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Structures and Stabilities of Three-Membered Rings

I. Introduction

The chemistry of three-membered ring molecules is a subject of con-
siderable current interest. Many of the molecules in this class that have
been characterized experimentally are only recent discoveries while a
large fraction of the possible structures have yet to be synthesized. For
this reason, these molecules provide a tempting target for theoretical
examination. There have been a number of previous theoretical studies
on this subject ranging from early work on the ‘“bent bonding” in cyclo-
propane by Coulson and Moffitt 1} and by Walsh 2 to recent ab initio
molecular orbital calculations on several members of the set.3) In this
article, we present results of ab ¢nitio molecular orbital calculations on
the complete set of three-membered ring molecules containing C, N, O
and H and which can be written as classical valence structures without
charges or unpaired electrons. We have also examined several molecules
which are best represented as carbene structures. We attempt to find the
lowest singlet states of these molecules. Our main emphasis will be on
structures and stabilities although other molecular properties will be
discussed in some cases.

II. Method

We use standard ab ¢nitio self-consistent field (SCF) linear combination
of atomic orbitals (LCAO) molecular orbital (MO) theory in this work.
The molecular orbitals (y;) are written as linear combinations of basis

functions (¢,)
Yi = 2, Cui Pu (1)

The full molecular wave function (%) is then written as a single deter-
minant of the spatial orbitals y; with appropriate spin functions « or g.
We will only be concerned with closed shell systems here and for 2%
electrons in doubly occupied MO’s, the wave function is

o= [2n)1]7F |p2(1) «(1) p1(2) B(2). . . ya(Zn—1) «(2n—1) pu(2n) ﬁ(Z%)(I)
2

The total energy may be calculated as
E=[PY*HWVdx 3)

where H is the many-electron Hamiltonian. Minimization of the energy
leads to the Roothaan self-consistent equations ¥ for the LCAO coef-
ficients ¢,;. The wave function ¥ obtained in this manner then yields the

3



W. A. Lathan, L. Radom, P. C. Hariharan, W. J. Hehre, and J. A. Pople

self-consistent value of the total energy from (3). This procedure leads to
a molecular energy for any nuclear arrangement once the basis functions
¢, have been specified. The choice of the ¢, is important and is the
source of the differences between various abd snitio molecular orbital
calculations.

We use three different basis sets (¢,) in this work. The first is the
minimal STO-3G basis 9 consisting of a least squares fit of three gaus-
sian functions to each function in a minimal basis set (1s on H; 1s, 2s,
2px, 2py, 2pz on C, N, O) of Slater-type orbitals. This basis has been
successfully used to calculate geometries of a large number of acyclic
molecules 610 and some cyclic hydrocarbons.® We therefore use it
here to obtain optimized structures for each of the three-membered ring
molecules.

The second basis set is the split-valence (or extended) 4-31G basis.1
In this basis set, inner shell orbitals are written as the sum of four gaus-
sian functions while valence orbitals are split into inner and outer parts
consisting of three gaussians and one gaussian, respectively. Because the
ratio of the inner and outer contributions is free to be determined by the
SCF procedure, this basis set provides a more flexible description of the
electronic distribution than STO-3G. It has proved more reliable in
energy comparisons than STO-3G.8.12-14 We therefore carry out for
this purpose, single 4-31G calculations at the STO-3G optimized geo-
metries for each molecule.

In comparing energies of acyclic and cyclic molecules, it is found
that even the 4-31G basis does not always give adequate results.8,12)
Indeed, acyclic molecules are predicted to be relatively too stable with
the 4-31G basis set. Recent calculations 18 have shown that addition of
polarization functions (d-type functions) to the basis functions for heavy
(non-hydrogen) atoms leads to improved results in energy comparisons
of this type. We have therefore carried out, in a number of cases, single
calculations at the STO-3G optimized geometries with such a basis.
This basis set 18 is denoted 6-31G*. It consists of 6-31G basis functions 19
(analogous to 4-31G described above) together with dye, dy2, dz2, day,
dy, and dg, functions for the heavy atoms. These six second degree
gaussians correspond to the five pure d-type gaussians (xy, xz, ¥z,
32292 x2—y?)e~aar2 together with the 3s type gaussian (¥24y2+4
+2z2)e~aar2, The polarization exponent oy is taken as 0.8 for all three
heavy atoms (C, N, O) on the basis of optimization studies.18

In order to obtain our theoretical geometries, we begin by specifying
a symmetry that defines the structure in which we are interested. Each
independent geometric parameter is then varied in turn so as to mini-
mize the total energy. This process is continued until the energy is a
minimum with respect to all these geometric parameters. Expectation
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values of the electric dipole moment of each molecule are calculated by
standard procedures. Electron populations are calculated using Mulli-
ken’s method.18)

III. Results

Table 1 presents calculated energies for the singlet states of the set
of three-membered rings. In addition to total energies and relative
energies, we have also listed bond separation energies 12} for some
molecules. These are the energy changes in the formal reactions in which
the three-membered rings are converted into molecules with two heavy
atoms and the same types of bonds. For example, the bond separation
reaction for cyclopropene is

Ha
/N

HC—CH 4+ 3CHy —— HyC=CHgy + 2 H3C—CHjs

The bond separation energies reflect the stabilization or destabilization
that results when the separated bonds between heavy atoms are brought
together in the three-membered ring.

For the three-membered ring molecules, the bond separation energies
depend primarily on three factors:

(1) The strain energy of the ring,

(2) the stabilizing or destabilizing interaction between the adjacent
bonds, and

(3) the stability or instability associated with the m-electron structure
of the ring.

In some cases (e.g. cyclopropane), one of these factors (e.g. ring
strain) is likely to be much more important than the other two. In other
cases, all three factors may have a significant influence on the bond
separation energy.

Table 2 gives the electric dipole moments calculated with the three
basis sets. Table 8 gives the 6-31G* calculated orbital energies. These
may prove useful in interpreting the photoelectron spectra of these
molecules.19 Finally, the optimized geometries themselves, as obtained
with the STO-3G basis set, are presented within the text of this paper
as structures 7—32.



W. A. Lathan, L. Radom, P. C. Hariharan, W. J. Hehre, and J. A. Pople

0=09 (9) ouep
806~ (cL9180°EIT—  (c696I8TII— N\ 5/ - uddoxdopsy E)
2= 10
9'6¥1— 1'88 (:88685¥1T— (568866511~ "\,  (¢) oukdoxdopsy 2HEO
g1
HD==0H
(y) euep
V81911 — 0 9THEFFII— FO8LI'EIl—  N\o/  -mAuedoxdop4) oL
14 {4
HO D*H (¢} ouop
85 S8G9L'SIT— $9¢  Spess eIl — SeeseFII—  N\o/ -niédodoros) THED
HO=—D0H
¥ 05— 0 ¥6358'SII— 1'8§— 0 891¥9'CI1— 9TTOV PIT— /o / (¢) suadoxdorLy YHED
g
BHO — DFH
595— TI8SOLII—  0°8%— 08€88'911 — 91999'¢I1— N5/ (1) euedoxdopA) 91TED
‘H
(tow/eosy) (row (10w /reon) (Tour
A310U9 [1eom) (seoxyxer) A310U0 [1eoN) (sea1yreT)) (searyrey)
uonyeredas (;A310U0 AB1oue uonyeredes (;A810uU0 A3rouo A310U0 emuIOf
puog OAIYR[ 12101 puog AN e300 B30, BInTLIOY orrjew
*D18-9 DIE-¥ DE-0LS  [eanonng oWEN  -OIIINg

SBULI parequIaw-0aI) 10§ ejep AS1oue pojernore) 'y oel



Structures and Stabilities:of Three-Membered Rings

0'6L—

¢'61—

S'€9—

1'¢g6—

8°65—

918G 1S —

9S¥98'0S1 —

€0¥y OYoLLISI—

0

969€8° 161 —

¥2se0°€S1 —

CLL—

69—

I'vl—

0°Sy—

06—

<01

99%

v've

9'0%

S80Se I1SI —

S1L98'1ST—

¥rye9gSt —

1988081 —

8C8LE0ST —

86SSS' 161 —

96LLS IET—

SLOI9IET —

9L618°CE1—

STYEY6YI— HO == HO (61) suoIrxQ

¥€9L9°6%1— 10— ¥HO (p;)ouepyhurix

09806'051— “HO —FHO (1) owerxO
No/” ,

— o (z1) suop

e}
96568'821 — “ATPOUIPLIZY

. N — NH
63676'861 — N (£1) ousplAuLIizZy
96511061 — mu/ = \mo (01) euLzy-3
HN
SO — O

[— : 6) suoprAuTpLIZ
£0281°081 /mz\ (6) suopy v

N == HO )
19LL1°081— //Nmo\ (8) eurnizy-1
eHO ~——%HD

L¥668IST— "\ WHZ v (£) suiptzy

SHO%D

BHO®D

YHO?D

HN?O

HN?D

EHN®D

SHIN®D

EHN®D

SHNS®D



W. A. Lathan, L. Radom, P. C. Hariharan, W. J. Hehre, and J. A. Pople

N=N (12) ouop

2980€°9%1— LOSILFVI— N\ o) / -nAutnzerg NO
9'6v GOTLY L¥Y1— YOve8 Sri— (goz) s
HN — NH
NS (voz) suvsy ousp
61y  I8¥8Y L¥I— ¥2e98'SY1 — 2 -nAurpLzerq SHENDO
N ==D0H
§'6g— 6°L% ¥YISL'LYI— gIS— 861  LO0TS LYI— 9LIES'SFI— N\ Z\ (61) euzelq-H 1 SHENO
H
N = N
Lo1— 0 £9938°LYI— L'63— 0 191SS'L¥I— 0S9¥6'SPI— N,/ (84) cumZEIA-HE  PHEND
*H
Lge— 8L  9L0SL'SYI— TLLYN LYY — (gst) s1
HN—NH
Nn /S (vi1) suvy
SYI— 1LS66'8Y1— 6°L2— 0 99Z¥L'8¥I— 0631°LY1— NM QUIPLIZEI( VHEND
00— 0 (91) ouop
$T660°081— 8L8IT8YI— N\ ./ -nd1psuenxQ 0%
(row/reox) (towt {rou/reox) (towt
£810u0 Jreox) (seoxyxey) A810u0 Jreoy) (seaxyrey) (svoxyrey)
uonyeredes ({A310U0 A310ue uonyeredes (pA81ous A3rou9 A310u0 2[RUIIO]
puog sanePRY 1e30L puog SArje[Ry 1eiolL rejoL enULIO) srew
*DIE9 o1e-¥ DE-01LS  [eImponng QureN  -OIydl03g

(penunuoo) 1 aqe,



Structures and Stabilities of Three-Membered Rings

6'¢—

£8—

Lo1—

6°L8—

L'S1I—

8LI9L'€91 —

G6066'V91 —

€€L6S'881 —

SL98S°LI1 —

13208891 —

83—
S ey — 0Ll
$§'86— 0
V'eg—

¥ 08
687 — 0
£0¢—

961SH'e91 —

11E19°%91—

L30¥9°¥91 —

Y1L90°L8T—

$850¢°881 —

9¥6LT LO1—

031¢°L9T—

CILTS 891 —

8¥299° 191 —

v1338°¢91—

SESY8'291 —

183€6°¥81 —

SYI91°981T —

90¥0%°S91 —

6290¥'S91 —

£69%9'991 —

N=N
ANV

N
H

HN —NH

N
H

O—O

O — NH

O — N
%
H

O—NH
N2
*H

(82) ournzeny

(qzz) s

(vi2) suva
ouIplIZELL],

(92) susp
“IAuRIIXOL(J

(¢z) sumeIxO1Q
(ve) ouop

-NAurpLIzexQ

(cz) ounzexQ

(zz) ewpuzexQ

HEN

EHEN

%00

SH%0D

HOND

HOND

€HOND



W. A. Lathan, L. Radom; P. C. Hariharan, W. J. Hehre, and J. A. Pople

‘xo[dwoo oq -0} punoy st uoryouny sAem oYy, (g

"ISWOST [BINJONIIS S[qRIS JSOW ST} JO 'Y} 03 sane[er ASmuyg (¢

O —O
Le— 098V3'¥63— 0'ce— 81S68°863— ¥9L9€ 12— O\ o S (¢g) suerxolIy, 20
o0 —O0 .
GIl— 6ET6Y V05— ¢'ee— 00€91'¥03— 19698°10%— AN Z\ (1£) ourprIzEXOIT HPON
H
. . . . . N == N
53— 0866S°¢81 — 1'65— 06L82°¢81 — €108T°I81— N4 (0¢) ouruzepex( 08N
(0]
§'68— T000¥ ¥81— £6098 81— (a67) sw
HN ~— NH (V6Z) suway
86— FOVGL V8T — 9'06— LOVIT V81 — 10297281 — o /S SUIPUIZRIPBX() SHON
(row/teox) (tow (fou/Teox) {Tow
A810u0 /reox) (seaxyren) AZ1ou0 [reox) (soamrey) (seo131EY)
uoneredss (pAS1ou0 A81oue uonyeredss (;A8rous A319u9 A310u0 BOLIOf
buog LAneRy [®301, puodg eAnERY [E30L [B0], B[OULIO} oL}
*018-9 DIe¥ DE-0LS  [ermjonng QWEN  -0Iforols

(penuruoo) 1 s[qey,

10



Structures and Stabilities of Three-Membered Rings

Table 2. Calculated dipole moments (debyes) for three-membered rings

Molecule STO-3G 4-31G 6-31G*
Cyclopropane 0 0 0
Cyclopropene 0.55 0.56 0.57
Cyclopropylidene 1.43 2.14 2.13
Cyclopropenylidene 2.62 3.34 3.35 "
Cyclopropyne 2.33 2.94

Cyclopropynylidene 0.70 0.98

Aziridine 1.82 2.45 2.09
1-Azirine 1.92 2.77 2.56
Aziridinylidene 2.39 2.82

2-Azirine 2.11 2.85 2.51
Azirinylidene 2.42 3.23

Arziridinediylidene 2.83 3.20

Oxirane 1.46 2.90 2,43
Oxiranylidene 1.42 2.53

Oxirene 1.72 3.31 2.96
Oxiranediylidene 0.40 0.43

Diaziridine (trans) 1.33 1.99 1.72
Diaziridine (cis) 3.20 4.15

3 H-Diazirine 1.58 2.44 2.11
1 H-Diazirine 2.78 3.82 3.50
Diaziridinylidene (¢ramns) 0.59 . 0.62

Diaziridinylidene (cis) 2.85 3.64

Diazirinylidine . 0.12 0.14

Oxaziridine 2.19 3.54 3.03
Oxazirine 2.68 4.23 3.93
Oxaziridinylidene 1.47 2.24

Dioxirane 1.93 3.73 3.23
Dioxiranylidene 2.28 1.30

Triaziridine (¢7ans) 1.47 1.87 1.59
Triaziridine (¢is) 4.45 5.63

Triazirine 1.51 i 2.04 1.71
Oxadiaziridine (frans) 0.50 1.57 1.35
Oxadiaziridine (cis) 3.06 4.22

Oxadiazirine 1.76 1.19 1.13
Dioxaziridine 1.66 2.73 2.33
Trioxirane 0 0 0

11



W. A. Lathan, L. Radom, P. C. Hariharan, W. J. Hehre, and J. A. Pople

Table 3. Calculated (6-31G*) orbital energies (hartrees)l)

Cyclopropane (Dgp) Cyclopropene (Cag,) Cyclopropylidene (Cgy)

—11.2216 (lay) —11.2417 (lay) —11.2874 (1a1)
—11.2205 (1¢) —11.2393 (1by) —11.2391 (2a;

—11.2205 (1¢) —11.2340 (2a1) —11.2384 (1b1)
—1.1302 (2a}) —1.1630 (3ay) —1.1430 (3ay)

—0.8163 (2¢) —0.8216 (4a;) —0.8389 (2b1)

—0.8163 (2¢) —0.7635 (2b1) —0.7454 (4ay)
—0.6649 (1a3) —0.6796 (5a1) —0.6523 (1by)
—0.6271 (3a}) —0.5933 (1bg) —0.5562 (5a4)
—0.5097 (1e”) —0.4929 (6a) —~0.5302 (1ag)
—0.5097 {1¢”) —0.4171 (3by) —0.4252 (3by)
—0.4169 (3¢") —0.3551 (2bg) —0.3595 (6as)

—0.4169 (3¢)

Cyclopropenylidene (Cgy)

Aziridine (Cg)

1-Azirine (Cy)

—11.2815 (lay) —15.5644 (1) —15.5977 (1a')
—11.2796 (1b7) —11.2563 (24) —11.3009 (24)
—11.2508 {2a;) —11.2556 (1a”) —11.2722 (3a')
—1.2038 (3ay) —1.2481 (3a) —1.3011 (4a’)
—0.7975 (2by) —0.8892 (4 —0.8747 (5a))
—0.7753 (4ay) —0.8388 (22" —0.8042 (6a’)
—0.6201 (5a) —0.6926 (54) —0.6451 (7a)
—~0.4748 (1bg) —0.6311 (6a’) —0.6318 (1a”)
—0.4578 (3by) —0.5284 (3a”) —0.5339 (8a")
—0.3679 (6a3) —0.4762 (7a’) —0.4146 (2a”)
—0.4746 (4a”) —0.4050 (9a’)

—0.3898 (8a

2-Azirine (Cy)

Oxirane (Cay)

Oxirene (Cgy)

~15.5740 (1a’) —20.5770 (lay) ~20.5713 (lay)
—~11.2765 (2a') —11.2885 (2a1) —11.3066 (2a3)
—~11.2740 (1" —11.2877 (1) —11.3040 (1)
—1.2533 (3a) —1.4048 (3a) —1.3750 (3a4)
—0.9041 (4a’) —0.9304 (4ay) —0.9615 (4ay)
—0.7882 (22") —0.8614 (2b7) —0.8103 (2b)
—0.6996 (5a') —0.6983 (1b2) —0.7134 (5a;)
—0.5848 (6a’) —0.6579 (5ay) —0.5773 (1b)
—0.4760 (7a') —0.5477 (3b1) —0.5144 (3by)
—0.4577 (32") —0.5424 (las) —0.5066 (6ay)
—0.3285 (8a’) —0.4483 (2b) —0.3340 (2b3)
—0.4425 (8ay)



Table 3 (continued)

Structures and Stabilities of Three-Membered Rings

trans-Diaziridine (Cg) 3 H-Diazirine (Cgy) 1 H-Diazirine (C1)
—15.6013 (1a) —15.6806 (lay) —15.6332 (1a)
—15.6009 (18) —15.6793 (153) —15.6194 (2a)
—11.2964 (2a) —11.3130 (2a31) —11.3465 (3a)
—1.3363 (3a) —1.4473 (3a1) —1.3678 (4a)
—0.9751 (2b) —0.9172 (4a1) —0.9979 (5a)
—0.8812 (4a) —0.8552 (2b1) —0.8347 (6a)
—0.6896 (3b) —0.6778 (1bg) —0.6750 (7a)
—0.6621 (5a) —0.6557 (5a1) —0.6096 (8a)
—0.5361 (4b) —0.5714 (6ai1) —0.5284 (9a)
—0.5123 (6a) —0.4763 (2b3) —0.4489 (10a)
—0.4312 (5b) —0.4177 (3b1) —0.3903 (11a)
—0.4134 (7a)
Oxaziridine (Cy) Oxazirine (Cy) Dioxirane (Cgy)
—20.6150 (la) -20.6210 (1a") —20.6537 (1ai)
—15.6389 (2a) ~15.6669 (2a") —20.6533 (1b1)
—11.3348 (3a) —11.3894 (3a%) —11.3769 (2a1)
—1.4670 (4a) —1.4672 (4a’) —1.5644 (341)
—1.0448 (5a) —1.0952 (5q%) —1.1569 (2b1)
—0.9095 (6a) —0.8650 (6a") —0.9395 (4a1)
—0.7292 (7a) —0.6728 (74") —0.7428 (1bg)
—0.6642 (8a) —0.6311 (1a”) —0.6982 (5a1)
—0.5728 (9a) —0.5576 (84") —0.5898 (6a1)
—0.5172 (10q) —0.5084 (9a') —0.5437 (2b3)
—0.4895 (11a) —0.4039 (2a”) —0.5407 (3by)
—0.4311 (124) —0.4621 (lag)

trans-Triaziridine (Cy)

Triazirine (Cg)

trans-Oxadiaziridine (Cg)

—15.6476 (1a’)
—15.8471 (1a”)
—15.6462 (22)
—1.4169 (3a')
—1.0024 (4a”)
~0.9984 (2a")
—0.7224 (54")
—0.6617 (6a’)
—0.5510 (3a”)
—0.4994 (7a’)
—0.4480 (8a’)
—0.4316 (4a”)

—15.7334 (1)
—15.7320 (la”)
—15.6674 (2a')
—1.5085 (3a’)
—1.0629 (4a
—0.8794 (2a”)
—0.7064 (5a’)
—0.6338 (6a’)
—0.5958 (7a’)
—0.4664 (3a”)
—0.4550 (8a’)

—20.6592
—15.6901

la)
2a)

—0.4696 (7a
—0.4671 (5b)
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Table 3 (continued)

Oxadiazirine (Cy,)

Dioxaziridine (Cg)

Trioxirane (Dgp)

—20.6786 {1ay) —20.7081 (1a) —20.7689 (1a})
—15.7797 (2a3) —20.7077 (1a”) —20.7683 (1¢)
—15.7781 (1by) —15.7427 (24) —20.7683 (1¢)
—1.5886 (3a4) —1.6328 (34") —1.7312 (24})
—1.1974 (4ay) —1.1900 (2a”) —1.2331 (2¢)
—0.9090 (2b1) —1.0898 (4a’) —1.2331 (2¢)
—0.6964 (1bg) —0.7826 (5a") —0.8132 (1a3)
—0.6764 (5a) —0.6997 (6a’) —0.7447 (3a})
~0.6299 (6a;) —0.6287 (74’ —0.6524 (3¢)
—0.5384 (3b7) —0.5843 (3a”) —0.6524 (3¢))
—0.4790 (2by) —0.5042 (8a") —0.5469 (1¢”)
—0.5029 (4a”) —0.5469 (1¢”)

1) For the Cg, group, the symmetry species ag and by are antisymmetric with
respect to the plane of the ring.

IV. Comparative Data for Acyclic Systems

In order to calculate bond separation energies for the three-membered
rings, we need the total energies for certain molecules with one and
two heavy atoms calculated using comparable procedures. These are
summarized in Table 4. Also given is a comparison of STO-38G optimized
and experimental bond lengths for the one and two heavy atom systems.
Finally, we present calculated and experimental dipole moments for these
systems. The bond length and dipole moment comparisons will be useful
in assessing our results for the larger, cyclic molecules.

V. Comparison with Experimental Data

So that we may gain some idea of the value of our predictions for mole-
cules for which experimental information is not available, it is important
to compare theoretical and experimental results in the cases where the
latter 4s known. We present here such a comparison for geometries and
energies.

1. Geometries

Well characterized experimental structures are currently available for
only five of the three-membered rings, cyclopropane 29 (7), cyclo-
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propene 21} (2), aziridine 22 (7), oxirane 23 (73) and 3H-diazirine 24

(78). The theoretical and experimental geometries for these molecules are
compared in Tig. 1. General agreement is good. Discrepancies that do

N H
HCH=113.8° § = 1.08t HCH=112.5°
(115.1°) \£ (1.089) (114,79 (1.087)
C
1.502 1.453
{1.510) (1.518)
(o c._(1070
\\\\\\\‘“ ¢, 1503° 1277 =~ S~
H¥ "H / 149.9°) (1.300) H
H H
2
#iipi=69.7° 1.042
(67.5%) {1.016)
0
CH, tilt= 87.9 1.482 1.433
(87.0°) (1,475} (1.436)
A
"~ ] o
HCQ = 57.8° 1.084 HCH ('1',2?,. (: 8328)
(58.49 c (1.083) W M
W // W > iy
H\\\\\\\ W fox.1e 1. 42:) /////// H H\\\\ '55 20 “ 47” /////,
(153.8%) 108 (158.1°)
HCQ‘ 56.3° (1.084)
(573°)
7 13
NPT
HCH=117.0° ¥ 5 1.086
mzo {5 (1.0%0)
C
1.489
(1.482)
=266
(1.228)
18

Fig. 1. Comparison of calculated and experimental (in parentheses) geometries
(Throughout this paper, all bond lengths are in A, the notation HNpI is used to
denote the angle between an N—H bond and the ring plane, the line CQ represents
the intersection of HCH and ring planes and CHg tilf denotes the angle between the

HCH plane and the plane of the ring)
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occur closely parallel corresponding results for one and two heavy atom
systems (Table 4). Thus, whereas C—H bonds are in close agreement
with experiment, N—H lengths are too long. The predicted C=C double
bond length in cyclopropene is too short, the difference being similar
to that found for ethylene. Similarly, the length of the double bond in
3 H-diazirine is overestimated as is the N=N double bond in diimide.
The lengths of single bonds between heavy atoms agree well with ex-
perimental values except for the C—C bond in cyclopropene which is too
short. Angles are reproduced well, even the methylene tilt in aziridine.
For the nine unique bonds between heavy atoms, the mean absolute
deviatjgon between theoretical and experimental bond lengths is only
0.014 A.

