
considerable simplifications and assumptions necessary in an electron diffraction
study of a molecule of this complexity, these findings must be treated with some
caution. For instance, no investigation was made of a possible distortion towards a
C; structure, which might possibly be expected for such a PX3Y, system.

The preference of n-donor lone pairs on equatorially bonded heteroatoms to
take up a position in the equatorial plane, as predicted by symmetry considerations3¥,
has been confirmed by NMR studies for sulphur in S-substituted thiotetrafluoro-
phosphoranes®® and for nitrogen in aminophosphoranes®4-37), where activation
energies of 5—12 kcal/mol for rotation about the P-N bond have been reported. This
activation energy may be regarded as a reasonable lower limit to the P-N n-interaction
energy in these molecules and serves therefore as a general qualitative measure of this
energy. The diffraction studies on (CsHgN)PF,4, (C4F5)3PF, and (Me,N);PF,
provide experimental evidence for the preferred orientation of bulkier equatorially
substituted n-donors, for which steric factors would be predicted to play a significant
role. The pyrrole ring in (C5HgN)PF,4, which would be expected to behave as a single
m-donor, is found to lie in the axial plane of the trigonal bipyramid, in accordance
with theoretical prediction. The very short P-Ceq bond length of 1.740(11) Ais
strongly suggestive of some degree of interaction between the pyrrole ring -system
and the phosphorus 3d-orbitals. In contrast, the NMe, groups in (Me,N)3PF, make
a dihedral angle 7 of 70(3)°, the (C¢Fs) groups in (C¢F5)3PF, of between 33.5 and
36.2° with the equatorial plane. It appears that the preferred orientation for potential
7-donors is dictated by an optimum compromise between Coulombic steric repulsion
forces and the electronic energy. The former forces would lead to an energy minimum
at 7= 45°, the latter at 7= 90°. A weak polymerisation of the (CsH¢N)PF4 molecules
through linear N-H-~'F,, hydrogen bonds may account for the fact that 7 = 90° for
this compound in the crystalline state. The coordination at nitrogen in (Me,N)3PF,
is virtually planar in accordance with théoretical predictions for equatorially sub-
stituted amino groups in fluorophosphoranes®’

2.4. Monocyclic Derivatives

The introduction of a cyclic system imposes an additional constraint on the stéreo-
chemical permutations available in a trigonal bipyramidal configuration. Strained

four- and five-membered rings are found to assume a conformation spanning axial-
equatorial sites with the more electronegative ring component in a axial position if

the ring ligands differ in character. It is to be expected that the minimisation of ring
strain, which is achieved by the assumption of an axial-equatorial rather than an equa-
torial-equatorial arrangement, will be the dominating factor in the determination of which
stereochemistry is energetically preferred, even at the expense of displacing a more

20



Stereochemistry of Penta- and Hexacoordinate Phosphorus Derivatives

electronegative acyclic substituent atom from an axial location. Bone et al have
proposed®® that the energy difference between the isomers 7 and 2, with an ae
(axial/equatorial) and ee (diequatorial) placed five-membered ring respectively (X
and Y are heteroatoms), is composed of three terms:

a) The increase in ring strain owing to the increase in the ring angle at phosphorus.

b) The energy required to rotate the lone pair on X from the equatorial to an
axial plane.

c) The difference in “apicophilicity” between R and Y, when the lone pair on
equatorial Y is constrained to an axial plane.

Their calculations suggested that the energy required to move five-membered
rings containing heteroatoms bonded to phosphorus from an ae to an ee placement
is considerably greater than is needed in the case of a phospholan ring (for Y=X=C,
R=Ph, AG =9 kcal/mol; for Y=X=0, R=0PH, AG = 17 kcal/mol). Furthermore, the
energy will not only depend on the nature of the heteroatom which moves from an
axial to an equatorial position but also on the nature of the atom which remains
equatorial Le. factor b). The energy difference between I and 2 was also estimated
for a number of spirobicyclic derivatives from their dynamic NMR spectra, assuming

—PX = P—OQ A T—= X—FP:
|\OA /I B SR VL
B X 4 B -~
\!), © ~C ! ¢
\‘D ¢ \\D \\D
1 2 3

that the high energy ee isomer is present as an intermediate in a pseudorotation be-
tween I and 3. Good agreement was obtained between experimental and theoretical
AG values.
It has, however, been postulated by Ramirez et al. 37 3% in the development
of their “oxyphosphorane” concept, that four-/five-membered rings are placed ex-
clusively ae in the trigonal bipyramid even for transitory intermediates. According
to their turnstile rotation mechanism an ee intermediate would not, therefore, be
involved in the permutational isomerisation of such derivatives. However, a recent
structural study of a tricyclic derivative [(I) in Fig. 2.7.1.] has demonstrated that
the equatorial angle at phosphorus may be narrowed sufficiently to allow a four-
membered ring to be placed ee. This enables one to accept the findings of Bone et al.
more readily.
The following general stereochemical features of monocyclic derivatives may be
recognised on the basis of the presently available information:
.1. All the molecules may best be described as distorted bipyramids. No considerable
distortion towards a C; structure is observed in derivatives such as [F3PNMe}],
for which this might be expected.
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2. Strained four- and five-membered rings are found to span axial-equatorial sites
according to the following general structural representation.

Y .
Zg‘\l ~~~~~ Electronegativities
L 2>7,7"
= T Y>X

Z Z><Y

3. Six-membered rings will prefer to assume a diequatorial placement in the trigonal
bipyramidal skeleton where ring strain is in general insignificant and where ligand-
ligand steric interactions are minimised. Although less favourable in terms of the
latter interactions such rings can also occupy an axial-equatorial skeletal position
if this is dictated by other factors e.g. electronegativities, m-interaction.

4. The heterocyclic five-membered rings of derivatives (III){VI) in Fig. 2.4.1. are
planar. The shortness of the formally single C-O, C-N and N-N bonds in these rings
indicates the presence of a significant degree of n-delocalisation over the members
of the ring. The endocyclic P-O bonds in these derivatives are significantly longer
than their exocyclic counterparts (Table 2.4.1.).

5. The diazadiphosphetidines (listed in Table 2.4.2.) are crystallographically centro-
symmetric with, therefore, a planar [PN], ring system.

I an
CF3
O—r CF; o
:‘;;‘1;1‘: Pl
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Fig. 2.4.1. Monocyclic and multicyclic pentacoordinate phosphorus derivatives which have been

analysed by X-ray diffraction
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The multicyclic adamantoid derivatives (III) and (IV) have been included in this
section in view of the fact that the six-membered rings are relatively strainfree. Their
ring oxygen atoms, one of which is axial and two equatorial in the trigonal bipyramid
at phosphorus, may be regarded for classification purposes as displaying the charac-
teristics of an acyclic substituent. Derivatives (I) and (II) have also been included in
Fig. 2.4.1. although they both must contain considerable betaine character, in
accordance with contributions from the resonance forms:

_ 0"
0 \T(Cﬁ)z
/4
PPh; CN

M an

The axial P-O distance of 2.01(2) in (I), which was isolated as the proposed betaine
intermediate of a Wittig reaction, in 0.22 A longer than in the analogous four-mem-
bered ring of (VII). Even more noteworthy is the P-O bond length of 2.36 in (II),
which lies between that of 1.75 A in (III) — (VI) and the sum of the Van der Waals
radii (3.30 A)°®. Very considerable distortion from a trigonal bipyramidal skeletal
geometry is observed for both derivatives. In particular, the phosphorus atom in (II)
may be regarded as exhibiting a geometry intermediate between this and that of a
tetrahedral configuration (not involving the oxygen). The structural characterisation
of derivative (I) further illustrates the role of pentacoordinate phosphorus intermedi-
ates in reaction mechanisms.

Ring strain energy calculations®® on the planar benzodioxaphosph(V)ole five-
membered ring system have indicated, in accordance with present experimental evi-
dence, that the trigonal bipyramid is relatively more stable than the alternative square
pyramid for such monocyclic derivatives. Stabilisation due to delocalised n-bonding
over the constituent atoms of the five-membered ring (and the aromatic ring) was
assumed to be of a greater magnitude than ring strain effects, so that planarity is
maintained (as experimentally observed). Ring puckering would otherwise be ex-
pected, in order to minimise strain effects. Any strain introduced into such a planar
ring system as a result of the unequal character of the axial and equatorial bonds in
a trigonal bipyramid must be minimised by angle bonding and bond length alterations
associated with the various ring atoms. The geometrical consequences for the benzo-
dioxaphosph(V)ole five-membered ring system (where the aromatic C2-C3 double
bond is assumed to remain constant) are illustrated in Fig. 2.4.2. The bond C3-04 will
increase relative to O1-C2, the angles «, and a4 will increase, whereas a; and a,
decrease. Similar alterations in bond lengths and angles are observed in the ring sys-
tems of (III) — (VI) {(V) is illustrated in Fig. 2.4.2.]. It is also apparent from
Table 2.4.1. that the endocyclic P-O bond distances in the planar five-membered

tings of derivations (III) — (V1) are significantly longer than the corresponding exo-
cyclic distances. Thus endocyclic P-O,, and P-O, distances of 1.75 and 1.63 con-
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\‘P%O Fig. 2.4.2. The geometrical consequences
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ring system of the unequal character of
OPti the axial and equatorial P-O bonds

trast with exocyclic distances of 1.60—1.64 and 1.55—1.60 A respectively. Two
independent effects may be invoked to explain this phenomenon:

a) Lengthening of the ring axial and equatorial bonds may lead to a reduction
in ring strain. Evidence for this effect is provided by the fact that the P-O,, bond
distance in the four membered ring of (VII) is even longer (1.79 A).

b) Delocalisation over the atoms of the five-membered ring leads to a reduction
in the degree of n-bonding in the ring axial and equatorial bonds. Further confirma-
tion of this effect is provided by a comparison of the equatorial P-N bond distances
of 167 and 1.68 in (IV) and (V1) with those in the diazadiphosphetidines
(Table 2.4.2. 1.60—1.65 A), where a higher P-N bond order would be expected.

It is interesting that no distortion towards a C; structure is observed for the
diazadiphosphetidine [F3PNMe],, which has a PX5Y, stoichiometry, and in which
one of the less electronegative nitrogens is forced to take up an axial position in a
trigonal bipyramid. The angular pattern at phosphorus approaches that predicted
by MO calculations for an energetically most favourable C; structure (o ~ 85°,
a3 & 95°)31,3%35) Thys the equatorial F-P-F angle is narrowed to 103.9° as a result
of reduced electron pair repulsion in the bonds to the highly electronegative fluorine,
whilst the N-P-N angle is reduced to 77.9° in the four-membered ring system. How-
ever, trigonal bipyramidal character is confirmed by the very unequal character of
the axial and equatorial P-N bonds (1.735 and 1.595 A).
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The structures of the caged oxyphosphoranes (III) and (IV), which also display
very considerable distortions from the perfect perfect trigonal bipyramidal geometry,
have been interpreted by Ugi and Ramirez®” as providing evidence for the turnstile
rotation mechanism as the preferred mode of permutational isomerisation in such
species. The angular patterns observed do indeed correspond to those predicted for
an incipient turnstile rotation viz a C; intermediate. The 1-P-3 angle is tilted towards
02 whilst the O4-P-O5 angle contracts as a result of the inclusion of atoms 4 and 5
in the adamantoid moiety. Furthermore, in (IV) the cage P-O axial and equatorial
bond lengths are very similar to one another as required for a C; intermediate. Whether
one looks at the distortion in the ideal D3y skeleton or in the ideal geometry of the
adamantoid moiety, it may safely be concluded that the caged derivatives (IIT) and
(IV) have structures of relatively high energy and that only minor geometrical modi-
fications are necessary to reach the 30°-TR intermediate barrier configuration. These
studies underline the fact that static molecular geometries can provide significant
information for the understanding of dynamic processes. However, it would be un-
wise to carry over the conclusions of this work regarding polytopal isomerisations to
other cyclic pentacoordinate phosphorus species.

2.5. Spirobicyclic Derivatives

Extension of the principle of axial-equatorial ring placement to spirobicyclic systems
leads to the following general structural representation for a trigonal bipyramidal
geometry:

X
Y | Electronegativities
Z’>P—Z X>Z,X >Z7

| Y><X(X)2(@2)

A relative stabilisation of the square pyramidal geometry is particularly likely in spiro-
bicyclic derivatives of the type PX4Y (i.e. X = Z in the above general representation),
where two of the more electronegative X substituents must occupy equatorial sites

in a trigonal bipyramid. A square pyramidal configuration then allows the P-X link-
ages of each ring to assume more or less equal character and thereby minimise ring
strain in comparison to a trigonal bipyramid, where the axial and equatorial linkages
are of a substantially different nature. X-ray analyses on a series of spirobicyclic
catechol derivatives (I ~5) listed in Table 2.5.1., in which both electronegativity

and ring strain considerations should favour a square pyramid, have demonstrated
that this configuration is, in fact, observed. As a result of chelation, the endocyclic
O-P-O angles are larger than the associated exocyclic angles, thereby reducing the
symmetry of the pyramid base to rectangular rather than square (see Fig. 2.5.1.).
However, the small sum of the squared angular deviations from an idealised square
pyramidal, as calculated on the basis of the simple electrostatic model of Zemann*®
for an AB;g system (X-P-X' = 86.6, 151.9, Y-P-X = 104.1°), indicates the basic correct-
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Stereochemistry of Penta- and Hexacoordinate Phosphorus Derivatives

a=b, 1= a>b, 127

Fig. 2.5.1. (1) Square pyramidal and (2) chelate rectangular pyramidal configurations viewed
along the Y-P bond
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Fig. 2.5.2. Spirobicyclic pentacoordinate phosphorus derivatives which have been analysed by
X-ray diffraction
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ness of this configuration in describing the angular pattern in derivatives /—5. In
general, the sum of the squared deviations T A% should only be regarded as providing
evidence about the degree of square pyramidal character in a pentacoordinate deri-
vative when used in conjunction with that obtained for a trigonal bipyramid. Equi-
valence of the P-X;,, bonds and the Xy,-P-X},, and Yap-P-Xoa angles, (ba = basal,

ap = apical), may be regarded as being characteristic for the square pyramidal geome-
try. It may be seen from Table 2.5.1. that the bond lengths and angles indicate that
a small degree of trigonal bipyramidal character is preserved in derivatives /—5. This
is evideniced, in particular, by the Y-P-X bond angles. A recent theoretical calculation
of the ring strain in spirobicyclic benzodioxaphosph(V)ole derivatives has confirmed
that for Y = O- the rectangular pyramid is about 5 kcal/mol more stable than the
isomeric trigonal bipyramid®®). The observation of rectangular pyramidal geometry
in such catechol derivatives has led to a surge of interest over the last 2—3 years in
the structural chemistry of spirobicyclic species, such that the large variety of mole-
cules illustrated in Fig. 2.5.2, have now been characterised by C-ray diffraction. The
following general stereochemical principles for spirobicyclic derivatives may now

be recognised on the basis of presently available information:

1. Rectangular pyramidal geometry is observed, as a result of the following
complementary effects, in spirobicyclic derivatives of the type (C4H40,),PY, where
Y is less or equal in electronegativity to oxygen:

a) The four highly electronegative oxygens may occupy the electron-rich fourfold
basal positions of the rectangular pyramid. In a trigonal bipyramid, two would be
forced to take up an electronically unfavourable equatorial placement.

b) The rectangular pyramidal geometry possesses ligand subset symmetry (4 basal
X, 1 apical Y) for such PX,Y derivatives, which should lead to its stabilisation relative
to the trigonal bipyramid, which must display a mixed equatorial ligand subset (2X,
1Y).

c) Stabilisation due to delocalised n-bonding over the constituent atoms of the
five-membered ring (and the aromatic ring) is of a greater magnitude than any relaxa-
tion of ring strain effects which might be achieved by ring puckering. For the re-
sultant planar five-membered ring system a greater reduction of ring strain may be
achieved by the assumption of a rectangular pyramidal geometry, in which the P-O
linkages are essentially equivalent.

It will be seen in the following discussion that a rectangular/square pyramidal
geometry is only observed for spirobicyclic derivatives with highly strained ring sys-
tems, indicating that alleviation of ring strain is the determing factor in the relative
stabilisation of this configuration. Any change in this combination of ligand electro-
negativity, ligand subset symmetry and (particularly) ring strain, would be expected
to lead to a relative stabilisation of the trigonal bipyramid. Sufficient information
is now available to allow analysis of the relative significance of these factors.

2. A significant relative increase in the electronegativity of Y in comparison to
X (even when the X substituents are themselves highly electronegative), or a decrease
in the electronegativity of the X substituents alone (in comparison to oxygen), in
spirobicyclic derivatives of the type (C¢H4 X, ), PY, should result in a reduction in
the relative stability of the rectangular pyramid. According to the VSEPR model
such changes in the electronegativities of X and Y will lead to an increase in the
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electron pair repulsions between the P-X bonds and therefore to a C,, distortion
towards a trigonal bipyramid, with the X substituents in both axial and equatorial
positions, in order to minimise these forces. From an MO standpoint such a distor-
tion would also be predicted on the following grounds:

a) If Y is much more electronegative than X then its forced occupation of the
electronically less favourable apical site in a rectangular pyramid will lead to a relative
destabilisation of this geometry.

b) If X is less electronegative than oxygen then the occupation by this substituent
of the electron-rich fourfold basal positions in a rectangular pyramid will become re-
latively less electronically favourable than for oxygen. For derivative 6 (Y =F, X =0)
a structure intermediate between the two isomeric geometries is indeed observed. In
contrast the dithiophosphole 7 (Y = Me, X = S} still displays a basically rectangular
pyramidal structure although the P-S bond distances now indicate some degree of
trigonal bipyramidal character. However, ring strain differences between the two
possible geometries would be expected to be lowered in this example, because of
both longer ring distances and reduced force constants for the sulphur bonds. In
addition, ring puckering is observed in 7, thereby providing a further alleviation of
strain. Unfortunately the necessary structural information is lacking on thio deriva-
tives to allow an estimation of ring strain effects in such systemns, as has been per-
formed on the analogous oxyphosphoranes. But the observation of pronounced rec-
tangular pyramidal character must indicate that despite the relieving factors mentioned
above ring strain is still very significant in 7.

3. A reduction in ligand subset symmetry to PX,X5Y in highly strained spiro-
bicyclic derivations would likewise be expected to lead to a reduction in the relative
stability of the rectangular/square pyramid even for derivatives containing highly
electronegative heteroatoms. The presence of two sets of bond properties may well
largely offset the differential ring strain effect favouring the rectangular/square
pyramid. Increasing trigonal bipyramidal character would be predicted for the series
with mixed heteroatoms depicted in Fig. 2.5.3. Experimental data is lacking on such
mixed strained spirobicyclics with the exception of derivative 9 for which a near
square pyramid is observed despite the reduced electronegativity of carbon relative
to oxygen. In such mixed derivatives the pyramid base will lose its rectangular sym-
metry and so the geometry is best described in terms of its approach to a perfect
square pyramid. It is interesting, however, that the two P-C distances are very dif-
ferent and display values typical for axial and equatorial bonds [1.966(14) and

:[0\|/OI j: o, NI |Z>L<I(Ii]i I(:Il\k II;I

S —
Increasing TBP

Fig. 2.5.3. Spirobicyclic derivatives with unsaturated ring systems containing heteroatoms bonded
to phosphorus. Postulated order of increasing trigonal bipyramidai character
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1.822(11) A], whereas the P-O distances are identical, though longer than in the
rectangular pyramidal derivatives 5.

4. Trigonal bipyramidal geometry is observed for spirobicyclic derivatives with
two saturated five-membered ring systems (or for unsaturated systems when extended
n-delocalisation over the ring atoms is not possible e.g. derivative /4), even when the
ring substituents at phosphorus are highly electronegative. Ring puckering will produce
a reduction in the ring strain in such derivatives, which is energetically more favour-
able than the stretching or compressing of bonds. Derivatives /3—16 all display a
basically trigonal bipyramidal geometry, as does 1/ (albeit distorted) which also in-
cludes one unsaturated heteroatom ring system. The geometry of 10 is intermediate
between the two configurations.

5. The presence of four-membered rings in a spirobicyclic derivative will lead to
an increased ring strain differential and should therefore enhance the relative stabili-
sation enjoyed by the square pyramid for a wider range of substituent electronegati-
vities. A near square pyramid is indeed observed for the derivatives /22 and 125,
which contain saturated four- and five-membered rings. This feature serves to emphasise
the decisive role of ring strain in determining the equilibrium geometry of spirobi-
cyclic derivatives.

6. Distorted trigonal bipyramidal geometry is observed for the extended spiro-
bicyclic diazadiphosphetidines 77 and /8. This is to be expected, as the presence of
two different P-N distances does not lead to additional ring strain in the planar di-
phosphetidine ring system because of its C; symmetry. From Table 2.5.2. it may be
seen that the extended spirobicyclic system leads to considerable angular distortion
at phosphorus in these two derivatives.

Sarma et al ''") have argued that the structure of derivative 4 is better described
as a 15°-TR configuration rather than a slightly distorted rectangular pyramid as
suggested here. However, the equivalence of all four P-X bond lengths is difficult
to explain in terms of this model. Furthermore, the shortness of the exocyclic P-O
bond is characteristic for the rectangular pyramidal configuration. The angular pattern
also approximates well to that of the analogous derivatives in Table 2.5.1. It is,
therefore, not necessary to introduce the basically dynamic turnstile rotation concept
as a means of describing the static geometry of such a spirobicyclic derivative.

2.6. Fused Bicyclic Derivatives
Extension of the principle of axial-equatorial ring placement to fused bicyclic sys-

tems leads to two possible structural representations for a trigonal bipyramidal
geometry, namely with either equatorial or axial annelation, which are capable of

,,>P L

aca ecae
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interconversion by Berry pseudorotation about the bond marked with an asterisk

as a pivot. The aea configuration with equatorial annelation has been observed for all
those bicyclics which have been studied by X-ray diffraction (Fig. 2.6.1.). However,
the assumption of this configuration for derivatives (I) — (VI) {with the exception of
the fused diphosphetidine (IV}] is aiready predestined by the aspiration of the most
electronegative ring substituent (oxygen) to occupy the axial sites of the trigonal
bipyramid. A further corroboratory factor, which is presumably decisive for deriva-

Mg 0 CF; Ph
N (e Me
0 ‘ Ph
Me\‘\ o I o - i/%/
|

\IL—-N SP—N —N
1\ rd _--Ph |
Me N Me
o/ N Ph 0
MeO,C
Me COMe
() 4:5 (I 4:5 (1N 5:5

NO,

(IVv) 5:4:5 (V) 5:4:5 (VD) S5:6

Fig. 2.6.1. Fused bicyclic pentacoordinate phosphorus derivatives which have been analysed
by X-ray diffraction

tive (IV), is the fact that only an equatorially substituted nitrogen bridgehead is
capable of adopting the preferred planar trigonal coordination. This geometry at
nitrogen is aiways observed in the planar diphosphetidine [PN], ring sysiem. A tri-
gonally coordinated equatorial nitrogen bridgehead is also observed in derivatives (I),
(I1T) and (V), where extended 7-delocalisation is possible over the atoms of the

fused four- and five-membered rings, leading to planarity of one five-membered ring
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(that with a fused benzene ring) in (III), or of the whole bicyclic ring system in (I)

and (V). In contrast, the equatorial nitrogen in (II) is non-planar, indicating that

the stabilisation which may be achieved by the reduction of ring strain through pucker-
ing of the constituent rings of a bicyclic system, for which extended n-delocalisation

is not possible, is more important than that which could be achieved by a potential
m-bonding component in the P-N bond.

Recent studies of tricyclic derivatives [Fig. 2.7.1. (II) and (III)] have, however,
demonstrated that an eae configuration is possible if the two exocyclic phosphorus
substituents of the bicyclic become themselves members of a five-membered ring
(eg molecule C). This suggests that this configuration would also be adopted if
dictated by the ligand electronegativities e.g. for a bicyclic system with a nitrogen
bridgehead, two endocyclic substituents of low electronegativity and two exocyclic
substituents of high electronegativity as illustrated by B. Unfortunately structural
studies on such potentially eae bicyclic systems have yet to be carried out, so that
information concerning the relative importance of ligand electronegativity (favouring
eae) and possible extended n-delocalisation over the members of the fused ring sys-
tems (favouring aea) is not available.

.Y DRSS
c/|\) o/l \/0

A aea B eae C eae

On the basis of the structural information for derivatives (I) — (V1) it is possible
to recognise the following stereochemical trends in fused bicyclic derivatives:

1. The deviation from axial linearity increases on going from fused five/six- to
five/five- to five/four-membered bicyclic systems, in accordance with increasing ring
strain. The fused diazadiphosphetidines (5/4) (IV) and (V) assume an intermediate
position between 5/5 and simple 5/4 bicyclic systems, which is to be expected on
account of the lesser degree of strain in the centrosymmetric [PN], ring.

(VD) 3.1° < (II1) 8.4° < (IV) 15.5° ~ (V) 15.6° < (1I) 20.1° <(I) 25.3°

The increase in the deviation on going from (II) to (I) is also predictable, because

of the planar bicyclic system and shorter axial bond in the five-membered ring which
lead to an increased ring strain in the latter derivative.

2. The P-O,, distances are longer than those observed for acyclic bonds and in-
crease with increasing ring strain ie. on going from puckered to planar five-membered
rings to four-membered rings. The former increase is exemplified by derivative (III)
where P-O! in the puckered five-membered ring is 1.700(5), whereas P-O? in the
planar five-membered ring (fused to a benzene ring) is 1.763(5) A. The P-N axial
and equatorial distances are somewhat longer for acyclic bonds though the differences
are not so marked as for the P-O bond (Table 2.6.1. and 2.8.2).

The angular pattern observed for the 5/5 bicyclic (IIT) may be interpreted to a
good approximation as an incipient pseudorotation (15% transition) to the eae con-
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figuration with C? as pivot!!®), The O-P-C* angles are widened to 93.3(4) and
94.7(4)° (theoretical 94.5°) and the N-P-C* angle to 130.6(4)° (129°), whereas the
0-P-O angle narrows to 171.6(3)° (171), the N-P-C® angle to 116.5(4)° (115.5) and
the C-P-C angle to 112.8(5)° (115.5°). The shortness of P-C* and its striking dif-
ference to P-C* in (I) is chemically meaningless and results from the inadequacy of
the crystallographic model for this molecule with approximate C, -symmetry in the
non-centrosymmetric space group £ 2,.

2.7. Tricyclic Derivatives

Two possible configurations are available for tricyclic derivatives, which contain a
fused bicyclic and a single ring system, namely aea/ee and eae/ae placements for these
systems. If the single ring system adopts the energetically more favourable ae place-
ment then the bicyclic system will be forced to adopt an eae configuration with axial

NoliNeo

aea/ee eaefae

annelation. This has been observed for derivatives (II) and (III) in Fig. 2.7.1. A re-
duction of the equatorial angle between the non-ring substituents at phosphorus to
106—117° has, however, been observed for fused bicyclic systems (Table 2.6.1.).

The flexibility of this angle suggests that it might be capable of narrowing still further
in order to accomodate a small ee placed ring. This has recently been confirmed for
derivative (I) in which the four-membered phosphetan ring is diequatorially placed.
An ae placement would force the two highly electronegative oxygens of the fused

0y an oy
oF,s Ph
e cl) /' aCF; T/Siph TIMC
s P—0 O-p
4P . z:a M e
CF;\CF3
aea/ee eae/ae eae/ae

Fig. 2.7.1. Tricyclic pentacoordinate phosphorus derivatives which have been analysed by X-ray
diffraction
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bicyclic system to adopt the electronically unfavourable equatorial site. It is probable
that ee placement will only occur in stable species for small rings with endocyclic P-C
bonds. As discussed in Section 2.4. a heteroatom equatorially bonded to phosphorus
will preferentially orientate itself so that its n-donor orbital is in the equatorial plane.
This is not possible for ee placement making the ae placement relatively much more
energetically favourable for such heterorings than for rings with two P-C bonds. Fus-
thermore, in derivatives (II) and (III) an aea/ae configuration will also provide the
most favourable ligand arrangement from the standpoint of ligand electronegativities.

It may be seen from Table 2.7.1. that very considerable distortion of the ideal
trigonal bipyramidal skeleton is necessary to accomodate the ee ring placement. The
distortion may also be interpreted as being towards a 0°-TR configuration with the
pair being the O and C of the oxaphosphetan ring. This structure demonstrates that
ee placement of small rings, which is required for high energy intermediates in the
permutational jsomerisation of a variety of spirophosphoranes if this takes place by
a Berry pseudorotation®”, is energetically reasonable.

Although the axial nitrogen in derivatives (I) and (III) is now pyramidal, the
benzoaxazaphospholin ring remains planar. The second five-membered ring in (II)
is puckered as was observed for the same fused bicyclic system in (IV), It is instructive
to compare the geometries of the bicyclic system in these two derivatives. As a result
of the decrease in the P-O bond distances and the increase in the P-N distance on
going from (IV) to (1), the two O-C bonds become 3% longer (1.347(8), 1.376(5)
vs 1.395(4), 1.413(3) A), the two N-C bonds 2% shorter (1.421(8), 1.427(5) vs
1.400(3), 1.406(3) A).

2.8. Conclusion

Theoretical and experimental studies on acyclic and cyclic pentacoordinate phos-
phorus derivatives demonstrate that their stereochemistry is determined by a com-
bination of factors:

1. Substituent electronegativities.

2. Steric interactions between substituents.

3. Strain reduction for small (4- or 5-membered) ring systems.

4. n-Interaction between donor lone pairs on (particularly equatorial) heteroatom
substituents and the framework or the phosphorus 3d-orbitals; possible 7-delocalisa-
tion over all members of a small unsaturated ring system. It is now possible to make
the following generalisations about the geometry of such derivatives:

1. The trigonal bipyramid is the preferred configuration for acyclic, monocyclic
and fused bicyclic derivatives. It has demonstrated itself as capable of very consider-
able distortion to allow for the accomodation of strained small ring systems.

2. Square (rectangular) pyramidal geometry is observed for spirobicyclic systems
with very strained small ring systems e.g. for derivatives of the type (C¢H3X;),PY,
(X highly electronegative, Y less electronegative than X), where ring strain, substituent
electronegativity and ligand subset stabilisation will all combine to favour the rectan-
gular pyramidal geometry. Introduction of X substituents of lower electronegativity
(or Y substituents of higher electronegativity than X, or both), lowering of the ligand
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subset symmetry (e.g. to X, X5PY), or particularly a relaxation of ring strain will ail
lead to a relative stabilisation of the trigonal bipyramid. The fine balance between
these factors and the relatively small energy difference between the trigonal bipyrami-
dal and square pyramidal geometries may lead in particular examples to the establish-
ment of a C,, distorted intermediate configuration e g (C4H40,),PF.

3. In the absence of complicating small ring systems, the axial sites of a trigonal
bipyramid will be occupied by the more electronegative substituents. An “apicophili-
city” series, in which the electronegativity order is modified by the proclivity to -
interaction and the steric repulsion of a ligand, has not as yet been established by
diffraction studies.

4. Four- and five-membered ring systems will preferentially span the axial-
equatorial sites in a trigonal bipyramid, even at the expense of forcing more electro-
negative substituents to occupy the electronically less favourable sites. As a result
of n-interaction, the axial-equatorial placement is relatively more favourable for ring
systems with heteroatoms substituted at phosphorus than for those with P-C bonds.
In certain cases such latter ring systems may be capable of taking up a diequatorial
placement (e.g when two or three of the other substituents are highly electronegative
heteroatoms and members of a fused bicyclic ring system).

5. The energy stabilisation achieved by n-delocalisation over all members of un-
saturated five-membered rings with heteroatoms bonded to phosphorus, with the
associated ring planarity and relative lengthening and shortening of constituent bonds,
is greater than that which may be achieved through the relaxation of strain through
ring puckering. This leads to the relative stabilisation of the rectangular pyramid for
{C4H40,),PY derivatives and may be of significance in leading to aea placement
of fused bicyclic systems, where extended n-delocalisation is feasible.

6. The axial and equatorial P-O distances in cyclic pentacoordinate phosphorus
derivatives increase significantly with increasing ring strain. A similar, though less
marked, trend is indicated for P-N bonds (Table 2.9.2., Fig. 2.8.1.). In contrast, the

S U R (A
- oP SR GH

X=N,0

Increasing r{P—0u4) a

Fig. 2.8.1. The correlation of the lengthening of the P-O,y bond distance in trigonal bipyramidal
derivatives with the increase in ring strain

equatorial P-(sp>)C distances display a wide scatter, indicating the flexibility of
which this bond, which has of course no 7-component, is capable of in order to pro-
duce a reduction in ring strain.

7. The orientation of the n-donor orbital of an equatorial substituent is dictated
by a compromise between steric interactions and electronic energy and is not nor-
mally perpendicular to the axial plane of a trigonal bipyramid for bulky ligands.
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8. The great flexibility of the trigonal bipyramidal skeleton displayed in the
structures of many cyclic oxyphosphoranes suggests that the Berry pseudorotation
mechanism may be an oversimplified representation for the permutational isomerisa-
tion of such species. Theoretical calculations and statistical considerations combined
with these studies lead to the conclusion that this isomerisation may take place by a
continuum of different routes (including turnstile rotation pathways) over a broad
relatively flat potential surface, which have similar energy barriers. The Berry pseudo-
rotation will, however, represent the energetically most favourable pathway for acyclic
derivatives.

Table 2.8.1. Range limits for bond distances (&) in pentacoordinate phosphorus derivatives?)

Acyclic [5] Cyclic [5] Sum of covalent radii
Bond Axial Equatorial  Axial Equatorial Basal?) Pauling Schomaker-
Stevenson
corrected
P-C 1.95-1.99 1.71-1.89 1.89 1.81-1.95 1.82-1.97 1.87 1.83
P-N - 1.65-1.67 1.71-1.82 1.60-1.70 - 1.83 1.75
P-O 1.60-1.71 1.55-1.60 1.65-1.85 1.60-1.69 1.65-1.74 1.84 1.71
P-F 1.58-1.68 1.53-1.57 - - - 1.82 1.65
P-S - - - 2.08 2.13-2.21 214 2.10
P-Cl 2.12-2.16 2.02-2.10 - - - 2.09 2.01

1y Not included in this stable are the monocyclic betaine type structures (I) and (II), Fig. 2.4.1.,
the intermediate square pyramidal/trigonal bipyramidal spirobicyclic derivatives 6, 10,
Fig. 2.5.1., and the electron diffraction sutdies on Cl,PF3 and (CF3)3PCly (see Section 2.3.).
2) Apical distances in these square/rectangular pyramidal derivatives have been included under
“equatorial” acyclic bond distances.

Table 2.8.2. Specific bond distances in cyclic pentacoordinate phosphorus derivatives

Bond type r(P-Ogx) A r(P-Ogq) A
Acyclic 1.60-1.71 1.55-1.60
Puckered S-membered rings 1.65-1.70 1.60-1.63
Planar 5-membered rings 1.68-1.80 1.64-1.69
4-membered rings 1.79-1.85 -

r(P-Nyx) A r(P-Neg) A
Acyclic - 1.65-1.67
Diazadiphosphetidines 1.74-1.781) 1.60-1.65
Other cyclic systems 1.76-1.82 1.67-1.70

1) A P-N,, bond distance of 1.71 A was reported for the extended spirobicyclic diazadiphospheti-
dine 18 in Fig. 2.5.2. (see Table 2.5.2.).
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The rapidly growing fund of structural data on pentacoordinate phosphorus deri-
vatives has led to a better qualitative appreciation of those factors which determine
the molecular geometry of such species. It is now essential to quantify this knowledge
by systematic study of the interplay of ligand electronegativities, steric interactions,
n-bonding and ring strain minimisation in the establishment of the equilibrium geo-
metries for model compounds, in order to further develop our models for the mecha-
nisms of those vital biochemical processes which involve transitory pentacoordinate
phosphorus species.

3. Stereochemistry of Hexacoordinate Phosphorus Derivatives

Phosphorus is able to make use of its 3d-orbitals to some extent to increase its coor-
dination number from five to six, as in the anions PFg, PClg. The facility of PF5 to
form such stable non-ionic complexes with organic donor molecules such as amines,
phosphines and ethers is also well established 32~ '3, For tetrafluorophosphoranes,
RPF, (R = Me, Et, Ph), however, relatively few such complexes have been reported!3”).
A rapid decline in phosphorus acceptor strength with decreasing electronegativity

of the attached ligands is observed in the series PF; > ArPF, > AlkPF, = R, PF;,

(R = Ar, R = Alk). Acceptor strength is so severely depressed in R,PF; and R3PF,
that no detectable interaction is observable by NMR between these derivatives and
strong donor molecules'3”. The cationic hexacoordinate phosphorus species depicted
here have also recently been reported!3%),

(|) /NO
}I)\ PFg

@o@ 78 0

O

/N
\/

Regular octahedral geometry and equivalency of all bonds are the characteristic
stereochemical features of the PFg and PClg anions. Small angular distortions from
90° and differences in bond distances may be observed as a result of crystal packing
effects. The configuration may be formally explained by assumption of d-orbital
participation (dy2_,2,d,2) in an sp3d? hybridisation at phosphorus. Salts of the
type M*PFz, (M* = NH}, K*), display an NaCl type of structure with crystallo-
graphically octahedral PFg anions, for which a bond length of 1.58 A has been
determined 3%, similar to that reported in other analyses'4% 141 Below —15°,
KPF adopts a CsCl type of structure!4?. Anomalously long P-F bond distances
of 1.73 A, which are involved in F---H-O hydrogen bonding, have been observed in
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the hydrated salts MPF4 - H,O (M = HY, Na*)!4%:144)_The other five P-F bond
distances in the octahedral are normal. A regular octahedral coordination with P-Cl
bond distances of 2.04 and 2.08 A have been found for the anion in PCI; PClg,
contrasting with the shorter bond length of 1.97 A in the tetrahedral cation!4%),
Inter- and intramolecular complexes of fluorophosphoranes with nitrogen bases,
which have been structurally characterised by X-ray diffraction, are displayed in
Fig. 3.1. The N - P coordinate bond length of 1.980(3) in (II)" *® is much longer

() (I Me
I/F//‘ \ i A\
F—P—N F—P—N
/= /| =
F e}
C2v Cv Cv

than those of 1.898(4) (librationally corrected) and 1.911(4) A observed for (I)'*7

and (I)1*® respectively. These values contrast with 1.75 A calculated for the sum

of the covalent radii after application of the Schomaker-Stevenson correction and

with endocyclic axial N-P bond lengths of 1.71—1.82 A in trigonal bipyramidal species

(Table 2.8.1.). The weakness of the N - P coordinate bond in (III) is in accordance

with the much weaker Lewis acid acceptor properties exhibited by the PhF3PO-

grouping in comparison to PF5 or the F4PO-grouping, as evidenced by the ease of
formation of hexacoordinate complexes (F 4P(0x) > PhF;P(ox) >

MeF3P(ox) ~ EtF3P(0x), ox = 8-hydroxyquinoline)'*®). Considerable distortion

from perfect octahedral coordination is observed at phosphorus in (III) with the

P-O and P-F bonds being displaced away from the P-C bond at angles of 92.1(1),

95.5(1) and 93.5(1)°. A similar distortion of the coplanar fluorine atoms towards

the nitrogen is observed in (I); the mean F-P-F angle is 91.8(2)°. In (III) although

the coplanar fluorines are likewise bent away from the remaining fluorine at F-P-F

angles of 92.6(1) and 92.0(1), the P-O bond is, in fact, displaced towards this P-F

bond [O-P-F 88.5(2)°]. The extent of the distortion in (III) may be explained by

the VSEPR model in terms of two complementary factors:

1. The electron density at phosphorus in the P-C bond of (III) is higher than that
in the P-F bonds opposite N in (I) and (II) and will therefore exert a greater degree
of repulsion upon the coplanar P-O and P-F bonds.

2. The N - P coordinate bond in (III) is much weaker than in these other complexes,
and the subsequent electron density at phosphorus and hence the degree of re-
pulsion upon the coplanar P-O and P-F bonds will therefore be smaller.

The (F)P-F and (O)P-F bond lengths of 1.610(2) and 1.593(3) A in (III) are
significantly longer than the equivalent values [1.598(3) and 1.572(3) A] observed

in (II), as would be predicted on account of the decrease in effective electronegativity

of phosphorus resulting from the replacement of one fluorine by a phenyl group on
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going from (1I) to (). An interesting trend (F)P-F > (N =)P-F > (O)P-F is observed
for the different P-F bond lengths in the derivatives (I) — (III). These differences,
which are significant for all three complexes, may be associated with the electrone-
gativity of the opposite partner in the octahedron and the nature of its bond to phos-
phorus. The values of the P-F bond lengths in (I) — (III) are close to that of 1.58 A
observed in the PFg anion. The P-O bond lengths of 1.678(3) and 1.689(3) in (1I)
and (I1I) are significantly shorter than those of 1.723(7) and 1.711(8) A in the hexa-
coordinate tris-(o-phenylenedioxy)phosphate anion, which has a crystallographically
imposed C5 symmetry“g). This and the widening of the P-O-C bond angle at oxygen
in (II) and (III) in comparison to that in the anion indicate that the degree of n-inter-
action in the P-O bond is greater in these complexes. -

It is interesting that derivatives (II) and (III) both display a crystallographically
imposed plane of symmetry. A similar phenomenon has been observed for
FsP - NMe3!59. The plane of the pyridine ring in (T) is staggered at an angle of 40.8°
to one of the atom planes of the octahedron, giving it an approximate C,, symmetry.
It appears that the adoption of a particular configuration by these adducts is dictated
by steric interactions. In FsP - NMe3 the methyl groups are staggered with respect
to the coplanar fluorines, and likewise the pyridine ring in (II). In this way potential
intramolecular interactions will be minimised. In (III) the phenyl group, which is per-
pendicular to the oxMe-grouping, occupies the most sterically favourable position,
namely that opposite the N = P coordinate bond, thereby avoiding a potential inter-
action with the quinoline aromatic group.
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Note Added in Proof

The following structural studies, several of which represent new structural classes,
have appeared since the original submission of this article:
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1. A monocyclic derivative 2,2-bis-(p-bromophenoxy)-2-dimethylamino-
4,4,5,5-tetrakistrifluoromethyl-1,3,2-dioxaphosph(V)olan 5%,

2. The spirobicyclic derivatives 5-p-bromophenoxy-10-methyl-2,2,3,3-tetrakis-
trifluoromethyl-1,4,6-trioxa-10-aza-5-phosphaspiro[4.5 Jdecane5?), 1,6-dioxa-4,9-
diaza-5-\% -phosphaspiro[4.4 Jnonane!*? and 2-phenoxy-2,2-0-phenylenedioxy-4,5-
bis(trifluoromethyl)-2,2-dihydro-1,3,2-dioxaphospholene ' 5%,

3. A fused tricyclic phosphonium cation in [HP(OCH,CH,)3N|BF,, which
contains an axial P-H bond and an axially annelating N = P coordinate bond of
length 1.986 A in a TBP framework!5®,

4. The fused tetracyclic derivative cyclen fluorophosphorane, which displays
a structure intermediate between TBP and SP with the lone fluorine pseudo-
apicel159.

5. A hexacoordinate phosphonium cation 2,2'-bispyridine-bis(o-phenylenedioxy)-
phosphonium hexafluorophosphate, which contains two N = P coordinate bonds
of length 1.898(4) and 1.901(3) A!59).

The continued interest in spirobicyclic derivatives indicated by the structures
listed above is also reflected in theoretical contributions on the quantitative de-
scription of structural distortions of cyclic phosphoranes in terms of the Berry

exchange coordinate'®” and on computer simulation of phosphorane structures' %),
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P. Caubére

'I. Introduction

1.1. Generalities

Reactions between solid and liquid substrates are often slow. However rates can be
increased by using an appropriate solvent able to dissolve the insoluble reagent.
During the dissolution, molecular or ionic architectures of the starting products

are destroyed. New solvated entities more or less aggregated and eventually more or
less ionised are formed,

Thus, even without taking into account the change in molecular arrangements
of the liquid reagent when a solvent is added to the above defined system, after such
structure modifications of the insoluble reagent we have to expect a change in reac-
tion rates as well as appearance of new reactions.

On the other hand, if we look at reactions where at least one reagent is ionic,
or pseudoionic, it is well known that use of dipolar aprotic solvent instead of a non-
polar one generally increases rates considerably . In those cases, very often, addition
of a definite amount of polar solvent to the nonpolar is sufficient to obtain the
wanted effect, The role of polar solvent is to reduce or destroy the aggregates of
ionic reagent, to separate ionic particles and specifically to solvate cations®), In
other words it dramatically changes the degree of aggregation and the state of ag-
gregationz).

The reactivity increase in reactions with “ionic” reagents can also be obtained
with the help of complexing cations substrates such as crowns®) or cryptands‘” .

However we can also imagine that two ionic compounds having in a given solvent
their own degree and state of aggregation will give, when mixed, new “complex
aggregates” with properties entirely different from the ones observed for each reagent
aggregate. Note that this concept is very similar to the well-known concept of solva-
tion of a reagent by a solvent, each reagent playing here both parts of “solute” and
“solvating agent”.

By generalising this idea, we can also expect that an ionic reagent, usually more
or less aggregated in a given solvent, should be able to have some interactions with a
very poorly insoluble reagent leading to “complex aggregates™. The consequence
will be a “solubility” increase of the insoluble compound.

In fact, this phenomenon directs the formation of “complex bases” which con-
stitute the subject of part one of our paper.

We shall see in Part two that this concept can also be applied to reducing proper-
ties of sodium hydride and that it leads to new reagents we called “complex reducing
agents™.

1.2. Complex Bases Story

In Scheme 1 is pictured the general reaction all our work started from.

It had been well known since the pioneering works of Wittig®) and Roberts®
that nucleophilic substitutions of haloaromatic compounds, nonactivated by electro
withdrawing group, are feasible by means of elimination-additions.
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X
@ base ©| Nu® @ Nu o otonation @ Nu
—_— —_— o — -
1 2 3 4

Nu®= Nucleophile which may be uncharged.

Scheme 1

In these reactions (Scheme 1), a strong base eliminates H—X from I to give
benzyne 27> 8), Benzyne is the parent of a family of very reactive intermediates
known as arynes or 1,2-dehydroarenes.

Benzyne is able to add nucleophiles very easily”’ ®to give anions 3 which after
quenching by a proton leads to substituted products 4. It is very important to note
that in these condensations nucleophiles operate only after the benzyne formation.

During a study of several arynic reactions in aprotic solvents® !® we made
some curious observations summarized in Scheme 2.

1) Et,NH e
NaNH, 1) Et—C—CH—Me Me
PhNEE HMPpA_THF NaNH, THE _ pn Cl‘H COE (@:Et
N - — — t+
2 2) hydrolysis (A) Br (B) 2) hydrolysis COEt
8 _ 6 7
0 Na*
1) Et—C_CH-Me

1) Et,NH 3 Et,NH

, NaNH,~THF /(© D\ NaNH,-THF

No reaction - - 6+7+8

2) hydrolysis 2) hydrolysis

HMPA = Hexamethylphosphotriamide; THF = Tetrahydrofuran
Scheme 2

Comparison of Reactions (A) and (C) indicates that in the conditions used, sod-
amide is not able to eliminate H—Br in THF and HMPA is needed to perform the
reaction. However in Reaction (B), benzyne is the reaction intermediary (we shall
discuss later the mechanism of formation of ketones 6 and 7) although THF is the
solvent of the reaction. Also, if diethylamine is present with enolate ion [Reaction (D)]
diethylaniline is formed although in THF and in the absence of enolate this product
was not obtained [Reaction (C)]. From all these observations it appears that genera-
tion of benzyne in THF depends upon the nature of the nucleophile to be condensed.

