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1. Introduction

The last 10-15 years have seen tremendous advances
in our understanding of small ring compounds. At the
center of this activity have been numerous studies of the
chemical, physical, and spectroscopic properties of the
smallest carbocycle, cyclopropane, and its derivatives. It
has been known for some time that cyclopropanes re-
semble olefins much more closely than they do their
higher cycloalkane homologs. This fact is difficult to ex-
plain in terms of classical bonding ideas but has been ra-
tionalized, with the support of theoretical studies. by as-
suming that the C-C bonds of the cyclopropyl ring have a
much higher p character than do normal C-C single
bonds. A consequence of this rehybridization is the wide-
ly accepted idea that the C-C bonds of cyclopropane
rings are bent into so-called "banana bonds’ (the Coul-
son-Moffitt model. 1a), the maximum electron density of
which are in the annular plane about 0.3 A outward from
the center of the line joining the two bonded atoms.! An
alternative description (the Walsh model. 1b)., shown to
be equivalent to 1a," predicts electron density in the cen-
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ter of the ring. The bonding in cyclopropanes and the an-
alogies between them and double bonds have been re-
viewed.’"® More recent theoretical work has also ap-
peared.*

1a 1b

One of the classic properties of .double bonds is their
interaction with adjacent carbonium ion centers observed
in the ionization of allyl derivatives to form resonance-
stabilized allylic cations.® It was later found that the sta-
bilization afforded a carbonium ion by a double bond is
not restricted to adjacent centers; thus long-range stabi-
lizing interactions can occur with the formation of
homoallylic cations.® More recently it was found that cy-
clopropylcarbinyl derivatives ionize to form cyclopropyl-
carbinyl cations which are stabilized by incorporation of
the "banana bonds” of the three-membered ring into the
resonance hybrid.” Considering the above-cited similari-
ties between cyclopropyl compounds and olefins, it was a
natural development to examine the possibility of long-
range interaction between cyclopropyl groups and distant
carbonium ion centers.

One can envisage such interactions occurring in two
distinct phases along a reaction pathway. In the first in-
stance. the three-membered ring can act as a neigh-
boring group and participate in the formation of the car-
bonium ion. Such participation (anchimeric assistance) is
usually characterized by an enhanced rate of ionization.
Alternatively, a cyclopropyl group can interact with a car-
bonium ijon which has already been formed; however,
such interaction does not affect the rate of ionization but
may, as in the case of cyclopropyl participation, lead to
rearranged products. Neighboring group participation has
been discussed in more detail elsewhere.®0.8

Although there are numerous pertinent reviews which
discuss topics of vital interest to the present article, this
review is the first devoted entirely to this subject. It cov-
ers the literature to the end of 1972 and also includes
many of the important papers which were published in
1973. It attempts to correlate the numerous reports that
have appeared, to discuss the somewhat divergent results
that have been obtained, and to stimulate further research
into this fascinating area of physical organic chemistry.
In order to avoid as much as possible overlap with other
reviews.® the present article will not stress carbonium ion
structure but will instead examine a variety of systems for
cyclopropyl interactions and examine the various factors
which are responsible for the presence or absence of in-
teractions. It will also briefly explore the cognate areas of
interactions between carbonium ions and other small
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TABLE |. Relative First-Order Rates for the Formolysis
of a Series of Sulfonate Esters

Relative rate —
Obsd® Obsd? Calcd® Calcd? Ref

J——

Ester

CoHex 1.00 1.00¢ 12, 15, 23

n-CyH7X 0.67¢ 22, 24

PCLHeX 0.55 2

(CH;3),CHCH,CHoX 0.85 13

CH,;=CHCH,CH,X 2.03 25

X

>~ 0.93 12, 15
X

e P 3.24 @3.28) (3.28) 15
X

Mesp P 1.33 1.33) (1.33) 15
X

Me--

> 3.64 5.55 11.2 15
X

Me

e 2.56 173 190 15
X

Me --

" 3.12 3.64  4.63 12,15

¢ Data on brosylates in buffered formic acid at 75.0°. ® Data on
tosylates in unbuffered formic acid at50.3°. ¢ Assuming an additive
retationship for increasing methyl| substitution. ¢ Assuming a multi-
plicative relationship. ¢ Extrapolated from data obtained at higher
temEeratures. / Relative rate obtained in buffered formic acid at
75.0°.

rings and interactions between cyclopropane rings and
other electron-deficient centers.

II. Studies on Specific Systems
A. Conformationally Mobile Molecules
1. 2-Cyclopropylethyl and Related Systems

Despite the simplicity of the 2-cyclopropylethyl system,
long-range interactions in this series have been the
subject of surprisingly few investigations.'®-'7 The earlier
work on the parent system showed that extensive rear-
rangement occurs during carbonium ion reactions (eq
1);7917 more recent kinetic studies'?>"'* demonstrated
that the cyclopropyl group provides little more accelera-
tion to ionization than that provided by simple alkyl
groups (Tables | and [1),’® an observation that was unex-
pected in view of the spectacular kinetic accelerations by
cyclopropyl groups in the solvolysis of some rigid polycy-
clic derivatives (vide infra) and the theoretical studies'®
which predict a large delocalization energy for homocy-
clopropylcarbinyl cations.

X
X
D/\/OBS_,D/\/’&D)\ +é+
2-OBs
X
/\)\ + /\/\/x (1

In contrast to the formolysis behavior of simple alkyl
brosylates,2’-25 methyl substitution in the three-mem-
bered ring of 2 enhances the ionization rate by a small
but significant amount (Table |). Based on this fact and
supported by the extensive formation of rearranged prod-
ucts, Dewar and Harris'?:'5 concluded that the cyclopro-
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TABLE Il. Relative Acetolysis Rates for a Series of Sterically
Hindered Brosylates of the General Formula
RC(CH;}.CH.CH,0Bs at 80°

~———Relative rate————

R Obsd Calcd® Calca? Notes
CH, 0.03 ¢, d
CzHs 0.05 ¢, d
G- 0.13 ¢ d
CH,==CH-~ 4.6 ¢ e
SELH 4.8 ¢, f
D 1.0 g
Me»D . 5.7 B.7) 5.7 g
METS 3.2 (3.2) (3.2) g
D(M 0.41 g

e
e T 10.7 5.4 10.2 g
M
> 19.1 7.9 18.2 g
D> oBs 0.12 ¢, h

@ Assuming an additive relationship for increasing methy! substi-
tution. ® Assuming a multiplicative relationship. ¢ Extrapolated.
4 E. N. McElrath, R. M. Fritz, C. Brown, C. Y. LeGall, and R. B. Duke,
J. Org. Chem., 25, 2195 (1960). ¢ R. S. Bly and R. T. Swindell, ibid., 30,
10 (1965). / A. H. Fainberg and S. Winstein, J. Amer. Chem. Soc., 78,
2763 (1956). ¢ Reference 17. » Reference 13.

pyl group of 2-OBs, and of its methyl substituted analogs,
does indeed participate in .the ionization step. Since pri-
mary carbonium ions are relatively unstable. any ioniza-
tion which is not assisted intramolecularly should occur
with SN2 solvent assistance and lead to unrearranged
products. From an analysis of their rate data according to
the method of Schleyer and Van Dine,?® Dewar and Har-
ris concluded that the transition state of the ionization
reaction is best represented as the w-complex 3 rather
than 4. The data given in Table |, however, show no

ﬁHz—\)i /CHzfx
3 4

clear-cut distinction between an “additive” and a “multi-
plicative” effect of increased methyl substitution, so it
would appear that this conclusion was premature. Dewar
and Harris tried unconvincingly to rationalize this incon-
sistency in terms of concomitant SN2 processes with
similar rates for the relevant substituted esters.

On the other hand. Rhodes and Takino'® concluded
that cyclopropy! participation is absent in the ionization of
2-OBs since this ester and its open-chain analog, 3-
methyl-1-butyl brosylate., demonstrate parallel kinetic be-
havior upon changing solvent (acetic acid, 95% ethanol,
and formic acid), indicating similar transition states for
the ionization of both molecules. They proposed that this
transition state involves a high degree of solvent assis-
tance and little intramolecular assistance, citing the for-
mation of large amounts (>75%) of unrearranged. kineti-
cally controlled product in the formolysis of 2-OBs to sup-
port their argument.

There are numerous solvolytic pathways open to 2-cy-
clopropylethyl derivatives (e.g., cyclopropyl participation
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through various transition states. migration, and partici-
pation by solvent) which may compete effectively with
each other and thus render a simple kinetic analysis im-
possible. Solvent assistance has been greatly reduced, if
not totally eliminated. by the introduction of two methyl
groups at C-2 to give the neopentyl system 5 which ion-
izes at a much enhanced rate with distinct participation
by the cyclopropyl group (Table I1).4:77 Methyl substitu-
tion on the cyclopropane ring of 5 results in rate in-
creases which clearly follow a multiplicative relationship
requiring a symmetrical transition state involving bridging
to both remote carbon atoms of the three-membered
ring. Three such states, 6, 7, and 8, have been consid-

54-”;
Me Me ’K-\--'\
D></x H\‘ / * —’Me
HO D o PMe
5 OBs
6
7
Xo®
H /' \‘ ,Me
A4 A
H?! o PMe
OBs
7 8

ered.'” Solvolysis of the methyl derivatives of 5 (eq 2)
gives varying amounts of elimination and substitution
products, both rearranged and unrearranged. No defini-
tive experimental test has yet been applied to distinguish
between 6, 7, and 8, but 8 seems less likely than the
other two both on steric grounds'” and because it is diffi-
cult to explain the formation of cyclopropyl migration
products (eq 2) through such a transition state and the

CHjy
‘9></ HOAc
—
NaOAc
R R
>—)% + )—% +
/
OAc
AcO OAc
“ R (23!
R

most likely cation resulting from it.’7 The higher migrato-
ry aptitude of the cyclopropyl group relative to a methyl
group in 5 has analogy in numerous other studies of an-
ionotropic cyclopropyl migration.'6,27-30

2. Bicyclo[3.1.0]hex-3-yl and Related Systems

Historically, the bicyclo[3.1.0]Jhex-3-yl system was the
first in which remote cyclopropy! participation in carboni-
um ion formation was studied, and it remains to date the
most thoroughly investigated one. It has been included in
several review articles.2.9b,32

Upon acetolysis, formolysis, or hydrolysis, cis-bicyclo-
[3.1.0]hex-3-y| tosylate (9-OTs) ionizes faster than either
its trans epimer (10-OTs) or suitable model compounds
such as cyclopentyl, cyclopenten-4-yl, or cyclohexyl tosy-
lates (Table 111).32-34 The ionization of 9-OTs is charac-
terized by a less negative activation volume than that of
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TABLE lll. Relative Acetolysis Rates for Some
Bicyclof3.1.0)hex-3-yl and Related Tolylates«

~Relative rate’— Cis/

Tosylate Cis Trans trans Notes

prTs 15 1 15 ¢d
fMe
pom 78 0.87 90 ¢ d
M@wors 105 0.88 120 ¢
i
pfms 9% 0.30 325 ¢
Me

pms 142 0.15 920 ¢

Me
%OTS 575 ¢
/N
\A:>~0Ts 106 c

s’\ 5
SL o 505 c
P%OTS 3.2l 0.50 6.4 e

':>—OTS 16.9 f

O
=
w
)
—
@

TN
<_/\—0Ts 0.46 h

« Buffered acetic acid at 25°. ¥ Calculated from observed titrimetric
rate constants. ¢ Calculated from data in ref 39. ¢ When the rate con-
stants are adjusted to account for internal return, a somewhat
higher value of cis/trans is obtained: see ref 32. Such an adjustment
is necessary only with the cis tosylates. ¢ Calculated from data given
in ref 45. / Calculated from data given in ref 33, ¢ Calculated from a
comparison with cyclopenty! tosylate at 50° given in ref 33. # A. H.
Fainberg and S. Winstein, J. Amer. Chem. Soc., 78, 2780 (1956).

10-OTs,3® is accompanied by a special salt effect,®® and
gives rise to recovered starting material with a deuterium
label initially on C-6 equilibrated equally to positions 2, 4,
and 6.32 The acetolysis products from 9-OTs consist of
virtually pure 9-OAc contaminated by about 1% 10-OAc
with no other acetates or olefin products detected ( eq 3)

OTs

9- OTs

10-OTs 38% OAc
53%
A deuterium label initially on C-1 or on C-6 is completely
scrambled over positions 1, 3, and 5 or 2, 4, and 6. re-
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spectively, in the acetate product. In contrast, the trans
tosylate 10-OTs shows no special salt effect and no deu-
terium scrambling in either recovered starting material or
acetate product. The product mixture from acetolysis of
10-OTs is very complex with 9-OAc the major component
but with at least five other acetates and three olefins also
formed (eq 4).32

85% <0.2% 17% 1.8%
20% 1.3% 51%

These observations can be interpreted only in terms of
the cis isomer (9) ionizing with participation by the three-
membered ring to form the relatively stable®’ symmetri-
cal, nonclassical trishomocyclopropenyl cation 11 (ref
6a, 9a,b, 32, 34, 38). The transition state for ionization
presumably resembles 12 rather than 13. The trans tosyl-
ate 10-OTs reacts without cyclopropyl participation to
give classical ion intermediates and/or by SN2 attack by
solvent;®P.32-34 |eakage to 11 apparently does not occur.

______ o 8-

12 13

The available data on the solvolysis of alkyl substituted
bicyclo[3.1.0]hex-3-yl derivatives®?:3%9—44 generally corro-
borate the conclusions reached for the ionization of the
more simple parents. The kinetic data (Table |ll) show
not only that the cis isomers are more reactive than the
trans, but also that alkyl substitution in the cyclopropane
ring has a much greater accelerating effect on the ioniza-
tion of the cis epimers, indicative of a stabilizing cyclo-
propane interaction in the transition state of the ionization
step for only the cis derivatives. An analysis of these data
using Schleyer and Van Dine's method?® is complicated by
the effects of the substituents on conformational free en-
ergy.3® The products from solvolysis of the cis epimers
are predominantly those resulting from attack by solvent
in varying proportions at the three available cis sites of
the intermediate(s) (e.g., eq 5*° and 6*'). Other products
are formed in minor amounts; acetic acid gives more
complex mixtures than aqueous acetone.’® The most
widely accepted interpretation of these results is ioniza-
tion of the cis isomers with cyclopropyl participation to
form substituted trishomocyclopropenyl cations which
then react stereospecifically with solvent to give the
products shown; some leakage of these cations to other,
possibly classical, cations is evident from the acetolysis
products cited above. This scheme is not without diffi-
culty. however; the failure of solvent to attack ions 14 at
the tertiary center4®42 (this is the overwhelming position
of attack in the simple methyl-substituted cases®®) and
the dependence of the product ratio from 15 on starting
material*’ 43 have yet to be explained.