2. Energies

Experimental heats of formation are available for five of the three-
membered rings; calculated and experimental bond separation energies
for these molecules are compared in Table 5. Three sets of calculated
values are listed corresponding to the STO-3G, 4-31G and 6-31G* basis
sets. The theoretical bond separation energies should be compared with
experimental values at 0 °K corrected for zero-point vibration; these are
quoted in the last column of the table. However, since the data (e.g.
vibrational frequencies) required to obtain such experimental values are
not always available, we also give experimental bond separation energies
at 0 °K and 298 °K without the vibrational corrections in order to point
out the approximate magnitude of such corrections.

Table 5. Calculated and experimental bond separation energies (kcal/mol)

Molecule Calculated Experimentall)

STO-3G  4-31G 6-31G* 298° 0°K 0 °K with
vibrational
correction

Cyclopropane —45.1 —28.0 —26.2 —19.8 —18.5 —23.5
Cyclopropene —65.6 —58.1 —~50.4 —40.9 —39.3 —45.2
Aziridine -39.7 —30.3 —22.3 —14.6 —13.2 —19.3
Oxirane —35.4 —26.9 —19.2 —10.0 — 8.6 —14.0
3 H-Diazirine  —24.1 —-29.7 —10.7 + 0.1

1) Calculated using experimental AH;r (298 °K) values for three-membered rings
from Table 6 and vibrational frequencies from Eggers, D. F., Schultz, J. W.,
Wiberg, K. B., Wagner, E. L., Jackman, L. M., Erskine, R. L.: J. Chem. Phys.
47, 946 (1967) (cyclopropene), and Shimanouchi, T.: Tables of molecular vi-
brational frequencies, NSRDS-NBS 11. Washington, D. C.: U.S. Government
Printing Office 1967 (remaining cyclic molecules). Experimental data for one
and two heavy atom molecules taken from Ref. 12). Method of applying vibration-
al corrections summarized in Ref, 12),

17
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The theoretical results are always too negative, 4.e. the cyclic molecu-
les are predicted to be too unstable relative to the two heavy atom pro-
ducts of the bond separation reaction. However, there is a steady
improvement in going from STO-3G (mean deviation =21 kcal/mol
to 4-81G (mean deviation = 10 kcal/mol) to 6-31G* (mean deviation =
4 kcal/mol). We also note (for use in Section VI) that the experimental
bond separation energies at 298 °K are always less negative than the vi-
brationally corrected values at 0 °K; the mean difference between these
sets of values is 4.2 -+ 0.5 kcal/mol.

VI. Calculation of Heats of Formation

If AH} (298 °K) values for all the species with one or two heavy atoms in
the bond separation reaction are known and if the bond separation energy
at 298 °K can be predicted from theoretical calculations, the heat of
formation of the three-membered ring can be estimated. In Table 6, we
present heats of formation calculated in this manner from experimental
heats of formation for molecules with one and two heavy atoms from
Table 4 and our theoretical bond separation energies from Table 1. The

Table 6. Calculated and experimental heats of formation (AHy (298 °K), kcal/mol)

Molecule 6-31G* 6-31G*1) Expt.
(corr.)

Cyclopropane (7) 19.2 11 12.72)
Cyclopropene (2) 76.1 68 66.62)
Aziridine (7) 37.9 30 30.23)
2-Azirine (70) 111.8 104

Oxirane (73) —3.4 —12 —12.63)
Oxirene (75) 83.2 75

Diaziridine (frans) (77) 66.2 58

3 H-Diazirine (78) 89.8 82 79.32)
Oxaziridine (22) 39.7 32

Dioxirane (25) 15.7 8

Triaziridine (tvans) (27) 109.8 102

Triazirine (28) 132.8 125

Oxadiaziridine (frans) (29) 93.3 85

Oxadiazirine (30) 113.6 105

Dioxaziridine (37) 86.6 78

Trioxirane (32) 85.3 77

1) Empirically corrected values (see Section VI of text).
2) From Ref. 26),
3) From Ref. 25).
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first column lists heats of formation calculated using 6-31G* bond
separation energies assuming that these values are applicable at 298 °K.
However, as we noted in Section V.2, the calculated bond separation
energies refer to heats of reaction at 0 °K with stationary nuclei. We
found, in the first place, a systematic difference (4.2 40.5 kcal/mol)
between experimental bond separation energies under these conditions
and values at 298 °K. In addition, we found that the calculated bond
separation energies, even at the 6-31G* level were uniformly too negative
by 4.0 +1.3 kcal/mol. Although there is not really sufficient exper-
imental data to make a very reliable assessment of the magnitude of
these errors, we do believe they are systematic rather than random. We
therefore include in Table 6, an additional set of theoretical heats of
formation corresponding to the original 6-31G* values empirically cor-
rected by 8.2 kcal/mol. We consider that these are better than the
uncorrected estimates of the heats of formation.

VII. Discussion of Individual Three-Membered Ring Molecules

In the previous sections, we have compared our theoretical results with
experiment in the few cases where experimental information is available.
This provides the background now for a discussion of the individual
molecules, many of which are not well-characterized experimentally.

1. CzHg Cyclopropane (7)

Cyclopropane is known to have a symmetrical Dgy, structure with the
three carbon atoms at the vertices of an equilateral triangle. Qur results
on the STO-3G geometry, which have already been published 8 are in
close agreement with the experimental structure (see Fig. 1). The C—C
lengths are found to be shorterthan in acyclicalkanes and the HCH angles
to be opened up beyond the tetrahedral value. There have been a large
number of previous studies of cyclopropane using ab #nifio molecular
orbital theory.12,27-42) The geometry studies that have been reported
have given results similar to ours. Preuss and Diercksen,2? using a
smaller gaussian basis found 1.54 A for the C—C length in a partial geom-
etry optimization. Frost and Rouse 28 made a complete study (assum-
ing D3y symmetry) using floating spherical gaussian orbitals and found
a structure similar to ours. Buenker and Peyerimhoff 29 varied one
CCC angle to reduce the symmetry to Cg, (assuming values for other
parameters). They found an apparent minimum corresponding to a CCC
angle of 63.5°, deviating slightly from the generally assumed Dgp sym-
metry. However, more detailed calculations with the STO-3G basis yield
no evidence of such a distortion.®
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It is generally considered that cyclopropane, along with other three-
membered rings, is destabilized by ring strain. The (negative) energy of
the bond separation reaction

1
CHg CHy-CHy + 3CHy —> 3CHs-CHjy

which compares the energy of C—C bonds in cyclopropane with separated
C—C bonds as in ethane is largely a measure of the ring strain although
other factors such as the stabilizing effect of adjacent C—C bonds un-
doubtedly contribute. Experimental values of the bond separation energy
for cyclopropane are — 18.5 kcal/mol at 0°K or — 23.5 kcal/mol
after correction for zero-point vibrations. The calculated bond separation
energies approach this value as the basis set is improved (STO-3G —
4-31G - 6-31G*, see Table 5) but there remains a small residual error.

The energy of cyclopropane may also be compared with that of its
more stable open-chain isomer, propene. The relative energy is 7.3
kcal/mol calculated using experimental heats of formation at 0°K
(7.4 kcal/mol after zero-point correction). Calculated values of this
energy difference are — 3.7 kcal/mol (STO-3G), + 18.2 kcal/mol
(4-31G) and + 7.8 kcal/mol (6-31G*). The STO-3G result is clearly
unsatisfactory. It seems to be characteristic of a general deficiency of
the isotropic minimal basis which gives a better description of single
than multiple bonds. According to the 4-31G extended sp basis, the
difference is positive but is too large. The same is found using the 6-31G
basis with improved inner shells. However, the addition of d-functions
to the basis (6-31G - 6-31G*) preferentially lowers the energy of the
ring compound and the final energy difference is in good agreement with
experiment.15)

2. CsH,4 Cyclopropene (2)

Cyclopropene is known to be a symmetrical (Cgy) molecule with an
isoceles triangular carbon framework. The STO-3G structure (assuming
Cay symmetry) has already been published.® The calculated length for
the C=C bond is too short (see Fig. 1} as is also found for ethylene. How-
ever, both theory and experiment show a shortening of about 0.03 A
in going from ethylene to cyclopropene. The theoretical C—C bonds are
also somewhat too short but the shape of the CCC triangle is given well
(the calculated CCC angle at the apex is 50.7° vs. 50.8° experimentally).
Peyerimhoff and Buenker 42) have found a value of 53.4° for this angle
assuming values for all other parameters.

The bond separation energy for cyclopropene is considerably more
negative than for cyclopropane suggesting increased strain energy. This

20



Structures and Stabilities of Three-Membered Rings

is presumably associated with the greater distortion of the CCC angles
from the values in corresponding acyclic compounds. Again, the theory
reproduces the bond separation energy moderately well at the 6-31G*
level, 159 but there is a residual error of about 5§ kcal/mol. The energies
of cyclopropene relative to the open-chain isomers propyne and allene
are listed in Table 7. The theoretical results show features similar to

Table 7. Relative energies (kcal/mol) for CgH, isomers

Molecule PB1) C?) STO-3G3) 4-31G3) 6-31G3) 6-31G*4) Expt.5)
Propyne 0 0 0 0 0 0 0
Allene —1.7 17.1 0.8 0.4 1.7 2.1
Cyclopropene 34.0 37.0 30.0 36.4 35.2 25.4 22.3
Cyclopropylidene 58.8 72.9 61.2

1) Experimental geometries, Ref. 42),

2) Experimental geometries, Ref. 30),

3) STO-3G optimized geometries, Ref. 8,
4) STO-3G optimized geometries, Ref. 19,
5) As summarized in Ref. 8.

the CsHg compounds. The sp basis (4-31G) leads to values for the energy
of cyclopropene which are relatively too high, but this is largely corrected
by addition of d-functions.

A previous study of the charge distribution in cyclopropene using
the 6-31G basis set suggested that m-electrons are withdrawn from the
double bond into the methylene group.® This led to a theoretical dipole
moment with its negative end at the CHy group and the following =-
orbital populations

Ha
C
VRN
HC=—=—=CH
0.970 0.970 #calc.

Addition of d-functions with the 8-31G* basis does not alter the sense
of this moment. The magnitude of the theoretical dipole with this basis is
0.57 debyes which is in reasonable agreement with the experimental
value 2V of 0.45 debyes. Similar results were obtained by other ab instio
studies 12,30,31,34-36,38,43-46) and some of these are listed in Table 8.

The theoretical polarity of cyclopropene is the reverse of the usual
polarity involving the interaction of saturated and unsaturated hydro-
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Table 8. Energies and dipole moments for cyclopropene

Authors Energy Dipole moment  Ref.
(hartrees) (debyes)

Clark —114.7725 0.48 30)
André et al. —115.2714 0.58 45)
Bonaccorsi ef al. -—-115.4973 0.34 35)
Kochanski and Lehn —115.7572 0.47 36)
Peyerimhoff and Buenker —115.7635 — 43)
Robin et -al. —115.7655 0.36 44
This work (6-31G*) —115.8229 0.57

Expt. — 0.45 21

carbon fragments. Its origin can be understood qualitatively by noting
that the empty antibonding =* orbital associated with the C=C group
is of as symmetry (point group Cgy) and is therefore not available to
accept electrons from the m-like orbitals of the CHg group which all have
bg symmetry. The only electron transfer that can occur (within the va-
lence orbital framework), therefore, is from the occupied bonding =
orbital of C=C (symmetry &) to the antibonding orbitals of the CH,
group. This appears to be the main effect giving rise to the theoretical
dipole. Benson and Flygare 47 have found the opposite dipole direction
in cyclopropene from the experimental g values. This discrepancy be-
tween theory and experiment is unresolved at the present time.

3. C3H4 Cyclopropylidene (3)

/ &30
HEH = 113.8° 1.08t

\\\\\\ /////
W p ////
H\\ 53.0 //

This is the other possible cyclic isomer of CsHy4 and may be considered
as a cyclic carbene. Only the singlet state has been considered, although
it is possible that an associated triplet state may be lower in energy.
Coyp symmetry was assumed in the structure determination. The cyclo-
propylidene skeleton is rather similar to that of cyclopropane, from which
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cyclopropylidene can be formally derived by abstraction of two geminal
hydrogen atoms. There is a slight reduction in the CCC angle at the car-
bene center.

The energy studies suggest that this isomer is less stable than cyclo-
propene (by 37 kcal/mol according to the 6-31G* basis). It is 61 kcal/
mol less stable than allene, to which it may be transformed by simple
cleavage of a C—C bond. The path of such a ring-opening would involve
lowering the symmetry from Cj, and has not been investigated.48

The calculated dipole moment of cyclopropylidene is moderately
large (2.13D with 6-31G*) reflecting donation of electrons from the
pseudo-z system of the CHy groups to the formally vacant 2p-orbital
at the carbene center. The 2p-electron population (4-31G) at :C is 0.051
compared with 0.047 in ethylidene (CH3CH).

4. CgHjy Cyclopropenylidene (4)

/s

/47 pe  1.314 \078

4

This molecule can be considered as a carbon-carbon double bond inter-
acting with a carbene center. In the singlet state the carbene m-orbital
is formally vacant, so there is a total of two n-electrons. This may be
expected to lead to a stabilized aromatic-type of molecule 49, isoelectronic
with the symmetrical cyclopropenyl cation C3Hj. In our study we deter-
mined the geometry assuming that the molecule is planar with Cay
symmetry. The aromatic character of the molecule is evidenced by a
considerable shortening of the C—C single bonds (1.442 A vs. 1.537 A
in the STO-3G structure for ethylidene) and a slight lengthening of the
C=C double bond (1.314 A »s. 1.277 A in cyclopropene).

The energy of cyclopropenylidene is quite low. If we consider the
energy of the formal reaction

c + 3CHy —> 2CH3—CH -+ CHy=CHjy
RN
HC=—CH
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which compares similar bonds in separate molecules, the 6-31G* basis
predicts a value of + 5.5 kcal/mol. The positive value indicates the
stabilization due to aromatic character more than offsets the large strain
energy inherent in the three-membered ring. In fact, a more extensive
study of CgHz isomers 30 indicatesthat cyclopropenylidene has an energy
very similar to that of propadienylidene (4-31G) and that these are the
most stable structures for CgHg. It is likely that preferential stabili-
zation of the cyclic structure will lead to cyclopropenylidene representing
the lowest energy isomer on the 6-31G* singlet potential surface for
CsHo.

The electron distribution also shows evidence of aromatic character.
The m-electron population of the carbene carbon is 0.362 (with the
4-31G basis) indicating moderate delocalization from the carbon-carbon
double bond. This electron transfer also contributes to a substantial
dipole moment (3.35 D with 6-31G*) with the carbene center at the
negative end.

5. CgH; Cyclopropyne (5)

HEH=111.00 ’§ 1108
Cc
1544
= c
1.239
5

This is the other cyclic isomer of CgH . It is expected to be highly strained
because of severe angular distortion from the normal linear —C= geom-
etry. The structure was determined assuming Cay symmetry and leads
to a triple bond slightly longer than normal. The energy is found to be
88 kcal/mol higher than that of cyclopropenylidene (with 4-31G). The
bond separation energy is — 150 kcal/mol indicating very high strain.
In view of this considerable instability, it is possible that the ring may
open spontaneously to CHa;=C=C: by loewering the symmetry from Cg,.
The transformation has not been investigated in detail but the energy of
CHy=C=C: is found to be 89 kcal/mol lower than that of cyclopropyne
(4-31G).59

Cyclopropyne has a dipole moment in the same direction as cyclo-
propene but the magnitude of the moment is substantially larger
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(294D vs. 0.56 D with 4-31G). The calculated m-orbital populations
(4-31G) are
Hp
/N
C=C
0.955 0.955 eale.

The dipole moment direction in cyclopropyne again is the reverse of
that normally associated witha saturated hydrocarbon fragment attached
to a triple bond (e.g. propyne).

6. C3 Cyclopropynylidene (6)

6
/Ym
===

1.288
6

This species is a cyclic form of Cg and may be considered as the inter-
action between a triple bond and a carbene center. We assumed Cg, sym-
metry and obtained the local optimum geometry. This shows a length-
ening of the triple bond and a shortening of the single bonds compared
with cyclopropyne.

Although cyclopropynylidene is a local minimum in the Cs surface
if Cop symmetry is maintained, it collapses to the linear structure,
propadienediylidene (:C=C=C:) when the symmetry is lowered to Cj.
Thus, cyclopropynylidene is not a stable isomer of Cg. The open structure
is found to be lower in energy by 69.3 kcal/mol (4-31G).5D The con-
version of cyclopropynylidene to propadienediylidene proceeds via
structures of C; symmetry, ¢.e. the C—C single bond rather than the
C=C triple bond is broken, as would be expected.

7. CoNH; Aziridine (7)

Aziridine, CHo;NHCH,, by analogy with open-chain saturated com-
pounds, is expected to have a non-planar geometry for the bonds from
nitrogen. This leads to a structure with a single reflection plane (Cs
symmetry). In the present study, this symmetry was imposed and all
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remaining parameters optimized. The theoretical structure obtained is
compared with the experimental one in Fig. 1 and shows generally good
agreement. The angle between the N—H bond and the ring plane is
calculated to be 69.7° compared to the experimental value 22 of 67.5°
and other theoretical estimates 30,53) of 61° and 64°. It is interesting to
note that the corresponding angle in ammonia (between N—H and the
remaining NH, plane) is 66.4° (STO-3G) and 61.2° (experimental). Thus
there is an increase in the deviation from planarity when the nitrogen is
incorporated in the three-membered ring. Another feature of the exper-
imental structure which is reproduced by the theory is a slight tilting of
the methylene groups with the methylene hydrogens cis to N—H moving
inwards.

Associated with the greater deviation from nitrogen planarity
(compared to ammonia) is an increase in the barrier to inversion. We
have not made a study of the Cg, form (with planar nitrogen) but previous
theoretical calculations 30,53.54) Jead to estimates in the range 15.5—
18.3 kcal/mol. Experimental values of inversion barriers in simple
substituted aziridines 55 are in the range 18-21 kcal/mol. For com-
parison, the experimental inversion barrier in ammonia 53 is 5.8 kcal/
mol.

The heat of formation of aziridine is known, so it is possible to obtain
an experimental bond separation energy. This is negative (— 19.3 kcal/
mol after correction for zero-point vibrations) suggesting some strain
but rather less than in cyclopropane. Again, this bond separation energy
is fairly well described (Table 5) at the 6-31G* level.

According to both the 4-81G and 6-31G* basis sets, 56.57 aziridine is
less stable than its open chain isomers, acetaldimine (CHs—CH=NH),
vinylamine (CHy=CH—NH ) and N-methylformaldimine (CH;=N—CH3).

Table 9. Energies and dipole moments for aziridine

Authors Energy Dipole moment Ref.
(hartrees) (debyes)

Clark —131.8049 2.10 30)
Bonaccorsi ¢f al. —132.6582 1.77 35)
Lehn et al. —182.9491 2.31 53)
Basch ef al. —132.9726 2.40 39)
This work (6-31G*) —133.0352 2.09

Expt. — 1.89 61

At the 6-31G* level, acetaldimine is the most stable isomer of CoaNHgs
and it is 19.7 kcal/mol-1 lower in energy than aziridine.5?
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Aziridine has been examined in a number of previous ab initio
molecular orbital studies.39,31,34,35,38,39,53,54,59,60) Energies and dipole
moments from some of these are compared with our results and with
experiment 61) in Table 9. The theoretical dipole moments are all some-
what higher than the experimental value except for the result obtained
by Bonaccorsi, Scrocco and Tomasi 3% with a minimal Slater basis. The
latter (1.77D) is quite close to our STO-3G value (1.82D, Table 2).

8. CoNHj 1-Azirine” (8) and 2-Azirine (10)

H
1. 055 Hilpl = 72,10

52/ \'2 1.513
HCH=1‘I45° 142.1°
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There are two possible isomeric azirines, 1-azirine (8) with a C=N bond
and 2-azirine (70) with a C=C bond. They have been previously discussed
in some detail by Clark.30.38) Experimentally, only derivatives of
l-azirine are known 62 but, even for these, no structural or thermo-
chemical data are available. For l-azirine, we have assumed that the
heavy-atom plane is a reflection plane giving overall Cg; symmetry. The
structure thus obtained shows a C—C bond somewhat shorter and a
C—N bond somewhat longer than in acyclic molecules. For 2-azirine,
we have permitted non-planarity at the nitrogen leading to Cs symmetry.
The C—N bond is again found to be slightly lengthened while the C=C
bond is a little shorter than in cyclopropene. In addition, the angle
between the N—H bond and the ring plane is 72.1°, somewhat greater
than in aziridine. Clark 39 found a similar effect which he attributed to
the instability of 2-azirine in its planar form because of the antiaromatic
character of its four n-electrons.

We have not made a calculation of the inversion barrier in 2-azirine.
Clark 30 obtained 35 kcal/mol for this (vs. 15.5 kcal/mol in aziridine),
again presumably because of the antiaromatic effect in the planar struc-
ture. Comparison of the two isomers shows that the energy of 1-azirine
is 40.5 kcal/mol less than 2-azirine (using 6-31G*). Clark 3% obtained
27 kcal/mol for this difference. The very negative bond separation
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energy (Table 1) suggests that 2-azirine is unstable both because of ring
strain and its unfavorable s-electron structure.

The most stable form of CsNHj is acetonitrile. According to the
6-31G* basis, the l-azirine isomer is 55.7 kcal/mol less stable than
this.3? Clark 30 has obtained 70.8 kcal/mol for this energy difference.

The dipole moments of neither 1l-azirine nor 2-azirine are known
experimentally. However, our values (2.56D and 2.51D, respectively,
with 6-31G*) are quite close to the previous theoretical values obtained
by Clark 30 (2.40D and 2.50D).

9. C:NHj3 Aziridinylidene (9)
' H

1 ozo
143 4°

1:7 1.426
HCH = 114.4°

C ////,,/1086
% sr.00 "’/H '
H>
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This third cyclic isomer of C3NHg can be formally derived from aziridine
(7) by abstraction of a pair of geminal hydrogens, giving a cyclic singlet
carbene. However, the structure obtained shows marked differences
from aziridine. Thus, the N—H bond is found to lie in the ring plane
(giving the molecule C; symmetry) and the :C—N bond is short (1.315 A).
This bond presumably acquires double bond character by virtue of
conjugation between the nitrogen lone pair electrons and the formally
vacant s-orbital at the carbene center. The :C—C bond is long (1.575 A),
longer than in ethylidene (1.537 A). Energetically, aziridinylidene is
predicted (by 4-31G) to lie between 1-azirine and 2-azirine.

10. C;NH Aczirinylidene (77)

1. % \52
rosy,
H 8.8

T s
17
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Abstraction of two methylene hydrogens in 1-azirine (8) leads to azirinyl-
idene, which is a cyclic isomer of CoNH with a C—H bond. A planar
structure was assumed and it was found that the molecular orbital
configuration involved two z-electrons giving the system some aromatic
character. Donation of the n-electrons of the C=N bond into the vacant
2p= orbital at the carbene center leads to short C—C: and N—C: bonds
and a slight lengthening of the C=N bond. However, this donation of
a-electrons from C=N to C: is apparently not as effective as the corre-
sponding interaction in aziridinylidene. This is reflected in the calculated
N—C: lengths: 1.452 in azirinylidene compared to 3.315 in aziridinyl-
idene (9).

Azirinylidene is calculated to be the most stable cyclic isomer of
C2NH. By analogy with the isoelectronic hydrocarbon cyclopropenyl-
idene (4), it is possibly more stable than open chain forms. However, no
theoretical studies have been made of these and experimental data appear
to be lacking.