This is in contradiction to what is known about elimination-addition condensa-
tions. Having verified that under our conditions, the ketone enolate and NaNH,
taken separately do not react with bromobenzene, we concluded that in Reactions
(B} and (D} the very base is not NaNH, but the mixture NaNH,-enolate, In other
words, we thought that in the presence of enolate ions, NaNH, properties are modi-
fied and that diethylamine, an uncharged nucleophile, does not have the same effect.
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Now, if we compare Reactions (C) and (D) we can say that diethylamine may
be condensed on 5 in THF if NaNH,-enolate is used as a base. However, enolate
presents the disadvantage of being a better nucleophile than diethylamine and com-
petes with it. Then we thought that if all these observations were more than fortu-
itous, it should be possible to find a low nucleophilic sodium salt of an organic com-
pound, able to modify (like the enolate ion) the basic properties of NaNH, but al-
lowing the condensation of diethylamine. After some preliminary experiments,
sodium rert-butoxide (¢-BuONa) seemed to fit those requirements. .

As a matter of fact, condensation of diethylamine on bromobenzene is very
easily performed in THF in the presence of NaNH,-t-BuONa (Scheme 3).

1) NaNH,-#-BuONa

THF
Ph-Br + Et,NH - Ph-NEt, 100%
2) hydrolysis

b 8

Scheme 3

We call “complex bases” !V such mixtures of two bases and an activating agent
the alcoholate (now every salt of organic or possibly inorganic compound used in
the preparation of complex bases is also called activating agent).

Remark: In complex bases, cations of the activated base and cations of the acti-
vating agent are identical. We never activated, for instance, a base having a sodium
cation with potassium alcoholates.

Moreover, it is very important to note that a complex base is very easily prepared
by addition of the precursor (alcohol, ketone, etc...) of the activating agent to the
calculated excess of commercial NaNH, in suspension in the desired solvent at about
40 to 50 °C. It is prejudicial to prepare the pure activating agent (as alcoholate for
instance) and to add it to the NaNH, suspension; the mixtures thus obtained are
generally of much poorer reactivity. In other words, the activating agent has to be
prepared in situ. Thus complex bases combine simplicity with efficacy. Finally, it
must be noted that those reagents are heterogeneous and look like “milks” with
some NaNH, suspension.

If we compare Reaction (A) (Scheme 2) with the reaction of Scheme 3 we can
say that +-BuONa communicates to NaNH, in THF similar properties to those that
this amide has in the presence of HMPA. We thought that if this supposition was
true, it should be possible to perform in THF reactions which usually need HMPA
as a solvent.

This was readily verified (Scheme 4). Thus Normant and Cuvigny'*’ prepared
trityl sodium in HMPA by reaction of triphenylmethane with NaNH; . With similar
conditions but in THF, this reaction is not obtained. On the contrary in this latter
solvent, if the base used is NaNH,-2-BuONa, the deep red color of the anion imme-
diately appears at room temperature ' *1). However, the transformation is not
quantitative (vide infra).

Later on we used this reaction in testing several potential activating agents
(Chapter III).
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NaNH,, HMPA
NaNH,, THF
PhyCH e PhaCoNa®
9 NaNH,--BuONa, THF 10
Scheme 4

II. Factors Influencing the Complex Bases Properties

I1.1. Reactions Used

From what we said, it is clear that numerous factors intervene in the properties of
complex bases. Thus we have to take in account the ratio NaNH,/activating agent,
the nature of the solvent and, of course, the nature of the activating agent. These
parameters were studied empirically and we shall give the main results.

First we had to choose test reactions. We chose the ones described in
Scheme 5'113:19),

1) PACH,Cl

(A)/ 2) hydrolysis

Ph3CH complex base 110} 11

solvent 1) co
9 (B) N2 ——. Ph3C-COOH

2) hydrolysis

Ph3C~CH,Ph

Scheme § 12

We selected those condensations because preliminary experiments showed that
even in the presence of a complex base in excess (2 eq.) all 9 is not transformed into
10. Thus, after addition of a certain amount of benzyl chloride the red colour dis-
appears. If addition of the halo compound is stopped, the coloration appears again
and the condensation may be pursued as a coloured titration. Generally /7 is obtained
in quantitative yields but the time necessary to condense a determined quantity of
benzyl chloride to a determined quantity of 9 depends upon the parameters cited
above. From those times, we can obtain data concerning the influence of a given
factor.

Other information is obtained by means of carbonatation of the anion. This
reaction constitutes a satisfactory estimation of the amount of 70 formed in the
medium,

I1.2. Ratio NaNH,-Activating Agent

We carefully studied!® ¥ two activating agents: -BuONa and
(Et—CO—CH—CH3)~Na*. The reaction test was Reaction (A) Scheme 5.
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For the complex base NaNH,-#-BuONa, the maximum activation is reached
when NaNH, /¢-BuONa is worth about 2 and between 5 and 7. However in this
latter case, experiments are poorly reproducible and usually ratio 2 is only used.

With the enolate as activating agent, maximum of reactivity is only obtained
when NaNH, /(Et—CO—CH—CH,) " Na"* is worth 2. In this case it is interesting to
note that Ph—CH,—Cl condenses only on the trityl anion, although enolates were
in the reactional medium. We have here the first indication that in a complex base
the specific properties of the activating agent are strongly masked.

In summary we can say that, for abstraction of a proton from a substrate, the
highest efficiency of a complex base is obtained when the starting ratio NaNH,/
Activating agent is worth 2. Of course, this result gives no data on the stoechiometry
of the complex base since the medium is heterogeneous (vide supra) and since the
ratio evolves during the reaction.

I1.3. The Solvent

The rdle of the solvent was studied with complex base NaNH,-z-BuONa with the
help of both reactions described in Scheme 5. From numerous experiments!3 14
we can conclude that with these test reactions, polar aprotic solvents lead to the
most efficient bases, Thus we found the following decreasing order:

HMPA > DME > THF > Diglyme > Triglyme > C¢Hg, CgH; 2

DME = 1,2-Dimethoxyethane; Di and Triglyme = CH30(CH,CH, 0),,—CH; with
n =2 and 3 respectively. This classification deserves some comments:

With a few of the activating agents that we shall give hereafter, (Chapter III) the
efficiency order of THF and DME is reversed,

HMPA must be used with care because complex bases react with this solvent as
soon as the temperature reaches 40 °C19, Condensation of benzyl chloride on the
degradation products thus obtained (see Scheme 6) leads to 7. The same compound
has been isolated by Normant and collaborators after condensation of PhCH,Cl on
the reaction product of HMPA with alkali metals'S).

(Me,N)3P(0) 2P D252, | M) N),P(0)]~ Na *

13 14

+(?)

PhCH5,Cl
_._&,[ (M°2N)2ll’(0) ]

CH,Ph

complex base

PhCH;Cl1
(MeaN),P(0)  «———2=  (Me;N),P(0)
| |
Ph~CH-CH,—Ph Ph—CH—Na*
17 16

Scheme 6

We never could identify the other part of HMPA degradation.
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In the same way, some others dipolar aprotic solvents are inconsistent with the
use of complex bases, Thus dimethyl formamide is rapidly destroyed and condensa-
tion of Ph—CH,—Cl leads to a substantial amount of N,N-dimethyl benzylamine.
N-Methyl pyrrolidone and, of course, dimethyl sulfoxyde react very easily with
complex bases. Pyridine turns brown very rapidly.

Finally, in nonpolar aprotic solvents such as benzene or cyclohexane trityl anion
formation is possible only with activating agents more powerful than #-BuONa
(vide infra).

I1.4. The Activating Agent

The chief part in modification of complex bases basic properties is devoted to the
nature of the activating agent. Several problems arise when we want to study this
parameter.

First we have to recognize whether a reagent is activating. Thus we meet the
first difficulty. We have to define a reaction allowing for detection of an activating
agent and, of course, a complex base may be a good base for a given reaction but not
for another. Thus choosing a reaction leads to a defective list which will need to be
further perfected.

Secondly we have to give a classification following the activating power of the
activating agents. Such a classification also depends upon the studied reaction and
the solvent.

Thirdly we have to try to obtain rules allowing us to define the molecular design
of the right activating agent needed to perform a given reaction.

Thus, all we shall describe below will be important in practice but is still incom- .
plete and a lot of further work is needed.

To define activating agent we chose reactions pictured in Scheme 5 performed
in THF and DME. We said earlier that Reaction (A) (Scheme 5) is in fact a coloured
titration. Thus appearance of the red colour of Ph;C~Na* shows that the organic salt
studied is an activating agent.

The time needed to condense with quantitative yield a definite amount of
PhCH,Cl to a known quantity of Ph3CH gives a good qualitative idea of what we
can call the “basic renewal power” (b.1.p.; the shorter the condensation time will be
better the b.r.p.).

Remark: In our opinion it is important to note that sometimes basic systems
are described with the help of halogeno compounds condensing on carbanions
generated from more or less acidic organic substrates. When yields are quantitative
it is sometimes concluded that the basic system is able to transform quantitatively
the substrate to the corresponding anion. This conclusion can be erroneous if the
condensation of the halogeno compound is slower than the formation of the carb-
anion.

For instance we met complex bases in some solvents which, at definite tem-
perature, allow condensation of PhCH,Cl on Ph3CH without discoloration. However,
Jowering the temperature forced us to perform the condensation like a coloured
titration. Moreover, carbonatation of Ph;C~Na® prepared in conditions where dis-
coloration is not observed led to acid formation with yields far from quantitative.
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This is one of the reasons for which we also used Reaction (B) (Scheme 5) with
the aim to define activating agents.

Yields of isolated acid give a good quantitative picture of the generated carban-
ions. Thus, this reaction gives a very good idea of the “carbanionic generation power”
(cg.p)-

Now, from our numerous experiments 11> 13: 14 16) we can say:

Among strong nucleophilic organic salts, most ketone enolates are good activat-
ing agents (numerous examples are given in Chapter IV.2.). Compounds like PhSNa,
NCCH3z Na" are also rather good activating agents.

Among much less nucleophilic substrates, alcoholates are very interesting. They
are often very inexpensive, they allow the formation of carbanions, they generally
do not compete with carbanions in condensation reactions, they lead to complex
bases able to give elimination reactions (vide infra) and finally they allow a large
“modulation” of the basic properties. For these reasons we studied and we are
continuing to study a lot of them.

We have briefly summarized in Scheme 7 the formula of alcohols of which cor-
responding alcoholates have activating properties.

R-CH,0H R = -Bu, n-Bu, n-Cy1Hj 3, O-M60C6H4, p-MeOC6H4

Rl
/ CHOH R1! = R2 = Mg, i-Pr, p-MeOCgHy; [R1, R2] = (CH,)s,
(i-Pr)CH—(CH )3 ~CH(Me)—CH,

R2\c OHR! = R2 =R3 = Me, n-Bu; R! = R2 = Me R3 = Et, n-Bu, n-CgH; 7;
R3 RY = Me, Et [R2, R3] = (CH;)5; [RY, R2, R3] = Adamantyl
R—(OCH,CH,)p—OH n=1 R =Me, n-Bu, Ph;n =2 R = Me, Et, n-Bu, n-C1qH,1;
n=3 R=Et, n-Bu;n=4 R=Et;n=5 R=Et;
n=6 R= Et, 0-HOCH2—C6H4 -

pR—-CgH4q—OHR = H, MeO; Ph—CH-CH(Me)-NH(Me); Me4C—(CH3),,~CMe, (n =0, 2);
| | |
OH OH OH

MeN(CH,-CH(Me)OH)5: O\
CH,OH ’

Scheme 7

It is clear that several kinds of alcoholates are able to activate sodamide and, of
course, this is not a limiting list. Among those compounds, a few are poor activating
agents.

On the other hand some alcohols with structures looking like the ones described
in Scheme 7 have sodium salts which are not at all activating agents for the test reac-
tions. This is the case, for example, with MeOH, EtOH, HO(CH,),,0OH (n = 2, 3, 4, 6),
HO(CH,CH,0),H. It is very surprising that this last compound has no activating
properties when it is among its monoethers that we found the strongest activation!
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From all our results it is very difficult to obtain other than very general rules.
However we can say that:

1. Glycol monoethers often have the best b.r.p. in THF except for
R—(OCH,CH,),,OH with n = 4; as a matter of fact the best results are obtained
for n = 2. Moreover the activity seems to decrease when R, being linear, the
carbon condensation increases.

2. After glycols monoethers (for b.r.p. in THF) are secondary and primary alcohols

with rather light ramified chain and tertiary alcohols having not too heavy chains.

. Other alcohols have not very good b.r.p. in THF.

. In DME the b.r.p. order of class 1 and 2 is rather reversed.

5. Concerning the c.g.p. we find in THF and DME an order similar to the one found
in THF for b.r.p.

6. Generally speaking, DME diminishes the differences between activating powers
comparatively with what is found in THF. In other words DME has a levelling
effect.

Obviously those rules are only general indications and, at the present time,
some results seem very strange. For example, 1-ethyl cyclohexanol has a better b.r.p.
than 1-methyl cyclohexanol in THF as well as in DME. This order is just reversed
for c.g.p.!

Any way, these very simple rules help in the choice of activating agents and we
are working with the aim of refining them. Moreover, we shall see later
(Chapter IV. 1.2.2.) that we have started to define rules for elimination reactions.

In passing, we note that Biehl and co-workers'” have subsequently observed en-
hancement of the “basic power” of NaNH, in the presence of certain sodium salts
in dimethylamine. They called their observation a “Novel Catalytic Salt Effect in
Base-induced Aryne Reactions™. The structure of activating agents used led these
authors to erroneously conclude that only salts with linear and resonating anions are
good activating compounds.

W

III. Attempted Interpretation of the Phenomena

At first we must give complementary data. During our first work on activation of
sodamide!V, we found that complex bases react with benzyl chloride giving chiefly
trans-stilbene even when the activating agent is a ketone enolate.

These results strengthen the concept that specific properties of a complex base
constituant are strongly masked. However, they do not disappear completely. Thus
reactions of benzylbromide with a complex base having a ketone enolate as activat-
ing agent give substantial amounts of benzylated ketone.

On the other hand during the preparation of a complex base by addition of an
alcohol on sodamide, NH3 formed may be accountable for the observed activation.
In fact this hypothesis is easily eliminated because it does not explain why the
properties of a complex base vary from one base to another. Moreover, we verified' !

- that a suspension of NaNH, in THF solution of NH3 has no special properties.

Finally, some potentiometric measurements'® %) show that, for example, in

THF, NaNH, is dissolved very slowly. The highest value of the pH is obtained after

57



P. Caubére

a few hours and the concentration of base is very low. On the contrary the sodium
salt of diethylen glycol monoethylether (prepared in situ) enables the maximum
basicity to be reached almost instantaneously. Analogous observations were made
with others alcoholates. Moreover, the pH obtained with complex bases are, of
course, much higher than the ones obtained from alcoholates alone.

We think that these experiments complete the demonstration of activation of
NaNH, by alcoholates. Now, what is our interpretation of these observations?

Owing to the complexity of the reagents, our interpretation cannot be more
than qualitative. We think that the réle played by alcoholate is to complex NaNH,
on the crystal surface (Scheme 8) and to bring it into the solvent in a complexed
form.

NaNH, (solid) + (RONa),,, (solvent), =—== _— {(NaNHZ)I(RONa)p (solvent)q

o}
1
i
]
]
———Z
o

!
I\'la ----- NH,
18 I 19
Scheme 8

By accepting this hypothesis, it is easy to understand why the complexation is
much more difficult, if not impossible, when an activating agent is added crystallized
to the NaNH, suspension instead of being generated in situ.

Our supposition is well supported by the following observations. When a large
amount of divided NaNH; is kept in contact with THF for a long time, addition of
Ph3CH leads to the appearance of the red colour, If this coloration is destroyed by
means of a condensation, we have to wait a very long time before the coloration
appears again. Moreover from the amount of the reagent added we can say that the
concentration of dissolved NaNH, is very low. In other words, NaNH, dissolves
very slowly in THF and in very little concentration,
~ In the presence of an alcoholate the time of dissolution is much shorter and the
base concentration much higher. Thus the first rSle of activating agent is to enhance
the rate of “dissolution” of NaNH, as well as its “solubility™.

Complex bases thus formed must be under aggregated form (19, Scheme 8) and
several different aggregates (with different values of 1 and p in 19) are certainly in
equilibrium in the medium. An observation, which will be very important for further
applications of complex bases, supports this affirmation. We said before that complex
bases are a heterogeneous medium looking like a ““milk” with some NaNH, in sus-
pension. However after decantation, we can observe three phases: a clear “solution”,
a white colloidal compound and solid NaNH,. The “solution” as well as the colloidal
compound react easily with PhyCH to give the carbanion.

It is clear that the nature of the aggregates 19 depends upon the nature of the
activating agent and of the solvent. Particularly the ionisation state of a complex
base must be a fusiction of the nature of the alcoholate chain (aliphatic or bearing
heteroatom, linear or ramified, etc...) as well as of the “‘solvating properties” of the
solvent.

In our opinion, another very important characteristic of complex bases is the
surface structure of aggregates. By surface structure we mean the external geometric
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repartition of the charged atoms. Of course, this charge distribution is a function of
the solvent and, for a determined solvent, of the structure of the activating agent.
We think that surfaces of aggregates are the predominant factors in reactions needing
two ionic sites separated by a determined distance (for example syn eliminations
with Sicher’s transition statezo)). Note that the r6le of the aggregation state of bases
is now well evidenced?"; in all the reactions studied the surface of the aggregates
must be very important.

Anyway, we thought that it would be possible to find activating agents giving
complex bases with surfaces adaptable to a wanted reaction. We shall see arguments
in Chapter IV. 1.2. which support this hypothesis.

In summary, sodamide containing complex bases are the result of complexation
of NaNH, by more or less soluble sodium salts with the formation of aggregates.
These latter are more or less ionized and are able to abstract a proton in unusual
conditions. Moreover they can react by means of two reaction sites with the help
of ions distributed on their surface.

From a general view-point, it is not surprising that complex bases properties
are different from those of each constituant. Indeed if two compounds, more or less
aggregated in a solvent are mixed, the equilibrium symbolized in Scheme 9 must be
realized.

L — MS* 1o - S G (BN A e M(EH*
e ==
8* Memman- AS (6 M--==-- B(&")” (8")*1\'4"""1'3(63)—
20 21 22
Scheme 9

Of course ionization state and interionic distances in 22 must be different from
those in 20 and 21. Thus the chemical properties must also be different. As we said
in the introduction, there is a certain analogy between the activation of, for example
(A~M™),,, by formation of mixed complexes with (B~M™),,, and the activation of
(A~M™),, by solvatation with dipolar aprotic solvents.

In the particular case of sodamide containing complex bases where the base to be
activated is insoluble, alcoholates can complex sodamide with help of two ionic
sites (RO?~ and Na®*). This must be more favorable for “dissolution” of NaNH,
than simple solvation of the cation by dipolar aprotic solvent (solvation of an-
ions being low). However, in “solution” because of the “double complexation’ the
basic power of complex bases must be lower than the basic power of NaNH, in a
dipolar aprotic solvent if this latter was able to dissolve it substantially.

Last but not least following the activating agent used, complex bases have to be
divided in two classes:

1. Nonnucleophilic complex bases with poor nucleophiles as activating agents. This
class has to be divided in two subgroups. One containing bases able to abstract a
proton and the other containing bases able to give two site reactions, Of course
some activating agents belong to both classes.
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2. Nucleophilic complex bases with good nucleophiles as activating agents. In this
group, nucleophilic properties are masked but they do not completely disappear.
Complex bases of the first class will be used only as bases while those of the
second class will be used as bases and nucleophiles,
We shall conclude by saying that the “activation” phenomenon discussed here
is not limited to the activation of an insoluble compound by a more soluble one, but
also to the mixture of two or more ionic compounds. As a matter of fact, such prop-
erty modifications were cited in the literature with organosodium??® and organo-
lithium?¥ compounds for example. What is important, in our opinion, is that in a
reaction medium formed by, for example, two basic or nucleophilic entities
(A~,M") and (B~, M") the observed reactions must be the result of mixed bases or
nucleophiles. It is easy to understand what mlsmterpretatlon of reaction mechanisms
can happen if this possibility is neglected.

IV. Use of Sodamide Complex Bases

IV.1. Nonnucleophilic Complex Bases

IV.1.1. Preparation and Alkylation of Carbanions

We described earlier the formation and benzylation of tritylsodium. This kind of
condensation is rather general. Thus in THF or DME and in the presence of the
complex base NaNH,-#-BuONa it is possible to alkylate Ph;CH not only by PhCH,Cl
but also by EtBr, n-BuBr, Br—(CH,),—X (X = Br, Cl). Yields in isolated alkyl tri-
_phenylmethanes are always between 85 to 95%!'% 14,
In the same conditions, less acidic Ph,CH, is also alkylated by the same halogeno
' compounds and even by i-Pr—Cl. Yields are in the same range than for tritane!® 14,
In benzene and cyclohexane, which are much less polar than THF, use of com-
plex base NaNH,-#-BuONa was unsuccessful. However, with the help of the very
strong base NaNHz—Et(OCH2CH2)2ONa alkylations of both hydrocarbons are pos-
sible. Yields are also about 90%"6- 19
We think that the success obtained with sodium salt of ethyleneglycol mono-
ethylether is the consequence of some internal complexation by oxygen atoms
(Scheme 10).

Scheme 10
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On the other hand, recent work!® shows that it is also possible to alkylate
imines in THF in the presence of the complex base NaNH,—Et(OCH,CH,),0Na,
Thus cyclohexylimines of butyraldehyde and cyclohexanone are monobenzylated
by Ph—CH; ~Cl with 40% and 80% yields respectively. Dialkylation is never more
than 5%.

Until now we did not develop very much of our investigations on alkylations
but at the present time we are working on this subject with the aim of learning if it
would be possible to replace lithium dialkylamides by sodamide containing complex
bases, and above all, to perform anionic chemistry in a nonpolar medium.

IV.1.2. Elimination Reactions
IV.1.2.1. Synthesis of Methylenecyclopropane

It is well known that KNH, is a stronger base than NaNH, . We thought that if all
we said before was true, the properties of sodamide complex bases should look like
more those of KNH; than those of NaNH,.

This hypothesis is verified with help of the now well-known preparation of
methylenecyclopropane of Koster, Arora and Binger®*. Thus, methally} chloride
23 (Scheme 11) reacts with NaNH, in THF to give methylcyclopropene 24. On the
other hand, in the presence of KNH, the reaction leads to methylenecyclopropane
25. Moreover KNH, isomerises 24 to 25 in THF.

NaNH,, THF [>_

24 | KNH,, THF 60-65°
or
NaNH,—¢-BuONa, THF 60-65°

HO KNH,, THF
C—CH,C1 - [ P
Hzc/ 60-65 s
23
NaNH,-¢t—-BuONa
THF, 60-65°
Scheme 11

As expected we have shown'? that complex base NaNH, -#-BuONa advanta-
geously replaces KNH, in this synthesis. The chief advantage of the complex base
is its simplicity of use which readily allows work on a large scale. Moreover the
reagents are neither dangerous nor expensive. This reaction has been used by Conia
and Salaiin in their elegant synthesis of cyclobutanonezs).

IV.1.2.2. Syn Eliminations on trans Dibromo Cycloalkane Derivatives

Reaction pictured in Scheme 12 may be performed by way of syn elimination.
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26 27

X = halogen, tosylate
Scheme 12

It is well known that in cyclohexan series (26, n = 6) this elimination is very
difficult to perform with classical bases?%), For example, to our knowledge, no satis-
factory method has so far been found for preparation of 1-bromo cyclohexene from
trans 1,2-dibromo cyclohexane. This apparently very simple reaction, leads only
with great difficulties to the desired compound (yields are low and tedious purifica-
tions are required to obtain a pure product”)).

We thought that a good way to realize this reaction would be to find a complex
base allowing a Sicher’s transition state® as pictured in Scheme 13,

X H
2N ’/ ey
1

! L
Xeo \\‘\ B QNN
~ M§complex ~ B\ complex
;\\\ base m base
28 29
Scheme 13

If the hypothesis given in Chapter III were true, the problem was to find the
good activating agent leading to aggregates with ionic surfaces able to give the de-
sired two-sites reaction. Of course an efficient order of activating agents for this
elimination reaction would not have anything to do with that found for b.r.p. or
c.g.p- (Chapter 11.4.). As a matter of fact, as it may be seen from Scheme 14, we
found'é: 28 29) 3 new classification of the reagents.

B
Br NaNH; RONa O/ r @
“u Br
: 32

30
yleldl) yield
Me3CCH3, Me,(CgH17)C, (n-C4Hg)3C, Me3C 60—65% ~30-35%
R= PhOCH2CH2, l-MeC6H10, MC2CH, Mez(nC4H9)C 50-55% ~30%
Cl 1 Hz 3CH2, pMeOC6H4CH2, CGHI 1 Mez(Et)C 25 —-40% % 25%
Et(OCH,CHy), 15% 60%

l) Yield measured by cpv. Isolated yields are a little lower.
Scheme 14

62



Acitvation of Sodamide

The best activating agents are those having very ramified chains behind the
oxygen atom. As expected, results obtained are not in relation with the proton ab-
stracting power of the complex base and the observed elimination must not be of
the E,H type3°).

Formation of cyclohexene is the consequence of the well-known debrominations
by bases?®’ 30-33) This elimination is obviously favored by the rrans diaxial position
of the halogens. Thus it was of interest to study trans dibromocyclohexanes deriva-
tives with blocked conformations.

Taking in account the accessxbﬂlty of starting materials, reactions described in

Scheme 15 were performed?®,
Br
NaNHz—t ~BuONa _ Q @
Br t—Bu t-Bu
34 70% 35 ~20%
N KL e Q @
t—Bu
33 60% 36 40% 34 45% 35 50%

Scheme 15

It is noteworthy that even with 33, HBr syn elimination still happens with 20%
yield. Comparison of the two reactions of Scheme 15 easily shows that 36 only gives
HBr syn elimination. Moreover, we have shown that HBr syn elimination on 36 is
faster than trans debromination on 33.

Finally, if we look at the difference of complexing properties between oxygen
of a tosyl group and halogens, for a given cation, and if 28 and 29 (Scheme 13) were
operating in our eliminations, we would have to observe a large behaviour difference
between frans dibromocyclohexane and the corresponding bis tosylate. Indeed, this
latter does not react with complex base NaNH,-r-BuONa>?,

In our opinion alt those observations support the hypothesis of the main rSle
played by the geometry of the base and the intervention of Sicher’s transition states
28 and 29 in these reactions. Thus, complex bases resolve partiaily the problem of
syn eliminations in cyclohexan series. However, at the present time, their effective-
ness seems to be limited to substrates closely related to trans dibromides.

Remark: In those reactions the NaNH, quality is important, particularly on
the reaction time and possibly on the required temperature. It is recommended that
the elimination by gas-liquid chromatography be followed.

IV.1.2.3. Preparation of Linear and Cyclic Acetylenic Hydrocarbons

Linear Acetylenic Hydrocarbons. 1t is well known that several of the eliminations
of the type described in Scheme 16 are difficult or impossible to perform.
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R H Blr H
: #R
>c=c< + Br, —= \\\C-c/ base . R_c=c R’
H R’ )
H Br
37 38 39
Scheme 16

For example Davis and Ansari3® proposed a synthesis of optically active 39

(R =Me(Et)CH, R’ = Ph) by way of this kind of reaction. However, these authors
never succeeded in performing the last step with classical bases. Moreover, with
NaNH,, they obtained a mixture of ethylenic and saturated hydrocarbons
(Scheme 17).

Me Me Me
NaNH
™ CH-CHBr—CHBr—Ph 202, >CH—CH=CH—Ph + >CH—CH2 —CH,—Ph
Et Et Et
Scheme 17

Saturated hydrocarbon formation is a consequence of debromination by
NaNH, %), We thought that complex base NaNH,-t-BuONa might been a solution
to this problem; results obtained are briefly summarized in Scheme 1839,

Rl' Rl Rl
NaNH5-2-BuON
Ph—CHBr—CHBr—CH ¢ —@NHytBuONa o o cn-cH C~ +Ph—CBr=CH—CH =
~ R2 THF ~ R2 ~ R2
41 42
40a R! =R2=Me 20% 10%
40p R1=Me R2=FEt 25% 20%
Rl Rl
+PhC=C-CH?Z  +Ph—CH=C=C <
\ R'Z R2
43 44
45% 25%
Scheme 18 42% 10%

The main difficulty in these reactions is the isomerization of 43 to 44. If condi-
tions are too drastic, the only products isolated with good yields are 44, However,
with the help of NaNH,-t-BuONa we synthesized>® optically active 43b of which
the synthesis was proposed in Scheme 1633,

Cyclic Acetylenic Hydrocarbons. This work was essentially undertaken for the
purpose of confirming the special properties of complex bases in syn eliminations.
Thus, we studied the formation of cyclododecyne from cyclododecenes by means
of reactions described in Scheme 1939,
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Bl‘ H Br B
Br, l Br, g
(CHy)g H ‘—-(am‘i— (CHj)s I + _(a_nti_—-’ (CH,)q H
addition) CHa)s Lqdition)
Br . H
48 45 46 47
base base
(anti— (anti—
elimi- elimi-
nation) nation)
Br /é /\ ﬁ“ Br
base base
i Wl + @ ¢ <G “@(
H elimina- \(]: \ " nation and H
. CH ; .
(CHp)s tion and isomeri-
isomeri— sation
sation
50 51 52 49

Scheme 19

Taking in account the composition of the commercial mixture 45 + 46 (35% cis,
65% trans), of the anti addition of Br,, of the structure of 50 and 49 as well as their
formation ratio, we can say that the first eliminations of H—Br are anti. Thus the
second eliminations of H—Br have to be anti from 50 and syn from 49. Comparative
experiments showed that 7-BuONa alone and less efficiently NaNH, alone in THF
are able to give the anti-eliminations but not the syn ones. On the contrary, NaNH, -
t-BuONa in the same solvent is able to perform all the reactions. The side reaction
with complex base is still isomerization of 57 to 52. An ag;plication of this study

was the preparation of cyclooctyne with 30—35% yield3%),

We can conclude this chapter by saying that complex bases may be good reagents
for performing H—X syn eliminations. Their limitation is their isomerizing power;
but we think that it should be possible to eliminate this disadvantage in the near
future.

IV.2. Nucleophilic or Nonnucleophilic Complex Bases

IV.2.1. Aromatic Elimination-Addition Reactions (Arynic Condensations)

IV.2.1.1. Generalities

Several reviews have been written on arynic condensations (see for example”* 8 36))

and we shall recall only briefly the basic principle of these reactions (Scheme 20).
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Z Z VA VA
@(X base @ Nu® ©/Nu protonation ©/Nu

53 54 355 56

Nu = nucleophile
Scheme 20

We said before that the first step is the elimination leading to a dehydrobenzene
54. This latter can be attacked on two carbon atoms which are equivalent if Z = H.

If Z # H, two isomers may be formed. The isomer ratio depends upon electronic
and steric properties of Z and its position on the ring.

Note that, of course, the directing effects of Z have nothing to do with the ones
encountered in electrophilic substitutions. For instance, MeO has a very strong meta-
directing effect in 1-methoxy 2,3-dihydrobenzene. Indeed the strong inductive elec-
tron withdrawing effect of the methoxy group made the negative charge of 55 more
stable on ortho than on meta position. Thus 56 meta isomer is only formed.

1V.2.1.2. Thiolates and Amines Condensations on Halogeno Aromatic Compounds

1V.2.1.2.1. Monohalogenobenzenes. From the literature” it appears that arynic
condensations of thiolates in the presence of NaNH, or KNH, in liquid ammonia
give poor to fair yields in desired products. On the other hand, amines generally do
not condense in liquid ammonia. They nearly always need the use of the correspond-
ing lithium amide and/or they constitute the solvent.

On the contrary (Scheme 21) complex base NaNH,-t-BuONa enables those con-

" densations on C¢HsBr in THF at 30—45 °C with good to very good yields'® 37).

Moreover, with amines, these latter are used in only slight excess (two moles per
mole of bromo compounds), and unreacted amines may be recovered.

NaNH,-#-BuONa
R e

R—SNa + Ph- -S— -
a Br THF Ph—-S—R 80-100%
57 58
R = Ph, Et
NaNH,-7-
RIRZNH + Ph—Br N2+ BuONg o, \RIR2 60—100%
THF
59 60

R! = R2 = Me, Et, Pr, i-Pr, n-Bu, i-Bu
[R1, R2] = (CH,)s, (CHp)3—0—(CH>),
R1=Ph;R2=Me

Scheme 21. Examples of condensations of thiolates and amines on PhBr in the presence of a
complex base
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Those reactions may be performed in the presence of NaNH, alone but HMPA
is needed as a solvent or cosolvent38 3%) and yields are nearly always lower.

Complex bases also enable condensations of primary amines on Ph—Br in good
yields but we always obtain a mixture of mono- and diphenylamines®”). Of course
all the condensations are feasible with substituted halogeno compounds.

It is of interest to mention results obtained with monofluorobenzenes. These
derivatives have highly acidic hydrogens at ortho-positions of fluorine and it is possible
to perform hydrogen-lithium exchange with the help of organolithium compounds.
Ortho fluoro phenyllithium thus obtained easily lose LiF leading to benzyne”» 4% 41,
However generation of the same arynic species by mean of NaNH; in liquid NHj is
generally not possible except in a few very special cases*?). On the contrary, arynic
condensation of sodium thiolates and amines on fluoro-aromatic derivatives is feasible
with the help of NaNH, in the mixture HMPA—THF or in THF alone, but in this
latter case complex base NaNH,-£-AmONa is needed*¥. Of course fluoro compounds
are less reactive than corresponding bromo or chloro derivatives,

With thiolates there is no particular problem. Both condensation methods lead
to the same qualitative results. Generally speaking, complex base method gives better
overall yields and shorter reaction times. We have illustrated these reactions in
Scheme 22.

NaNH,-t-AmONa
et PrAmT

R—-SNa + X-Z—C6H4—F Y'Z'C6H4—SR + Z-Z'C6H4-—SR

THF
57 61 62 63
R=Et,Ph | H yv-Z=2zZ=H 55-65%
o-Me y-Z = 0-Me; z-Z = m-Me (62/63 = 46/54) 50%
x-Z= ) pMe y-Z = m-Me; z-Z = p-Me (62/63 = 55/45) 60%
l pMeQ  y-Z=m-MeO; z-Z = p-MeO (62/63 = 60/40) 78%
o-MeQ y-Z=2z-Z=m-MeO 30%

Scheme 22

Condensation of amines on fluorobenzenes is nothing less than curious. Indeed,
for the first time we met a strong difference in the nature of formed products be-
tween NaNH, in HMPA—THF and a complex base (here NaNH;-£-AmONa) in THF.
Our observations are illustrated in Scheme 23.

NaNHj;

-Z-CgH4—NEt 0-78
ampa_THE X 2 Cetla—NEL (30-78%)

NaNH,--AmONa
aNrgtAmOna

x-ZCgH4~F + Et;NH y-Z-C¢H4—NEt, + z-Z-CgHq-NEt,

THF
61 64 65
H y-Z=2Z 75%
o0-Me y-Z = 0-Me; z-Z = m-Me (64/65 = 50/50) 55%
x-Z= | p-Me y-Z = m-Me; z-Z = p-Me (64/65 = 52/48) 55%
l 0-MeO  y-Z =2-Z = m-MeO 90%
pMeO  y-Z = m-MeO; z-Z = p-MeO (64/65 = 53/47)  35%

Scheme 23
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As for the other reactions described above, complex base gives more satisfactory
results (better yields and shorter reaction times). However, the most important result
is that NaNH, in HMPA —THF leads to direct substitutions when NaNH,-z-AmONa
in THF leads to arynic condensations.

It is noteworthy that direct substitutions need the presence of NaNH,. In other
words, there is no condensation of amine on fluorobenzenes in HMPA—THF without
sodamide.

We interpreted these observations*® by the intervention of an “arynoid”
(Scheme 24),

F _~F
O A
~H----NH,

66 67
| _H

i |

F
‘/F \ N N
‘i./'( - 5 F— 0\}[ - _ B —— ©/ ~
“H--NH, NH;
67 68
Scheme 24

In HMPA--THF, NaNH, reacts with hydrogen giving a slight ionisation of C—H
bond. The consequence is a slight ionisation of C—F bond, insufficient to lead to
aryne but making easy the amine attack in spite of the appearance of negative charges
near the attacked carbon. With thiolates, charge repulsion would be unfavorable to
this mechanism. Moreover, thiolates often give complex bases with NaNH, and those
reagents, as we can see, are particularly efficient in aryne generations.

1V.2.1.2.2. Polyhalogenobenzenes, We were interested in the reactivity of poly-
halogenobenzenes because these compounds are potential starting material for syn-
thesis of numerous substituted benzenes.

Among the numerous polyhalogeno derivatives, we chose 1,2,4- and 1,2,3-tri-
chlorobenzenes. Indeed several nucleophilic substitutions had already been studied
with the first compound and results published*¥ did not give a good explanation of
its reactivity. In fact, basic systems used by the authors chiefly lead to trisubstitutions
and hardly give a good idea of the successive products formed. Moreover both tri-
chlorobenzenes are side products of industrial benzene chlorination and are easily
obtained in mixture.

Thus it was interesting to know the potential synthetic applications of each com-
pound as well as of their mixture and complex bases might be good reagents to per-
form elimination-additions on derivatives of this type.

In this chapter we shall briefly describe results obtained for amine condensa-
tions*5—47),
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Cl

chlorine dance

Cl @(Cl 1 Ci
NC
~N« 76 Cl ~N~
75 77 78 79 75

SNAr N

Scheme 25

We have pictured in Scheme 25 the whole mechanism we could expect for mono-
substitutions on 69 and 70. Fortunately all those reactions have not the same proba-
bility. Indeed, according to hydrogen acidities of halogenobenzenes’ #8), and chlo-
rine elimination probabilities*® arynes are formed following the decreasing order:
71 > 72 > 73 > 74. Taking into account the chlorine meta-directing effect in arynic
condensations” 5® we can see that 75 and 77 should be the main products formed
by arynic condensation on 69. On the other hand 70 must essentially lead to 75.

The ways taken by SNAr condensations are not easily predictable. However, we
can say that probability formation of 80 is very low for steric reasons. Finally the
famous Bunnett’s “Halogen Dance”>!) had to be considered and in fact it certainly
happens with 70 (vide infra).
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Condensations of NH; (in liquid NH3—THF) and primary amines (in THF) on
69 and 70 in the presence of NaNH, or NaNH,-#-BuONa only lead to dichloro amino-
benzene mixtures. Products of the 75 and 77 types are very strongly dominant4%
and are formed by arynic paths. 77 from 70 can be only explained by means of the
chlorine dance preceding the elimination-addition.

In contradiction with the results expressed before, we found that here the nature
of the base is of little importance. However, to obtain good yields we were forced
to use an excess of amines and it is known 52 that NaNH, is rather reactive in pri-
mary amines. Thus excess of primary amine must have a levelling effect on the basic
power of NaNH, and complex base.

Anyway, with those reactions we were able to synthesize from 69 and 70 several
amino dichlorobenzenes 75 and 77 with yields from 30 to 70%*%. Moreover, the
mixture 69 + 70 can be used in those syntheses.

With secondary amines*®) general Scheme 25 still fits well but results are more
complicated than with primary amines. Indeed, sometimes SNAr condensations
appear. Moreover, it is not possible to avoid completely the formation of disubstituted
products (i.e. diamino chlorobenzenes).

Finally, paths taken by the reactions depend on the nature of base, amine and
halogeno compound. We can briefly schematize our conclusions by the following
table:

Table. Secondary amine condensations on 69 and 70

Base NaNH, NaNH5-t-BuONa
Halogeno \Amine R,;NH X NH R,NH X NH
compound - /
R =FEt, i.Pr. X=0,CH, R=Et,iPr. X=0,CH,
69. E Al SNAr+EAl?)2) EAD E Al) + SNAI(D?)
70 EAL+SNAr SNAr+EAL(?)2)) EAD E Al) + SNAr

l) E A (Elimination Addition) = Arynic Condensation.
2) Very low part in the reaction, if happens.

It is clear that complex bases strongly favor arynic reactions. Moreover, NaNH,-
t-BuONa always gives better overall yields and higher ratios monocondensation/
dicondensation than NaNH,. Note that the chlorine dance is nearly always encoun-
tered with 70,

As for primary amines, we were able to synthesize several N ,N-dialkyl amino
dichlorobenzenes 75, 77 and 76 with about 25% (and exceptionally 90%) isolated
yields. These latter are not very good but must be improvable. Moreover, this very
simple method is easily handled on a large scale, and very often the mixture 69 + 70
may be used.

In the aim of performing di- and trisubstitutions on 69 and 70, we first studied
condensations of amines on 75, 77, and 76, where >N— is a dialkylamino group47).
Reactivities observed are summarized on Scheme 26.

70



Activation of Sodamide

NRIR® NRIR? NR!R?
ip4d
+ RR*NH NaNH,—~¢t—BuONa . NR°R
d THE NR3R*
“ C1 ci
75 8l 22
80-100% 0-6%
NRIR? a
1R2 a
“ + RORNH NaNH,—~¢-BuONa NR'R? R*RN NR!R?
cl THF N
NRR* a
77 53 y
Scheme 26 50-65% 3-15%

Here mechanisms are essentially arynic with a very strong amino /mera-directing
effect. Taking into account what we saw about monosubstitutions and the two reac-
tions of Scheme 26, it is easy to understand the results described in Scheme 2747,

Cl
NR!R?
NaNH,—7—BuON
69 or 70 + R'IR>NH A uONa + other products
THF
NR!R?
83 (R'=R3* R?*=RY

Scheme 27 main product 50-70%

Direct trisubstitutions are still simpler‘m. As a matter of fact, amines condense
on a mixture of 83 and 84 to give chiefly one triaminobenzene (Scheme 28).

NaNH,~r-BuONa  R°R‘N NR'R?
83+ 84+ R®R°NH ZTHF + other products
NR3R*
85
Scheme 28 main product 70-100%

Thus direct trisubstitutions allow to synthesize symmetrical triaminobenzenes
in rather good yields (Scheme 29).

NR!R?

NaNH,—t—BuONa  R'R’N
- + other products

THF

69 or 70 + R'R*NH

NR!'R?

85 (Rl = R3= RS, R2= R4= R6)
Scheme 29 main product 50-60%
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Finally, application of the methods thus developed for the condensations of
aliphatic diamines on polychlorobenzenes leads to a new synthesis of several 1,2,3,4-
tetrahydroquinoxalines and 2,3,4,5-tetrahydro-1H-1,5-benzodiazapines® 3,

Remark: Study of difluorobenzenes®® shows that reactivities of these com-
pounds are altogether what we saw with monofluorobenzenes (Chapter IV.2.1.2.1.)
and with polychlorobenzenes. Those halogeno derivatives allow the synthesis of
diamino benzenes and, more interestingly, of mono-aminofluorobenzenes.

In conclusion, this study gives some new light on nucleophilic substitutions of
polyhalogenobenzenes and shows that complex bases are particularly useful when
arynic condensations are wanted. Moreover, the described methods are of general
interest in the synthesis of a lot of aminobenzenes and nitrogen heterocycles from
several commercially cheap starting materials.

IV.2.1.3. Ketone Enolates Condensations on Halogeno Aromatic Compounds

1V.2.1.3.1. Introduction. As we said before, ketone enolates generally are good
activating agents for NaNH, ' 11) and lead to nucleophilic complex bases, In other
words, it is possible to use the “base™ part to generate a dehydrobenzene and the
“nucleophile™ part to condense on the reactive intermediate.

From the literature”> 3 41> 55, 56) jt appears that ketones were phenylated in
liquid NHj; in the presence of NaNH, by means of arynic condensations. Note that
it has been shown for a few years that it is possible to synthesize phenyl ketones
starting from halogenobenzenes and ketone enolates by means of SRy, reactions®”).

If we look at the first intermediary 86 of the condensation of a ketone enolate
on dehydrobenzene, it appears that it bears altogether a negative charge and a ketonic
function. In liquid NH; there is no further reaction but in aprotic solvent, 86 can
evolve in different ways leading to new condensations (vide infra).

T

86

Concerning our own work on arynic ketone phenylations, we first performed
experiments in the mixture HMPA—THF®* 3%, They led us to the concept of com-
plex bases. After that we generally used THF or DME, reserving HMPA to only a few
special cases.

1V.2.1.3.2. Monohalogenobenzenes. [Condensation of Aliphatic Ketone Enolates:
ketones R—CH;—~CO—CH,—R (Two Hydrogens in o and o' Positions)]. General-
ly% 3% 58) two ketones (instead of one in liquid NH,) are formed (Scheme 30).
We called 89 normal ketones and 93 transposed ketones.

Ratio 93/89 increases with increasing reaction temperature and decreasing solvent
polarity (C¢H, ;, CcHg > THF > HMPA). It is noteworthy that those reactions are
feasible in solvents as little polar as cyclohexane!
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Br

QO Na' .
A
(O] + NaNH,-R-CH,-C-CH-R —= |

(complex base)
5 2

@)\n/\ @)\\r\ R hydrolysm @/l\”/\

89 (normal
ketone)
@] +“R— CH,—C SCH-R”
2 (B)\R = Me i—Pr R
0
90 91 92 93 (transposed
Scheme 30 ketone)

Alcohols corresponding to 90 were never obtained with aliphatic ketone enolates.
However, we shall see later with cyclic ketone enolates that 90 must be intermediates
of these reactions and that their formation following way (B) (Scheme 30) is disfavored
by polar aprotic solvents. Moreover, it is well known that polar aprotic solvents favor
prototropies”), as here in the 88 formation.

From a synthetic view-point, we have to say that these reactions are performed
with a ratio ketone enolate/bromobenzene which is worth 2. However, excess of
starting ketone is generally easily recovered. Yields being given relatively to bromo-
benzene, we can say that overall yields are between 60 and 80%. Moreover it is pos-
sible to obtain mixtures with 93/89 varying roughly from 60/40 to 90/10.

Thus these very simple reactions are easily handled on a large scale from current
starting materials and constitute a good way for the synthesis of aromatic ketones,
particularly of the 93 type.

Ketones RIR2CH—CO—CHR'R? and R'R?CH-CO—CR*R*R® (One Hydrogen
in aand o or in e only). In these cases normal ketones of the 89 type (see Scheme 30)
are not detected. On the other hand, some new reactions may intervene’%: 59 Alj
the possible reactions are collected in Scheme 31 starting from 94 equivalent anion
of 91,
99 and 100 are typically Haller Bauer’s degradation derivativesS!) and generally
formed in rather drastic conditions. Unexpected *“‘oxydoreduction” leading to 98
may take an important part in certain conditions. Finally, overall yields are from
fair to good (55-75%).
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R! R}
R? H30+ R2
R3 + R3
—C ~ 4
T Sge n ®
R5=H /base : o 95
R! R} g2
@R’ Ph
RJ
C—R4 / R4
94 RS |:©|i| 96 0/
RltoR?= CH3 RS=H
R!to R%= CH,
NH; | Haller Bauer R¥=H
2 § degradation orRS#H
R! R R! R?
R? N .
O "+ wecom o oL
R
99 100 no' }Rr?
97  rsR*
Rl Rl
4 R"2 R"2
3 after R
H R -~
& ° hydrolysis
74 RRs ~R?
94 98 RS

Formula surrounded are those of isolable products.

Scheme 31

Here too, ratio of formed products depends upon temperature, solvent and reac-
tion time and it is possible to direct more or less selectively the condensations to-
wards a determined product.