The reaction of some cis-bicyclo[3.1.0]hex-3-yl tosy-
lates with azide ion has provided an alternative source of
cations 14 and 15.42:43

John Haywood-Farmer

i-Pr

i-Pr i-Pr
HOAc
—
OTs OAc
Me Me
optically pure racemic
S}
Me
OTs HOAC
Me
17-OTs
_ + OAc. (6
Me OAc Me
Me Me
34.5% 65.5% (from 16-OTs)
41.7% 58.3% (from 17-OTs)

An exception to this general behavior is the trichloro-
acetate of 18-OH which ionizes, apparently without cyclo-
propyl participation, to give products quite unlike its 1-
methyl isomer.3°

Delocalization of charge in the ion derived from 19-
OTs is presumably more extensive than in a simple
trishomocyclopropeny! cation since the rate retardation
due to a single double bond in this ring system is absent
(Table I11). The intermediate is presumably the bishomo-
tropylium ion 20.%°

Me Q
Z OH OTs %
18-OH 19-0Ts 20

The trans epimers, like their unsubstituted parent,
react quite differently from the cis isomers.%t:3%-44 Upon
acetolysis complex mixtures of products including rear-
ranged acetates and olefins are formed by ionization
without cyclopropyl participation to give classical ion in-
termediates which rearrange, eliminate, or react with sol-
vent more rapidly than leakage to nonclassical trishomo-
cyclopropenyl cations can occur. Treatment of the trans
tosylates with azide ion gives complete inversion42:43
probably by SN2 displacement although classical cations
have also been proposed for this reaction.*® The trans
epimer of 17-OTs does not react with azide*® presumably
for steric reasons.

Corey and Uda*® felt that phenyl substitution at C-1
and C-5 should stabilize a trishomocyclopropenyl cation
relative to either the starting tosylate 21-OTs or, more
pertinently, the classical 1,5-diphenylbicyclo[3.1.0]hex-
3-yl cation by analogy to the resonance stabilization af-
forded by the phenyl groups in diphenylcyclopropenyl cat-
ion.%® On the basis of this expectation, one would predict
an enhanced ionization rate for 21-OTs; however, as is
seen from the data in Table |1, Corey and Uda observed
that the ionization of 21-OTs proceeds at a slower rate
than does its unsubstituted parent and leads to a com-
plex product mixture (eq 7) quite unlike that obtained
from the alkyl-substituted cis esters. Corey and Uda con-
cluded that a trishomocyclopropenyl cation is not



Interactions of Cyclopropyl Groups with Carbonium lon Centers

Ph
Ph%\ HOAC
OTs
21-0OTs
Ph Ph Ph

Ph

Ph + Ph + (7)
OAc

47% 43% 25-0OAc
10%

formed in this ionization, and, by inference, in other simi-
lar reactions, and proposed instead a rapidly equilibrating
set of "almost nonclassical” classical ions (22) in which
the positive center interacts weakly with the cyclopro-
pane ring.

22

Corey and Uda’s proposal has come under heavy criti-
cism. Winstein, et al.,®2 felt that the phenyl group is a
treacherous probe for detecting positive charge develop-
ment at a carbon atom because of the complex blend of
steric, inductive, and conjugative effects associated with
it. Indeed theoretical considerations of the trishomocyclo-
propenyl cation3®:47 predict that the saturated nature of
the atoms of 11 preclude resonance interactions with
substituents, and, since the phenyl group is known to be
inductively electron withdrawing,*® one might expect a
net deceleration in the ionization rate of 21-OTs by as
much as a factor of 1004° although a smaller value may
be more appropriate.*® On the basis of extended Hiickel
calculations, ion 11 is predicted3” 3% to be more stable
than either the ions 22 or a classical bicyclo[3.1.0]hex-
3-yl cation.

Lin3® found that the ionization rate of 10-OTs is much
less retarded by phenyl substitution than is 9-OTs but that
a moderate cis/trans ratio still exists (Table Il1). Be-
cause the inductive effect of a remote phenyl group
should be about the same for a cis or trans ester, this re-
sult is in accord with cyclopropyl participation in the ion-
ization step. In his study of 21-OTs, Lin observed a prod-
uct mixture (eq 8) similar to that observed by Corey and

Ph

Ph Ph
Ph% HOAe | D‘Ph + wph +
OTs 24
3

21-OTs 57% 2%
Ph
/OL ) @ . php )
Ph Ph  Ph Ph
23
49, 0.5% 0.8%
Ph Ph
OAc
Ph\;é;::>x\ . Ph\:zg:::>/ ®
OAc
0.8% 6.7%

Uda. Pertinently, he observed minor amounts of hydro-
carbons not reported by the previous workers, one of
which, 23, rearranges efficiently to 24 under the reaction
conditions.3%45 He also observed minor amounts of 21-
OAc but could not find the tertiary acetate 25-OAc re-
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ported, but possibly incorrectly identified,3® by Corey and
Uda.

In contrast to the behavior of 21-OTs, the trans epimer
26-0OTs acetolyzes to give a much higher proportion of
acetate product primarily of inverted stereochemistry,
presumably by SN2 displacement, and quite different pro-
portions of the hydrocarbon products.

Ph Ph
OTs
26-0OTs 23%
Ph
o O O
Ph Ph Ph Ph
0.8% 17% 8%
Ph Ph
OAc
Ph + Ph (9)
OAc
52% 0.8%

[t is thus evident that 21-OTs and 26-0OTs do not solvo-
lyze through common intermediates. Because the stereo-
chemistry of 21 is correct for cyclopropyl participation,
because of the small amounts of isolated products with
retained ring structure, and from the kinetic behavior rel-
ative to 26-0OTs, Lin felt that cyclopropy! participation is a
feature of 21-OTs ionization. Whether the ionization pro-
ceeds through a symmetrical transition state (27) or an
unsymmeétrical one (28) to give ions 29 or 30, respective-
ly, is not yet clear. No support for Corey and Uda’s pro-
posal was found.

Ph Ph
Ph O a- Ph 3+ 5=
*OTs Z ~OTs
27 28
Ph Ph
Pho Voo .
~ Ph
29 30

In a related study, Broser and Rahn®? treated 31-OH
with acids and generated relatively long-lived cations
whose ir, visible, and nmr spectra are in full accord with
trishomocyclopropenyl structures and from which the
starting alcohol could be regenerated. The generation of
these cations was very solvent dependent, failing in rela-
tively nonpolar solvents but quite successful in polar
media. According to these workers the stabilizing effect
of the aryl substituents on the trishomocyclopropenyl! cat-
ions allows their formation from either 31-OH or its epim-
er 32-OH and is in sharp contrast to the solvolytic work
discussed above (particularly on 21-OTs) and to Corey
and Uda's*® failure to detect stable cations when they

Ph h
Ar P OH
OH Ar
31-OH 32-OH

Ar = CgHs. p-MeCgHy. p-CgHsCeH,,
,E'C10H7, p-MeOCeH4, p'Me2NCBH4
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treated 31-OH with acids in a variety of polar and nonpo-
lar solvents.

Corey and Dawson®' deaminated the cis- and trans-bi-
cyclo[3.1.0]hex-3-yl amines, 9-NH;, and 10-NHz, and ob-
tained from both epimers mixtures of derivatives of 9, 10,
33, and 34 in which a deuterium label originally on C-3
was not scrambled to C-1 or C-5. These products are
very similar to the solvolytic products from 10-OTs and
are best interpreted as dissociation of both 9-N,*+ and
10-N,™ to give classical carbonium ions.32:57 Rearrange-
ment and solvolytic capture of these classical ions are
much more efficient than leakage to the nonclassical 11.
The absence of cyclopropyl participation in this case is

not unexpected in view of the information available on

deaminations.5?
X

poAe U

33 34 35

The epimeric bicyclo[3.1.0]hex-3-yl carboxylic acids
(9-COOH and 10-COOH) have been found®® to undergo
electrolytic oxidative decarboxylation to give predomi-
nantly the rearranged alcohols 33-OH and 34-OH along
with minor amounts of 9-OH and 10-OH and the two cor-
responding ketones. It is evident from these data and
from the fact that a deuterium atom at C-6 is unscram-
-bled in the reaction that an ion like 11 is not an interme-
diate in this reaction and that cyclopropyl! participation is
therefore absent; however, electrode reactions are not
well understood. ‘

Similar conclusions were reached from electrophilic
additions to bicyclo[3.1.0]Jhex-2-enes. Acid-catalyzed ad-
dition* of methanol, acetic acid, or hydrogen chioride to
the parent olefin results in the exclusive formation of de-
rivatives of 33, 34, and 35. Similar results were obtained
by Banthorpe and Davies*4'5% in the treatment of 1-iso-
propyl-4-methylbicyclo[3.1.0]Jhex-3-ene with aqueous or
ethereal acids. These results are not surprising in view of
the reactions discussed above and related solvolytic
data%® that indicate clearly that the bicyclo[3.1.0]hex-2-yl
cation, 36, of the cyclopropylcarbinyl type is much more
stable than the trishomocyclopropenyl cation, 11, of the
homocyclopropylcarbinyl type and will form in preference
to it despite the aromatic stabilization afforded the sym-
metrical ion 11 (ref 6a, 9b, 32-34, 37, 38). It is equally
clear that leakage between the classical and nonclassi-
cal ions is relatively inefficient.

fS >=©or
36

Priddy and Reusch3” and Curphey and McCartney5®
both studied the reversible protonation of derivatives of
37 with a view to forming 38; however, even at ~60° in
“superacid’ medium no evidence for this nonclassical ion
was found in the nmr spectrum. Protonated bicyclo-
[3.1.0]hexan-3-one similarly gives no evidence®® for delo-

OH OH
RO
of oo AN
R
o . OR 39
37
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calization of the positive charge on the carbonyl group
into the three-membered ring to form 39,

Treatment of 1,4-cyclohexadiene with a mixture of pro-
ton and Lewis acids or reaction of 35-Br with silver salts
produces a cation of formula CeHg™ whose nmr spec-
trum shows only two peaks in the ratio of 1:2.59 It was
originally thought®°@ that the intermediate was 11, but
further considerations3®.5%P discredit this view. The struc-
ture of CgHgt remains obscure.

In a later study Olah and Lukas®? attempted to gener-
ate 11 by abstraction of hydride from bicyclo[3.1.0]hex-
ane by treatment with a “superacid.” They were unsuc-
cessful in their attempt, observing instead formation of
the tertiary 1-methylcyclopentyl cation by protonation and
cleavage of the three-membered ring. An analogous pro-
cess was observed by Lin®® upon dissolution of 9-OH. 9-
OTs. or their methyl-substituted derivatives in '‘supera-
cid” and also by Forsen and Norin;%' dissolution of the
four isomeric thujyl tosylates in 96% sulfuric acid led in

each case to ion 40.
0 0 HO. .0
. AS G
Me i-Pr
4 43

Me COOH
40 1

Sauers®? obtained an ion upon dissolution of lactone
41 in sulfuric acid to which he assigned the nonclassical
structure 42. Deno®c and Lin.3® on the other hand, felt
that the nmr spectrum of this ion is more consistent with
the delocalized structure 43.

It is thus evident that, although there is irrefutable evi-
dence for trishomocyclopropenyl cations in solvolysis of
some bicyclo[3.1.0]hexyl derivatives, these ions have
low-energy pathways open to them which preclude their
direct observation. Indeed, in some cases®3:%% such in-
termediates appear to be bypassed completely.

Cyclopropy! participation in bicyclo[4.1.0]hept-3-yl deri-
vatives®22 has been studied much less frequently despite
the widespread occurrence of the carane skeleton. From
the dehydration products of 44 and similar compounds,
Kropp®® concluded that only in the isomer 44, in which
the cyclopropyl group and OH substituents are cis to
each other, does cyclopropyl participation occur. The for-
mation of 45 in this reaction (eq 10) was the first exam-
ple of the rearrangement of a carane skeleton into anoth-
er bicyclic one and was postulated to occur via ionization
with participation by the trans acetoxyl substituent to give
conformers 46 and 47 which then collapse with cyclopro-
pyl involvement to give 48. Direct participation by the
three-membered ring was ruled out because in the ab-
sence of the acetoxyl group no product corresponding to
45 was formed. Cyclopropyl participation in 49 and 50
was similarly absent. but unfortunately the interesting hy-
droxy acetate 51 was not studied. The absence of 52 and
53 in the dehydration products of 44 is pertinent since
both olefins are readily formed from isomeric com-
pounds, €.g., 50. Apparently ion 48 does not leak to a cy-
clopropylcarbinyl cation: equally notable is the delocali-
zation of the C-1-C-7 bond of the three-membered ring
rather than the C-1-C-6 bond. In this regard the behavior
of the bicyclo[4.1.0]heptyl and bicyclo[3.1.0]hexyl ring
systems are in complete contrast despite the potential
homoaromatic properties of ion 54.

Similar results were obtained when 55 and 56 were
treated with acids.®® Only in the trans epoxide 55 (corre-
sponding to 46 and 47) was participation leading ulti-
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TABLE IV. Relative Solvolysis Rates for a Series TABLE V. Relative Acetolysis Rates of Various
of Steroid Derivatives Seven-Membered Ring Brosylates«
Compd Rel rate Compd Rel rate Brosylate Rel rate Brosylate Rel rate
59 115 61 126
60 414 62 1 10 @“oes o2

¢ Data taken from ref 64. Solvolyses were run in aqueous dioxane
at 56.1°.

HO

.y
.-OAc --OAc ,-OAc

1 Py

N

49 50 51
_.0OAc \ﬁ/om _.OAcC
g ] X
52 53 54

mately to 57 observed (eq 11); the cis epoxide 56 gave
only traces of 57, the major product being 58.

\2}/0

Barton, Bernasconi. and Klein®* observed a rate accel-
eration for the steroids 59 and 60 relative to suitable
models (61 and 62) (Table I1V) from which it is clear that
cyclopropane ring participation in the ionization step in

such a system is possible. The efficiency of such partici-
pation is most readily seen from a comparison with 61 in

o
m
w

o (1

O

OBs

@ 008 ///\ ! 0.04
0Bs N__/~o8s

« Data taken from ref 66 at 60°.

which double bond participation is well documented and
of considerable historical interest. ¢

A\
TsO TSO\ (\ l \\
59 60
\\ TsO
TsO l:-i
61 62

Both epimers of bicyclo[5.1.0Joct-3-yl brosylate acetol-
yze to give mixtures of several products (eq 12 and
13).%5 From the nature of these products it is clear that
the cyclopropyl group in both isomers interacts with the
positive charge: it is not clear if this interaction is in the
rate-controlling ionization or in subsequent steps, how-
ever, since kinetic data are lacking. Equally obscure is
the structure of the intermediates since the products can
be explained by various mixtures of classical and non-
classical ion intermediates or by concerted reactions.

o8
D~

58% 7% 17%

1.HOAC
———
2, LiAlH,

@’ 1.HOAG

——

2. LiAIH,
- @ T
19%

The bicyclo[5.1.0joct-4-yl brosylates ionize at about
the same rate as cyclohepten-5-y| brosylate and consid-
erably slower than cycloheptyl brosylate (Table V), clear-
ly indicating that in this ring system assistance by both
the double bond and the cyclopropyl group is absent. The
reaction products further reveal that interaction is absent
even in later steps since only a minor amount of the
product is of rearranged structure (eq 14, 15 and
16)'65-67
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@ HOAC
——
OBs
“OAc OAc

45 (43)% 12 (14)% 43%
OSSO
*OBs “OAC
5 (4)%
Ohc 0.7 (0.5)%
29 (22.9)% 65 (73)% Rl
1.HOAC
—
OBs 2. LiAH,
~ OH
(OISR L
OH
71% 12% 12% 5%

Lambert, et al.,%® have investigated competition be-
tween a cyclopropyl group and a double bond in the ace-
tolysis of 63. This ester is more reactive than cycloheptyl
tosylate (factor of 2279, indicating participation in the
ionization step. By an analysis of the solvolysis products
and those from the closely related esters 64 and 65,
Lambert’s group concluded that 80% of the ionization oc-
curred with participation by the double bond, 20% with
participation by the three-membered ring.