11. C;NH Aziridinediylidene (72)

H
1.029

N
{———¢C:

1.562

12

The other cyclic isomer of CoNH with hydrogen attached to nitrogen
may be obtained formally by replacement of the methylene group in
cyclopropyne by NH. This would give a species with a C=C bond.
However, further changes in electronic structure are found leading to a
system with only two z-electrons. This may be more correctly described
as a dicarbene, aziridinediylidene (72). C, symmetry was assumed (al-
lowing for a non-planar nitrogen), but minimum energy was found with
the N—H bond in the plane of the ring (Cap symmetry). Substantial
n-electron donation then takes place from N into the formally vacant
2px orbitals on the carbon atoms. The gross # populations on these carbon
atoms are 0.272 (4-31G). At the same time the C—N bonds achieve some
double bond character and shorten to 1.356 A, while the bond between
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the two carbene centers is quite long (1.562 A). However, in spite of the
favorable m-electron arrangement, this isomer is predicted to be 27
kcal/mol less stable than azirinylidene (77). -

12. C,OH, Oxirane (73)

Oxirane is the simplest cyclic ether and is well characterized experi-
mentally. In the STO-3G geometry determination, we have assumed Cg,

O
/ \ Oxirane
HoC— CHg

symmetry, leading to the structure which is compared with the experi-
mental one in Fig. 1 with moderate success. It is noteworthy that the
C—C lengths in the series cyclopropane (7), aziridine (7), oxirane (73)
decrease monotonically both theoretically (1.502, 1.491, 1.483 A) and
experimentally (1.510, 1.481, 1.471 A). The C—O lengths in oxirane
are normal.

From the known heat of formation, the bond separation energy of
oxirane can be obtained. This is — 14.0 kcal/mol after zero-point
correction and is partly a measure of the ring strain. By this criterion,
there is a steady reduction in strain energy from cyclopropane to aziridine
to oxirane. This trend is reproduced by the theory at the 6-31G* level
(Table 5). However, even with d-functions included, the theoretical
value for oxirane is still about 5§ kcal/mol too negative.

The most stable open-chain isomer of CoOHy is acetaldehyde. The
energy of oxirane relative to acetaldehyde is 27.6 kcal/mol, calculated
using experimental heats of formation at 0°K (25.7 kcal/mol after
zero-point correction). Theoretical values 58.57 of this energy difference
are 37.8 kcal/mol (4-31G) and 30.3 kcal/mol (6-31G*). Again it is
found that addition of d-functions to the basis preferentially stabilizes
the cyclic isomer, leading to improved agreement for the relative energies.

Table 10. Energies and dipole moments for oxirene

Authors Energy Dipole moment Ref.
(hartrees) (debyes)

Clark —151.3951 2.35 30)

Bonaccorsi et al. —152.3688 1.19 35

Basch et al. —152.8012 2.82 39)

This work (6-31G*) —152.8646 2.43

Expt. — 1.89 64)
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There have been several previous ab initio molecular orbital studies
of oxirane using the experimental geometry.30,31,34,85,38,39,63) These
have been mostly concerned with ionization potentials and first order
properties such as multipole moments. Some details are given in Table
10. As with aziridine, all the theoretical dipole moments except those
calculated with the minimal Slater basis 35 are higher than the experi-
mental value.84

13, CyOH, Oxiranylidene (74

1.442 1.326

HCH =115.8°

The most stable cyclic form of CoOHy is predicted to be oxiranylidene
(74) which is a singlet carbene formally obtained by abstraction of two
geminal hydrogens from oxirane (73). It was assumed that the heavy
atoms formed a reflection plane, giving overall Cs symmetry. The result-
ing structure differs from oxirane principally by a marked shortening of
the O—C: bond to the carbene center (1.433 A to 1.826 A). This is to be
expected by virtue of n-electron donation from the oxygen lone pair
into the formally vacant carbene 2pz orbital giving some double bond
character. At the same time there is a slight lengthening of the C—C
bond. These effects are very similar to those predicted for the nitrogen
analog azirinylidene (77).

The most stable open chain isomer of: CoOHj is ketene, which is
predicted to be about 80 kcal/mol more stable (4-31G) 39 than oxiranyl-
idene. Since this much lower energy can be achieved by simple cleavage
of a C—O bond, it is possible that oxiranylidene may open to ketene

with little activation.
[0}
C ===

/58.3" 1.260 \‘075
H

H

14. C2,OH; Oxirene (75)

15
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Oxirene (75) is the other possible cyclic isomer of C2OHs. It involves the
interaction of an oxygen n-lone pair with a carbon-carbon double bond.
However, if the molecule has Cg, symmetry, this is an unfavorable
interaction since delocalization from O to C=C cannot take place, the
vacant n* orbital of C=C having the wrong symmetry (). This situation
is similar to cyclopropene where we have already noted that hyper-
conjugation is inhibited for the same reason. In the STO-3G structure,
we have maintained Cj3, symmetry and the lack of zm-electron delocali-
zation is shown up in the long C—O bonds (1.491 A compared with 1.433 A
in methanol). The C—C bond is somewhat shorter than in cyclopropene.

Energetically, oxirene is found to be less stable than the oxiranylidene
isomer (with 4-31G). Its low stability is also indicated by the very negative
bond separation energy (Table 1) which reflects the unfavorable (anti-
aromatic) m-structure as well as the o-bond strain. The total energy of
oxirene is predicted at the 6-31G* level to lie 89.3 kcal/mol above that
of ketene.%? Clark, 39:38) in an earlier study of oxirene with a smaller
basis also obtained a large value for this exothermicity (102.6 kcal/mol).
Our calculated dipole moment (2.96D with 6-31G*) is slightly higher
than the value (2.60D) obtained by Clark.30

15. C;0 Oxiranediylidene (76)

[0}
:C—————C:

1.537
16

Replacement of the methylene group in cyclopropyne by oxygen leads
to changes in electronic structure similar to those already noted for
aziridinediylidene (72). The lowest energy electronic configuration has
only two z-electrons and corresponds to the dicarbene oxiranediylidene
(76) rather than the triply bonded species (which would have four
a-electrons). There is then transfer of a-electrons from oxygen to the
formally vacant 2pz orbitals on the carbene centers. In the STO-3G
structure, Cgy symmetry was assumed and this n-electron donation (and
associated partial double bond character) is reflected in short C—0 bonds
(1.361 A). Oxiranediylidene is isomeric with ketenylidene (:C=C=0)
and is found to be 51.4 kcal/mol less stable than the latter (4-81G).51
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16. CN;H, Diaziridine (77)
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Although the parent molecule is not known, many derivatives of
diaziridine have been studied experimentally and their chemistry has
been reviewed. 6% Since the nitrogen valencies are non-planar, diaziridine
may exist in trans (77 A) and cis (77B) forms. Assumed symmetries were
Cq and C; respectively. The STO-3G geometries show nearly equilateral
triangles with N—N bonds slightly longer than in hydrazine (1.483 A
and 1.488 A vs. 1.459 & for the STO-3G length in hydrazine).

The calculations predict that frans-diaziridine is more stable than the
cis isomer by 7.8 kcal/mol (4-31G). This difference is close to a previous
theoretical estimate of 7.1 kcal/mol by Bonaccorsi, Scrocco and
Tomasi 68 who used assumed geometries and a minimal Slater basis.
The lower energy for the frans form can be attributed partly to the more
favorable interaction between nitrogen lone pair dipoles. The theoretical
bond separation energies (Table 1) at the 6-31G* level are slightly less
negative than the values for cyclopropane and aziridine.

According to the 6-31G* basis, diaziridine is substantially less stable
than the open chain isomer formamidine, NH,—CH=NH. The calculated
energy difference 57 is 43.5 kcal/mol (6-31G*).

The dipole moments of neither the frams nor the cis isomer are
known experimentally. Our value for the frans form (1.72D with 6-31G*)
may be compared with other theoretical estimates 39:66) of 0.67D and
1.41D.

17. CN:H; 3 H-Diazitine (78) and 1 H-Diazirine (79)

We have examined both isomeric diazirines, 8 H-diazirine with an N=N
bond and 1 H-diazirine with a C=N bond. 8 H-diazirine is known and
its structure has been determined by microwave spectroscopy.24 In the
STO-3G determination we have assumed Cgy symmetry, leading to the
structure compared with experiment in Fig. 1. The N=N bondlength is
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overestimated by about 0.04 A, but this deficiency was also found for
the N=N length in diimide (see Table 4). For 1 H-diazirine, the molecule
has no symmetry. The structure is characterized by a long N—N bond
and an N—H bond which makes an angle of 73.2° with the ring plane,
somewhat larger than in the diaziridines (77). This large angle may be
due to the instability of the planar form which has an antiaromatic
arrangement of four m-electrons.

The theory at the 6-31G* level predicts that 3 H-diazirine (78) is
more stable than the 1 H-isomer (79) by 27.9 kcal/mol. The bond
separation energy (both calculated and experimental) for 3 H-diazirine
is surprisingly small. Thus the 6-31G* value is — 10.7 kcal/mol, sub-
stantially smaller than the corresponding value (—50.4 kcal/mol)
for cyclopropene, which might be expected to have comparable strain
energy. It seems that there is a strong stabilizing interaction between
the CH; group and the N=N double bond in 3 H-diazirine.

The most stable isomer of CNgoHjy is predicted to be cyanamide,
NHy—C=N, according to the 6-31G* basis.5? 3 H-diazirine is predicted
to be 50.0 kcal/mol less stable. There have been a number of previous
ab initio molecular orbital calculations on 3 H-diazirine.33,36,44 These
are listed in Table 11 together with calculated energies and dipole mo-
ments.

Table 11. Energies and dipole moments for 3 H-diazirine

Authors Energy Dipole moment Ref.
(hartrees) (debyes)

Bonaccorsi et al. —147.3772 1.29 35)

Kochanski and Lehn —147.6980 2.47 36)

Robin et al. —147.7287 2.34 49

This work (6-31G*) —147.8256 2.11

Expt. — 1.59 24
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18. CNyH; Diaziridinylidene (20)
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This is the other possible cyclic isomer of CNgHs, formed formally by
removal of the two methylene hydrogens of diaziridine to give a singlet
carbene structure. As with diaziridine, both c¢is and #rans forms are
possible, with Cs and Cy symmetries respectively. The STO-3G structures
both show hydrogens significantly out of the ring plane. Donation of
n-electrons from the nitrogens into the vacant 2px carbon orbital should
increase the planar tendency. On the other hand, the system does have
an unfavorable four z-electron arrangement in the planar form.

The 4-31G calculations show that the #rans isomer is more stable
than the c¢is by 7.7 kcal/mol. However, both are much less stable than
3 H-diazirine (by 41.9 kcal/mol for trans-diaziridinylidene).

19. CN; Diazirinylidene (27)

/N

1 324

21

The cyclic form of CNy can be obtained formally by abstraction of two
methylene hydrogens in 3 H-diazirine. This gives a singlet carbene
structure symmetrically connected to an N=N bond and an aromatic
system with two m-electrons. However, the energy is substantially higher
(by 48.7 kcal/mol with 4-31G) than the lowest singlet of the open form
NCN (cyanonitrene) which is linear with D oop symmetry.51)
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20. CNOHg3 Oxaziridine (22)
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Only derivatives of oxaziridine are known experimentally 65 and there
is therefore no experimental structure. The STO-3G geometry has no

O\

H,C—NH

Oxaziridine

element of symmetry. Notable features are a large angle (72.3°) between
the N—H bond and the plane of the ring (c¢f. 69.7° in aziridine) and a
twist of the CH; plane 1.5° away from the position perpendicular to the
ring. Lehn, Munsch, Millie and Veillard 53 estimated the out-of-plane
angle for N—H as 67.5° and also obtained an inversion barrier of 82.4
kcal/mol. Both these values are larger than their corresponding values
for aziridine.

Oxaziridine is very much less stable than its open chain isomer,
formamide. According to the 6-31G* basis 37, the energy difference is
76.9 kcal/mol. There have been several previous ab initio calculations
on oxaziridine using assumed geometries.53,59,60,66,87) The energies and
dipole moments for these are listed in Table 12.

Table 12. Energies and dipole moments for oxaziridine

Authors Energy Dipole moment Ref.
(hartrees) (debyes)

Bonaccorsi et al. —168.2672 2.11 66)

Lehn et al. —168.6982 3.37 53)

Robb and Csizmadia —168.734 3.51 67

This work (6-31G*) —168.8032 3.03
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21. CNOH Oxazirine (23)
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Oxazirine is predicted to be the most stable cyclic form of CNOH. Its
m-electron structure involves an oxygen lone pair interacting with a C=N
bond. This gives a four-electron antiaromatic arrangement. In the
STO-3G geometry optimization procedure, the molecule was allowed to
be non-planar, but the planar structure (Cs symmetry) was found to have
lowest energy. The resulting geometry shows a somewhat distorted tri-
angle with an exceptionally long N—O bond (1.544 A). This distortion
probably reduces the antiaromatic character, permitting more effective
delocalization of oxygen z-electrons.

The bond separation energy is quite negative (— 37.9 kcal/mol
with 6-31G*), but less so than other antiaromatic molecules such as
oxirene. This may partly be due to the distortion of the triangle noted
above and also to a stabilizing interaction between the polar bonds. The
total energy of oxazirine is predicted (by 6-31G*) to lie 97.3 kcal/mol
above that of the most stable HCNO isomer, isocyanic acid.5?

22. CNOH Oxaziridinylidene (24)

~
HNpI= 72.8¢

1.497

The other possible cyclic isomer of CNOH is obtained by removing the
two methylene hydrogens of oxaziridine to give a carbene structure,
oxaziridinylidene. This molecule would have four z-electrons in a planar
structure. In fact, the N—H bond is found to be bent quite strongly
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(72.8°) out of the ring plane, which is consistent with our results for
related molecules. The C—O bond is very short (1.326 A) indicating
considerable double bond character and reflecting a-electron donation
from oxygen to :C. On the other hand, the C—N bond (1.497 A) is slightly
longer than in methylamine (1.474 A) suggesting that w-electron donation
from nitrogen to :C is considerably less important. Oxaziridinylidene
is found to be 20.4 kcal/mol higher in energy than oxazirine (4-31G).

23, CO,H, Dioxirane (25)

A
HCH=115.5°
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The cyclic peroxide, dioxirane, was assumed to have Cj, symmetry.
The calculated O—O bond length is slightly longer than in hydrogen
peroxide and may be underestimated since the STO-3G basis set under-
estimates this bond length in hydrogen peroxide. The bond separation
energy is relatively small, —10.7 kcal/mol with the 6-81G* flasis. This
is probably due in part to the stabilizing interaction of adjacent polar
bonds. For example, for the related acyclic molecule, methane diol, the
stabilizing interaction between the two C—O bonds amounts to 15.5
kcal/mol (experimental).13) Dioxirane is isomeric with formic acid and
has an energy 98.4 kcal/mol higher than the latter (6-31G*).57 Although
it represents the simplest cyclic organic peroxide, it is not known experi-
mentally at present.88)

24. CO; Dioxiranylidene (26)
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The geometry of this molecule was obtained assuming Cgy, symmetry.
The calculated C—O bond lengths (1.374 A) are considerably shorter
than in dioxirane (1.424 A) though not as short as in hydroxymethylidene
(1.331 A) reflecting the extensive delocalization of the oxygen lone pairs
into the vacant 2p orbital at :C. The carbon 2p electron populations in
dioxiranylidene and hydroxymethylidene are 0.225 and 0.227 respec-
tively (4-31G). Dioxiranylidene is an isomer of carbon dioxide and is
calculated to be 161.3 kcal/mol less stable than the latter (4-31G).5D
If this is correct, dioxiranylidene would be unstable relative to CO 4 O.

25. NgHj3 Triaziridine (27)
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This molecule may exist as trans (27 A) and cis (27B) isomers and the
theoretical geometries of these were obtained assuming C; and Cg,
symmetries, respectively. The calculated geometries are quite similar to
those obtained for the isoelectronic diaziridines (77).

The trans isomer is 17.0 kcal/mol more stable than the cis (4-31G),
somewhat higher than the cis-frans energy difference in the diaziridines.
The calculated bond separation energy for the frans isomer at the 6-31G*
level is only — 8.3 kcal/mol. This suggests that there is a stabilizing
interaction between the polar bonds which partially offsets the strain
energy in the molecule. Such interactions have previously been noted to
occur in corresponding acyclic molecules.13) Triaziridine is predicted to
be substantially less stable than its acyclic isomer, triazene NHo—N=NH.
The calculated energy difference is 40.3 kcal/mol (6-31G*).

26. NgH Triazirine (28)

The geometry of this molecule was calculated assuming C; symmetry.
Geometric features of interest include the N=N double bond which is
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slightly shorter than in 3 H-diazirine (78), and the long N—N single
bonds. The N—H bond is bent quite strongly (75.6°) out of the ring plane,
a result common to many of the nitrogen containing molecules which
would have four s-electrons in a planar structure. The calculated bond
separation energy is slightly less negative than for 3 H-diazirine.

27. NyOH; Oxadiaziridine (29)
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Both trans and cis isomers of oxadiziridine have been considered with
C3 and C,; symmetries, respectively. The #rans form (29A) is calculated
to be more stable by 8.9 kcal/mol (4-31G). There appear to be no
unusual structural features. In fact, comparison of the frans isomers in
the isoelectronic series diaziridine (77), triaziridine (27) and oxadiaziridine
(29) shows a smooth variation in calculated geometries and in calculated
bond separation energies. At the 6-31G* level, the most stable acylcic
isomer of composition NpOHj is hydroxydiimide, HO—N=NH. This
molecule is calculated to be 57.8 kcal/mol more stable than oxadiaziri-
dine.

28, N3O Oxadiazirine (30)

This molecule is the third member of the isoelectronic series 3 H-diazirine
(78), triazirine (28) and oxadiazirine (30). Its structure was determined
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0

1.505

1.237

30

assuming Cgp symmetry. A gradual shortening of the N=N bond length
in the series may be noted. Also, the calculated bond separation energies
become successively less negative. Oxadiazirine itself has four m-electrons,
two located on oxygen and two in the N=N double bond. Despite the
four m-electron structure and the strain inherent in the three-membered
ring, the bond separation energy is only — 2.2 kcal/mol. There must
clearly be a substantial stabilizing interaction between the adjacent
polar bonds in this structure. Oxadiazirine is isomeric with nitrous
oxide N=N=0 and is calculated to be 75.5 kcal/mol higher in energy
(4-31G).5D Peyerimhoff and Buenker 69 have studied the variation in
energy with valence angle of several configurations of nitrous oxide and
also found a low energy state corresponding to this cyclic structure.

29. NO;H Dioxaziridine (37)
FI

HNpl 737° 1.066

/N

1 410

31

The theoretical structure for this molecule was obtained assuming C,
symmetry. The angle between the N—H bond and the ring plane is
73.7°, somewhat larger than in aziridine (69.7°) and oxaziridine (72.3°).
Bond lengths are similar to those in related molecules. Dioxaziridine is
an isomer of nitrous acid, HO—N=0 and is calculated to be 84.3 kcal/mol
less stable than the latter (6-31G*).57
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30. O3 Trioxirane (32)

1.405

32

The structure of this molecule was initially determined assuming Dap
symmetry. The calculated STO-3G O—O bond length (1.405 A) is similar
to the corresponding value for hydrogen peroxide (1.396 &). However,
it is likely that both these values underestimate the actual O—O bond
lengths in these molecules (see Table 4). At the STO-3G level, distortions
from this D3y structure obtained by lowering the symmetry to Cg, lead
to an increase in calculated energy.

Trioxirane is a cyclic isomer of ozone but whereas trioxirane has six
n-electrons, ozone has only four. The relative positions of trioxirane and
ozone on the O3 potential surface are of some interest and we have
therefore carried out additional calculations in which the geometries of
both species were optimized with the 4-31G basis set. This basis set
gives more reasonable values of the O—O distances (1.468 A in hydrogen
peroxide 10 compared with the experimental value of 1.475 A, 1.476 A
in trioxirane, and 1.255 A in ozone compared with the experimental
value of 1.277 A). Using the 4-31G optimized geometries, ozone is cal-
culated to be 18.0 kcal/mol more stable than trioxirane at the 6-31G*
level. Distortions (Dgp - Cay) from the 4-31G optimized structure for
trioxirane lead to an increase in (4-31G) energy, ¢.e. the cyclic structure
is a local potential minimum in the 4-31G surface for O3 under a Cay
symmetry constraint.

Other theoretical studies of ozone and its excited states have been
previously reported and also indicate a relatively low lying state cor-
responding to a six m-electron cyclic structure.?®:71) In particular,
recent ab initio calculations using the generalized valence bond and con-
figuration interaction methods with a double zeta basis set, predict
that trioxirane lies about 35 kcal/mol higher in energy than ozone but
that it #s a potential minimum.?D

VIII. Conclusions

This survey has dealt with a large number of ring molecules of which
only a few are well characterized experimentally. Many of the results
are therefore of a predictive nature. However, from cases in which com-
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parison with experiment is possible and from the general theoretical
results of the study, the following conclusions emerge.

(1) Equilibrium geometries of three-membered ring molecules are rea-
sonably well reproduced at the STO-3G level. Deviations between
theoretical and experimental bond lengths and angles are comparable
to those for corresponding open chain molecules.

(2) Relative energies of isomeric closed and open structures are described
fairly accurately by single-determinant molecular orbital theory,
provided that the basis is large enough to include d-functions on the
heavy atoms. This suggests that changes in correlation energy may
make only small contributions to the total heats of cyclization
reactions.

The actual energy of a three-membered ring molecule is influenced
by (a) the destabilizing effect of ring-strain, (b) a z=-electron effect
which generally stabilizes systems with two n-electrons and destabili-
zes those with four, and (c) the stabilizing interaction of adjacent
polar bonds.

—
)
=
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I. Introduction

The cyclopropenium ion system (3C2x), being the characteristic frame-
work of cyclopropenium compounds, is of interest from the theoretical
viewpoints set out below.

1. This electronic system is the simplest Hiickel system in which 2=
electrons delocalize in the three orbitals of the ring carbons.

2. Usually organic molecules are constructed by linear ¢ bonds, and
these are the most common. However, the C—C bonds of the cyclo-
propenium system are bent ¢ bonds (see Fig. 1) which are character-
istic of small ring systems.

Fig. 1. Schematic drawing of the hybrid orbital of the cyclopropenium ion

3. Each ring carbon of this system has nonequivalent ¢ orbitals (one sp
and two sp3 orbitalsD as shown in Fig. 1) in contrast to the more
usual organic molecules in which the hybridization of ¢ orbitals is
equivalent. For instance, methane carbon has four equivalent sp3
orbitals and benzene-ring carbon has three equivalent sp? orbitals.

4. The electronic effect of substituents in this system is not always
normal. For instance, the trimethyl cyclopropenium ion (7) (pKr+
6.92) is more stable than the triphenylcyclopropenium ion (2)

(pK R+ 2.8 3) ,
CH; Ph
CH; E?H, Ph Ph
1 > 2

Stability
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This is in marked contrast to the usual carbonium ion where the
phenyl group stabilizes the carbonium ion much more than does the
methyl group. (¢.e. Ph3C+ is more stable than (CHg)sC+).

Since triphenylcyclopropenyl perchlorate was first synthesized by
Breslow in 1957, a number of substituted cyclopropenium compounds
as well as the parent cyclopropenium compound (1967) have been report-
ed.® But for the triheteroatom-substituted cyclopropenium compounds,
which seem to offer a good model for investigation of the physical and
chemical properties of the perturbed cyclopropenium system by hetero-
atoms, no compounds except the trihalocyclopropenium ion® were
known until 1968. Since the chemistry of tri-heteroatom-substituted
cyclopropenium compounds has very recently been under investigation
in our laboratory, some of our work will be described here.

II. Molecular Design of Heteroatom-Substituted Cyclopropenium
Compounds

To synthesize a new electronic system, tri-heteroatom-substituted
cyclopropenium, we thought it useful to examine beforehand the stability
of the proposed trisubstituted cyclopropenium system by quantum
mechanical methods (or, in other ways). A simple Hiickel molecular
orbital calculation for the tri-heteroatom-substituted cyclopropenium
cation (3) gave the results shown in Table 1, where g¢ and p¢_¢ denote
the x electron density on the ring carbon atom and the = bond order
between ring carbon atoms, respectively. ARE (additional resonance
energy) as the measure of stability of (3) is a value obtained as a resonance
energy difference between (34) and (35).

X X
I
B N
X X X7 *X
3a 3b

Table 1. z electron density, # bond order and additional resonance energy for the
tri-substituted cyclopropenium ion, obtained by HMO

X: H CHj OH NHj SH cl

qc 0.667 0.734 0.832 0.862 0.806 0.764
pe-c 0.667 0.633 0.584 0.569 0.592 0.618
ARE(—p) © 1.12 1.05 1.16 0.82 0.88
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Table 2. Total charge (T¢, Tx), 7 charge (Qc, Ox) and z bond order (pg-¢) for the
trisubstituted cyclopropenium ion, obtained by INDO

X: H CHj OH NH,

Te + 0.1284 + 0.1587 +0.2181 + 0.1926
Qc +0.333 + 0.3104 + 0.2066 + 0.1436
bo-c 0.6667 0.6516 0.6091 0.5718
Tx + 0.20489 — 0.0409 + 0.0756 — 0.3468
0x - + 0.0054 + 0.1152 + 0.1897

As is seen in Table 2, INDO calculation® for the tri-X-substituted
cyclopropenium ion (X=H, CHs, NHy, OH) gives similar results
to HMO calculation on & charge distribution and # bond order. Both
the HMO and INDO data suggest that triaminocyclo-propenium ion,
if obtained, will be significantly stable amoung the tri-heteroatom-
substituted cyclopropenium ions.