Thus taking into account the practical simplicity of these condensations and the
elaborated structures they can led to, we can say that they constitute good ways in
the synthesis of séveral structures.

Aromatic ketones Ph—(‘i—CHR'Rz. With these ketones, the only products iso-

0
lated®® are alcohols of the 98 type, anthranols of the 97 type (its formation depends
on the structure of the starting ketone) and anthranones 102 which are formed fol-
lowing the mechanism pictured in Scheme 32.
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R! R! R? R! R?
-R2 — Hj
n= Q0 — Q0

I] ~ H

(o] o~ (o}
101 R'=R?*=CH, 102

(R!, R?] = (CHy);

Scheme 32

Analogous cyclisation is given in the literature$?), From a practical view-point
overall yields are rather good (45 to 70%) and reactions are very simple to perform.

In conclusion, this first part conceming reactions of halogenobenzenes with
complex bases NaNH,-ketone enolates shows that these condensations constitute a
new tool in the syntheses of a large variety of chemical structures. Moreover, even
when yields are not very good, we are reminded that those reactions are generally
easily performed, and starting materials are simple or commercial, when the obtained
compounds very often need much more sophisticated methods to be synthesized by
another way.

Condensation of alicyclic ketone enolates. Alicyclic ketone enolates are generally
good NaNH, activating agents and give complex bases able to generate benzynes.
A few exceptions are encountered. In those cases a complex base NaNH,-alcoholate
must be used together with the ketone enolate to be condensed.

Generally speaking, mechanism of these condensations looks like the one written
for aliphatic ketones in Scheme 30. However, alicyclic ketones enolates allowed us
to obtain many precise confirmations of it.

Thus in the most complicated case, we can observe the overall reactions pictured
in Scheme 33.
-0
Br Nat OH

-0 3 Ph
oo e Q] e ™ O
! and after

hydrolysis 104

105
0
N
+ Ph—(CH,),_,—CONH,
Scheme 33 106 107

Of course amide proceeds from Haller Bauer’s degradation (vide supra) and may
be generally avoided.

Ketones 104 and 106 respectively are normal and transposed ketones, correspond-
ing to 89 and 93 (Scheme 30).

Alcohols 105 (only isolable for n = 5, 6, 7) are of interest. Indeed, their isolation
brings a confirmation to our hypothesis concerning the participation of sodium
benzocyclobutenolates as intermediaries. Moreover, we isolated them for the first
time® and showed that they have rather special chemical propertiesé4—66),
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Concerning arynic condensations, we made an intriguing observation. All the
reactions are performed in a strongly basic medium. Alcohols 705 are isolated after
hydrolysis although they are unstable in the presence of a base®¥! Thus they are
spontaneously opened following the general path given in Scheme 34. As a matter
of fact this is a well-known property of benzocyclobutenols®’

0 o
oH 0 _pn W\
b
= O
R R

105 104 106
Scheme 34

However, there were some contradictions between the results of our experiments.
First lights were given when we compared the reactions described in Scheme 35.

1)NaNH2—@—
THF = Na*
Br /2) H,0* @ﬂ 5% (63)

105 U =7

@ 0 0
5 NaNH,@so __Pn ] Me Q Me me
THF Me
+ +
2) CHjl

3) H;0* (68)

Scheme 35

In both cases, arynic condensations were performed in the same conditions. In
the second reaction, hydrolysis was precedented by methyl iodide addition. Asa
consequence it was not possible to isolate 705 (n = 7) and ketonic compounds only
were formed.

Our explanation is that arynic condensation leads to alcoholate corresponding
to 105 (n = 7) which is stabilized by complexation of the oxygen by Na*. Addition
of CH;I leads to a competition for Na* between the oxygen alcoholate and I~ or
even CH3l. The result of such a competition is a releasing of electronic charges
allowing opening of the alcoholate (Scheme 36).

Ph
. _ Na*
=
+
0
i— Na*
|z=1-,CHjl
Scheme 36
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This hypothesis was verified by adding Nal instead of CH;l just before hydrolysis.
In these conditions 104 (n =7) and 106 (n = 7) were the only products isolated.

Thus from these experiments it must be concluded that if alcohols 105 are
isolated after an arynic condensation, this means that during all the reaction, Na*
remains near the oxygen of the starting enolate and that of course, all other things
being the same, the alcoholate is stable in the reaction conditions. This hypothesis
is confirmed by reaction pictured in Scheme 379,

\\.Na* 0
1)NaNH,®=o OH
THF — s Ph
Br / 2) HO' o

@ L 105(n=6) 23% 104(n=6) 77%
1)NaNH,®mo
THF

2) H,0*

— 105(n=6) 45% + 104(n=6) 55%
Scheme 37

Li* which is a more complexing cation than Na* leads to better yields in 105
(n =6).

Taking into account all results, we proposed®® the overall mechanism given in
Scheme 38, (see page 78).

This mechanism looks strongly like the one given in Scheme 30 for aliphatic
ketone enolate condensations. Paths (A) and (B) may intervene simultaneously.
However, we think that (B) is the chief way®%).

We condensed a lot of cyclanone enolates with various ring size and numerous
cyclohexanone enolates substituted in various positions by alkyl groups®3: 68: 6% 70,
From all this work we can make the following practical remarks:

Alcohols 105 are directly obtained from arynic condensations only when
n=>5,6, 7. We shall see briefly later that we have now another way to obtain several
of them.

Cyclohexanone enolates never lead to ketones /06 except when an alkyl group
(Me, ¢-Bu) is at position four in the starting compound. However, we shall see that
it is possible to easily synthesize 106 from 105.

THF and DME can be used as reactional solvent. DME allows performing con-
densations at lower temperature but, of course, favors the opening of sodium benzo-
cyclobutenolates.

Haller Bauer’s degradation is favored by increasing solvent polarity, temperature
and steric hindrance in the neighbourhood of the carbonyl group.

Nonnucleophilic complex base NaNH,-#-BuONa, used with low reactive ketones,
favor the formation of ketonic compounds to the prejudice of benzocyclobutenols.

As for aliphatic ketones, two moles of starting carbonyl compound per mole of
bromobenzene must be used. However, unreacted starting material is also generally
casily recovered.

From a preparative chemistry view-point, these reactions may be useful and
we shall give now a few examples of synthesized structures.
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Ph—(CH,),_,—CONH,

_.Na+
o) ==
O—Na O//
H;0*
H,0*
©:0
OH 2

O---Na
105 /{ﬁ

/
O/

Scheme 38 106

It has been claimed that arynic phenylation of ketones is not a good reaction to
obtain phenyl ketones”V, Observation of our results show that arynic phenylation
is one of the simplest syntheses (compare to methods given in Ref.”") and that many
phenylcyclanones may be obtained in rather good yields as exemplified in Scheme 39.
Some examples of phenylcyclanones synthesized by reaction of Ph—Br with
NaNH,-ketone enolate or NaNH;-7-BuONa-ketone enolate are shown:
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Ph

(CH)),

n=1,2,3,17

yields: 50—80%93, 68, 69)

Scheme 39

(8]
RJURI

o .
:f Ph

yields: 759,70)

R4

R! =Me,R2=R3=R%=H
RI=R2=Me,R3=R*=H
R1=R2=R3=Me,R4=H
Rl =R2=R3=H,R%=Me,r-Bu

yields: 40—75%%9: 70)

Activation of Sodamide

=]

Ph

yields: 55—-60%72)

Interesting synthetic applications of arynic condensations of ketone enolates
were also obtained in the synthesis of benzocyclenones. We shall comment them a bit.
Benzocyclenones may be often obtained directly after arynic condensations.
However, as we saw before, benzocyclobutenols 105 are also obtained in several
reactions. In those cases, 105 may be opened by reaction with a base in aprotic

solvent to give the benzocyclenone 106 with very good yieldsé%),

On the other hand, arynic reactions are also of interest in the synthesis of benzo-
cyclenones substituted on the aromatic ring by an alkyl group in the ortho position
of the carbonyl group. In these syntheses, ortho alkyl bromobenzenes must be used
and arynic condensation intermediaries are of the 108 type: '

R

O

108

Of course 108 may be attacked in the ortho and meta positions leading to very
complicated mixtures of compounds. Fortunately, ketone enolates are very sensitive
to steric hindrance and condensations in meta position are strongly dominant”?,

Thus with the help of those reactions, we are able to prepare benzocyclenones
as exemplified in Scheme 40. (Many other benzocyclenones substituted on the

ketonic ring were also obtained during our studies

R O

A\

Scheme 40

64,72,’75))
R=H n=1-4,6
R = CH; n=1-6,8
R =Et, i-Pr n=2-6,8
68,73,74)

yields: 40—60%
yields: 30-50%
yields: 20~55%

We have to note that sometimes yields are not excellent and obtaining pure
ketones needs some purifications. However, all the operations are very simple ana
may be performed on a large scale. Thus, taking into account that these reactions
lead to benzocyclenones (without limitation of ring size) which are very often dif-
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ficult to obtain by classical ways, we can say that they constitute interesting syn-
thetic tools for these kind of derivatives.

Finally, we said before that our studies on arynic condensations of ketone
enolates led us to synthesize for the first time benzocyclobutenols 105. However,
those compounds are directly obtainable by arynic reactions only when the starting
ketone is a five, six or seven membered ring. Fortunately, benzocyclenones photo-
chemically cyclize to give 105. Moreover, when the aromatic ring bears an alkyl
group in the ortho position of the carbonyl function'® %% 75, another photocycliza-
tion may take place leading to another class of benzocyclobutenols 109. One of these
latter has been independently prepared by Sammes and his colleagues’®.

In summary, numerous derivatives /05 and 109 may be now synthesized by one
of the ways pictured in Scheme 41.

, o~ ob

X NaNH,—enolate 105
+ or thv
NaNH,—:—BuONa—enolate

R O
AN A\

R = H, alkyle
106

Scheme 41

A few ijllustrations of the structures thus obtainable are given in Scheme 42.

R oH }-[0}3l 2

H R
19, 63, 66, 69, 75) 69,70, 77)
R=H,n=5,6,7,8,9 R=Me,R1=R2=H
R=Me,n=8,9,10,12 R= Me,Rl Me,R2=H
R=Et, i-Pr,n=8,9 R=R!=R2=Me

R! R

OH ol
@b, Q)

H RZ’/R
70) 19, 66, 75)
RY=H,R?=+Bu n=829 R!=R2=H;R!=H R2=

=t-Bu,R2=H n=10 R1=H R2=Me;R1 =R2=

Rl =RZ2=Me n=11 R1=R2= HMeRl—H R2 Me
Scheme 42
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Closing this section we have to point out that arynic condensations of ketone
enolates may incidentally take a curious way”®. Thus NaNH,-norcamphor lithium
enolate condenses on bromobenzene to give directly the polycyclic alcohol 110/
(Scheme 43).

N
Br _ Nan, THE . ‘\ 0O
Q" Ay v 2|10 5

- [o]

O
- after ..
hydrolysis [ ‘@

110 85%
Scheme 43

Condensation of o-f8 ethylenic ketone enolates. We started this work”®) inde-
pendently and simultaneously with Sammes and Wallace®® on ketones enolisable
on the side, relative to the ketonic group, where the insaturation is. In those cases,
use of complex base NaNH,--BuONa is needed. Mechanisms are rather complicated
as may be seen in Scheme 44 where we have collected our own results’® and those
of Sammes and Wallace®").

Compounds /11, 112, 113 and 114 were effectively isolated. These reactions
are of interest for the synthesis of naphthalenic compounds.

On the other hand, when the ketone is enolisable only at the saturated side, the
reactions take another way as pictured in Scheme 45, where benzyne is also generated
from bromobenzene and complex base NaNHz-t-BuONasz).

Structural effects on R? destabilizing the negative charge at the benzylic position
favour attack (B). Thus, making R? = alkyl instead of R? = H leads to the formation
of 116, On the other hand, structural effects on R which promote delocalization of
the ethylenic unsaturation towards the carbonyl group favour attack (A). From re-
cent experiments we think that it should be possible to manage, at least partially,
the reactions towards /15 or 116 by means of solvent and cation effects.

1V.2.1.3.3. Polyhalogenabenzenes. We essentially studied the reactions of
NaNH,-enolate or NaNH, -#-BuONa-enolates with dialkylamino dichlorobenzenes
117 and 118 for which the corresponding generated arynes are 179 and 120 respec-
tively.

119 is essentially attacked on position three and 120 on position four. Products
formed®? are of the same kind as the ones encountered with bromobenzenes. How-
ever, besides the usual aromatic ketones and benzocyciobutenols we observed the
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THF
Ph—Br + NaNH;—¢t—BuONa ——

[e]
[@I:I . >,’:\< 7 attack @f\,<-\-<o
f‘Ia* _0 \(é) /
/ attack (B) (A)

o
\

=

7
(/__;._
———

- 0

111 112
113

Scheme 44

82



Activation of Sodamide

9 a
[@l} + RCH=(l?-ngH—R2 - @iC(R'FCHR
R! / 0
R?
08
O-

R2
(A)
A _
Q. @3
X
“SCHR i SCriR

(1;/ \m

Q 0
R! R!
R CH,-R
R? R?
115 116
R =C¢Hs Rl=R%2=H 60% 10%
R =4-MeOCgHy; 3,4-(Me0),CgH3 _ _
2-Furyl, i-C3H7 45-60%
Rl=R2=H
R =4-MeOCgHy R! =H =
R? = CH, | 20% 40%
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formation of benzofurans. Studying carefully this new reaction, we found®?® that
heterocycles are formed following the mechanism pictured in Scheme 46 from 119.

Starting from /77, and aliphatic or alicyclic ketones, yields in 5-diethylamino
benzofurans are between 25 and 50%. Reactions of the same type lead, from 118,
to 6-morpholinobenzofurans with about 25% yields, Finally benzofurans may be
also obtained from 1,2 or 1,3-dichlorobenzenes®®.

An interesting point of these syntheses is the simplicity, compensating the
yields which are not always very good.
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1V.2.1.3.4. 1-Bromonaphthalene. Nucleophilic complex base NaNH,-enolate
very easily generate 1-naphthyne 124 from l-bromonaphthaleness).

Of course ketone enolates condense very easily on 124 following a mechanism
very similar to the one described with dehydrobenzenes. First nucleophilic attack
must take place on two positions. In fact, as we said before, ketone enolates are
very sensitive to steric hindrance and reactions on position two are strongly domi-
nant. Thus numerous structures of the type exemplified in Scheme 47 may be
prepared.

Scheme 47
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1V.2.2. Cyclenic Eliminations-Additions: Cycloalkynes and 1,2-Cycloalkadienes
Chemistry

IV.2.2.1. Generalities

The intermediacy of strained cycloalkynes and 1,2-cycloalkadienes7) in certain reac-
tions was proven long ago®®. Thus reactions of 1-halocycloalkenes often occur by
the elimination-addition mechanism pictured in Scheme 4857,

Nu- Nu
u
[(C@I} ——’(Cl@f protonation
basy 126

X Nu
(C@ (C}@/
bas:\ /
125
- Nu )
[(c@] Rl ) c@f protonation

127
Scheme 48

The quantity #» must be small enough for intermediaries 126 and 127 to be
highly reactive with nucleophiles. Note that this field of chemistry still creates much
interest®®),

We gave attention to cases where » is worth two and three because no general
method allowing the reactions pictured in Scheme 48 had been pointed out. Asa
matter of fact in nearly all the preceding works cited, the base plays at the same
time the r8le of nucleophile. Moreover, conditions used are often drastic and yields
are rather low. Note that NaNH; in liquid ammonia never gives good results. Gen-
erally the major products formed are aminated polymers from 1-chlorocyclohexene
and dimer derived from 1,2-cycloheptadiene (with 30% yields) when 1-chlorocyclo-
heptene is used®?).

We thought that, as for arynic reactions, complex bases would be able to give
the desired elimination step without condensation on the reactive intermediate, thus
enabling the desired condensations feasible in good conditions. Of course we had no
idea about the intermediate which could be formed with complex bases. Indeed it
had been well shown that the nature of the base, of the halogen, of the solvent, and
operating conditions all play a determining rSle on the nature of the generated inter-
mediate86—88),

1V.2.2.2. Amines and Thiolates Condensations on Vinylic Halogeno Cyclohexenes
and Cycloheptenes

Vinylic halogeno cyclohexenes. With the help of complex bases NaNH, -t-BuONa
or certain NaNH, —RSNa, we showed®® ®!) that it is possible to perform easily at
low temperature (30—40 °C) the reactions described in Scheme 49.
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NaNH,—/—BuONa, THF NR'R?
/ HNRIR? (40-75%)
a 128 R'=R?= Et, Bu
O/ R!= Me, R?= Ph
[R!, R?] =(CH)s, O(CH,—CH,),

12 (;: él) \NaNHrt—BuONa—RSNa, THF SR
or (25-40%)
NaNH,—RSNa, THF

129 R=Et, Bu, Ph
Scheme 49

Those results were encouraging, even for the thiolates, taking into account the
yields generally observed in the reactions of bases with 1-chloro cyclohexenes®®.
Moreover, we had realized the first condensation of the kind pictured in Scheme 48
with a base different from the nucleophile to be condensed. However, nothing was
known about the mechanism of those condensations. We have illustrated on 1-halo-
geno 4-alkyl cyclohexene (Scheme 50) all the hypothesis which have to be con-
sidered. In the worst case, we have to take into account that several mechanisms
together intervene. To clarify the situation, we studied the condensation of amines
on several chlorocyclohexenes94). We have summarized the results obtained in
Scheme 51.

Without other details, it appears that enamines are formed only with chloro
compounds able to give a cyclohexyne. This also explains the formation of two
isomers corresponding to nucleophilic condensation on both carbons of the inter-
mediate acetylenic bond. Of course, steric effects may eventually play a rdle on the
relative ratios of the two products.

Comparison of Schemes 50 and 51 shows that elimination-addition by means
of a cyclohexyne is certainly the mechanism leading to enamines from 130, 131
and 132,

If cyclohexyne formation is not possible (33 and 134), the chloro compound
reacts very slowly with complex base which degrades it without formation of en-
amines. Maybe there is the formation of a 1,2-diene but it does not condense with
amines.

1-Chloro Cycloheptene. This chloro compound reacts in THF with NaNH, as
well as with the complex base NaNH,-#-BuONa at 35 °C. It does not react with
t-BuONa in the conditions used®> 9(3.

The product formed is the cycloheptadiene dimer (Scheme 52).

Thus we can say that elimination step leads essentially to 1,2-cycloheptadiene
which easily dimerises.

In the presence of amines, the products obtained are mixtures of the expected
enamine and /36 (Scheme 53).

Concerning the first condensations, total yields are in accord with the yield
formation of 136 in Scheme 52. Thus enamine is formed to the prejudice of the
dimer.

In the last condensations, yields of enamines are low but yields of dimer are not
the expected complement. Thus we have to conclude that 135 disappears by another way.
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NaNH,—-¢f—BuONa
135 + HNR1R? -——THF—— NRIR? + 136

137
[R1, R2]| = O(CH,CH,),, (CHy)s 30% 36% (66% total yield)
R} =R2=Et,iPr 0-6% 37—38% (38—43% total yield)

Scheme 53

This means that the elimination step depends upon the nature of the amine to
be condensed. As it may be seen, we have to be careful in elimination-additions
forecasting.

In our opinion it is not possible with only a few experiments to predict the path
followed by an elimination-addition even when the halogeno compound and the base
are determined. As a matter of fact, with these kinds of condensations, the nature
of the nucleophile has also to be considered. Thus many experiments varying the
nucleophilic reagent are needed to obtain enough data to allow some previsions. This
conclusion is confirmed with what we shall now explain.

IV.2.2.3. Ketone Enolates Condensations on Vinylic Halogeno Cyclohexenes and
Cycloheptenes

Vinylic Halogeno Cyclohexenes, Encouraging results described above led us to
think that, as in the aromatic series, it would be possible to condense ketone enolates
on cyclohexyne generated by reaction of nucleophilic complex bases NaNH, -ketone
enolates on 1-halogeno cyclohexene,

As a matter of fact, these kinds of bases easily react with 1-chloro cyclohexene
at about 30—35 °C. Products formed are mixtures of ketones and alcohols in variable
ratios. We have collected in Scheme 54, general formulas of all the products which
can be formed from aliphatic or alicyclic ketones!® 7> 98,

R! R? R3? R!
R2
4/ R
Cl Rl R3 0
@f + NaNiL — > < 138 139
2 ==1
-
R* O R*
125(n=2 R! 2
X =Cl) R? R
. s . wiR! R?
l(‘ Hlll/
Scheme 54 140 141
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Of course, as for reactions described in the aromatic series, relative ratios and
total yields depend upon the nature of the starting ketone and of experimental
conditions.

For example: With methylcyclopropylketone, i.e. R' =R? =H, [R* R?%]=
(CH,),, products formed in THF or DME are 139 and 140 in relative ratios varying
from 80/20 to 70/30. Total yields are about 45%.

With cyclohexanone, i.e. [R!, R®} = (CH,);3, R? = R* = H, main product
(98—-100%) is 141 in THF, 138 (~100%) in HMPA. Both compounds (141/138 ~ 1,7)
are obtained in DME, Total yields are between 45 and 65%°7).

Observation of Scheme 54 shows a close analogy between these results and the
ones obtained in arynic condensations. Thus we observe the formation of “normal
ketones” 138, “transposed ketones” 139 or 140, and methylene cyclobutanols 141.
However, we met large difficulties with the mechanism. Indeed, starting from the
hypothesis of cyclohexyne being the intermediary (what is consistent with our
works on amine condensations) and by analogy with arynic condensations, the reac-
tion should be written as in Scheme 55.

It is clear that this scheme is hardly consistent with our results:

We never evidenced cyclobutenic alcohols 146,

Alcohols 141 and consequently ketone 140 would be imputable to the isomeriza-
tion 143 — 144, but there are no valid explanations for this one sided isomerization.

However this mechanism explains the formation of ketones 138 and 139.

In summary, and this is important for what we shall see later, cyclohexyne ac-
counts only for ketones 138, 139 and possibly alcohols 146.

On the contrary, if we start from the hypothesis of 1,2-cyclohexadiene being
the intermediate, the reaction should be written as in Scheme 56 where intermediaries
have been written again for more clearness.

This mechanism is consistent with experimental results. Moreover in reactions
where 139 and 140 are formed, the influence of the nature of the solvent on ratio
139/140 is well explained®® with the help of what is known about the influence of
the solvents on the structure of § diketones or § keto ester enolates®®. The more
cation solvating is the solvent, the more important the proportions of W form. Con-
versely the less cation solvating is the solvent, the more important the proportion of
U or possibly sickle forms. Thus increasing the solvent cation solvating power leads
to increased formation of 140°®_ If we compare 55 and 56 it is clear that ketones
139 and 140 may be explain by mean of cyclohexyne as well as 1,2-cyclohexadiene
intermediaries. So, concerning these two types of compounds we have to expect
that we will have occasionally some difficulties knowing their true origin.

Moreover, if we examine the overall results obtained, we immediately see that
there is a problem to be solved. Indeed, complex base NaNH,-£-BuONa in THF and
in the presence of an amine, reacts with 1-chlorocyclohexene to give cyclohexyne
intermediate. However, in the same solvent, complex base NaNH, -enolates seem to
generate chiefly 1,2-cyclohexadiene from the same starting halogeno derivative. Note
that one possible hypothesis was that the complex bases used here were able to
generate a cyclohexyne and to isomerize it very rapidly to 1,2-cyclohexadiene.
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To clarify this situation, we studied several substituted chlorocyclohexenes. We
shall see that these reactions are not very simple but that it is possible to determine
some general useful rules,

First we studied!%® 1 1-dimethyl 2-chloro cyclohexene 149 which can only
lead to a cyclohexyne. General formula of compounds which can be formed are
given in Scheme 57.

O\ R}
Cl R! R3 o s R4
* NaNH;—R2>.?..ﬂ'—-<R4 K<R3 NS R!
(0] i R? R4 o
149 150 151
R!
R? OH R3
74 R . —§R4
—R
// R4 R2
(8
Scheme 57 152 153

Of course, here too, the path followed by these condensations depends upon
experimental conditions and structure of the starting ketone enolate. Results ob-
tained brought to light the following facts:

Normal ketones 150 (when formed) are always minor components.

When the sodium salts of 153 are not stable enough to give, after hydrolysis, the
corresponding alcohols, products formed are essentially or even uniquely transposed
ketones 157 and 152,

These observations and the structure of the compounds formed are in accordance
with the intervention of 1,1-dimethyl 2-cyclohexyne without isomerization to the
corresponding 1,2-cyclohexadiene.

We can conclude that nucleophilic complex base NaNH,-enolates are able to
generate cyclohexynes. Ketone enolates condense on these to give chiefly alcohols
153 and/or ketones 157 and 152.

Note that this result definitively excludes possible isomerization 143 — 144 of
Scheme 55.

Reactivity study of 154 which can only eliminate to 1,2-cyclohexadiene leads
to new interesting datal%® (see Scheme 58).

Cl R! _ iO R3
+ NaNH, - = —_—
154

R? R*
R! R! R? R3 R! R? R3
@—RI R3 R ©><, (<R“ + @>§K<R4
0H< R4 (0] (0]
Scheme 58 155 156 157
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This chloro derivative is much less reactive than the others.

All products formed are imputable to nucleophilic attack on the central carbon
of the 1,2-diene.

The main products are alcohols 155.

This means that nucleophilic complex base NaNH,-¢nolates are also able to
generate 1,2-cyclohexadienes and that alcohols 155 arise from condensation of
enolates on these intermediates.

Comparison of results obtained with 125 (r = 2, X = Cl) 149 and 154 shows
that sodium salts of 153 are less stable than these of 14/ or 155. This observation
is general.

We attribute the low reactivity of 154 to a poor tendency to form 1-methyl
1,2-cyclohexadiene. This hypothesis is confirmed by what we show just below,

After that we examined!®®) the reactivity of 158 (Scheme 59) which can elimi-
nate in following two ways:

O
158 Rl ” R3
—R?
R3 + 0O s +/Ol' R4
—< R X _R!

OH R! "Rz “R*
RZ
155 159  (with conjugated 160
Scheme 59 isomer if R! or R? = H)

159 and 160 are the main products, showing the intervention of a cyclohexyne.
Alcohol 155 arising from a cyclohexadiene we can conclude that elimination to
"1-methyl 2-cyclohexyne is much more favoured than elimination to 1-methyl 1,2-cyclo-
hexadiene.

Taking into account that /58 is much more reactive than 154, we confirm what
we said before concemning the poor tendency to the formation of methyl substituted
cyclohexadiene.

Finally, we studied 161 which can eliminate to a cyclohexyne and an unsub-
stituted 1,2-cyclohexadiene!®®,

QO

4
oH R

161 162

The main products formed are methylene cyclobutanols 162. In other words,
the chief elimination path leads to a cyclohexadiene. Moreover, comparison of reac-
tivity of two ketone enolates showed that the amount of minor cyclohexyne de-
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pends upon the nature of the enolate, that is to say, the nature of the nucleophilic
complex base.

Now we tentatively can summarize reactivity of chloro vinylic cyclohexenes by
Scheme 60 which may be used as a guide in future experiments.

Concerning the reactive intermediates encountered with nucleophilic complex
bases, we can conclude to the following formation propensity order:

3PS THIS N

As a fina] conclusion of this mechanistic discussion we can say that elimination
additions in cyclenic series are rather complicated. Although some helpful general
rules were now available, we have to be careful in the interpretation of these reac-
tions and we have to remember that one of the most important parameters is the
nature of the couple base-nucleophile.

Continuing in the condensations of nucleophilic complex base NaNH, -ketone
enolates we have to note that, as in arynic reactions, there is a particular behaviour
of aromatic ketone enolates. Thus, besides the usual reactions, we found!®"? that
internal cyclisation may happen as pictured in Scheme 61.

» Me
125 (n=2, X =Cl) + NaNH, — >____'_Ph -
Me” =1 —Ph

(0]

163

125(n=2,X=Cl) + NaNHz—CHZ:I——Ph —
0

oL — Ot
B

Scheme 61 164
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Of course, as usual, solvent and temperature play an important rdle on the for-
mation of 163 and 164.

Concerning the synthetic view-point of ketone enolate condensations on halogeno
vinylic cyclohexenes, we shall give some examples of products which can be prepared.
In Scheme 62 we have reported of few ketonic structures obtained during our

work.

R! 0 A
- R (CH,),
R ~~R
< I
0 Me Q

Rl =R2=Me R =i-Pr (45%)%8) R =H (40%)100) n=240%°7"  (40%)101)
Rl =H R2=Me R3=Ft (45%)%8) R =Me (75%)190)  n=3(45%)?7)

Scheme 62

Many other ketones may be obtained with more or less good yields. With the
help of these reactions we were also able to synthesize numerous alcohols of which
we shall give a few examples in Scheme 63.

Ry R Me OH ‘

! mnMe
R (CHa), mi j—Pr (CH2),

1
R H OH H OH R OH
R=RY=H n=2,3,4(50-55%)%7:103) R = R=H n=1,2(20-35%)109) 555%101)
R=Me R!=H n=2(20%100 H, Me (20-25%)100) R = Me n = 2 (25%)100)
R=H R! =Me n=2(35%)!°9
Scheme 63

It is noteworthy that at the difference of what we met for arynic reactions,
alcohols with a strained ring are isolated with cyclooctanone and with aliphatic
ketones. Since the obtaining of these alcohols by us for the first time, a synthesis by
photolysis of cyclenones has been publishedloz). However, this last method seems,
for the present time, much less general and above all much less stereoselective.

Finally we showed!%% that methylene cyclobutenols lead unexpectedly to
polycyclic furans 165 by means of reactions pictured in Scheme 64.

_ H
p.NO,CH,CO;H BF,-Et,0
(j:]:(\cm)n — (j:pcm —— [ T L cHa,
o

OH H OH
n=234 70-75% 165 70-75%
Scheme 64
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1-chloro cycloheptene. We saw (Chapter 1V.2.2.2) that this compound shows
much more propensity to generate 1,2-cycladiene than cyclyne intermediary. Thus
we have to expect an increase of methylene cyclobutanols yields relative to those
encountered with halogeno cyclohexenes, unless of course, the corresponding alco-
holates were not stable.

In fact, reactivity of 1-chloro cycloheptene looks like reactivity of 1-chloro
cyclohexene?3> 103: 105) and reactions with nucleophilic complex base NaNH, -
enolates lead to compounds similar to the ones isolated in cyclohexenic series. This
is exemplified in Scheme 65 with alicyclic ketone enolates.

H H
a O,
Q/ +NaNH, — —\\,@ — +
i OH H OH
125(n=3,X=CD 166a 166b
0
. 3
RGrOE
V7
0/
167 168

Scheme 65

We have to underline some particular points. As expected, main products of
these condensations generally are of the 166 type. However, here two isomers 1664
and 1665 are formed from alicyclic ketones. Although there were chief compounds
when experimental conditions are not too drastic, trans derivatives 116b are less
stable than 166a. Indeed we showed!?%) that under basic conditions 1665 isomerizes
to 166a which finally leads to ketones. Taking into accounts the results of Wiberg
and his coworkers!®®) we tentatively proposed the mechanism pictured in Scheme 66
to explain these reactions.

H H
B~
1666 —e=— = o pre—
H O 0 H O
OI

Scheme 66

Formation of 7665 as “kinetic” product is explained as in Scheme 6719,

98



Activation of Sodamide

///’Q (Cb C //,I'c %CO
i 7‘ @, nd ) 7. Ny

@:./‘(Cﬂz)n'-;\-\;\\\ N, @ RS
e ) g C
NaO(O O\H <O/(CH ) Q
2/n
Path A Path B
Scheme 67

Reactants can approach one each other following two paths (A and B respec-
tively). As it may be seen, path A is strongly disfavored by steric interactions. On
the contrary, path B, which leads to the less thermodinamically stable isomer 1665
does not suffer those inconveniences and thus must be favored. Of course, all we
said may be applied to condensations of aliphatic ketone enolates.

Finally, these reactions are useful in synthesis of the new alcohols 166 (as well
as their aliphatic counterparts). Overall yields are between 30 and 60%193: 105,
Moreover, methylene cyclobutanols are so stable in these series that /66 may be ob-
tained for any » values. However, when n becomes too large, the ketone enolates are
mixtures of ¢is and trans forms. Thus there are some difficulties in the separation of
the mixtures of alcohols obtained!°%.

All we have explained in Chapter IV.2. shows the usefulness of complex bases
in performing aromatic as well as cyclenic elimination-addition condensations.

Those studies show that mechanisms are sometimes complicated but that it is
possible, even in cyclenic series, to derive some rules allowing previsions for future
experiments.

Concerning the synthetic applications, it is clear that these reactions have al-
lowed the obtaining of new structures and are useful for the synthesis of many poly-
functional molecules not easily obtainable by more classical ways. Moreover, start-
ing materials are nearly always very simple and often commercially available. One
limitation should be perhaps in some cases — the separation of formed products. How-
ever now, low- and high-pressure preparative liquid chromatographies become more
and more usual in laboratories. Those techniques allow work on a large scale and
are no more difficult to handle than other usual methods. Thus these techniques

" improve the interest of our reactions which lead to elaborate structures from trivial
starting molecules.

V. Conclusion

Now we must conclude on complex bases. We hope to have demonstrated that acti-
vation of one base by another is a real phenomenon and that, more particularly,
sodamide-containing complex bases are useful tools in organic synthesis.
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For the present time it is not possible to give precise physical pictures of these
phenomena. We cannot give beautiful spectra or numerical data describing the
molecular structure of complex bases. Thus, they may appear as muzzy reagents
and this may constitute a handicap in convincing of their usefulness. However, look-
ing at all the activating agents studied, general laws appear. We can reasonably predict
that for a determined solvent, one activating agent will be better than another in
performing a desired reaction. Moreover, those rules will be improved in the near
future.

We also have to place our activating agents and their resulting complex bases in
regard to more sophisticated base activating agents like crowns® and cryptands‘”.

Crowns and cryptands are able to increase considerably the basicity of a given
base, owing to their extraordinary cationic complexation power. Thus A"M" in
the presence of crowns or cryptands will see its M* cation strongly complexed lead-
ing to A~ as a ““nacked jon”. In fact, the anion is not completely nacked as it may
be seen for example from the use of crowns as transfer agents in phase-transfer
catalysis reactions!®7).

In complex bases, the anion is much less free. However basicity of certain of our
reagents is very high. Moreover, the fact that complex bases are aggregated can be
taken as an advantage. Indeed, properties of these reagents depend upon the nature
of the activating agent and of the solvent. It is very easy by simple modification of
these parameters to “modulate’ the nature of the bases and thus to obtain a large
“palette” of complex bases with gradual variation properties. Finally, ionic surfaces
of complex bases may be also useful in performing certain kinds of reactions.

Now concerning more practical considerations, complex bases present the
enormeous advantage of being very easily and simply prepared from commercial
cheap starting matetials. This can constitute a big advantage even if the results are
less spectacular than the ones obtained with crowns or cryptands. As a corollary
complex bases can be used on very large scale without inconvenience. Finally, com-

" plex bases are not physiologically dangerous and do not necessitate special care. This
point has to be noted owing to the uncertainty concerning the physiological activities
of crowns and similar reagents®.

From a general theoretical view-point we think that the concept of synergic
effect must be taken into account every time two bases or nucleophiles are together.
We have shown that this is important when one of the reagents is soluble and the
other is not. But it is clear that this concept applies even when both reagents are
soluble or, on the contrary, only very slightly soluble.

Moreover, if this is important in synthesis, we think that this is still much more
important in kinetic interpretations of reactions where two bases or nucleophiles
intervene successively or competitively.

The phenomenon can also play a role in reactions where a base and a solvent
able to produce a base, are brought together. For example if we consider a base in
DMSO and if this base is able to generate a small quantity of dimsylsodium, which
is the active species: the base, dimsylsodium or the complex base: base-dimsylsodium?
Last, but not least, we shall see in Part II that the concept of activation can be
extended to reducing agents.
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P. Caubere

1. Introduction

Complex reducing agents are more recent reagents than complex bases. Their story
begins some years ago with studies on sodium hydnde reducing properties. Generally
this hydnde is used in organic chemistry as a base!). However hydrideion H™ isa
soft base and we thought that it would be able to reduce organic compounds. We
formulated this hypothesis after having observed® the coupling reaction pictured

in Scheme 1.

HMPA
O-ctcmrnn 2 Q-anv @) - Qe
2 2

1

Scheme 1

As a matter of fact, if NaH had played the rdle of a classical base, the product
formed would have been trans stilbene™

We demonstrated further that in the coupling reactions, H™ gives electrons to
benzyl bromide, leading to benzyl anion®. This step of the reaction is generally
symbolysed by a simultaneous electrons transfer. Of course it must be understood
as pictured in Scheme 2.

H™ . -
Ph—CHyBr —— (PhCH,Br)™~ = Br PhCHz PhCH; PhCH,Br | PhCHZCHzPh
1 \——‘
H;0%
3 Ph- CH3
Scheme 2

With benzyl halides other than 15 %) trans stilbenes may be formed by reaction
with NaH when the halogen is not soft enough and the aromatic ring bears an electron

withdrawing group (Scheme 3).

z
@—CH,-X + Nay MPA Z@—CH=CH—@Z

X=Br, Z=0.F, p.CN, 0.NO,
X=Cl, Z=p.Cl, 0.Cl, p.NO,

Scheme 3

In other words, H™ in HMPA is able to attack halogen as well as hydrogen fol-
lowing the softness of the first and the ‘““acidity™ of the second.
After having obtained those results, two questions were formulated:
1. What is the reactivity of NaH-RONa in HMPA?
2. Isit possible to activate NaH by alcoholates and are the reactions performed in
HMPA, with NaH alone, feasible in THF with the help of NaH—RQONa? We shall
briefly answer these questions in the next chapter.

106



Activation of Sodium Hydride

II. Activation of NaH by Alcoholates
NaH—-RONa Reagents
I1.1. Reactions of NaH—RONa with Benzyl Halides
First we studied reactivity of unsubstituted benzyl halides® 7). Benzyl iodide is too
sensitive to nucleophilic attack to give valuable informations. On the contrary, benzyl

chloride and bromide gave us interesting results as may be seen in Scheme 4.

PhCHoX—» PhCH,X + PhCH,—~CH,—Ph + PhCH 3 + Ph—CH=CH-Ph + PhCH,OR

‘NaH-HMPA 10% 50% 18% 0% -
X=Cl NaH-t-AmONa—HMPA 0% 0% 0% 80% 10%
NaH-THF 90% traces 0% 0% -
NaH-t-AmONa—THF 0% 90% 0% 0% traces
NaH-HMPA 0% 70% 18% 0% -
X = Br NaH-t-AmONa—HMPA 0% 0% 0% 15% 75%
1 NaH-THF 90% traces 0% 0% -
NaH-t-AmONa—THF 0% 72% 0% 0% 15%
Scheme 4

Taking into account that £-AmONa in HMPA leads chiefly to benzyl tertioamyl
ether and that this alcoholate shows very low reactivity in THF, we can conclude
that a real activation of NaH by t-AmONa takes place. From these results, the follow-
ing points have to be underlined:

Nucleophilic power of the alcoholate is partially masked in HMPA. This is clearly
shown by the reactions performed with benzyl chloride. However, nucleophilic
properties are still sufficient to substitute benzyl bromide.

t-AmONa enhances the proton abstracting power of NaH in HMPA and its
“halogen abstracting power” in THF. Note that NaH alone is unreactive in this latter
solvent.

Finally, a strong similarity of behaviour is observed between NaH in HMPA and
NaH-2-AmONa in THF. However, NaH-t-AmONa is much more reactive towards
halogens than NaH. This last observation is well illustrated by study of the reactivity
of bromo diphenylmethane (Scheme 5).

NaH-t-AmONa NaH
—eeooo

7) Ph,CH-CHPh, PhoCHBr e Ph,C=CPh,%)

85% 20%

Scheme §

All the conclusions given above were confirmed with substituted benzyl ha-
lides® "), It is very important to note that we find again here what we found for the
activation of NaNH, (see Part [ on complex bases).
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I1.2. Reactions of NaH—RONa with gem Dihalogeno Cyclopropanes

During our first work on the potential reducing properties of NaH, we had shown
that NaH is able to reduce nonenolisable ketones® as well as some other functional
groups®. Note that a few examples of such reductions performed in more or less
good conditions had been described in the literature!s 19),

With certain aromatic ketones, we showed that H™ is able to transfer its electrons
“one after one” and the intervention of cetyl radicals. This is briefly illustrated in
Scheme 63,

NaH .
Ph,C=0 —= [(Ph,C=O)‘, H., Na’] — o= ——= reduction products
solvent

__0 + NaH —e— [( =0) . H, Na"] —= — products
solvent

© ©
e

O-, 2Na* ) —— products
solvent

Scheme 6

We had suspected the propensity of H™ to mono-electronic transfers since we
had discovered that addition of a mixture of HMPA—H ;0 to a suspension of NaH
in HMPA leads to the formation of blue solutions of solvated electrons!s)

Thus we thought that like radical reducing agents (for example the well-known
Bu3SnH'") NaH was able to reduce gem dihalogeno cyclopropanes. As a matter of
fact, those reductions are performable in HMPA and we interpreted the reaction by
the intervention of radical species with a solvent cage effect'?). However, in the con-
ditions where the reductions were performed, some side reactions can take place.
These latters cannot be avoided by changing HMPA for THF because in this solvent
NaH does not react with gem dihalogeno cyclopropanes.

Taking into account the results obtained with benzyl halides, we tried to im-
prove these reductions with the help of NaH-t-AmONa in THF. As it may be seen
in Scheme 7, our hopes were satisfied'?.

It is clear that in THF, 1-AmONa considerably enhances the reducing power of
NaH and the yields obtained compare favorably with those in HMPA. Moreover,
propensity to reduce rather than to eliminate is stronger for NaH-t-AmONa in THF
than for NaH in HMPA. This conclusion is clearly illustrated by the reactions pic-
tured in Scheme 8!2,
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+ (c@

R

Br H
(CHy), — (CH,),
Br Br

o NaH_HMPA 55%
n=2R=H ‘NaH-t-AmONa—THF 66%
o Ra NaH—HMPA 60%
n=2R=Me NaH-t-AmONa—THF 70%
Caim. (NaH-HMPA 50%
n=3R=H |NaH-t-AmONa-THF 60%
[NaH-HMPA 0-40%%) 20-70%")
n=4 R=H | NaH-t-AmONa—THF 60% 30%
1y Reaction with little reproducibility.
Scheme 7
CH,-H~H" Me
NaH Y
Me,Cg—C{ " N =_</ 70%
HMPA S e Me> | “Me
Br \UBr Br
M62C$ZCMCI
Br Br .
\NaH—t—AmONa Me.C CMe
: P o5

THF H><Br

Scheme 8

I1.3. Limitations of NaH and NaH—RONa as Reducing Agents

As we said before, in our opinion H™ is able to react by way of monoelectronic

transfers and very often apparent simultaneous transfers of two electrons must

rather be very fast consecutive mono-electronic transfers.
Thus H™ should be a good reducing species in solution and NaH a good, cheap
and easily handled reagent. However, this salt suffers a large inconvenience: it is
very insoluble in most organic solvents. HMPA would be able to help in outlining
this difficulty but in this solvent the affinity of H™ for the proton is too high and
limits its use. On the other hand, NaH in THF is very insoluble, but in the presence
of sodium alcoholate, aggregates must be formed which enhance the “dissolution™,
as for NaNH,. In those aggregates, electrons must be more movable and more able
to perform reductions. In other words, aggregates NaH--RONa constitute “tanks”

of movable electrons.

However, activated sodium hydride also suffers some inconveniences. Thus even
in THF basic properties are not low enough to allow reduction of substrates possess-
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ing too much acidic hydrogens, For example, enolisable ketones are not reduced but
enolized. Finally the “quality” of commercial NaH is very important for the repro-
ducibility of those reactions.

Our investigations to outline those large inconveniences led us to “complex
reducing agents”. In fact, some preliminary experiments performed with other goals,
showed us that NaH does not react easily with cupric or cuprous salts. We thought
that if NaH—RONa really were good movable electron “tanks™, it should be possible
to perform reductions of metalic salts. Our first experiments showed that this was
true. Thus when a cupric or cuprous salt is added to NaH-z-AmONa in THF at
50—-60 °C, a brown-black coloration appears and the reagent thus obtained has
reducing properties. We called the mixtures NaH—-RONa—MX,, complex reducing
agents.

II1. Reactions of NaH---AmONa—-MX,, (M = Ni, Co, Cu) with Halogeno
Compounds

I11.1. Halogeno Aromatic Derivatives

We chose to use reductions of these compounds as test reactions and we tried first
to reduce halogeno naphthalenes. Quickly we observed that constituent ratios of
complex reducing agents cannot be randomly taken. Thus, without data on the
nature of the reducing agents, we determined empirically the best ratios giving the
best yields in our conditions. Scheme 9 summarizes our main results!®.

X
O + s ooy 22 OO
2 " : 65°C
M=Ni 6h 94-96%
X=F { Co very slow -
Cu no reaction -
M=Ni 1h 95-97%
X=0qa Co 18h 95%
Cu very slow -
M=Ni 1h 85-90%
X = Br { Co 4-5h 90-95%
Cu 17h 60—65% (+ binaphthyl)

1) NaH/t-AmONa/M(OAc),/RX = 4/2/1/1 M = Ni, Co
6/2/1/1 M =Cu

Scheme 9

Each pair of constituents (i.e. NaH-z-AmONa, NaH—-M(OAc), and
t-AmONa—-M(OAc), ) are poorly reactive on the mentioned halogeno naphthalenes.
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Examination of the results shows that reducing properties of complex reducing
agents depend upon the nature of the metal.

Nickel is the most efficient reagent. On the other hand, more selective reductions
should be expected with Co and Cu. With this latter which is the classical metal of
Ullman reactions' ¥, formation of binaphthyl is observed. This point is of interest
because it shows that it would be possible to obtain new coupling reagents from
complex reducing agents.

Observation that our reagents were able to reduce even fluoronaphthalene, led
us to try to reduce substituted halogenobenzenes with difficulty (or not at all)
reduced by NaH'®. Thus we attempted to reduce several of these compounds with
our best complex reducing agent'®, As it may be seen on Scheme 10 results were
more than satisfying.

X Z

THF
Z-@ + NaH—/—AmONa—Ni(OAc), —= @

X=Cl Z=2Me, 3-Me, 4-Me | _
X=Br Z=4Me, 2-MeO, 4MeO, 2-COOH, 3-COOH | ! 72" 85-95%
X=F  Z=4McO

X-Br  7- 4c00H } 12-18h 85-95%

Scheme 10

Now if we compare the results given in Schemes 9 and 10 with those obtained
by Nelson and Gribble!S) with NaH in THF, it is easily seen that complex reducing
agents are much more powerful. For example, reaction of NaH with 2-bromobenzoic
acid in THF needs eight days to give only a mixture of starting material and benzoic
acid.

Those results being obtained, we wanted to examine reductions of gem dihalo-
geno cyclopropane with the goal of comparing NaH in HMPA, NaH-z-AmONa in
THF and complex reducing agents. Moreover we hoped to get some more informa-
tions about our new reagents.

Then we first studied 7,7-dibromo and 1-methyl 7,7-dibromo norcaranes
from which we obtained the general feature given in Scheme 11.

Some comments have to be made:

With the conditions given here, NaH-f-AmONa reduces slowly and yields are
strongly dependent upon the NaH “quality”. This latter is of much less consequence
with complex reducing agents.