OpNB
,OTs LOTs :
63 64 65

lonization of 66-OTs provides an opportunity to observe
participation by either one or two cyclopropyl groups.
This all cis tosylate ionizes more slowly than does cy-
clooctyl tosylate (factor of 6072) but much more rapidly
than its trans epimer 67-OTs (factor of 52).7%@ Although
the kinetic data do not demand cyclopropy! participation
in the ionization of 66-OTs, the reaction products can be
interpreted only with an interaction by one of the three-
membered rings (eq 17). A deuterium label in both cy-
clopropane rings gives a product distribution consistent
only with interaction by only one of the two equivalent cy-

66-OTs 73%
OAc
<O:> .-OAc + . (17)
18% 5% 4%
QOTS
67-OTs 68 69

John Haywood-Farmer

clopropyl groups, presumably with the formation of the
trishomocyclopropenyl cation 68 as the intermediate.
Capture of this ion by solvent competes with a hydride
shift to give a cyclopropylcarbinyl cation and with elimi-
nation. Complete delocalization to 69 is not expected be-
cause this ion should be antihomoaromatic.®a:b

Extension of 66 by an additional cyclopropyl group giv-
ing 70-OTs provides a potential precursor of the heptaho-
motropylium ion 72 which is anticipated to be homoaro- -
matic.%2® Acetolysis of both 70-OTs and 71-OTs gives
large amounts of elimination and SN2 products with no
equilibration of a deuterium label on the three cyclopro-
pane rings (eq 18 and 19).73 It is thus clear that, even

OTs —22
s Me,CO
70-OTs
+ + at least six rearranged
alcohols (3%)
11% [’
86% (18)
oTs -2
+
s Me,CO
71-0OTs 23%
+ --OH + unknown olefin
(2%) + at least six
36°% 8% rearranged
o]

alcohols (32%)
(19)

though 70-OTs ionizes about 15 times as fast as 71-OTs,
cyclopropyl participation is not a factor in these reac-
tions. It has been postulated’?® that these results are due
to the very favorable geometry for elimination in these
molecules and their less favorable geometry for cyclopro-
pyl participation (compared to other systems). Investiga-
tion of cyclopropyl participation in the ionization of other
stereoisomers of 70 and 71 has yet to be reported al-
though the required compounds are known.”#

72

During the synthesis of derivatives of 70 and 71, two
additional examples of long-range cyclopropyl participa-
tion were uncovered.”® lonization of 73-OpNB and 74-
OpNB gave mixtures of products (eq 20 and 21) contain-
ing the expected homoallylic alcohols 75-OH and 76-OH
from the usual cyclopropylcarbinyl-homoallyl rearrange-
ment in addition to the unexpected dienols 77-OH and
78-OH from opening of one additional cyclopropyl group.
Such dienols can be formed by (a) opening of 75-OH and
76-OH, (b) rearrangement of an initially formed homoal-
lylic ion into a second one, or (c) direct intervention of
the remote three-membered ring in the ionization of the
starting esters. Whalen, et a/.,’® concluded that pathways
a and b compete with each other but that ¢ also needs to
be considered. The failure of 79-OpNB to give similar
products’® and the relative inertness of 80-OH under the
reaction conditions’® may be cited in support of pathway
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c. Interaction either in the ionization step to give 81 or
with homoallylic ion 82 is possible.

73-OpNB
HO™
OH
75-OH 7; SgH
75% °
74-OpNB
HO™
OH 78-OH
76-OH 25%
75%
i - -OpNB /E:j
HO
79- OpNB 80-OH

3. Miscellaneous Conformationally Mobile Systems

The rate enhancement exhibited in the acetolysis of
83-OTs (factor of 3 compared to 84-OTs) and the forma-
tion of 85-OAc as the only product (84-OTs forms only
1-adamantyl acetate) demonstrate the cyclopropyl partic-
ipation in this ionization.”® Unfortunately no kinetic com-
parison with a saturated system has yet been reported.

OTs AcO
CH, OTs

84-0OTs

Because a primary carbonium ion is much less stable
than simple secondary or tertiary carbonium ions, it
might be anticipated that neighboring group participation
would be maximized in primary systems. Large rate en-
hancements are not observed in the ionization of 2-cyclo-
propylethyl derivatives (vide supra), however, nor in 86-
ONs’7 which acetolyzes’® at about the same rate as the
saturated 87-ONs and 88-ONs’°-80 to give unrearranged
86-OAc as the sole product, perhaps by SN2 displace-
ment by solvent. Participation by the benzene ring of 89-
ONs also appears to be absent,®% but double bond partic-
ipation in ionization of 90-ONs is clearly present: thus
90-ONs ionizes ca. 87 times faster than 86-ONs-89-
ONs,72-80 gives only 2-norbornyl derivatives as products.
and is further accelerated by methyl substitution on the
double bond providing compelling evidence for olefin an-
chimeric acceleration.28

83-0OTs 85-0OAc
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ONs
Me
Q/\/ONS D/\/ONS
Me

-ON 87-ON
86-ONs s 88-ONs
: :I: R ONs D/\/ONS
89-ONs 90-ONs

Cyclopropane participation was similarly sought in the
ionization of 91-OBs.8' Solvolysis of this ester proceeds
only slightly faster than ionization of its epimer 92-OBs
and at about the same rate as other primary brosylates,
but the increase in the rate ratio (91/92) as the solvent
is changed from acetic acid to the much less nucleophil-
ic 2.2,2-trifluoroethanol indicates weak cyclopropyl par-
ticipation in the ionization of 91-OBs. Additional evidence
for cyclopropyl interaction is found in the extensively
rearranged acetolysis and 2,2 ,2-trifluoroethanolysis prod-
ucts; only unrearranged products are formed upon hy-
drolysis in aqueous dioxane.8’ A more precise study of
the reaction intermediates awaits product identifica-
tion.8'2 |n closely related studies. benzene ring participa-
tion was noted in acetolysis of 93-OBs but not in its anti
epimer nor, surprisingly, in 93-0OBs;%2 double bond partic-
ipation was observed in the acetolysis of 95-OBs®3 but
only very weakly for derivatives of 96 or its anti epimer.54
Solvolytic studies on these olefinic derivatives have been
reviewed.%2 Obviously the presence or absence of partic-
ipation is very critically dependent on geometrical fac-
tors.

OBs BsO_~
91-OBs 92-OBs
OBs
OBs
Z Z
93-0OBs 94-0OBs
X
OBs R
95-OBs 96. R = H, Me

Participation by the cyclopropyl groups in ionization of
the four sterol derivatives shown below is apparently of
relatively minor importance as demonstrated by their sol-
volysis rates (Table VI), but involvement in subsequent
steps is noted from the extensively rearranged products
that are formed (eq 22-25).8% The origin of the alcohol
products from some isomers is unclear.

The two systems 97 and 98 are considered to be fixed
in the conformation shown.%® 97-OAc ionizes 240 times
faster than 98-OAc but only twice as fast as 99-OAc and
175 times slower than 100-OAc. The complex nature of
the conformational. steric, and substituent effects in
these systems, the fact that acyl-oxygen cleavage com-
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TABLE VI. Relative Acetolysis Rates of Some
Cyclosteroid Mesylates®

Rel Rel
Ester rate Ester rate
MsO -
MsO’

\\ 62 \\ 1.4

MsOn MsO =
\\ 0.7 \\ 5.9

MsO )

MsO’

@ Data at 80° taken from ref 85.

petes with carbonium ion formation, and the possibility of
conjugation between the cyclopropane ring and the cat-
ion center through the benzene rings cloud the meaning
of these data. It was felt that ion 101 is an intermediate
in the solvolysis of both 97-OAc and 98-OAc.86.87a

HOAc

Ac,0

MsO NaOAC

+ (22)
©©:0Ac OH
70% 30%
-\_\

HOAc
Ac,0
. NaOAc

~

MsO

70% 30%

MsO

@4)

4%
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HOAc
Ac,0
NaOAc

N

CH,0Ac
37%

63%

Similar problems exist for the spiro derivative 102, the
acetate of which ionizes. presumably to 103, ca. 1000
times faster than its dihydro, dimethyl, or methylene ana-
logs.87
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B. Conformationally Rigid Systems

1. The Tricycio[3.2.1.0%:*Joctan-6-yl,
Tricyclo[3.2.1.02:7Joctan-4-yl, Nortricyclyi-3-
carbinyl, and Related Systems

The four isomers of the tricyclo[3.2.1.0% %]octan-6-yl
system, 104-107, were among the first rigid systems to
be examined in a search for long-range cyclopropyl-car-
bonium ion interactions.88:8% Cyclopropy! participation in
the ionization of the two exo esters 104-OBs, and 106-
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TABLE VII. First-Order Acetolysis Rate Constants
for Several 2-Norbornyl Brosylates at 25°
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TABLE VIIl. Products of Buffered Acetolysis of
Several Brosylatese

Acetolysis rate
constants (X108)¢

Compound Exo Endo kero/kengo Notes

~—Product acetates, %——
104- 108- 109-  110-

Starting brosylate OAc OAc OAc OAc Notes

Uy

8,820 25.2 350  b,c

o

@

O
.

4,500 0.57 7.900 d

b

o
@
O,

747 0.051 14,600 e

47 4.3 11 f

v

BsO

162 11 150 f

b

BsO

BsO

1,360
1,690

.21 1,130 b, h
1,410 i
BsO

680 1.77 385  b,h

oy)
)
O

YUY

27,900 474 60 b,

foy)
1)
O

¢ Value extrapolated from data obtained at higher temperature.
b Acetic acid buffered with sodium or potassium acetate. ¢ S. Win-
stein, B. K. Morse, E. Grunwald, H. W, Jones, J. Corse, D. Trifan, and
H. Marshall, J. Amer. Chem. Soc., 74, 1127 (1952). ¢S. Winstein and
M. Shatavsky, ibid., 78, 592 (1956). ¢ H. C. Brown and G. L. Tritle, ibid.,
90, 2689 (1968). / Calculated from data given inref 90.¢ L. de Vries and
S. Winstein, J. Amer. Chem. Soc., 82, 5363 (1960); P. Carter and S.
Winstein, ibid., 98, 2171 (1972). » Reference 88.¢ Reference 89.7 Refer-
ence 103.

OBs has been demonstrated kinetically. Although the cy-
clopropane ring reduces the ionization rate of these two
derivatives (compared to exo-norbornyl brosylate). the
effect is even greater for the two endo esters, 105-OBs
and 107-OBs, in which direct cyclopropyl participation is
sterically precluded. This effect gives rise to an enhanced
exo/endo rate ratio for 104-107 (Table VII) in contrast to
the decrease usually observed for alkyl substitution at C-
6.%% Introduction of a double bond or benzene ring also
decreases the ionization rate but greatly enhances the
exo/endo rate ratio. presumably by participation in the
ionization of only the exo isomer.®’ From the enhanced
exo/endo ratio for the pairs 104-OBs, 105-OBs and 106-

67.5 7.2 25.4 0
51 6 26 15

BSO\;@

‘;W 675 7.2 254 0 b
OBs

Bsom

a o
@ N

68.5 6.5 25.0 0 b, ¢

CH,0Bs 5.2 9.1 327 0
47 22 23 8
37 9 39 15

OBs
0 0 65¢ 35

o Different product ratios were obtained under different solvolysis
conditions. ® Temperature unspecified. ¢ Reference 88. ¢ References
92 and 93. ¢ At 100°. / Reference 94. ¢ At 110°. * References 97 and 98.
¢ At 50° about 30% 111-OAc is formed with a reduction in the propor-
tion of 109-OAc; references 97 and 98.

LS
® @ o

d, e h,i

OBs, 107-OBs, one concludes that cyclopropyl participa-
tion is indeed a factor in the ionization of the exo esters.

The products of acetolysis of 107-OBs have not yet
been published, but the three esters 104-OBs-106-OBs
gave virtually identical mixtures of three acetate prod-
ucts, 104-0Ac. 108-OAc, and 109-OAc (Table VII1).88 In
a later study of 104-OBs acetolysis, Berson, et al.,%2,%3
reported the formation of a fourth acetate, 110-OAc, not
found by Wiberg and Wenzinger; neither group observed
111-OAc. The closely related nortricyclyl-3-carbinyl bro-
sylate (108-OBs) has been reported by several
groups88:92-%5  to give the same products. Tricy-
clo[3.2.1.0%+7]octan-4-yl brosylate (110-OBs) gives only
109-OAc and 110-OAc and under milder conditions, 111-
OACc.92:83.96-98 The product composition is very depen-
dent on the leaving group, solvent, and temperature; ex-
amples can be found in Table VIII and in the original re-
ports.88.92-98 v

Optically active samples of 104-OBs and 108-OBs sol-
volyze to 104-OAc and 108-OAc with almost complete re-
tention of optical purity, to 110-OAc with about 30% re-
tention, and to 109-OAc with complete racemization.®2.33
In contrast, the solvolysis of optically active 110-OBs is
accompanied by internal return and gives racemic ace-
tate products.

7
5 4 CH,X
3 X
6
2
108 109

110 111

It is apparent from the data summarized above that the
systems 104-108 probably give rise to common interme-
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SCHEME |. Mechanistic Scheme for lonization of

CH,X

John Haywood-Farmer

Some Tricyclic Derivatives

104

diates which are different from those arising from deriva-
tives of 110. The former systems must give intermediates
which are stereochemically pure sources of 104-OAc and
108-OAc but from which 109-OAc and 110-OAc are
formed with complete and partial racemization, respec-
tively. Scheme |, proposed by Berson, et al.,¥* is in full
accord with both the stereospecificity of product forma-
tion and the participation afforded by the cyclopropyl
rings in 104-OBs and 106-OBs. Regarding this participa-
tion, Berson, et al.,%3 felt that symmetrical, cross-ring de-
localization to give 112 does not occur although this pro-
cess would be analogous to that found widely in tricy-
clo[3.2.1.0%*Joctan-8-yl derivatives (vide infra). It is also
interesting that participation is proposed for 108 but not
for 110 in which no long-range interaction is envisaged
even following the rate-controlling step.®® 108-OBs ap-
parently does not ionize directly to 114 despite the favor-
able bisected geometry of this cyclopropylcarbinyl cation
because overlap of the cyclopropyl ring orbitals with the
adjacent developing p orbital in the transition state is
particularly unfavorable.?3:95

The two epoxides 115 and 116 are sources of carboni-
um ions similar to those discussed above, The two epox-
ides undergo reactions which demonstrate the participa-
tion of the cyclopropyl groups with carbonium ion cen-
ters. Treatment of 115 with acid catalysts in aprotic me-
dium gives smooth rearrangement to the aldehyde 118
presumably through the carbonium ions 117 (eq 26).%° A
similar rearrangement is observed upon lithium aluminum
hydride reduction, unrearranged 104-OH and rearranged
119-OH being formed in approximately equal amounts
(eq 27).'9 No rearrangement is observed in the lithium-
ammonia reduction of 115 or of 116,100-102

The boron trifluoride catalyzed rearrangement of 116 to
118 is much less facile and competes with intramolecular
capture giving 120 (eq 28), although similar intermedi-
ates are involved.?® Lithium aluminum hydride reduction
and treatment with aqueous acid transform 116701.102
into precisely the same types of products observed in the
acetolysis of 106-OBs.88 Thus the lithium aluminum hy-

109
X
11
OHC
OHC — (26)
N 118
Fgéo Fséoq
<> *
’ 117
TBFS
0
LiAH,
s \ HOH,C
+
HO @n
104-OH 119-OH

dride reduction gives 155-OH and 121 (eq 29); aqueous
hydrobromic acid gives 122, 123, and 124 (eq 30).