IIL. Synthesis of Aminocyclopropenium Compounds

To use the reaction leading to the triaminocyclopropenium ion from
tetrachlorocyclopropene, which is considered to be the simplest way,
seems inappropriate because the reaction of tetrachlorocyclopropene (4)
with protic nucleophiles such as alcohol and water yields the ring-
opened products? as shown in Egs. (1) and (2).

a a o (CHCI=CHCICO),0
3
A5’
%
4 CHCI=CC1—CO,R + CCl, =CHCO,R + CH,(CO;R),

Cl Cl
4 5 6

In this case, attack of alcohol (or water) on the C—C double bond
of (4) should occur non-concertedly, then further reactions might take
place along Course 2 (dotted line) and Course 1 (solid line), as shown in
Scheme 1. The Course 2 process should yield product (5) and the Course 1
process product (6) which might react with further alcohol to give the
malonic ester.

So, in order to get the triamino (or tri-heteroatom-substituted)
cyclopropenium compound, we need a Syl or Sx2’ type reaction of
tetrachlorocyclopropene with amine (or nucleophile). The Syl type
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¢l cl
(o G NN
ROH
¢l
RO—C':—C(.:|=CHC|' RO-C—CH=CCl,
OR 5 OR l
+*
R o—tﬁ'—cm=cncn RO-C—CH=CCl,
o 5 6

Scheme 1

reaction of tetrachlorocyclopropene leading to the triheteroatom-
substituted cyclopropenium ion might occur in the case of the formation
of tri-bromocyclopropenium ion by the reaction with boron tribromide®.

Generally, amines (for example, secondary amines as protic nu-
cleophiles) can interact with halogen compounds by donor (amines) ac-
ceptor (halogen compounds) interaction, but are not such powerful
halogen-acceptors as strong Lewis acid (AlXg, BBrg, SbXs). If we use
excess secondary amine as both the nucleophile and halogen-acceptor,
it might be expected that a concerted reaction (Sx2’ type) would occur
as shown in Eq. (8).

a «a ¢l Cl''"°NHR,
A
R,NH (3)
Cl al G npr, O

In accordance with this expectation, the reaction of tetrachloro-
cyclopropene with an aliphatic secondary amine (YH: dimethyl amine,
piperidine, morpholine) in methylene chloride at reflux affords ex-
clusively the triaminocyclopropenium ion in almost quantitative yield

(Eq. (4)).
a { Y
+ yH D CHoCl2 CI0;
Y5 10 Hoiog A 4 (4)
al cl Y

Y NCHY, N N D
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For instance, trisdimethylaminocyclopropenyl perchlorate is quan-
titatively obtained by the following procedures: Excess dimethylamine is
added to tetrachlorocyclopropene in methylene chloride at 0°C and
stirred at this temperature for 5 h, then at room temperature for 17 h,
and then refluxed for 8 h. After cooling to room temperature, 709,
perchloric acid is added to the solution followed by further stirring for
several minutes. The organic layer is separated and dried over sodium
sulfate. After removal of the solvent, trisdimethyaminocyclopropenyl
perchlorate is quantitatively obtained.

As shown in Eq. (5), N,N-dimethylaniline is allowed to react with
triphenylcyclopropenium ion at the para-position®. The trichloro-
cyclopropenium ion also shows the same behavior. Even N-mono-
alkylaniline affords para-substituted derivatives in an electrophilic
reaction such as nitration and diazo-coupling.

Ph Ph
B O,
Ph Ph Ph (5)

4?0

"

e
However, the reaction of tetrachlorocyclopropene with N-mono-
alkylaniline under similar conditions to those described above yields
exclusively triaminocyclopropenium perchlorate. It should be noted that
the reaction with diphenylamine, having two bulky phenyl groups,
yields the corresponding triaminocyclopropenium perchlorate (Eq. 6)).

R\ Ph
. c N
R
+ SNH s
Ph (6)
cl cl Ph\rll I\II/R
R Ph
R CH3, GHs, Ph

On the other hand, the reaction with diethyl amine or di-isopropyl
amine under the same reaction conditions, affords diaminochloro-
cyclopropenium perchlorate as the isolated product (Eqgs. (7) and (8)).
Since diphenylamine gives exclusively triaminocyclopropenium per-
chlorate, the bulkiness of the alkyl group of both the amines does not
seem to be the reason.
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1 ct
CH,CH, ~_ )
+ N —— ‘
CHyCH,~~ A
da o Et,N NEt,
e CHa_ a
+ CH’/CH\NH —_—
CH;\CH / ) A (8)
d a cH,”” @), N NG-Pr),

If the reaction temperature is kept at —70 °C (or lower), a secondary
amine other than the two mentioned above affords the diaminochloro-
cyclopropenium salt in the following yield (%): dimethylamine 10,
diethylamine 56, di-n-propylamine 56, di-s-propylamine 69.

The kinetic data of the reaction have not been obtained yet because
the process is so rapid. However, from the above results and discus-
sions it might be deduced that the reaction of tetrachlorocyclopropene
with a secondary amine leading to triamino- and diaminochlorocyclo-
propenium ions might proceed as shown in Scheme 2.

CI_(’Cl-HNRy cl RR O
N .
H, ‘NRy
E— (o] _ €
. 1 cr
& iing, © R, NRyo C'
8 l
NR, NRy RNH-- &)
Hclo, 2 NR2
— H
NR, e NR,
R,N NR,
2 N N
cioy” R, “ Ry 1o “
Scheme 2

An important point to emphasize is that the reactions might proceed
by repeating a concerted process (Sx2’ type), as is seen in (8), (9) and
(70) in Scheme 2. If the reaction stops at 1-amino-2-chloro-3-amino-3-
chlorocyclopropene (70) due to decreased reactivity of the cyclopropene
double-bond carbon toward the secondary amine, then diaminochloro-
cyclopropenium perchlorate might be obtained.
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IV. Spectra and Molecular Structures

Aminocyclopropenium perchlorates are soluble in polar organic solvents,
stable in the atmosphere and not hygroscopic.

The triaminocyclopropenium perchlorates in particular are very
stable in water (even hot water) in contrast to the trichloro- and tri-
phenylcyclopropenium ions, whereas the chlorides are significantly
hygroscopic. o

The spectral data of tris(dimethylamino)cyclopropenium perchlorate
(77) are discussed below® as an example of a triaminocyclopropenium
salt.

N(CH,),

‘: Cloz
(CH3),N N(CH,),

11

The nmr chemical shift (z) in CDCls appears at 6.84 (sharp singlet
with half-width 0.3 Hz) suggesting that (77) cation might have the
D3p symmetry. Table 3 shows the nmr spectra of various triamino-
cyclopropenium ions (72) and diaminochlorocyclopropenium ions (73)
in CDCls.

Y Cl

R, Ry
12 13

The nmr data for (73) in Table 3 indicate the existence of two kinds
of alkyl groups whose magnetic environments are slightly different from
each other, indicating that the rotational barrier about the C—N bond
is enhanced by the increased double-bond character of the C—N linkage.

The IR spectra (KBr) of (77) appear at ca. 2930 (m), 1550 (vs),
1400 (s), 1280 (w), 1220 (s), 1135 (s), 1120 (m), 1090 (s), 1035 (w),
790 (m), 620 (s), 455 (w); the bands at 1090 and 620 cm~1 represent the
absorption of ClO4. The characteristic IR and Raman spectra of (77)
and the band assignments based on normal coordinate analysis applying
the Urey-Bradley force field are listed in Table 4. The very strong 1550
cm~1 bands are useful to confirm the presence of the triaminocycloprope-
nium ring, some of which are shown in Table 8 together with the charac-
teristic bands for the diaminochlorocyclopropenium ring.
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Table 3. Nmr spectra of triaminocyclopropenium ions (72) and diaminochloro-
cyclopropenium ions (73)

Y in (72) Chemical shift (z)

N(CHjs)2 6.84 (s, CHaj)

N(CHj)s 6.50 (m, 12H, —CH32N), 8.25(m, 18H, CHj)

N(CH3)40 6.30(m, 12H, —CH0), 5.90 (m, 12H—-CH3N)
N(CH3)Ph 6.70 (s, 9H, CHj), 2.80 (m, 15H, C¢Hs)

N(CzHs)Ph 9.00(t, 9H, CHs), 6.60(q, 6H, CHy), 2.70 (m, 15H, CeH5)
N(CHzPh)a 5.50(s, 12H, CHy), 2.75 (m, 30H, CeHs)

N(Ph)a 2.60—3.60 (m, CgHs)

Y(NR;Rs = NRsR3) Chemical shift (z) of

in (73) R1 and Rg Rz and Ry in (73)
N(CHg)2 6.66 (s, CHg) 6.70 (s, CHg)
N(CH2CH3g)g 6.51(q, 4H, CH)) 6.54(q, 4H, CHy)
8.60(t, 6H, CHjy) 8.63(t, 6H, CHj)
9.00(t, 6H, CHgy) 9.04(t, 6H, CHjy)
N(CH2CH2CHg)2 8.20(m, 4H, CHy) 8.27(m, 4H, CHy)
6.36(t, 4H, CHyp) 6.52(t, 4H, CHo)
8.58(d, 24 H, CHjy)
N(CH(CHg)2)2 5.88(ses, 2H, CH) 6.14 (ses, 2H, CH)

s: singlet d: doublet t: triplet ses: sesquitet m: multiplet

Table 4. Characteristic IR absorption of the trisdimethyl-
aminocyclopropenium ion

IR (cm™1) Raman (cm~—1) Assignments
1985 (Aj) C—C stretch.
1551 1551 (E) C—C stretch.
C—N stretch.
1290 (A}) C—N stretch.

910 (A} N—Me stretch.

The vibrational spectra of the deuterated methyl derivative of (77),
confirm that the assignments are correct. The E’ ring stretching vibra-
tion appearing at 1550 cm—1 is the highest frequency band for cycloprope-
nium ions, as far as I know, although this band strongly couples with
the C—N stretching vibration.
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The possible molecular symmetries of the tris(dimethylamino)-
cyclopropenium ion are illustrated in Fig. 2.

CH CH. CH CH CH. CH
"‘3 i 3 "q3 '3 \ 3 i 3
N N N
L ~ Tl N, ” ~
CH3 CH3 CH3 CH3 Cl-l3 CH3
i+
N\ N ﬁ
¢ VAR 2N
CHy CHy CH3 CHy CHy CH4
Dy, Cay Cav

Fig. 2. Molecular symmetries for the tris(dimethylamino)cyclopropenium ion

If dimethylamino groups are coplanar with the cyclopropenium
ring due to sp2 hybridization of the amino nitrogen, the highly symmetric
structure (Dj3j) might be expected as the molecular geometry of the
tris(dimethylamino)cyclopropenium ion. If the six methyl groups are
out-of-plane from the CgN3 plane in the same direction, the Cgy sym-
metrical structure would be expected. On the other hand, if the tris
(dimethylamino)cyclopropenium ion is shown by the immonium structure
corresponding to triafulvene structure, the molecular symmetry of this
ion is essentially approximated as Cgy.

Assuming one mass approximation for each methyl group, the
numbers of IR- and Raman-active species for each of the molecular
symmetries of the tris(dimethylamino)cyclopropenium ion are as follows:

IR Raman
Dap 4A'1+3A'2+7E'+A1+2A;+4E” 9 15
Cgy 6A; +4As +10E 16 16
Cop 11A; +4A3 +5B; + 10 By 26 30

That is, the number of IR-active bands decreases with increasing
molecular symmetry. Since 1) the numbers of IR-active bands in the
Cgy and Cgy symmetries are much larger than those observed in spite of
the one mass approximation for each methyl group, and 2), the Raman
spectra of the tris(dimethylamino)cyclopropenium ion show an absorp-
tion at 1985 cm~! assigned to the symmetric ring stretching vibration
belonging to A’ species, it is concluded that the molecular symmetry
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of this ion can be approximated to Dgj. A recent crystallographic study
by Sundaralingam 19 supports this conclusion. Three skeletal vibrations
of the cyclopropenium ring are classified into two normal vibrations;
the A (Raman active) and E’ (Raman and infrared active) species.
The observed frequencies of totally symmetric deformation (A1) and
degenerated deformation (E’) modes are listed in Table 5.

Table 5. yc—c) of C3X+ (cm—1)

X A’ E

NMeg 1985 1533
CH3 1880 1490
Ce¢Hs 1845 1411
Ct 1791 1312

It is apparent that the frequency of the A1 mode increases with that
of the E' mode. The quite stable trimethylcyclopropenium ion shows a
Raman line at 1880 cm~! and an infrared absorption at 1490 cm-1!
which are assigned by normal coordinate analysis to the A1 and E’ mode
vibrations of the C} ring, respectively 1. These frequencies for C3Cl}
have been observed at relatively lower frequency regions (1791cm—1
(A1)} and 1312 cm~1(E’)) 12. The lowest frequency of the E’ mode
among cyclopropenium ions has been reported as 1276 cm-1 for the
relatively unstable CgHg ion V). The frequency shifts of both ring defor-
mations due to the substituents are extremely large, as is clear from
Table 5. Their shifts are possibly due to the mass effect and the electronic
effect of the substituent. If the mass effect of the substituent attached
to the C{ core is predominant, the frequency shift to shorter wavelength
will be in the following order, H <«CHg, N(CH3s)2 <<Cl. However, the
frequency of the E’ mode of CgHg shows the lowest frequency among
them. Therefore, it is most likely that the C* ring deformation vibrations
are rather sensitive to the electronic effect of the substituent.

The normal coordinate analysis (GVFF) of the C3(C¢H5)* ion in the
simplified model has suggested that the Raman-active line at 1845 cm~1
is mainly due to the C} ring deformation (809%,) and is weakly coupled
with the CF—C < stretching vibration (20 %,) based on the potential energy
distributions 13), On the other hand, the IR-active band at 1411 cm—1
has been assigned to the C} ring deformation (419%,) and the C;—C <
stretching vibration (519%). For discussions of the substituent effect,
the Raman frequency is considered to be the preferable parameter
because of the high contribution of the C} ring deformation mode.
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Unfortunately, the Raman spectra of the cyclopropenium ions are less
accessible than their IR spectra at the present time.

The fact that the Aj mode of the C3(N(CHg)s)} ion has a higher
frequency than that of the C3(C¢Hs)3 ion is probably related to the
difference in the C—C bond length of the C} core. According to the
X-ray crystallographic study, the C—C bond length of the former ion is
about 0.01 A shorter than that of the latter ion. If this difference is
significant, as has been suggested by Sundaralingam 19, the slight
change in the C—C bond length of the C} core may cause a relatively
large change in the vibrational spectra.

Although, the substituent effect on the cyclopropenium ring must be
interpreted in terms of the force constants for a quantitative comparison,
the empirical relationship between pKg* and »(C})E’ is available to
estimate the stability of the tri-substituted cyclopropenium ions. If the
pKgt values 1,214 are plotted against the frequencies of the E’ mode,
an approximate linear relationship between them is obtained, as shown
in Fig. 8. For example, the pKgt of trichlorocyclopropenium ion is
estimated as —5, and that of triaminocyclopropenium ion 11 can be
evaluated as 13 by extrapolation.

The C—C ring stretching force constants obtained by the normal
coordinate analysis of tri-x-substituted cyclopropenium ions are listed
in Table 6. As is seen in this Table, the force constant of the parent

50} \

PKr*

0.0 |- \

Ho\
\
\

I ! 1 ]
1500 1400 1300 1200 (cm™)
Frequency of ring deform (E")

Fig. 3. Plot of pKg* versus ring deformation vibration (E’)
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Table 6. C—C ring stretch-
ing force constants for tri-x-
substituted cyclopropenium,
ions

X Ko_¢ (mdyne[A)
H 5.960
Ci 6.221
CHg3 6.315

N(CHg)z 6.622

cyclopropenium ion (X =H) is lower than those of the substituted ones,
although it is still higher than that of benzene in which the C—C ring
stretching force constant is 5.5. Since the C—C & bond orders of the cyclo-
propenium ring are decreased by these substituents as shown in Tables 1
and 2, the increase of the C—C ring stretching force constant might be
responsible for the marked increase of C—C ¢ bond order.

The C—N force constant for the tris(dimethylamino)cyclopropenium
ion is higher than that for the guanidinium ion 15 as shown below.

i
R;N NR, N N,
i1l \?{ ~H
; R:CH, g
NR,
KC_N 5.564 KC-N 5.296

The higher C—N force constant for the former might be ascribed to
the sp hybrid nature of the orbital of the ring carbon atom used for C—N
bond formation as against the sp?2 hybrid nature of the corresponding
orbital in the latter case.

The electronic transition (energy and oscillator strength) calculated
for tri-X-substituted cyclopropenium ion by INDO 18) is set out in Table
7. The lz-1z* transition energy calculated for the triaminocycloprope-
nium ion by the VI/ method (modified P-P-P:) is 5.917 eV(CT), which
accords with the value obtained by INDO (Table 5). From these theo-
retical treatments of the electronic transition, the observed spectrum
(Amax =233 nm (E =5.33 eV), log ¢=4.22) for tris(dimethylamino)
cyclopropenium ion is assigned to an intramolecular charge-transfer
band from the amino group to the cyclopropenium ring. Table 8 shows
the UV spectral data of the triaminocyclopropenium (72) and diamino-
chlorocyclopropenium ions (73).
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Table 7. Electronic transition energy (E) and oscillator strength (f) for tri-x-sub-
stituted cyclopropenium ions, calculated by INDO

H CHj3 OH NHag
Ly—15%
E (eV) 6.288 5.26
/ 0.0 0.0
P P
E (eV) 8.653 8.468 6.374 (CT) 5.877 (CT)
f 0.485 0.872 0.865 1.079

(CT) denotes the transition due to charge transfer from X to the cyclopropenium ring.

Table 8. Infrared and ultraviolet spectra of (72) and (73)

Characteristic UV spectra (nm?)

(12), (13) IR spectra (cm~1)1) Amax (log €)
Y in (72)
N(CHsg)s 1551 233(4.22)
N(CHa)s 1533 237 (4.40)
N(CHy)40 1525 234 (4.37)
N(CH3)P 1509 230 (4.18), 279 (4.45)
N(C2H5)Ph 1506 230(4.18), 277 (4.30)

N(CHgPh) 1520 210 (end), 248 (4.37)
NPhy 1448 267 (4.46), 312 (4.24)
NR;Rg—=NR3Rj
n (73)
N(CHg)s 1952 1642 206.5(4.07)
N(CH2CHg)s I1b 1941 1607 212 (4.14)
N(CHCHgCHg)g Ilc 1940 1601 213 (4.17)
N(CH (CH3) 9)2 IId 1930 1585 210.5 (4.24)

1) Measured in KBr pellet,
2) Measured in methanol.

From the INDO investigation for the tri-x-substituted cycloprope-
nium ion, the orbital energies of the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO) are given
as follows:
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Orbital energy (eV)

H CH,4 OH NI,
LUMO (%) — 8.125 ~ 5.206 — 5.224 3738
HOMO (n) — 21,902 — 19.912 —17.277 — 14.849

And the electronic effect of the substituent on the ring carbon is as
indicated below:

Electronic effect of substituent on the ring carbon

CHj OH NHg
n-Conjugative + 0.005 + 0.115 + 0.190
o-Inductive -+ 0.152 — 0.012 —0.050

It should be noted that in the CHg group the o-inductive effect is
larger than the m-conjugative effect, in contrast to that in the benzene
system in which og > o1. This novel substituent effect explains why the
trialkylcyclopropenium ion is more stable than the triphenylcyclo-
propenium ion. On the other hand, the aminogroup has a large electron-
donating n-conjugative effect as compared with its electron-drawing
o-inductive effect, in accord with its stability.

The molecular geometry of the tris(dimethylamino)cyclopropenyl
cation as determined by X-ray diffraction is shown in Fig. 4. As is seen
in this figure, the cyclopropenyl ring is a regular triangle with a C—C
bond length of 1.363 A. This value is significantly less than the C—C
bond distance of 1.398 A in benzene. Furthermore, it should be noted
that this C—C bond length is about 0.010 A shorter than that in the
triphenylcyclopropenyl cation (1.873 A). Since the # bond order decreases
with the increasing z-conjugative effect of the substituent, the C—C bond
shortening seems to imply that the C—C ¢ bond order is increased by the
amino group. The average exocyclic C—N bond distance of 1.333 A is
also considerably shorter than the normal C—N single bond distance of
1.47 A but close to the C—N double bond distance of 1.29 A. This in-
dicates that a strong delocalization of the lone-pair electrons of the
nitrogen atoms into the cyclopropenyl ring occurs. The N—CHg distance
of 1.475 A is also shorter than the normal C—N single bond distance of
1.47 A, suggesting that the positive charge is delocalized on methyl
hydrogen due to the hyperconjugation. Since the angle around the
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Fig. 4. Molecular structure of the tris(dimethylamino)cyclopropenium ion deter-
mined by x-ray diffraction (Sundaralingam 10)

nitrogen is almost 120°, the dimethyl amino group would appear to be
coplanar with the cyclopropenyl ring.

V. Reactions of Aminocyclopropenium Ions and Diaminocyclo-
propenethione

A. Reactions of the Triaminocyclopropenium Ion

As shown in Eq. 9, if we can remove two electrons from the tris(dimethyl-
amino)cyclopropenium ion (77), then we will get the hetero (3) radialene
system (74) which is iso-z-electronic with the hexamethyl (3) radialene
(75) synthesized by Kobrich and Heinemann 179 in 1965. In accordance
with this expectation, it has been found 18) that one-electron oxidation
of the diamagnetic tris(dimethylamino)cyclopropenium ion with con-
centrated sulphuric acid is easily effected to give the radical cation (76).
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Mé Me

Me Me

e Me
15

On the other hand, one-electron reduction of (77) is difficult to achieve,
in contrast to the case of tri-phenylcyclopropenium ion,

Me\ N’Me Me\; /Me
-2e
————— e —
9)
hﬂe..N ii——hne Me__, —Me
e e i e
e
Me Me
17 14

From the ESR spectrum, the spin density ¢ for the radical cation
(76) is obtained as 0.25, which is very close to the ¢ value (0.28) of the
hexamethyl (3) radialene radical anion. Although the effects of bonding
and charge must be considered, the « spin population of the two radical
ions is not expected to differ greatly in view of the similarity of the
HMO energy diagrams of both radical ions.18

Although the triaminocyclopropenium ion is stable to water, even
hot water, unlike the trichloro and triphenyl derivatives, this ion readily
reacts with the hydroxide ion at room temperature to afford diamino-
cyclopropenone (77) as the major product and an acrylamide derivative
(78) as the minor product 19 (Eq. 10). On the other hand, the reaction
with sodium sulfide yields diaminocyclopropenethione (79) and di-

RRN R,RN
1R2 KOH 2 R‘IRZNUNRIRZ
NRR, === 0 + S
172 "Hy0-EtoH H \I/NRTRZ (1())
R{RN RiRN 0
17 18
R1R2N RRN RiR,N
Nas$
P"“Wz FO-Meor ]D:S + ﬂ>:0 (11)
RRNS RiRN RiRN
< . 79 17
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aminocyclopropenone (77) 20 as shown in Eq. 11. Therefore both
reactions provide ways of synthesizing new compounds (77) and (79).

The triaminocyclopropenium ion is also allowed to react with
potassium cyanide at room temperature to give a novel product which
can be different depending on whether the substituent Y is an aromatic
amino group or an aliphatic amino group.2d If Y is an aromatic amino
group, we get the product (20) in 809, yield, whereas if Y is aliphatic,
for instance a piperidino group, we get the product (27) in 109, yield.

Y
L
KCN Y. X yd
CH,CN E/ (EN (12)
Y 20 C
Y: N(CH3)Ph H
Y/ Y
H
21
Scheme 3

The reason why different products are formed depending on the Y
might be as shown in Scheme 3. In both cases, the cyclopropene deriv-
ative (22) is first formed by the nucleophilic attack of CN-, which then
might give the carbene derivative (23). This reaction is one of the features
of triaminocyclopropene derivatives. When Y is an aromatic amino
group, amino lone-pair electrons can conjugate with the aromatic =
system, so the resultant carbene is electrophilic and can readily react
with oxygen to afford the acrylamide derivative (20). On the other hand,
when Y is an aliphatic amino group, the resultant carbene becomes
nucleophilic, and can intramolecularly add to the CN triple bond to

Y, ,CN y O
H
,«Z—g\ qu: NH
Y7 22 Ny Y
'l v
e N
v O 20 ]
N—c=n Y ] H
, OH
0=y H,0
Y: 2
23 NO Y Y ¥ Y



Heteroatom-Substituted Cyclopropenium Compounds

afford the bicyclic system which then reacts with water to give the
product (27) (Scheme 3).