“NaH—-MX,,” does not react. Likewise -AmONa—-MX,, does not reduce. We
must notice a curious exception for -AmONa—Ni(OAc), when the ratios alcoholate/
nickel salt/bromo compound are worth 4/1/1. Yields obtained are lower than with
complex reducing agents and reductions are essentially observed for the reagent
ratios given. Moreover, from all our studies it appears that these reductions are far
from general. Owing to the results of Whitesides and colleagues'”) we have to suppose
that here the reducing agent is the nickel tert-amylate, and that in some cases these
salts are able to give their electrons.

16)
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R R
Br THF H
+ NaH-t—AmONa-MX, ——=
Br 65°C Br
H
R MX, Bromide/NaH/r-AmONa/MX,, t(h)!) cis/trans Yield %
H  Ni(OAc), 1 /1 N /1 4-5  74/26 80-85
H Co(0OAc)3, Cu(OAc),, CoCly, 1 4 /2 /1 1-2 ~70/30 between
CuCl,, Cu,Cl,, CuyBr, 55and 70

'H  Cwl, 1 /4 /2 /1 16 60/40 30
CH3 Ni(OAc); 1 1 N 3-4  66/34 80
CH;3 Cu(OAd), 1 /4 )2 /1 21/2  66/34 66
CH3 Cu,yCly 1 /4 /2 1 8 70/30 60-66

1) Time needed for the total disparition of starting material.
Scheme 11

Coming back to complex reducing agents, we see as we observed with aromatic
halogeno compounds, that the nature of the metal used is very important not only
on the reactivity of the reagents but also on the needed ratios for the constituents.

Sometimes, formations of hydrocarbons proceeding from full reductions are
observed. Yields always are low with Co and Cu reagents. With Ni reagents they can
reach substantial values when the NaH ratio is increased. This is of interest for further
investigations on selective reductions.

A few experiments performed with NaD show no deuterium incorporation. This
observation and the values of the cis/trans ratios compared with what is given in the
literature* > %) Jead one to conclude that reductions are radical reactions with hydro-
gen provided by the solvent.

Those reductions were also performed on some more dibromo cyclopropanes

R!'-CH-CH-R? (R! =H R? = C¢H,3; [R!, R?] = (CH,)s, (CHp)s

Br Br

with very good yields!®.

Thus we can say that complex reducing agents are much more efficient than NaH
or even NaH-2-AmONa. This is confirmed by the reaction pictured in Scheme 12'9).

l THF H
+ e ONa—Ni —— +
(><Cl NaH—r—AmONa—Ni(OAc), 65°C. Ih 13 o

Scheme 12 60—-65% 5-10%

It is well known'? that dichloronorcarane is scarcely reduced by classical re-
ducing agents. Thus the result given in Scheme 12 underlines the usefulness of com-
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plex reducing agents. Note that use of Co(OAc), instead of Ni(OAc), eliminates
nearly completely norcarane formation but the yields of chloronorcarane are only
40 to 45%.

Finally it must be noted that we also showed'®) that metallic salts may be used
more or less catalytically. Thus when the molecular ratios dibromonorcarane/metallic
salts are worth 8 for Ni(OAc), and 4 for Co(OAc), or Cu(OAc), mono reductions
are performed with 60—70% and 45—50% yields respectively.

In conclusion, Ni, Co and Cu sodium hydride-containing complex reducing
agents are good new reagents allowing reductions of halogeno compounds. Further
investigations should show us that those results, extended to other metals, should be
useful in selective reductions of polyhalogeno derivatives.

II1.2. Reactions of NaH--AmONa—-Ni(QAc),with Ketones

Results shown earlier show that complex reducing agents may be useful tools in per-
forming reductions, Nevertheless a serious limitation would be anticipated with base-
sensitive substrates if the classical basic properties of sodium hydride and sodium
alcoholate were preserved in those reagents.

However, we showed earlier (Part 1) that in nucleophilic complex bases the
nucleophilic properties are partially masked. Thus by analogy it was not abnormal
to expect that complex reducing agents were constituted by new metallic species
where NaH and -AmONa would have lost most part of their basic properties. In fact
our expectation was satisfied.

Thus as it may be seen from the results described in Scheme 13, the basic charac-
ter of NaH and z-AmONa is strongly masked in complex reducing agents?®),

Rl RI
F

(=0 + NaH-+-AmONa-Ni(OA¢); s > CHOH
R‘Z/ R2
Rl =R2-= n-Bu, #-Bu
R! =Me R2=Ph 95-100%
IR}, R2} = (CHy)s
[R1, R2} = t-Bu—CH(CH;-CH,), 55%
Scheme 13

Of course we verified (on phenyl methylketone) that a complex reducing agent
does not reduce ketone enolates.

It is noteworthy that the reagent is efficient even with the strongly hindered
ditertbutyl ketone. However, we did one intriguing observation:

Conversion to alcohol passes through a maximum, then decreases; i.e. a reoxyda-
tion occurs! We explained this observation assuming (Scheme 14) that during the
reduction, formation of sodium as well as nickel alcoholates occurs (oxydation state
of nickel being unknown, we shall write it “Ni’).
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Rl R1 R!
SC=0 + NaH-+-AmONa—Ni(OAcl,—>  CH-ONa+ ~CH-O-“Ni’
R2 ~ Rz/ R2/
Rl ~ R!
TNCH-0-“Ni"=—== (=0 + “H-Ni"
rR2 R2—"
Scheme 14

Of course, nickel alcoholate can give a classical 8 elimination2? leading to start-
ing ketone and nickel hydride species. These latter reduce again or decay irreversibly
thus explaining the reappearance of the ketone.

This hypothesis is strongly supported by the following experimentsn): Com-
mercial mixture of 4-tertbutylcyclohexanols (cis/trans = 32/68) or their sodium
salts submitted to the action of NaH-r-AmONa—Ni(OAc), leads to formation of
4-tertbutyl cyclohexanone. In this “oxydation” the cis isomer disappears more
quickly than the frans one, in accord with the lower stability of its alcoholate. This
kind of “oxydation” had already been observed by Eliel and his co-workers?® during
the reduction of ketones on nickel catalysts.

Finally we thought that low reduction yields obtained with 4-tert butyl cyclo-
hexanone (see Scheme 13) was a consequence of this reoxydation. If such was the
case, this side reaction should be avoided by addition of a metallic salt able to com-
plex the oxygen of the alcoholate but unable to give § hydride elimination.

Indeed, addition of alkali halides and particularly LiCl or LiBr allows the reduc-
tion of 4-tert butyl cyclohexanone with nearly quantitative yields*®. Note that with
other ketones, addition of lithium salt improves the reproducibility of their reduction
by strongly postponing the reoxidation.

II1.3. Reaction of NaH—RONa—Ni(OAc), with Unsaturated Hydrocarbons

Successes obtained with ketones led us to examine possible alkene reductions. From
numerous experiments2% 22) we found that the solvent is important in these reac-
tions and that anisole is a good one. Of course reduction rates strongly depend upon
the nature of the ethylenic compound. Thus the following reactivity order has been
established:

n-Bu—CH=CH,; > trans n-Pr—-CH=CH—-CHj, n-Hex—-CH=CH, > trans n-Pent—CH=CH-CH,

Oy O» T

Yields are between 90 and 100% except for 1-methyl cyclohexene. Thus it ap-
pears that the complex reducing agent is very sensitive to steric hindrance and will
be able to perform selective reductions.
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Finally, when methylene cyclohexan is submitted to the action of
NaH--AmONa--Ni(OAc), reduction yield is only 75% and 1-methyl cyclohexene
appears. This isomerization as well as the reductions performed strongly suggest!> 24)
the presence of nickel hydride species in the complex reducing agent.

This suggestion is supported by the results with alkyneszo). Thus, as it may be
seen in Scheme 15 1-alkynes may be reduced selectively to alkenes or alkanes
following the nature of the activating agent of complex reducing agent, solvent,
and temperature used.

R—C=C-H + NaH-R'ONa-Ni(OAc) ———— R-CH=CH, + R-CH,-CHj

R = n-Bu R =rAm 20-25° THF 75% 15%
|R"=2Bu  65° anisole - 100%
R = n-Hex R'=¢rAm 20-25° THF 100% -
R'=r-Am 65° anisole -~ 80%
Scheme 15

Under certain conditions, some 2-alkenes appear during these reductions. This
is another argument in favour of nickel-hydride intervention. This hypothesis is also
strongly supported by the results obtained with disubstituted alkynes (Scheme 16)29).

THF Ri A Rl\ /R2
R1_C=C-R2? + NaH-+-AmONa—Ni(OAG)g ~———— == + _ +R1_-CH,-CH,-R?
40 °C ~ N 2 e ~N 2
H R H H
Rl =Me R2=n-Pr (42 h) traces 95-99% traces
R1=R2=Ph 15-20h 10-15% 63-67% 13-17%
120 h 45% 0% 55%

Scheme 16

It is clear that these reductions are syn additions, although with dipheny] acety-
lene isomerization to the more stable frans stilbene cannot be entirely suppressed.
This stereoselectivity was also expected from nickel hydride species®®.

Finally all our results concerning reactions of complex reducing agents with un-
saturated hydrocarbons can be interpreted by the mechanism pictured in Scheme 17.

NaH-RONa + Ni(OAc); —== "H-Ni"

R, CH,-R"
R—C=CCH,R! + "H-Ni” —= \/
2 E2) il
H Ni
R
R CH,—R! rH gHi{R R H
/. + THN® “J __EAH g elimination \_/
H H H'  “CH,-R'
I‘Ib
2) R—~CH,~CH=CH—R!
Scheme 17 R—(CH,),~R!
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This kind of mechanism is currently given to explain reactions observed between
metallic hydrides and unsaturated hydrocarbon (see for example2). Of course the
exact nature of complex reducing agents remains to be thoroughly investigated.

1I1.4. Use of Complex Reducing Agents in Carbonylation Reactions

As we said earlier, we do not know the structure and of course the mechanism of the
formation of complex reducing agents. However, we formulated the hypothesis that
at some step of their synthesis, the role of NaH—RONa is to give electrons to metallic
salts leading to low-valent metal species which evolve towards metallic hydrides.

If this hypothesis were true, the same reduction performed in the presence of
appropriate ligands should lead to new metallic complexes which should have noth-
ing to do with complex reducing agents. This was successfully verified?>). Thus when
Co(OAc), is added to a suspension of NaH-£-AmONa in THF under carbon monoxide
at atmospheric pressure and between 40—60 °C, a dark blue color develops. The hetero-
geneous medium thus obtained shows strong infrared absorption (2130, 2060, 2010
and 1890 cm~!). Those spectra show the presence of carbonyl metallic species“).
Moreover we were able to carbonylate halogeno aromatic compounds (Scheme 18)2%.

1) 6065 °C, THF
1) 60-65 €, THE p1_coH,COOR? + RIC4H4CO0H
2) H30" or

EtOH then H30" (overall yields: 100%)

R!_C¢H4—X + NaH-t-AmONa—Co (OAc);—CO

R'=H X=1,Br
Rl =pCH; X=8Br

Scheme 18

Finally, preliminary experiments show that Ni and Fe salts are also able to
produce carbonyl species in the same conditions.

These results are particularly interesting. Indeed, it appears from the literature
that there are only a few methods allowing the preparation of carbonyl metals in
aprotic solvent from metallic salts, under CO at atmospheric pressure and at low
temperature?”),

Moreover, our conditions compare favorably with those we can find in the
literature about the carbonylation of halogeno aromatic compounds®”¢: 28),

These results are only preliminary, but it is already clear that our reagents have
noticeable reactivity.

III. 5. A Few More Complex Reducing Agent and Conclusions

During the past few years metailic reagents obtained by reaction between metallic
salts and various hydrides become more and more numerous®®. It has even been
recently published that NaH—FeCl; and NaH—FeCl, have very special reducing
properties3°). However, these authors are forced to use a very large excess of metal
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salt and sodium hydride relative to the substrate to be reduced. We have to under-
line that there is always a risk in using too large an excess of NaH. Indeed, this
reagent can contain a small quantity of metallic sodium which can modify the path
of the reactions. Note that sodium metal can be easily evidenced with the help of
the coloration it gives with HMPA3!),

All we described in preceding chapters shows that NaH—RONa reacts with
metallic salts giving also a new kind of reducing agents. What is their interest?

First they are very simple to prepare and they are not expensive. They constitute
a new use of sodium hydride in organic chemistry and enhance the value of this very
current compound. Moreover very large excesses of NaH or metallic salts are not
needed.

Secondly properties of complex-reducing agent may be varied infinitely, allow-
ing a very broad range of reducing agents. Indeed, we saw that properties of
complex bases vary strongly with the nature of the activating agent, the solvent
and the relative ratios of the constituents; with complex reducing agents the same
parameters intervene. Moreover, we can still modulate their properties by changing
the nature of the metallic salts. Concerning this parameter, our recent results>?
show that the following metal derivatives are able to give complex reducing agents:
(Ph3P)2NlC12 , FCC13 , CICIZ , ZTC14, ZI]C12 y MOCIS , WC16 y Mn(OAc)2 , Pd (OAC)2 )
VCl,.

All those properties are very important in view of selective reductions. We shall
briefly illustrate in Scheme 19 what we have just said, with the help of a few of our
most recent results3?,

Z-Ni(OAc),, THF, 65 °C, 1 h, 95%

2MeO—CgH4—Br Z—Ni(OAc),, DME, 60 °C, 5 mn, 90% S MeOCgHs

2-ZnCl,, THF, 60 °C, 2 h, 94%

Z-Ni(OAc);, DME, 20 °C, 1 h, 93%

n-CyaHagBr / \ nCjoHye
Z—-2ZnCl; or FeCl3 or Z1Cly4, DME,
60 °C, 2—5 h, 75-100%
Z-Ni(OAc),, DME, 60 °C, 15 mn, 90%
1-bromoadamantane / \ Adamantane
\Z—ZnClz, THF, 60 °C, 52 h, 40% /

Z = NaH--AmONa
Scheme 19
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Note that following the salt used there is no or only little elimination with
bromododecane and that complex reducing agents are able to reduce aromatic ali-
phatic primary and tertiary halogeno derivatives.

Thirdly by addition of appropriate ligands during the reaction between
NaH-RONa and MX,, it is possible to obtain new complex reagents able to perform
many reactions other than reductions.

In conclusion, all the work until now on complex reducing agents is only the
opening of a new large field of investigations. Of course many points remain obscure
and have to be studied. However, from our actual experiments we can say that we
will publish in near future some new resuits, not only in the reduction area but also
in the field of the numerous organic reactions by means of transition metal complexes.

IV. General Conclusion

From several view-points the problem of the “synergy” of two reagents upon for-
mation of mixed aggregates is fascinating. This concept applies to heterogeneous as
well as homogeneous systems.

As we said before, the chief inconvenience is that the phenomena cannot be
easily measured and we can only give imperfect pictures of them. Moreover, for the
future, if we can imagin physicochemical experiments leading to better knowledge
of homogeneous medium, it is easy to understand that this will be much more dif-
ficult for heterogeneous reagents like complex bases or complex reducing agents.
Thus, for the present, we have to push on with the help of very imperfect pattern
that we progressively and empirically modify in the function of the results of syn-
thetic experiments.

A consequence is that this kind of chemistry may appear as being too close to
“Cartesian spirits” and looking a bit like “alchemy”. However, we must do with what
we have. We cannot ignore experimental observations when we practice an “experi-
mental science”!

In fact, in my opinion, the concept of activation should be the starting point
for many new investigations, It should lead to new reagents for synthesis as well as
new reaction interpretations.

Acknowledgments. 1 express my sincere appreciation to my co-workers, who are named in the
references, I am grateful to them for their experimental and intellectual contributions to our
work. I thank the Centre National de la Recherche Scientifique and the Délégation Génétrale 3
Ia Recherche Scientifique et Technigue (Comité ASCO) for financial support.

Note Added in Proof:

Since this article has been written, some news results have been obtained in complex
bases as well as in complex reducing agents fields. We shall brleﬂy report here the
new applications.
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I. Complex Bases as Triggering Agents for Anionic Polymerizations®*

Taking account of the special properties of sodamide containing complex bases, it
might be thought that they would be of interest as initiating agents of anionic poly-
merization reactions. The usefulness of numerous complex bases, of which activating
agents had been evidenced by the benzylation and carbonatation reaction tests
(see Part one, I1.4.), was initially investigated in styrene polimerization.

We found that convenient activating agents belong to very different classes of
compounds. We give in Scheme 1 a few examples of the activating agents capable of
giving “initiating complex bases” with NaNH,.

Polyalcoxyglycols or EtO(CH3),0H, R(OCH,CH;),0H (R = Et, Bu),

glycol monoethers: 1,2-(MeO)(HO)CgH4

Primary alcohols: Pr-OH, Me3C—-CH,0H, Me~-(CH3)3-C(Me),—CH,0OH,
Me—(CH4),9—CH,0H

Secondary alcohols: i- PrOH, Et,CHOH, (iPr),CHOH

Tertiary alcohols: t - BuOH, Et; (Me)COH, Me(CH3)7-C(Me),OH

Glycols: Me,C(OH)(CH,),C(OH)Me,

Scheme 1. Examples of alcohols of which corresponding sodium salts were used as NaNH,
activating agents in polymerization reactions.

Characteristic features of these polymerizations are that yields are medium to
very good and that they are performable in tetrahydrofuran (THF) as well as in
toluene. Moreover, it is noteworthy that, all other things being equal, polymer
properties seem to depend on the nature of the activating agents.

Of course, if the only polymerizations performable were those of styrene, com-
plex bases would be of little interest in the anionic polymerization field.

In fact, this is not the case and we were able to polymerize a very wide range of
monomers in various conditions. A few examples of them are given in Scheme 2.

Monomer NaNH, Activating Agent Solvent

Vinyl pyridine Bu—(OCH,CH;),0ONa THF, Ph-CH3
Divinyl benzene Bu—(OCH,CH5)ONa THF, Ph—CH4
1-Octene Bu—(OCH,CH3),0Na, Q\/ONa THF, Ph—CH,4
Butadiene Et—(OCH,CH,),ONa THF

Isoprene - BuONa, Et-(OCH,CH;),0Na THF, Ph—CH3j
Dimethyl butadiene Bu—(OCH;CH;),0Na, Q\/ONa THF, Ph—CH;,
Ethylene oxyde Bu—-(OCH,CH;,);0Na THF

Popylene oxyde Bu~(OCH;CH;),0Na THF
Propylene episulfur Et—(OCH,CH;),0Na, Bu~(OCH,CH,);0Na THF

Scheme 2. Examples of monomers polymerized and of the initiating complex bases used

These examples are representative of only a small part of all our experiments.
‘However we have shown that Complex Bases are also very interesting cheap reagents
in the initiation of the very important anionic polymerization reactions.
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II. Complex Reducing Agents

IL.1. “Sodium Hydride Iron” Containing Complex Reducing Agents3¥

We mentioned (Part two II1.5.) that FeCl; was one of the metallic salts capable of
giving a complex reducing agent: NaH—RONa—FeCl;. On the other hand, we cited
the interesting works of Fujisawa, Sugimoto and Ohta (Part two Ref.>®) concerning
the reducing power of NaH—FeCl3 and NaH—FeCl,. However, the reactions per-
formed by these authors required an excess of NaH as weli as iron salt. Moreover,
most of their results were obtained with FeCl;, a reagent less available pure from
commercial sources than FeCl; and less easily storable without alteration. It might
be thought that most of these disadvantages would be removed by using the com-
plex reducing agent NaH-z-BuONa—FeCls. This hypothesis was verified and we
showed that our reagent is able to reduce ethylenic as well as acetylenic hydrocarbons
as exemplified in Scheme 3.

TH
R-CH=CH—R! + NaH-+.BuONa—FeCl3 ———— R—CH,~CH,~R! (50-95%)
R=H R! =C4Hy, CgH;3, Ph
R =CHj; Rl= C3H7 (cis and trans)
[R, R1] = (CHj)4, (CHy)6
R—C=C—R! + NaH-1.BuONa~FeCl; -—2— R—CH,—CH,—R! (95-98%)
R=H R1=C4H,;3,Ph
R=CHj3 Rl =C3H

Scheme 3

With ethylenic and acetylenic derivatives, the ratios NaH/¢t.BuONa/FeCls/Sub-
strate were, respectively, 5,33/2,66/1,33/1 and 10,66/5,33/2,66/1. These ratios, as
well as our reaction conditions, are more advantageous than that described in the
Japanese works.

Finally we also showed that, contrary to NaH—FeCl, or NaH—FeCl;, the iron
containing complex reducing agent does not (or only very slightly) reduce carbonyl
substrate. Thus, selective reductions are performable as exemplified in Scheme 4.

THF
CgHj 3-CH=CH; + R—CO-R! + NaH-f.BuONa—FeCl3 —— CgH; g + R—CO—-R! + R—CHOH—-R!
Scheme 4 (95-98%) (90-95%) (0—-5%)
Selective reductions seem also performable on dienic substrates. Thus, 4-vinyl
cyclohexene was reduced to 4-ethyl cyclohexene in 98% yield.

These results confirm the advantage of using activated NaH—RONa instead of
NaH alone.

11.2. Selective Reduction of Halide Derivatives3)

We showed in Part two (II1.5.) that complex reducing agents are able to reduce ali-
phatic halide derivatives. Our recent experiments confirm that primary, secondary
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and tertiary halide derivatives are reduced and that the reducing ability of the com-
plex reducing agents towards these substrates depends on the nature of the metallic
salts used.

Thus, selective reductions were possible. This interesting property is exemplified
in Scheme 5. '

RI_X1 + R2_x2 NeHrAmONa-M¥n p1_p+RI_X1+R2_H+R2-X?

R1 xt R? X2 MX, Solv. T°C t(mn) R!'H R!-x! R2_HR2-Xx?
Pr\

CgHy7 Br _SCH  Br  ZnCly THF 40 360 100% 0% 0% 100%
Bu

CgHyy Br  CgHyy Cl  Ni(OAc); DME 60 3 100% 0% 0% 100%
CgHy7 Br CgHsCH, Cl  Ni(OAc), DME 20 30 0% 90% 85%1) 0%

1y Formations of 15% of bibenzyl are registered.

Scheme 5

I1.3. Coupling and Oligomerisation Reactions®®)

Testing the reagent NaH-t.AmONa—(Ph3P)2 NiCl, in the 1-bromo naphthalene reduc-
tion, we observed a noticeable formation of binaphthyl. it was assumed that Ph,yP
was accountable for this side reaction and that the preparation of complex reducing
agent NaH-£. AmONa—Ni(OAc); in the presence of Ph3P would lead to new reagent
capable of coupling organic halides. Preliminary experiments showed that this was
the case, but some side reactions appeared with the phosphine ligands, Changing
them to bipyridyl eliminates this inconvenience and we were able to perform the
reactions summarized in Scheme 6.

NaH-1.AmONa—Ni(OAc),—Bipyr
THF

Ar-X Ar-Ar + Ar-H

(70-85%) (15-25%)
ArX = 1-BIC8H7; 2—CI(CH3)C6H4; 4-Cl(CH3)C6H4

Scheme 6

For the present, we have not optimised the reaction conditions. However it is
clear that addition of a potential ligand during the preparation of a complex reducing
agent leads to a poor reducing but good coupling reagent.

Our present hypothesis is that without additional ligand, NaH-z.AmONa reacts
with metallic salts to give some hydride reducing species. On the contrary, in the
presence of additional ligand, the reaction takes another way and leads to low valent
metallic species with poor reducing properties.

" Note that this hypothesis is strongly supported by the oligomerisation reactions
reported in Scheme 7.
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NL/\_//.

NaH-t.AmONa~Ni(QAc), — 1,5,9—cyclododecatrienes (700 % owing to

60°,25h the metal)
THF
_ B B (700 % owing
NaH—t.AmONa—Ni(OAc),—Ph,P — 60° 25h é O to the metal)
THF

Scheme 7

In those experiments, the complex reducing agent was prepared in THF in the
presence of the additional ligands and the butadiene then added to the reagent thus
obtained. Taking into account the data from the literature (see for example3®) it is
clear that some low valent nickel species (with few reducing properties) are formed
during the preparation of the catalyst.

I1.4. Complex Reducing Agents as a Source of New Heterogeneous Hydrogenation
Catalysts3?)

We said (Part two 111.3.) that hydride species are certainly involved in complex reduc-
ing agents. On the other hand, surface hydride formation is one of the postulated
steps in catalytic hydrogenations3®). These two observations led us to examine com-
plex reducing agents as new sources of hydrogenation catalysts. Note that a wide
range of these kind of catalysts was obtained by reaction of a transition metal salt
with a reducing system3?,

The results obtained, until now, concern nickel containing NaH of complex reduc-
ing agent. Thus, the neutralisation by £. AmOH of the remaining
NaH-2.AmONa—Ni(OAc), prepared in THF led to a non pyrophoric black suspension
(called NiC) showing catalytic properties in hydrogenation reactions under normal
pressure.

Hydrogenation of « olefines, as well as internal and cyclic olefines, is possible.
However the catalyst is very sensitive to the olefin structure and, for example, tri-
substituted ethylenic derivatives are hardly reduced.

From a comparative experiment (performed with 1-octene) we can conclude
that NiC is as active as Brown’s P or P, catalysts*?) and thus more active than cur-
rent Raney nickel.

Of course, acetylenic hydrocarbons are also easily hydrogenated on NiC. Inter-
estingly, the yield of the ethylenic derivatives formed by semihydrogenation in the
reaction medium reached 78—98% before the start of their own hydrogenation.

This observation shows that NiC is a selective hydrogenation catalyst.

From our first results it also appears that NiC is able to perform the semihydro-
genation of dienes. Thus, for example, 4-vinyl cyclohexene is quantitatively hydro-
genated to 4-ethyl cyclohexene.

In conclusion, all these new results show the wide range of applications of com-
plex reducing agents and the very large investigation fields now open.
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Electrocyclic Ring-Closure with Elimination

I. Introduction

In the past the syntheses of polycyclic aromatics mostly required multistep and
often laborious procedures’). Among these classical methods the Diels-Alder cyclo-
additions still play an important role in the preparation of aromatics.

However, the situation may now be changing a little. The generally accepted
Woodward-Hoffmann rules® not only allow the interpretation of some long-known
but formerly not intelligible reactions, but they have also stimulatéd the efforts to
use other, new types of pericyclic reactions for the synthesis of aromatics and hetero-
aromatics. As an example of this new trend we may mention the “photodehydro-
cyclization” of stilbenes, stilbenelike compounds3"), and related aryl or hetaryl
polyenes®, This important, very versatile reaction implies a nonthermal, photo-
chemically induced electrocyclic hexatriene-cyclohexadiene ring-closure followed
by an oxidative elimination of hydrogen, and opens the approach to a wide range of
polycyclic aromatics and heteroaromatics, e.g., helicenes’b), which would otherwise
be partly inaccessible.

Another, recently developed method to synthesize a broad spectrum of oligo-
and polycyclic aromatics and heteroaromatics in a surprisingly simple manner is
likewise based on an electrocyclic — but thermal — hexatriene-cyclohexadiene ring-
closure combined with an elimination reaction. This new synthetic method and its
scope will be the topic of the following report.

I1. General Considerations

A. Ziegler-Hafner’s Synthesis as a Prototype for an Electrocyclic Ring-Closure with
Elimination

A prototype for the new cyclization reaction is the Ziegler-Hafner synthesis of
azulene (3)¥ by heating the fulvenoid decapentaene (/). Woodward?® was the first
to argue that a thermal, electrocyclic [ 10 s] ring-closure could be involved in this
thermolytic process. Of course it scems likely that the nonisolable intermediate (2)
may be formed by an intramolecular electrophilic attack of atom 10 to the electron-
rich position 1 in compound (/). Indeed a distinction between the two different
reaction modes is mechanistically irrelevant in this case. But only its interpretation
as an electrocyclic process allows the generalization to |7 6 5] cyclizations too.

The ring-closure of (1) to (2) depends on an effective overlap of the orbitals at
atoms 1 (4) and 10 in the transition state, and can therefore only proceed from the
proper configuration and conformation (14). However, energetically the most
favorable form of (1) consists in the all-trans zigzag-shaped conformation (/). The
conversion of (1a) to (1b) requires formally a trans-cis isomerization of the A7-®)
double bond and a rotation about the 8,9-single bond.

For the energy demand of the cis-trans isomerization of simple olefines, 251 —
264 kJ (60—63 kcal) is calculated. In highly resonance-stabilized merocyanines like
(1), the conjugation of donor and acceptor substituents (here the dialkylamino and
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the cyclopentadiene group) across the unsaturated system effects a partial equilibra-
tion of the alternate bond orders as visualized by resonance formulas and proved by
spectroscopic studies of the 'H-NMR spectra. The real decrease of the bond orders
of the double bonds (and some double-bonding of the single bonds) in merocyanines
is reflected by the lowered barrier of energy for rotation about the double bonds.

In 6-dimethylaminofulvene, the parent compound of (1), and in 6-dimethylamino-
6-methylfulvene, for the rotation about the A%:® double bond, activation energies
of 92.5 kJ (22.1 kcal) and 68.6 kJ (16.4 kcal) respectively were measured®), Starting
from (Za), the adequate form (I b) should be reached in a thermal equilibrium quite
likely on heating.

In the cyclization step itself a o-bond is formed utilizing two w-electrons of (1)
at the expense of some resonance energy. If the ring-closure is a reversible and dis-
rotatory process as we can suppose, a very smooth but irreversible frans elimination
of dialkylamine in (2) can take place, leading immediately to azulene (3). Presumably
the ring-closure step requires the highest activation energy in the thermolysis and may
be the rate-determining process.

B. The Electrocyclic Ring-Closure of 1-Aminohexatrienes

The fact that merocyaninelike but very different 1-dialkylamino-1.3.5-hexatrienes
(4) also form benzene derivatives smoothly under evolution of dialkylamine by
thermolysis extends the general validity of the considerations mentioned even to
[7 6 5] cyclizations.

The fundamental condition for the ring-closure consists here again in the chance
of an effective overlap of the orbitals at the atoms 1 and 6 requiring the adequate
conformation and configuration (4) of the trienamine. As we can imagine, steric
interactions between the substituents in the chain play an important role. Bulky
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residues at positions 2, 3, 4, 5, or 6, provided an effective acceptor substituent is
located at position 6 or 4, may shift the preceding conformational and configura-
tional equilibria in favor of structure (4). Hence a rate-enhancement of the reaction
to (6) or a lower thermolysis temperature was observed in such events,

(Y" s (Y") Y
K —— + HNRR'

&) (5) (6)

On the other hand, all factors impeding the most effective orbital overlap in the
transition state slow down the reaction rate, or let the thermolysis temperature rise,
or prevent the cyclization from taking place at all. Such factors may be: bulky
substituents at position 1, which in addition enforce the less favorable Z-configura-
tion of the dialkylamino group requiring cis elimination in the following step; steric
overcrowding at positions 1 and 6, and finally all structural features producing an
angle strain during ring formation.

Kinetic studies have previousty been made only in a single case: the thermolysis
of 7-dimethylamino-1-phenyl-2,4,6-heptatrien-1-one, a benzoyl-dimethylamino-
hexatriene, to benzophenone, reveals a strong first-order reaction. The findings for
activation enthalpy [AH* 84.5 kJ/mol (20.2 kcal)] and activation entropy [AS?
~97.5 J/grad. mol (~23.3 cal/grad mol)] in o-dichlorobenzene as solvent® were
consistent with the postulated high degree of order for an intramolecular reaction
in the transition state. For electrocyclic reactions of alkylated hexatrienes to the
corresponding cyclohexadienes, in comparison, AH* 109—121 kJ (26—29 kcal) and
AS* —29—-50 J/grad. mol (—7——12 cal/grad. mol)”. The negligible dependence
of the rate on polarity of the solvent even seems to disprove a polar substitution
mechanism and is evidence for an electrocyclic mode of the reaction. This is sup-
ported by the observation that only a very weak susceptibility for electronic effects

Rate constants of thermolysis of 7-dimethylamino-l—phenyl—2,4,6-heptatrienvl-one6)

Co ky 105~ Solvent
84 2.69 £ 0.10 o-Dichlorobenzene
89.5 3.49 £ 0.30 o-Dichlorobenzene
100 10.10 £ 0.70 o-Dichlorobenzene
110 17.80 + 1.20 o-Dichlorobenzene
89.9 3.37 £ 0.20 Mesitylene
94.8 3.98 £ 0.29 Mesitylene
100.8 8.05 ¢+ 0.78 Mesitylene
110 17.65 + 0.56 Mesitylene
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of substituents in the various syntheses could be found unless they stabilize or
destabilize the intermediate (5) especially.

An essential widening of the scope of the cyclization reaction under discussion
consists in the observation that formal 1-aminohexatrienes in which one double bond
of (4) is part of an aromatic or heteroaromatic system also cyclize smoothly. In
other words, the method offers a way for benzannelation of numerous aromatics
and heteroaromatics by a simple two-step reaction mostly performed as a one-pot
procedure.

In addition one or two carbon atoms in the chain of (4) may be replaced by
nitrogen, finally forming a six-membered heteroaromatic ring compound.

It is very important for preparative performances that such real and formal
cyclizable 1-aminohexatrienes are easy to obtain by aldol- or Knoevenagel-like con-
densations of various vinamidinium salts (7) with a broad spectrum of C—H acid
methyl and methylene compounds, as we will see in a following section.

C. MO Calculations as an Aid

In more complex compounds implying the formal 1-aminohexatriene pattern (4),
the question often arise whether a cyclization will run readily or with difficulty.
Also, in some instances with benzannelation a ring-closure is possible in two different
directions.

An estimation therefore of the expected readiness in comparison with corre-
sponding examples and the prediction of the preferred way of cyclization should be
of great interest. Supposing that the rate-determining step in the ring-closure reac-
tion is the endergonic formation of the intermediate (5) from the educt (4), and
applying the Hammond principle, the transition state will be productlike in structure
and energy. This should be correct in most instances, except in those few examples,
perhaps of substituted (), that need a still higher activation energy for configura-
tional and conformational transformations.

In the simplest case, i.e. in going from (4) to (5), we see that two 7-electrons
from the hexatriene are used to form the new o-bond, leaving a butadiene system
in (5). The localization approximation concept appropriate for a simple Hiickel MO
treatment should work well here, yielding useful semiquantitative information®.

We define a localization energy L, s, as the n-bonding energy required to isolate
two electrons, at positions r and s, from the remainder of the n-network. Such iso-
lation results in a new 7-system of two less atoms and two less electrons. The
m-energy of the original system is na + M, that of the localized system is (n — 2)a +
M o and the localization energy therefore is given by:

Lr,s =M - Mr,s

L, is a positive quantity and is a measure of the m-energy change between the
educt and the ring-closed product, the intermediate not being isolable. If all g-bond
changes are treated as being effectively constant, even the change of effects of donor
and acceptor substituents, we can anticipate a correlation between calculated localiza-
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tion energies L, s and activation energies of the cyclizations. This simple model of
course neglects all steric effects of substituents and steric interactions in the transi-

tion state.

Some experimentally treated systems with their m-network (dark lines) are
summarized with the m-energy of educt system, M, that of the product system,
M, 5, and the localization energy L, ¢ (the units a and § are omitted), in the follow-

ing figures.
Fig. 1
M Mr,s Lr,:
I Benzenering formations
1 1
® @
.
6 6
a) 6.9879 4.4721 2.5158
1
e
-~
b) 9.4093 6.9879 2.4214
1 1
\ﬁ
o~ ~ .
6 6
c) 9.4459 6.8990 2.5469
1 1
C\/ Q/
P - s
6 [
d) 9.5175 6.4721 3.0454
1 1
| N
6\7\7 ©7\//
6 6
€) 12.0534 8.9443 3.1091
11 Naphthalene
)
) 9@
e
2 2
3 r
12,9321 9.5175 3.4146
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Fig. 1 (continued)

M M; g Lr,s
111. Azulene
- \ —
) I
"o ! e
12.6130 9.5175 3.0955
1v. Benzannelation of naphthalene: phenanthrene anthracene
&
L)

~

1 15.4590 3.1618

a) 18.6208 O‘

hd
15.0801 3.5407

Oé‘ 4’
b) 18.6447 15.3771 3.2675

V. Benzannelation of azulene:

a) 18.3464 15.0046 3.3418

P

b) 18.3130 15.1420 3.1710
Benz(a)azulene
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Fig. 1 (continued)

M Mr,s Lr,s
ChH
©) 18.3389 15.0013 3.3376

S

ad
CQ 15.0796 3.2380

Benz(f)azulene
\ B,
pu
d) 18.3176 Q “ 3.1503
15.1673
Benz(e)azulene
VL Benzannelation of phenanthrene:

®)
O@O

a) 24.4072 21.0922 3.3150

21.1746
Chrysene

3.2094

b) 24.3840

3.4710
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Fig. 1 (continued)

&

2
& /4’ 0

4 O
- 20.8969 3.4917

Benz(a)anthracene
) 24.3886

21.1483 3.2403
d)
24.4011 21.0975 3.3036
Benz(c)phenanthrene
Ny 4
I 10
€) 24.4094 21.3324 3.0770
Triphenylene
ViL. Benzannelation of benz{c)phenanthrene:

30.1270 26.9166 3.2104
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Fig. 1 (continued)

M Mg, s Le,s

26.6244 3.5026

VIIL Benzannelation of biphenylene:

B ST
3
21.4565 3.4629
18.2042 3.2523
1X. Pyrene synthesis:

21.6595 18.5395 3.1200

X. Fluoranthene syntheses:

oﬁ
s

a) 21.5998 18.6446 2.9552
OO ‘ i
l——-
4 ()

b) 21.5088 19.0787 2.4301
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Fig. 1 (continued)

M Mg Le,s
@
o) 18.3596 3.4071
XL
3, .O
242023 3.1605
@t
a) 27.4528 O‘O
24.0443 3.4086
9!
24.0771 3.4031
()
b) 27.4802 OO
23.9803 3.4999
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In many of the examples cited with the potentiality of alternate cyclization
directions, the chemist will obviously be able to find out the energetically most
profitable way simply by writing down the Kékulé structure for the intermediate
without any calculation. In a similar manner the easily evaluated Brown’s® “annela-
tion energy” allows some predictions and shows the general energetic preference of
angular over linear katacondensation in polycyclic aromatic ring formations. But
more subtle details are lost by the latter method, which also fails for pericondensed
systems. For example, the formation of phenanthrene derivatives should succeed
more easily starting from the 2-substituted naphthalene derivative than from the
1-substituted one (IVa and b). The considerable difference of activation energies for
the cyclization of 1- and 2-substituted azulene derivatives to benz(a)azulene (Va, b),
corroborated plainly by experiment, could also only be seen by the localization cal-
culation.

Using a frontier orbital conception the educt should also show some product-
developing properties. Indeed, not only do the connecting atoms in all our examples
(Fig. 1) possess the same sign in the HOMO as is required for a disrotatory process,
but also the magnitude of their coefficients are in a proper correlation with the
calculated L, ¢ values.

III. Synthesis of Benzenoid and Nonbenzenoid Aromatic Ring Systems

A. Reaction Conditions, Materials

If we construct a hexatriene we can perform this in a fictitious manner by means of
a substitution reaction in two ways: methyl anion by pentadienyl cation (C; + Cs
combination) or allyl anion by allyl cation (C5 + C3 combination). In each case the
one partner provides two 7-electrons, the other partner four m-electrons to the six-
n-electron system hexatriene. Such an imaginary reaction can indeed be realized
simply by an aldol- or Knoevenagel-like condensation of a “vinamidinium salt”'?)
(7) or their vinylogue (&) with a corresponding activated (acid) methyl of methylene
derivative by means of a base giving cyclizable aminohexatrienes of type (4). We can
interpret the vinamidinium salts, the 3-dimethylaminoallylidene-N-dimethylammonium
perchlorates or tetrafluoroborates (7) used, and their vinylogues, the 5-dimethyl-
aminopenta-2 4-dienylidene-N-dimethylammonium salts (&), as masked allyl or
pentadienyl cations. The carbanions needed are then generated from the C—H acid
compounds by added base.

In a typical experiment we solve equimolar amounts of (7) or (8) and the C—H
acid component in a polar, highly boiling solvent under a nitrogen atmosphere,
usually quinoline — about 25 ml for a 10 mmol scale preparation — and then add the
required equivalents of sodium methoxide in methanol drop by drop, while stirring.
The sodium methoxide solution should be prepared by reacting clean sodium with
methanol to a 2.5-3.5 MV titer. Shortly after base addition one observes a coloration,
usually yellow or red, which rapidly intensifies, indicating the (4) formed. A slow
stream of nitrogen is led over the reaction mixture to remove the liberated dimethyl-
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amine, the titration of which allows us to watch the course of the reaction. To en-
hance the rate of the condensation it often becomes necessary to heat slightly to
40-80 °C.

In normal preparations the (4) formed is usually not isolated. The end of the
condensation step is announced by the cleavage of nearly the theoretical amount of
amine. The temperature of the mixture is then raised until a new evolution of di-
methylamine sets in. During the thermolysis the color of (4) slowly fades and the
second equivalent of amine is split off. Finally, the frequently dark reaction solution
is worked up in a usual manner, e.g., by distilling off the quinoline in vacuo, or by
dissolving the quinoline in dilute mineral acid when it is a small-scale preparation or
when the product is too volatile for a separation by distillation. Further purification
can be achieved by sublimation, crystalization, and column chromatography on
alumina or silica gel.

Consequently most examples performed so far have been outlined in a two-step,
one-pot procedure. Several intermediate aminohexatrienes (4) are so thermolabile
that isolation fails or becomes too wasteful.

For individual preparation and isolation of () if desired, it is advantageous to
use ethanol or pyridine as solvent. The isolation can be recommended if a separation
of cyclized product from unconverted starting material becomes difficult or laborious.
Because of the high polarity of the colored (4), a chromatographic purification and
separation from starting material succeeds easily.

In our syntheses the vinamidinium salts (7) play an important role as very
valuable synthons. A small collection of salts used is given in Table 1. The representa-
tives (4 b—m) render it possible to introduce substitutents in the product at definite
positions, assuming they are stable under the reaction conditions applied. As deriva-
tives of malondialdehydes the vinamidinium salts can be prepared from these or
related compounds, e.g., 3-chloroacraldehydes, 3-chlor0viny1ketonesz7) and mono-
or bisacetals of 1,3-dicarbonyl compounds. But the most effective method, adaptable
also to larger-scale preparations consists in the use of the Vilsmeier-Haack-Arnold
formylation reagent®>), formed by the action of phosgene or phosphoryl chloride
on dimethylformamide. Treatment of acetaldehyde acetals and homologues'? or
the corresponding enolethers'® with this reagent gives 3-dimethylaminoacraldehydes
in high yields, which in tum by alkylation by means of dimethylsulfate or triethyl-
oxonium tetrafluoroborate to intermediate 3-alkoxyallylidene ammonium salts can
be converted with dimethylamine to (7 a—e)'* 19, More efficiently, malonic acids
can be formylated directly, in a one-step procedure, to the salts (7 b—d)!5>17:18),
Likewise, the formylation of chloro- and aryl acetic acids leads to the corresponding
salts, i.e., (7g) and (7i)15 1% 20) whereas acetophenone gives 3-chloro-3-phenyl-
allylidene dimethylammonium chloride, whose treatment with dimethylamine
finally leads to (7j)!5- 21+ 26),

The direct formylation of cyanoacetic acid fails, but the acid reacts with di-
methylformamide diethylacetal by splitting of carbon dioxide to form 3-dimethyl-
aminoacrylonitrile?®), which is very susceptible to formylation, yielding (7).

For the preparation of salts of type (7 j—m), also, the corresponding dimethyi-
aminovinyl ketones can be used, and they are transformed as described for the
3-dimethylaminoacraldehydes. The condensation of dimethylformamide acetals
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with active methyl or methylene ketones, or Claisen condensation of them with
ethylformate, followed by treatment with dimethylammonium chloride?®, presents
a rational way to this prestage.

The introduction of a protected amino group succeeds finally with the salt (7 #)
which could be obtained by formylation of glycocol hydrochloride??.

Rl

.
MezNM NMe, X~
R2

(7)

Table 1. Vinamidinium salts

%)) R! R2 X mp. (C°) Ref.
a H H Clo, 120 11,12, 24)
b H Me ClO,4 91-2 12-17)
¢ H Et ClO, 96~8 12~15, 17, 18)
d H n-Bu ClO, 112 12,17, 18)
e H OMe Cl04 90~1 15,22)
f H CN Clo4 142-3 17)
g H c ClOg 1234 15,20)
h H =CH-NMe, Clog4 139 22)
i H Ph Clo,4 195-7 15, 19)
j Ph H ClO4 138-9 15,21, 26)
k Ph Ph BF,4 140-2
1 Me H ClOg4 154-5 15)
m Et H Cl0,4 143 15)
n H NO, Cl0g4 154-5 15,17)
(dec.)
Me = CHj3 Et = CyHg Ph = Cg¢Hs.
Bu = C4H9.

The salt (7 n) was obtained directly by nitration of (7 @) in a 74% yield'S> 17,
This shows the meneidic character of the resonance-stabilized vinamidinium systemm).
For the preparation of the vinylogues of vinamidinium salts, the pentamethinium
salts (8), there also exist numerous methods, but compared to (7) none possesses
such a variability for introducing different substituents and is so easy to perform.
Table 2 gives a small selection of salts (§) used in the following syntheses. The ring-
opening reaction of certain pyridinium salts by sec. amines, a long-known reaction??
represents an approach to (8). Only a limited number of (8), however, are accessible,
with fair yields, in such a way3°). On the other hand, methyl and methylene ketones
condense readily with salts (7) in the presence of base to give 5-dimethylaminopenta-
dienones, which can be transformed by one of the methods mentioned to salts (8)6).
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Table 2. Vinylogues of vinamidinium salts (“pentamethinium salts”)

®) R! R? R3 R4 X mp. (C°)  Ref.

a H H H H ClO4 164-5 11, 24, 31)
b H Ph H H Clo, 169 18)

¢ H NMe, H H ClO4 1845 14)

d H Me H H Cl0, 205 30)

e Me H H H ClO, 179-81

f Ph H H Ph BE, 168-71 6

B. Benzene Nucleus Forming Cyclizations

1. Benzene Ring Formation by C; with C5 Combinations

Arylmethylketones and related hetarylmethylketones (9) (the C; component) con-
dense rapidly with the salts (8) (the Cs component) to give a high yield of thermo-

o 0
R, oo
R Me + NaOMe R - e e NMCZ

(9

[

+ HNMe, + P
R4 Rz R4 R2?
R3 R3
2) 13
140



Electrocyclic Ring-Closure with Elimination

labile aminoheptatrienones (10). Some of these slowly begin to decompose, cyclizing
already at temperatures below 50°. This condensation and cyclization offers a reac-
tion sequence for converting generally an acetyl group to a benzoyl or substituted
benzoyl one® 39,

Even double and threefold condensation followed by cyclization can be per-
formed successfully (Table 3, Nos. 10—13). The mixture of arylmethylketone and
diarylketone in No. 11 is caused by simultaneously formed mono- and bis-condensa-
tion product of type (10) of acetone.

The formation of some p-terphenyl (13) besides the expected 3-benzoyl-p-
terphenyl (12) in No. 9 from the highly overcrowed intermediate (1) may find an
explanation in the cis-elimination of dimethylbenzamide.

Earlier it was observed that the treatment of pyrylium salts (/4) with enamines
of cycloalkanones (15) in boiling acetonitrile results in the formation of substituted
cycloalkenobenzophenones (17) if the pyrrolidino residue in (15) is used%). How-
ever, with enamines of morpholine preferentially the cycloalkenobenzenes (18)
could be isolated. The heptatrienones (16), although not isolated, were supposed to
be intermediates consistently with our experience, and a disrotatory ring-closure
with cis-elimination of the corresponding benzamide was proposed for the formation
of (18)3¥ (Table 4).