Unlike the rather complex situation found in the ioniza-
tion of 104-OBs, 115, and similar systems discussed
above, the ionization of derivatives of the deltacyclyl sys-
tem, 125-OBs and 126-OBs, is relatively straightforward
and provides compelling evidence for the involvement of
the C-3-C-4 rather than the C-2-C-3 bond with the carbo-
nium ion center. A variety of derivatives (brosylates,
chlorides, amines) of both stereoisomers gave 125-OAc
as the sole product of acetolysis or of deamination in
acetic acid.?93:1%4 Solvolysis of the exo isomer (125-
OBs) is characterized by a rate enhancement (Table
VII), complete scrambling of a deuterium label initially on
C-8 (or C-9) between C-8 and C-4 (or C-9 and C-5),'%4 a
relatively low secondary deuterium isotope effect for an
exo deuterium atom on C-9.'%5 and complete retention of
optical activity in the product formed from acetolysis of
an active sample of 125-0Bs.’% These results, and the
nmr spectrum of the cation formed by dissolving either
125-OH or 126-OH in FSO3H-S0, below —10°,103,104 gre
in full accord with the direct formation of the symmetrical
intermediate 127 (analogous to 113) and rule out forma-
tion of alternative structures such as 128 or 129 or ions
formed by rapid Wagner—-Meerwein shifts. The rearrange-
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F4BO F,BO
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F,BO FsBO
ﬁ:[ é

F2BO OHC

CH,—H
116 (29)

aqg

HEr 155-OH
HO HO HO
CH,Br Br
Br + ) + (30)
122 123 124

ments found in the ionization of 104-OBs do not occur
with 125-OBs because of the steric restrictions imposed
by the additional methylene group.

5
6
4
g
X > L
8 X

127 128 129

The endo brosylate 126-OBs displays similar behavior
with some important exceptions. A deuterium label initial-
ly on C-8 is not completely scrambled with C-4 (ca. 80%
scrambling),’%* optical activity is partially lost in the ace-
tolysis of active 126-OBs (ca. 40% retention).’® and the
secondary isotope effect of an exo deuterium atom on
C-9 is larger than for 125-OBs.'%% These data have been
interpreted’®3-19% in terms of a classical ionization of
126-OBs to form an ion which can react with acetic acid,
undergo rearrangement by alkyl shifts to an ion of invert-
ed configuration, or leak to 127,

A preliminary report of the solvolysis of 130-OBs-133-
OBs has very recently appeared.’%¢ Three of these mole-
cules apparently ionize in a fashion similar to that found
for other bicyclo[2.2.2]octyl derivatives,’97 ie., with C-C
participation (eq 31) to give either cyclopropyl migration

in the case of 130-OBs or cyclopropylcarbinyl cations in_

the cases of 131-OBs and 132-OBs. Only in the isomer
133-OBs is direct long-range cyclopropyl participation
proposed. Unfortunately the structures of the transition

state and intermediate(s) in the solvolysis of 133-OBs
have not yet been reported.

BsO
OBs
130-OBs 131-OBs
BsO.
OBs
132-OBs 133-OBs
BsO — —
X + 31}

X

Another bridged system also closely related to 104,
125, and 133 is 134-0Ts'%8 whose enhanced rate of ace-
tolysis (Table IX) and clean rearrangement (eq 32) clear-
ly demonstrate cyclopropyl interaction. Dauben and
Schallhorn envisage classical ion intermediates in this
solvolysis, but nonclassical ions could also be employed;
there appears to be no good evidence to distinguish be-
tween these two possibilities. Dauben and Schallhorn



328 Chemical Reviews, 1974, Vol. 74, No. 3

TABLE IX. Relative Acetolysis Rates for Some Polycyclic
Tosylates at 25°

Tosylate Rel rate Notes
1 a,b
Ts0,
20 g
TsO.

%@ ’ ‘
TsO

@ Reference 108. > The ionization of this ester is considered to.be
assisted; see ref 107. ¢ Calculated from data on the corresponding
brosylate given in ref 103,

proposed participation by the C-2-C-3 bond of 134-OTs
(eq 32a) in a fashion analogous to that found for the ion-
ization of 104-OBs discussed above. Participation by the
C-3-C-8 bond. typical of ionizations of other bicyclo-
[2.2.2]octyl derivatives,’®” does not appear to occur in
this solvolysis. The authors do not present any evidence
for their proposed mechanism, however, and do not con-
sider a possible attractive alternative, participation by the
C-3-C-4 bond amply demonstrated in the ionization of
125-OBs. The observed product could indeed by formed
very efficiently by this route (eq 32b).

134-0Ts \

(32b)

Cyclopropyl interaction was not found in the solvolysis
of 135-OpNB which ianized 3.1 times more slowly than
136-OpNB and gave unrearranged 135-OH as the major
product (96%).'%% The allylic ion 137 was identified by
nmr.'%® The dienyl ester 138-OpNB exhibited a large rate
deceleration (factor of 235) presumably due to the anti-
homoaromatic nature®® of 139.79%:110 Unfortunately ion-
ization of derivatives of 140 has not yet been reported.

2. The Tricyclo[3.2.1.024Joct-8-y! and Related
Systems

This group of compounds. which all incorporate a rigid,
bridged bicyclo[3.1.0]hex-3-yl moiety. provides the most
dramatic examples of long-range cyclopropyl-carbonium
ion interactions. It is evident from the data in Table X
that, of the four sterecisomers of the title ring system,
only the endo-anti one, 141, exhibits a tremendously
large rate enhancement due to direct cyclopropyl! partici-
pation in the ionization step;'''-''5 indeed the enhance-
ment provided by the cyclopropyl group in 141-OpNB is
even greater than that due to the anti double bonds in
anti-7-norbornenyl and 7-norbornadienyl derivatives or the

John Haywood-Farmer

X X ‘

=

135 136 137

>

138 139 140

anti benzene ring in anti-9-benzonorbornenyl esters. In
these simpler molecules the large ionization rate en-
hancements observed have been used as an important
part of the impressive body of evidence®2:9b,174 which
supports a nonclassical structure for the intermediate in
each case. Although the trishomocyclopropenyl cation
142, derived from 141-OpNB, is predicted®” to be rela-
tively stable, thus imparting a large rate enhancement to
141-OpNB ionization, it can be argued rather convincing-
ly that relief of steric strain’'® upon ionization, with rear-
rangement to classical ions 143, accounts for the ob-
served rate enhancement. It should be noted that a simi-
lar rearrangement in the ionization of anti-7-norbornenyl
derivatives leads to a system with greater strain energy
than the starting norbornene derivative.

+

143a 143b H
143¢

Solvolysis of 141-OpNB gives a simple mixture of only
three products (eq 33)'''-1'5 formed from nucleophilic
attack exclusively from the anti direction at C-8 and from
the endo direction at C-2. It is quite clear, and of consid-
erable mechanistic importance, that neither 144-OH nor
145-OH or their p-nitrobenzoates are formed (<0.02%)
in the product mixture; however, in a closely related
reaction a derivative of 144 is formed,'"” but this case is
complicated by competition between carbene and carbo-
nium ion processes and by the fact that a diazonium ion
precursor, which is a poor model for solvolytic work,52
was postutated. Carbene insertion into the solvent (meth-
anol) or reaction of a "hot” carbonium ion could have
produced the 144-OMe observed.

Ketone 146, which, because it has an sp2-hybridized
carbon atom at C-8, is considered to be a good steric
model for classical ion 147, is attacked by lithium alumi-
num hydride from both syn and anti directions to give a
mixture of 141-OH and 144-OH in the ratio of 1:2;111-114
other nucleophiles attack 146 much more predominantly
from the anti direction, however.''8.11? Ketone 148, a
suitable model for 143, is attacked by several complex
metal hydrides predominantly from the less hindered exo
direction to give the thermodynamically less stable alco-
hol 149-0H 113,114
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TABLE X. Relative Solvolysis Rates for Some Tricyclo[3.2,1.02.4Joct-8-yl and Related Derivatives
—~—-Relative rate, X =-——— —~—Relative rate, X = ——
Ring system OBs?OpNB: Cl¢ OMAc?¢ Notes Ring system OBs>OpNB¢ CI4 OMAc>® Notes
X X
P 1 v OL o '
X X P
100 100 100 -1
Ph 10¢ fu
X X  Ph
; 4
’ @ 10 m Ph 103 f, v
X
X
h 1012 1012 ik, n % 10w 10 10 Ls,v,w
X
X
1010
2@ 1.7 o w
X X
X X
: 1011
% ’ " ﬂ& v
X
X >
108 f.y
;Q 37 i k @’\
X
X
1011 z
10¢ k
X X
ﬁ% 10 r % iy f, aa
X
%& >

« Relative rates at 100° unless otherwise stated. These values are
only approximate since different solvents were used in some cases
and extrapolations over large temperature ranges were employed.
The relative rates were arrived at after extrapolation by assuming
that the rate ratio for any pair of compounds is independent of the
leaving group. ? Solvolysis in buffered acetic acid. ¢ Solvolysis in
70% aqueous dioxane unless otherwise stated. ¢ Solvolysis in 80%
aqueous acetone; rates compared to that of anti-7-norbornenyl|
chloride at 25°. ¢ OMAc = methoxyacetate, CH;OCH.COO-. / Calcu-
lated as threetimes the rate of the corresponding tosylate. ¢ Calcu-
lated from data given in S. Winstein, M. Shatavsky, C. Norton, and
R. B. Woodward, J. Amer, Chem. Soc., 77, 4183 (1955). " Relative
rates of brosylate, tosylate, p-nitrobenzoate, chloride, and me-
thoxyacetate are assumed to be the same. ? Reference 111. 7 Refer-

It would thus appear that the stereospecificity of the
nucleophilic attack on' the intermediate(s) derived from
141-OpNB at only the anti and hindered endo sites is in-
compatible with a set of equilibrating classical cations,
143 and 147, but is quite consistent with the stereoelec-
tronic requirements of the trishomocyclopropenyl cation

ence 112. ¥ Reference 113. !Calculated from data given in S. Winstein
and C. Ordronneau, J. Amer. Chem. Soc., 82, 2084 (1960). ™ Calcu-
lated from data given in ref 128. * Calculated from data given in ref
115 at 25°. ° Calculated from data given in ref 124, » Reference 126.
7 Calculated from data given in ref 127. ~ Calculated from data given
in ref 118; at 170° this ester hydrolyzes ca. 10 times faster than anti-
7-norbornenyl p-nitrobenzoate. ¢ From a compatrison at ca. 90° with
141-OpNB in 70% aqueous acetone. ! Calculated from data given
in ref 125. * Calculated from data given in ref 130. ¥ Calculated from
data given in ref 139. » At 125° in 65% aqueous acetone, ref 121.
* Calculated from data given in ref 137. ¥ Calculated from data given
in ref 148. = Compared to 141-OpNB in 60% aqueous dioxane at 25°,
ref 135. a2 Calculated from data given.in ref 143.

142 which precludes attack from the exo and syn sites.
Nonclassical ions such as 11 (vide supra) and those de-
rived from anti-7-norbornenyl, 7-norbornadienyl. and anti-
9-benzonorbornenyl derivatives, whose structures are
more firmly established.52,%b.87a.114 are simjlarly charac-
terized by simple product mixtures and the formation of
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TABLE XI. Relative Hydrolysis Rates for Some Polycyclic
p-Nitrobenzoates at 25°

Ester Rel rate
PNBO An
1
PNBO. An
3.3
PNBO An
38000

¢ Data from ref 123 in 70:30 dioxane-water. ® Data from ref 119 in
90:10 acetone~-water,

thermodynamically unstable products resulting from
stereoelectronic control by the delocalized electrons. Un-
fortunately, attempts to observe directly by nmr the cat-
ion(s) formed from 141 have been unfruitful because the
potential precursors (141-OH, 146 and its dimethyl ketal)
are unstable in the "superacid” media employed.12°

pNBO
H,0
———
dioxane
141-OpNB
HO
+ + (33)
3
pNBO
15.6% 01%
O
OH )
F anti — N<— syn
3OH
144-OH 145-OH 146
147
151

Although it seems unlikely, if ionization of 141-OpNB is
accelerated by relief of strain in going to 143, 150-OpNB
should ionize without acceleration since the analogously
rearranged cation, 151a, is identical with 151 and ring

John Haywood-Farmer

strain cannot therefore be relieved. If, on the other hand,
the formation of 142 accelerates the ionization of 141-
OpNB, ionization of 150-OpNB should be similarly as-
sisted with the formation of the trishomocyclopropenyl
cation 152,

Solvolysis of 150-OpNB occurs with a rate enhance-
ment almost as large as that observed for 141-OpNB and
gives 150-OH as the only product.’?! There is statistical
scrambling of the deuterium atoms of 150-OpNB-9-d and
150-OpNB-anti-4-d between only three positions: C-9,
C-2, and C-3 and C-anti-4, C-1 and C-8, respectively, in
the recovered solvolysis product. It is clear from these
labeling experiments that only one cyclopropyl ring, spe-
cifically the anti one, is involved in positive charge delo-
calization in this reaction. If both rings were involved.
complete scrambling of the label over all positions would
be expected.’??2 On the basis of the kinetic and product
analysis studies of 141-OpNB and 150-OpNB, we are al-
most compelled to assign structures 142 and 152 to the
respective intermediate cations.

So powerful is the participation by the cyclopropyl
group in the ionization of endo-anti-tricy-
clo[3.2.1.0%-4Joct-8-yl derivatives that it even overwhelms
the carbonium ion stabilization afforded by a p-anisyl
group. Thus 153-OpNB demonstrates a large anchimeric
acceleration (10%),"'° whereas the accelerating effect of
the double bond in anti-7-norbornenyl derivatives is com-
pletely overcome by the p-anisyl group of 154-OpNB
(Table XI1).72% It thus appears that a p-anisyl group (and
probably other aryl groups) has an upper limit to the sta-

OMe
pNBO @
‘ H,0
.
’. acetone

153-OpNB
OMe

©

OMe

@)
4 -4 -

HO PpNBO
66% 34%

OMe

‘ H,0

dioxane

154-OpNB
MeQ

o
>

OMe
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bilizing effect it can provide a carbonium ion at the ben-
zylic position.’'® The solvolysis products from 153-OpNB
are completely rearranged (eq 34) whereas those from
154-OpNB are partially rearranged (eq 35). These kinetic
and stereochemical results are in full accord with the
idea that double bond participation in 154-OpNB is ab-
sent but that cyclopropyl participation in 153-OpNB still
remains. By analogy with the olefinic derivatives,’23 it is
expected that cyclopropyl participation in 153-OpNB
might be overcome by the p-N, N-dimethylamino group.