The reaction of the triaminocyclopropenium ion (24) with an active
methylene compound in the presence of potassium #-butoxide affords
3,4-diaminotriafulvene (25) which is another new electron system.22
The increasing solvent polarity brings about a blue shift of the longer-
wavelength z-z* absorption band (around 280289 nm, log ¢=4) of
(25). Also, the nmr chemical shift at the o-position of the piperidino
group of (29) is nearly equal to that of the tripiperazinocyclopropenium
ion (24). These facts suggest that the dipolar structure (258) contributes
more to the ground state than the covalent structure (254).

X Z
~Neo”

Q
ONND + cm(: £BuOH @ /2—5—\ O

76.50

X4

76.47 (X=Z:CN)
76.36 (X=CN, Z:CO,Et) ™Y

O

HMO LCAO—-ASMO—SCF
1.885 1.916
N

25b

(0.567)
0.802
(0.453)

(0.442)

0.856
(0.670)

(0.557) 0.415)
C C_0.845 C C_0.813
A-”g) \1.470 A.em) \1.331
N N N N
Dipolar struct. 82% 52%

Fig. 5. Molecular diagram of 1,1-dicyano-3,4-diaminotriafulvene
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The molecular diagram of 1,1-dicyano-3,4-diaminotria-fulvene ob-
tained by HMO and LCAO-ASMO-SCF is shown in Fig. 5. The values
on the atoms are the m electron densities and the values in parenthesis
the = bond orders. From the molecular diagram the dipolar structure
in the ground state is estimated as 82 %, by HMO and as 52 %, by SCFMO,
which accords with the experimental results.

The reaction seems to proceed as shown in Scheme 4.

R:N RN
- NR2 —
]>NR2 + THXY —> ]]><CHXY =2
RN

R2N

ReN + R2N
thz X
‘\_ng —_— y + HNR:
R2N

R2N

Scheme 4

B. Reactions of Diaminochlorocyclopropenium Ions

As illustrated in Scheme 5, the diaminochlorocyclopropenium ion (26)
is allowed to react with ammonia to afford the antisymmetric triamino-
cyclopropenium ion (27). Diaminochlorocyclopropenium perchlorate is
readily hydrolyzed with potassium hydroxide in methanol-water to

KOH ~ CH30H HO Y

o
socuz-csns
Y
NH3 / \t{ (CN
CH,Cl, 2(N%

Y.
N
]: > NH “ p——4
2 CN
Y ili-Pr),N

Scheme §
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afford diaminocyclopropenone (77), which is converted to the starting
diaminochlorocyclopropenyl cation (26) by treatment with thionyl
chloride in benzene. The diaminochlorocyclopropenium ion is also allow-
ed to react with active methylene compounds to give 3,4-diaminotria-
fulvenes (28). The reactivity of the diaminochlorocyclopropenyl ion
towards these reagents is higher than that of the triaminocyclopro-
penium ion.

Treatment of the diaminochlorocyclopropenium ion with sodium
sulfide affords diaminocyclopropethione (79). On reaction with alcohol
the diaminoalkoxycyclopropenium ion (29) is obtained in quantitative
yield (Eq. (15)).

RZN RZN
HOR' ,
¢l fx 7 CH,CI OR
rix
272
RN RN 29 (15)
99 %
R:n-Pr R':Me

The reaction with diphenylphosphine or diethylphosphine provides
a synthetic pathway leading to the diaminophosphinocyclopropenium
compound (30). Both the characteristic bands (A,B) indicate the ex-
istence of the cyclopropenyl ring (Eq. (16)).

RN R,N
HPR,, )
_HPR: PR
O N ix/CH, O ? (16)
R;N R,N
30
R R/ Y (%) Aband B band
(em™1)
ME Ph 50 1920 1610
Et Ph 46 1910 1580
n-Pr Ph 86 1902 1575
i-Pr Ph 80 1870 1550
i-Pr Et 56 1870 1550

As reactions of the diaminochlorocyclopropenium ion other than
above, the reaction with substituted aromatics will be introduced. For
instance, reaction with phenol or thiophenol gives exclusively the prod-
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uct (37) or (32), indicating that the electrophilic attack of the diamino-

chlorocyclopropenium ion takes place, not on the aromatic ring carbon,
but on the hydroxyl oxygen or thiol sulfur (Eqgs. (17) and (18)).

cl + rfx/DCE 0@0@13 (17)
EtzN
Ry RoN 31

OCHjz

R

RoN SH
}>cn QO — PO ®
RpN RN 32

R; i=Pr 75 %

On the other hand, the reaction with anisol or dimethyl aniline afford
the product (33) or (34), indicating that the reaction takes place on the
phenyl carbon. The striking fact is that only the ortho-substituted com-
pound is obtained (regio-specific reaction) (Eqgs. (19) and (20)).

OCH;,

RN RNy
]>~a +© —_— ]>—© (19)
RN RN OCHj;
33

N(CH3)2 R oN

RN
]>—m +© _
N(CHy)y (20)

RN RN

R; i-Pr 34

It could be a reason that the reaction intermediate (35) of the ortho-
attack is stabilized by the electrostatic interaction, as illustrated in
Scheme 6. Such an interaction is also helpful for removing chlorine from
the reaction intermediate to afford (33) (Scheme 6).

A similar reaction assisted by electrostatic interaction is shown in
Scheme 7. As is seen in this Scheme, the diaminochlorocyclopropenium
ion readily reacts with sulfur ylid to give diamino triafulvenes (35). This
reaction seems to proceed through the reaction intermediate (36) (Scheme
7).
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CHSO

H

[
=

33

Scheme 6

0

RN 1 T RoN ¢
2 bm PhécHSMey c/é Ph
CHCI3 35 }Mez

R2N RzN
&~
RoN- a. * RN H ,g Ph
SSMe, C <
CH S
RN ~ COPh RoN PMez
36
Scheme 7

C. Reactions of Diaminocyclopropenthione

Thiourea is known to behave as a C nucleophile at its sulfur atom toward
an alkylating agent to yield thiuronium salt. From the similarity in the
resonance structures between thiourea and diaminocyclopropenethione
(79), as shown in Fig. 5, it might be expected that diaminocyclopropen-
ethione when allowed to react with an alkylating agent (electrophile)
will afford the diaminoalkylthiocyclopropenium ion (37).

In accordance with this expectation, the reaction of diamino-
cyclopropenethione with dimethyl phosphite affords the diaminomethyl-
thiocyclopropenium ion (38) (Eq. 21). This cation is also obtained by
reaction with other methylating agents (e.g. CHgl). The diaminothio-
cyclopropenium ion (39), shown in Eq. 22, is obtained by the attack of
2,4-dinitrochlorobenzene on diamino-cyclopropenethione.
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R2N /NRZ RZN\ /N 2
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S
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Fig. 6. Structural similarity between thiourea and diaminocyclopropenthione

R,N
RN 1. rfx /Dioxane 2 (21)
D:S + (Me0)POH——mMF SMe
. 2, HCIO,
Rd RN 4, clo;
[o]
1. rfx /CHClg R2 RoN 2
b:s + S N02 (22)
N°22 HCIO,
RN _
Clog
R; i-Pr 39
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It should be noted, that p-nitrobenzenediazonium chloride is allowed
to react with diaminocyclopropenthione (79) under Meerwein conditions
to afford the heteroatom-substituted cyclopropenium compound (40)
(Eq. 23). When the diaminochlorocyclopropenium ion is allowed to
react with diaminocyclopropenthione, it gives a sulfur-bridged dication
(47), asis shown in Eq. 24. Since diaminocyclopropenthione is synthesized
from the diaminochlorocyclopropenium ion, it can be said in view of
this result that the dication (47) is obtained from 2 moles of diamino-
chlorocyclopropenium ion and 1 mol of sodium sulfide.

2N W02 | cutn/crne
1, -
- u 2Clp Hzo ]> @-Noz (23)
2, HCIO4
RoN N2+

RN
1.0
RoN RoN
2 2 1. rix/cHely 2
S+
2, HC104
2ClO4
R:i-Pr
41

Interestingly, the reaction with acryl amide and benzoquinone in the
presence of mineral acid affords the diaminocyclopropenium compounds
(42) and (43), respectively (Eqs. 25, 26).

RN L RN
S + CH=CHCONH; ———> | + >SCH,CH,CONH  (25)
HBr/ EtOH K
RN RN 2 Br
RoN RoN
Pee wol
RN [ﬁ:;[] HCIO4/EtOH (26)
Ciog

R; i-Pr
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VI. Summary

In this review the chemistry of some new electron systems, “heteroatom-
substituted cyclopropenium compounds”, is briefly described from the
viewpoints of molecular design, synthesis, molecular and electronic
structures, and reactions. In each, we have encountered unique problems
which will eventually produce novel fruits. In this sense the chemistry
of heteroatom-substituted cyclopropenium compounds might indeed fur-
nish topics in current chemistry and also in prospective chemistry.
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C. H. DePuy

I. Introduction

The ring-opening reactions of cyclopropane and its derivatives with
electrophiles (Eq. (1)) are especially interesting from a mechanistic point
of view because they involve electrophilic cleavage of a carbon-carbon
single bond. They thus present problems of stereochemistry and the effect

H R'I H R’I
H H H H
A( + pr 3O mos + HY (1)
R R R E R

of substituents on reaction rates for a hitherto unstudied fundamental
organic reaction type. At the same time electrophilic ring-openings of
cyclopropanes offer the prospect of developing into useful synthetic
reactions, for if they were to proceed stereospecifically (and we shall see
that they often do) they would lead to open-chain compounds containing
as many as three asymmetric centers in a controlled relationship to one
another. At present the reaction has only been extensively studied with
two electrophiles (H+ (or D+) and Hg(OAc)s) but its extension to other
electrophiles appears imminent and, as we gain insight into the mechanistic
aspects, synthetic applications will follow. It is the purpose of this review
to survey the present experimental basis of our understanding of cyclo-
propane ring-cleavages, to point out where ambiguities and apparent
contradictions lie, and to attempt to present a few unifying concepts.
Since several aspects of the subject, in particular that of protonated
cyclopropane itself, have been reviewed recently, this review will be
selective in its coverage rather than exhaustive, emphasizing those
results which bear most directly on stereochemistry and, to a somewhat
lesser extent, reactivity.

II. Reaction of Substituted Cyclopropanes with Acid

As a rough generalization, cyclopropanes react with acids, HX, according
to Markownikoff’s Rule, the proton adding to the least substituted
carbon, and the nucleophile (X~ or the solvent SOH) becoming attached
to that carbon which can best stabilize a positive charge. As an example,
1,1,2-trimethylcyclopropane (7) opens exclusively between the C1—C3
bond when treated with fluorosulfonic acid (Eq. (2)), and 1,2-dimethyl-
cyclopropane gives only the branched rather than the linear secondary
cation under the same conditions 1). Since we shall be most interested
in events occurring at the carbon undergoing electrophilic substitution,
i.e., that carbon to which the electrophile becomes attached, this means
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CH; CH, CH; CH;
/ ]
N - cH,¢—(—CHy
i CH, H CH; @)
. 2

that we often have to work with fully substituted cyclopropanes in
order to study problems of stereochemistry and reactivity at this site.
Fortunately there are numerous exceptions to the strict adherence of
Markownikoff’s Rule, especially in less acidic solvents than FSOsH,
with reactive cyclopropanes, and in strained systems. As an example,
1,2,2-trimethylcyclopropanol (3) reacts with aqueous acid to give a
mixture of C1—C2 and C1—C3 cleavage (Eq. (3)) 2.

CH; CH, OH CH; OH H CH,
| " e NN
N H CH3—-—C——C< + CH—~C oC—OH
o, CH CH; CH; CH; CHj 3)
3 75% 25%

A. Stereochemistry of the Attack of the Proton

The difficulties in arriving at a uniform mechanism for the reactions of
cyclopropanes with electrophiles can be recognized from the start when
it is stated that there are well documented examples of cyclopropanes
which react with a proton (or deuteron) exclusively with retention of
configuration (so far the majority of cases), others which react exclusively
with snversion, and most recently cases where a mixture of inversion and
retention has been observed, with the former predominating. As a
consequence, at least two competing electrophilic mechanisms must be
operative, and perhaps more. The first stereochemical study was that
utilizing 2-phenyl-1-methylcyclopropanol (4). This molecule was shown
to undergo a mixture of C1—C3 and C1—C2 cleavage in DsO/dioxane,
the latter exclusively with refention 3 of configuration (Eq. (4)).

CH. H CH, O
A& /O H Nz
/C—-C\ + Dt—a /C\ Cl: 4
CgHs CH; CsHs D CH; ( )
4 5
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This result seemed reasonable enough, indicating as it did that the
electrophile was attacking the electron pair of the carbon-carbon bond,
and perhaps proceeding through an edge-protonated cyclopropane (6)
as either an intermediate or transition state, with ring opening to give
the very stable carbocation 7. Since this initial observation, numerous

H CH; OH H CH, OH
NN/ N/
C-+-C — C aC —= 5 + g
/ \]")/\ VAN é ®)
GHsD™ Ch, C4Hs D CH,
6 7

other examples of the acid ring opening of cyclopropanes with retention
have been recorded. Three examples, chosen to exemplify a diversity
of substrate types, are given in Eqs. (6—8). In the first of these examples,

O L0 OO

D D
8 9
CH2 Br
D
0 DBr O% )
o} oic
) o
10 11
H;C<, DOA
CHy; 2VAC_ H;C—
H3CA< 3 C(CH; ), @®)
CH; HC D OAc
12 13

8 -9, the reaction has been shown to proceed with retention by both
the electrophile and nucleophile 4, the second is an anti-Markownikoff
opening 9, and the third involves a bicyclobutane as the substrate 9.
Other important examples of proton ring opening with retention of
configuration have been reported by Nickon ? and by Wharton 9,
among others.

Yet other cyclopropanes react with deuterons with ¢nversion of
configuration. The first example was provided by LaLonde 9 and is
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OAc
DY DOAc
N N
. H

H D H ©)

14 15

shown in Eq. (9). The case studied was the exo isomer of tricyclo
[3.2.1.02:4Joctane (74) which opens the internal cyclopropane bond with
inversion by the attacking D+; the deuteron becomes attached to the
rear of the carbon when the C—C bond is broken. A related example has
recently appeared 10, A third example has been reported by Warnet and
Wheeler 11 in which the three-membered ring in photothebainehydro-
quinone (76) opens with inversion when treated with aqueous DCl

(Eq. (10)).
r 0., -
-

OCH; L 10)

‘ P

H O

Finally, Hammons and coworkers 12 showed that 1-methylnortri-

cyclene (77) gives a mixture of retention and inversion when ring opened
by D+in DOAc (Eq. (11)).

_D_ H OAc + D OAc
é DOAC \;b * (1)
CH; D CH i CH,

17 62 % Retention 38 % Inversion

An even more striking example has recently been found in our
laboratories, where the completely symmetrical all ¢is-1,2,3-trimethyl-
cyclopropane (78) has been found to ring open with a mixture of inversion
and retention 13), with the latter predominating (Eq. (12)). Thus all
three possible stereochemical outcomes, complete retention, complete
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CH; CH; CH; CHj

H;C CH; cr;co,D QH3
'A’Il‘ B el 2 H (leCHg + H CIHCH3
H H HD ococr, DH OCOCF;
18 ) Retention Inversion

(12)

inversion and a mixture of inversion and retention, have been observed
during protonation. Obviously the two pathways do not differ much in
activation energy, with the retention pathway seemingly slightly
favored.

B. Stereochemistry of the Reaction with the Nucleophile

Investigations into the stereochemistry of the carbon to which the
nucleophile becomes attached are hampered by the fact that a carbonium
ion or incipient carbonium ion is formed in the reaction, and that elimina-
tion, rearrangement and/or racemization processes frequently occur so
that stereochemical information is lost. The best studies are those of
LaLonde 14, who has shown that various bicyclo[n.1.0]alkanes undergo
internal carbon-carbon bond cleavage with the nucleophile entering
predominately with nversion (Eq. (13)).

CHj CH; CH;
H H, HOAc H + H
OAc H (13)
H H OAc
19 96 % Inversion 4 % Retention

One case 4 in which complete retention by the nucleophile is observed
has been given in Eq. (6); and a second example of the same stereo-
chemistry for the nucleophile has been noted by Hendrickson 19, These
results may be due to ion-pairing in the non-polar solvent used for the
reaction. From the meager data available it appears that the nucle-
ophilic stereochemistry will be similar to that expected from the co-
responding solvolysis reaction under the particular conditions of the
reaction.

C. Effect of Substituents on the Rate and Direction of Ring Opening

It is seldom appreciated that cyclopropanes are more reactive toward
addition of acid than are olefins. Peterson 18, for example, showed that
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n-butylcyclopropane reacts with trifiuoroacetic acid 300 times more
rapidly than do related alkenes, while Lalonde 14 observed a similar
greater reactivity for his bicyclo compound 79 than for the ring-opened
olefin. Cyclopropane is also known to react more readily with sulfuric
acid than does ethylene 1?9, McKinney 18.19 has studied the rates of
ring opening of several substituted cyclopropanes in strong sulfuric acid
solution at 25°. Phenylcyclopropane reacts at about 1/10 the rate of
1-methyl-1-phenylcyclopropane, which in turn reacts at nearly the
same rate as cyclopropane itself. These results are in contrast to those
for the hydration of alkenes, where the introduction of a phenyl group
can increase the rate by a factor of 5000 20, Clearly the effect of sub-
stituents on the rate of ring opening of cyclopropanes is smaller than their
effect on alkene addition, although additional studies are needed.

If substituents have only a small effect on the rate at which cyclo-
propanes are opened, their effect seems even smaller on the direction of
opening in unsymmetrical cases. As implied by the Markownikoff’s Rule
generalization given earlier, the product from proton attack on the least
substituted ring carbon generally predominates, but the predominance
is usually small, except possibly in extremely strong acid. The 75:25
ratio 2 given for the ring opening of 1,22-trimethylcyclopropancl
(Eq. (8)) is fairly typical. The same 1,1,2-trimethylcyclopropane which

CH; CH, CH; CH,
N (CHy), F3OOH - o C—c(cH y, + CH G (CHz)
l 3 (G, H),SH 3 i 3)2 3C § 3)2 (14)
H HH
1 major minor
H CH, OH CH, CH;
NN H', H,0
\(lj——(ll/ 2 CH;CH, (lj=0 + H——(Ij—clzo (15)
CH; CGeHs CsHs CH; CsHs
20 47 % 53%
H CH) OH CH, CH;
7N + PN
\(l:__(‘:/ __H , 1O ?Hz (I:= + H(lj—-(]j=0 (16)
CsHsCH; CsHs CH; CGeHs CH;
4 40 % 60 %

79



C. H. DePuy

is reported to give 1009, Markownikoff opening in FSOz;H (Eq. (2))
apparently gives a mixture of products 21) when opened in trifluoro-
acetic acid (Eq. (14)), while cyclopropanols with a substituent on the
2-carbon give nearly a fifty-fifty product mixture on ring opening
whether that substituent is methyl 22) (Eq. (15)) or phenyl 3 (Eq. (16)).

If there are two phenyl groups on adjacent carbons, the resultant
cyclopropane bond becomes more susceptible to cleavage; 1,2-diphenyl-
cyclopropanol (27, Y =H) opens to give 95% C1—C2 cleavage 23
(Eq. (17)) and this direction is negligibly effected by the presence of
substituents in the C2-aryl group, or by cis, frans-isomerism. A similar

H CH CH,
H H N2 ’
H, KO HE =0 + HG—C=0
GHiY  GeHs GHY GHs  GHyY GH;  (17)
21 95 % 5%

result is seen in the exclusive breaking of the bond between the phenyl
groups in the compounds studied by Cristol 4 (Eq. (6)).

The relatively small effect of substituents on rate and direction of
opening can be seen again in considering the anti-Markownikoff opening
observed by Hendrickson % (Eq. (7)). Seemingly minor changes in parts of
the molecule remote from the cyclopropane ring suffice to convert
completely from anti-Markownikoff to Markownikoff 24 opening (Eq.

(18)).
o CH
OCH; . OCH;
s M (18)
HOAc

22

Cyclopropanes are, however, strongly deactivated by substitution
with electron withdrawing groups 2%. One complication in attempting

H ¢H, H CH, OH H CH, OH
\C{—\CH—g—-CH + H =— \C{—\CH—C——CH - \C/ \CH—CCH
{ 3 50T K

~SOH
CH,

NN .
¢ CH—CCH; + H
AN

oS

80



Cyclopropane Ring-Cleavage by Electrophiles

to study the ring-opening reactions of cyclopropanes substituted with
carbonyl groups is that these molecules may undergo reaction by another
mechanism 26 (Eq. (19)). For this reason one cannot conclude much
about the direction of strictly electrophilic ring-opening in cyclopropyl
ketones. Deno 27 has shown that cyclopropane carboxylic acid undergoes
ring cleavage only very slowly in 989, HSOy, giving rise to products
resulting from both C1—C2 and C2—C3 bond cleavage (Eq. 20)).

CH, CH, CH,0S0;H
N 98 % H,S04 PN
H,C—CH—COOH — = C CH, + H3C—CH—COOH
100°, 1n [ (20)
0—C=0
24 % 76 %

D. Protonated Cyclopropane

Protonated cyclopropanes have been extensively reviewed recently 28,29
and only the main conclusions and most important experimental data
will be summarized here. The reader is referred to these reviews for
greater detail. Baird and Aboderin 39 showed that when cyclopropane
is treated with 8.43 M D,SO, the recovered cyclopropane was partially
deuterated (Eq. (21)). In later work by these same authors 17, by

CH, HD 21
CH—CH, + D* —= CH,—CH, + H' 1)
Deno 3 and by Lee 32.33) cyclopropane was hydrated in DySO4 and
the deuterium content of the #-propanol formed was examined. All three
carbons contain deuterium; in 839, D2SO4 the deuterium distribution
is statistical (289, C—1, 289, C—~2, 449, C—3) but in 579, DsSO4 there
is more deuterium at C—1 (38%,) than at C—2 (179%,). The results are
summarized in Eq. (22). Adequate controls were run to ensure that the

AL o SHD S S 9
HC—CH, —22m H,¢—CH,0H + HE—CH,OH + H,C—CHOH (22)
579 D3SO, 469, 179 389,

839, DaSO4 449 289, 28,

products are stable to the reaction conditions. These results were ac-
commodated in terms of equilibrating edge-protonated cyclopropane

intermediates (Eq. (23)). If equilibrium is established among all possible
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D
H HC---H HD
4N s .
D\i/CHZ == H,C—~CH, =—= HzQ\":;::/CHz
CH,
l23 l24 l25
DCH, DCH, CHD (23)
™~ PN
/CH2 H,C—CH,0H H2(|: CH;j
HOH,C OH
+
HCD—OH
H,(—cCH,

edge-protonated cyclopropanes (presumably the case in 839%, D2SOy) a
statistical mixture (3:2:2) of deuterated propanols will result, but if
opening occurs before equilibration is complete, a greater than statistical
amount of 1-deuteriopropancl will be formed at the expense of 2-deuterio-
propanol, since formation of the latter requires two and the former only
one edge-to-edge rearrangement.

The results of Baird and Aboderin cannot be accommodated by
assuming that corner protonated cyclopropanes are the only reactive
intermediate. If they were, 1- and 2-deuteriopropanol would of necessity
be formed in equal amounts (except for a small isotope effect) no matter
what the acid concentration (Eq. (24)).

CH,D CHD
/”+\\ 7 +\~.

H,C CH, =—= H,C-——CH;

26 27

(24)
CH;D CHD—OH CHD
e
H,C—CH,0H H,C—CH, + Hz? Hy
OH

Protonated cyclopropanes are also presumed intermediates in re-
arrangements during the solvolysis of various compounds in which
primary cations would otherwise be formed. Thus deamination of 3.3.3-
trideuterio-1-aminopropane (28) leads to cyclopropane in which over
half of the molecules still contain three deuterium atoms 34 ; clearly this

82



Cyclopropane Ring-Cleavage by Electrophiles

result cannot be accommodated by simple 1,3-elimination, but is under-
standable in terms of equilibrating protonated cyclopropanes (Eq. (25)).
An alternative explanation, involving 1,3-hydrogen shifts, can be ruled

D,
c o))
AP N AL
H2C—CH2NH2 - H2C'—CH2 P——] H2C:“_T_"(;HD = elc.,
\H."
28 i l (25)
CD, CD,

PN
CH,—CH, + D" H,C—CHD + H*

out from the results 35 of a study of the deamination of 2,2-dideuterio-1-
aminopropane (29). The n-propanol formed was examined for its deu-
terium content with the results shown in Eq. (26).