In the same manner as acetophenones some other methyl compounds can also
be transformed with saits (8) to the corresponding phenyl compounds. 2-Methyl-
chromone (19), and likewise 2,6-dimethyl<4-pyrone by double conversion, lead to
flavone (20) and 2,6-diphenyl-4-pyrone respectively>®). Even the very weak acid
methyl groups in methylphenylsulphone and in 6-methylazulene (21) may be
smoothly transformed. A 100% excess of (8) and added sodium methoxide in this

Ph [' R! 7]
Ph ——
@\ + EX A | gl P
4
RY "05 R! N -9 N
H CI)[N] n_/ R2
(14) ( :) .
X
L ._
(15/ - Ue
R! R!
9D (]
Ph Ph
Rz O
a7 18)
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Table 4. Benzene derivatives from pyrylium salts and enamines33)

Product (17)/(18) Yield Rl =R2 n X
%

4-Benzoy!-5,7-diphenylindane 64.5 Ph 5 -

mp. 127-8°

4-Benzoyl-7-methyl-3-phenylindane 17 Ph S -

mp. 138.5-140.5°

S-Benzoyl-6,8-diphenyltetraline 56 Ph 6 -

mp. 137-8°

2,3-Hexamethylene-4,6-diphenyl- 63.2 Ph 8 -

benzophenorne mp. 126-7°

2,3-Decamethylene-4,6-diphenyl- 19.2 Ph 12 -

benzophenone mp. 186-7°

4-Benzoyl-3,7-diphenylindane 26 Ph 5 -0-

mp. 127-8°

4,6-Diphenylindane mp. 101-2° 7.7

5,7-Diphenyltetraline mp. 88—9° 49.2 Ph 6 -0-

7-(4-Methoxyphenyl)-5-phenyl- 63.5 4-MeOCgHg 6 -0-

tetraline mp. 101-2°

1,2-Decamethylene-3,5-diphenyl- 63.5 Ph 12 -0-

benzene mp. 84.5-85.5°

instance, and longer condensation time as well, enhance the yield considerable. The
anion of the strongly acidic nitromethane, on the other hand, shows only weakly
nucleophilic properties and forms an sodium salt scarcely soluble in organic solvents.
The reaction with nitromethane3?¥ is therefore performed in boiling pyridine by
addition of triethylamine. Added sodium methoxide leads to the formation of some
corresponding azoxy compound as by-product.

Table 5. Conversion of methyl to phenyl

Reaction conditions

Product Yield Starting compound &) - (°C) Time
Diphenylsulphone 35 Methylphenyl- a 200 Sh
mp. 126-7° Sulphone

Nitrobenzene 73 Nitromethane a 115 2h
4-Nitrobiphenyl 66 Nitromethane a 115 2h
mp. 111-3°

4,4'-Diphenylazoxy- 15

benzene mp. 209-11°
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o}
]
A 180° 2h
| +(8g) ——— = mp. 99° (89%)
Y Me
u (20)
In analogy:

. A180°C3h o
2 6-dimethyl-4-pyrone + (8§ @) ——————— 2,6-diphenyl-4-pyrone mp. 135° (71%)

L Do e LI D= T
+ NaOMe — — HNMe,

— HNMe, Nite,

250 22y

6-phenylazulene from (21) + (8 a) 71%, 200° 3 h mp. 158—9° blue leaflets
6-(4-biphenylylazulene from (21) + (8 b) 57%, 150° 8 h mp. 261° blue needles

6-(4-dimethylaminophenyl)azulene mp. 234—5° dark-green needles from (21) + (8 ¢) 54%,
160° 16 h

2. Benzene Ring Formation by C3 with C3 Combinations

The second but synthetically much more important approach to benzene ring form-
ing methods, the C, + C3 combination, uses as electrophiles the salt (7) and stabi-
lized allyl anions generated from diethylglutaconate or glutacononitrile (23) and
from substituted allyl cyanides (crotonitriles) (24) (Table 6) during the reaction.
Starting with the corresponding ketones, the nitriles (24 5—i) — sometimes mixtures
of their double-bond isomers — are simply prepared by Knoevenagel condensation
with cyanoacetic acid, followed by decarboxylation3®,

(23) a: Y = COOEt diethyiglutaconate
23 b:Y=CN glutacononitrile37)

24
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Table 6. Substituted allylcyanides

@n RrR! R? Ref.
a H Ph Styrylacetonitrile
b Ph H 3-Phenylcrotonitrile (80%) 38)
¢ ~(CHy)3— Cyclopentenylacetonitrile (80%) 38)
d —(CHj)4— Cyclohexenylacetonitrile (80%) 38)
e —(CH3)5— Cycloheptenylacetonitrile (81%)

bp. 107°/12 torr.
f —(CHz)y0~ Cyclododecenylacetonitrile (42%)

bp. 115-118°/0.1 torr.

N=C

g 3,4-Dihydronaphthalene-1- (70%)

acetonitrile bp. 103—4°/0.1 torr.

(= 3,4-Dihydronaphthalene-2- (68%)
acetonitrile
bp. 100°/0.1 torr.

X:

y =

i ‘ 1-Cyanomethyleneacenaphthene (63%)
mp. 128-9° light-yellow needles

The catalogue of vinamidinium salts (7) used also can be extended to mono-
and bicyclic derivatives (7 0—s), which we prepare in the manner mentioned
(Section III.A.) from corresponding ketones as outlined here for the acenaphthylene
compound (7 5)'®.

— [::)
0 N NMe, Me,N — NMe,

° BF;
Me,NCH(OE?}), 1. Et,0 BF,
—_— - —_— -
O Bzne. 30° Oo 2. HNMe, Oe
2d CH,CI,

(25) (26) (7s)
81% mp. 98° 67% mp. 190°
Yellow needles Red-orange needles
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NMe, ClOF NMe, CIO9
)
-]
~JNMe, NNMe,
(70)'9 (7p)*9)
mp. 88—89.5° (72%) mp. 76° (60%)
Colourless neddles Colourless needles
2 ©
NMe, B Me,N N BFS
\NMeg NMe, mp. 104-5° (65%)
O‘ Yellow needles
(7q)'®
4 (7,.)36)

mp. 87-90° (79%)
Light-yellow needles

A surprising range of very different combinations of (7) and (24) is therefore
possible, according to the following reaction scheme:

2

NMe, R,, R NMe,
‘ ~ _R? NaOMe
R‘ R! “HNMe, , -HNMe,
(23,29) Y 27)

But this has an essential restriction: some of the used vinamidinium salts (7) are
sensitive and may be decomposed by treatment with strong base, e.g., sodium me-
thoxide. Especially such salts possessing methyl or methylene groups at odd-
numbered, electron-dificient positions of the vinamidinium system tend toward
complex self-condensations: a proton abstraction to a diene amine may occur, fol-
lowed by attack of the unaltered ion:

NMe, NMe,
® base +(7)
H, ~XNMe, ——He NNMe, ——=

Such salts as (7 I-m), (7 0o—p), and (7 r) react successfully only with components
of higher acidity that form resonance-stabilized, nucleophilic anions of weak basicity,
eg., (23 a, b), (24 a), (24 h), and (241).

The nitriles (24 a—h), no matter what double-bond isomer is used, are attacked
exclusively at carbon atom « of the nitrile group, with the sole exception of (247).

On the other hand, the vinamidinium salts (7) always react with their least-substituted
iminium carbon position.

"All listed compounds gave correct analyses, when tested by 'H NMR spectra.
Some nitriles were saponified by potassium hydroxide in diglycol or methylcellosolve
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Table 7.
Reaction conditions
No. Compound Yield Components co Time
Benzenes
1 Diethyl-5-nitro-isophthalate 82 (23a)+ (7n) 100 2h
mp. 82°
2 Dimethyl-S-chioroisophthalatel) 78 (23a)+ (78) 150 2h
mp. 72-3°;acid: mp. 279-281°
3 Trimesic acid trinitrile 85 (23b) +(71) 130 8h
mp. 261-3° (subl.)
4 S-Phenylisophthalonitrile 93 (23b)+ (70 70 4h
mp, 122-4° 44 4a)+ (7 170 3h
5 2,5-Diphenylbenzonitrile 62 (24b) +(71) 200 3h
mp, 106-7°
6 3,4-Diphenylbenzonitrile 55 (24 a) + (7)) 220 40 h
mp, 111-112,5°
7 3,5-Diphenylbenzonitrile 98 (24a) + (71 170 3h
mp. 109-110°
8 3,4,5-Triphenylbenzonitrile 31 (24a)+(7k) 220 8h
mp. 156-7°
Indanes
9 4,6-Indanedicarbonitrile 77 23b)+ (7p) 170 6h
mp. 134-5°
10 6-Methoxy-4-indanecarbonitrile 75 (24c)+(7e) 180 6h
oil, acid: mp. 160-2°
11 6-Phenyl-d-indanecarbonitrile 78 (24¢) +(70) 180 6h
oil, acid: mp. 193—-6°
Tetralines
12 7-Methyl-5-tetralincarbonitrile 71 (24d) + (7b) 180 6h

bp. 88—9°/0.1 torr.;
amide: mp, 216°, acid: mp. 167—8°

13 7-Methoxy-5-tetralincarbonitrile 74 24d)y+(7e) 180 6h
oil; acid: mp. 163-5°

14 7-Phenyl-S-tetralincarbonitrile 76 (244d)y+ (7)) 180 6h
mp. 113-4°
Benzocycloheptene

15 3-Methyl-6,7,8,9-tetrahydro-5H- 62 (24ey+(7b) 180 6h

benzocycloheptene-1-carbonitrile
bp. 95-102°/0.1 torr.; mp. 69°
amide: mp. 192—200°

Benzocy clododecene

16 3-methyl-5,6,7,8,9,11,12,13,14- 89 (241)+(7b) 170 2h
decahydrobenzocyclodecene-1-
carbonitrile mp, 92-3°
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Table 7. (continued)

Reaction conditions

No. Compound Yield Components (W) Time

... 9,10-Dihydrophenanthrenes

17 .+« 2,4-Diethyldicarboxylate 96 23a)+ (7q) 130 4h
oil, acid: mp. 275°

18 . «+ 2,4-Dicarbonitrile 92 236 +(7q) 70 2h
mp. 144-5°

19 « .« 1,3-Dicarbonitrile 87 (23b)+(7r) 140 4h
mp. 151-2° 88 @4n)+(7f) 140 1.5h

20 ... 4-Carbonitrile 60 i)+ (7a) 180 7.5h
mp. 97°

21 .« « 2-Methyl-4-carbonitrile 65 (24g)+(7b) 160 6h
mp. 85—6°

22 .+« 2-Methoxy-4-carbonitrile 77 (24g)+ (7e) 180 0.5h
mp. 87°

23 . . « 2-Phenyl-4-carbonitrile 79 (24g8) + (79) 160 35h
mp. 145°

24 . . . 1-Carbonitrile 83 24+ (7a) 175 3h
mp. 81°

25 .« » 3Methyl-1-carbonitrile 91 (24 h) + (7b) 160 2h
mp. 83°

26  ...3-Methoxy-1l-carbonitrile 93 24h)+(7¢) 160 1.3h
mp. 116°

27 ... 3-Phenyl-1-carbonitrile 90 (24R) +(7D) 160 1.3h
mp. 114°
... Fluoranthenes

28 ... 7,9-Diethyldicarboxylate 93 (23a)+ (75) 90 3h
mp, 112—-113° yellow needles

29 ... 1,9-Dicarbonitrile 92 (23b) + (75) 160 6h
mp. 234-5° pale yellow needles

30 . .. 7-Carbonitrile 90 (2410) + (7a) 150 18h
mp. 167—7.5°, light-yellow needles

31 . . « 9-Chloro-7-carbonitrile 58 240+ (7g) 180 8h
mp. 177—8°, yellow needles

32 .« . -Methyl-7-carbonitrile 87 (240 + (7b) 120 4 h
mp, 153-4°, light-yellow needles

33 ... 9-Methoxy-7-carbonitrile 90 24D+ (7e) 90 2h
mp. 174-5°, orange-yellow needles

34 .« » %-Phenyl-7-carbonitrile 78 (240 +(70) 100 5h

mp. 157-8°, yellow needles

1) A replacement of the ethyl ester group by methyl takes place, owing to methoxide.
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(160°, 18—20 h) and the corresponding carboxylic acids decarboxylized in boiling
quinoline, in the presence of copper powder, to known hydrocarbons.

Although Table 7 is by no means exhaustive, it gives a good impression of the
versatility of the method. 9,10-Dihydrophenanthrenes, for instance, may be formed
using the bicyclic allylcyanides, (24 g) or (24 k) and open-chain vinamidinium salts
(7a—-n) or open-chain allyl derivatives, e.g., (23a) or (23 b), and the bicyclic vin-
amidinium salts (7 g) or (7r). Thus, 9,10-dihydrophenanthrene- 1,3-dicarbonitrile
(Table 7, No. 19) could be synthesized in two ways:

NC\(,\,CN Me,N\)\/NMe,
(23b) 1. NaOMe, 50°, 3h 1.NaOMe 70 “ao
° (quinoline) 80°, 3h
B

Mell?i Fa 2.140°, 4h 2 140°,

~

Me, 87% 88% ~/\

O‘ (24m)

(7r)

More complex hydrocarbons are simply to approach by combination of two
cyclic components, e.g., benz(c)phenanthrene (29), dibenzo(c,g)phenanthrene

(pentahelicene) (31), and benz(c)chrysene (33):
HNMC; ‘
160°, 2h O
s ‘

1,2,3,4,7, 8— hexahydrobenzo(c)—
phenanthrene—6—carbonitrile

o
NBS = N-Bromsuccinimide mp- 122-3
DBPO = Dibenzoylperoxide
(29b) by saponification and 80%
decarboxylation of (29a) in 80% 1. NBS/CCl, 3%
R (DBPO)
2. AcOK/AcOH
(29)a: R=CN mp. 124-6°
b: R=H mp. 67-8

NaQMe
quinoline
50—60°, 2h
(-HNMe,)

(70) + (24h)

p—

°o 40)

Benzo(c)phenanthrene
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s OO
M L]
g+ () —ae 180 an
quinoline 36%
25°, 14h
o0y
L 30
5, 6, 9, 10—tetrahydrodibenzo(c,g)—
NBS/CCl, phenanthrene—7— carbonitrile
(DBPO)
mp. 205° colourless needles
(87%) - ‘ l
ISSA
(31)a: R=CN mp. 227°
Dibenzo(c, g)phenanthrene b:R=H mp. 175-7°4D
— - 2
g
-HNMe, ‘
NaOM °
(7r) + (24h) ——— LT
quinoline 78%
100°, 1h CN
-HNMe,
32)

~ 7,8,13,14—tetrahydrobenz(c)—
—chrysene—6—carbonitrile

O AS mp. 191°
‘ (DBPO)/CCl,
O 89%

Q)
33

R=CN mp.183°
Benzo(c)chrysene R

=H  mp.126-7°44
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The intermediate hexatrienes — formulas in brackets — in all three examples can
cyclize only from the less favorable Z-form, relative to the dimethylamino group.
Nevertheless, the most sterically overcrowded hexatriene forms the tetrahydropenta-
helicene (30) once in a 36% yield.

Appropriate nitro-allyl derivatives for condensation to hexatrienes are usually
not easily available, with the exception of nitromethyl-1-cyclohexene and nitro-
methyl-1-cycloheptene (34)*?. Like nitromethane, (34) does not condense with
vinamidinium salts (7) and sodium methoxide, but yields insoluble sodium salts.

A successful condensation in a slightly exothermic reaction can be achieved with
(34) and 3,3-diethoxy-1-dimethylaminopropenes (35 2—c)®* *# to the yellow nitro-
hexatrienes (36) which cyclize smoothly to form cycloalkenonitrobenzenes (37) on
heating in quinoline:

NO: OEt NO, NO,
-2EtOH A
n|ﬁ+Me,N/\\(k0Et_" 2| ] ——= (~
R s -HNMe,
R R

NMe,

24 35 (37)

(34) (35) (36)
a: R = H bp. 96°/10 torr.6)
b: R = Me bp. 48°/0.1 torr,44)
c: R = Ph bp. 105-110°/0.1 torr3%
Table 8, Cycloalkenonitrobenzenes

Reaction conditions
@37 Yield R n (36) O Time
5-Nitrotetraline 72 H 6 Yellow plates 150 0.8h
bp. 85°/0.1 torr. mp. 33-4°45) (76%),
mp. 123° (dec.)

7-Methyl-5-nitrotetraline 73 Me 6 Not isolated 100 5h
bp. 93-5°/0.1 torr,
5-Nitro-7-phenyltetraline 71 Ph 6 Not isolated 80 35h
mp. 108-9°
1-Nitro-5-benzo-6,7,8,9- 62 H 7 Yellow oil (73%) 140 3h
tetrahydrocycloheptene

bp. 93-5°/0.1 torr. mp. 48°

1,2,3,4Tetrahydroisoquinolines (39) are also accessible in moderate yields
using the aza-analogues (384, b) of cyclohexenylacetonitrile (24d). A mixture of
the double-bond isomers (38 a, b) could simply be obtained in 74% yield by
Knoevenagel condensation of N-methyl- or N-ethoxycarbonyl-4-piperidinone with
cyanoacetic acid.
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CN CN
~N A
' N
N - -HNMe
R/ RI 2 R/ R!
NMe,
38 39

a: R =Me, bp. 116-117°/10 torr.
b: R = CO,Et, bp. 108—110°/0.05 torr,

Table 9. 1,2,3,4-Tetrahydroisoquinoline-5-carbonitriles (39)

Reaction conditions

R R’ yield mp. cC) Time
%

Me Me 58 73-74° 180 5h

CO,Et Me 29 102° 150 S5h

CO,Et Ph 70.4 127 160 4h

3,5,5-Trimethylcyclohex-2-enone(isophorone) readily condenses with salts (7)
in the presence of sodium methoxide to orange-red heptatrienones (40)®), which
begin at 90° to cyclize to 3,3-dimethyl-1-tetralones (41), losing dimethylamine:

NMez

0
1
(7)
Me NaOMe Me -HNMe,
Me Me

“o 41

a) R=0OMe
b) R = N=CH-NMe,

{41 2) R = OMe: 7-methoxy-3,3-dimethyl-1-tetralone (84%), oil, bp. 107—-108°/0.3 torr,

(110% 4 h)

(41 b) R = N=CH-NMe,: 7-dimethylaminomethyleneamino-3,3-dimethyl-1-tetralone (82%)32)
mp. 99° (subl.) (140°, 2 h), saponification with ethanolic potassium hydroxide gives 7-amino-
3,3-dimethyk1-tetralone (75%) mp. 156—157°

Likewise the reactive methyl groups in 2-methylchromone (/9) and 2 6-dimethyl-
4-pyrone are also susceptible to condensation with vinamidinium salts (7), as are
their vinylogues (compare Section B. 1.). The colored condensation products (42)
smoothly cyclize to xanthones (43):
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NMe,
N+ (7
(42) 43)

R = OMe, Ph
Table 10. Xanthones (43)
2-methoxyxanthone  (95%) U9+ (7€) 170°, 6 h
mp. 129-130°
2-phenylxanthone 97%) U+ (7D 170°,6 h
mp. 157-158°
2,7-dimethylxanthone (80%)  2,6-dimethyl-4- 190°, 8 h
mp. 141-142° pyrone + (7 b)

(double condensation)

3. Azulene Ring Formation by C3 with C; Combinations

The reaction under consideration, namely the Ziegler-Hafner azulene synthesis, re-
garded as the prototype of electrocyclic ring-closure with elimination, consists in a
(m 10 5)-cyclization of the fulvenoid decapentaene (7), which was formed by con-
densation of sodium cyclopentadienide with the vinylogous vinamidinium salt (8 2).
The synthesis of (1) therefore consists of a C5 with C5 combination. Cyclizable
decapentaenes (45), likewise, are also obtained in a C3 with C; combination by
condensation of the readily available cyclic heptamethinium salt (44)46), with
stabilized allyl anions generated from (234, b) or (24 a) by addition of sodium
methoxide to the reaction mixture. Without intermediate isolation the violet-red
(45) cyclize smoothly to the azulenes (46)*” on heating:

R Me,N R
~ “NMe, | A\ _A
NaOMe — “HNMe,
1
102 NMe, R! R
]
(C2)) 23 or(24) (45) (46)

In the usual manner the salt (44) can also be condensed with the reactive nitriles
(24 h) and (241) and finally cyclized to the azulenes (48), (49), and (50). Starting
with (24 h), one obtains passing over the fulvene derivative (47), the dihydro-naphtho-
azulene (48) as the main product (45%), together with a small amount (6%) of the
azulene (49). Bromosuccinimide in carbon tetrachloride dehydrogenates (48) to (49)
in 89% yield, without any substitution by bromine.
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Table 11. Azulenes (46)

Reaction conditions

Azulene-/UV (CH,Cly) R R’ Yield Components ¢0) Time
%
5,7-Diethyldicarboxylate CO;Et CO3Et 50 (44)+(23a) 100 2h
dark-violet needles mp. 82—83°
Amax (log €) = 662 (2.00), 604 (2.37), 556 (2.39), 387 (4.12), 368 (3.96),
322 (3.98), 293 (4.91), 282 nm (4.67)
5,7-Dicarbonitrile CN CN 53 @4H+(23b) 160 6h
dark-blue needles mp. 201-202°
Amax (l0g €) = 636 (2.40), 605 (2.36), 582 (2.43), 386 (4.13), 367 (3.90),
320 (4.01), 289 (4.92), 281 nm (4.71)
7-Phenyl-5-carbonitrile Ph CN 42 “44) + (24a) 180 6h

blue-green needles mp. 87—88°

Amax (log €) = 635 (2.70), 602 (2.68), 582 (2.70), 382 (4.19), 365 (4.03), 285 nm (4.81)

)

Me, N/
(44) + (24m) / 130°, 4h
———————fi— ——
NaOMe O‘ cn  -HNMe,
47) “8)

6%

‘ NBS/CCl,

O 89%
el

49)

6,7-dihydronaphtho(1,2-f)azulene-S-carbonitrile (48)
green-blue needles, mp. 117—-118°

Amax (log €) = 685 (2.35), 623 (2.66), 592 (2.62), 575 (2.62), 398 (4.35), 378 (4.03),

333 (4.19), 302 (4.82), 291 (4.65), 254 nm (4.37)

naphtho(1,2-f)azulene-5-carbonitrile (49)
green needles, mp, 188-189°

Amax (log €) = 689 (2.14), 621 (2.52), 576 (2.36), 421 (3.56), 400 (3.81), 383 (3.84),

350 (4.65), 343 (4.66), 313 (4.70), 242 nm (4.65)
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1o azuleno(5,6-a)acenaphthylene-12-carbonitrile (50), (130°, 7 h) 54%,
8 G green needles, mp. 187-188°
“ Amax (log €) = 690 (2.89), 658 (2.87), 456 (3.21), 430 (3.65),
7 O 410 (3.85), 379 (4.74), 362 (4.75), 342 (4.67),
‘ CN 275 nm (4.45)
9@
81/}

Likewise the weakly acid 3,5,5-trimethylcyclohex-2-enone (isophorone) and the
more active 2-methylchromone (/9) react with (44) to give the corresponding
azulenes (57) and (52).

o]
we ) S
12
3
K0 o~
\ 0
\O 4 s
1) (52)

7,7-dimethyl-5,6,7,8-tetrahydrobenz(f)azulene-5-one (51): (160—170°, 24 h; 15%) blue-violet
needles, mp. 68—69°
Amax (og €) = 644 (2.23), 587 (2.60), 565 (2.56), 545 (2.63), 394 (4.04), 381 (3.96),

301 (3.97), 288 nm (4.69)

azuleno(6,5-b)chromen-12-one (52): (200°, 20 h; 43%) red-brown needles, mp. 211°
Amax (log €) = 612 (1.79), 519 (2.41), 487 (2.45), 404 (3.91), 354 (4.19), 324 (4.81),
314 nm (4.70)

C. Polycyclic Aromatics by Benzannelation

The most exciting and perhaps the most versatile application of the electrocyclic
ring-closure elimination method may be the benzannelation reaction. The ready
availability of the starting compounds and in general the high yields make this new
mode of formation of long- and well-known aromatics the synthesis of choice,
especially if an aimed substitution is desired in the compound.

The condensation of vinamidinium salts (7) with reactive derivatives of different
methylarenes, preferably with arylacetonitriles in quinoline by addition of the
equivalent amount of sodium methoxide leads in the usual manner to derivatives of
1-aryl-4-dimethylaminobuta-1,3-dienes. These compounds, often not isolated, cyclize
on heating. As we have already discussed (Section I. B.), such formal aminohexa-
trienes, in which one double bond is part of an aromatic system, need a greater
activation energy for cyclization than comparable open chain aminohexatrienes.

An additional extra energy gap by the localization of two n-electrons in the cycliza-
tion step is here associated with the loss of some aromatic resonance of the connected
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aromatic ring system. For our purposes, a good estimation of this energy amount in
comparisons may be arrived at by means of the calculated HMO localization energies
Ly ¢ (Section C., Fig. 1).

1. Naphthalenes

Simple benzannelation of benzene leads to naphthalene. Related to our synthesis, a
great number of benzene derivatives with an acidified methylene group that are

ready for condensation with (7), e.g., desoxybenzoin (activated by carbonyl), benzyl-
phenylsulphones (activated by sulphonyl), esters of phenylacetic acids, and best-
suited, the phenylacetonitriles (activated by cyano) can easily be transformed to
arylaminobutadienes (54) and cyclized to naphthalenes (56):

[::]
Y _NMe,CI0F
€y - &

NMe,

(&F)) (7a-i, n)

(59) (36)

On steric grounds only arylaminobutadienes (54) generated from vinamidinium
salts (7a—i, n) that are derived from malondialdehydes can be cyclized successfully.

Peculiarily, the compounds (54) with Y = NO,, obtained in good yields by
condensation of phenylnitromethanes with 3,3-diethoxypropenes (35) fail to cyclize
on heating.

Starting with meta-substituted phenylacetonitriles (53), a ring-closure of the
intermediate (54) in two different directions should be possible, giving rise to a
mixture of the 5- and the 7-substituted 1-naphthonitrile (56a + 56 b):

CN CN CN CN
R A R
~ —_— ~N "
- . -HNMez ,
R’ R’ R’ R
R NMe, NMe, R
(&23) (56a) (56b)
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Table 12, Naphthalenes (56)

Reaction conditions

No. Naphthalene derivative Yield Y Components co Time
%
1 1-Benzoyl-3-phenylnaphthalene 94 PhCO Desoxybenzoin 170 4h
mp. 98-99° +(74)
2 3-Methyl-1-phenylsulphonylnaph-  961) PhSO;  Benzylphenylsul- 200 3h
thalene, mp. 155-156° phone + (7 b)
3 3-Butyl-l-ethylnaphthoate 72  CO,Et Ethylphenyl- 200 10h
oil, acid: mp. 78° acetate + (7d)
4 3-Ethyl-1-naphthonitrile 97 CN Phenylacetonitrile 180 3h
mp. 46—-47° +(7¢)
5 3-Phenyl-1-naphthonitrile 91 CN Phenylacetonitrile 180 1.5h
mp. 128-129° + (79
6 3,6-Dimethyl-1-naphthonitrile 84 CN 4-Tolylacetonitrile 200 1h
mp. 105 +(7b)
7 6-Methoxy-3-methyl-1-naphto- 91 CN 4-Methoxyphenyl- 180 6h
nitrile, mp. 99° acetonitrile + (7 b)
8 3,5,6,7-Tetramethoxy-1-naphtho- 70 CN 3,4,5-Trimethoxy- 180 4h
nitrile, mp. 132-133° phenylacetonitrile
+(7¢e)
9 3-Phenyl-5,6,7-trimethoxy-1- 76 CN 3,4,5-Trimethoxy- 160 4h
naphthonitrile, mp. 129-130° phenylacetonitrile
+(71)
10 3-Butylnaphthalodinitrile 96 CN 2-Cyanophenylaceto- 200 3h
mp. 96—97° (subl) nitrile + (7d)
11 3-Methoxynaphthalodinitrile 90 CN 2-Cyanophenylaceto- 200 Sh
mp. 207-208° nitrile + (7 e)
1) Reaction with the double amount of benzylphenylsulphone, based on (7 b).

The relation to each other of the two isomers formed may depend mainly on
the nature the substituent R, as we can expect, and to a minor extent on the sub-
stituent R'. Table 13 shows the results of some experiments: the slender, rod-shaped
carbonitrile group strongly favors the formation of the S-isomers, contaminated only
with small amounts of the 7-isomers in the case of present alkyl substituent R'. The
methoxy- and the chloro-substituents may have a similar steric demand, and they
give rise to the formation of considerable portions of the 7-isomers besides the
5-isomers. Finally the most bulky trifluoromethyl group affords the 7-compounds
exclusively.
Another way to naphthalenes starts with 2-butene-1,4-dicarbonitrile (8-dihydro-
mucononitrile) (57)** ¥, With vinamidinium salts (7) in pyridine or quinoline (57)
undergoes very smoothly at room temperature, adding sodium methoxide, a double
condensation to the deep-colored decapentaenes (58), whereas a monocondensation

158



Electrocyclic Ring-Closure with Elimination

Table 13. Naphthalenes from 3-substituted phenylacetonitriles

Reaction conditions

Naphthalene (56 a/56 b) R R’ Yield Components °C) Time
%

Naphthalene-1,5-dicarbonitrile CN H 59  3-Cyanophenyl- 210 24h
(pure): mp. 261-263° (subl.) acetonitrile + (7a)
3-Methoxynaphthalene-1,5-di- CN OMe 96 3-Cyanophenyl- 200 4h
carbonitrile (pure): mp. 223—224° acetonitrile + (7e)
3-Methylnaphthalene- CN Me 83 3-Cyanophenyl- 180 3h
1,5-dicarbonitrile | mixture (10:1) acetonitrile + (7 4)
1,7-dicarbonitrile J mp. 183-198°

3-Ethylnaphthalene- CN Et 95 3-Cyanophenyl- 170 3h
1,5-dicarbonitrile | mixture (20:1) acetonitrile + (7 ¢)
1,7-dicarbonitrile J mp. 134—-135°

5-Chloro- Cl Me 95 3-Chlorophenyl- 180 2h
7-chloro- acetonitrile + (7 b)

3-methyl-1-naphthonitrile
mixture (3:1) mp. 98—-113°

3,5-Dichloro- } .
3,7-dichloro- 1-naphthonitrile
mixture (3:2) mp. 134—137°

5-Methoxy-3-methyl- OMe Me 83 3-Methoxyphenyl- 170 3h
7-methoxy-3-methyl-} acetonitrile + (7b)
I-naphthonitrile

mixture (2:1) mp. 59-80°

Cl Cl 90  3-Chlorophenyl- 180 6h
acetonitrile + (7g)

3-Methyl-7-trifluoromethyl- CF3; Me 85 3-Trifluoromethyl- 180 8h
1-naphthonitrile (pure): mp. 102-3° phenylacetonitrile

+(7b)
3-Methoxy-7-trifluoromethyl- CF; OMe 82 3-Trifluoromethyl- 180 10h
1-naphthonitrile (pure): mp. 98-99° phenylacetonitrile

+(7e)

does not succeed, also varying reaction conditions and the relation of (57) to (7).
Only by twofold cyclization of (58) can the naphthalenes (60) be formed. The first
ring-closure of (58) to the benzene derivative (59) should afford with L ¢ = 3.109

a much smaller activation energy than the second one with L, 4+ = 3.415 (Figs. 1,

le and II). Heating (58) splits off two equivalents of dimethylamine, as expected.
Indeed each portion of dimethylamine begins to evolve at a different temperature
indicating a step-by-step cyclization. Performing the reaction sequence with (57)

and (7a) we succeeded in isolating the corresponding intermediates, the decapentaene
(58) and the benzene (59). Directly related to (54), the benzenes (59) can cyclize in
two directions, which also leads to a mixture of the 1,5- and 1,7-dinitriles (604, 60 b).
By column chromatography on alumina the isomeric dinitriles — the symmetric

(60 4) with no dipole moment migrating more rapidly on the column — could be
separated“).
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CN CN R
NM
2 (7) 2 NaOMe I\ AN €2
D ———— . )
-2 HNMe, MeN"
oN R CN
57) . (58)
-HNMe,
CN R CN CN
R NMe, . R NC
S N A
————» +
= OO0
R R
(59) (60a) (60b)

Table 14. Naphthalene dicarbonitriles from 2-butene-1,4-dicarbonitrile

Reaction conditions

Naphthalene- Yield R Components step 1 step 2
%

a) -1,5-Dicarbonitrile, mp. 261-63° 34l H 57y (7a) 190°,16h  280-300°, 3 h

b) -1,7-Dicarbonitrile 0 H

a) -3,7-Dimethyl-1,5-dicarbonitrile 39 Me (57) (7b) 120-30° 160° 3 h
mp. 276-277° 3h

b) -3,5-Dimethyl-1,7-dicarbonitrile 10 Me
mp, 213-214°

a) -3,7-Diethyl-1,5-dicarbonitrile 51 Et 7)) (7¢) 120-30°, 160°, 3 h
mp. 169° 2h

b) -3,5-Diethyl-1,7-dicarbonitrile 8.5 Et
mp. 176°

a) -3,7-Dimethoxy-1,5-dicarbonitrile 42 OMe (57) (7e¢) 140° 3h 170°,3 h
mp. 291-293°

b) -3,5-Dimethoxy-1,7-dicarbonitrile 22 OMe
mp. 269-271°

a) -3,7-Diphenyl-1,5-dicarbonitrile 62 Ph (57) (7H 120%1h 160°,1.5h
mp. 256°

b) -3,5-Diphenyl-1,7-dicarbonitrile 0 Ph

1y On direct heating of isolated (59) without solvent.

2. Mesobenzanthrones

The conversion of anthrone (61) to mesobenzanthrones (63) resembles the preceding
naphthalene syntheses: a modified benzene derivative becomes benzannelated. Anth-
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rone (61) condenses with (7e, i) to the deep orange-red enaminoketones (62), but
oxygen must be strictly excluded for acceptable yields. The cyclization takes place
at 170—190°, giving the yellow mesobenzanthrones (634, 5)*%.

=

R

NMez
~
i ()
(7e, i) A O
—————— —_——
NaOMe -HNMe,
| 1
0]

{}
0

(0]
(61) (62) (63)
a: R=0Me
b:R=Ph

2-methoxymesobenzanthrone (63 a), mp. 171 -172° (subl.) (60%)/170-190°, 7 h
2-phenylmesobenzanthrone (63 b), mp. 196—197° (AcOH) (87%)/170-180°,4 h

3. Phenanthrenes

The easily available naphthalene acetonitriles are suitable starting components for
the benzannelation of naphthalene3? 3% #4), The naphthalene-1-acetonitrile (64)
produces phenanthrene-4-carbonitriles (66). The direction of cyclization in (65) is
structurally fixed. It turns out the nitrile group in (66) to be sterically strongly
screened. Basic hydrolysis under very hard conditions succeeds only to the stage
of the corresponding amide.

NMe,
R

R
T,
Na\OMe2 -HNMe2 O
qumolme CN

(64) (65) (66)

Reaction conditions

R Phenanthrene-4-carbonitrile (66) Yield Components ) Time
%
a) H ——, mp. 105-107° 91 64) + (7a) 200-220 40 h
b) OMe 2-Methoxy--, mp. 155.5° 95 64) + (7e) 180-200 25h
¢) Ph 2-Phenyl--, mp. 169-171° 90 64) + (7D 160 3h
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Analogously, acenaphthene-5-acetonitrile (68) leads to acephenanthrene-10-
carbonitriles (69). The starting (68) is obtained in a three-step sequence from
acenaphthene-5-carbaldehyde (67).

. _R
. (RO);AleNa/le ‘
/0 2. SOCl,/Bzl. "NaOMe ,
. 3.NaCN/DMSO 82% oN qumolme O CNO
1

67) (68) (69)
RO = Me—O—CH,CH,~0

Reaction conditions

R Acephenanthrene-10- Yield Components 0 Time
carbonitrile (69) %

a) H - mp. 158° 57 (68)+(7a)  200-220 40h

b) Me 8-Methyl--, mp, 174—175° 58 68) +(7b) 170-200 3h

c) OMe 8-Methoxy--, mp, 170—171° 85 068)+ (7€) 180-200 5h

The naphthalene-2-acetonitrile (70) may serve as the source for many syntheti-
cally valuable phenanthrene-1-carbonitriles (72). The nitrile group in (72) can be
converted to other functional groups or be smoothly eliminated in high yield by
hydrolyzing it with potassium hydroxide in diethyleneglycole, followed by decarb-
oxylation of the acid in boiling quinoline, in the presence of copper powder.

CN CN

~N

(7) NaOMe A

qumolme -HN e, R
NMe,

(70) (71) (72)

Reaction conditions

R. Phenanthrene-1-carbonitrile (72) Yield Components (°C) Time
%
a) H ----, mp. 125° (instab.)/130° (stab.) 98 (70) + (7a) 220 4h
b) Me  3-methyl-, mp. 142° 95 7O+ (7b). 170-190 l1h
c) Et 3-ethyl---, mp. 83—84° 96 (70)+ (7¢) 140-160 3h
d) OMe 3-methoxy--, mp. 153° 96 (70)+(7¢) 180-200 3h
e) Cl 3-chloro--, mp. 174-175° 91 70+ (7g) 200 4h
f) Ph  3-phenyl-, mp. 143-144° 90 (70)+(7i) 160 3h

162



Electrocyclic Ring-Closure with Elimination

The intermediate (71) should formally be able to cyclize in two directions. As
outlined in Section IL C, the activation energies for the single-ring closures should
be selected according to calculated localization energies. Angular annelation to
phenanthrenes with L, 4' = 3.162, and linear annelation to anthracenes with L3 4 =
3.541 (Figs. 1, IVa) are so different in energy-demand that formation of the phen-
anthrenes clearly prevails. Another fact which is evident from the tables: a voluminous
substituent R (R') in the side chain of (54), (58), (66), and (71) strongly facilitates
the cyclization and lowers the thermolysis temperature considerably.

To gain a linear annelation to an anthracene by blocking up position 1 in (71)
with a methyl group, we synthesized the aminonitriles (74a, b) by condensation of
(7b), or (7i), with 1-methylnaphthalene-2-acetonitrile (73). The latter was obtained
from 1-methyl-2-naphthoic acid5® in three steps to give an overall yield of 60%. All
attempts to enforce the cyclization of (74 a) or (74 b), however, were defeated. An
uncontrolled decomposition of (744, b) to tarry products takes place above 300°4%),

Me CN
NM

b D A
NaOMe
pyridine

(73) (74)  a:R=Me, mp. 124-125° (73%)

. = _ L]
mp. 75-76° b: R=Ph, mp. 175-178° (95%)

Yellow needles

Phenanthrenes can also be generated by double condensation and thermolysis
of benzene derivatives. Benzene-1,3-diacetonitrile (75 a) and benzene-1,4-diaceto-
nitrile react with (7b) to give not very soluble, brick-red aminonitriles (76) and (78),
yielding the phenanthrenes (77) and (79). The cyclization doubtless proceeds first
to a naphthalene and then to the phenanthrene, but no differentiation between the
two cyclization steps could be observed. 3,6-Dimethylphenanthrene (80)°", a
valuable starting material for the synthesis of helicenes>> © was obtained by hydro-
lysis and decarboxylation of (79). Benzene-1,2-diacetonitrile failed to give an as-
certainable double-condensation product with (7).

4. Chrysenes

Three tetracyclic systems, triphenylene, benz(c)phenanthrene and chrysene can be
derived by angular benzannelation of phenanthrene and hence these hydrocarbons
may be synthesized from corresponding phenanthreneacetonitriles. The phenanthrene-
1-acetonitrile (87) used for the preparation of the chrysenes (82) was obtained from
phenanthrene-1-carbonitrile (72 ¢) in a sequence of conventional steps: hydrolysis
to the acid (84%) by KOH in triglycol, reduction to the carbinol (82%) by sodium
dihydrido-bis(methoxyethoxy)aluminate, conversion by thionyl chloride in benzene
to the chloromethyl derivative (98%), and finally reaction of the latter with sodium
cyanide in DMSO to (81) (94%).

Since (72 a) was obtained by the benzannelation reaction of naphthalene-2-
acetonitrile, the above synthesis may serve as an example of the twofold application
of the benzannelation principle.
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R
O 50-60°, 2h; A Oe
—— —
(7a, b) NaOMe quinoline
CN -HNMe, CN

(81) mp.128-129° 82) a: R=H,
b: R=Me

(82 a): chrysene-4-carbonitrile, mp. 151—152° needles (70%) (210°, 80 h)

(82b): 2-methylchrysene-4-carbonitrile, mp. 208—-209° plates, (86%) (160-180°, 3.5 h)

Double condensation of naphthalene-2,6-diacetonitrile (83)5% with (7a, b, i)
leads to the hardly soluble, red-brown enaminonitriles (84) which we isolated for
intermediate purification. Their thermolysis gives the chrysene-1,7-dicarbonitriles
(85 a—c) in high yields*®. Hydrolysis followed by decarboxylation in the presence
of copper powder affords chrysene, mp. 253° (74%)%® from (85 @) and 3,9-dimethyl-
chrysene, mp. 244°, plates (50%) from (85 b).

CN CN

R
N AN NMe,
0 (7a, b, 1) O -2 HNMe,; A ‘O
O —_— ——— = R

NaOMe O quinoline OO
Me,N™ 77

CN R CN CN

(83) (84) (85)

a): R=H(92%)
b): R=Me (91%)
c): R=Ph

(85 a): chrysene-1,7-dicarbonitrile, mp. > 360° (dec.), (98%) (190-210°, 12 h)
(85b): 3,9-dimethylchrysene-1,7-dicarbonitrile, mp. > 360° (dec.), (88%), (170°, 2 h)

(85 ¢): 3,9-diphenylchrysene-1,7-dicarbonitrile, mp. > 360° (dec.), [70%, without isolation of
(84¢)1, (130°,4 h)

5. Triphenylenes

Phenanthrene-9-carbonitrile, prepared by bromination of phenanthrene to the
9.bromo derivative®® and its transformation by cuprous cyanide in dimethylform-
amide %), served as starting material for the needed phenanthrene-9-acetonitrile (86).
By the same sequence of steps as when converting phenanthrene-1-carbonitrile (72 a)
to (81) the 9-carbonitrile was converted to (86), giving an overall yield of 60%. The
standard procedure leads very smoothly to the triphenylenes (87):
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9
NC (7a, 1) A
—_— e
i NaOMe  quinoline

(86) 87)
triphenylene-1-carbonitrile, mp. 128—129° (90%) (180—200°, 4 h)
3-phenyltriphenylene-1-carbonitrile, mp. 162—163° (91%) (150°, 3 h)

non

aciiey

6. Benzo(c)phenanihrenes

One pathway to benzo(c)phenanthrene by the cyclization-elimination method has
been outlined already (Section III., B. 2.) and another we will see later. A synthesis
by benzannelation should start with phenanthrene-4-acetonitrile or with phenanthrene-
3-acetonitrile (88) as the one component. For steric reasons the preparation of the
first has only poor chances, but (88) is readily available: 3-methylphenanthrene, mp.
62—63°58) obtained by hydrolysis and decarboxylation from the nitrile (72 b)

- (Section I11., C. 3.) in an overall yield of 92% was side-chain brominated by N-bromo-
succinimide in CCl,, and the 3:bromomethylphenanthrene, mp. 116—117° (67%),
converted to (88), mp. 82—83° (91%).

Thermolysis of the isolated aminonitrile (89), mp. 169° (85%) obtained by con-
densing (88) with (7 b) in pyridine, gives rise to the formation of a mixture (83%)
of two different isomeric nitriles in nearly equal amounts, the expected 2-methyl-
benzo(c)phenanthrene-4-carbonitrile (90) and the 9-methylbenzo(a)anthracene-11-
carbonitrile (91).

O (7b) NaOMe
CN s
pyridine
I r e

(89) mp. 169° (85%)

88 1

mp. 82-83° L.
quinoline

230°, 6h
Me

1 83% 1 CN
4
CN
5
3 s Me
(90) (I3
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The structure of (90) and (97), ascertained by their *H NMR spectra can be
evidenced simply by transformation to the known hydrocarbons, 2-methylbenzo(c)-
phenanthrene, mp. 81—82°4? and 9-methylbenzo(a)anthracene, mp. 150—151°57.

For the observed angular benzannelation of the naphthalene (77) to the phen-
anthrene (72), one calculates an energy profit of 0.379 8 over the linear benzannela-
tion to anthracene. It turns out by computation that the angular ring-closure of (§9)
to (90) should be favored above the linear one to (91) still by 0.251 §, a planar or
nearly planar arrangement of the involved w-system provided. An inspection shows
that some strong restraint exists against reaching the ready but sterically very over-
crowded conformation of (89) forming (90), so that the linear benzannelation to
(91) may successfully compete against the angular ring-closure.

In a four sequence, starting with 3,6-dimethylnaphthalene-1-carbonitrile (56/6)
(Section IIL., C. 1.; Table 12), we prepared the naphthalene-2,7-diacetonitrile (92),
mp. 114°, which undergoes smoothly a double condensation with (75) to the sym-
metric aminonitrile (93), mp. 218° (dec.) (96%).

NC CN

(7b) NaOMe
—_———
pyridine

92) (93)
mp. 114° mp. 218° (dec.)

quinoline
160°, th

(94) | quinoline
220°, 3h

Me Me Me
1 2 (90%) 2
1 CN
11
LU U0
% Me

(95) (96)
mp. 312-313°
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In thermolysing (93) one observes, by the evolution of dimethylamine, the first
cyclization step at 160°, no doubt to the intermediate phenanthrene (94), clearly
differentiated from the second one at 220°. The latter cyclization leads like the
above (£9) to a (1: 1)-mixture (90%) of two isomeric dinitriles, the 2,11-dimethyl-
benzo(c)phenanthrene-4,9-dicarbonitrile (95) and the 2,9-dimethylbenzo(a)-
anthracene-4,1 1-dicarbonitrile (96), mp. 312—313°,

A better chromatographic separation was achieved after hydrolysis and de-
carboxylation to the hydrocarbons, the 2,11-dimethylbenzo(c)phenanthrene, mp.
129° (only one resonance signal for methyl in the 'H NMR spectrum) and the 2,9-
dimethylbenzo(a)anthracene, mp. 162°58),

By calculation the angular benzannelation of the yellow benz(c)phenanthrene
derivative (98), from condensation of 11-methylbenzo(c)phenanthrene-2-acetonitrile
with (7 b) obtained, should favored by 0.292 8 above the linear annelation.

But the sterical hindrance for angular cyclization to a dibenzo(c,g)phenanthrene
is found to be so much increased here that thermolysis, achieved only under very
strong conditions (240°, 12 h), leads exclusively to the linear annelated 2,11-
dimethyldibenzo(b,g)phenanthrene-13-carbonitrile (99), yellow needles mp. 243—
244° (66%). Conversion of it by hydrolysis and decarboxylation gives 2,11-dimethyl-
dibenzo(b,g)phenanthrene, mp. 155—156°.

2,11-Dimethylbenzo(c)phenanthrene, readily accessible by a new synthesis, as
described later (Section E. 1), side-chain brominated by N-bromosuccinimide and
converted to (97), was used as starting compound in the above synthesis.