In contrast to the derivatives of 141, the derivatives of
the other stereoisomers of the tricyclo[3.2.1.024]oct-8-yl
system, 144, 155, and 156, ionize without extensive cy-
clopropyl participation (Table X) and give rise to numer-
ous rearranged products. The exo-anti isomer 155-OBs is
particularly revealing since its inertness to ionization
rules out face participation by the cyclopropane ring.24

X

X X i

155 156 157
The factors responsible for the rate enhancement ob-
served in the solvolysis of the two syn isomers 144-OBs
and 156-OBs (Table X) have recently been clarified by

studies on the related unsaturated esters 157-OpNB,118
158-OpNB,’25 and 159-0Bs'25 which solvolyze with en-

£ Of7

159

hanced rates and complete retention of stereochemistry,
presumably via the bishomocyclopropenyl cations 160,
161, and 162 in accord with other anti-7-norbornenyl and
anti-9-benzonorbornenyl derivatives.®a:%0 By analogy with
syn-7-norbornenyl'2® and syn-9-benzonorbornenyl'2’ de-
rivatives which ionize with C-C participation to give an
allylic ion and ultimately bicyclo[3.2.0]hept-2-en-3-yl
products (e.g., eq 36), it was suggested’'® that formation
of cyclopropylcarbinyl cations 163 and 164 might accel-
erate the ionization of 144-OBs and 156-OBs, respective-
ly; 164 was expected to be formed more readily than 163
because of the anticipated better overlap between the
developing cation orbital and the exo cyclopropyl ring. It
was also suggested'’® that ionization of 156-OBs might
be accelerated by steric factors.
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From the data in Table X it is clear that the cyclopropyl
groups of 157-OpNB, 158-OpNB, and 159-OBs cause a
rate enhancement of about the same magnitude as in
144-0OBs and 156-OBs despite the very low probability of
a C-C migration analogous to that shown in eq 36. It
would thus appear that the acceleration by syn cyclopro-
pyl groups operates independently of any other accelera-
tion, i.e., by an anti double bond, and is not electronic in
origin, a conclusion corroborated by the observation that
the effect of substituents in the benzene ring of anti-9-
benzonorbornenyl brosylate’'*:128 is unaltered by the cy-
clopropane ring of 159-OBs.'2% Battiste, et al.,’?> have
proposed steric acceleration, i.e., relief of strain between
the ester group and the cyclopropane ring methylene
upon ionization, to account for the accelerating effect of
an exo-syn cyclopropyl group. Their alternative explana-
tion, a distortion of the molecule such that the bridge is
bent toward the double bond or benzene ring in 158 and
159, respectively,'?® also of steric origin. is considered to
be unlikely because of the constancy of the effect even
in 156 in which double bond participation cannot occur.

Surprisingly, the accelerating effect of an exo-syn cy-
clopropyl group is no larger in the diphenyl derivative
165-0OTs which ionizes at about the same rate as 156-
OBs and the syn-7-norbornenyl ester.’3% The anti deriva-
tive, 166-OTs, is postulated to ionize with phenyl partici-
pation in addition to a concomitant or subsequent disro-
tatory rupture of the three-membered ring so that the rate
enhancement noted for 156 relative to 155 (ca. 10%) is
no longer present (k(165)/k(166) = ca. 1.5). Such a
pathway is not available to 165-OTs.

OTs Ph TsO Ph
i M "

165-OTs 166-OTs
X ;
167 168

An additional feature of note concerning 160 is the
possibility of a “bridge flip” to 167; apparently such a
process does not occur''® despite the expected®’ greater
stability of 167. In this regard 160 behaves like the ion
derived from 7-norbornadienyl derivatives®a.9b.131 and
152,727 Presumably reaction with solvent is a more effi-
cient process than bridge flipping. Study of derivatives of
the epimeric system (168) is clearly indicated to test
more fully the theoretical predictions.3?

Although it is clear that 144-OBs does not lead in high
yield to 142 upon acetolysis,’'® substituted endo-syn-tri-
cyclo[3.2.1.02*]oct-8-yl derivatives give the products ex-
pected for a substituted 142 intermediate. Thus solvolysis
of derivatives of 169732 and treatment of 170-OH with
acids''® lead to 171 and 172-OH. respectively. Similar
acid-catalyzed rearrangements have been noted for the
anti alcohols 141-OH'17-114 and 153-0H.7"® These results
are most likely due to the increased stability of a tertiary
classical ion 173 toward capture by solvent and the in-
creased probability that a longer lived cation of this type
will leak to the more stable nonclassical cation 174.732a

Carbonium ions from several tricyclo[3.2.1.0%-*]octane
derivatives have been studied'3® by mass spectrometry,
but the large differences found between the stereoiso-
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TABLE XIl. Relative Solvolytic Rates for
Tricyclo[3.3.0.02:8]oct-4-yl and Related Tosylates at 75°¢
Tosylate Rel rate Tosylate Rel rate
p\ 5
OTs 270
TsO
1
TsO % 20
OTs
1
TsO

e Reference 114 from which these data were taken did not specify

solvent.
MeO
©
: X ‘ OH
169 170-OH
OMe
e @)
< < '
X HO
171 _ 172-OH
Zz Zz
? i .
173 174

mers of this ring system in solvolytic reactions are not
observed under electron bombardment.

Tanida’s studies''® on the solvolysis of 149-OTs and
145-OTs have provided additional examples of cyclopro-
pyl participation and corroborative evidence for ion 142.
Hydrolysis of 149-OTs results in the formation of 141-OH
and 149-OH as the only products in the same ratio
(1:999) as that found in the hydrolysis of 141-OpNB (eq
33). Optical activity in 149-OTs is lost 3.2 times faster
than the rate of product formation, thereby confirming
ion-pair return. The possibility that the racemization in-
volved a 1,3-hydride shift to give 143c was ruled out by
studies on a specifically deuterated sample of 149-OTs.
Although derivatives of 149 are considerably less reactive
than those of 141, cyclopropyl participation in the ioniza-
tion of 149-0OTs was demonstrated by its enhanced reac-
tivity compared to suitable model compounds (Table Xl1).
From the product composition it would appear that 141-
OpNB and 149-OTs ionize to the same intermediate, pre-
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sumably 142, which is quite different from the one de-
rived from 175-OTs which gives products of elimination,
inversion, and hydride migration totally absent in the sol-
volyses of 141 and 149 derivatives (eq 37).

—_—
TsO
175-0OTs
OAc
51% AcO 47%

1.7%

In contrast, the exo tosylate 145-OTs solvolyzed more
slowly than 149-OTs, but this rate difference is relatively
meaningless as a quantitative probe for cyclopropy! par-
ticipation in 149-OTs since 145-0OTs ionization is probably
also assisted by C-C participation?’ (eq 38).7"*

-
\'OTs

145-0OTs

BB B -

The effectiveness of even longer range cyclopropyl
participation has been investigated’®* in a study of 176-
OBs which ionizes with a great amount of acceleration
(Table XIIl) but, unlike 141-OpNB, less rapidly than the
corresponding olefin 177-OBs. This anomaly (compare
141-OpNB and anti-7-norbornenyl p-nitrobenzoate, Table
X) has been rationalized in terms of a more favorable ge-
ometry for participation in 141 and 177 than in 7-norbor-
nenyl and 176, respectively. There may be other contrib-
uting factors. however, including reduced strain in the
exo-tricyclo[3.2.1.02+4Joctane skeleton (176) compared
to the endo sterecisomer (141)'34 and a possible ground-
state deformation of 176 compared to 177 due to H-H
repulsion resulting in the carbonium ion center and cyclo-
propyl group being farther apart. It is tempting to use the
large rate enhancement observed for 176-OBs ionization
as proof of formation of the nonclassical ion 178; how-
ever, the product mixture from this ester is very complex
and completely rearranged unlike the products obtained

E OBs ;\ EOBs

176-OBs 177-0OBs

178
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from other nonclassical ions. If 178 is formed, it must
rearrange to other cations more rapidly than it reacts with
solvent; the existence of this ion does not yet rest on firm
ground.

Derivatives of 179 provide an opportunity to examine
the effects of a slightly different geometry on cyclopropyl
participation. As can be seen from the data in Table X,
the endo-anti cyclopropy! group of 179-OpNB provides'3®
a rate enhancement similar in magnitude to that ob-
served in 141-OpNB but not significantly different from
that afforded by the double bond in derivatives of
180.736,13% The greater acceleration observed in the ion-
ization of 141-OpNB (factor of ca. 10) was not expected
because the bridge angle in norbornanes is greater than
in bicyclo[2.1.1]hexanes but could possibly result from a
tilting of the substituent-bearing bridge toward the cyclo-
propyl ring in a fashion analogous to that found in 179-
OpBB.135.140 Unfortunately, structural studies on a deriv-
ative of 141 have not yet been reported; in 155-OBs'#’
and, more pertinently, in anti-7-norbornenyl p-bromo-
benzoate,’*? however, the bridge is tilted away from the
cyclopropane ring and double bond, respectively.

The bridged tricyclo[3.1.1.02:4]hept-6-yl derivative,
181-OTs, ionizes with much less acceleration than does
179-OpNB."'#® The additional bridge in this molecule is
expected to alter sufficiently the geometry, rigidity, and
strain energy so that a decreased anchimeric assistance
is not surprising; in particular, the three-membered ring is
"pulled back” so that the carbonium ion center is farther
from its plane. The importance of this effect will be dis-
cussed elsewhere in this article.

By analogy to derivatives of 141, which ionize with tre-

6 __-OpNB

—_—
4 7
3
endo
179-OpNB 182
(%& - AT -
X X
184
exo\ 0 OTs
exo —
\ ——3
0% :
180-OTs
4 _0OTs
3
2 e e
6
8 7 endo
181-0Ts 183
OAc
+ E \ i (4Q)
AcO
60% 40%

Chemical Reviews, 1974, Vol. 74, No. 3 333

TABLE XIIl. Relative Acetolysis Rates for Some Polycyclic
Brosylates at 25°

Brosylate Rel rate Notes

OBs

Ir

OBs
:& 101 a
OBs
1036 b
OBs
10106 3
OBs
1082 d

¢ Calculated from data given in S. Winstein, M. Shatavsky, C. Nor-
ton, and R. B. Woodward, J. Amer. Chem. Soc., 77, 4183 (1955): S.
Winstein and M. Shatavsky, ibid., 78, 592 (1956). * S, Winstein and R.
L. Hansen, ibid., 82, 6206 (1960). ¢ S. Winstein and R. L. Hansen,
Tetrahedron Left., No. 25, 4 (1960). ¢ Reference 134.

mendous assistance to give derivatives of 142, one ex-
pects 179-OpNB and 181-OTs to ionize to 182 and 183,
respectively. Both the rate enhancements and observed
products of these reactions are in full accord with this
expectation: hydrolysis of 179-OpNB (eq 39) gives only
184-OH and the internal return product 184-OpNB.'3%
These products are only of the endo stereochemistry de-
spite the propensity for the corresponding ketone to un-
dergo attack from the exo direction.’3% A similar argu-
ment was used to support ion 142 (vide supra). No un-
rearranged product was reported in this reaction; how-
ever, acetolysis of 181-OTs does lead to only partial rear-
rangement (eq 40).74% These products are in full accord
with ion 183.

OAc

Il

AcO

The general occurrence of ions like 182 and 183 has
been cast in doubt by Hart and Kuzuya's'** recent re-
sults. Carbonium ion reactions of the polymethylated
185-OH lead to recovered unrearranged derivatives of
185 in which isotopic label distribution indicates an inter-
action by the cyclopropyl group to give an ionic interme-
diate of higher symmetry than 186 for which the structure
187 has been proposed. This type of ion has been pre-
dicted'#5 to be relatively stable. The nmr spectrum of the

H OH
%Meg

185-OH 186 187
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intermediate is consistent with 187 but not with 186,744
In view of this report, a reexamination of 181-OTs ioniza-
tion is in order.

lon 182 has also been proposed’® as the intermediate
formed in the acetolysis of 184-OTs. This ester ionizes
with a modest acceleration by the cyclopropyl group
(Table XIV) and gives 184-OAc almost exclusively (97%)
(eq 41). Although a deuterium label originally on C-4 is
distributed equally between C-2 and C-4 in the isolated
product, these two positions account for only half the
original label, and the two methylene groups are scram-
bled equally. It thus appears that carbons 2, 4, 5 and 7
are scrambled in the cation derived from 184-OTs, Such
scrambling might well occur through an ion analogous to
187, through a “bridge flip” of 182, or through classical
cations. The different products obtained from 182" by
Masamune, et al..'%% and by Lustgarten'#® and the in-
triguing possibilities raised by Lustgarten’s labeling stud-
ies indicate an obvious need for more work on this ion
and its precursors.

The exo isomer of 184-OTs ionizes with C-C participa-
tion to give the nortricyclyl cation and ultimately nortricy-

clyl derivatives (eq 42).
- A7
OAc

184-OAc

OTs
184-OTs 182

HOAc
—

OTs

I
1

42)
X

+

= OAc, OTs

Double bond and benzene ring participation have been
examined in derivatives of 188’47 and 189748 and, in ac-
cord with the idea that increased internal bond angle at a
carbonium ion site will reduce anchimeric assistance,’4?
188-OTs and 189-OTs ionize less rapidly than the corre-
sponding norbornenyl derivatives (both by factors of ca.
10% at 25°) but still faster than the saturated 190-OTs?50
(by factors of ca. 105 and 10, respectively). Remote cy-
clopropyl participation in this system, /.e., in 191, has not

L o
£ A

yet been reported, but the recent synthesis'5! of a useful
derivative, 191-0O-t-Bu, will undoubtedly be followed by
solvolysis studies.

John Haywood-Farmer

TABLE XIV. Relative Acetolysis Rates of Some Polycyclic
Tosylates at 25°¢
Tosylate Rel rate Tosylate Rel rate
280
OTs | 1
OTs
7600
OTs
13
OTs

@ Data taken from ref 146.

3. 4-Nortricyclyl Derivatives

The symmetrical 4-nortricyclyl system (192) and its
1,7,7-trimethyl analog (193) have the ionization center
rigidly fixed at about 2.1 A directly above the face of the
cyclopropane ring.'5? Both 192-OTf'®3 and 193-OTf sol-
volyze to give only products of retained structure much
more slowly than the related bridgehead derivatives 194-
OTf and 195-OTf whose ionization is also severely retard-
ed compared to other tertiary derivatives (Table XV).%¢
In fact, 192 and 193 are among the least reactive sys-
tems known in carbonium ion formation.'3%-158 Expansion
of the ring system by one carbon atom to 196 increases
the ionization rate, but compared to 197 the rate is still
retarded.

7 Me Me
‘ X X X
3
6 [ N >
192
Me Me
X ﬂ%
195

198

Obviously the cyclopropane rings in ions 198-200 pro-
vide no stabilization to the positive charge; it might even
by argued that the ions are electronically destabilized by
the three-membered rings. However, the observed retar-
dation in ionization rate of derivatives of 192, 193, and
196 can be completely accounted for by the increased
strain energy of these systems relative to their bicyclic
analogs. and therefore no inductive deceleration is re-
quired.155-157

In another system, 201, the ionization rate would not
appear to be retarded by the remote cyclopropane ring.
Derivatives of this system ionize more rapidly than those
of 197 (factor of 10'7) and of 202 (factor of 102).75% The
significance of these results is clouded by the presence
of the three adjacent cyclopropane rings, which are ex-
pected to enhance the ionization rate,” and by the great-
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er flexibility of 201 compared to its smaller analog 202. A
comparison with 203 would be more meaningful.