CH3CDoCHaNHg - (CaHgDg)CHOH + CoHzCDoOH
29 97.9%, 1.29,
+ (CeH4D)CHDOH (26)
0.99%,

If rearrangement proceeded only by 1,3-hydrogen shifts there is no
way in which deuterium could appear in the 1-position. Even an unlikely
series of 1,2-shifts can be ruled out by the greater amount of CoHsCD2OH
formed than of (CoH4D)CHDOH. However, the results are easily ac-
commodated by the intermediacy of partially equilibrating protonated
cyclopropanes. A number of other solvolytic and deamination studies
also support the idea that protonated cyclopropanes are reactive inter-
mediates 28,29),

So far there is no evidence that simple alkyl substituted cyclo-
propanes undergo scrambling and exchange when opened with acid.
On the contrary Deno 3D showed that opening of methylcyclopropane
(30) with DCl leads exclusively to unrearranged product (Eq. (27)).

CH. CH,
H,—CH—CH; + DCl —= CH,  CH—CH; @7)
D Cl
30
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However, recent studies on long-lived carbocations in super acid solutions
are beginning to give additional data. Thus Olah 38 has obtained
evidence, by the use of a number of spectroscopic techniques, that the
norbornyl cation is best represented as a corner protonated cyclopropane
317).

[

iy

31

A number of studies of rearranging systems in both the gas phase 37
and in solution 1 have given evidence for the intermediacy of protonated
cyclopropanes, but have not led to a distinction between the edge and
corner protonated species. The gas phase proton affinity of cyclopropane
has been measured, and from the data it was possible to show that
protonated cyclopropane is different from #-propyl or isopropyl cation 38,
Recently, however, Saunders 39 has carried out a study of the isomeriza-
tion of the isopropyl cation which indicates that corner-protonated
cyclopropane is of lower energy than edge-protonated cyclopropane.
The study involved an investigation of deuterium and carbon scrambling
in the 1,1,1-trideuterioisopropyl cation (32). The ion can be formed at
low temperature in SbFj5/SOoCIF without rearrangement 40. At 0° to
-+40° rearrangement of both deuterium and carbon occurs 36), As can

CH,
D3C+\
Corner
I CH,
[CD3—CH,CH; ] =
Edge /CP\Iz +
DZC:'-'F_,CHZ == CDz—CHz—(Isz
+ D
D3C—CH—CHy D D
32 \ T +
D,C~—CHD === D,CH—CD—CH;
. Corner *:C*i{"
= 3
CD,CHDCH:
[CDy 3] == +
Edge D2/C\———/CHD D,CH—CD—CH;
H--CH,

+
+  CDH~CH—CH,D
(28)

be seen from Eq. (28), if the intermediate is a corner-protonated cyclo-
propane, then the initially formed rearrangement product has no
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1,1,3-trideuterioisopropyl cation, while a 1,3-deuterium shift is demanded
by the intermediacy of the edge protonated structure. Since the initially
formed rearrangement product exhibited 1,2- but not 1,3-deuterium
shifts, the corner protonated structure is implicated as the intermediate
in carbon atom rearrangements.

III. Cleavage of Cyclopropanes with Mercuric Salts

Lavina and coworkers 41,42 have extensively studied the reaction of
cyclopropanes with mercuric acetate. In water or methanol solution the
product is an organomercury alcohol or methyl ether (Eq. (29)). Studies

ps S
R—CH—CH, + Hg(OAcy -2 R~ THHgOAC (29)
0s

have been made on the relative reactivity of a variety of substituted
cyclopropanes toward mercuric acetate in anhydrous methanol 43,
There are surprisingly small differences in the rates of reaction; 1,1-
diphenyl-, 1,2-diphenyl-(both c¢is and #rans), ethyl- and isopropylcyclo-
propane all show nearly the same degree of reaction under standard
conditions; #rans 1,2-dimethylcyclopropane and phenylcyclopropane
react somewhat faster. Further methyl substitution increases the rate
only slightly 44. A kinetic study of the reaction of arylcyclopropanes
with mercuric acetate in acetic acid was carried out by Ouellette 49,
The reaction shows bimolecular kinetics and, surprisingly in view of the
relative reactivities just quoted, gives a Hammett ¢ of — 3.2 when
correlated against ¢*. Under the conditions used, for example, #-
methoxyphenylcyclopropane reacts 10,000 times more rapidly than the
m-chloro isomer.

A. Stereochemistry of Mercuration of Cyclopropanes

The first stereochemical study of the cleavage of a cyclopropane deriv-
ative by a mercuric salt was reported by DeBoer and DePuy 22. By
the series of reactions given (Eq. (30)), they showed that 1-phenyl-cis,
trans-2,3-dimethylcyclopropanol (33) and 1-phenyl-frans, trans-2,3-di-
methylcyclopropanol (34), as well as their methyl ethers, react with
mercuric acetate in acetic acid exclusively with snversion of configuration
at the carbon to which the mercury becomes attached. More recently
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CH; H CH, o
C=
H CeHs |
+ Hg(OAcy, —» H CeHs
H;C OH AcOHg CH;
33
erythro
(30)
CH3 H CHs
c=0
H;C H.
3 WA(CS S + Hg (OAC)Z —eei )g{S\CGHS
H OH AcOHg Y
34
threo

McGirk and DePuy 46.47 have reported the results of an extensive
study of the stereochemistry of reaction of a variety of cyclopropane
derivatives with mercuric trifluoroacetate in methanol. The stereo-
chemistry of electrophilic attack, ¢.e., whether the organomercurial is
formed with retention or inversion, was shown to be dependent upon
the substitution pattern of the cyclopropane. The results can be ac-
commodated if it is assumed that the mercuric trifluoroacetate attacks
the least substituted bond in the cyclopropane,followed by ring-opening in
the direction of the most stable cation. If all bonds are equally substituted
then attack on a cis-substituted bond is favored over attack on a frans-
substituted bond. As an example, all three isomers of 1,2,3-trimethyl-1-
phenylcyclopropane (35) are attacked by mercuric acetate exclusively
with inversion of configuration, the mercuric salt attacking the 2,3-bond,
which is disubstituted, rather than the trisubstituted 1,2 or 1,3 bonds.
Opening in the direction of the tertiary benzylic cation results in complete
inversion by the electrophile. It was also shown that the methyl ether is
formed with complete inversion (Eq. (31)). If the 1-methyl group is

CH, CH; CH;
e AcOHg—{~cH; C6ts (31)
H CsHs g 3
35 H

Inversion Inversion

removed, giving 2,3-dimethyl-1-phenylcyclopropane, then the stereo-
chemistry of the product is dependent upon the stereochemistry of the
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starting hydrocarbon. Both frans, trans-2,3-dimethyl-1-phenylcyclopro-
pane (36) and cis,cis-2,3-dimethyl-1-phenylcyclopropane (37) give
mainly nversion by mercury (729, and 819, respectively) since the
2,3 bond is less sterically hindered than the 1,2 or 1,3 bond. On the other
hand c¢is,trans-2,3-dimethyl-1-phenylcyclopropane (38) gives mainly
retention by mercury (889%,) because only the 1,2 bond is cis substituted.
In all cases the methyl ether is formed mainly with inversion. The effect

CH; CH; CH;
mc\i H mc\i CeHs H i H
H CgHs H H me  \ GH
36 37 38

of change in the stereochemistry of the cyclopropane upon the
stereochemistry of electrophilic attack is shown even more dramatically
among the isomeric 2,3-dimethylcyclopropyl methyl ethers.

CH; CH; CH;

H;C i H H;C i OCH; H i H
H OCH; H H H5;C OCH;
90 % inversion 40 % inversion 5 % inversion
10 % retention 60 % retention 95 9% retention

Since in these unsymmetrical cyclopropanes the ultimate stereo-
chemistry seems to be determined not by a stereochemical demand of the
reaction mechanism itself but rather by steric effects which determine

CH;CH,

CH
3 H (l‘,—OCHg

H¢ CHs  Hg (0,CCF3),

CH, H +
Iy A CH,0H XHg

39 62 % inversion-inversion
(32)
CH; CH;3
H (ll—-OCH3

HC H
H HgX

38 % retention-inversion
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which bond is attacked, it was decided to determine the stereochemical
outcome of opening c¢is,cis,cis-1,2,3-trimethylcyclopropane (39) with
mercuric trifluoroacetate in methanol. In this molecule all bonds are
equivalent so that events occurring later on along the reaction pathway
must determine the stereochemistry of the reaction. The results show
that for the electrophile there is a slight preference for inverson over
retention (Eq. (32)), the two paths being of almost the same energy. The
nucleophile is incorporated, as always, with inversion of configuration.

B. Effect of Substituents

In agreement with the stereochemical studies just reported, it has been
shown that the absolute rate of attack by mercuric acetate on a cyclo-
propane is sensitive to the degree of substitution on the bond attacked.
For example the relative rates of reaction of the three cyclopropanols 22
shown, 40, 47 and 42, toward mercuric acetate, are in the ratio 1:10-3
:10-8. In unsymmetrical cyclopropanes the direction of ring opening

CH; Hc CHs
: OH CH; i CsHs CHs é OH
CeHs OH CH; CH;

40 41 42

is strongly influenced by steric factors 22). This is shown in Eq. (33) in
which a single methy! substituent is sufficient to induce C1—C3 cleavage

R OH CHHEOAC P
Cry—CH—( A . HC~CH—C=0 + CH~CH =0
GeHs CeHs HgOAc GgHs
99 % 1%

(33)

exclusively (recall that in the same system protonation gives C1—C2
cleavage to the extent of 47 %,). A phenyl group at the site of electrophilic
attack may have some slight activating effect 22); 2-phenyl-1-methyl-
cyclopropanol (43) undergoes ring opening to give 25%, of the product
of attack at the benzylic carbon (Eq. (34)). In view of the effect of a
methyl group as exemplified by Eq. (33), one would have expected
less than 19, of C1—C2 cleavage in 43. The result may indicate

88



Cyclopropane Ring-Cleavage by Electrophiles

CH, OH CH,HgOAC CH,
I He (OAc) [ 2 N
H e QHOIG=0 + GG T=0 o
CeHs CH; CH; HgOAc CH3
43 75 % 25 %

that the steric effects of the phenyl group are partially offset by an
electronic effect, but the data are not extensive enough to generalize.
Cyclopropanol is significantly (a factor of 103) more reactive toward
mercuric acetate than is phenyl cyclopropane. A cyclopropyl methyl
ether is less reactive than the corresponding cyclopropanol by a factor
of 10—20, and the cyclopropyl acetate is decreased in reactivity by a
factor of nearly 104%. These results are fully consistent with the large o
value for the mercuration reaction reported by Oullette 45 (vide supra).

IV. Cleavage with Halogen

Reaction of cyclopropane with bromine in the presence of a Lewis acid
as catalyst (FeBrs, AlICls, AlBr3) gives a mixture of ring-opened di-
bromides (1,1; 1,2; 1,3) (Eq. (35)) which are best accounted for by
postulating the intermediacy of protonated cyclopropanes 48), although

CH CH CHBr_1+
Brt + H,C—CH, —= H,(—CH, =—= H,C—CH,

the data do not allow any conclusions to be drawn about the structure
(edge versus corner) of the various intermediates involved. As is the case
with mercuric acetate, reaction of bromine with substituted cyclo-
propanes has been found to occur with either inversion or retention at
the site of electrophilic attack, depending upon the substrate structure.
Thus in the cyclopropanols and derivatives studied thus far, inversion
has been the sole pathway found 2, (Eq. (36)) while both retention 4
(Eq. (37)) and inversion 49 (Eq. (38)) occur in cyclopropanesinvestigated.
In both of these latter cases the nucleophile enters with complete in-
version. Bromination of bicyclo[3.1.0] hexane leads to ring-opened

CH; O
CH, . 3 C//
H C¢Hs ~C¢Hs (36)
+ Bft —- Br H
CH, OR CH;
(R =H, OAc)

89



C. H. DePuy

Q0 e Q50

Br
(37)
COOH Br, Br .
COOH COOH
By, CHCly__ Pr Br
\ >o° dark + Other products

(38)

33% 31%

44 45

dibromides 44 and 45 59). If one assumes retention of configuration by
the attacking electrophile, then the nucleophile has entered with nearly
equal amounts of inversion and retention. Cyclopropane itself has been
found to give only 1,3-dichloropropane upon treatment with chlorine 48),
in contrast to the numerous dibromopropanes obtained on bromination.
Optically active cyclopropanol 4 reacts rapidly with inversion of con-
figuration (Eq. (39)) upon treatment with ¢-butyl hypochlorite in carbon
tetrachloride 51). On the other hand the 2,3-dimethyl-1-phenylcyclo-

(Ve ccl A
+ (CH;);C—OCl 4 ¢-CH
(CH3)3 o Clm- N NocH,
CeHs

CeHs CH,

4

propanols, which react exclusively with inversion when treated with
brominating agents, give equal mixtures of inversion and retention upon
chlorination 2. It was suggested 2, however, that these reactions involve
attack on the O—H bond with subsequent free radical ring-opening; the
great reactivity of the OH bond in cyclopropanols has been recently
demonstrated 52).

V. Acylation of Cyclopropanes

Some of the most striking evidence for the intermediacy of protonated
cyclopropanes comes from studies of the reaction of cyclopropane and
alkylated cyclopropanes with acetyl chloride and aluminum chloride.
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The product with cyclopropane itself is a mixture of 1,3(46), 1,2(47) and
1,1(48) addition 53.59, with the rearranged products predominating

(Eq. (40)).

C1 CH,
] X AICh I I
CH3CZO + CHz—CHz — CH3CCH2_CH2CH2C1 + CH3C(I:HCH2C1

46 CH,
47 (40)
Il
+ CH; C—(I:H"‘CH2CH3
C1
48

In contrast to the results with DBr addition (vide supra), rearrange-
ment (Eq. (41)) was also observed when substituted cyclopropanes were
used as substrates 39,

0 1
+ I I
CH,C=0 + A(CH3 ——= CH;CCH—C—CH; (41)
CH; CH; CHy

VI. Reaction with Other Electrophiles

Ring-opening reactions of cyclopropanes have been observed with a
variety of metallic ions. Oullette has studied the kinetics of the reaction
of thallium acetate with phenylcyclopropane 36.57 (Eq.£(42)).

SB OAc
YCH;—CH—CH, + T1(OAc); —= [YCH;CHCH,CH,T 1 (OAc)h]

/ (42)
YC,H;CH=CHCH,0Ac +
YCGeH, (|2H~—CH2 CH,0Ac
OAc

The organothallium product is unstable to the reaction conditions,
and decomposes to a mixture of acetate and olefin. A Hammett o value
was determined for the reaction (—4.3). Lead salts also react with
cyclopropanes 58,59). Recently extensive studies of the isomerization of
strained cyclopropanes catalyzed by silver ions or by various transition
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metal catalysts have been carried out. These reactions have been the
subject of an excellent recent review 69. In addition cyclopropanes have
been shown to react with palladium chloride 81, ceric ammonium
nitrate 62, diborane 83,64, lithium aluminium hydride 69 and other
electrophiles.

Cyclopropanes have also been shown to undergo ring-opening upon
photolysis 66). Addition of CHzOD to dibenzotricyclo-[3.3.0.02.8]
octadiene (8) gives, as the major product, retention with both electrophile
and nucleophile. Cacace and coworkers 67 have carried out interesting
studies of gas phase exchange reactions between cyclopropanes and the
extremely strong acid helium tritide ion, formed from the g decay of
molecular tritium. Hydrogen-tritium exchange is observed in cyclo-
propane under these conditions, and both cis- and #rans-1,2-dimethyl-
cyclopropane undergo this exchange without interconversion of the two
isomers. The stereochemistry of free-radical ring-openings on substituted
cyclopropanes have been shown to occur with inversion at the carbon to
which the attacking radical (Cl.) becomes attached 68).

VII. Mechanisms for the Reaction of Cyclopropanes
with Electrophiles

At least three general pathways need to be considered for the ring-
opening reactions of cyclopropanes with electrophiles, each of which
could proceed with either inversion or retention. The most straight-
forward mechanism would involve a direct, single-step reaction leading
to a carbonium ion, a reaction which could truly be considered an
Sg2 process.

Mechanism I

— R - R
WR H
R Retention T — R sR
R i R _— |H g &H HE H
L -
H E H \ _ N
N R_H
Inversion FR 5: H R ®
7 R R
\\
LH gt H vl H

Such a mechanism obviously cannot account for all of the rearrange-
ments for the isotopic scrambling observed when cyclopropanes are
reacted with electrophiles and so cannot be the sole pathway operative.
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A second possible reaction path would involve the intermediacy of
an edge-substituted cyclopropane, as in Mechanism II, while a corner
substituted cyclopropane as in Mechanism III, is also a possibility®.

R Mechanism II R
R R R\'/’\/R
@ popr =Rt o NTHS o products
H H Determining H \‘E’/ Y

]!

R Mechanism IIT R
R’ R R .~ R
>A< + E* ﬁ?—-_—.— H%’_."‘_H_--_-_ " ——= Products
H u Determining E H

If we postulate that all of these pathways are allowed, that each can
lead either to inversion or retention, and further that edge and corner
substituted cyclopropanes are in equilibrium with one another, then
obviously nearly any experimental result can be accommodated. Un-
fortunately the situation is nearly this bad at the present time. In the
following we will examine the present status of the experimental evidence.

A. Protonation

The firmest piece of experimental evidence we have is that the norbornyl
cation is corner protonated and not edge protonated 36). We therefore
assume that Mechanism IIT can operate for protonation. But the evidence
is also firm that all ring openings by a proton cannot occur through a
corner-protonated intermediate or else predominate retention of con-
figuration would not be found in most protonation reactions. An example
is the ring opening of 1-methyl-2-phenylcyclopropanol (4). If a corner
substituted intermediate were formed, attack to give 49 might be
expected to be favored since it involves attack from the less hindered
direction. Yet in this and in other cases complete retention occurs. Does
this retention occur via an edge-protonated cyclopropane intermediate as

a) Tt has been demonstrated that electrophilic centers are not stabilized by the
face of a cyclopropane ring 89,70
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+ I"\T\ / 771 —= Inversion
CH,

—— Retention

CsHs
50

in Mechanism II? This in unlikely because of the relative insensitivity of
the direction of ring opening to substituents at the carbon to which the
proton becomes attached. For instance attack of a proton on 4 gives rise
to nearly equal amounts of two isomeric ketones 57 and 52. If edge-
protonated intermediates were involved it is hard to see why 53 would

(HH,C OH | CH,
N N
1,2 attack /C\--;_—-/(;\ — (C¢HsCH, (|3=0
4 53 51
~ [ EEen ] CHy
1,3 attack >c-—<‘:’/0H — =  CgH;CH—C=0
GeHs CH; Hy
54 52

not be greatly favored over 54 since the positive charge in 53 can be
stabilized by the phenyl group. It seems more likely that proton addition
in this case occurs through a single-step reaction, Mechanism I, and that
this reaction occurs with complete retention of configuration. Assuming
that C—H bond making balances C—C bond breaking, little or no charge
build up need occur on the carbon undergoing electrophilic attack, and
so little or no substituent effect would be observed.

A great deal of sense can be made of the experimental data if we
assume that there is a competition in any cyclopropane protonation
reaction between corner protonation and direct one-step opening with
the latter pathway the more favored the greater the driving force for
ring-opening. We therefore expect the one-step mechanism to predominate
for 4, and for other systems in which a good carbonium ion is formed.
When the carbonium ion which would be formed is not especially stable
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(a primary or a secondary cation) corner protonation may become
competitive with direct opening. This appears to be the case in the
tricyclic system 74 in which inversion is observed on reaction with D+,
(See Eq. (9)). If we assume, as LaLonde 9 did, that attack at the internal
cyclopropane bond is difficult because of steric hinderance, then two

corner-substituted cyclopropanes, 55 and 56, can be formed. Products
which might be assumed to arise from both are formed in this reaction,
but the product of stereochemical interest (57) would be that expected
from 55 and would show Znversion of configuration by deuterium.

Can all of the present results be accommodated without the need of
postulating an edge-protonated cyclopropane ring? The tracer work
of Baird 17, Lee 32), and Deno 3V can be fitted to a scheme in which
corner protonation and direct opening with 1,3-hydride shifts are
competitive, but an edge protonated cyclopropane ring accommodates
the data in a much simpler fashion®). An edge protonated cyclopropane

CH, H CH; H CH,
0 N NN
H,C-+CH, -+ CH, ¢ l+H
Ox. / N L
pi o o
CH; CH; CH;
58 59 60
CH; H CH
CH;—C—C—CH,Cl1 \C/\CHZ
;—C—C—CHy ¢
1] L
H /céo
CH,
47 61

b) However, Deno 27 has questioned the validity of the non-statistical deuterium
scrambling results.
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is also implicated in the results from cyclopropane acylation 59, If only
corner substituted species were important, then structure 58 should be
of lower energy than 59, since the positive charge in 59 is shared by a
carbon adjacent to the carbonyl group. But structure 58 does not lead
to the correct product 47 upon attack by chloride ion. On the other hand
edge protonated structure 60 should be more stable than 67 and also
leads to the correct product. Although product structures do not always
mirror the relative stability of intermediates, they do suggest that in this
case edge-protonated intermediates may be involved.

B. Mercuration

In contrast to protonation, mercuration of a cyclopropane ring is strongly
influenced by steric effects, so much so that they determine the overall
stereochemistry of the ring opening. It seems quite clear that mercury
attacks a cyclopropane ring in such a way that substituents at both ends
of one of the edges can affect the energy of the transition state. At first
sight, then, an edge mercurated cyclopropane (63) appears to be a reason-
able intermediate.

Several pieces of evidence argue against such an intermediate. The
first is the large g value reported 45 for the reaction of phenylcyclo-
propane with mercuric acetate. Steric effects argue that attack of mer-
cury should be on the C2—C3 bond. An edge-mercurated intermediate
(62) formed in the rate determining step would not give a role to charge
stabilization by a substituent at C1. It has also been reported 22 that
1,2,2-trimethylcyclopropanol (3) reacts at the same rate with mercuric
acetate as does 1-methylcyclopropanol. It seems, therefore, that a methyl
group at each end of the C—C bond has a greater effect than two methyl
groups at one end and none at the other. Finally, the stereochemical
results of mercuration of ¢is-1,2,3-trimethylcyclopropane are much
easier to accommodate if ring-opening occurs from a corner-substituted
cyclopropane (63) than from an edge-substituted structure (62).
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cts-1,2,3-Trimethylcyclopropane on mercuration gives 68, inversion
by mercury and 329, retention. If an edge-mercurated cyclopropane
were the sole intermediate, ring-opening with retention is easy to
visualize, but opening with inversion requires a large atomic reorganiza-
tion, with extensive movement of mercury. It is hard to see why these
two fundamentally different processes should have nearly the same
activation energy. Ring-Opening from a corner-mercurated intermediate
(64) should occur from the rear of the non-mercurated carbons, C2 and

CH; CH; CH; Hg (OAc), CH; CH; CH;

R mo S S
s e
H ¢ H H\Cf’

] 7N
H H HgOAc
64
CHSOHﬁ CH3O%B
CH; CHjy
CH;0-J2 3700 __.} A,
H
H HC CH; H
H” HgoAc H HeOAc
65 66
inv-inv ret-inv

C3. Attack from the rear at C2 (path A) gives 65 in which both
electrophile and nucleophile have reacted with inversion. If path B
is followed, (attack at the rear of C38), the nucleophile again enters with
inversion while the carbon mercury bond is formed with retention of
configuration. According to this picture, the stereochemistry of the
electrophilic attack in this system is really determined by the nucle-
ophile. Since attack at the rear of C2 and C3 is nearly the same sterically
it is not surprising that nearly equal amounts of 65 and 66 are formed in
the reaction. Even if we allow free rotation of C1, the pentavalent
mercurated carbon atom, the stereochemical results do not change. Such
an intermediate (64) would place positive charge on C2 and €3 and could
account for the large o values observed. We therefore favor a corner-
mercurated intermediate with the rate-determining step for the overall
reaction leading to this intermediate. This picture is discussed in orbital
terms in the following section.
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C. Walsh Orbitals as Aids in the Interpretation of Electrophilic
Attack on Cyclopropanes

The Walsh 7 orbitals for cyclopropane are particularly usefulin visualiz-
ing the possible pathways for electrophilic attack on cyclopropane. The
three bonding Walsh orbitals are given below 72, Attack by an elec-

\90‘1)
o

trophile on the higher energy S’ orbital would lead to the best overlap,
transforming it into a C-Electrophile bond. The A Walsh orbital would
lead to the new C—C bond, and the low energy three-center S bond
would remain essentially unchanged, giving rise to the three-center
bond in the product. The origin of the bonds in the product is indicated
in (67).