NMe,
CN ’
Me NC
Me /
O ‘ (7b) quinoline
——
NaOMe
Oe 240°, 12h

97

mp. 129° (98)

99)
mp. 243-244° (66%)
Yellow needles
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7. Benzo(b)biphenylenes

In a conventional seven-step synthesis beginning with biphenylene, biphenylene-2-
acetonitrile (J00), mp. 105—107°, was prepared. It condenses readily with (7) to
the orange-yellow aminonitriles ({01) (not isolated). In accordance with the MO
calculation the ring-closure to the benz(b)biphenylene-6-carbonitriles (102) is
strongly favored, theoretically by 0.211 g (Section IL. C., Fig. 1 VIII), over the
isomeric benzo(a)biphenylenes of which no traces could be detected in the reaction
products®®, By hydrolysis and decarboxylation (/02 a) was converted to benzo(b)-
biphenylene, mp. 236—237°, Ref. 242—243°¢0),

CN CN R CN
NMe,
Crdy — Y s
R
1o (101) 102)
mp. 105-107°
Reaction conditions
R ---Benzo(b)biphenylene-6-carbonitrile Yield Components (°C) Time
a) H ----, mp. 184—185°, pale-yellow necedles 93  (101)+(7a) 205 3h

b) Et 8-Ethyl---, mp. 169-170°, pale-yellow plates 90  (101) + (7¢) 145 4n "~
c) OMe 8-Methoxy---, mp. 216~217°, orange-yellow 89 101+ (7e) 145 5h
needles

8. Pyrenes

The tricyclic hydrocarbon phenalene (I 03)61) can readily be transformed to one of
the strongly resonance-stabilized species: the phenalene radical, the phenaleniate
anion and the phenalenium cation. Therefore its acidity is quite sufficient, without
any additional activating substituent, to generate the extremely oxygen-sensitive,
orange phenaleniate anion by means of sodium methoxide. The latter condenses
very smoothly with vinamidinium salts (7) and their vinylogues (8) to deeply colored
derivatives (104) of the unknown, cross-conjugated 1-methylenephenalene, named
“phenafulvene”?), We prepared them some time ago!% in an attempt to test the
theoretical prediction that the introduction of electron-donating substituents at
exocyclic positions should stabilize the system.

Whereas (04 b) is thermostable up to 200°, a slow decomposition to pyrene
and dimethylamine takes place on heating (04 a) to the meiting point. This was the
first example of six-ring closure by thermolysis which we observed, and the starting-
point of the whole story suggesting this recent review. In parallel to the known
azulene synthesis we originally explained the cyclization by an intramolecular
electrophilic-nucleophilic attack in the highly polar (104a)!).

- To prepare pyrenes (106), especially the otherwise only difficultly accessible
2-substituted ones, the reaction may be performed more conveniently in the usual
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) 7 " NMe
‘ Al A e, Do ‘ n
+  Me,NZ [~ ) NMe;,  pyridine
50°, 3h
) (104a): n=1
103 (7a): n=1 (104b): n=2
(8a): n=2

(104a): 1-(3-dimethylaminoallylidene)phenalene (91%), mp. 150-151° (dec.)
Amax (10g €) in MeCN: 496 (4.53), 278 nm (4.23)

(104 b): 1-(5-dimethylaminopentadiene-2,4-ylidene)phenalene (72%), mp. 132-134°
Amax (log €) in MeCN: 517 (4.76), 382 (3.86), 331 nm (4.23)

manner in quinoline and without isolation of the intermediate of the sensible enamino-
phenafulvenes (104). The cyclization of (104) seems to correspond to the naphthalene
phenanthrene formation of (65) to (66), but in comparison to the latter the calcu-
lated localization energy should be diminished by 0.1475 8. In good correlation with
that, the thermolysis temperature was found to be exceedingly low.

Using a mixture of the protomeric phenylphenalenes®!) in a condensation-cycliza-
tion reaction with (7a), one receives a (1: 1) mixture of 1-phenylpyrene (106 0) and
4-phenylpyrene (109) in 94% yield!>. The uniform phenylphenaleniate ion (107)
generated during the reaction shows a partition of the charge between positions 1, 3,
4,6, 7, and 9. Enaminophenafulvenes arise only by attack of (7a) on positions 3, 4,

-~ - NMe;
(103) +(7) NaOMe ‘ R?
quinoline
50°

,,,,,H NMe:| e O‘ R!
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6,7,and 9 of (107), but a reaction on the latter, sterically strongly screened position
seems unlikely. Only the remaining four, isomeric enaminophenafulvenes, e.g., (108a)
and (108 b), can cyclize, leading to (106 0) and (109):

(7a) -
’I — |
; pyridine /
quinoline Oe NMe;,
(108b)
120-130° 94%
(1060) (109)
mp. §3°63 mp. 130—131°

(Ref.69 132-133°)

The instable 1,2-dihydro-5H-cyclopenta(c,d)phenalene (1 10), like phenalene,
condenses with (74) to a dark-red enamine (/17) and provides uniformly the 1,2-
dihydrocyclopenta(c,d)pyrene ({12) in moderate yield (25%) on heating65):

NMe,
]
(7a) NaOMe 160—180° OO. :
qumolme
90°, 2h HNMez
110y 11 12
mp. 115° (dec.) mp. 131°

_The 7TH-benz(d, e)anthracene (/13) and the 6H-benzo(c,d)pyrene (117), both
much weaker acids than phenalene, form the polydentate ions (114) and (118) and
condense like (107) with (7) to mixtures of isomeric enamines. From the reaction of
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Table 15. Pyrenes (1 06)15)

Reaction conditions

(106) ----Pyrene Yield R R2 Components (°C) Time
% 03) +

a ----, mp. 155° 93 H H (7a) 150-160 2h

b 2-Methyl-, mp. 142-143° 79 H  Me (7b) 60-70  2h

c 2-Ethyl--, mp. 68—71° 97 H Et (7¢) 6070 2h

d  2-Methoxy-, mp. 105~-106° 63 H  OMe (7e) 60-70  2h

e 2-Chloro--, mp. 143° 33 H (78) 130-140 2h

f 2-Nitro--, mp. 192-194° 30 H NO, (7n) 60-70  2h

g 2-Phenyl--, mp. 166° 74 H Ph (79 100 2h

A 2-(p-Methoxyphenyl)-, 80 H  4-CqHzOMe 1) 80 2h
mp, 157-158°

i 2-(p-Chlorophenyl)--, 87 H  4CgH4-Cl 1) 90 2h
mp. 165-166°

i 2-(p-Bromophenyl)--, 79 H  4CgHa—Br 1) 90 2h
mp. 150—151°

k 2-(e-Naphthyl)---, 83 H aCiHy 1) 80 2h
mp. 112-113°

! 2-(¢-Naphthy1)---, 8l H pCioHy b 80 2h
mp. 210-211°

m 1-Methyl---, mp. 66—68° 88 Me H (7h 170 2h

n 1-Ethyl---, mp. 94° 87 Et H (7m) 150 2h

o 1-Phenyl---, mp. 83° 67 Ph H ) 190-200 2h

4 7,8,9,10-Tetrahydro- 83 ~(CH3)g—- (70) 60 2h

benz(a)---, mp. 112°

1y The vinamidinium salts needed were prepared from the corresponding arylacetic acids by
formylation with dimethylformamide phosphoryl chloride, like (71')1 5.

(113) with (7a) we isolated in 82% yield a (1:2) mixture of benzo(a)pyrene (115a)
and benzo(e)pyrene (116 a), likewise with (7b)in 60% yield the corresponding
2-methyl derivatives (115 b) and (116 b). As expected, from (117) and (7a) results
in 33% yield a mixture of anthanthrene [= dibenzo(d,e,f—~m,n,o)chrysene] (119)
and benzo(g, h, i)perylene (120), also in a 1:2 proportion*%),

Readily accessible also are derivatives of benzo(a)pyrene, e.g., (123) applying
the usual benzannelation method using pyrene-1-acetonitrile (121 d). The latter was
prepared starting from pyrene-1-carbaldehyde$”) (121 a) by reduction with sodium
bismethoxyethoxy-dihydroaluminate in benzene to the carbinol (121 b), this by
thionyl chloride to (121 ¢), and finally with sodium cyanide in DMSO leading to
(121 4).
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quinoline
180°, 6h

(115a): R=H, mp. 179°;

(116a): R=H, mp. 178-179°

R
(115b): R = Me, mp. 176—177°69) (16)
""l() 2"‘\\
sseor N eee
31 —_——
O “NaOMe 180-260°, O‘
quinoline 1.5h
(% 3
117 ? i 5 119
mp. 134—135° 9 e 3% mp. 257°
(118)

120)
mp. 273°

1
CN CN
(7¢) NaOMe 170-220°
R - . 3
quinoline -~ 3h
80°, 2h ~ -HNMe,
Y Et Et”
NMe,
121) 122) (123)
a) R = CH=0 8-ethylbenzo(a)pyrene-10-carbonitrile
b) R = CH,OH, mp. 121-122° (99%) (89%) mp. 242—-243°, yellow plates.
c) R = CH5Cl, mp. 146-147° (96%)
d) R = CH,CN (98%)

mp. 111-112° (labile form), mp. 121-122° (stable form)
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9. Fluoranthenes

In Table 7 (Section IIL., 2, Nos. 28—34) we have listed some fluoranthenes. They
were synthesized starting from the corresponding acenaphthene derivatives, con-
structing the benzene ring as shown here by formulas:

CO,Ft

)
EtO,C
MeoN —=NMe, (23a) : O
BFY
[ oc o _co
O B = e ———
NaQOMe, quinoline (93%)

(75) 90°, 3h mp. 112-113°

CN
7N e Q
. MezN\NNMez .

JO B Ze. OO0
NaOMe, quinoline

120°, 4h mp. 153—-154° (87%)
A third way to fluoranthenes (/26) should be opened by the thermal cyclization
of the long-known, stable, colored enaminofulvenes of fluorenes?¥, e.g. (125), which
are isomeric with the corresponding derivatives (104) of phenalene:

O (7a,c,i) Q A O
—l e -
. NaOMe ‘ -HNMe, ‘
og-—-JdpUNNe®
quinoline :
7~ R R

NMe,
(124) (125) (126)

The cyclization of (125) to (126) parallel to the formation of naphthalenes (56)
from (54) (Section C., 1.) should afford a rather smaller activation energy than the
latter (see Fig. 1, Xc Section 1. C.) in a superficial view. However, the parent com-
pound [(125 a), R = H] fails to cyclize on heating up to 250°. Instead, sublimation
and at higher temperatures uncontrolled decomposition take place. A more detailed
inspection shows that the bond angles in (125) effect an increased distance between
the centers C-1 and C-4’, but an effective orbital overlap of these centers is an essen-
tial condition for a ring-closure. The formation of (Z26) therefore involves consider-
able angle strain. Only factors which depress the thermolysis temperature in other
instances also, e.g., bulky substituents or/and variation of the m-system lowering the
localization energy, L, s, bring the ring-closure of (125) to (126) within reach:
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(126 ¢): R = Et; 2-ethylfluoranthene, mp. 108—-109° (40%) from (124) + (7¢),
210°/70 h (intermediate (125 ¢) not isolated) ‘

(126i): R = Ph; 2-phenylfluoranthene, mp. 80—81° (55%), 200° 2 h; from (124) +
(71); (125 i): yellow crystals mp. 123° (70%)

In all cases the yields are moderate and the conditions of cyclization relatively
hard, but the starting materials are readily available and cheap.

Likewise benzo-annelated fluoranthenes, (128), (130), and (132), are obtained
by thermolysis of the corresponding enamino derivatives of benzofluorenes (127),
(129), and (131). Whereas one direction of cyclization is open for (127), there exist
two possibilities of ring-closure direction for (129) and (131), but only the one was
realized which we expected in correlation to the calculated lower localization ener-
gies (see Fig. 1, XI., Section II., C.):

A
. NaOMe . 52% .
9 99 9%
~Ph Ph

Benzo(a)luorene
azpy e 28

Yellow needles mp. 158°
2—Phenylbenzo(j)fluoranthene

O _ a: 230°, 70h O
(7a, i) b: 180°, 16h a:R=H
. NaOMe a: 34% b: R=Ph
O b: 94% O
B (g
(130)
Benzo(b)fluorene '

a: Benzo(e)acephenanthrylene
mp. 165° colourless needles
b: 2—Phenyl-, mp. 195°

() o O i
—i— et S
. NaOMe . 77%
® 0 o)
N
Ph Ph (132)

NMe,
" Benzo(c)fluorene Yellow needles mp. 172°

usn S—~Phenylbenzo(j)fluoranthene
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In analogy to fluorene the more acidic SH-indeno(1,2-b)pyridine (= 4-azafluorene)
v 33)6) smoothly condenses with (77) to (134) which cyclize uniformly to 6-phenyl-
acenaphtho{1,2-b)pyridine (= 2-phenyl-7-azafluoranthene) (135)*9:

N N7 Ve N/ N
= (7)) — 190-200°, 30h —
— — e
NaOMe NG 66% .
-~
Ph Ph
NMe,
133) 134) (135)

mp. 112°

Benzannelation of (Z34) to the pyridine nucleus seems to be strongly disfavored
(small HOMO frontier orbital in position 4 of the pyridin ring?).

Indene itself also gives enaminofulvenes by condensation, but cyclization fails.
From the 2,3-diphenylindene (136), the 1,2,4-triphenylacenaphthylene (138) can be
prepared:

Ph Ph Ph Ph Ph Ph

‘ (7i) 6 190-200°, ‘
——i— i —

NaOMe 16h

: s 63%

Ph Ph

NMe,

(136) 138)
137)

Orange plates,
mp. 199°

Another, instructive example for the high angle strain inherent in combinations
of flat hexagonal with pentagonal ring systems is represented by the synthesis of
benzo(g, h,i)fluoranthene (43). Starting with acenaphthenone (25), the cyclization
of the derived dienaminoketones (139)® once more succeeds under rigorous condi-
tions only in the presence of a bulky substituent R, e.g., methyl or phenyl, to the
benzo(d,e,f)fluorenones (1404, b). Wolff-Kishner reduction of (140 b) to the
fluorene (141) and repeated condensation with (7i) to (142) followed by cycliza-
tion leads finally to the symmetrically substituted (/43) exclusively. The other
possible isomer may be disfavored by steric hindrance:3?
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) ”
(7b i) a 225°, 5h
NaOMe b: 225 3h

pyridine
(25) (139) (140a, b)
a: R = Me (87%)
Dark-red needles mp. 139—140°
b: R = Ph (95%)
Red needles mp. 160-161°

(140 a): 2-methylcyclopenta(d, e, f)phenanthrene-4-one, (42%) yellow needles, mp. 133-136°
(140 b): 2-phenylcyclopenta(d, e, {)phenanthrene-4-one, (96%) yellow needles, mp. 119°

Ph
/ N Ph
Me,N .
(140p) Nolft-_ Wolff (71)
Kishner NaOMe 50°

(]41) mp. 138° 142)
Colourless plates

Ph i l Ph

143)(81%)

Yellow needles, mp. 184°
4,7—diphenylbenzo(g,h,i)—
fluoranthene

quinoline
225-240°, 15h

D. Azulenes and Azulenoids by Annelation Reactions

1. Benzannelation to Azulenes

Methyl groups in position 4, 6, or 8 of azulene are only just acidic enough to under-
go condensation with vinamidinium salts (7) and their vinylogues (8), in presence
of sodium methoxide. With (7) the 6-methylazulene (121 a) slowly forms the deep-
red azulene dienamines ({/44) and, on heating, the benz(f)azulenes (/45). But the
reaction does not run to completion and therefore unconverted (121 a) can be re-
covered at the end'®. Introduction of an additional acceptor-substituent in the
methyl group, like the cyano- or methoxycarbonyl-group (121 b, c), strongly en-
hances the rate of condensation, but the influence on the cyclization step is un-
certain. The hitherto unknown 6-azuleneacetonitrile (121 b) was obtained by action
of cyanogen on sodium 6-methylene-azuleniate®®
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In order to obtain the benz(a)azulenes (I46) and (151), azulene-1-acetonitriles
(146)™ and azulene-2-acetonitrile (149)7") are condensed with vinamidinium salts
(7) — the 1-methyl- and 2-methylazulene are unreactive — to give the corresponding
azulene dieneaminonitriles (147) and (150). In agreement with the theoretical pre-
diction, the latter (150) cyclize especially readily and quickly on slight heating. The
localization energy linked with the ring-closure of type (150) is calculated to be
0.171 g8 lower than that of type (147).

The dienaminonitrile derived from the azulene-5-acetonitrile involving two pos-
sibilities of direction of ring-closure should preferentially cyclize, according to the
MO theory, to give the benz(e)azulenes. But all attempts to synthesize the azulene-5-
acetonitrile testing these predictions have hitherto been unsuccessful.

2. Azulenoids by (;105)-Cyclizations

The 4-methyl group of the azulenes (152) condense slowly as mentioned with (7) to
give the red azulene-4-dieneamines (153). The latter are related to the dieneamino-
fulvene (1) of the classical Hafner-azulene synthesis, and on heating afford in a
(+105)-ring-closure the cyclopenta(e,f)heptalenes (154)'® 72, rather than the
benz(e)azulenes in a (;65)-cyclization.

1
D e
NaOMe -HNMe, O

quinoline
(121)
a:R!'=H R? NMe,
b: R'=CN (144) (145)
c: R'=CO,Me

Table 16. Benzazulenes

Reaction conditions

No. (I145)---Benz(f)azulene R R2 Yield Components (°C) Time
%

1 L p— , mp. 160—161°69) H H 74 (121a)+(7a) 200-210 12h

2 6-Ethyl--, mp. 91° H Et 97 ({21a)+(7c) 180-190 14h

3 6-Benzyl-, mp. 96—97° H Ph—CHy 79 (I21a)+(7*) 180-190 20h

4 6-Methoxy--, mp. 94—95° H OMe 68 (I21a)+(7e) 190-200 20h

S 6-Phenyl--, mp. 146—147° H Ph 71 ({21a)+(71) 180 14h

6 ----8-Carbonitrile, mp. 95° CN H 37 (121b)+(7a) 180 3h

7 6-Phenyl--8-carbonitrile, CN Ph 75  d21B)+(7H 170 1.5h
mp. 165-166°

8 6-Methoxy-8-methoxycarbonyl- (121c)+(7¢) 180 2h
---, mp. 107-108° CO,Me OMe 18

*) = 2-Benzyl-3-dimethylaminoallylidene.dimethylammonium perchlorate prepared in analogy
to (7 b—d) by formylation of benzylmalonic acid with DMF-POCl3; mp. 145° (92%)18
1) Amax (log €) in CH,Cl, = 657 (2.02), 597 (2.51), 547 (2.66), 388 (3.26), 369 (3.57),
351 (3.60), 302 (4.54), 288 nm (4.80).
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(7) NaOMe
qumolme
50°, 3h +

0] 46)
Reation conditions
(148) --Benz(a)azulene-4-carbonitrile R Yield Components ) Time
%
1 ----, mp. 87-88° (subl.)1) H 41 (146) + (7a) 200-210 24h
2 2-Phenyl--, mp. 174-175° Ph 79 146) + (79 150 18h

1) Amax (log €) in CH,Cl, = 655 (2.69), 596 (2.78), 555 (2.71), 402 (3.74), 381 (3.89),
362 (3.80), 342 (3.78), 308 nm (4.86)

CN (7) NaOMe
qumo]me -HNMez Q

50°, 2h
(149)
MCIN R
(150) 151
Reaction conditions

(151) --Benz(a)azulene-1-carbonitrile R Yield Components ) Time

%
1 ----, mp. 166-167° H 77 (149) + (7a) 190 7h
2 3-Methyl---, mp. 115-116° Me 84 (149) + (7b) 100 2.5h
3 3-Phenyl---, mp. 139-140° Ph 84 (149) + (71) 100 2.5h

R 1 R 2 R! R?
CO (7) NaOMe A
qumolme CO m:; CO
40°,12h
SN

(152) R
RN s
NMe,

(153)
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Table 17. Cyclopenta(e,f)heptalenes (1.54)

Reaction conditions

U549 R R! R? Yield Components cC) Time
%)

a H H H Red-violet powder 16 4-Methylazulene 190 48 h
' mp. 64-65° (7a)

b Ph H H Red-brown powder 20 4-Methylazulene 190 48 h
mp. 87—88° (79

c Ph Me i-Pr Red-violet crystals 62  Guaiazulene 180 24h
mp. 78-79° (79)

1y Incomplete conversion, ca. 40%—60%.

This mode of cyclization opened a new access’® to the stable, tetracyclic peri-
condensed, nonbenzenoid aromatic hydrocarbon dicyclopenta(e,f—k, Dheptalene
(159), also named”® azupyrene. The 4,5- cyclopentenoazulene (156) needed was
formed in 28% yield by a Hafner synthesis from the pentamethinium salt (155)7%
and sodium cyclopentadienide:

Na in THF
MezN\/ | 15°
co? NMe, pyrldme NMe, -HNMe,
(155)

(156)
Blue oif (28%)

The azulene (156) slowly condenses with (7a) to the red-violet azulene diene-
amine (/57) and cyclization occurs at 150—200°, giving in 58% yield by a 70% con-
version a mixture of the expected 1,2-dihydrodicyclopenta(e,f—k,I)heptalene (158)
and the azupyrene (159), formed by simultaneous dehydrogenation’®. Treatment
of the mixture with chloranil in benzene leads quantitatively to the pure (159),
bronze-shining, black plates, mp. 257~259° (subl.).

150-200°,
20h
HNMe2
NMe,

57 158) -2 H 159)

(7)NaQMe
—

quinoline
70°, 10k

(156)

(159): UV (in CH7Cl,), Amax (log €) = 484 (4.21), 471 (3.50), 461 (3.21), 454 (3.27),
444 (3.17), 432 (2.75), 423 (2.75), 410 (2.89), 397 (2.58), 387 (2.50), 358 (3.64), 344 (4.26),
334 (4.20), 309 (4.28), 299 (4.30), 285 (4.46), 267 (4.99), 254 nm (4.70)
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The azupyrene shows a very characteristic UV spectrum, with numerous sharp
absorption bands’® 74, The high thermodynamic stability of (159) is consistent with
a marked tendency for its formation, though in minor amounts, provided the struc-
turally appropriate components are brought to reaction’®). A 1% yield of azupyrene
(159) is obtained if a solution of 6-dimethylaminovinylfulvene (/60) in pyridine is
treated with iodine in the presence of sodium methoxide and, after refluxing and
distilling off the pyridine, the mixture is heated in quinoline up to 230°. The bis-
fulvene (161) may be an intermediate in the formation of (/59):

NaOMe
2 — ——
Jyin
- pyridine

Me,

(160)

Also condensation of the salt (155) with (/60), followed by heating in quinoline,
furnishes (/59) in a 5% yield besides the azulene (156) (2.5%). The fulvenoid com-
pound (Z62) may here be the intermediate, and in accordance with this assumption
the azulene ({56) could be genérated by a splitting reaction of the azulene dieneamine
formed (157).

Furthermore, the formation of the azupyrene (159) was achieved in a 2.5%
yield, besides the azulene (156) in 3% yield, by heating a condensation mixture of
the stable nonamethinium salt (164), cyclopentadiene, and sodium methoxide in
quinoline at 230° for 48 hours, which should also create (162).

]
@\\/\\/NMez i Q//\fwez

NMe, 108
(155)

160)
NaOMe l

MNMQ
NMe, NMe,
(162) (157) \
NaOMe

(158)+(159)
®
@ + MezNWW/NMe,

BES NMe,

164)
(164) Green needles mp. 223° (dec.)
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The dyestuff used, salt (164), was obtained as shown in the following scheme by
double condensation of cyclopentanone with the acetal (35 @) to the divinylogous
urea (163) and conversion of the latter to (164):

OEt
+ )\7\ .
EtO NMe, LEANG AN NN
O

(0]
(35a)
(90%) (163)
1
mp. 221-225° (dec.) %—> (164)
1. Et;O0®BF§
2. HNMe,

If one employs the benzanalogous indene polymethinium salt (165) in the con-
densation reaction with cyclopentadiene and heats for 20 h up to 230°, the benzo(a)-
dicyclopenta(e,f—k,Dheptalene {= benz(a)azupyrene] (166) results in a 3.6% yield.
The synthesis of the (165) used can be seen in the following scheme® 7¥:

®
O l.MezNWOMe
MeOSOS
86% in MeOH ®
2. NaClO, 88% S~ ~NMe,

NMe, NMe,
mp. 79°

Clof
Orange needles mp. 245°

A -

86% (35a) 80°

[¢3)
Me,Nn A~ \ >~ _NMe,

CIO? NMCZ

(165}  Dark—greenish needles

mp. 236-237° O
benzo(a)dicyclopenta(e,f—k,l)heptalene dark-brown needles, mp. 198—200° Qp

UV (CH,Cl3): Amax (log €) = 498 (3.84), 485 (3.98), 464 (3.66), 453 (3.54),
422 (3.09), 387 (4.28), 369 (3.94), 348 (4.06), 342 (4.02), 300 (4.82),
291 (4.75), 286 (4.74), 272 (4.78), 263 (4.88), 253 (4.87), 237 nm (4.81) (166)

As mentioned in Section III., B. 3., the use of the cyclic heptamethinium salt
(44) in condensation-cyclization reaction provides an approach to several azulenoid
compounds. But arylacetonitriles usually fail to condense with (44) under ordinary
reaction conditions. The strongly electrophilic (44) reacts in an irreversible manner
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with methoxide or other bases before the strongly basic anion is created by proton
abstraction from the arylacetonitrile. However, the more acidic compounds, e.g.,
phenalene (I 03)'9), acenaphthenone (25), fluorene (124), and benzofluorenes
condense smoothly with (44) by addition of sodium methoxide and can be cyclized
thermally to new, polycyclic azulene derivatives®”), as can be visualized by the
formulas;

ad Q
103)+(44) ——
(103)+{44) HNMe,
NMe, quinoline 61%

(167) (1 68)
Red violet Azuleno(5, 6, 7—-c, d) phenalene
Green plates, mp. 184°

UV (EtOH): Apax (log €) = 739 (3.26), 726(2.78), 714 (2.70), 700 (3.11), 674 (3.08),
665 (3.15), 641 (2.90), 631 (2.93), 613 (2.85), 449 (4.97), 441 (4.65), 424 (4.50), 402 (3.96),
397 (3.90), 384 (3.71), 380 (3.72), 360 (3.85), 316 (5.11), 309 (5.06), 247 nm (4.38)

Also a methyl and a phenyl derivative of (1 68) were prepared; analogously, the related
1,2-dihydroazuleno(5,6,7-c,d)cyclopenta(g,h)phenalene (1 69)%%) was also obtained
in moderate yield using the 1,2-dihydro-5H-cyclopenta(c,d)phenalene (115). Both
hydrocarbons, (168) and (I69) are strongly suspected of cancerogenity?”)

1

2
3
(169) Grey-green needles, mp. 154°
.‘ (8% yield)

As we accounted for the difficulties mentioned in ring-closures of fluorene
derivatives (125) to fluoranthenes, the combinations of five- and six-membered
carbon ring systems in a planar arrangement are associated with considerable angle
strain. This obstacle should be cancelled out essentially in combinations of five- and
seven-membered ring systems. The condensation products (I 70) and (I 72) of ace-

naphthenone and fluorene with (44) in the following examples indeed cyclize under
47)

relatively smooth conditions by formation of such systems

(25) (44) NaOMe 180185
quinoline 8h
, _ -HNMe,
(470) Deep-violet solution 17 73%
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(1 71) azuleno(5,6,7-b,c)acenaphthylene-6-one grey-green needles, mp. 172—173°
UV (CH,Cl3): Amax (log €) = 690 (2.43), 617 (2.83), 571 (2.91), 358 (4.07), 302 (4.76),
288 nm (4.89)

NaOMe, °
24y (aay _NIOM _190°, 30 O
quinoline -HNMe,
or pyridine O.
172) ( 173) 41%

Brick-red needles
mp. 130° (dec.) 48%

(I 73) azuleno(5.6.7-j,k)fluozene, grey-green needles, mp. 144°
UV (CH4Cly): Apax (log €) = 668 (2.47), 604 (2.84), 556 (2.93), 435 (3.97), 415 (3.99),
332 (4.44), 302 nm (4.74)

O 180°, 40h O (173a) 35% Shiny-black
———

. . needles mp. 159°

Benzo(a)fluorene G
180° h O (173b) 30% Light-green

. . needles mp. 259°
Benzo(b)fluorene

O 200%, 12h O (173¢) 19% Shiny bronze

. . needles mp. 190°
Benzo(c)fluorene O

Starting with the benzofluorenes, in the same manner one obtains the correspond-
ing azuleno(5,6,7-j,k)benzofluorenes (I 73 a—c), according to expectation®”.
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In an analogous manner, we succeeded finally in synthesizing the S-carbonitrile
of the kata-condensed tetracyclic azuleno(1,2-f)azulene (176) in a 50% yield by
condensation of (44) with azulene-2-acetonitrile (/49) to the red-violet aminonitrile
(I74) and smooth thermolysis of it”®, The hydrocarbon (I 76) is the first known
member of the theoretical 12 isomeric azulenoazulenes of which considerable stability
and aromatic properties are predicted79). Indeed, (I 76) can readily be formylated by
dimethylformamide-phosphorylchloride in a typical aromatic-electrophilic substitu-
tion to the 1-carbaldehyde (177)7®.

Me,N O
=

(149) + (44) 120°

—_— —
quinoline NaOMe OQ / 5.5h
CN

(174)

(176): azuleno (1,2-f)azulene-5-carbonitrile dark-brown-
violet needles, mp. 210~211° (dec.) UV (CH,Cly ):
Amax (log €) = 666 (2.93), 434 (4.79), 407 (4.63), 362
(4.56), 336 (4.49), 259 nm (4.37)

76): R =H (50%)
(176) = (177): R = CHO (75%) dark plates, mp. > 340°
(dec.)

Although azulene-1-acetonitrile (46) and 6-methylazulene (121 4) can be con-
densed with (44) to corresponding colored aminonitriles, they fail to cyclize to
azulenoazulenes as hoped.

Only the ring-closure of (174) to the intermediate (I 75) is connected with a
distinctly lJow localization energy, as visualized by the resonance-stabilized vinylogue
sesquifulvalene structure in (175). ‘

E. Helicenes and Related Systems by Combination of Thermolytic Ring-Closure
with Photodehydrocyclization

Dissolved orange-red 1-dimethylamino-2,2-bis(9-fluorenylidenemethyl)ethylene (I78)
slowly fades out in sunlight, generating strongly fluorescent solutions. Irradiation of
(178) in tetrahydrofuran by means of a high pressur mercury lamp at 600 W (TQ 718,
Hanau-Quarzlampen GmbH) allows one to isolate a yellow hydrocarbon, the benzo(e)-
fluoreno(9,1-ki)acephenanthrylene (180) in 64% yield 32 89, The direct formation

of (180) by light involves two ring-closures and seems to be a unique property of
(178). We can split up the synthesis of (/80) also in two different cyclization steps:
first by thermolysis of (1 78) at 180—190°, which leads by the usual electrocyclic
process with elimination to 2-(9-fluorenylidenemethyl)fluoranthene (179) in 81%
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yield, and second by irradiation of a benzene solution of the latter (1 79) in the
presence of oxygene and traces of iodine to effect a photodehydrocyclization3)
finally affording (180).

The combination of the two cyclization processes, not limited to the example
above, opens a new general access to helicenes and related compounds.

3

180-190°, 10h

-HNMe,
178) I, 179)
Orange-red crystals air Pale-yellow crystals
mp. 220-221° . hy mp. 143-146°
10h
hy, 3h

64%

(180)
Yellow needles
mp. 259-260°

The dicationic vinamidinium salt (187), a derivative of triformylmethane,
represents a valuable starting compound for our new syntheses. It is readily accessible
and has been prepared by formylation of (72)??, chloro- and bromoacetic acid?®
and malonic acid?® 39, with dimethylformamide/ phosphorylchloride.

Thus the fulvenoid (178) is obtained in a 87% yield by the twofold condensation
of fluorene with (181) in the presence of sodium methoxide?®. Analogously, con-
densation of (I 78) succeeds with phenylacetonitriles (53), naphthalene-2-acetonitrile
(70), and phenanthrene-3-acetonitrile in a corresponding manner to the colored,
cross-conjugated aminonitriles (82), (185), and (188), as outlined in the following
reaction schemes.

1. Benzo(c)phenanthrenes

As mentioned above, the reaction sequence of thermolysis and irradiation generates
two new, angular anellated benzene rings. Starting with mononuclear phenylaceto-
nitriles (53), by double condensation one finally reaches the tetracyclic benz(c)-
phenanthrene-5,8-dicarbonitriles (184):
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R?
NMez R3
®
Me N~ | +9 NaOMe
' R! -2 HNMe,
2 Clog l;Me, NC
181 53
Thermolysis
170-200° -HNMe,

183)

(184)

Table 18. Benz(c)phenanthrene-5,8-dicarbonitriles (184)

(184) Rl R2Z R3 (182) (183)
a --, mp, 331-332° H H H mp. 136—137° mp. 152-153°
irr. (73%) (67%) 1807, 2 h (98%)
b 2,11-Dimethyl--, H Me H Not isolated mp. 183°
mp. 327°, irr. (85%) 180°, 5 h (60%)
c 2,11-Dimethoxy--, H OMe H Not isolated mp. 170-171°
mp. 319-320°, irr. (76%) 170°, 8 h (40%)
d 2,4,9,11-Tetramethyl-, Me Me H Not isolated mp. 170-172°
mp. > 350°, irr. (60%) 190°, 2 h (20%)
e 1,4,9,12-Tetramethyl-, Me H Me Not isolated mp. 188-189°

mp. 317-318°, irr. (60%)

200°, 2 h (46%)
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We prepared (184 d) and (184 e) to study overcrowding of the methyl groups in
positions 1 and 12 by the diamagnetic anisotropy effects of the aromatic rings. The
2,11-CH, groups in (148d) give rise to a singlet at 7= 7.42 ppm in the 'H NMR
spectra — the 4,9-CH; are found at 7 = 6.75 ppm — whereas the 1,12-CH; groups
in (148 e) are shielded to 7 = 8.28 ppm.

Pure benz(c)phenanthrene, mp. 67—68° and 2,11-dimethylbenz(c)phenanthrene,
mp. 129—130°, can be simply obtained hydrolyzing ({48a) or (48 b) by potassium
hydroxide in triglycol at 180° and decarboxylation of the dicarboxylic acids in boil-
ing quinoline in the presence of copper powder, giving a 91% or 70% yield, respec-
tively32 81, The sterically screened carbonitrile groups in (/48 d) and (148 €) cannot
be saponified.

2. Phenanthro(3,4-c)phenanthrenes (“Hexahelicenes’)3? 80

An analogous synthesis is that of the two hexahelicenes (187a) and (187b), using
naphthalene-2-acetonitrile (70 a) or 7-methylnaphthalene-2-acetonitrile (70 5) in

R
. [
81+ NaOMe
'HNMCZ

a: (78%) mp. 190-191°
b: (81%) crude product

NC N
(70)
a:R=H R
b: R=Me A
mp. 91-92°82) -HNMe,

hlll (186")
0,/],

(186) a: (99%) 180°, Zh
mp. 216-218°

b: (74%) 200°, 2h
mp. 241-242°

(187) a: irr. (96%), mp. 305—-307°
b: irr. (88%), mp. >360°

188



Electrocyclic Ring-Closure with Elimination

the condensation with (J81). 3,6-Dimethylnaphthalene-1-carbonitrile (56/6)
(see Section IIL., C. 1.; Table 12) served as starting material for the preparation of
(70 b).

By hydrolysis and decarboxylation in the usual manner, the dinitriles (/87a)
and (187 b) are transformed to the hydrocarbons, to hexahelicene (74%), mp.
227-228°, pale-yellow plate583), and to 1,15-dimethylhexahelicene [numbering
by Newman®%} (81%), mp. 215—216°, pale-yellow needles.

In the latter hydrocarbon, the two methyl groups are partially lying above the
plane of an aromatic ring, similarly, to (/84 ¢), and hence they experience an shield-
ing effect by the diamagnetic anisotropy of the system. The methyl signal in the
'H NMR spectrum, as with (184 ¢), is found at 7 = 8.28 ppm.

3. Octahelicene [Naphtho(2,1-c)phenanthro(4,3-g)phenanthrene]

Phenanthrene-3-acetonitrile (88) condenses sméothly with (181) in 81% yield to
the aminonitrile (188), mp. 240--242° (dec.). But, as we have just discussed for the
related aminonitriles (89) and (94) (see Section III. C. 6.) the thermolysis of (188)
at 200° (2 h) leads on sterical reasons to a mixture (93%) of (/89) and (190), a
yellow powder, mp. 264—275°,

Without further attempts to separate this poorly soluble product, the mixture
of (189) and (190) has been subjected to dehydrophotocyclization in benzene
(5 h, 600 W), yielding presumably a mixture of (197) and (192) (58%). After hydro-
lysis (KOH in triglycol, 210°, 6 h) and decarboxylation (boiling quinoline, Cu
powder, 5 h), pure octahelicene in pale-yellow plates, mp. 325—327°%% could be
separated in a 20% yield, like (188) by chromatography in benzone on alumina®?.

No effort has been made to isolate the hydrocarbon which must be derived
from (192).

For preparative work in the helicene field in the manner mentioned, a handicap
may arise in the irradiation step, owing to the often very small solubility of some
diarylacrylonitriles of types (183), (186), (189), and (190) in the customary solvents
suitable for the photodehydrocyclization.

The helicenoid hydrocarbons: benz(c)phenanthrene, dibenzo(c,g)phenanthrene,
hexahelicene, 1,15-dimethylhexahelicene, and octahelicene, show a characteristic
pattern of signals of their aromatic protons in the 'H NMR spectra, owing to their
symmetry®>), qualifying the spectra for use in determination.

IV. Syntheses of Heterocyclic Systems

1. Heterocycles by Benzannelation

Provided a suitable acid methylene group, e.g., the cyanomethyl group, may be
introduced conveniently in the heterocyclic nucleus, the benzannelation by con-
densation with a vinamidinium salt (7), followed by thermolytic cyclization, offers
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sn+2 O

NC
(88)

/
r 200°, 2h ‘ uss) 81%

-HNMe,

aon 192)
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no special problem. The formation of 1,2,3,4-tetrahydroisoquinolines (39) from
1,2,3,6-tetrahydropyridine-4-acetonitriles (38) or xanthones (43) from 2-methyl-
chromone (19) or 2,6-dimethyl-4-pyrone, are examples of such preparations
(Section I11. B., 2.).

As shown in the following reaction scheme, the 2-acetonitriles of furan
193 a)®7, thiophen (193 b), and N-methylpyrrole3® are readily transformed to
their corresponding benzoderivatives, the benzo(b)furans ({96 @), benzo(b)thiophens
(196 b), and 1-methylindoles (196 ¢), with or without intermediate isolation of the
condensation products (194a—c):

NMe, NMe,
R~ N R
/\ +(7) aOMg 1\ _ /A P
" HNMe;, Ny X
CN CN N
(193) (194)

a:X=0 NMe2
R
b: X=8§
-HNMe, /i
c: X=N-Me X
CN
(195) (196)

To achieve a further benzannelation, benzo(b)thiophen-7-carbonitrile (196 b)
has been converted by a four-step sequence — hydrolysis by KOH in cellosolve
(150°, 1 h), reduction of the acid by sodium bis(methoxyethoxy)aluminiumdi-
hydride, action of thionyl chloride on the carbinol, and reaction of the chloromethyl
compound with sodium cyanide in DMSO — in a 75% overall yield to the oily
benzo(b)thiophen-7-acetonitrile (197), which finally afforded the naphtho(1,2-b)-
thiophen-9-carbonitriles (198 2, b):

. A\ (7c, ¢) NaOMe A\
S S -HNMe, S
N CN 7~ ~CN
(196b) 197)
~ "R
NMe,
A

- ————— —————————m
-HNMe, (quinoline)

CI

S
CN a: R = Et (95%), mp. 149° (180°, 3 h)

(198) b: R = OMe (72%), mp. 156° (170~180°, 5 h)
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Analogously, the benzthiazole (199) and the indazole (200) have been obtained,
starting with the corresponding thiazole- and pyrazole-4-acetonitriles:

CN
N
)
S Ph
mp. 171-172.5° (98%)

(199) 2-(4-chlorophenyl)thiazole-4-acetonitrile + (71) 120°, 4 h

Ph CN
N7
\
1? OMe
Ph mp. 157—158° (84%)

(200) 1,3-diphenylpyrazole-4-acetonitrile + (7¢) 140°, 4 h

For the synthesis of dibenzofuran (201), dibenzothiophenes (202), and carbazoles
(203) by benzannelation, in the same manner, the 3-acetonitrile of benzo(b)furan,
benzo(b)thiophen, and of indole are used:

PhCH,0 N
Ph
O
mp. 135-136° (86%)

200 5-benzylbenzofuran-3-acetonitrile + (74) 170°, 5 h

Dibenzothiophen-1-carbonitriles (201)

CN
R mp. (Yield) Benzo(b)thiophen-3- (°C) Time
R acetonitrile +
Sl

(202) Me 139° 93%) (75 180 1.5h
Et 104° (8%) (7c¢) 175 1.5h
OMe 145° 5% (7o) 170 15h

Carbazole-4-carbonitriles (202)

CN
O R mp. (Yield) Indole-3-acetonitrile + (°C) Time
R
N
H H

156-158° (68%) (7a) 190 10h
OMe 142-143° (71%) (7e) 180 4h
Ph  225-226° (78%) (7)) 160 3h

(203)
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Whereas pyridine-4-acetonitrile (204) leads by the condensation-cyclization
sequence to derivatives of isoquinoline (205), pyridine-3-acetonitrile (206) gives rise
to quinoline (207) as the main product, beside some isomeric isoquinoline (208):

CN ' CN R CN
> A NMe,
~ N = A =
U Yo I ETITiv |
N~ NaOMe N -HNMe,; Nx| R

204) (205)

7-methylisoquinoline-5-carbonitrile mp. 150-151° (91%)
(204) + (7b),170°, 2 h
7-benzylisoquinoline-5-carbonitrile mp. 128-129° (90%)
(204) + (7%),160°,3.5h

CN Me CN
NMe,
o’ (7b) AN N -HNMe, 7
| —_— _—
>~ NaOMe 170°,2.5h U~
N N Me
(206) (207)
Me
'
N~
CN
(208)

mixture of 7-methylquinoline-5-carbonitrile and 6- methylisoquinoline-8-carbonitrile
mp. 103-125° (78%)

2. Heterocycles by Ring-Closure of Azahexatrienes

It has been suggested by kinetic measurements that the ring-closure reaction of de-
rivatives of glutacondialdehyde (209) to pyridines (211) (e.g., of the glutacondial-
dehyde dianil to the 1-phenylpyridinium ion), a long-known reaction®, is an electro-
cyclic process®®. The same should be valid also for the reverse process, the ring-
opening of pyridinium salts by primary and secondary amines®?. Indeed, the dis-
rotatory mode of the ring-opening step of the intermediate dihydropridine (210)

was evidenced recently by the stereoconfiguration trans-cis-trans of a derivative
obtained (209)°V:
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¥~ “N-R X +H® ~
Reo==( ¢ ==[(_)+un=

disrot. H® &

IT

(209) 210 %38))

2.1, Pyridines. The ring-closure reaction of pentamethinium saits (8) by buffered
ammonia (method A) or, better, fused ammonium acetate®? (method B) to pyridines
occurs through glutacondialdehyde derivatives related to (209) (R = H) and falls in
the category of electrocyclic ring-closure with elimination dealt with, if we interpret
(209) as types of amino-azahexatriene. The synthesis of pyridines should be of con-
siderable synthetic value using pentamethinium salts (§) not accessible by ring-opening
reactions of pyridines themselves. New salts (&) have been obtained by condensation
reactions of vinamidinium salts and sodium methoxide (7) or their equivalents (35)
with reactive methylene ketones®, followed by transformation of the 5-dimethyl-
aminopentadienones (212) to the salts (8)® (see also Section IIL. A.):

R? R? R!
(7) + NaOMe
(o2 = O Y~ Y “NMe,
3 or OEt R! 3 2
R R R
EtO <~ “NMe, 212

(Me,N) R?
(35)

Some more complex pyridines can be obtained in the same manner, e.g., ace-
naphtho(1,2-b)pyridine (7-azafluoranthene) (214)°® mp. 96-97°, SH-indeno(1,2-b)-
pyridine (215), mp. 96—97°, and 5,6-dihydrobenz(h)quinoline (216), oil, picrate
mp. 186—188°, starting from acenaphthenone (25) or i-indanone and 1-tetralone.

R* R!
212 1. Me;SO, 2. HNMe, MeﬁWMez
or Et;O0'BF;/HNMe, R® R?
1]
@ X
X: ClO,, BF,
R? R!
I\I NH,/NH,Cl H,0 (A)
R N/ R? or NH4OAc (B)
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Some pyridines (21 3) have been prepared by this route

Table 20. Pyridines (213)

R! RZ R3 R4 Yield

Method Components for prepara-

tion of (212)

H H H ° Ph 0il 81%
picrate: mp. 174
175°
H Ph H Ph mp. 168-171° 98%
Ph H H Ph mp. 80-81° 98%
H OMe H Ph mp. 54-56° 85%
H H H Ph—CH=CH mp. 90-91° 56%
H H Me Ph 0il 73%

picrate: mp. 166°

H H H @_ mp. 20° 95%
0 picrate: F. 174°

H H H @_. mp. 62° 60%
S

> W

Acetophenone + (354)
or (7a)

Acetophenone + (71)
Acetophenone + (7))
Acetophenone + (7¢)

Benzalacetone + (35 a@)
or (7a)

Propiophenone + (354)
or (7a)

2-Acetylfuran + (35a)
or (7a)

2-Acetylthiophene + (35a)
or (7a)

The pentamethinium salt needed for the preparation of the SH-indeno(2,1-b)pyridine
(217), mp. 79—81°, could not be obtained by condensation of 2-indanone, but was
obtained by substitution of 2-dimethylaminoindene with dimethyl-3-methoxy-
allylideneammonium methylsulfate (the adduct of dimethylsulfate and 3-dimethyl-

aminoacroleine) (see also Section III. D. 2.)9.

5 op oF

(214) mp. 96-97° (215) mp. 96-97°
Acenaphto(1,2—-b)pyridine SH-Indeno(1,2—b)pyridine
(7—azafluoranthene) (4—azafluorene)
N
/ N
-—

(217) mp. 79-81°

9H—Indeno(2,1 —b)pyridine
(1 —azafluorene)
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2.2. Quinolines and Benzoquinolines. N.N'-Diphenylvinamidinium salts (2/9)
cyclize on heating in boiling acetic acid to quinolines (227)** ?), by elimination
of one aniline molecule.

The salts (219) have been prepared advantageously by action of anilines on
3-chloroacraldehydes (218) obtained in a Vilsmeier-Haack-Arnold formylation?
of methyleneketones without intermediate isolation®®. The ring-closure has been
accounted for by an intramolecular electrophilic aromatic substitution, as shown in

the following scheme:
)
i

R3 R?
2
R' H R
* —on |
>~ AcOH
Cl ~o H, N R!
R? H
@218) 219
R
H/@
R wlH R? - R
R @ R
H
| OG- QL
e
(220) (221)

The electrophilic mechanism is suggested by the fact that salts (219) which bear
a nitro group para or meta in the phenyl residues do not cyclize, whereas the meth-
oxy group in this position as a donor substituent strongly enhances the cyclization
of (219), stabilizing the intermediate cation (220)°®. However, an electrocyclic
course of the ring-closure is also not inconsistent with these findings. Thus the
formation of the benzo(a)phenazine (223) from the protonated 1-benzeneazo-2-
anilinonaphthalene (22) has been shown by kinetic studies to be an electrocyclic
process%) . See page 74.