X X X

201 202 203

4. Spiro[cyclopropane-1, 7'-norbornan]-2'-y!
Derivatives

Derivatives of the three endo systems 205, 207, and
209 are possible candidates for cyclopropyl participation,
which, if present, would be expected to be manifested in
a decreased exo/endo rate ratio for the appropriate pairs
of compounds. The data in Table XVI clearly illustrate the
ineffectiveness of the cyclopropane ring as a neighboring
group in these molecules. The ionization rate of each
endo isomer is decreased from that of the most appropri-
ate endo model, whereas the ionization rates of the cor-
responding exo isomers are slightly increased resulting in
an enhanced exo/endo ratio.’®:'8" Derivatives of 204,
205, 208, and 209 all rearrange on solvolysis to give
mixtures of exo and endo spiro[cyclopropane-1,3’-norbor-
nan]-2’'-yl derivatives 210 and 211; 206 and 207 give only

derivatives of 206.76%:787 |n both aspects (ionization
X X
X X
204 205 206 207
\/ : \/

D >

@

X
208 209
oL
X X
210 211
B
X }
T ) 212 \
products (43)
%x
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TABLE XV. Relative Solvolysis Rates of Some
Bridgehead Derivatives®

Ring system Rel rate Notes
Me;C—X 1 b
X
;b 10-12 ¢
Me Me
X
1012 d
X
Qb o ‘
Me, Me
X
10-v d
Me
X
10-7 b
X
10-¢ d
Me

2 Data at 25° from ref 157 unless othetwise noted. * Based on reac-
tivity of the bromide in 80% aqueous ethanol. ¢ Reactivity of the tri-
flates at 100° in 509% aqueous ethanol as given in ref 156. ¢ Reactivity
of the triflates in 60% aqueous ethanol.

rates and product composition), all six systems are very
much like their respective unsubstituted norbornyl par-
ents. A scheme (eq 43) which accounts for these results
is shown below employing classical cations only for con-
venience.

The small rate enhancement observed for derivatives
of 204, 206, and 208 is probably due to the stabilization
Horded the cyclopropylcarbinyl cation 212 (or alterna-
tively the corresponding nonclassical ion). Solvolysis of
derivatives of 210 and 211, which are predicted’¢® to ex-
hibit greater cyclopropy! participation than 205, show the
controlling influence of the cyclopropyl group by virtue of
a large rate enhancement and a swamping of the usual
exo/endo ratio, thus demonstrating the effectiveness of
the stabilization afforded 212,789,767 The corresponding
olefins, e.g., 213, behave similarly. 62

The ineffectiveness of the cyclopropyl groups in 205
and 207 as neighboring groups is in complete contrast to
the behavior of the corresponding olefinic derivatives
213-216.7%% Both the kinetic data (Table XVI) and prod-
uct composition demonstrate beyond doubt that the 7-
isopropylidene groups in 214-OTs and 216-OTs partici-
pate in the ionization of these esters. The exo isomers
solvolyze in the same manner as other exo-norbornyl and
exo-norbornenyl derivatives.

CMe, CMe,

CMe, CMe,
g/‘L\ Zx gk; [/‘ﬁ\ Zx %
X X

213 214 215 216
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TABLE XVI. Solvolysis Rate Constants for Some
2-Norbornyl Tosylates '

Solvolysis rate
constants (X108) kezof

Tosylate Exo Endo kenao Notes
45::Ei::2f 2,330 8.28 280 b
OTs
‘gfzié::;7 7,880 440 1,800 ¢
\
OTs
CMe,
;f::ﬁi::;7 10,200 2260 4.5 de
A
\
OTs
/f::fi::i7 1,500 0.19 7,90 f
, OTs
;£:;i§::;? 4,050 0.175 23,000 «
OTs
CMe,
;f::ﬁf::;7 3,200 370 8.6 de
'\OTS
>
’. 671,000 120 5,400 g,h
OTs
\/
D
" 1,130,000 9.5 11,350 g.h
(e)

=
»

@ Acetolysis at 25° unless otherwise stated. *P. v. R. Schleyer,
M. M. Donaldson, and W, E. Watts, J. Amer. Chem. Soc:, 87, 3705
(1965). < Reference 160. 4 Based on the reported rate ratio at 30°.
¢ Reference 163. / S. Winstein and M. Shatavsky, J. Amer. Chem.
. Soc., 78, 592 (1956). ¢ Solvolysis in 80% acetone at 100°. * Reference
161.

In contrast, the diazo ketone 217 reacts'®* with acids
to give a mixture of products including 218 which results
from interaction of the cyclopropyl group with the cation
center. It has been proposed’®* that 217 and 205 differ
because the ketone group destabilizes an adjacent posi-
tive charge so that stabilization in the transition state is
required and simple ionization to 219 cannot occur.

HO.
N,

217 218 219
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5. Miscellaneous Rigid Systems

Chloride 220 solvolyzes at about the same rate as the
dimethyl analog 221 and about half as fast as 1-adam-
antyl chloride.’®5 All three halides solvolyze without rear-
rangement. It is thus clear that the cyclopropyl ring in
220-Cl does not interact with the remote positive charge,
but this is not surprising considering the distance be-
tween these centers (measured from Dreiding stereomo-
dels to be at least 3 A).

220 : 221

222-0OBs acetolyzes to give 222-OAc and olefin 223 at
about the same rate as for the unassisted ionization of its
two cis stereoisomers (Table V).6 The absence of cyclo-
propyl interaction in 222-OBs ionization is at first glance
puzzling since the molecule is rigid and therefore does
not have to become oriented in a specific conformation
for interaction as do its cis isomers, and because the
electron-donating bent bond of the cyclopropane ring is
pointed directly at the ionization center which is about
2.4 A from it—almost the same geometrical features
found in 141-OpNB, the ionization of which is tremen-
dously accelerated.’’’-''5 |n 141, however, the devel-
oping p orbital is pointed directly into the sphere of influ-
ence of the cyclopropane ring (224), whereas in 222 it
points orthogonally to this “preferred” direction into a re-
gion of space devoid of appreciable cyclopropane ring
electron density (225). The nearest approach of the cy-
clopropane ring in 225 to the developing p orbital is at
the carbon atom, a nodal position in the orbital, whereas
in 224 the cyclopropane ring orbitat approaches a devel-
oping lobe of the p orbital. The possibility that one cyclo-
propane ring might overlap with both lobes of the p orbit-
al in 225 can be ruled out on grounds of symmetry.68

222 ' 223

225

The exceptionally high reactivity of the bridgehead sub-
stituted éystem 226 has recently been noted and as-
cribed to cyclopropyl participation.’®® It should be noted
that this system also incorporates a <cis-bicyclo-
[3.1.0]hex-3-yl system locked in a favorable chair confor-
mation. The anchimeric assistance by the cyclopropyl
group of 226 might well prove to be even greater than
that observed in 141 since the ionization rate of the cor-
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responding saturated ester 227-OTs is only ca. 10°-10*
greater than that of 7-norbornyl tosylate at 100°.767

X OTs

226 227-0Ts

111. Interaction of Cyclopropane Rings with
Other Electron-Deficient Centers

A. Carbene Centers

Theoretical studies'®® have predicted that the carbene
228 should be most stable in a distorted geometry in
which the carbene-center is tilted toward the cyclopropyl
group so as to increase its interaction with the edge of
the cyclopropane ring. This stabilization is afforded to
only the singlet state of the carbene and is analogous to,
but of less importance than, the situation in the corre-
sponding carbonium ions 160 and 167.%7

The epimeric tosylhydrazones 229 and 230 decompose
to give quite different mixtures of products.’’” The exo
isomer gives a low yield of three isomeric bicy-
clo[3.3.0]octadienes as the only identified volatile prod-
ucts presumably by the mechanism shown in eq 44. The

N—NHTs

228
229
NaOMe C-1-C-7
. migration

Yj -C-2
migration
I —

endo isomer gives a much higher vield of a mixture of
141-OMe, 144-OMe, 149-OMe, 231, and 232; the ratio of
ether to hydrocarbon products is dependent on reaction
conditions. The ether products are believed to arise
through the relatively stable trishomocyclopropenyl cation
142 (eq 45). The absence of bicyclo[3.3.0]octadienes in
the hydrocarbon product demonstrates the interaction
between the carbene center and the edge of the endo cy-
clopropyl group (eq 46) rather than by the adjacent C-C
bonds as is found in the decomposition of 229, Although
it is clear that a long-range cyclopropyl-carbene interac-
tion occurs. the nature of the intermediate formulated as
233 is not certain,

In contrast, bicyclo[3.1.0]hex-3-yl tosylhydrazone gives
no indication'®® of cyclopropyl interaction with the incipi-
ent carbene center. The only product formed is bicyclo-
[3.1.0]hex-2-ene; presumably carbene insertion into the
C-H bond of the adjacent carbon atom to give this olefin
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MeO

233 231 232

is a much more energetically favorable process and one
that is not available to 233.

B. Radical Centers

Free radical chiorination of bicyclo[3.1.0]hexane gives
a mixture of the four chlorobicyclo[3.1.0]hexanes arising
from abstraction of hydrogen atoms from C-2 and less
predominantly from C-3 (eq 47).'7% Abstraction from C-1
or C-6 was not detected. Chloroformylation gives a more
complex mixture;, the major products are rearranged, bi-
cyclo{3.1.0]hexyl derivatives comprising only a minor
amount (ca. 30%) of the product (eq 48). The predomi-
nance of abstraction from C-2 is thought to be a result of
greater cyclopropyl stabilization of the adjacent radical
paralleling the stability order found in the respective car-
bonium ions. The only indication that some stabilizing de-

HC!S
ﬁ +-BuOCI
——
he
HII’aHS
p\ p p p @7
9-Cl 10-Cl 34- °C|
1 40/0 7 o 33'C| 6 /o
23%
COcCH

|
——
hv

9-COCI + 10-COCI + 33-COCI + 34-COCI +

2% 10% 10% 6%
Q— CH,COCI + Q COCl (48)
36% 33%
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localized character might be present for 234 is the 2:1
ratio of 9-Cl:10-Cl obtained in the chlorination experiment
despite the expected steric hindrance to abstraction of
H-3¢trans from the predominant boat conform-
er32.39,57,171-174 of the hydrocarbon. In contrast the 9-
COCI:10-COCI ratio obtained in the chloroformylation is
about 1:5. In a similar fashion free radical addition of
methanethiol to bicyclo[3.1.0]hex-2-ene'’® gives products
(eq 49) which can be explained solely on the basis of

MeSH
=~> 9-SMe + 10-SMe + 33-SMe +
R —
6.5%

59%
SMe SMe
+ (49)
“*Me Me
N mp—
33%

classical radical intermediates; in fact, a methylthio de-
rivative of 235 was ruled out as the sole product-deter-
mining intermediate. These results provide no strong sup-
port for a trishomocyclopropenyl radical, 236, as a par-
ticularly stable intermediate but do not conclusively prove

its absence
p ' ;
-l

234 235 236

A more distinct example of long-range interaction be-
tween a cyclopropyl group and a free radical center has
recently been described.’’S Abstraction of hydrogen from
exo-tricyclo[3.2.1.0%:4Joctane occurs only at C-1 and C-6
(eq 50) and. except for the C-1 abstraction which has not
yet been explained, is very similar to the behavior of
other norbornanes.’”® In this reaction no evidence of cy-
clopropyl interaction with radical intermediates was de-
tected.

t-BuOCl
I +
hv Cl

Cl
Cl

The endo isomer provides at least 93% C-8 abstrac-
tion, however, to give 141-Cl and 149-Cl as the only iden-
tified products (eq 51). Two minor components, 5 and
2%, were not characterized. The high regiospecificity of
abstraction at C-8 and stereospecificity of radical recom-
bination at both C-4 and C-8 can conveniently be ex-
plained in terms of edge interaction by the cyclopropane
ring, but approach at either site might also be affected by
steric factors. Whether the fully delocalized intermediate
237 or a rapidly equilibrating mixture of essentially classi-
cal radicals with a weak transannular interaction by the
three-membered ring (238 and 239) is present is not yet
clear, but. based on the sensitivity of product composi-
tion to tert-butyl hypochlorite concentration, 237 can be
ruled out as the sole product-determining intermediate. It
should be noted that the 7-norbornenyl radical is general-
ly thought to be nonclassical.’””?
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t-BuOCl
———
hv

Cl )
+ + two unidentified  (51)
minor products

237 238 239

In contrast, the two olefins, exo- and endo-tricy-
clo[3.2.1.02-4Joct-6-ene, and also deltacyclene give only
the products of simple cis and trans addition to the dou-
ble bonds.'”® No hydrogen abstraction was detected de-
spite the above-noted ability of the endo cyclopropyl
group to interact with radical centers at-C-8. It is equally
evident that the cyclopropyl groups in the presumed in-
termediates, 240, 241 and 242, do not interact with the
radical centers. This behavior is in complete contrast to
that found in the corresponding carbonium ions and re-
viewed elsewhere in this article.

t-BuO
t-BuO

240 | 241

t-BuO

242
C. Other Centers

Cyclopropane rings have long been known2?:3:'72 for
their ability to extend'8%-1%4 and perhaps even to trans-
mit'95-198 conjugation from the studies of their interac-
tions with adjacent carbonyl groups,’8%-87 double
bonds,'88-190  and aromatic rings'®'-'%% in both the
ground (ref 179, 181, 183-188, 190, 191, 195-197) and
excited (ref 180, 182, 189, 192-194, 198) states. Some
of these studies have been summarized'®® and have re-
cently been supported by theoretical considerations.2%0
Some groups have concluded that optimum interaction is
not dependent on geometry,'88:192 other groups that ge-
ometry is an important optimizing factor,180-186.189,181
and still others that the geometrical relationship between
the interacting groups becomes more important as the in-
teracting substituent on the three-membered ring be-
comes more electron demanding.’%3.200b

Interactions between cyclopropyl groups and more dis-
tant unsaturated centers have been less widely studied
but have proven to be very sensitive to geometrical
changes. The uv spectrum of the exo ketone 243 is al-
most identical with that of 7-norbornanone.2%'a The spec-
trum of the endo ketone 146 is different, however;2%'2 a
hypsochromic shift of ca. 15 nm for the n — #* transi-
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tion and a bathochromic shift for the # — #* (or n —
0*292) transition is noted for this molecule relative to 7-
norbornanone. In both respects 146 displays the same
behavior as 7-norbornenone for which the spectral pa-
rameters are fully accounted by theoretical calculations
involving a o-type interaction between the wm bonds of the
carbonyl and olefinic groups,37:293:204 degpite the fact
that most 3,vy-unsaturated ketones display shifts in the
opposite direction for the n — 7* transition.?2%% A similar
interaction has been invoked to explain the uv spectrum
of 146 and has found recent theoretical support.2%* The
bent cyclopropane ring bonds of 243 are directed away
from the carbonyl group precluding any direct interaction.
A similar pattern has been observed??'® for the three
ketones 244-246, The spectrum of 244 is very similar to
those of 243 and 7-norbornanone, but those of 245 and
246 more closely resemble the spectra of 146 and 7-nor-
bornenone indicating the interaction between the carbon-
yl group and the double bond and cyclopropane ring, re-
spectively. Uv spectroscopy has also led to the conclu-
sion that a cyclopropyl-carbonyl interaction occurs in the
two isomeric cis- and trans-bicyclo[6.1.0]Jnonan-3-
ones?%® but not in the bicyclo[6.1.0]nonan-4-ones2%® nor
in bicyclo[3.1.0]hexan-3-one33 in which the preferred
shallow-boat conformation of the bicyclo[3.1.0]hexane
ring32:39,57.1771-17¢ presumably precludes any interaction.

Ay A3
At At
ity

Optically active samples of 247 and 248 give CD spec-
tra which are similar to those of the corresponding ole-
fins, 249 and 250, and much more intense than those of
2-norbornanone and 251.2%7 This behavior is characteris-
tic of 3,v-unsaturated ketones with interacting chromo-
phores?%® and demonstrates the stereospecificity of the
interaction (compare 248 and 251). Unfortunately the
spectrum of 252 has not yet been reported,?%” but that of
253297 demonstrates no interaction.