Notice that in this picture attack to give a corner-substituted inter-
mediate will occur along an edge and will be subjected to steric hindrance
by substituents at both ends of the bond, especially if the bond is sym-
metrically substituted.

A second attractive way for an electrophile to attack a cyclopropane
might be at the anti-bonding portion of orbital A. This would require
attack by an anti-symmetric orbital of the electrophile; it could lead to
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an edge-substituted cyclopropane in which the edge-substituted carbon-
carbon bond is actually strengthened by breaking of its antibonding
component (68). Such an intermediate might be particularly important

in reaction of cyclopropanes with transition metal ions.

VIII. Conclusions

Cyclopropanes can undergo attack by electrophiles with either inversion
or retention of configuration at the carbon to which the electrophile
becomes attached. The stereochemistry at this center, plus the fact that
the nucleophile enters with inversion in nearly all cases, can best be
accounted for by an intermediate, corner-substituted cyclopropane for
many ring-opening reactions. In some cases a direct, single step process
may compete with this mechanism. The possibility of an edge-substituted
cyclopropane as a reaction intermediate under special circumstances
cannot be ruled out at present.
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The field of carbenes has been intensively investigated for the last two
decadesV. These studies have shown that carbenes as well as nitrenes
and arynes play an important role in organic chemistry as reactive
intermediates?. Not only have these studies made it possible to under-
stand many organic reactions in detail, they have also given use to a
simple classification of organic reactions on the basis of these reactive
intermediates.

In the last decade a new class of carbenes has been recognized: the
Cycloalkenecarbenes. These can be defined as cyclic carbenes which
possess a carbene C atom attached to a conjugated & system.

Within this definition, one can construct the following series of
cycloalkenecarbenes:

?@@@@
AR
» 9 Q @ Q@

which contain a total of 4% or 4% +2 electrons. (Note that o electrons are
not taken into account.) Resonance structures for these cycloalkene-
carbenes —as shown above —have been proposed leading to two different
types of cycloalkenecarbenes. Carbenes with 3-, 7- and 1l-membered
rings (4n electrons) show a negative charge on the carbene center;
those with 5-, 6- and 9-membered rings have a positive charge on the
carbene center. According to the dipolar formula we may expect
carbenes to have either a certain nucleophilic (7, 4 and 6) or a certain
electrophilic (2, 3, 8) character. However one should realize that this
resonance description is correct only for electrons being in the same
plane, otherwise one is dealing with fwo different electronic states (see
definition p 108).

The nomenclature of the cycloalkenecarbenes follows the same rules
as apply for the other carbenes. The correct name is obtained by attach-
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ing either the prefix carbena- or the ending -ylidene to the cycloalkene
skeleton. The 3-membered ring carbene can thus be called carbena-
cyclopropene or cyclopropenylidene. Both terms will be used in this
review, which will:

1. discuss the electronic structure of the cycloalkenecarbenes, and

2. describe the reactivity, the potential nucleophilicity or electrophili-
city, and the chemical multiplicity of these carbenes.

The main emphasis is given to investigations where both these
aspects have been studied. This condition excludes many excellent
reports of preparative work on cycloalkenecarbenes 3). Since the field of
cycloalkenecarbenes still poses many problems, this report is an attempt
to summarize the results obtained to date and to define the problems
which still have to be explained.

I. Electronic Structure of Cycloalkenecarbenes — Extended
HMO Calculations

In simple carbenes (or nitrenes) the energy levels of the carbene orbitals
all possess the same energy, ¢.¢. they are degenerate.

R——CT=R R—N
TR %o ()
p,=o

Py

This is the reason why each of these orbitals is occupied by only one
electron, the resulting state being a triplet ground state 1. Certain
factors can destroy this degeneracy and it is possible to have a carbene
whose ground state is a stabilized singlet. If we consider two carbene
orbitals of different energy, then there are four possible configurations
for the two carbene electrons 4:

— + +

‘f__l__

—_—
—

105



H. Diirr

Configuration 1 is the ground configuration, 2 and 3 are singly
excited, and 4 is doubly excited. Electron interaction places 2 at higher
energy than the triplet 3 (Hund’s rule). Configuration interaction mixes
1 and 4.

According to Hoffmann 4 an empirical rule® shows that the level
splitting of the p4 and p, orbitals must be of the order of A E = 1.5-2.0
eV. Thus a singlet ground state is stable, 7.e. both electrons are in the
lower energy level. If the level splitting is less than 1.5 eV, then the ground
state will be of triplet multiplicity.

The degeneracy of the 4 and py (=0) orbitals can be destroyed by
two effects:

1. Reduction of the R—C—R angle 6 from its normal value of 180 °.
This reduction does not affect p; py=0 acquires s character and is
therefore stabilized (approaches an sp2- hybrid).

2. Conjugation with & systems having either unoccupied & or occupied
7 orbitals of correct symmetry. This effect can also operate in
cycloalkenecarbenes, to break the degeneracy of the carbene orbitals.

We can distinguish two cases where the carbene interacts with =
systems:

4An-Carbenes: a 4n + 2 m system with a carbene C gives a 4» carbene.

7 otbitals / bx _
NN T=by

\ "

\

In cyclopropenylidene (m=n=0) the highest occupied polyene
radical (S) has the correct symmetry for interaction with the $; orbital
(S). Mixing of these orbitals leads to two new orbitals of different energy:
Pz is destabilized, and ¢ is stabilized by bending, which reinforces the
splitting of the ¢ and the delocalized $ level. This is shown in the inter-
action diagram for cyclopropenylidene (7).
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= Y XS

B O

s S A E

= 7 S—— (px)"" -~

[+

The energy difference between p; (delocalized) and ¢ is A E = 3.17
eV. Therefore the two carbene electrons are most favorably placed in the
o orbital so that we find a singlet ground state for cyclopropenylidene 4.
This result of extended HMO calculations® has not yet been proven
experimentally. From these calculations a general rule can be derived:
the interaction of carbene orbitals with a 4# -+ 2 system should always
lead to a large splitting of ¢ and p,, giving more or less stable singlet
ground states.

4n - 2 Carbenes: Conjugation of the carbene center with a polyene
system of 4n z electrons means that the p, orbital and the lowest unoccu-
pied orbital of the x system must have the correct symmetry for inter-
action. This interaction again gives rise to the stabilization of 5 (delo-
calized), but the level splitting in this case is much smaller, since $y has
also been stabilized by bending. The simplest case is that of cyclopen-
tadienylidene (m=0, n=1) for which the interaction diagram is:

i 2

& —— e

~ \
S <7 \
\ \
\ \
\, \\
\\ \
\\ \\
N\ s o S(Px)
N\ -
., =
AE- {
A——ti- — o
8 —++ -t
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Cyclopentadienylidene (2) shows a very small splitting of the carbene
energy levels, A E =0.13 eV. The energy of the new $, and ¢ is very
close, and therefore a triplet ground state for cyclopentadienylidene is
expected. This is in fact borne out by ESR measurements # (see p. 109).

An extended HMO calculation for carbena-cyclohexadienone (3} 4p)
gives slightly different results. The o orbital of 3 is about 1.4 eV higher
than the p, orbital. This energy difference comes close to the A E value
of 1.5—2.0 eV which is necessary for a singlet ground state. Therefore for
3 a triplet ground state is expected; this is confirmed by ESR measure-
ments (see p. 109). But the singlet state should also be reached quite
easily. The nucleophilic or electrophilic character of the cycloalkene-
carbenes has also been evaluated by extended HMO calculations 4, and
information can be gained from the net charge on the carbene center of
the singlet species. The figures for this are shown in Table 1 together
with the splitting of the energy levels.

From Table 1 we may conclude that the singlet carbenes 7, 4, 74 and
7' should be nucleophilic. Carbene 2 shows only a weak net negative charge
for the o2 form and a slightly positive one for the $2 configuration. Thus
no great electrophilicity or nucleophilicity is to be expected for either the
o2 or the p2 carbene (see p.125). For greater clearness, the orbital schemes
of the o2, 2 and op carbenes of cyclopentadienylidene are reproduced.

= 9% QG
y, O (O

sp
2: op 2: o2 2:p?

Antiaromatic Aromatic

One important feature of cycloalkenecarbenes should be stressed here:

The resonance description e.g. delocalization for cycloalkenecarbenes
7—6 can be strictly applied only to the o2-carbenes of the 4#- (7, 4, 6) and
the p2-carbenes of the 4n 4 2-series (2, 3, 5).

In 7, 4 and 6 the o2-carbene is aromatic whereas the p2-carbene is
antiaromatic. In 2, 3 and 5 this behaviour is reversed.

0% =
& =
W Q0 — [==9
Localized Delocalized
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The 3 configurations o2, $2 and o of cycloalkenecarbenes are in fact
species of different multiplicities which should show different reactivities.
No studies to detect this differences have been carried out so far.

Table 1. Energy difference of the carbene levels and net charges on the carbene C

atom 4

Cycloalkene-carbene

Level splitting

Net charge for

AE (in eV) configuration
o2 pz
4y carbenes
> @) 3.17 —0.68
H
N
[ >| (7a) 3.45 —0.43
\
H
@' (4) 1.00 —0.86
N
Y ) 1.77 —0.65

4n - 2-carbenes

@l (2
o

0.13

1.4

—~0,321)  --0.161)

0.43 40

1) Private Communication of Prof. R. Hoffmann.

II. ESR and UV Spectra of Cycloalkenecarbenes

A. ESR Spectra

The predictions of the HMO calculations can be checked by ESR spec-
troscopy. It is well known that the magnetic properties of radicals or
triplets differ from those of molecules (closed shell) or singlets V. The
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Table 2. ESR spectra of cycloalkenecarbenes having a triplet ground state

Cycloalkenecarbene D (cm~1) E (cm™1) Angle at C; Reference
@ 0.4089 0.012 - )
2a
0.3777 0.0160 - )
2b
0.4078 0.0283 6-8)
@.@ 0.4084 0.0271 135° 9,10
: 0.4092 0.0283 11
2¢c
@.@ 0.3991 0.0279 135° 9,10)
Br . Br
2d
0
@ 0.3179 0.0055 12)
3a
a cl
0.3284 0.0086 12)
38
0.
/@\ 0.3470 0.0010 12)
da Y ua
3ec
0.3333 0.0112 12)
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Table 2 (continued)

Cycloalkenecarbene D (em™1) E (cm™1) Angle at C; Reference
@ 0.04 0.002 13)
Je
R R
@‘@ 0.3787 00162  ~150° 10)
4a:R=H
4 b : R=benzo 0.4216 0.0195 10

©\é/© 0.4050 0.019 ~150° 9, 10)
8
Cl=0  os L
N

|
R
7b
l
CN—-C—H 0.8629 0 180° 15)
I
HC=C—CH 0.6276 0 180° 15)

paramagnetic triplets give rise to ESR signals whereas the diamagnetic
singlets do not, and thus one can easily distinguish between a singlet and
a triplet state of a carbene. ESR spectra are usually obtained by photolyz-
ing the corresponding diazocycloalkenes in a matrix at 77 ° or 4 °K, ©
therefore the ground state of a carbene is normally observed under these
conditions. Two parameters are derived from the ESR spectra D, which
corresponds to the average separation of the two electrons, 7.e. the
degree of delocalization, and E, which is a measure of the deviation from
a linear structure. In Table 2 the D and E parameters are given for the
cycloalkenecarbenes studied thus far.

On the basis of the D and E values from Table 2, the cycloalkenecarbenes
may be arranged in order of:
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1. Decreasing D value:
7b>4b>2¢c~2a>8 >2d >4a>2b>3d >3b>3a > and

2. Decreasing E value:
2c ~Tc>4b~8 >4a>2b>2a>3d>3b>3a

The decreasing D values show — at least roughly — that electron-
attracting groups delocalize the electron in the $, orbital. The cyclohe-
xadienonecarbenes (3) therefore show the smallest D parameters. Fusion
to an aromatic ring seems to interfere with the delocalization of a
cycloalkenecarbene, since the z electrons are more localized in the benzene
system. The relatively large D value for 45 (0.4216 cm—1) is attributed to
steric interactions 10. The order 2¢ > 2a > 24 > 2b parallels roughly
the decreasing pxa-values, which are a measure of carbanionic stabiliza-
tion 11,

If the E parameters corresponded to the internuclear angle at C-1,
the order of decrease we would expect to be 4 > 3 > 2: however, the
actual sequence is: 4 > 2 > 3. This has been explained by the different
effects of the x and y components of the spin densities on the ¢ orbital at
C-16,12, From the |E|/[D| value it was concluded that all cycloalkene-
carbenes have angles which are large compared to the internuclear angle
at C-1; thus all the bonds at C-1 should be bent, ¢.e. C-1 should not be in
the ring plane 6 10, 12), This suggests that 4 is almost planar 19, allow-
ing delocalization of the ¢, electron. The electronic state of 7 has not
been studied yet.

B. UV Spectra of Cycloalkenecarbenes

Very little work has been published in the area of the UV spectroscopy
of cycloalkenecarbenes. The few investigations that have been carried
out were done with the aim of finding out whether the electronic state at
77 °K is identical with that at room temperature. The results published
so far are reproduced in Table 3.

Table 3. UV spectra of cycloalkenecarbenes

Cycloalkenecarbene A max (nm) at 77 °K Reference
8 468 16, 17)
e
HHHH
‘i
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Table 8 (continued)

Cycloalkenecarbene A max (nm) at 77 °K Reference
4a 3831) 10 p sec?) 20, 21)
395
486

1) Identical with spectra obtained at room temperature by flash photolysis.
2) Lifetime,

As compared to 8, 4a’ and 4a show a bathochromic shift. This is obviously
due to a larger delocalization of the , electron. There is practically no
difference between the UV spectra of 4a’ and 4a. The flash photolysis
experiments demonstrate clearly that the spectroscopic information
obtained at 77 °K also applies at ordinary temperature 19-21). The
lifetime of carbene 44 at ambient temperature has been shown to be of
the order of 10 u sec 2D,

ITI. Generation of Cycloalkenecarbenes

Cycloalkenecarbenes are reactive intermediates and are not stable under
normal reaction conditions, 4.e. they react instantaneously to give stable
products. This section reviews the current methods of generating cyclo-
alkenecarbenes. Their reactions are thereafter described without regard
to the method of preparation.

The simplest way of generating a carbene is by photolysis or pyrolysis
of a suitable diazo compound. This reaction gives a free carbene species 1
and is therefore the method most often used.

The cyclopropenylidene 7 and the heterocyclic carbenes 7 and 7’ have
been prepared by different routes, thus leading most probably to car-
benoid species since K-t-butylate is present in the system.

Cyclopropenylidene (7). The generation of 7 posed — and still poses —
a serious problem. All the classical methods have been tried to synthesize

Noq i
Ci‘?>5<N—c—N (CHy ) —— If]z Cﬁjg<0—c—N (CHs)a

Gos H cghs
9 10
H;
K-t—O Bu
—_—F l
CeHs
la
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a suitable diazo precursor and have failed, or only slight amounts of
7 22-249 have been generated. The only useful method for the generation
of 7 is thermolysis of the N-nitroso-carbamate 9 in the presence of a strong
base, leading to 74 2% via the intermediate 70:

Cyclopentadienylidene (2). 2 was very easily obtained by photolysis
or thermolysis of the corresponding diazo-cyclopentadienes (72). These
were prepared by straightforward procedures (diazo-group transfer,
dehydrogenation of hydrazones, or Bamford-Stevens reaction of tosyl-
hydrazones) 26-30) from either cyclopentadienes (77) or substituted
cyclopentadienones (73).

1. NH;NH,
TosN3 2.HgO
U Base Q 1. TosNH-NH,
N 2. Base o
11 12 13

lhv/A

e
Carbena-cyclohexadienone (3). Photolysis or thermolysis of p-quinone
diazides (75) easily led to 3. The precursors of 3 are either p-aminophenols
(74), p-quinones (77) or anthrones (76). Diazotization of 74, Bamford-
Stevens reaction of the tosyl-hydrazone of 77, or diazo-group transfer to
76 afforded the corresponding p-quinonediazides 75 31-34),

0
1. HNOZ Tos N3
——HCl ~Base ‘@
B ~H

' _ lhv/or A
0 o}
; i
17 3
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Cycloheptatrienylidene (4). Unsubstituted 4 could be obtained by
thermal or photochemical decomposition of tropone tosylhydrazone salt
(79¢) 35, 36), In the case of the dibenzo (794) or tribenzo derivatives (795),
the diazocycloheptatrienes (20a, b) could be isolated 37. Then photolysis
of 20a, bgave 4 in these cases too. An interesting entry in the cyclohep-
tatrienylidene series consists of flash pyrolysis of phenyldiazomethane (27)
followed by a rearrangement to 4 38,

RZ R2 R‘L{ Rz
1. Tos NHNH2 R: R!
T Nam or A
——N—-—Tos Rt — R
194, b, ¢ 4
. .a b (4 “9
X =0 (0] Cl, Ct
R! = o-phenylene H RZ R2
R2=H o-pheny-H’ RL Rl
lene i
Rl 1
N, R
20b, ¢
Ho "% A H |
9 —— 0 — D
21 21’ 27"

- &
y=Ny, = N—H"TOS

SO, Ar
22
1) NaH
2) A
pmaaeE—
Rearrange-
ment
H—C=NNHAr
23 6’
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The 1l-membered ring carbene was generated by thermolysis
recently. To ensure coplanarity a brigded precursor such as 4.9-methano
(11) annulenone-tosylhydrazone was used to give thus 4.9-methano (11)
annulenylidene 6 39). The isomeric annulenylidene 6’ was synthesized
from the tosylhydrazone of 1.6-methano-annulene-2-carboxaldehyde 39),

Hetero-cycloalkene-carbenes (7¢, 7', 21). These carbenes could — until
now — only be generated as carbenoid species. So treatment of 1.3-
diphenylimidazolium halide (24) with alkoxide gave 7¢ 49, whereas N-
alkylbenzthiazolium halides (25) in the presence of f-amines yielded 26
41), Pyrolysis of the zwitterions 27 led to the formation of 7’ as inter-
mediates 42,

? ! ?
N N, N,
K—t—0Bu =
H/X® - _ - e )le
s EIIQI [IT>
b v ?
24 7c
; 1.* ;
NE NR Ny N,
N\ H/Xe ————3—’ @ \ [ - @[_ C]
@ES} s e 4
25 26

1
L e O
—CO -
KE N “os 2 /e N/
R

27 7

R
=

RY, R? = H, o-phenylene

IV. Reactivity of Cycloalkenecarbenes

A. Relative Rate of Insertion Reactions

Cycloalkenecarbenes — like other carbenes — insert readily in an inter-
molecular reaction in the C—H bonds of alkanes. This reaction can
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Insertion |
— s —C—R
|
SC: 4+ R—H H I
Abstraction | P
- |-C¢*R |—s—C—C— +R—R
| |1
Ht ? HH
A

proceed by two different modes, either by concerted insertion or by a
two step abstraction process 1,

The insertion reaction gives only a single product whereas the ab-
straction process leads primarily to a radical pair A which can then
combine to form three different compounds. A singlet carbene usually
gives insertion while a triplet carbene reacts via abstraction. These two
processes can easily be distinguished in gas-phase reactions. In the
condensed phase, however, the radical pair A is trapped in the solvent
cage. Recombination of the radicals then leads to a single product which
is identical with the insertion product. In special cases abstraction
reactions can be observed in the condensed phase too. The photolysis of
diazofluorene (72¢) in cyclohexane gives the products 9-cyclohexyl-
fluorene (28) and 9.9'-difluorenyl (29), formed by an abstraction reaction43).

Another clear-cut example of abstraction was observed in the reac-
tions of anthronylidene (3f) 33, 39 with cyclohexane or toluene. All
possible dimerization products 30, 37 and 32 can be isolated in this case.
These abstraction reactions are attributed to triplet carbenes 2¢ and 3f.
All other cycloalkenecarbenes show normal C—H insertion reactions (for
the exceptional behaviour of di- and tribenzocycloheptatrienylidene
see p. 137).

Photolysis of phenyl-substituted diazocyclopentadienes (72} in
cyclohexane gives excellent yields of substituted cyclohexylcyclopen-
tadienes (33) 27 49,

Use of alkanes with $, s or ¢ C—H bonds will give three different
insertion products. The ratios of which yield the relative rate of insertion.
Carbena-cyclopentadiene (2a) generated photochemically inserts in the
C—H bonds of 2.3-dimethylbutane to give two products 34 and 35 in the
ratio 1.22:1 26,

Corrected for statistical factors, insertion occurs 7.32 times faster
with the tertiary than with the primary C—H bonds of 2.3-dimethyl-
butane.

Similiar experiments have been carried out with 2.5-diphenyl-
cyclopentadienylidene (24) 4%). These are the only data so far available
on the relative insertion rates of cycloalkenecarbenes. Table 4 shows a
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12¢

Abstraction

+¢—CH~CH,—@

31:49%
I5f

QL O

H ~CH;—¢

32:'12%
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@. ¢
@. %
O % A
@ R —Ny H
Ny
12 e,f 33
R=H,?
H,C CH,

+ CH—-cm, - +
H H e H H H
N, CH3—(|3-i-—CH3 H CH2—|——[—CH3
H;C CHy HC CH;

12a 34 35

comparison of relative rates of 24 and 24 with the results obtained for
simple carbenes.

Table 4. Competition constants for insertion of cycloalkenecarbenes and simple
carbenes

Precursor Mode of Alkane Insertion rate Ref.
generation 2°/1° 3°/1°
I 2.3-Dimethyl-  — 7.3 26)
butane
2
12a
H H
hy 2.3-Dimethyl- — 4.5 45)
@ 4 butane
Nz
12h
CHj3Nyo hy 2.3-Dimethyl- — 1.2 46)
butane
CHN3COgsR hy 2.3-Dimethyl-~ — 2.9 47
butane
¢—CHNg hy Pentane 8.3 — 48
CN3(COzR)3 W 2.3-Dimethyl-  — 125 46)
butane
C(CN)aNg A Isobutane — 12.0 49
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From these data an order of decreasing reactivity can be derived:

:CHy > HE—COR > I Y vl Vo> pc-H > :C(COR):

~ C(CN)Z

This decreasing reactivity can be explained as follows:

\ \& N\g

~C—H —C H —Cl_H
/ o / l 8/ / 8/
SN N N
R R R R R R
A B

The contribution of the canonical structure A is increased by carbene
substituents R with electron-attracting abilities. This is equivalent
to a stabilization of the transition state of the reaction. The greater
this stabilization, the greater the discrimination of a certain carbene,
i.e. the discrimination increases in the above sequence from left to
right.

The more stable the carbonium ion in the transition state A, the
more selective is a carbene. This explains the greater insertion rate
in the order 8° > 2° > 1° C—H bonds.

Relative rates of insertion have not been measured for 5. 7 and 4 do
not insert at all®.

B. Relative Rate of Addition Reactions versus C—H Insertions

Cycloalkenecarbenes react with olefins either by [1 4 2] cycloaddition to

the

double bond or by insertion in the C—H bonds. Thus spirocyclopro-
[1+21- C—H
Cycloadd1t10n C Q/ ,
C
C=8 <5
/C——C\C 2 . .
/ Insertion C/_ c—¢ I—C B

R (0]

a) Private communication from Prof. W. M. Jones, University of Florida, Gaines-
ville/USA.
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panes (A) — which are of synthetic interest — or substituted alkene de-
rivatives (B) are formed.

The relative rate of addition versus insertion can be used as a measure
of carbene reactivity, too. For instance carbena-cyclopentadiene reacts
with tetramethylethylene to give the spirocyclopropane 36 (A) and the
alkenylcyclopentadiene 37 (I) 26), A: addition, I: insertion.

CH; CH;
D G 7
H CH
cfi, CH, 3 s
N, Hy,C CH, H2C\CE Shs
H;C CHj;
124 26 37

The ratio of 36:37 being 1.74. If this figure is corrected for statistical
factors (12 equivalent C—H bonds) the A/I rate is 20.9. In the same
manner the A/I rate has been determined for several other cycloalkene-
carbenes; the results are presented in Table 5.