The formation of (221) from (219) seems to be a borderline case. Inspection of
the formulas used suggests that no rigorous discrimination between the two mecha-
nisms, electrophilic substitution versus electrocyclic ring-closure, may be relevant.

Writing the mesomeric formula for (2719) we will see a protonated azahexatriene
system in (219") borrowing two m-electrons from the benzene nucleus. We may
rewrite this, with the corresponding stereochemical consequences. (See page 74).
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Ph R Ph R Ph R
A H D B
~ ~ 2N
el‘{ : HNa | . NT
l ! ~N slow II 'I N ! I N
222 l
R
N |
-]
Oo + PhNH,
223

R3
N
Q) e
ﬁ/
H
(2199 (220"

Indeed, uncharged vinamidines, e.g. 3-dimethylaminoallylidenearylamines (225),
split off dimethylamine smoothly on heating, either neat or in a high-boiling solvent,
such as diglycol or quinoline, forming derivatives of quinolines (227), (229), and
231).

The vinamidines (225) and their hydroperchlorate salts are easy obtained by
reaction of N-dimethyl-3-methoxyallylideneammonium methylsulfates (224), the
adducts of the 3-dimethylaminoacraldehydes and dimethylsulfate with arylamines
in dichloromethane. Purified in the form of the hydroperchlorates, the yellow-orange,
slightly basic vinamidines (225) may be liberated from their salts by sodium meth-
oxide.

cio§
@ 1. CH,Cl, H @ 4
Ar-NH, + MeOMNMe, S racio Ar—NMNMe,
o o Yablly
R Me0SOS ~po R
(2249 (225, HCIO4)
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The 3-dimethylamino-2-phenyl-allylideneanilines (225 a—é) cyclize to 3-phenyl-
quinolines (227) and as expected (225 c—e) derived from meta-substituted anilines,
yield mixtures of the 5- and 7-substituted quinolines (227 c—e):

—

R R
:( ] A
e~
R! 4\’4\1%@2 R
Ph

(225a—¢)

(226)

$ -HNMe,

Rl
R Ph R\mph
m P
+
7 e
R! N N

Table 21. 3-Phenylquinolines (227)

(227}

Reaction conditions

227) R R’ Yield (°C) Time ((22), HCIO4l

a -, mp. 52°, picrate F., H H 68% 200 2h mp. 189-192°

mp. 203° (80%)
b 6-Methoxy-, mp. 122--3° OMe H 65% 200 2h mp. 180-1°
4 (85%)

c Mixture, mp. 90° H OMe 97% 180 1h mp. 142-3°
5-methoxy- (15%)
7-methoxy-

d Mixture, mp. 79—85° H Cl 97% 200 1h mp.218-20°
5-chloro-/7-chloro- (85%)

e Mixture, mp. 127-155° H NO, 86% 200 2h  mp. 184-5°
5-nitro-/7-nitro- (86%)

In an analogous manner, benzo(f )quinolines (229) and benzo(h)quinolines
(231), starting from -naphthylamine and a-naphthylamine viz the corresponding
vinamidines (225 f—h) and (225 k1), have been synthesized (Method A) or, much
more simply, in a one-pot process, by boiling a mixture of equivalent amounts of
arylamine, vinamidinium satt (7), and sodium methoxide in pyridine (Method B).
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R R
Me,N
R H N 1~ N3
NWNMez N 4
[ | QT
2251-7) (228) (229)

Table 22. Benzo(f)quinolines (229)

Reaction conditions
(229) R Yield (°C) Time [(225), HC104] Method

f - mp.9Y H 72% 230 1h mp. 174—6° A
picrate mp. 258° (95%)

g 2-Methoxy-, mp. 88-9° OMe 94% 180 1h mp. 158-159° A
(75%)

h 2-Pheny}l, mp. 115-6° Ph 81% 150 1h mp. 175-177° A
(83%)
84% 115 5h g-Naphthylamine B
+ (7i)/NaOMe in
pyridine
i 2-Cyano-, mp. 157-8° CN  90% 115 4h p-Naphthylamine B

+ (7f)/NaOMe in
pyridine

i 2-Nitro-, mp. 154° NO, 89% 115 1h g-Naphthylamine B
+ (7n)/NaOMe in
pyridine

The readiness with which the vinamidines (225) cyclize thermally follows the
rules we discussed above (Section II. B. C.) for the carbocycles. Thus, the 3-dimethyl-
aminoallylidene aniline, the parent compound of (225 a—e) without any bulky sub-
stituent in the methin chain, fails to cyclize even at higher temperatures. All factors

NMez
R~
/ »,
i e @&
o NMe,
—_— “H
A -HNMe,
(225k—m) 230) 231)
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Table 23. Benzo(h)quinolines (231)

. Reaction conditions
23D R Yield (°C) Time  [(225),HCIO4]  Method

k - mp.52 H 8% 230 1h mp. 156-158° A
picrate mp. 191° (94%)
I 3-Phenyl-, mp. 113-4° Ph  80% 150 1h mp. 167-169° A
(91%)
76% 115 5h o-Naphthylamine B
+ (71)/NaOMe in
pyridine
m 3-Nitro-, mp. 166-7° NO, 71% 115 3h o-Naphthylamine B
+(7n)/NaOMe in
pyridine

which decrease the barrier of activation energy, e.g. decrease of the localization
energy by benzanelation in (225 f—j), facilitate cyclization and are indicated by the
temperature of thermolysis. The nature of the substituents R and R’ in (225a—¢)
exerts only a little influence on the formation of the quinolines (227), in contrast
to the observations in the acid ring-closure of (219) to (221).

The thermolysis of (225) and related compounds, superior in yields to the acid
ring-closure via (219) to (221), opens a general way for pyridoannelation of struc-
turally appropriate, also acid-sensible amino derivatives of aromatic and heterocyclic
compounds. '

The highly reactive vinamidinium salt (7s) has been prepared starting from
N.N-dimethylcanoacetamide by reaction with dimethylformamide diethylacetal,
followed by treatment of the acrylamide derivative obtained with phosphoryl
chloride and conversion to the stable perchlorate34).

CN CN

Me,N\r(' + Me,N-CH(OEt); —» Me,NWNMe,
0 0

88% mp. 82-83°

l 1. POCl4/2. EtOH HCIO,

CN

& o
MezNY%/NMeZ 105
1

99% mp. 132-133°
(7s)
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The chlorine in (75) is quite labile and was very readily replaced by nucleophiles.
Treatment of (7s) with an excess of arylamine leads to hydroperchlorates of the
strongly basic 3-dimethylaminoacrylamidines (232), vinylogues of guanidines. The
neat free bases (232) cyclize smoothly on heating, yielding quinolines (234) and
benzoquinolines (236), (238) having the cyano and the dimethylamino groups in
adjacent positions of the hetero ring.

Similar to the vinylogous amidines (225 a—e), variation of the substitutent para
in the parent aniline has only a little effect upon the cyclization tendency of the
vinylogous guanidines (232 a—e), giving the 6-substituted quinolines (234a—e)
quantitatively>¥,

NMe,

N
~N
R — (R
y A
N NMe,

(232) (233) 234)

The acrylamidines (232 g—i), related to meta-substituted anilines, potentially
yielding 5- and 7-substituted quinolines, give rise to the latter only. The 7-substituted
quinolines (234 g—1) are isolated in high yield, however the substituents exert a
pronounced influence on the ring-closure conditions. Electron-withdrawing residues
impede, electron-releasing groups strongly enhance the cyclization. The isolation of
(332 f) upon treatment of (7s) with m-dimethylaminoaniline failed. Instead, the
corresponding quinoline (234 f) has been obtained, but in low yield. On the other
hand, (232§) with the meta-nitro group could not be cyclized successfully to (234j).
On heating (2327) at 210° for a long time charring occurred.

The quinolines (234), (236), and (238) are pale-yellow or yellow crystalline
substances, owing to their substitution pattern in the pyridine nucleus.

The exceptional behavior of the acryamidines (232 f—j) may be explained by
the energy content of the cyclic intermediate (233), which determines the demand
for the activation energy of the ring-closure reaction. It is immediately apparent in
the corresponding (233") that the substituent R is found in conjugation with the
cyano group as an acceptor. Donor substituents stabilizing the intermediate by
resonance should therefore lower the activation energy, and the reverse may be
valid for electron-withdrawing substituents R.

< (233)
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Table 24. 3-Cyano-2-dimethylaminoquinolines (234)

(234) Reaction conditions
R-, Parent  Yield C) Time (232)
aniline

a ., mp, 81-82° -H quant. 180 1h —+HCIO4 (94%)
mp. 177-178

b 6-Methyl-, mp. 111-112° p-Me quant. 180 1h -, {(79%)
mp. 109-111° (dec.)

c 6-Methoxy-, mp. 119-120° p-MeO  quant. 180 l1h ~+HCIO4 (78%)
mp. 179-181°

d 6-Chloro-, mp. 115-116° p-Cl quant. 180 1h -, (79%)
mp. 115° (dec.)

e 6-Nitro-, mp. 188-189° pNO, 90% 240 2h -, (79%)
mp. 130-132°

f 7-Dimethylamino-, mp. 115° m-NMe, 27% - - . ——

g 7-Methoxy-, mp. 119° m-MeO quant. 160 7h —+HCI04 (82%)
mp. 155—156°

h 7-Chloro-, mp. 100~108° m-Cl 91% 160 9h —+HCIO4 (82%)
mp. 159-160°

i 7-Trifluoromethyl-, m-CF3 79% 190 53h —+HCIO4 (84%)

mp. 98—99° mp. 153°

j 7-Nitro-, m-NO, 0% 210 dec. —+HCIO4 (78%)

mp. 197-200°

Acrylamidines (235) and (237) formed from $- or a-naphthylamine upon treat-
ment of (75) cyclize very smoothly and in quantitative yield to 2-cyano-3-dimethyl-
aminobenzo(f)quinoline (236) or 3-cyano-2-dimethylaminobenzo(h)quinotine (238),
respectively:

CN CN
Me,N\_.~ NMe, NMe,

| S

N N3
170°, 1h
—_—
-HNMe,

(235) (236) mp. 141 -142°

—+HC1O, (78%), mp. 198—-199°

NMe, NMe,
N
1 N/
Jf 170
'HNMCz
(237) (238) mp. 148—l 50°
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2.3, Pyridoannelation. The cyclizations shown in the preceding section could
accurately be called “pyridoannelations” and this reaction sequence has been applied
to other amines also, especially to those not feasible by Skraup or related syntheses
performed under acid conditions. 1-Amino-4,6,8-trimethylazulene (239)°”) has been
transformed, thermolyzing the vinamidine (240) to 6,8,10-trimethyl-3-phenylazuleno-
(1,2-b)pyridine (241)'®)-

Me
Me O L@ NMez
2 NaOMe

Me Nl +HCIO, (81%)

- o A
(239) (240) Dark-green
140° ‘2h. needles,
in diglycol mp. 179-181° (dec)

-HNMe,

P
N= \ Ph
Me

(241) (61%) Black, glistening plates, mp. 134—135°
A max (og €) in CH,Cl, = 546 (2.79), 395 (3.89),
374(3.97), 327 nm (4.88)

2-Nitrobenzo(f)(1,7)naphthyridine (242) was obtained in moderate yield by
heating 3-aminoquinoline and (7 n), after addition of sodium methoxide, first to
50°, then to 120°, in quinoline, for 2.5 h34:

/
N
N (7n) + NaOMe X (36%)
—_——
N/ §0°/120°, 2.5h ~ Pale-yellow
in quinoline N needles
-HNMe, 242) mp. 199-200°

The pyrido(2,3-d)pyrimidinediones (2444, b)3¥ are formed from 6-amino-1,3-
dimethyluracil (243)°®, which contains a stable enamine moiety with a free amino
group. If in (243) the condensation with vinamidinium salts (7) takes place exclusively
at the amino group or at the f-enamine carbon also may be questionable.

2.4. Pyridines by Enamines. Like 6-aminouracil (243) 3-aminocrotonitrile (245 a)
and 3-aminocrotonic acid esters (245 b, ¢), vinylogues of cyanamide or urethane
represent stable but acyclic members of enamines with a free amino group. Vin-
amidinium salts (7) in the presence of sodium methoxide or the related 3,3-diethoxy-
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Electrocyclic Ring-Closure with Elimination

R
>~ R MB\N = ]
~
E NMe,
Me Me
J
in quinoline a) 160°, 3h
-HNMe, b) 140°, 4h
[0}
Me R
SN S
)\ 7z
O If N
Me a: R = H(79%)
(244) mp. 158—159°
b: R = Ph (84%)
mp. 157-158°

1-dimethylamino-propenes (35 a, b) readily condense with (245 a) at room tempera-
ture, and with (245 b, c) by slightly heating, to yellow solutions of the suspected

azahexatrienes, which cyclize by loss of dimethylamine to the nicotonitriles (246a—¢)
at 80°, or to the nicotinic acid esters (246 f—j) at 120—130°:9%

cl0§
H Y ®
Me,NMNMe, + NaOMe
R R. Y
H,N Me ) - —A—> - |
(245) or R in pyridine \N Me
EtO NMe, or EtOH
a:Y=CN ~ -HNMe, (246)
b: Y=CO,Me EtO R = H, Me, OMe,
c: Y = CO,Et (35) CH,Ph, Ph
Table 25. Pyridines (246a—j)%9)
2-Methylnicotonitriles (Y = CN)
Reaction conditions
(246) R Yield Components (°C) Time Solvent
a -, mp. 56-57° H 86% (7a)+ (245a) 80 8h EtOH
picrate: mp. 170-171° NaOMe
b 5-Methyl-, mp. 55-56° Me 91% (7b)+(245a) 80 8h EtOH
picrate: mp. 146-147° NaOMe
¢ 5-Methoxy-, mp. 95-6° OMe 74% (7e)+ (245a) 80 8h EtOH
picrate: mp, 118° NaOMe

205



J.C. Jutz

Table 25. (continued)

2-Methylnicotonitriles (Y = CN)

Reaction conditions

(246) R Yield Components (°C) Time Solvent
d 5-Benzyl, oil CH,Ph  82% (7%) + (245 a) 80 8h EtOH
bp. 121-4°/0.4 Torr. NaOMe
picrate: mp. 127-128°
e 5-Phenyl-, mp. 98-99°  Ph 95% 7D+ (245a) 80 8h EtOH
NaOMe

Methyl-2-methylnicotinates (Y = CO,Me)

f 5-Methyl-, oil Me 52% (7b)+(245b) 115 S5h Pyridine
bp. 60-61°/0.3 Torr. NaOMe

g 5-Methoxy-, mp. 71-72° OMe 81% (7e)+(245b) 115 Sh  Pyridine
NaOMe

h S-Phenyl, mp. 83—84° Ph 83% (7 +(245b) 115 5h  Pyridine
bp. 134-6°/0.2 Torr. NaOMe

Acid: mp. 275-280°

Ethyl-2-methyinicotinates (Y = CO,Et)

i -, bp. 52-56°/0.3 Torr. H 1% (35a)+(245¢) 130 3h No solvent
picrate: mp. 145-146°
j 5-Methyl-, oil Me 80% (35b)+(245¢) 130 4h No solvent

bp. 70-71°/0.4 Torr.
picrate: mp. 148—149°

No statement for the site of the electrophilic attack of (7) on (245 a—c) or for
the structure of the intermediate azahexatrienes can be made in the reaction to
(246 a—j) above, owing to the symmetry of the vinamidinium salts (7) used.

Performing the pyridine synthesis with the cyclic vinamidinium salts (70), (7p)
and the related 2-dimethylamino-dimethyliminiomethylcycloheptene perchlorate
(7¢) should allow some insight into the course of the reaction.

The enaminonitrile (245 a) reacts smoothly with all three salts (7p), (70), and
(71) and leads finally to a 1: 1 mixture of the corresponding cycloalkeno(c)pyridines
(248a—c) and cycloalkeno(b)pyridines (250 a—c). Owing to the sensitivity of (7p),
{7¢) to strong bases, the more inert enaminoester (245 b) could converted success-
fully only with (70), yielding the isoquinoline derivative (248 b) as the single product.
This indicates an attack on the enaminonitrile (245 @) at the amino group to (247)
as well as at the §-carbon atom to (249), whereas the enaminoester (245 b) is sub-
stituted at the amino group exclusively, possibly by the shielding effect of the bulky
methoxycarbonyl group.

2.5. Heterocycles by Azavinamidinium Salts. Treatment of cyanuric chloride
with dimethylformamide produces N-dimethyl(2-aza-3-dimethylamino)allylidene
ammonium chloride!®?), used as perchlorate (7u), which can serve as a component
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Me,N Y Y
H Me
/ A ~N
\ —_— I
S e -HNMe, ~N
- 247) (248)
e
® (245a, b) a: Y=CN,n=5
b: Y=CN,n=6
l b Y =CO,Me,n=6
NMe, v ¢ Y=CN,n=17
D= S
(7p):n=5 —— |
(70):n=6 N/ Me| -HNMe, N/ Me
(7ty:n=7 Me,N H
(249) (250)

a: Y=CN,n=5
b: Y=CN,n=6
¢c. Y=CN,n=17

Table 26. Cycloalkenopyridines (248, 25 0)99)

Reaction conditions

Y n Yield Components (°C) Time Solvent

Mixture: (248a) + (250a) CN § 70% (245a)+(7p) 80 12h EtOH
mp. 95-99°, picrate: mp. 150° NaOMe

Mixture: (248b) + (250 b) CN 6 82% (245a)+(70) 80 12h EtOH
mp. 72—-8°, picrate: mp. 185-7° NaOMe

Mixture: (248¢) + (250¢) CN 7 72% (245a)+ (71) 80 12h EtOH
mp. 112-6°, picrate: mp. 191-5° NaOMe

(248b'): CO;Me 6 61% (245b)+(70) 115 5h Pyridine

bp. 100-101°/0.2 Torr.
acid: mp. 205-206°

to build cyclizable “‘aza”-hexatrienes. However, (7u) possesses a highly electrophilic
potential and is attacked by nucleophiles, e.g., carbanions, splittings off one of the
two carbon-nitrogen bonds, forming either a) a dimethylaminomethylene compound.
or b) a 2-aza-3-dimethylaminoallylidene derivative:

RI
H\é R’
o 2 Me,N/Y + HN-"“NMe,
/ R
M 0&/\ NG b) R’ SN
e,N-Z N2~ NNMe, Me,NH + Y\N/ NMe,
Tai(0)4 R
(7u)
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Provided that a carbanion reacts with (7 u) according to b) — and a limited
number of compounds do so — the synthesis of heterocyclic rings is possible.
Benzo(h)isoquinoline-4-carbonitrile (257) has been prepared in moderate yield
from naphthalene-2-acetonitrile (70), and 2-azapyrene (252) from phenalene
(103) 101),

- -

CN ‘ CN CN

. J X
(71) 210°, 40h
—_— - N | ——>» ~
NaOMe (/ -HNMe,
quinoline
NMez_1 . 39%

- . 184—185°
(70) 251y TP 1847185
SN
‘ _ow k 115° ‘ |
NaOMe NMe, 10h
pyridine -HNMe,
61%
. 162-163°
(103) @2sny P

Dimethylchloromethylene ammonium chloride (dimethylformamide chloride)
or the adduct from dimethylformamide and phorphoryl chloride adds to N-dimethyl-
cyanamide, yielding dimethyl(2-aza-1-chloro-3-dimethylamino)allylidene ammonium
chloride, isolated as perchlorate (7v)1°2). The highly reactive chlorine in (7 v) is very
readily substituted by bases and affords, with f-naphthylamine, the guanidine deriva-
tive (253), which on heating cyclizes smoothly to 2-dimethylaminobenzo(f)quinazo-
line (254):

Cl

Me;NZ Cl+ NSC—NMe, — Me;N” N7 XNMe,

cr® 7 ® cio§
180 —200 mp. 136—137°
(90%)
~HNMe,
NMe
253 @59

2.6. Related Cyclizations to Heteroaromatics. Some examples, best explained
by an electrocyclic process with subsequent elimination, have been found in the
literature, but we do not claim to cover them completely.

2-Trifluoromethyl-3,1-benzoxazine-4-ones (255) react rapidly with enamines
(256) at low temperatures to quinoline-8-carboxylic acids (258) and a secondary
amine. Nucleophilic attack of (256) on (255) has been assumed, forming an inter-
mediate vinamidine (257) which immediately undergoes cyclization°%:
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0 o |
R? R? Coe ”
] /QE | /QC\?
+ — —_—
//kc / \ -H
RI Wi Fs d NR% RIR4 N o RquN N
2
(255) (256) F, — CF,
R3 R?2 3 2
R!=H, C|, NO, - 257
R2-R3=—(CH;),— .
R*=Et,R3=H l -HNR32
Rl RJ

07C\O /H
(258)
The aminouracil derivative (259) condenses with dimethylformamide diethyl-

acetal to the dimethylaminomethyleneamino compound (260) the thermolysis of
which leads to the pyrimido(4,5-b)pyrazine (261)199:

0 0 0
Me Me A Me N Ar
N N AT (Et0),CHNMe, N N 000 N AN
| 82-93% %\ | - -HNMe %\ ! <
OZ"™N~""NH, 2 EtOH O N7 N NNMe, 0 171 N
e e Me
(259) (260) (261)

In a similar mode, dimethylformamide diethylacetal condenses with the enamido-
amides (262) to the corresponding dimethylamino-methyleneamides (263). On heat-
ing the latter, cyclization to the 2-pyridones (265) takes place!%%), The protomeric
(264) should be an intermediate if the ring-closure follows an electrocyclic course:

NkNlez NMC;
R R
r R NH, (Et0),CHNMe, R N gN
k 79-100% ~ ' -
NIy T (o] XT OH
Me CN Me CN Me CN
(262) (263) (264)
130-150°
a: R-R=—(CHp),—n:1,2,3 55-100% l-HNMe,
b: R=H R
R ~~ “NH
LK,
Me CN
(265)
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The transformations of the product from 4-aza-3-chloro-2-cyano-5-dimethyl-
aminopentadien-2,4-al with methyl-hydrazinecarboxylate may be of a more complex
nature, involving electrocyclic ring-closures and ring-openings attended by protona-
tions and deprotonations.

The chlorohydrazone (266) cyclizes in aqueous methanol, losing dimethylamine
hydrochloride to the 4-pyrimidone (267). The latter is reopened by the action of a
secondary amine in methanol to (268) and recyclized on boiling in acetic acid to
(267)106):

I&I/C()zMe
al
H Me,N. 11;
N /N ~
MeN"INTRIVRINT NCOMe /= |
N. —
CN CN
266 1
(266) A 266)
MeOH
20° | -HNMe,
HN -COMe  _pNR, HN —CO,Me HN —CO,Me
RN 1 leo:) éh
C
j EN
| = ( r
CN  20°, 2h N
+HNR
0 2 OH
268) (267)

Diene-one oximes (269) of right configuration are capable to form pyridines by
loss of water. The intermediate (270) has been assumed°”);

| N A = - -H,0 =~ '
~ N >
NoH Non
(269) 270) 27D

Diene isocyanates (273) generated by Curtius rearrangement of several dienoic
acid azides (272) represent another type of “aza”-hexatrienes. They are of elusive
existence and cyclize smoothly to 2-pyridones (274)1°%). One may suggest an electro-
cyclic ring-closure to (275) followed by a 1,5 sigmatropic hydrogen shift to (274):
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H 0 H
o >~
RN Na_ @ A RNy -
e o == ] &
=C=0
@72 (273) 273)
X R y R
l - H
>~
llg N
74) (275)

In a very similar manner, the imidoylisothiocyanate (276), containing formally
a diazahexatriene system, cyclizes to the quinazolinethion (278) on heating'®®). The
ring-closure step involves the localization of an aromatic double bond to the inter-
mediate (277).

@w/'\m ~- dim

(276) 277) (278)

The authors could show also that the thermolysis of the imidoylurethane (279)
to the corresponding quinazolineone (282) is connected in a preceding equilibrium
with intermediate formation of the imidoylisocyanate (280). Introduction of an
additional methyl group at the urethane nitrogen in (279), blocking the elimination
of ethanol to an isocyanate, prevents the ri:1g-closure1°9).

OEt o

Q==
@ EtOH_ @LC\N dL NH
N/ SEOH Ar /kAr N//kAr
(279) (280) (281) (282)

This sequence calls to mind an old, long-known reaction: the thermal version of
the Conrad-Limpach synthesis of quinoline-4-one derivatives by thermolysis of aryl-
aminocrotonates! 198 arylaminomethylenemalonates! %% ©), arylaminomethylene-
cyanoacetates' 1°9, and related compounds!!1—1 14)

The chances are that the ester (283), analogously to (279), may be transformed
by elimination of alcohol to the intermediate ketene (284) which cyclizes via (285)
attended by 1,5-sigmatropic hydrogen shift to (286):
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OFt O
(0= X 4 \c\ X

R? ] = R? P + EtOH
1;11 R! N-"R!

(283) , (284)

X : H, CO,Et, CN

0
R!: H, Me, Ar, X X
CO.Et — R? .
RZ H, NO,,CN ... R! N~ R
H
(285) (286)

Mixtures of 5- and 7-substituted quinolineones (286) can be formed, and the
relation of the one to the other depends on steric requirements and the nature of the
residue R? if a mera-substituted aniline has been used in starting to (283)*10¢ 4,

A twofold ring-closure to the dibenzo(b,g)-1,8-naphthyridinedione (288) has
been observed thermolyzing the stable keteneaminal (287) in diphenyloxide, ob-
tained by base-catalyzed addition of diethylmalonate to diphenylcarbodiimide!! D;

Ph

/
N=C=N  NaOEt Et0  OEt
Ph
- - o~ ~0
H,C(CO,EL), M /@
N~ N
H H
(287)
0O o
L, |
-2 EtOH
N~ N
H H
288)

The Conrad-Limpach synthesis has been extended also to corresponding deriva-
tives of 3-aminopyridines. With position 2 blocked in the starting aminocrotonate
(289), one obtains 1,7-naphthyridineones (290)'1), but if this position is free, as in
the aminomethylenemalonate derivative (291), only 1,5-naphthyridineones (292)
are formed!!3:

212



R? Et
R!
- | o | 250°
N -EtOH
AN N Me
H
Me
(289)
Et
CO,Et
PhOPh
-EtOH
(291)

Electrocyclic Ring-Closure with Elimination

N CO,Et

/

R2

(292)

The vinylaminomethylenemalonate derivatives (295) obtained by the action of
a-methyleneketones (293) on aminomethylenemalonate (294) or of ethoxymethylene-
malonates (297) on the corresponding enamines (296) of the ketones (293) lead
finally, on heating, to the 4-pyridones (298)'1¥:

R2

293 294)

R!: COMe, CO,Et

R2: Me, Ph

R!-R% —(CHp),—
n=3,4,5

V. N-Bridged Heterocycles

(295)

l A -EtOH

0

R! CO,Et .

1. Synthesis by N-Heteroaromatic Acetonitriles

R! EtO,C 2Et COzEt Etozc CO,Et
NH, FEtO H

(296) (297)

In an attempt to prepare N-unsubstituted indoles by benzannelation according to
the sequence (193 ¢) - (194 ¢) shown for the synthesis of 1-methylindole (196 ¢)
(Section IV, 1.), the yellow 5-dimethylamino-2-2-pyrrolyl)-2,4-pentadienenitrile
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(300) was made, by condensation of pyrrole-2-acetonitrile (299)''%) with (7a).
Compound (300) splits off dimethylamine on heating in neat form above 200° and
a cyclization takes place. Instead of the expected indole, however, yellow needles

of indolizine-8-carbonitrile (302 ) are formed in a 80% yield. To fulfil the structural
preliminaries for an electrocyclic ring-closure we postulate a preceding 1,5-sigma-
tropic hydrogen shift to (30! a). The formation of (301) in an equilibrium may pos-
sibly represent the rate-determining step of the whole reaction sequence:

N N R CN
= NaOM. o TMe: A X
a e ~ /
+ — -——
\_N D N\ _N L g
H
H H NMez
(299) (300) / (301)
CN
1 8
~ ~N -HNMC:
NS
PANZON
(302)

Table 27. Indolizine-8-carbonitriles [pyrrolo(1,2-a)pyridines] (302)32: 86)

Reaction conditions

(302) R Yield Components  (°C) Time
a --, mp. 74—75° (subl) H 80% (29 +(7a) 200-220 3hl
yellow needles In quinoline
b 6-Methoxy-, mp. 96—-97° OMe 83% (299)+(7¢) 180-185 3h

yellow needles In quinoline
¢ 6-Phenyl-, mp. 102-103° Ph 79% (299) +(71) 170-180 2h
yellow needles In quinoline

1y By thermolysis of isolated (300a): mp. 147—148° (91%).

In the same manner, the azavinamidinium salt (7 ) und (299) (160—170°, 5 h
in quinoline) afford pyrrolo(1,2-c)pyrimidine-4-carbonitrile (303): mp. 124°, yellow
needles (55%).

With the cyclic heptamethinium salt (44) and (299) one can obtain the peculiar
system of pyrrolo(1,2-a)cyclopenta(e)azepine-10-carbonitrile (304): mp. 149—-151°,
red-brown crystals in a small yield (14%).
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CN GN
5 4 1 10
\7 N N2 N N UV (CH2Cl2): Amax (I0g €)
i : 473 (3.04), 425 (3.36),
. 402 (3.32), 380 (3.21),
(304) 294 (4.61), 288 nm (4.63)

The benzo derivative of pyrrole-2-acetonitrile (299), the indole-2-acetonitrile
(305)!19 leads in high yield to the orange-red pyrido(1,2-a)indole-9-carbonitriles
(308). The requirement of energy for the conversion of (306) to (307) may be
smaller than the corresponding gap from (300) to (301). Consequently the thermo-
lysis temperature is found distinctly lowered.

With (305) the azavinamidinium salt (7u) yields (150—160°, 2 h in quinoline)
the pyrimido(3,4-c)indole-4-carbonitrile (309): mp. 160—161°, orange needles (47%),
besides a not very soluble, yellow substance, not identified.

NMeg
o~ ~N ~N
+ (7)
NaOMe

NMe,
(305) (306) (307)
'2‘,‘10_1 50% / HNMe,
(numbering according IUPAC) CF
s
Pyrido(1,2-a)indole-9-carbonitriles (308)32) NN
a) R = H : mp. 85-86° (95%) from the isolated
(306a) in quinoline (3064): yellow N\?N
needles, mp. 150—155° (dec.) (85%) !
b) R = Me : mp. 165° (87%) without isolation of
(306 b) in quinoline (308) (309)

Pyrazole-3-acetonitrile (310)'!”) and imidazole-4(5)-acetonitrile (315)'!#) react
by just this means to pyrazolo(1,5-a) pyridine-4-carbonitriles (32) and imidazo(1,5-a)-
pyridine-8-carbonitriles (318) respectively. Only (310) can be reacted with (7u),
giving pyrazolo(1,5-c)pyrimidine-4-carbonitrile (313): mp. 164°, colorless plates
(150°, 3 h in quinoline, 56%) and yielding with (44) red needles of the pyrazolo(1,5-a)-
cyclopent(e)azepine-4-carbonitrile (3/4): mp. 160—161° (150°, 4 h in quinoline 15%).
The different colors of the various “azaindolizines” synthesized have attracted
our attention: (302), (303), and (318) form yellow solutions, (312) and (313) color-
less ones. Some comments about the spectra of these compounds may be useful!23),
The band of longest wavelength absorption in the spectrum of indolizine which
shows some relation in shape to that of azulene corresponds to the n* « 7 transition
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CN CN CN
A 3 4
/4 (7N /4 | N quinoline =7 N
N NaOMe SN A HNMe: N\ N A
H H 1
~ NMe,
310} (311 . (312)
CN
3 4
~ ~N
N\
NN
1
(313

(314) UV (CH3Clp): Amax (I0g €)
500 (2.65), 425 (3.48), 403 (3.50), 322 (3.69), 295 (4.77), 236 nm (3.90)

Table 28. Pyrazolo(1,5-a)pyridine-4-carbonitriles (372) 32)

312) R Yield Components Reaction conditions
a --, mp. 102—103° (subl.) H 79% (7a) + (310) 170-190°,2h
colosless needles from (311 a), oil
b 6-Methyl-, mp. 140° Me 89% @7b)+(310) 150°,2h
(subl.), colorless needles
¢ 6-Phenyl-, mp. 180-181° Ph  78% (78) +(310) 150°,1h
~ colorless needles
CN CN R CN
/§‘/) (7) /ﬁ)\\/\K/ e, 7
HN ——— HN -
NN NaOMe =N quinoline >< ~
H R
(315) (316) H o \Me,
317)
CN
1 8 'HNMez
~3 ~N
N
\/rj R
(318)
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Table 29. Imidazo(1,5-a)pyridine-8-carbonitriles (318)32)

318 R Yield Reaction conditions

a --, mp. 133-134° (subl.) H 84% 210°, 3 h in quinoline from
yellow needles isolated (316a): mp. 182—4°

b 6-Methyl, mp. 151-152° Me 66% 180°, 2 h in quinoline
yellow needles (subl.)

¢ 6-Benzyl-, mp, 154—155° PhCH, 65% 180°, 2 h in quinoline

yellow needles

according to the transfer of a m-electron from HOMO (highest occupied molecular
orbital) to LUMO (lowest unoccupied molecular orbital).

The diagram (Fig. 2) shows the calculated alteration of the one-m-electron densi-
ties at the single positions in indolizine-8-carbonitrile (302 a) going from HOMO to
LUMO.

Excitation of (302 a) removes electrons from atoms 1, 3, and 8 a of the five-
membered ring in different amounts to atoms of the six-membered ring. Electron-
withdrawing substitutents or replacement of the methine group by nitrogen at posi-
tions 1 and 3 stabilizing the ground state makes the transition state more difficult
and therefore effects a hypsochromic shift of the long wavelength band. For posi-
tion 3 the effect should be most pronounced. The opposite should be true, facilitat-
ing electron abstraction in the transition for positions 5 and 8 to cause a bathochromic
shift. For electron-releasing substitutents this may be valid in the converse sense.

\ Fig. 2. Calculated (SCF) alteration of the one-n-

E electron densities (Clz,UMO—C%{OMO) in indolizine-

i 8-carbonitrile (302a) for the n*«<ntransition HOMO
+0.040 +0.112 to LUMO

The predicted shift of the absorption band correlates well with the variation of
the experimentally measured longest wavelength absorption:

Indolizine Predicted shift Measured Apax (log €)
Indolizine-8-carbonitrile (302 a) 390 nm (3.32)
2-Aza-- 318a) ) 378 nm (3.36)
3-Aza-- 312a) --- 345 nm (3.44)
6-Aza-- 303 @ 387 nm (3.21)
3,6-Diaza-- 313 - 355 nm (3.22)
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2. Synthesis by N-Heteroaromatic Amines

A further extension synthesizing N-bridged hereocycles can be achieved by use of
suited N-5-ring heteroaromatic amines. In general the ring-closures occur under much
milder conditions, compared with the N-5-ring heteroaromatic acetonitriles, and can
be successfully performed as a one-pot reaction even in boiling ethanol or pyridine.
Although the isolation of the intermediate amidine, e.g. (320), failed, its formation
during the reaction is nonetheless indicated by the structure of the isolated products
if unsymmetrical amidinium salts, such as (70) and (7p), are put in for the synthesis.
The electrophilic attack of (7) on the amino nitrogen takes place exclusively at the
unsubstituted methine iminium group of (7).

A series of easily accessible aminoheteroaromatic compounds has been used:
3-aminopyrazole (319), obtained by new mode in a 70% yield, reacting 1 mol
3-dimethylaminocrylnitrile! ' with 2 mol hydrazine hydrate in boiling ethanol*®,
and 3-amino-5-methylpyrazole (319 b)'29 afford the pyrazolo(1,5-a)pyrimidines
(321):

Rl
4
N RZ 3 N.
7 NH, NaOMe 7 \\/‘\ﬁ/ A TN
R | +(7) — R | - R\
N N NMe, -HNMe, N~
N N N R!
H H
RZ
(319) (320) (321
a:R=H
b: R=Me
Table 30. Pyrazolo(1,5-a)pyrimidines (321)3249
321 R R R2 Yield Components  Reaction
. conditions
a mp. 103° (subl.) H H H 84% (319a)+(7a) 80°,5h
+  colorless needles ethanol
b mp. 58-9° (subl) Me H H 83% (319b)+(7a) 115°,4h
colorless needles pyridine
¢ mp. 111-2° (subl) Me Me H 82% (319b)+(7b) 115°,4h
colorless plates pyridine
d mp. 94° (subl.) H OMe H 9N% (319a)+(7¢) 80°,1.5h
colorless needles ethanol
e mp. 86-7° Me OMe H 78% (319b)+(7e¢) 115°,4h
colorless plates pyridine
f mp. 163-4° Me Ph H 7% (319b)+(7i) 130°,3h
colorless plates quinoline
g mp. 75—6° (subl.) Me —(CHjp)3— 58% (319p)+ (7p) 130°,1h
colorless needles quinoline
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Table 30. (continued)

321 R R! R? Yield Components Reaction
conditions

h mp. 89-90° (subl) H —(CH3)4—- 93% (319a)+(70) 80° 2h
colorless plates ) ethanol

i mp. 84-85° Me N=CH-NMe, H 81% (319b)+ (7h) 115°,4h
colorless plates pyridine

J mp. 134° Me NH, H 69% By alkaline hydrolysis
yellowish needles of (3211) KOH/EtOH

Application of pyridoannelation to the amino derivative (321 j) with (7¢)
(150—170°, 1 h in quinoline) gives the 8-methoxy-2-methylpyrido(1’,2'—6'.7")-
pyrazolo(1,5-a)pyrimidine (322): mp. 199—202°, colorless needles (87%):

q

S +(7¢) NaOMe NSO
Me N —)——® Me N\
_N_~ quinoline _N
NH, 15}({)@70° ) - ! 6
- e
(321j) : N
OMe
322 87%

The 2-aminobenzimidazole (323) serves as starting compound for the preparation
of pyrimido(1,2-a)benzimidazoles (325)3%:

H H 1
N N N A SIS
—_— —_—
NaOMe ~ "R -HNMe, s B

NMe,

(323) (324) (325)

Table 31. Pyrimido(1,2-a)benzimidazoles (325)

(325) R Yield Components Reaction conditions
a -, mp. 204-206° H 74% (323 +(7a) 60-90°, 5 h
yellow needles in quinoline
b 3-Methyl-, mp. 243-6° Me 76% 323+ (7b) 60-90°,5h
pale-yellow plates in quinoline
c 3-Ethyl-, mp. 169-171° Et 1% @2 +(7¢) 60-90°,5h
yellow needles in quinoline
d 3-Methoxy-, mp. 234-7° OMe 78% (323 +(7e) 60-90°,5h
) yellow needles in quinoline
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A series of s-triazolo(1,5-a)pyrimidines (327) has been obtained with 3-amino-

1,2,4-triazole (326)12') and vinamidinium salts (7) in the presence of sodium
methoxide:

YNHZ NaOMe -HNMez
EOH  s0° /
(326) (327)

Table 32. s-Triazolo(1,5-a)pyrimidines (327)

(327) R R Yield Components Reaction condi-
tions

a -, mp. 143-5° H H 50% (326) + (7a) 80°,7h
colorless needles ethanol

b 6-Methyl, mp. 157° Me H 76% (326) +(7b) 80°,4h
colorless plates ethanol

c 6-Methoxy-, mp. 205° OMe H 70% (326) + (7€) 80°,4h
colorless needles ethanol

d 6-Phenyl-, mp. 167° Ph H 87% (326) +(71) 80°,7h
colorless plates ethanol

e 6.7-Trimethylene-, —(CHa)3— 47% (326)+(7p) 80°,10h
mp. 125—7° colorless plates ethanol

f 6.7-Tetramethylene-, —(CH2)g— 86% (326)+(70) 80°,3h
mp. 117—-118° colorless plates ethanol

Attempts to prepare tetrazolo(1,5-a)pyrimidines in the same manner, from
S-aminotetrazole (329), failed. As a weak acid (329) forms a scarcely soluble sodium
salt which in addition shows only poor nucleophilic properties. A conversion could
be achieved with 3,3-diethoxy-1-dimethylamino-2-methylpropene (35 b) and (329)
(whereas the unsubstituted (35 2) does not give reproducible results) leading to
colorless needles of sharp melting point, mp. 116° (82%) which shows by 'H NMR
examination to be in deuteriochloroform an equilibrium mixture of 6-methyltetra-

H OEt
NH
K MezN/%om 80°, 4h /N\j/N N
\}q N ——— N\
— Me in EtOH \N/N ~ M
€
(329) (35b) u (330)
Nxe
SN
\N\e
N<__N
@
/
N Me
(331
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zolo(1,5-a)pyrimidine (330) and the isomeric 2-azido-5-methylpyrimidine (331).

The valence tautomerism between tetrazolo(1,5-a)pyrimidine and 2-azidopyrimidine,

also an electrocyclic ring-opening—ring-closure process, is a well-described phenome-
122)

non"“*,

V1. Epilogue

The transformations given in our essay might have been designated essentially as a
part of the chemistry of vinamidinium salts (7) and their vinylogues (8) or more
simply as the chemistry of malondialdehyde and of its vinylogue glutaconic aldehyde,

In spite of their versatility and practical significance, all the preparations start
with a condensation reaction of (7) or (8), and end with the thermolysis of a 1,3,5-
hexatriene-like intermediate. In our treatise we have therefore given preference to the
electrocyclic aspect of the reaction course, to use them as the heuristic principle. We
have been quick to go in search if there already exist in the literature examples of
such reactions, of which the mechanistic course might be best explained in terms
involving a thermal electrocyclic ring-closure attended by elimination, as in our
instances. The thermal Conrad-Limpach synthesis of quinolineones (Section 1V., 2.6.)
represents such an example. But some reactions involving carbocyclic ring-closures
have also been found, which we feel forced to interpret as electrocyclic processes.

Attempting to hydrolyze 2-dimethylaminovinyl-4,6-diphenylpyryliumper-
chlorate (332) by aqueous sodium hydroxide results in the formation of the expected
2-formylmethylene-4,6-diphenyl-2H-pyran, besides 4-dimethylamino-2-phenylbenzo-
phenone (335). The latter emerges by the action of dimethylamine on (332), which
is also formed during the hydrolysis as the main product!2#, This conversion may
involve, after nucleophilic addition of dimethylamine, first an electrocyclic ring-
opening of the intermediate (333), and then a recyclization of the aminoheptatri-
enone (334), followed by elimination to (335):

r—

Ph Ph O Ph
~ + HNMe -~
| —_— NMe, o—= P |
N ~
P O 7 “NMe, Ph Me,N NMe,
aod <
(332) NMe,
L (333)
0 Ph
Ph -HNMe,
‘—_——
NMe,
(335)
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A series of cyclizations to benzene derivatives during formylation reactions with
dimethylchloromethyleneammonium chloride or the related adduct of dimethyl-
formamide-phosphorylchloride has been observed!?),

Treatment of the heptamethinium perchlorate (336) with dimethylchloro-
methyleneammonium chloride and dimethylformamide in chloroform (80°, 2 h)
leads after work-up, to I,3,5-triformylbenzene (339) in 40% yield. The acyclic inter-
mediate (337), initially formed by double formylation, undergoes a cyclization that
might well be seen as an intramolecular, electrophilic attack on the enamine §-posi-
tion of (337). The alternative interpretation of this as an electrocyclic process in the
mesomeric formula (337') to (338), however, also seems to be more convincing:

@/\/\/\/\
Me, N7~ 7 > “NMe,

cl0§
(336) + Me,N=CH—CI

l CI®
~ . . _

(339)

In a similar manner, acetylacetone (340) reacts with dimethylformamide-
phosphorylchloride vig the heptamethinium derivative (347) by double formylation
and leads to 2,4-dichlorobenzaldehyde (342) (84%). 3-Penten-2-one (343 a), mesityl-
oxide (343 b) and 4-dimethylamino-3-penten-2-one (343 ¢) undergo triformylation
and yield, by subsequent ring-closure, 4-chloroisophthalic dialdehydes (345 a—c):

OH | Cl 1
~ 90°, 4h a -~
Me Me DMF/POC!,Cl NMe;t Ho A9
N e
i
NMe,
(340) (341) (342)
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0 R Cl R Cl. R
~ 90°, 4h @ I ~ @
Me Me DMF/POC, | MeaNS_ A AMea | HOoo Qo
(s

NMe, ! H H
(343) (344) (345)
a:R=H a: 44%
b: R=Me b: 33%
¢: R=NMe, c: 48%

Diformylation also takes place with the 1-methylpentamethinium salt (§g) and
leads finally to the 4-dimethylaminoisophthalicdialdehyde (347) (64%):

Me N Me,N Me,N.
-~ ® R - @ -
Me l _-NMe, Me ,Ig\ I _NMe, o 90
~N
)
104 NMe, 2CI0$ H H
&) (346) (347)

In contrast to the foregoing examples, the formation of the 3-chloroanisole
(350) (42%) in addition to (342) (23%) during the formylation of the 3-methoxy-3-
penten-2-one (343 d) (methyl ether of acetylacetone) can be satisfactorily explained
only by an electrocyclic ring-closure of the assumed intermediate (349):

O OMe CI OMe
~ 90° 4h o’ + HCL
e Me “DME/POCI, ~ |

(343d) NMe,

(348) o (349)

al OMe a OMe
-— H
-HNMe,
H

(350) NMe,

3,5-Diphenyl-4-pyrone (356) has been obtained (35%), along with recovered
starting ketone (60%), in the formylation of dibenzylketone (351) with dimethyl-
formamide-phosphorylchloride! ), As known for other methylene ketones, a double
formylation to the chloropentamethinium salt (352) should take place at first, but
the sterically overcrowded structure of (352) lacks resonance stabilization and hydro-
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lyzes readily to the protonated 5-dimethylaminopentadienal (353). The most impor-
tant step in the reaction course may be the electrocyclic ring-closure of (353) to the
2H-pyran (354), followed by elimination to the 4-chloropyrylium salt (355), which
then hydrolyzes to (356):

0 ' cl ]
Ph\\v/Jl\\’/,Ph Ph
: N
— I
35D Me,N
(352)
0 |
Ph. i Ph Ph
e
-~— l
@
(356) (355) (354)

A real counterpart to this imagined reaction course is the formation of 2-meth-
oxy-4,6-diphenyl-2H-pyran (358) (99%) by treatment of 5-dimethylamino-1,4-
diphenylpentadienone (212) with a small amount of hydrachloric acid in methanol.
Addition of perchloric acid to (358) immediately precipitates 2,5-diphenylpyrylium
perchlorate (357) and conversely, base and methanol reform (358) from (357):6

Ph Ph
~ ~ +HC104 MeOH + HClO,
I - ] -HNMe2
Me,N o ~Ph | Me,N¥: ?
H H c10§’
212) (357) (358)

o of [

The a-2"-chloro (or bromo) phenylcinnamic acid produces 9-phenanthroic acid
by refluxing with potassium hydroxide in boiling quinoline!2?), For the preparation
of polycyclic hydrocarbons this valuable method has been extended to a number of
more complex systems of related, halogenated diarylacrylic acids - e.g., a-2-(1-bromo-
naphthyl)--1'-naphthylacrylic acid (359) gives dibenzo(a,g)phenanthroic acid (360)
(46%)'*® _ and is generally named the “Hewett method” in the literature!2%):

qumolmc
KOH, 230°
CO,H

COH
(359) (360)
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The same cyclization also succeeds in the absence of a carboxylic group. Heating
the fulvene (361), prepared by condensation of o-chlorobenzaldehyde with fluorene,
with potassium hydroxide in boiling quinoline leads to benzo(e)acephenanthrylene
(362)127M:

quinoline .O
—_—
KOH, 230° '

A cyclization of this type can be effected even under much milder conditions,
using an excess of potassium amide in liquid ammonia'??. The halogenated a-phenyl-
cinnamic acids (3634, b) and the 2-chloro-g-phenylstilbene (363 ¢) produce the
corresponding phenanthrene derivatives (364) in good yields:

z
KNH,/NH, fl. O
—
3h
g R=COH X=C

b:R=CO,H,X=Br Z=H
(364) c:R=Ph, X=0Cl

(361) (362)

A suggested benzyne as intermediate during the reaction could be ruled out by
the authors, If the position of the halogen was changed in (363 4, b) using the meta-
halogenated compounds, X = H, Y = Cl (Br), no detectable amounts of (364) could
be obtained. In the successful cyclization of (359), an intermediate formation of a
benzyne is also excluded. A cyclization mechanism, based on addition of amide ion
across the carbon double bond, followed by nucleophilic displacement of the halogen
by the highly activated, negatively charged ortho carbon of the other ring, formula
(363"), has also been envisaged. But this mechanism cannot work in compounds such
as (359) and has been discounted in view of the failure of the fluoro compound
(363): R=CO,H, X =F to react.