The interaction of cyclopropyl groups with distant dou-
ble bonds has also been demonstrated recently?%® in the
photoelectron spectra of 254, 255, and related mole-
cules. As expected only 254 shows an interaction be-
tween the two groups. This interaction is predominantly
of the through-space type rather than through the ¢
bonds. Despite the conclusions of the photoelectron
spectroscopic investigations, the uv spectra of 254, 255,
and norbornene give no indication of any special charac-
ter for 254,270 On the other hand, 254, 255, and related
compounds readily isomerize (e.g., eq 52) upon photoly-
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‘249 250

sis,21:270,217 demonstrating that this process requires no
special orientation of the cyclopropyl group.

by A3
Ao A

Hydrocarbons 254 and 255 are also of some interest
because of their potential for forming bidentate com-
plexes with metal atoms by involvement of both the dou-
ble bond and the cyclopropyl group.2'? Reaction of 254
with either [(CzH4)2PtC|2]2 or K[(CgH4)2PtC|3] gives the
stable complex 257,238 reaction with IrCI{(CO)(PhsP);
gives 258,273a reaction with Rh,(CO)4Cl, gives 256,213
and reaction with (Ph3P)3RhCl gives a mixture of 256,
259, and 260;2'* presumably cyclopropane-metal com-
plexes or insertion compounds are intermediates in the
formation of 256, 258, 259, and 260.213,214

CH,
257 258
259 260

The endo olefin 255 fails to react with any of the above
reagents. In accord with the idea that the metal atom will
complex preferentially with the edge of the cyclopropane
ring. the exo,exo dicyclopropyl compound 261 also reacts
with [rCI{CO) (Ph3P), (to give 262)2'38 and with either
[(C2H4)2PtClz]2 or K[(CaH4)2PtCl3] (to give 263),21%a
whereas the exo.endo epimer 264 is unreactive. The fail-
ure of the cyclopropy! group in 262 to open has been ex-
plained on the basis that this olefin cannot complex to
the metal as a bidentate ligand for steric reasons.2'3a |t
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TABLE XVIl. Relative Acetolysis Rates of Some Cyclobutyl Derivatives at 25°.
Compound Rel rate Notes Compound Rel rate Notes
X X
% 1 c 1.1 g, h
X
10¢ d
[ ]\\; X 108 i
X
;: 108 e
X 1012 ik
X
2 x 104 f
X
X @ 5 X 10 I
6 X 108 f
X
@ 2 X 108 ik
7 % 104 g h X
107 ik
X
X
1.2 f @ 2 X 10¢ f

“In acetic acid buffered with sodium acetate. ® Rate comparison made on tosylates unless otherwise stated. ¢S. Winstein, M. Sha-
tavsky. C. Norton, and R. B. Woodward, J. Amer. Chem. Soc., 77, 4183 (1955). ¢ H. L. Goering and M. F. Sloan, ibid., 83, 1992 (1961).
¢ Reference 150. / Reference 218. ¢ Comparison made on brosylates. * Reference 219. ! Reference 220. / Comparison made on mesylates.

k Reference 221, ! Reference 222.

X E : E CH,
261 262

-
/' \
Cl Cl

263 264

should be noted, however, that Mo(CO)g, W(CO)s,
CuzCly, RhCI{CO)(Ph3P)2, (PhCN),PdCly, IrHCI(PhsP)3,
and Rhy(nor-C;Hg)2Cly fail to react with 254, 255, or
261.23a AgNO; will form complexes with 254 and 255,
but it was felt that no interaction between the three-
membered ring and the Ag atom occurs; 261 forms no
AgNO; complex.2'®

A final example of long-range interactions with cyclo-
propane rings comes from the recently reported exam-
ples of hydrogen bonding between O-H groups and cy-
clopropane rings.'73:21¢ The three-membered ring is less

able to act as an acceptor site for hydrogen bonds than
is a double bond or an aromatic ring and is quite stereo-
specific in this type of interaction, The preferred interac-
tion is with the bent bond edge of the cyclopropyl group
in a symmetrical manner, in complete analogy to the sta-
bilization of remote carbonium ion centers by three-mem-
bered rings.

1V. Interaction by Cyclobutane Rings

By analogy to its smaller homolog, the cyclobutane
ring is also predicted?'? to have bent C-C bonds with an
abnormally high p character and is therefore expected to
act as a neighboring group in a similar fashion. A rela-
tively small number of studies have been reported.

Acetolysis of 265-0OTs proceeds with a large anchimer-
ic acceleration2'® (Table XVII) which is made even more
efficient by unsaturation in the four-membered ring (266-
OTs?2'® and 267-OBs?'®). In contrast, the syn epimers
268-0OTs2'¢ and 269-OBs?'? ionize without significant ac-
celeration.

The product mixtures from 265-OTs and 267-OBs are
much more complex than that from derivatives of 141, in-
dicating a flatter energy surface for the derived cations.
The observed rate enhancements suggest formation of
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1. HOAc
NaOAc
3 2 LiAIH,

56%
273
449% (53)
57%
t‘ t‘ »
8% 35%
1. HOAc ‘
NaOAc
2 UAH, LiAIH,,
+
HO
269-0Bs 10%
@‘ + at least 17 unidentified
components (65%) (55)

OH
25%

X X
the nonclassical ions 270, 271, and 272 by cyclobutane
edge participation. but there is no other evidence for
these ions. The stereochemistry of 273-OH derived from
265-OTs (eq 53) is crucial to the argument but has not
yet been determined. If 270 and 272 are formed, it is
clear that they readily rearrange, presumably to 274, 275,
and 276. lon 272 is particularly interesting since, if it is
present, its enhanced rate of formation indicates stabili-
zation of a trishomocyclopropenyl cation by phenyl sub-
stitution sought, but not observed, by previous workers.*%
The direct formation of classical cations 276, 277, and
278 is an alternative interpretation of the observed an-
chimeric acceleration particularly attractive for 266-OTs

and 267-OTs. The elucidation of the intermediates in
these reactions remains to be finalized but is made more

ﬁ some of the products.
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difficult by the large numbers of and relative instability of

+ +

276 277 278

The pertinent homocubyl and bishomocubyl derivatives
shown in Table XVI| also ionize with large rate enhance-
ments but apparently do so without long-range cyclobu-
tane edge participation.229-222 | abeling studies and prod-
uct analysis demonstrate that the ionizations occur with
1,2-migration of a bond of an adjacent, rather than a re-
mote, cyclobutane ring to give in some cases ions with
multiple degeneracy as illustrated in eq 56 for homocubyl
tosylate. These studies have recently been reviewed. 22

+

279-0OTs

Remote cyclobutane ring participation in the ionization
of these homocubane derivatives is not observed be-
cause participation by a bond of the adjacent cyclobu-
tane ring is a more efficient process; participation in cy-
clobutylcarbinyl derivatives has been noted.?23 The effi-
ciency of the remote cyclobutane interaction present in
265 is presumably decreased in 279 because the addi-
tional bridging alters the geometry so that the cation cen-
ter is far removed from the plane of the remote four-
membered ring, and overlap between the bent-bond edge
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of this ring and the carbonium ion orbital is reduced. Sur-
prisingly 280-OTs, in which this factor should be at least
partially overcome, gives no indication of C-2-C-3 bond
participation but rather of participation by the C-1-C-2
bond.?24 In this regard the acetolysis of 281-OTs, which
is very similar to 150, should prove informative; 281-OTs
has not yet been reported although the corresponding ke-
tone is known, 225

X
;CHz—X E
280 281
Remote cyclobutane ring participation is apparently ab-
sent in 282-0Ts-285-0Ts which are characterized by low
exo/endo rate ratios and relatively small p values upon

ionization in acetic and formic acids.?2® Weak C-5-C-6
participation is proposed for these ionizations.

z
z
7 5
282 X
283
X .
X
z z
z z
284 285
Z = H,NO,, OMe

V. Geometrical Factors Which Influence
Interactions

The concepts of homoconjugation and homoaromati-
city developed by Winstein and others®2:°® have now
gained wide acceptance. These ideas predict stabilization
of ions or molecules by through-space delocalization of
electrons, thereby bypassing the formal bonding frame-
work and negating the normal insulating effect of saturat-
ed atoms. Of immediate interest to this review are the
homocyclopropylcarbinyl, homocyclopropenyl, and, to a
lesser extent, homotropylium cations which are formed
from many of the systems discussed in this article and
which are predicted to be relatively stable if the correct
geometry is adopted. The remainder of this section will
be devoted to a discussion of the geometrical features
which determine the extent of cyclopropyl interaction
with remote carbonium ion and other electron-deficient
centers.

A. Orientation of the Cyclopropyl Group

The cyclopropane ring stabilizes a carbonium ion pre-
sumably by overlap of its bent C-C bonds, which are high
in p character, with the vacant p orbital of the cation. Of
the infinite number of directions from which an electro-
phile may approach a cyclopropane ring, edge (286), face
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(287), and corner (288) approaches may be readily identi-

e <fie --E
286 287 288

fied. From the extensive studies on the addition of elec-
trophiles, particularly protons, to three-membered rings, it
appears that edge approach is the preferred mode.2?7
The studies herein reviewed have much in common with
the studies on electrophilic attack and generally support
their conclusions.

The molecules discussed in this article which are steri-
cally arranged for interaction between only the face of
the cyclopropane ring and the developing positive
charge, e.g.. 155-OBs, 192-OTf, 193-OTf, and 196-OTf,
give no evidence to indicate that such an interaction
(287) occurs despite the Walsh picture (1b) which pre-
dicts appreciable electron density in the center of the

ring.
On the other hand, molecules such as 9-OTs., 141-
OpNB, 176-OBs, 179-OpNB, 184-OTs, and 226 are

geometrically ideal for a symmetric o overlap between
the bent-bond edge of the cyclopropane ring and the de-
veloping carbonium ion orbital, e.g., 289. The large rate
enhancements observed for the ionization of at least
some of these molecules leave no doubt concerning the
effectiveness of this stabilizing interaction, but the values
of the observed enhancements and those of the respec-
tive olefinic and benzo analogs emphasize the sensitivity
of this edge interaction to other factors.

It is clear, however, that interaction with the corner of
a three-membered ring is also effective. Molecules such
as 104-OBs and 125-OTs display this type of interaction
giving homocyclopropylcarbinyl cations, e.g., 127 via
290; they do not interact with the edge of the three-mem-
bered ring to form ions like 112, presumably because the
distortion required to form this trishomocyclopropenyl
cation offsets the anticipated aromatic stabilization.

&+
5=
X X
5~
289 290

The relatively stable bisected conformation of cyclo-
propylcarbinyl cations (291)7:228 in which the cation or-

-bital interacts simultaneously with both flanking cyclopro-

pane ring bonds has no well-established analog in homo-
cyclopropylcarbinyl cations (e.g., 292) although the pos-

2SS

sibility has been explored.‘3"“'17 No rigid system with
the correct geometry for formation of only 292 has yet
been reported, and in conformationally mobile molecules
the necessary conformational constraints require too
much energy. Calculations on related systems?'®P predict
that such a w-type interaction will decrease much more
rapidly as the centers are moved farther apart than will
the o-type interaction observed for 9 and its bridged de-
rivatives. At distances >ca. 2 A, the o-type interaction is
predicted to be more important than the w-type.

The possibility that the edge of a cyclopropane ring
might interact with a distant p orbital lying paraliel to it
has been explored.®¢ No such interaction (293) was
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noted; however, this was anticipated because the maxi-
mum density of the cyclopropane ring bond lies adjacent
to a node in the p orbital, and because a stabilizing inter-
action at one end of the p orbital should be balanced by
a destabilizing interaction at the other end (294).

7 \

293 294

B. Interatomic Distances and Angles

It is obvious that the ability of a neighboring group to
interact through space with a carbonium ion will be
greatly affected by the potential overlap of the appropri-
ate orbitals. This overlap in turn is determined by the in-
teratomic distances and valency angles within the mole-
cule. In conformationally mobile systems these factors
are very difficult to assess, but they are more readily an-
alyzed in rigid molecules.

The most dramatic examples of long-range cyclopro-
pylcarbonium ion interactions all (except 176) involve the
cis-bicyclo[3.1.0]hex-3-yl skeleton locked in a chair con-
formation which approaches the most stable geometry
calculated®” %% for the nonclassical bicyclo[3.1.0]hexy!
cation 11. Unfortunately very few of these systems have
been the subject of accurate structural determinations so
that the critical distances and angles (AB, 8, and ¢ in
295) are. in the main, unknown. Quantitative estimation
of these geometric parameters from the structures of re-
lated molecules or from molecular models is hazardous
because of the proclivity of some of these skeleta to be
asymmetric, i.e., « # (3 in 296, This distortion is particu-
larly well known for substituted norbornanes (ref 141,
142, 148, 229, 230) and has been recently demonstrated
for the tricyclo[3.1.1.02-4]heptan-6-yl system (179)'3% as
well.

295 ' 296

The overlap between the cyclopropane ring bond and
the developing p orbital will be enhanced by factors
which reduce the angles § and ¢. Other factors which
distort the p orbital from the ABC plane, such as the
asymmetric bridging in 149 and 184, will decrease the
overlap. The overlap will also depend on the AB distance,
the optimum value of which is calculated®’+%® to be ca.
1.8 A. Qualitative interpretation of the relative efficacy of
cyclopropyl groups and double bonds in ionization rate
acceleration in some molecules (141-OpNB and anti-7-
norbornenyl p-nitrobenzoate) has been made'’® in terms
of the relative magnitudes of the angles corresponding to
# and ¢. In 176-OBs. however, an increased AB distance
resulting from distortions caused by steric hindrance may
be an additional complicating factor.’* It is interesting
that in the very labile 226 AB is relatively short?®? (ca.
2.2 A compared to ca. 2.4 A in 141 as measured from
Dreiding models). whereas the participating cyclopropyl
ring bond is very long (1.64 A).23' Additional structural
and theoretical studies are obviously required before a
quantitative discussion is possible. It may, of course, be
impossible to discuss cyclopropyl participation in quanti-
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tative terms since one can presently only speculate on
the required accurate geometries for transition states,
and indeed for many intermediates.

A very recent report?32 proposes that the relative sym-
metries of a carbenium ion p orbital and the orbitals of a
distant neighboring group (specifically a double bond)
may be affected by the symmetry of the intervening o
bonds. An important aspect of this proposal is that in
molecules with an odd number of bonds separating the
neighboring group and the carbonium ion center, overlap
of the appropriate p orbitals is predicted to be destabiliz-
ing on grounds of symmetry. The ineffectiveness of the
double bond in cyclohepten-5-y| derivatives as a neigh-
boring group (Table V) is thus anticipated. This prediction
is, as yet, difficult to assess in cyclopropyl cases be-
cause of the unavailability of rigid model compounds. Our
group, and undoubtedly others, are currently studying
suitable systems.