Table 5. Relative rate of addition versus insertion of cycloalkenecarbenes

Diazo compound Alkene Afr (corrected for Ref.
statistical factor)

12a, hv >=__< 20.9 26)

2.3-Dimethyl-
but-2-ene

12e, hy >.—_—_C< 40 449)
H

2-Methyl-but-
2-ene

12¢, by \-=\( 34 449
H

trans-4-Methyl-
pent-2-ene

H
12¢, v \.—.—.)Q 2281 19

cis-4-Methyl-
pent-2-ene
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Table § (continued)

Diazo compound Alkene Afr (corrected for Ref.
statistical factor)
% P H
@ P, hy
cis-4-Methyl-
N2 pent-2-ene
12f
cl C1 H
>=< Y 29)
Cl Cl, hy
Ny 2-Methyl-but-
12 g 2-ene
( @ 14.8 27
@
@ P
fP]Q[H, v @ 13.8
Nz
12e
O 17.1
~
Cycloalkene
D »
12f, by
SHEE
@ 12 149
12f, b
O 6
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Table 5 (continued)

Diazo compound Alkene Ay (corrected for Ref.
statistical factor)

>=< 25 50)

N,, hy
15a 2-Methyl-but-
l-ene

H,CN,, hv >= 16.22) 5.79) 51-53)

isobutene
Addition/vinyl +
allyl — insertion

>=< 8.39) 51, 52)

2.3-Dimethyl-
but-2-ene

Polyenes

12e, by © 2.0 54

Cycloheptatriene

@ 0.93 54
4

12n by Cycloheptatriene

55
125, @ 21 )

Benzene

2
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Table 5 (continued)

Diazo compound Alkene Afr (corrected for  Ref.
statistical factor)

12g, hy @ 2.0 55)

Benzene

1) This value is much too high.
2) Gas phase.
3) Condensed phase.

From Table 5 a rough order of reactivity for the cycloalkenecarbenes
can be deduced:

CH2>©>©>V©\

'

2a 3a 2h

") ¥ 0w ct Gl
S0 > A8, - I
A NS d "

2e 2f 2g

The rate of addition to a double bond increases in the sequence shown
above, i.e. the cycloalkenecarbenes are less reactive (more stable) from
left to right. The position of 2g is not reliable since no insertion with
simple olefins has been reported. Again the pxa-values would also be a
measure of inductive and resonance effects. The A/I rate with polyenes is
modified in comparison with the A/I values for simple olefins.

The decreasing A/I rate of 2Ze¢, f with cycloalkenes has been attributed
to increasing steric hindrance in going from a 5-membered to an 8-
membered ring. Steric effects mask the reactivity of the cycloalkenecar-
benes in these reactions. In the case of the more stable (less reactive)
cycloalkene carbenes the transition state is more product-like 56, 7.e.
the carbenes are more selective. Steric effects can obscure this pattern.
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Reactant-like Product-like
A B

Transition state for addition
Highly reactive Less reactive carbenes

C. Nucleophilicity or Electrophilicity of Cycloalkenecarbenes

Now that we have established — at least for some cycloalkenecarbenes —
an order of reactivity, one important problem is still unresolved. Do the
cycloalkenecarbenes 7—6 show some nucleophilic or electrophilic char-
acter as postulated (see p.104)? This question can be tackled by three
different approaches:

1. Competition experiments with olefin pairs of different nucleophilicity,

2. measuring the different rates and positions of substitution with
benzene derivatives and

3. determining the product ratio in the reaction with azides.

1. Competition Experiments with Olefin Pairs

a) This method has been widely used to prove the electrophilic char-
acter of carbenes, but unfortunately, with the highly reactive car-
benes, this procedure is a poor criterion for electrophilicity 57.
Nevertheless, the method has been applied to 24 in the cycloalkene-
carbene series. The relative rates of addition obtained by competition
experiments are collected in Table 6.

Relative rates of addition of carbena~cyclopentadiene with olefins
show no electrophilic order. In contrast to 24, for phenyl- and phenyl-
bromocarbene a clear increase of addition rate with more nucleophilic
alkenes is observed. For cyclohexadienylidene (3¢) an electrophilic
character was demonstrated. Je is not a cycloalkenecarbene stabilized
by resonance but a simple divinylcarbene. 3¢ should have the same
steric requirements as 2a. Thus, if there is a difference between 24 and
Je it cannot be due to steric 5% but rather to electronic effects. This
means that there must be a special effect operating in 2a.
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Table 6. Relative rates of cycloalkenecarbene addition to olefins (in solution,
relative to 2-methyl-but-2-ene)

Source of R-CH=CHgz R R R R R R R Ref
cycloalkene- = NS @ >={ =
carbene R R H R R
(R always in brackets)
1.25 — — 1.33 1.00 0.99 26)
(n-butyl) (CHs)  (CH3)
N, ,hy
0.93 — — — — —
12a (¢-butyl)
0.24 0.21 0.19 - 1.00 1.23 13)
(n-butyl) (CHgand (CHjand (CHz) (CHjy)
i-propyl)  é-propyl)
N2
15 e,hv
‘ 0.23 — — — 1.00 1.07 58)
X (t-butyl) (CHs)  (CHy)
Jhy
CeHjs— 0.29 0.58 1.01 — 1.00 — 59)
— CH=Ng, hy (CH3—CHy) (CHg3) (CHg) (CHg)
CeHs N
\C/” — 0.08 0.22 — 1.00 1.52 60)
VAN (CHy) (CHs) (CHs) (CHy)
Br N, hw

Net charge at Cy: —0.32 +0.16

126



Reactivity of Cycloalkenecarbenes

The apparent lack of an electrophilic order for the addition of
cyclopentadienylidene (see p. 126) may result from a product like transi-
tion state of a highly reactive carbene 2a. Thus little charge would
suggest a very high energy species with a very low activation for the
addition. The reason could be a major contribution from the anti-
aromatic ¢2-carbene of 2a which should show some destabilisation in
contrast to the aromatic p2-carbene (see also 81).

b) A very elegant approach for testing the electrophilic or nucleophilic
character is the addition of a carbene to a styrene containing $ sub-
stituents of differing electronegativity 62). By this procedure relative
addition rates are obtained which depending only on electronic and
not on steric effects. This method has been used only very recently in
carbene chemistry in a few cases 2. From the reaction of carbena-
cycloheptatriene 4¢ with differently p-substituted styrenes, relative
rate constants were evaluated and are presented in Table 7.

A Hammett plot (Fig. 1) of the relative rates obtained for the
substituents: 4—OCHjs, 4—CHg, H, 4—Cl, 4—Br and 3—Br, clearly shows
that the addition rates are increased by electron-withdrawing groups.

From Fig. 1 a value of ¢ = 41.05 -+ 0.05 is derived, demonstrating
definitely that 4¢ is a nucleophilic species €2, This beautiful result
justifies the calculations and considerations described on p.105. For
comparison, the g value for the electrophilic |CClg is somewhat smaller
but as expected, it shows the opposite sign (g = — 0.61) 62}, Unfor-
tunately, no similiar data exist for 7. There is, however, some hint that 7
also has nucleophilic properties: 7 does not add to electron-rich olefins
but with electron-deficient olefins, such as dimethyl-fumarate, reacts
very smoothly to afford the highly strained spirocyclopentenes 38 22-24),

Table 7. Relative rate constants for the
addition of cycloheptatrienylidene to
substituted styrenes XCgH,CH = CHj

X in XCgH4CH = CHp kafkel)
4—0CH; 0.51
4—CH, 0.57

H 1.00
4—Cl 1.592)
4—Br 1.68
3—Br 2.92

1y Average of two glpc determinations.
2) nmr analysis of the mixture of the orig-
inal adducts gave ke, = 1.61.
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Fig. 1. kre1. vs. bvalues for the reaction of 2.4.6-cycloheptatrienone-p-toluene-
sulfonylhydrazone sodium salt-derived cycloheptatrienylidene with substituted
styrenes
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2. Different Rates and Position of Substitution with Benzene Derivatives

No quantitative data have been obtained by this procedure, but it
demonstrates very clearly the character of the reacting species involved.
It has been applied to 2.6-dichloro-carbena-cyclohexadienone (3b) 32
but not to unsubstituted 3 itself. The results are nevertheless unam-
bigous. Using this method, 36 was reacted with a mixture of substituted

OH OH
& Cl Cl
0
Y A L0 0
Q- T
X
N QO ©
X

1556 39 20
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benzenes and benzene and gave mixtures of o- and p-substituted 2.5-
dichloro-4-hydroxy-biphenyls (39, 40) 32, 63):

In some cases m-substituted biphenyls (47) are also obtained. From
these experiments relative rate constants were measured for the overall
substitution of benzene derivatives by 3b. These data are collected in
Table 8.

Table 8. Relative rate constants for overall
substitution of benzene derivatives by 3b 32

Relative rates of substitution by

(in —CgH4X) 3b HNOg/Ac0 ¢ -
H 1 1 1

F 0.388 0.15 1.35
c 0.429 0.033 1.44
Br 0.345 0.03 1.75
CH30 1.276 - 2.5
CH3CO2 0.522 0.0037 -
CN 0.335 - 3.6

These relative rate constants are compared with the figures for
nitration (HNOg/Ac20) and phenylation (phenyl radicals) 32). Table 9
gives partial rate factors for substitution with various benzene deriva-
tives.

Table 9. Partial rate factors for substitution
in C5H5X by 3b

Benzene Partial rate factors for reaction
derivative with 3b
CeHjzX 40 41 39
{0) (m) 2
F 0.72 0 0.88
Cl 0.85 0 0.88
Br 0.59 0 0.88
OCHj 2.78 0 2.09
CO9CHg 0.55 0.49 0.37
CN 0.45 0.17 0.77

The data in Table 9 (no m-isomer) show that a radical mechanism can
be ruled out. Table 8 shows that 3 is of even greater selectivity than the
electrophilic nitration. These results clearly point to substitution by an
electrophilic agent which can be formulated as 35’ 32,

This shows that the resonance representation of 3 (see p. 104) is of
some importance and 3 is indeed an electrophilic intermediate. The
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0 107
Cl Cl Cl C1
U - O
3b 3b'

resonance formula 33’ gains weight by reason of the electron-attracting
C=0 group. However in the case of 3 the problem of either the ¢2- or the
p2-carbene being a major contributor arises again,

Table 10. Ratio of triaza and monoaza derivatives in the reaction of 26 with
R'—Nj (42) 9

Azide ‘Wavenumber of 43 47 4347
[R'—N3]® BF4© N=N-frequency of (%) (%)
[R'—N3]® BF42(cm1)

S

@:P%“ Ns 21561) 72 <1 ca. 72
I
CH;

CH;0
\©:S,>_N3 2155 73 <1 ca. 73
Iilea

CH;

?Hs

N,
@[ N3 2158 24 11 62
Ne

]
CH;

m 2158 18 30 0.6
No N

|
CH,

pCH3CGs Hy -SO; N 2137 <1 56 ca. 0.02

N,
@@ :
2130 — 7 —_
N7

1) Decreasing wavenumber is equivalent to decreasing electrophilicity.
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3. Reaction with Azides of Differing Electrophilicity

This approach yields at least a rough estimate for the nucleophilicity of
the reacting species. It has been used to test the nucleophilic character
of benzthiazolene-ylidene 26 40-42, 64, The carbenoid 26 is generated
from the N-alkylbenzthiazolium halide (25) in the presence of an azide
of decreasing electrophilicity. With strongly electrophilic azides (42a),
the carbenoid 26 reacts to a triazene 43. Weakly electrophilic azides
(42b) do not trap 26 immediately. The addition of 25 to 26 is faster,
giving rise to the dimer 45 which then adds RNg' (425) to yield 46. 46
can decompose further to 26 and the monoaza derivative 47.

From the decreasing ratio 43/47 in the reaction with azides of decreas-
ing electrophilicity we may deduce that 26 has nucleophilic character 64,
Table 10 gives the ratio of 43/47 in the reaction with various azides.

V. Chemical Multiplicity Studies

ERS studies have shown that the ground states of all cycloalkenecarbenes
so far studied are of triplet multiplicity. A possible exception might be
cyclopropenylidene 7, whose ground state has not been determined yet
(see p. 109). For cycloheptatrienylidene 4 only the dibenzo-derivative has
been studied. The ESR investigations are usually carried out at low
temperature. What however, is the spin state of the cycloalkenecarbenes
at ordinary temperature? (See also p. 102). The solution to this problem
is important since the delocalized formulae (see p. 108) are valid only for
singlet states. The spin state of the reacting species of 7—6 can be eluci-
dated by methods introduced by Skell 65, as summarized in the follow-
ing statements:

1. Singlet carbenes add to olefins stereospecifically; triplet carbenes
add non-stereospecifically.

2. Singlet carbenes should give predominantly C—H insertion with
C—H bonds, triplet carbenes should give preponderantly abstraction
(see p. 116).

3. Triplet carbenes add faster to 1.3-dienes than to mono-olefins.
Of these three rules, the first one has been most widely used and
is the one mainly applied to cycloalkenecarbenes. The well-known [1 4-2]

cycloaddition of carbenes to olefins is shown in the following scheme. All
the steps for the concerted singlet cycloaddition are evident.
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R R' R’ R* R’
Y i
R/ Hi Concerted addition
R
48

Singlet: cis-addition stereospecific (a)

If in the triplet addition — which is a two-step reaction — rotation
is faster than intersystem crossing and ring closure, 7.e. k3 > k1 ~ kg,
then a mixture of c¢is- and frans-cyclopropanes is isolated. This rule is
widely recognized though to date no sound theoretical basis has been
found for it (a pyrazoline intermediate has been excluded in most cases
by control experiments). If the cycloaddition follows path (a), it is called
stereospecific. Carbenes having two different R groups can give rise to

1. Intersystem

. crossing R R’
e S S
R’ ' 2 Ring closure
R
49 48
Rotation cis~- Addition
k3
> (b)
, 1. Intersystem ,
R crossing R
. %
R L EEse—
i, R 2. Ring closure ;i;R’
R R
50 51

trans- Addition

both a syn- and an anti-addition product. If either one is preferred, the
cycloaddition is called stereoselective. Only for unsymmetrically sub-
stituted cycloalkenecarbenes the latter type of reaction is possible.
Stereospecifity can be increased by Og or NO, which act as triplet
scavengers. It can be diminished by inert gases (Ns) or solvents (C4Fg
or CH2Cly) which favour intersystem crossing.

Table 11 presents chemical multiplicity studies for which criterion 1
(stereospecific addition) was almost exclusively used to demonstrate the
spin state of the cycloalkenecarbenes.
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From Table 11 the conclusion is obvious that the amount of non-
stereospecifity is always larger in the [14-2] cycloaddition of all cyclo-
alkenecarbenes with cis- as compared with #rans-olefins.

As can be seen from Table 11 all carbena-cyclopentadienes (2) add
stereospecifically as singlets (S). The only exceptions are tetrachloro-
cyclopentadienylidene (2g) and the fluorenylidenes (2¢, 24). The non-
stereospecific addition — which is of the same order as for diphenyl-
carbene 71 — in 2g is most probably due to a heavy-atom effect of
chlorine favouring intersystem crossing to the triplet (T). An aromatic
ring as in 2¢ and 24 (as well as Br substituents) also facilitates the S—T
interconversion step.

The reason for this fact is most probably due to the lowering of the
energy of the lowest unoccupied MO (LUMO) in the order cyclopen-
tadiene-, indenyl-, fluorenyl-anion?3. A similiar effect should be operat-
ing in the cycloalkenecarbenes. Thus a stronger interaction with the
¢ orbital (see p.107)is possible resulting in a decreasing energy difference

Table 11. Chemical multiplicity studies of cycloalkenecarbenes

Carbene precursor Stereospecificity Abstraction Ref.
(generation mode) o/ yaus-Cyclo- % ¢is-Cyclo-
propane from propane from
cis-olefin trans-olefin
8%) — 26)
22) 0 66)
Ny
12a ()
@ ¥
¢ ; < 12 < 12) 44
Ny
12¢ ()
¢ @
< 12) < 12) 27)
@ @
Ny
12f ()
Cl: Cl 101) Tracel) 28)
223) - 28)
Cr Cl 584 _ 45)
N,
12g ()
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Table 11 (continued)

Carbene precursor Stereospecificity Abstraction  Ref.
(generation mode) % trans-Cyclo- % cis-Cyclo-
propane from propane from
cis-olefin trans-olefin
© 341 o1 67)
' 452) Trace
N, 771) 121) 67)
+ GFs 659 - Little 9
12¢ (w)
4 — 9
N,
12d (w)
o}
51) 31 68)
331)
N
15g (w)
o}
Not clear: photochemical eis-, 39
trans-isomerization not excluded 69)
Ny
15f ()
@ 82) < 12) 13)
Ny
)
(7o) 26) 26) 61a,b)
(hy +
CH2Bry) 69) 26)
(A) 404+ _ 36)
(thermal
N-NH -Tos isomer-
20¢ ization)
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Table 11 (continued)

Carbene precursor Stereospecificity Abstraction  Ref.
(generation mode) % trans-Cyclo- % cis-Cyclo-
propane from propane from
cis-olefin trans-olefin
239, dimer
‘ on o1) 2%, ab- 87)
straction
Nz
20a (w)
@.@ 01) 02) 29/, dimer 37)
Ny
205 (hv)
CH Nz () 01) 01) 65)
@HCN3 (k) 31) 31 70)
@2CNg (hv) 341) Tracel) (Y
(CN)gCN3 (A) 701) 301) 72)

1) sis- or trans-But-2-ene.

2) cis- or trans-4-Methyl-pent-2-ene.

3) cis- or trans-Pent-2-ene.

4) Dialkyl maleate or fumarate.
5) cis- or trans-1.2-Dichloroethylene.
6) cis- and trans-1.2-Dicyanoethylene.

*) See p. 137.

of the delocalized = and the o orbital. As a consequence the triplet
carbene becomes more favored in the order 2a, 25, 2¢ as is observed

experimentally.

Carbena-cyclohexadienones (3) react in a stereospecific manner too.
The results for anthronylidene (3g) are not unambiguous (they point to
a nonstereospecific addition), but the abstraction processes clearly call
for a triplet state 33, 349, The cycloaddition of cycloheptatrienylidene
(4¢c) is stereospecific when dicyanoethylenes are the olefins used 612, b)
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(the result of 1. c. 38 is obscured by base-induced isomerization of the
fumarate and the maleate). Di- and tribenzo-cycloheptatrienylidene
(4a, b), however, show a special behaviour. They add stereospecifically
to olefins but in spite of this they give considerable amounts of abstrac-
tion products. Obviously the singlets 44, b add in a stereospecific manner,
while the triplets 4, b lead only to the formation of abstraction products.

A new technique for a determination of spin-multiplicities is the
CIDNP-method. From emission signals in the nmr-spectrum a singlet or
triplet state is deduced in insertion or addition reactions. This technique
has been applied recently to 34 and 3g 74. CIDNP-measurements in
cyclohexane or CCly demonstrate that 3a reacts as singlet whereas 3¢
(di-¢-butyl-derivative) involves a triplet intermediate. The latter experi-
ment is in contrast with the results of stereo-specific addition of 3g to
cis- or trans-butene 68, However the faster rate of addition versus
insertion is thought to be responsible for this descrepancy 74).

If one wants to alter the S—T conversion rate, two experimental
procedures are to hand:

a) Dilution techniques or

b) sensitization experiments.

With procedure a) an increase of nonstereospecificity from 349, to
77% for 2c¢ (cis-olefin) is achieved with hexafluorobenzene as diluting
agent (see Table 11).

In contrast, 2a showed almost no change in nonstereospecific addi-
tion when dilution experiments were carried out either with hexafluoro-
benzene or octafluorocyclobutane 66).

In cyclohexadienylidene 3g however the stereospecifity in the addi-
tion to cis-butene is lost with increasing concentrations of hexafluoro-
benzene 68b), The ratio of cis-adduct/#rans-adduct drops from 18.0, 4.5
to 2.0 as the mole 9, of C¢Fg is increased from 0, 74 to 90%,. Solvents
with heavy atoms such as methyl-iodide or phenyl-bromide favor also
S —» T conversions in the case of 3g 68b),

A smaller increase is reported for 4¢; where nonstereospecific addition
goes up from 29 to 69, (cis-olefin).

The dilution technique makes use of the different concentration
dependence of the S—T conversion («) and the carbene addition to the
olefin (B). The decay of the metastable singlet state is unimolecular,
while the stereospecific addition rate is first-order in olefin concentration
73), The dilution technique has not yielded a common ratio in the experi-
ments with ¢is- or frans-butene and 2¢ (see Table 11). Extrapolation of
the data to infinite dilution gives a product ratio of 0.16, suggesting that
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even at high dilution the reaction proceeds to some extent via the singlet
2c.

b) While only the bimolecular reaction is influenced by the dilution
technique, the semsitization procedure can generate the triplet state
exclusively. This method has so far been applied only to di- and tetra-
phenylcyclopentadienylidene 45),

T e TS e O -

12*(5)_ 2 (S) E

% >
Ot == Ot ——
2*m 2(D)

C

If a carbene — e.g. cyclopentadienylidene — is generated photo-
chemically from the diazo precursor, intersystem crossing (S~+T) can
occur either from the excited diazo singlet: 72* (S) ~72* (T), or from the
carbene singlet: 2 (S)~2 (T) 5U. If a suitable sensitizing agent, 7.e.
triplet energy-transfer agent, is employed, this problem is circumvented
since energy transfer gives the 72* triplet state which can only decompose
to 2 (T). All nonstereospecifity in the cyclo-addition with olefins — in the
presence of a sensitizer — is then due to the triplet state, provided there
exists no S—T equilibrium 2 (S) = 2 (T). If xanthone (triplet energy Er =
74 kcal) is used with a suitable filter, excitation of 72f occurs to a greater
extent (see Table 12) via energy transfer. The results of these experi-
ments are shown in Table 12. The data collected in Table 12 show the
following:
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Table 12. Triplet carbene reactions resulting from energy transfer

Carbene Sensitizer trans cis Ref.

(E7 in kcal/m) Cyclopropane in (%)

from
cis-olefin trans-olefin

PN Xanthone (74) 271 2) <271 ?) 45)
2f
2k Benzophenone (68.5) 5—101 2) — 45
HoCNy - 08) 03) 65)

Benzophenone (68.5) 343) Trace3) 76)
(ROOC)CH=N;  — 03) 03) )

Benzophenone 903) 143)

1) ¢is- and frans-4-Methyl-pent-2-ene.
2) Light capture by the sensitizer was not complete (1:2) 49,
3) cis- and trans-But-2-ene.

The amount of nonstereospecific addition of 2f to c¢is- or trans-4-methyl-
pent-2-ene is 279%,, i.e. is due to the triplet 2f produced by energy
transfer. This seems to exclude any equilibrium between 2§ (S) = 2f (T),
since direct photolysis is stereospecific. Such an equilibrium has been
postulated, however, for the temperature-dependent addition of diphenyl-
carbene to cis-butene-(2) 75,

From competition experiments of 3g with cyclohexene/pyridine—
N-oxide mixtures, in contrast to 2, a singlet-triplet carbene equilibrium
was concluded 78).

The following conclusions can be drawn from the multiplicity studies:

1. Al cycloalkenecarbenes (but see p. 132) have a triplet ground state
(ESR); despite this, they react at ambient temperature as singlets in
a stereospecific manner.

2. Cycloalkenecarbenes not belonging to this group contain either
fused aromatic rings or heavy-atom substituents. These groups can
effect either a faster S ~ T conversion or, less likely, a longer lifetime
of the cycloalkenecarbene. Therefore S ~+ T conversion can occur
more easily.

3. All nonstereospecifity results from two-step addition of triplet
carbenes; a stereospecific two-step addition must be excluded.
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4. The delocalized dipolar resonance formulae postulated on p. 104 for 7
and 4 are justified on the basis of the splitting of the carbene levels
and the mild nucleophilicity of 4. For the 4n 42 carbene 2, the
carbene energy-level splitting is very small and no clear electro-
philic character has been detected for 2. Since 3 clearly behaves as an
electrophil, a reasonable contribution from a delocalized resonance
structure seems to be involved for 3. Although no clear indication
of electrophilic character has been observed for 2, we believe that 2
is also best described by a delocalized resonance structure.

Die in dieser Arbeit zitierten Arbeiten wurden von der Deutschen Forschungs-
gemeinschaft und dem Fonds der Chemischen Industrie gefdrdert, wofiir an dieser
Stelle gedankt sei. Vielen Kollegen insbesondere Prof. W. M. Jones, University of
Florida, Gainesville, USA danke ich fiir fruchtbare Diskussionen. Herrn Dr. W. E.
Heyd, Herrn Dr. H. Kober und Herrn Dipl. Chem. W. Bujnoch danke ich far die
Durchsicht und Frl. 1. Halberstadt fur das Schreiben des Manuskripts.
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