What remains after all is the indication that this reaction also follows an electro-
cyclic mode, passing through the energy-rich intermediate of formula (363") with
subsequent cis-elimination of hydrogen halide.

‘JIR OO

H NH,

(363" (363"
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To conclude this chapter we will be occupied with an old, long-known reaction:
The Elbs reaction'3?, suited for a simple preparation of polycyclic aromatic hydro-
carbons containing the anthracene moiety, by heating diarylketones with an ortho-
placed methyl group at 400—450°. Our mechanistic proposal, applied to the cycliza-
tion of the 2-naphthyl-(2'-methylnaphthyl-1")ketone (365) which yields the dibenzo-
(a,h)anthracene (369) may involve an electrocyclic step followed by an elimination:

I ‘ L 0
400-450° X
———
-
~
Sk ®

(365) (366)

(369)

Accordingly the reaction starts with a thermal enolization to (366), generating
the needed hexatriene system. The cyclization to (367) is followed by the energeti-
cally strongly favored 1,5-sigmatropic hydrogen shift to (365). Finally the elimina-
tion of water to the hydrocarbon (369) takes place.
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H. Schwarz

I. Introduction

Beside the v hydrogen transfer (McLafferty rearrangement) and the Retro-Diels-
Alder reaction, the ortho effect belongs to the diagnostically most important pro-
cesses occurring in the mass spectrometer’ —6). An essential structural requirement
for the rearrangement is the existence of a suitably 1.2-disubstituted double bond
of cis-configuration. The double bond may be part of an aromatic system. Ina
stricter definition the ortho effect refers to the hydrogen transfer viz six-membered
transition states at vicinally substituted aromatic compounds with the result that
the fragments 2 and 3 come into existence. More general definitions cover all as-
pects of interactions of 1.2-disubstituted compounds including higher-membered
transition states as well as the transfer of atoms and molecules other than hydrogen
onto suitable acceptors (1).

+o +o
o X\H N
I —_— | + H-Z
S’ Y/Z ~ x

1 2 3 (1)

-

——

X =CH,,NH, 0, §
Y = C=0 (Z=0H, O—Alky!, O—Aryl, SH, NH,, Aryl)
CH, (Z=OH, O—Alkyl, O—Aryl, NH,, N(Alkyl),, S—Aryl

The present review intends neither to report on the analytical importance of
electron impact induced ortho effects nor to summarize structurally different com-
pounds, where the hydrogen transfer according to (1) has been observed. Instead,
it is the purpose of this article to show which mechanisms are the basic principles
for the interaction of vicinal substituents in compounds of the general structure, 1.
On the other hand, more general aspects will be discussed, which might lead to a
better understanding of the gas phase chemistry of ionic species.

I1. Classification of Orrho Effects

1. Influence of the Charge

As a consequence of the historical development of organic mass spectrometry,
rearrangements according to (1) have been observed primarily only for radical
cations, In the meantime it could be shown that this rearrangement is not restricted
to radical cations. Bowie”? demonstrated that the mass spectra of doubly charged
molecular cations of salicylic and anthranilic acid eliminate H,O with high intensity,
while this effect does not operate for the meta/para isomers from which OH’ is
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exclusively eliminated. At suitably substituted even electron cations reactions accord-
ing to (1) have been observed. Examples of this type of rearrangement are the
(M—CH,;)" ions of ortho substituted isopropylbenzene derivatives. In the mass
spectra of ortho isopropylbencoic acid, the (M—CH;—H,0)* ion represents the
base peak while the same signal appears with only moderate intensity in the spectra
of the other positional isomers®). Also, the secondary decompositions of the
(M—CH,)* ions from bis-trimethylsilylether of isomeric dihydroxybenzenes are
fundamentally influenced by the substitution pattern®). An intense signal at

mfe 73 (100%) is produced according to (2). In the case of the other isomers, this
signal is observed with moderate intensity and moreover originates directly from
the molecular jons and not from the (M—CH,)" fragment.

+e
o] . O+ _CH,
Si(CH,;); | —CHS i,
_-SI(CH3), GFSi(CHy),
4 s

o ¢
— O
1 1 3)3

o’ “cH,

P m/fe 73 (100%)

2

Detailed investigations of 2H and !30 labelled 2-ethoxybencoic acid methyl-
ester, 7, establish that oxonium ions (e.g., 8) rearrange via ortho effect as well'% 11,
It is noteworthy that these reactions (3) take place unimolecularly as well as
collision induced'?. In both cases the CHy0H elimination from & leads to a cyclic
compound 9 13),

+

o-cu,cn, 1+ . O M
@: : —CH} ¢ —CH,OH
— ’;',il_I ‘————>
COOCH, 'cl’-ﬁocm
0
7 8

(3
+
Q
— O
¢}
9

The mass spectra of radical anions of 1.2-disubstituted aromatic compounds
sometimes contain signals which must be attributed to the operation of an ortho
effect!> 15), Remarkably the spectra of the negative ions in some cases permit a
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better differentiation of the three positional isomers than do the mass spectra of
the radical cations. A convincing explanation of these phenomena could not yet
be found. As shown in Figs. 1 and 2, a differentiation of the isomeric 1.2.3-tri-

substituted benzenes /0 and 11 is possible as a result of competing ortho effects
(elimination of OH versus PhOH)!4).
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o

Relative abundance (%)

[
[=]

—PhOH
1
_ ‘165
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r —COz
CO,Ph ’
—PhO*
L NO,
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- 93 259
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Fig. 1L Negative ion mass spectrum of phenyl-2-hydroxy 3-nitrobenzoate. [Reproduced from

Org. Mass Spectrom. 9, 1006 (1974).]
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Fig. 2. Negative ion mass spectrum of phenyl 2-hydroxy-6-nitrobenzoate, [Reproduced from

Org. Mass Spectrom. 9, 1006 (1974).]
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2. Mechanism of Hydrogen Transfer in Radical Cations

While the hydrogen transfer according to (1) in the original version'®? was formu-
lated as a concerted process, Shannon!7?) presented evidence that at least the water
elimination from 12 must be described as a multistep reaction. Deuterium labelling
establishes that water elimination is preceded by a reversible hydrogen exchange,
the amount of which is determined by the lifetime of the molecular ions (4).

H
~
H,\ CH,D C'\D
+/H ~— +/H
Ci /0 > Ci / N /OH P
I

|
0

12 13 14 15 4
l HDO l—Hzo
+o +o
Gfm, : /:CHD
\C\o \C§o
16 17

In principle, rearrangement/elimination reactions via ortho effect may occur
always as a multistep reaction if the molecular part ¥ (1) is able to act as a hydro-
gen acceptor (e.g., a carbonyl function). In such a case, the hydrogen primarily can
be transferred onto this function, whereas the elimination of H-Z would be the
result of a four center cycloreversion. It cannot be stated with certainty that the
arene elimination from ortho hydroxyphenylarylketones belongs to this class of
stepwise reactions®> 18 19),

3. Energetic Aspects

Since the mass spectrum of a compound is the result of very fast consecutive and
competitive unimolecular reactions>®), it seems reasonable that processes accord-

ing to (1) will be suppressed if a much faster reaction, for instance a simple bond
cleavage, is possible. Indeed it could be shown by an estimation of the energetic
properties of ortho effect reactions versus a-cleavage (elimination of Z)2!) that

the elimination of H/-Z from substituted benzoic and thiobenzoic acid derivatives
only takes place if extremely stable neutrals are formed (for instance, H,0, CH;OH).
The formation of such stable species obviously reduces the activation energy of the
rearrangement/elimination process (1). In the case of Z = CH,S, PhS or PhO the
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elimination of H—Z cannot compete with the a-cleavage reaction (loss of Z°). These
results based on the investigation of model compounds”) necessarily lead to the
important conclusion that less intense or even missing signals for 2 do not exclude
a 1.2-substitution pattern. This conclusion should be borne in mind in the structure
elucidation of unknown compounds. The highly selective decomposition of 18
(m/e 104 represents the base peak whereas m/e 118 is absent) is probably a direct
consequence of such energetic factors?2» 23), Qualitative estimations show that the
acid 20 is about 50 kcal - mol~! more stable than 21 . This difference should in-
fluence decisively the activation energy of the competing reactions and should
favour the sequence 18— 19 (5).

+o +o
0
H, HOOC
=
O] T - QD) -
NCH, H,C HH
19, m/e 104 20 18
. ©®)
BN
N
Nea Bl
CH, Ho P

21 16, m/e 118

4. Hydrogen Transfer viz Higher-membered Transition States

The first evidence that ortho effects can occur even if the hydrogen transfer pro-
ceeds via cyclic transition states with more than six members was presented by
Spiteller?®). He, and later Willhalm et al.25) demonstrated that the mass spectra

of O-ethylsalicyclic acid amides and those of the mera/para isomers are completely
different. The ortho compound only eliminates NH, from the molecular ion,
which cannot be explained assuming a 6-membered transition state for the hydro-
gen migration. Detailed investigations of 2H labelled compounds established?®)
that the elimination of ammonia from 22 does not take place by a simple hydrogen
transfer/elimination reaction. The loss of the neutral is preceded by a partial ex-
change process of the NH, and aCHz-hydrogens. The extent of this equilibration
is determined by the lifetime of the molecular ion and is strongly catalyzed by the
carbonyl group which acts as an intramolecular acceptor/donator function2%). In
the same way, the NH, resp. the R, CO loss from the molecular ion of 23 27) seems
to be preceded by complex reactions. The decomposition of 24 leading to C¢H,N*
is interpreted by the authors as an example of a concerted hydrogen transfer/elimi-
nation process occurring viz an 8-membered transition state?®), Strictly speaking,
however, there is no need or convincing evidence for such an interpretation.
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0 &y / CH:\C/R‘
oANH; @ /NH2 R @: /CH,—-O
[
0
22 23 (R=H, Alkyl, Phenyl) 24 (X=CH,, CO)

The mass spectra of the piperidine derivatives, 25—-28, deuterated in different
positions demonstrate how strongly the selectivity of hydrogen transfers can be
influenced by the nature of the substituents as well as by the ring size of transition
states2?> 39> 31), While 25 eliminates piperidine in a specific process according to
(1), the analogous reaction from 26 is less selective. The hydrogen incorporated in
the neutral originates from three different positions. Obviously the decreased
selectivity for hydrogen transfer is the result of opposing energetic and conforma-
tional effects. The differences concerning the piperidine elimination from the ami-
des 27 and 28 (27: hydrogen originates exclusively from the a'-position; 28: parti-
cipation of the a- as well as the o’-CH, groups) can be explained in a similar way.
At the time of writing this article it seems to be impossible to correlate unequivo-
cally the relevant parameters for the hydrogen transfer (for instance, activation
energy, conformation and ring size of the transition state) with the gross structure
of the compounds.

100% 0% 34% 40% 26%
1 o l IQ'O
o o
N
$ )
25 26
100% 70% 30%
|

O

27 28

Investigations of Wiinsche et a.3?) established that elimination of CH 3OH via
ortho effect from 29 is possible only for n = 0. It is open to question whether the
suppression of this reaction in the case of n =1 is caused by the transconfiguration
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of the N=N double bond or whether in this system hydrogen transfer viz an
8-membered transition state is in principle impossible (6). Seibl and co-workers3?),
however, have presented evidence that such higher-membered transition states are
possible: the molecular ion of ortho-hydroxycinnamic acid methylester shows in-
tense CH,OH-elimination irrespective of the configuration of the C=C double bond.
2H labeliing demonstrates that the phenolic hydrogen is exclusively transferred onto
the ester function.

+e
Ph

_ ~

(N=N),~N n=0
(I oci, ! , . IM-CH,OHJ" o (6)

ﬁ/ n=1
0

29

Roberts et al.3*) reported a remarkable hydrogen transfer in ortho substituted
ferrocenyl derivatives. The specific elimination of CH, O (a process highly impro-
bable for normal esters) from 30 was announced by the authors as the first example
of a new class of ortho effect reactions. Evidence for further reactions of this type
is not available in the literature (7).

+e
AN I
Fe B-C50) RO fem *0 (7
30 31
5. Apparent Ortho Effects

The fact that sometimes 1.3- or 1.4-disubstituted arenes exhibit a fragmentation be-
haviour which is characteristic for the ortho isomer may be caused by different
effects. Among these the most familiar ones are the migration of substituents

(e.g., via valence isomerization) prior to elimination reactions. Alternatively the
fragment (M—HZ)** might be generated viz consecutive radical eliminations'¥.
Both reactions have in common, that, in general, the spectra contain signals of
apparent ortho products. The intensities of these signals, however, are moderate
compared with those from the true 1.2-disubstituted derivatives. Much more diffi-
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cult are those cases in which the wrong isomers produce intense fragments (as for
instance 2 and 3) and in which additionally the whole mass spectroscopic behaviour
(including the metastable ion characteristic) seems to reflect an ortho effect, The
OH elimination from meta/para nitrocyclopropylbenzene, 3234), or the elimination
of HZ from substituted diphenylmethan derivatives, 333 5), belongs to these trouble
some cases. Whereas the OH loss could not be rationalized up to now, the behaviour
of 33 can be easily explained, assuming a ring expansion 33 - 34. In general, these
eliminations as well as the fragmentation pattern of the positional isomers of 35
M~ (M—CH3)" ~> (M-CH3—CD3OH)+]36) can be elucidated only (if at all)
through careful studies of labelled compounds combined with the application of
sophisticated techniques (as for instance: collisional activation, peak shape ana-
lysis, determination of kinetic energy release, T;, 36 37).

CH,OCH,
H
O
CoOCD
NO, Z Z 3
32 33 34 35

HI. Ortho Effects as Internal Probes for Reaction Mechanisms

For the ketene elimination from 36 (X = O, NH; R = H, COOCH};) as well as the
loss of alkene (e.g., ethylene) from 37 (R = H, COOCH,), numerous mechanisms
have been discussed in the literature38~42), Despite some differences concerning
minor aspects, the central question is whether the side chain hydrogen is trans-
ferred directly onto the heteroatom X (4-membered transition state) or whether

a migration onto the ortho position (6-membered transition state) takes place first,
followed by a (1.3) hydrogen shift.

For the reactive (M-ketene)™ ions from 36 (R = COOCH3) and the (M-ethylene)*"
fragment from 37 (R = COOCH,), this question could be unequivolcally answered
in favour of the tighter 4-membered transition state3®: 49)_ If a substituted cyclo-
hexadienone radical cation, 40, were produced as a reactive intermediate, the iso-
merization to 38 as well as 41 would occur with equal probability. This is a direct
consequence of the constitutional and stereochemical equivalence of H/D in 40.

A kinetic isotope effect would favour the tautomerization 40 = 4/ and consequent-
ly the elimination of CH;OH. Because independent of the lifetime only CH;0D is
eliminated, one has to exclude 40 as a reactive intermediate in the primary frag-
mentation steps (8).

The observation that 39 is exclusively formed from a fragment and not from the
molecular ions, 36 and 37, excludes alternative decomposition pathways, for in-
stance hydrogen transfer viz 8-membered transition states and concerted elimina-
tion of CH,0D and ketene resp. ethylene.
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Analyzing the frequency factor v, Bursey*?was able to show that the details
of the reaction mechanisms of the electron impact induced ketene elimination
from ortho substituted phenyl acetates and from acetanilides, 36, are dramatically
influenced by the nature of the substituent R = F, Cl, Br, J. The results demon-
strate that the decrease of v going from the voluminous iodine to the small fluorine
is not caused by steric effects (which should operate in an opposite direction) but
is the result of an electronic interaction of both substituents, leading to a tighter
transition state in the case of the more electronegative fluorine. Additional factors
which are not yet completely understood play a decisive part in the fragmentation
of the anilides.

IV. Anomalous Radical Eliminations via Ortho Effect

Electron impact induced cleavages of heteroatom-carbon bonds with elimination of
radicals and charge localization on the heteroatom function require considerable
energy and therefore provide intense fragment ions only in exceptional cases#*» 45),
At suitably substituted 5-membered heterocycles, for instance 4346_49), one al-
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ways observes intense (M—CH3)" ions, whereas 3.4-disubstituted compounds

(e.g., 44) do not eliminate methyl radicals. Obviously the methyl elimination from
the ester function of 43 is connected with hydrogen transfer from the activated and
sterically accessible ring methyl group onto the carbomethoxy function*®. Accord-
ing to the literature>® such a transfer is possible only if the distance between the
hydrogen donator and acceptor is about 1.8 A. This condition is fulfilled for 43
and not for 44, where the distance is about 2.8 A according to Dreiding models.

COOCH, H,C  COOCD, Xy
o
54 oo ar
X7 CH, COOCH,
43 [ X=S; Y=N 44 45 (X=NCHj;, 5,0)
=0, NH; Y=CH

More precise information about the details of such anomalous radical elimi-
nations resulted from the detailed investigation of labelled compounds of the gene-
ral structure 45 5), Here the combined application of different methods (e.g.,
appearance potential measurements, peak shape analysis, CA studies, kinetic energy
release) established that the cleavage of a heteroatom-carbon bond can take place
vig two fundamentally different mechanisms:

(i) the methyl elimination is connected with a simultaneous hydrogen migration
from an activated donator onto a suitable acceptor (as for the cases of CD, as well
as CHj eliminations from 46);

(ii) the cleavage is accompanied by a cyclization process (e.g., loss of CD,
from 49).

Both reaction types differ considerably in the peak shape of the y curves3?
as well as the amount of Ty, (9), (10). Independent collisional activation studies'!> 3
confirm the proposed concept to a high degree.

Compounds of the general structure 51 produce anomalous cleavage products
under electron impact as well. While the methoxymethyl ester 51 (# = 1) shows an
intense (M—CH;)* ion, which fragments further by CD;OH elimination, one does
not observe any signal for methyl elimination from the homologues ester 51
(n = 2)%3. Instead, the molecular ion eliminates CH,O0H, and the hydroxyl hydrogen
of the neutral originates with nearly equal probabilities from both methylene groups.
The complete equilibration of the « and § methylene hydrogens in the low voltage
spectra can be the result of a fast (1.2) hydrogen shift, which should be classified
as an example of electron impact induced dyotropic rearrangement**: 45+ 59 Alter-
natively it cannot be excluded with certainty that this positional exchange is effecti-
vely catalyzed by the ester function (see Section II. 4). The fact that substituents
other than the carbomethoxy function, for instance 52, prevent methy) elimination
from the molecular ions shows that this cleavage is the result of a specific intramo-
lecular catalysis of the COOCH, function3®).

A further example of the outstanding activity of an ester group is represented
by the DCIl elimination from 53a. The study demonstrates that from a mechanistic
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point of view this reaction cannot be described as a (1.2) elimination®%). Other
examples of radical induced multistep reactions are the OD resp. CDO eliminations

from 53513 51),

These and many other reactions clearly establish that the interaction of vicinal
substituents should be considered as radical initiated neighbouring group partici-
pation. It seems that the future study of such reactions will shed light on the com-
plexity of gas phase chemistry of radical cations.

(CH;),—OCH,

: 'COOCD,

51 (n=1,2)
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V. Redox Reactions of Ortho Substituted Nitrobenzene Derivatives

According to Holmes®), the electron impact induced fragmentation of ortho sub-
stituted nitroarenes may be classified in three groups depending on the nature of X:

(i) Elimination of the NO, function and migration of atoms or molecular parts
of the remaining substituent onto the vacant ortho position. These rearrangements
can be completed by a set of secondary decompositions (11).

(ii) Hydrogen transfer from an activated position onto the nitro group which
is followed by the loss of small neutral particles.

(iii) Oxygen transfer, which for the first time has been described by Seibl3%).

In the following chapters some newer results of the last two mentioned reaction
types will be discussed preferentially.

+
+o +e =20
X X &
@( —_— ©/ —_— @[ —w (56 -CcO)*
-NO, +
NO, Y
(11)
54 (X=COOH, 35 56 (Y=OH,NH,)
CONH,)
1. Hydrogen Rearrangements

If the substituent X, 54, contains activated hydrogen atoms, for instance CH, 57- 5,
CH,Ph 59, NH,, 59, HC=NArS" or CH,N(alkyl), ®?, the mass spectra always show
abundant signals for (M—OH)" ions. The genesis of this fragment depends strongly
upon the actual structure of X, and it is possible that several different reaction me-
chanisms account for the fragmentation. In a formal sense the OH loss starts with a
hydrogen transfer onto the nitro group leading to a reactive intermediate of un-
known structure, The direct hydroxyl elimination from this species can be effectively
suppressed by competing reactions involving other parts of the isomerized molecular
ion. Hence it seems impossible to predict with certainty the primary decomposition
modes of the molecular jons. The examples shown in (12) indicate the variety of
different reaction channels starting from structurally similar compounds, 54.

In spite of detailed studies of labelled precursors and the application of in-
genious methods, only in very rare cases are the details of the reaction mechanisms
as well as the structures of the resulting ions of (12) known. Only the loss of
CH30H, H,0, HCN and HNO from 54 could be elucidated using CAS?. In agree-
ment with photochemical transformations, the electron impact induced CH;OH
elimination from 54 [X = CH(OCH,), ] leads to nitrosobenzoic acid methylester.
Contrary to previous conclusions, however, the loss of H,0, HCN and HNO upon
electron impact does not produce ortho nitrosobenzaldehyde 58. Rather, the frag-
ment m/e 135 (13) has the structure of 2.1-benzisoxazolinone-(3), 59. Isomerizations
of the heterocycles 59, 60 or 61 which occur under thermolytic’") or photochemi-
cal”® conditions in the case of the neutral molecules, or which have been discussed
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for short living reactive species m/e 135, 8 could not be established for ions m/e

135 with a lifetime of about 107 sec. In spite of the unequivocal assignment of the
structure of m/e 135 (59, based on the CA studies), the detailed mechanisms con-
cerning hydrogen transfer, elimination of neutral species and reorganization of the
Jionic skeleton are still unknown. It can only be stated that elimination reactions
according to (13) do not belong to the 1.1. eliminations (cheletropic reactions)’3.
Moreover from the structure of the products, one has to conclude that these pro-
cesses are best described by a series of intramolecular redox reactions involving hydro-
gen as well as oxygen migrations.

ZOH
9

e

R

m/e 135

O

9]

X

58

244

Z

o=

GE“

CI%O

+
i» b
: CH=NOH
(13)
o 17
N\
N
/
OH
61



Some Newer Aspects of Mass Spectrometric Ortho Effects

2. Oxygen Transfer

The first example for electron impact induced intramolecular redox reactions via
oxygen transfer was published and discussed in detail by Seibl34’ 74)_ He established
that the fragmentation pattern of nitrophenylhydrazones of aromatic and aliphatic
aldehydes and ketones as well as the decompositions of nitrostilbenes is always
strongly influenced by the position of the nitro group. The decisive step of the redox
reaction includes an oxygen transfer from the nitro function onto the N=C moiety
followed by several rearrangements. The structural reorganization is completed by
heterolytic cleavages of the intermediates 65 and 67 (14). High resolution mass
spectrometry, the investigation of deuterated derivatives, and the analysis of meta-
stable ion decompositions support the proposed mechanism.

In the past years formally related processes have been studied for derivatives
of nitrostilbene”® and nitroaniline?®. In spite of some differences concerning the
formulation of the mechanism for oxygen transfer, this redox reaction may be
viewed as a classical example of a complex ortho effect. It should be mentioned
that the analytical significance of this rearrangement/elimination process is relatively

high.
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A partial insight in the complexity of such ortho effects (even in the case of
simple compounds) permitted the thorough investigations of Middleton?”. The
data for 2H and !3C labelled ortho nitrostyrene show for example, that the loss of
HCO from the molecular ion proceeds viaz the epoxide 70. The carbon atom of the
neutral particle, however, originates from both side chain carbons, and the elimina-
tion probably corresponds to the well-known epoxide rearrangement/fragmentation"”.
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Furthermore it was concluded from the spectra that 70 is a possible intermediate
for the CH, O loss from the molecular ion of 69. It is remarkable, however, and not
yet understood why the carbon of the neutral species originates exclusively from the
B position while many other positions operate as a hydrogen source.

N _
NO, NO NO,
69 70 71

Unusual interactions between the NO, function and the ortho substituent X,
71, occur if this function contains several heteroatoms. Holmes”®) reported the loss
of H,0 as well as H,0, (!) from 71, X = NHNH,, and Hammerum®3? observed that
the elimination of NO, from the molecular ion of 71, X = NHNO,, is followed by
a consecutive loss of two NO radicals. All processes mentioned indicate intramole-
cular oxygen transfer.

Systematic investigations have been performed on compounds of the general
structure 72 with the scope to elucidate the influence of the structural element
X~Y on the oxygen transfer according to (15). In contrast to Seibl’s oxygen migra-
tions (14), this redox reaction represents a direct analogon to the 6-membered hydro-
gen rearrangement (1).

+e

5a | — |CC

e +O=Y

&L (15)
HO

o
72 73 74

If one analyses the mass spectra of the nitrogen3® 81), sulfur®?), selenium®3) or
phosphorous derivatives34 of 72 (X = CO), one observes a considerable variation
of the intensities for the fragments 73 or 74, which are formed viz oxygen transfer.
The probable reasons for these effects may be the different oxygen affinities as well
as the abilities of Y to stabilize positive charges. While the meta/para isomers of 72
do not contain any fragment of such a redox process one observes, for the sulfur
and phosphorous derivatives, that the fixed geometry in 72 is not a necessary con-
dition for the oxygen transfer from the NO, group onto the acceptor. Conforma-
tionally flexible systems, for instance 75, produce intense signals of the type O=Y*
(16). This transformation, however, occurs preferentially if a 6-membered transition
state is involved (75, n = 2). The high oxygen affinities of S and P are probably re-
sponsible for this anomalous effect®3—8¢), The fixed arrangement of the oxygen
donator (NO,) and the oxygen acceptor (Y) in 72, however, accelerates the redox
reaction according to (15) with the consequence that the intensity of the molecular
ions of 72 is extremely low. OH transfer which is typical for some aliphatic systems

246



Some Newer Aspects of Mass Spectrometric Ortho Effects
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(75 = 77) is restricted to such compounds and has never been observed for aromatic
derivatives.

A number of multiple oxygen transfers onto one acceptor are induced by electron
impact during fragmentation of compounds of the structure 78. While the mass
spectra of the selenide 78 (X = Se) contain signals resulting from a single oxygen
migration, e.g., C;H,0" (7%) and C,H,NOSe* (81%)%¥, the molecular ion of the
sulfide (78, X = S) eliminates SO, (30%). The (M—S0,)*" fragment decomposes
further by hydrogen elimination (100%)%7). The very different redox potentials
of the neutral particles (SO, is much more stable than SeO, ) are probably respon-
sible for the different behaviour. The decomposition pathways for the oxides (78,
X =80, SeO) correspond very well with that for the sulfides. A single oxygen trans-
fer is observed for the selenium oxide whereas the sulfoxide eliminates SO, as well
as SO (!). The last-mentioned reaction is terminated by a hydrogen loss leading to
79 (100%)83).

SHal

NO;

T—Z

78  (X=8, Se, SO, Se0) 79

Oxygen transfer reactions have been sporadically observed for radical anions®

88,89 The elimination of 1OH from 80, the formation of (M—PhO)~ ions from
81 or the genesis of PhC'800~ resp. (M—PhC‘BO—COZ)‘ from 82 are a few
examples. The mass spectra of the radical anions of compounds 83 (n =1, 2, 3;

R = hydrogen, alkyl, aryl) contain some fragments as well, wherein dependence of
n the oxygen transfer proceeds vig 5-, 6- and 7-membered transition states. Typical
fragments are for instance RCOO~ or RCOCHO™".
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A few details of the very complex mechanisms of these rearrangements could
be elucidated by the investigation of >H and 120 labelled compounds.

It is worth mentioning that there exists no evidence for transition states with
more than seven members for oxygen transfer reactions of negative ions in the gas
phase3%). Furthermore, replacement of the NO, function in 80—83 by another
oxygen containing substituent (e.g., COOR) suppresses all redox reactions. For
radical cations, however, at least one example is known, establishing that functions
other than NO, can operate as oxygen donators®”). The molecular jons of 84 de-
composes in (Ph),P=0" (2%) as well as CgH,0,S* (15%). Both species may be
caused by the high oxygen affinity of the diphenylphosphino moiety®®.

H 180 0 0 180
L1l IA [l
—C—CH;3 ~ C—C—Ph
NO, NO, NO,
80 81 82
ﬁ ﬁ Ph
e
(CH=CH),—C~R _p
@ " \Ph
NO, SO,CH,
83 84

VI. Cyclization via Ortho Effect

Very different types of cyclization processes of isolated ionic species have been
discussed in detail by Cooks®® and Hesse®!. In the following chapter only the
interactions of vicinally substituted functions will be described. Such an elimination/
cyclization interaction may be recognized by two facts:

(i) the ion intensities of the cleavage products are always higher for the ortho
isomers than for the meta/para derivatives,

(ii) the activation energy for the fragmentation process is considerably reduced
for the ortho compound.

Examples for cyclization reactions viz extrusion of partial constituents of the
ortho function are the well-known decompositions of phthalic acid derivatives, 85,
29,92 or the primary decompositions of suitably substituted silyl derivatives®®.

Reactions of this type (17) will not be discussed in more detail. It should be
stated, however, that in most cases it could not be established with certainty whether
the elimination of X proceeds in a one step reaction, 85 — 86, or whether a tetra-
hedral intermediate, 87, is involved in the reaction sequence.
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O
>
X +eo / //+
X* X
™
o 86 -X*® a7

1. Aromatic Substitution Reactions
1.1. Five-membered Ring Systems

Extensive studies by Griitzmacher and co-workers?#~ %) clearly established that

the elimination of ortho substituents X (X = hydrogen, halide) from 88 is not the
result of a one step intramolecular substitution reaction. Instead of this, an addition/
dissociation mechanism operates leading to 90 (18). The rate determining step of
the reaction sequence is the formation of the o-complex, 89, which itself has the
typical characteristics of a reactive intermediate.

N

\Y

. +

'N\Cﬂz N/ N

bn, 4\ (18)

H; cu, ¢H, CH,
88 89 90

Essential arguments in favour of this two step reaction are the following ones:

(i) The appearance potentials (4P) for the formation of (M—X)* as well as the
activation energy of the reaction M - (M—X)* are practically not influenced by the
dissociation energy, D, of the C—X bonds. Simple bond cleavages as well as multi-
step reactions, where the cleavage of the C—X bond would be the rate determining
step, should cause differences of about 50 kcal - mol~1.

(ii) The kinetic energy release, T;,, is in a first approximation inversely propor-
tional to the dissociation energy of the C—X bond.

The interdependence of AP, D and Ty, is shown in Fig. 3, and the published
data support the proposed mechanism.

It is worth mentioning that the loss of X from 91 is strongly suppressed by
electron donating substituents Y. Detailed investigations of sterically hindered
biphenyl derivatives, 92, demonstrate that a mesomeric interaction between Y and
the formamidine group is responsible for the decreased cyclization abilities. The in-

249



H, Schwarz

'}

AP(R")

Reaction coordinate

Fig. 3. Energy profile of (18): R—-X = 88,
(2') = transition state 88 — 89, (a) = reactive intermediate 89, (R')* = 90

corporation of two CH; groups in the 2 and 2'position, however, is already sufficient
to prevent planarity, e.g., 93, which is necessary for mesomeric effects. Consequently,
in such a case (91, R =R’ = CH,), a fragmentation behaviour according to 88 is ob-
served”®),

The electron impact induced elimination of X from the molecular ions of 94
(X =H, halide; R = NHCOR, , NHCSR, , NHCSNR,R 4, NHCONR = alkyl,
R,, R, = H, alkyl) has been investigated in detail by Loudon et al 1°°)l In agree-
ment with the above mentioned study Gritzmacher, the (M—X)* ions have a cyclic
structure, probable 95. The reaction mechanism, however, may only formally corre-
spond to (18).

n’ R
CH e CH
Y N=ch-N_ "’ ¥ O Q N=CH-— N/ : N—CH=N
CH,
kR R
91 92

NG
oL o @
94 95 96
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An important difference concerning the modes of cyclization may be that the
molecular ions of 94 prefer the conformation 96 from which a cyclization cannot
occur. The relative rate for the generation of 96 depends very strongly on the nature
of the substituents. The very complex correlations between energetic factors
(AP and D) on the one hand and the dependence of the intensities of the (M—X)*
ions from the type of the substituents, 94, on the other hand possibly result from
competing reactions in which the formation of 96 may play a decisive part.

Many other examples leading to S-membered heterocyclic ions have been cited in
the literature#3- 191 =105 [n most cases, however, no details concerning the reaction
mechanisms are known.

Another type of cyclization is described by Eguchi'®®, Isoflavones, 97, yield
intense (M—OR')" fragments, and the reaction seems to be of analytical value be-
cause it determines whether or not an alkoxy substituent is located at the 2'(6")
position (19).

(19)

1.2. Six-membered Ring Systems

Very different classes of organic compounds are able to yield 6-membered hetero-
cyclic products upon electron impact induced cyclization/elimination reactions. In
spite of the formal similarity of these processes with (19), it cannot be ruled out
that the reaction mechanism of these decompositions is quite distinct. The structur-
ally important parameters are the nature of the leaving group X as well as the ring
forming heteroatom. The examples 99—103 may give a small impression of which
structural features may be involved in the formation of (M—X)* fragments.

The elimination of OH" and H, (20) from ortho and peri substituted alkoxy
aldehydes, ketones or quinones is of diagnostic value for the location of functional
groups!!3> 119 The reaction sequence is restricted to systems containing such a
substitution pattern. Investigations of >H and 120 labelled model compounds
establish the origin of neutral species (OH and H,) without clarifying the details of
the complex skeletal reorganization. From the results it can only be concluded that
the formation of stable oxonium ions, e. g., 105, is of importance.

The elimination of water from the molecular ion of 106 is of diagnostic value
only for simple systems. The mass spectra of compounds containing a larger number
of methoxy substituents show (M—H20)+‘ fragments even for systems with nonad-
jacent substituents. For the radical cations formed by loss of water from 106, the
structure of benzofurane, 107, was proposed based on the metastable ion charac-
teristics'1%),

251



H. Schwarz

X O H
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] | x
SOCER®
0
99 (X = Br, NO,, Cl, MeQ, H, F)°7 100 (X = C)1od)
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2. Cyclizations via Hydrogen Migration

As already mentioned [(3), (10), (13), 79, 82, §3] many other types of electron im-
pact induced reactions exist which do not belong to the classification used in this
chapter. Among these are reactions which proceed vig cyclic reactive intermediates
or cyclization processes accompanied by hydrogen transfer at one step of the reac-
tion sequence. This last-mentioned decomposition shall be discussed briefly. Com-
pounds of structure 708 yield intense fragments at m/e 133, 170119, 2H labelling
of the carboxyl function does not shift the signal m/e 133, and it was argued by the
authors that the reaction possibly proceeds viz the phthalide, 109 (21).

+o +o
CH=X{/Ph H-X-Ph X
@[C //O__H — 0 Foxne o (2
U o)
108 (X=CH, N) 109 110, mfe 133

The OH eliminations from ortho substituted aldoximes, 111 (X = CH,, NH, O)
may at least partially be the result of a hydrogen transfer/cyclization process,
whereby the heterocycles 112 are formed!!”. A peak shape analysis as well as
the investigation of 2H labelled derivatives indicates that in addition to 112 the
protonated isocyanide, /13, is formed. This fragment, however, is generated with-
out any measurable interaction with the ortho substituent.

H .
CH N=CH
Ot Y
H / H H
X~ X X7
111 112 113

A very unusual cyclization is observed for N(ortho-nitrobenzyl)amines, /14
(n = 4,5 or dimethylamine derivatives)®?. While the regiospecific OH and the
following NO eliminations may be regarded as typical decompositions of aromatic
nitrosubstituted derivatives, this is certainly not the case for the hydrogen elimina-
tion from (M—OH—NO)"* (22). This reaction formally corresponds to a radical
induced cyclization5?> 90> 118)_followed by loss of hydrogen viz a Grob!'?) frag-
mentation, 116 —> 117. The alternative process, 116 — 118, is of minor importance.

A similar reaction sequence (consecutive loss of OH, NO and H) has been
established for the molecular ions of dinitrophenythydrazones of «, f-unsaturated
aldehydes®* 79,

Whether the intense C1' loss from 119129 yields species of the structure 120
or 121 is not yet clarified. The chlorine elimination, however, has among all other
competing decompositions from 779 the lowest activation energy.
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+eo H
Cli —N/\(CH) ' ¢
AL " -om S -NO*®
' — Ly (CHy ——
NO, noHs
114 15

CEN\
H Yy . ’/(/Cﬂz),,_, 22)
| / H;

118
1
X X
ShC
H
119(X=0,85,80) 120 121

VIIL. Exchange Processes

Detailed investigations of labelled compounds as well as the application of improved
and more precise methods [e.g., ion kinetic energy spectra (IKE)37)] have demon-
strated in recent years that a lot of “simple” cleavage reactions are preceded by ex-
tensive exchange reactions. A fine example is the hydroxyl elimination from ionized
benzoic acid, 122124 122),

An analysis of the unimolecular decompositions of metastable ions establishes
that the hydroxyl loss is preceded by a hydrogen exchange of the ortho and carboxyl
hydrogens, which occurs viz 124. Furthermore it is noteworthy that the equilibration
of both oxygen atoms is not the result of an intramolecular (1.3) hydrogen shift,

122 - 123. Instead, a cascade of reversible hydrogen rearrangements takes place in-
cluding hydrogens from both ortho positions!?3~126)_ Obviously this multistep re-
action is energetically much more favoured than the intramolecular symmetry for-
bidden (1.3) hydrogen migration!2?). A similar situation is responsible for the hydro-
xyl loss from pyridine-4-carboxylic acid'?®.
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had had

i "
~J8 8
[M;22—"*OH]" -— O/C Of | = ©/ O — Mo

122 123

\o £ e

124

Further insight into the mechanism of exchange reactions yields the detailed in-
vestigations of Holmes and co-workers!2%~131) on cis-configurated dicarboxylic
acids, for instance maleic acid, cyclohexene-1.2-dicarboxylic acid or phthalic acid.
Interestingly the molecular ions of 2H labelled phthalic acid, 125, eliminate neither
OH nor HDO. This result demonstrates that the second function completely sup-
presses all those reactions typical for benzoic acid, 122. Reactions of this type, how-
ever, take place exclusively for those (M—C02)+‘ fragments, where the hydrogen
has been transferred onto the carbonyl function, 125 - 127 - 129. The acyl
oxonium jons, /26 and 128, do not participate in any exchange reaction. Further-
on it is striking, that neither the isomerized molecular ions, 726, 127, nor the frag-
ments 128, 129 interconvert via hydrogen migration (24).

teo

i

é—OD

[M,;2;—D,0O]** <*— ‘@( — [M,-0D]*
C—O0D

125
o NP
~
> = o

00* Co0*
126 lCOz 127 l‘CO=
: r
+ D Cc*
%
S =0
128 129

AN <\

{128—-HDOY** [128-D,0}* (129-0OD}" [129-OHJ]*
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Based on the results of a combined 80 and 2H labelling study, the unusual water
elimination from benzylbenzoate, 130, has to be formulated as a complex multi-
step reaction including extensive hydrogen and skeletal rearrangements (25). A con-
vincing mechanism for the experimentally observed equivalence of the five starred
hydrogens and the two oxygens of the intermediate 132 for water elimination is not
known'3?), Evidence for the proposed mechanism (25) can be provided by compa-
rison of the IKE spectra of 130 and 134. The identical spectra establish a common
reactive intermediate. The fact that the molecular ions of 135 as well as 136 do not
eliminate water at all is a further indication for 132.

Reversible exchange reactions between the ester function and the ring protons
have be)en reported for the water loss from isonicotinic acid methylester, 137, as
well133),

—

4o

H
i o
oanr ) o

—_— (l e
H ® CH;
L

131

130

+e f_ e

p (25)

O (0]

Q] = |
—_—

132 133
‘ o COOCH,
Q:LOOH (ICOCH3 Q/A\O—Q (‘E
WD Ly -
134 135 136 137
134, 135).

A number of exchange processes have been studied by Nibbering et al.
The authors demonstrated that in the molecular ions of 138, reversible hydrogen
migrations takes place which lead to an equilibration of the hydroxyl-, the - and
the ortho-hydrogens. In the structurally related phenylpropylbromides, 139, an
exchange between “H and one ortho hydrogen precedes the ethylene elimination.

The relative rates for intramolecular hydrogen migration and competing ethylene
elimination allow just one exchange process. The decision whether the exchange
processes are concerted reactions (proceeding viz bicyclic transition states) or whether
reactive intermediates come into existence (multistep reaction) is open to question.
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°H "H "H ®H H
dﬁ/\o_ﬂ (I\Xm
°H | °H
138 139

Complex hydrogen migrations precede also the ethylene elimination from aryl-
and alkine substituted dimethylcarbenium ions'36~!38)_Investigations of >H and
13C labelled compounds, 140, established that the carbon and hydrogen atoms of
the side chain loose their positional identity before or during ethylene elimination.
In the case of 140, X = N, exchange reactions with the pyridine ring do not occur.
For X = CH, however, the ethylene loss is preceded by a partial side chainfortho
position exchange of hydrogens. Lifetime studies demonstrate that the exchange
processes increase with increasing lifetime of the (M—CH3)+ ions from 140. An
analogous behaviour has been observed for the (M—CI)* fragments of 14113,

The complexity of such processes and the principal difficulties to obtain relevant
informations concerning the reaction mechanism may be visualized by the C;H,
loss from the (M—Cl1)* ions from /41 and 142. Starting from /41, the carbon of
C3H, originates nearly exclusively from the isopropylfunction > 97%), whereas
the ortho hydrogens are involved up to about 20% in the formation of the neutral
species. In the case of 142, however, the whole side chain contributes to the carbons
of the C;H, moiety, whereas the participation of hydrogens from the pheny! ring is
strongly reduced!3%),

These data as well as the fact that the CA spectra of the (M—Cl)* ions from
141 and 142 show distinct differences demonstrate that the hydrogen migration
and the reorganization of the carbon skeleton occur at least partially independently”s).

(|3H3 CH, CH,
N2 l_cu3 ch@—cx @—cx—«%—a
= CH, CH, CH,

140 (X=CH,N) 141 142

VIIL Interactions of Ortho Substituent in Biphenyl Derivatives

Sometimes the interactions typical for 1.2-disubstituted arenes have a formal
correspondence in the decompositions of 2.2'substituted biphenyl derivatives. Thus
the highly specific piperidine eliminations from 7433 as well as the formation of
146 correspond to the fragmentations of structurally analogous benzene derivative.
The amides, /47, however, prove that, in addition to the usual behaviour, unex-
pected reactions may occur. Among these the sequence M - (M—H) - (M~H-piperi-
-dine)" is of special importance, and the data of 2H labelled compounds show that
both steps are highly selective. The carbonyl function obviously acts as an intramo-
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lecular catalyst for the hydrogen transfer in (26). In spite of the fact that all reactions

in (26) require energetically expensive changes of the ground state conformations,

they are so fast that almost all molecular ions decompose within less than 107¢ sec.
The biphenyl derivatives 149 and 150 give under electron impact anomalous

reaction products as well. Thus an intense ion at m/e 370, 151, is generated from

the bisacylphosphine, 1493 The diester 150 represents the first compound where

B
UH /H
Qi L0
[l
—N ]
_6}{' +8a
> QH
iy uJN
QI b
147 148

Ph, P
P~ ph

151 (mle 370)

e

+o

Al N -
Hy C:H;,N ") ! -CsHuN
—_— i —_—
" { 51}'{
) CT
- 143 - - 144 B

— [I48-C,H3HN]

an oxygen transfer from the ester function takes place. The primary decomposition
product of this redox reaction may have structure 152, from which CO as well as
CO, is eliminated®: 139,
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Cyclizations via aromatic substitution could be verified for suitably functiona-
lyzed diaryl derivatives as well?4), One of the many examples presented in this and
related studies is formulated in (27).

Cyclization processes of this type also take place at appropriately substituted
bipheny! derivatives, 155. Here oxonium ions are formed, the structure of which
might be described by 156D, Higher substituted derivatives of 155, however,
yield mainly ions of the general structure 157. This fragment is the result of a very

interesting reciprocal methyl/hydrogen migration?4!» 142),
S +e
O] e O
/N | CAE, | @7)
N/ N~
® ®
153 154

The investigation of many model compounds leads to the conclusions, that
the following conditions have to be fulfilled in order to generate 157:

(i) Both ring systems have to be twisted against each other. As a result the for-
mation of a 5-membered transition state (transfer of CH; from the methoxy func-
tion onto C(1)) is significantly enhanced. This conformation can be preferentially
populated, if all four ortho positions are substituted.

(ii) At least one of these substituents must have electron withdrawing properties
and, moreover, should not induce competitive decompositions.

(iii) Substituents in 3(3"), 4(4") or 5(5') position, which may stabilize the mole-
cular jons, should be absent.

H,C ?H, o R
/

0 0 *Q OCH,
<0 O O
R, R, R,

155 (R,, Rp: COOH, 156 157

COOCH,, OCH,)

IX. Summary

While in the early days of organic mass spectrometry the ortho effect was pre-
ferentially used as a diagnostic tool for structure elucidation, the recent research
activities have concentrated on mechanisms and related aspects. Among these the
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following were the most important topics: hydrogen transfer and especially the
question of concerted or multistep reaction; the influence of the structure on the
selectivity of hydrogen migration »ig higher-membered transition states; the
apparent cleavage of carbon/heteroatom bonds induced by hydrogen transfer; the
redox processes which formally correspond to photochemical transformations, but
which are completely different according to the reaction mechanisms; the different
types of cyclization reactions; and the field of exchange processes preceding or
accompanying unimolecular decompositions of ions in the gas phase. If a prognosis
concerning the future activities in the field of electron impact induced ortho effects
may be risked, the following aspects will probably become more important in addition
to the topics discussed in this review:

(i) Kinetic studies in the time range of nanoseconds to elucidate the time depen-
dence of the different ortho effect reactions;

(ii) ion/molecule reactions with the scope to obtain more information concerning
the reactivities of open and closed shell systems; '

(iii) comparative studies in the fields of mass spectrometry, photochemistry
and electrochemistry.

In principle all these studies may extend our knowledge concerning the inherent
properties of isolated ionic species.
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