C. Conformational Mobility

One of the particularly striking features of the kinetic
data reviewed in this article is the complete absence of
large rate enhancements in the ionization of conformation-
ally mobile molecules, even in cases in which there is
compelling evidence for cyclopropyl participation. Es-
pecially poignant is the cis-bicyclo[3.1.0]Jhex-3-yl sys-
tem (9) which undoubtedly ionizes with cyclopropyl par-
ticipation to 11 but at only a moderately enhanced rate.
Introduction of bridging groups of the correct configura-
tion can result in dramatic increases in anchimeric assis-
tance. Such bridging, as in 141, 150, 179, and 184, is
accompanied by three clearly definable but as yet insep-
arable features, each of which is expected to enhance
the participating effect of the three-membered ring: (a)
an increase in the rigidity and ring strain of the molecule,
(b) a decrease in the internal angle and flexibility at the
cation center, and (c) locking of the bicyclo[3.1.0]hex-
ane ring in a chair conformation. Feature ¢ is important
since it is generally agreed (ref 32, 39, 57, 171-174) that
the most stable conformation of a bicyclo[3.1.0]hexane
ring is a shallow boat. Not only are cis-bicyclo[3.1.0]hex-
3-yl derivatives less strained than their bridged analogs,
but in order to exhibit cyclopropyl participation they must
adopt an unstable chair conformation which reduces the
possible stabilizing effect of the assisted ionization. Sub-
stituent effects in bicyclo[3.1.0]hex-3-yl derivatives have
been discussed®® in terms of changes in the boat-chair
equilibrium constant.

A similar conformational argument has been used’® to
explain the absence of an interaction in the ionization of
86-ONs. In order to become oriented in a conformation

(297) suitable for edge interaction by the cyclo-
297
propyl group. this molecule must overcome three

destabilizing factors: (i) formation of a bicyclo[3.1.0]hex-
ane chair, (ii) gauche interactions involving the axial
alkyl group., and (iii) additional nonbonded interactions
associated with the correct orientation of the side chain.
Presumably the stabilizing effect of charge delocalization
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is insufficient to overcome these destabilizing effects de-
spite the fact that 86-ONs is a primary derivative. In the
corresponding olefin, 90-ONs, factors ii and iii are greatly
reduced and moderate double bond participation is ob-
served.”®:80 |n 91-OBs factors i and ii are removed and
weak cyclopropyl participation is noted.8’

Conformational arguments can also be used to explain
the ionization rates observed for other conformationally
mobile molecules discussed elsewhere in this review.

D. Steric Strain

The tremendous rate acceleration observed for the ion-
ization of 141-OpNB, 179-OpNB, and related esters might
be partially accounted for by relief of ring strain;233 unfor-
tunately a quantitative treatment is not yet possible be-
cause of the paucity of strain energy data. From kinetic
and product data. Tanida''® has calculated a value of ca.
12 kcal/mol23* for the free energy difference between
141 and 149 which could be used in support of a scheme
by which 141-OpNB ionized with cyclopropy! participation
to give the classical ion 143 of the much less strained
ring structure. It is quite clear from the stereochemistry
of the products derived from 141-OpNB (and 149-OTs)
and from the solvolytic behavior of 150-OpNB, however,
that this mechanism does not pertain and that relief of
strain upon classical ionization to 143 does not provide
the large driving force observed in this solvolysis. Even
ionization of 141-OpNB to 142 may reduce the strain of
the system somewhat, since it is expected®’:3° that the
C-2-C-4 bond will be longer in 142 than in 141, but this
factor may be at least partially offset by distortions which
reduce the C-2-C-8 distance.2®® However, Masamune, et
al..’3% have suggested that the C-2-C-8 distance in 141
may be shorter than that measured from molecular mod-
els.

It is thus quite evident that factors other than relief of
strain are important in rate acceleration. The most vivid
example is that of 226 which ionizes at an exceptionally
rapid, although as yet unmeasured, rate, perhaps even
greater than the ionization rate of 141, despite the fact
that its strain energy is slightly less than that of 9166,233
whose ionization is relatively unaccelerated. These re-
sults suggest that strain relief may be a relatively unim-
portant accelerating factor.

E. Internal Angle at the Carbonium lon Center

About two decades ago Brown and his coworkers?3®
proposed the concept of / strain which they defined as
the change in internal strain which results from a change
in hybridization of a ring atom involved in a chemical
reaction. This concept explains, at least in part, the ex-
treme sluggishness to ionization of molecules with rela-
tively fixed, compressed internal bond angles at the ion-
ization center and conversely the high reactivity of the
corresponding ketones in, for example, cyanohydrin for-
mation or borohydride reduction. Internal strain also af-
fects carbonyl stretching frequency.?®’ The two phenom-
ena, solvolytic reactivity and carbonyl stretching frequen-
cy, have been correlated.238

Because carbonium ions in compressed, rigid systems
are destabilized by strain (the basis of the / strain con-
cept), any factors which will stabilize the ion and the
transition state of the ionization reaction, such as partici-
pation by a neighboring group, will exhibit their maximum
effect in this group of compounds. This expectation is
borne out dramatically in the 7-norbornyl and related sys-
tems. The bridge angle (C-1-C-7-C-4 in norbornane) in
all norbornanes, norbornenes, norbornadienes, benzonor-
bornenes, and exo-tricyclo[3.2.1.02'*]octanes that have
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been studied41:142:148,228 i5 in the range of 92-98° with
no apparent trend within this range despite the expecta-
tion of some groups?37a:232 that introduction of unsatura-
tion into norbornanes should increase the bridge angle.
Infrared data23® suggest that the bridge angle in the cor-
responding ketones is decreased in the unsaturated mol-
ecules. Structural studies on endo-tricyclo[3.2.1.02+4]oc-
tanes have not yet been reported, but there is nothing to
suggest that their bridge angles do not also fall within the
above range. The accelerating effect of anti double
bonds, benzene rings, and endo cyclopropyl groups on
the ionization of 7-norbornyl derivatives is thus not a re-
sult of decreased / strain but due to some other factor,
presumably anchimeric assistance by the appropriate
bonding electrons of each group. A possible additional
accelerating factor in 141-OpNB is the expected increase
in the bridge angle as ionization to 142 is accomplished.

It is now well documented that rate enhancements due
to neighboring olefinic'3%:147 and benzo'48:74® groups are
a function of bridge angle and much greater when the in-
ternal angle at the cation center is more compressed.
However, insufficient data are yet available to discern a
similar trend regarding cyclopropyl participation; indeed
the acceleration noted in 179-OpNB (Table X) is some-
what less than expected based on the bridge angle in bi-
cyclo[2.1.1)hexanes of 82-89°,135,148.240

I strain is thus an important factor in determining the
amount of anchimeric assistance afforded by a neigh-
boring cyclopropyl group. Its absence is partially respon-
sible for the relatively small accelerations noted for con-
formationally mobile molecules.

VI. Summary

We have attempted to comprehensively review the nu-
merous studies that have been reported in which long-
range interactions between a carbonium ion center and a
cyclopropyl group seem feasible. We have less thorough-
ly explored interactions involving other electron-deficient
species and also those involving cyclobutane rings. It is
clear that interactions by cyclopropyl groups are of two
distinct types. In some molecules, e.g., those incorporat-
ing a cis-bicyclo[3.1.0]Jhex-3-yl skeleton, the interaction
is with the edge of the three-membered ring to form, in
many cases, a nonclassical trishomocyclopropenyl cat-
ion. Participation by the cyclopropyl group in the forma-
tion of such intermediates may result in tremendous rate
accelerations. In other molecules interaction with the
corner of the cyclopropane ring to form homocyclopropyl-
carbinyl cations is observed. Enormous ionization rate
enhancements are not generally observed for these mol-
ecules, but the evidence for cyclopropyl participation is
compelling. No evidence has been found for an interac-
tion with the face of the cyclopropane ring.

The magnitude, and indeed even the presence, of cy-
clopropyl participation is very dependent on geometrical
factors, but it is obvious that no simple relationship ex-
ists. A qualitative discussion of some geometrical fea-
tures has been presented. A more quantitative treatment
will be possible when the results of new structural and
theoretical studies become known. Additional studies de-
signed to isolate the various pertinent geometrical pa-
rameters will undoubtedly be reported in the future.

Vvii. Addendum

Since the original version of this manuscript was sub-
mitted, a number of pertinent reports have appeared. Fried-
rich, Saleh, and Winstein?*' have further studied the
solvolysis of derivatives of 10 and have postulated a
mechanism which accounts for the numerous products
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formed (eq 4). Cooper, et al.,?*2 and Norin and Smed-
man?43 have reported the acid-catalyzed hydration of 298
and 299. Both olefins give similar mixtures of diene and
alcohol products; it was proposed that a common cyclo-
propylcarbinyl cation was involved. No evidence for a
trishomocyclopropenyl cation was found. The hydration of
these two olefins thus parallels the earlier work*4:54:55 on
electrophilic additions to bicyclo[3.1.0]hexenes.

i-Pr i-Pr

Me CH,
298 299

A more detailed report of the solvolysis of 63-OTs has
appeared.?** The authors concluded that participation by
the double bond is more important than by the cyclopro-
pyl group by a factor of 4 and that each form of participa-
tion occurs from a distinct conformational isomer of 63-
OTs to give noninterconverting sets of ions. These con-
formers are in rapid equilibrium.

Wilt and Malloy’s earlier work'3? has been extended?*3
to include a study of olefin 300 and the two esters 301-
OTs and 302-OTs. Addition of bromine to 300 occurred
with cyclopropane rupture to give 303. The hydrolysis of
301-OTs gave only one product, 304-OH. Similarly 302-
OTs hydrolyzed to give only one compound, 305; how-

W &4
é* é*

304-OH

ever, this hydrocarbon did not arise from dehydration of
304-OH but rather from an ion precursor. Both 301-OTs
and 302-OTs ionize at slower rates than the correspond-
ing exo and endo norbornyl esters (by factors of ca. 5
and 585, respectively). This is typical of tricy-
clo[3.2.1.0%'*]Joct-6-yl derivatives (see Table VII). The
relatively large exo/endo rate ratio (ca. 4180) and the
nature of the reaction products are indicative of a cyclo-
propane ring interaction. Wilt and Malloy propose mecha-
nisms similar to those found in the ionization of other tri-
cyclo[3.2.1.02:4Joct-6-yl derivatives (vide supra) with the
dramatically simpler products a result of the stabilization
of charge associated with the benzhydryl position.

A study of the effect of electronegative C-5 substitu-
ents on the solvolysis of derivatives of 125 and 126 has
been reported.?4¢ As anticipated, the substituents (keto,
ketal, thioketal) reduce the solvolysis rates both of the
endo and, more dramatically, of the exo isomers. The
rate reductions correlate well with o* values. Substitution
also influences the solvolysis product. Acetolysis of both
exo- and endo-306-OBs gave only exo-306-OAc but exo-
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and endo-307-OBs gave mixtures of exo-307-OAc and
endo-307-OAc in the ratio of ca. 88:12. The thioketals
exo- and endo-308-OBs gave ex0-308-OAc in addition to
309 in differing amounts. It was postulated that 309 was
formed after the rate-controlling step by attack by sulfur
at C-4. Both the kinetic and product data are in accord
with the mechanistic scheme originally proposed!?®* for
the solvolysis of 125-OBs and 126-OBs.

d O

o)
X X
306 307
$ )
S
C
X S
308 309

Gassman and Creary?*’ have confirmed the earlier re-
port13% that derivatives of 179 ionize with great accelera-
tion to give only rearranged products of structure 184 (eq
39) presumably via 182. As might be expected the epim-
er 310 ionized apparently in a cyclobutyl-cyclopropylcar-
binyl rearrangement to give the compounds shown (eq
57).

TsO
1.HOAc, NaOAc
2. LiAH,
310-OTs (’DH
O Q-
52% OH 11%

35%

Hart and Kuzuya24® have reported further interesting
results concerning ions related to 182, 183, 186, and

OH

312
other or alternative ions
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187. Unlike 185-OH which dissolves in a mixture of fluo-
rosulfonic acid and fluorosulfonyl chloride to give 187,144
the permethylated 311-OH forms 312. It is thus clear that
these and similar ions are very sensitive to substitution
effects.

The thermal rearrangement of 187 has been reported?4®
as well as the crystal structure of a derivative of the ketone
corresponding to 181.25%9 The midpoint of the C-1-C-2
bond is unusually close to C-4 (2.145 A) and the C-3-C-6
distance exceptionally long (1.60 A). Both dimensions
facilitate the previously observed?3%,143,144,247,248 oyp)g.
propane and cyclobutane participation modes.

A reexamination?5' of the solvolyses of derivatives of
179 and 184 has shown that both systems ionize to the
same cation(s) whose 'H and '3C spectra are in accord
with either a rapidly bridge-flipping 182, or, preferably, a
more delocalized structure similar to 187. Deuterium
labeling studies support this assignment. The ion rear-
ranges to the 3-nortricyclyl cation above ~80°. In accord
with earlier studies,’#445 Masamune, et al., concluded
that little charge resides on the pentagonal apical carbon
atom. An additional report of the ionization of 310-OTs to
the cis-syn-cis-tricyclo[4.1.0.0%:4]hept-5-y| cation has also
appeared.?52

Hydrolysis of iii (ref 132a) has been reported?5® to give
rearranged 1,7-disubstituted tetracyclo[4.3.0.0%:5.0%,%]-
nonanes as the major products. This rearrangement is fully
expected (cf. 141-OpNB), but it is somewhat surprising in
view of the earlier reports’''-113,124 of successful ketone
synthesis via ketal hydrolysis in similar ring systems.
Lamaty, et al.,'32a apparently did not analyze their prod-
ucts. Remote cyclopropyl participation appears to occur in
the acid cleavage of a bridged derivative of 191-OtBu to a
trishomocyclopropenyl cation.254

The in vacuo pyrolyses of the sodium salts of 229 and
230255 give rather different products from those observed
.in the methoxide ion decompositions’'” of the two tosyl-
hydrazones. The Japanese workers also conclude, how-
ever, that carbene delocalization occurs only in the endo
isomer (233). In a related system no evidence was found
for cyclopropane stabilization in the carbene generated
from the tosylhydrazone of 7,7-dimethoxy-exo-tricyclo-
[3.2.1.0%*]Joctan-6-one. 256
~ Theoretical studies on the geometry?®” and stability?58
of the 7-norbornyl and related cations have predicted ab-
normal destabilization of the saturated ion, providing an
explanation of the unusually slow ionization rates for 7-
norbornyl derivatives. Another important theoretical study
claims evidence for nonplanar secondary carbonium
ions.?%? This work may provide an alternative explanation
of the observed predominant solvent attack from the more
hindered side in ions derived from 141, 179, and related
systems.

The thermal isomerization of 254 and-2552%9 provides
chemical evidence for the previously noted?°® interaction
between the double bond and exo cyclopropane ring of
254,

The epimeric cyclobutylcarbinyl derivatives, the tricy-
clo[4.2.1.0":%]nonane-7-methanol  tosylates,?®’  provide
additional examples of long-range cyclopropane interac-
tions. Both isomers ionize very specifically, one to give a
cyclopropylcarbinyl cation, the other, surprisingly more
rapidly (ref 6a, 9b. 32-34, 37, 38), to give a bridged trisho-
mocyclopropenyl cation.

Epoxide participation was found to be absent in the ion-
ization of the isomeric 6-oxabicyclo[3.1.0]hexan-3-yl
tosylates.262 Further evidence that the most stable con-
formation of the bicyclo[3.1.0]Jhexane ring is a shallow boat
has been obtained from a lanthanide shift study of some
thujanols and sabinols.283
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Theoretical studies concerning the approach of protons
to strained hydrocarbons,?% the torsional barriers of vinyl-
cyclopropanes,?®® and the relative effectiveness of the
cyclopropane ring as a neighboring group and a transmit-
ter of electrical effects?%® have been presented. The o*
value for cyclopropyl has been measured to be +0.011.2¢7
The energetics of neighboring group participation have
been reviewed.258
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