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Abstract: Fragmentations of cyclopropylmethoxychlorocarbene (6) and cyclobutoxychlorocarbene (10) lead
to rearrangments that afford mixtures of cyclopropylmethyl chloride (7), cyclobutyl chloride (8), and 3-butenyl
chloride (9). Isotopic substitution studies show that these rearrangments are accompanied by partial
exchange of the methylene groups within 6 and 10. Surprisingly, these processes that are typical of
carbocations persist in hydrocarbon solvents such as pentane and cyclohexane-d12. Quantum chemical
calculations reveal that the cis-conformers of the incipient oxychlorocarbenes C4H7OC̈Cl decay to C4H7Cl
+ CO via transient hydrogen bonded C4H7

δ+‚‚‚Clδ- complexes which possess significant ion pair character,
even in the gas phase or in nonpolar solvents. In contrast to benzyloxychlorocarbene, no free radicals are
formed upon generation or photolysis of 6 or 10 in Ar matrixes, although acid chlorides (the recombination
products of these radical pairs) are observed. The IR spectra obtained in these experiments show the
presence of several conformers of the two C4H7OC̈Cl.

Introduction

In aqueous solution, the cyclopropylmethyl (1) and cyclobutyl
(2) cations interconvert by rapid 1,2-C shifts which also
scramble the methylene carbon atoms within each cation.1-3

Thus, aqueous nitrous acid deamination of either cyclopropyl-
methylamine or cyclobutylamine affords (via the corresponding
alkyldiazonium ions, and then1 and 2) cyclopropylmethanol
(3), cyclobutanol (4), and 3-butenol (5) in a distribution of
52:44:4.2,4

In moderately polar solvents, however, analogous reactions
proceed via ion pairs, rather than solvent-equilibrated carbocat-
ions, so that the product distributions become precursor de-
pendent. For example, reaction of cyclopropyldiazomethane
with ethereal benzoic acid affords [RN2

+-O2CPh], and then
[R+-O2CPh], leading to a mixture of the benzoate esters of
alcohols3, 4, and 5, but in a distribution of∼79:14:7.4 The

cyclopropylmethyl/cyclobutyl ratio increases from∼1.2 in the
aqueous HNO2 deamination reaction to∼5.8 in the ion pair
process, where the products display increased “memory” of their
origin. In a related result, the esters formed from reaction of
diazocyclobutane withp-phenylazobenzoic acid in 98:2 toluene/
ethanol give a cyclopropylmethyl/cyclobutyl ratio of 1.3,5 much
decreased from the ratio of 5.8 found in the cyclopropyldiazo-
methane/benzoic acid reaction, and featuring a greater cyclobutyl
component.

These deaminative processes, which presumably involve ion
pairs, are mimicked by the corresponding fragmentation reac-
tions of alkoxychlorocarbenes (eq 1).6

Specifically, fragmentation of cyclopropylmethoxychlorocarbene
(6) in MeCN at 25°C affords cyclopropylmethyl chloride (7),
cyclobutyl chloride (8), and 3-butenyl chloride (9) in a distribu-
tion of 73.3:17.1:9.6 (cyclopropylmethyl/cyclobutyl) 4.3),
whereas the fragmentation of cyclobutoxychlorocarbene (10)
yields the same chlorides in a distribution of 55.3:34.3:10.3
(cyclopropylmethyl/cyclobutyl) 1.6); see Scheme 1.7

The similarity of these product ratios to those of the
corresponding diazoalkane/carboxylic acid processes is clear (5.8
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from RN2
+-O2CPh and 4.3 from ROC¨ Cl, when R) cyclopro-

pylmethyl, vs 1.3 and 1.6, respectively, when R) cyclobutyl).
Additional similarities between the product distributions from

alkoxychlorocarbene fragmentations and diazonium ion decom-
positions appear in the menthyl and neomenthyl systems.8

Further cases of 1,2-rearrangements associated with alkoxy-
chlorocarbene fragmentations include the 1-norbornylmethyl9

and the 2,2-diphenylethyl10 systems.
Although ion pairs are reasonable intermediates and product

precursors from ROC¨ Cl in polar solvents, they are believed to
be too energetic to form in hydrocarbon solvents where effective
solvation of the ions is absent.11 Nevertheless, we find that
alkoxychlorocarbenes fragment just as efficiently in benzene
and pentane; examples include ROC¨ Cl with R ) benzyl,
cyclohexyl, and 1-octyl.11 It should be noted that B3LYP/
6-31G* intrinsic reaction coordinate calculations of the frag-
mentations of carbenes6 and10 support the formation of ion
pairs from the carbenes.7 This raises the question of how these
reactions occur.

With fully heterolytic cleavage to cation/anion-CO assem-
blies precluded in nonpolar solvents, homolytic fragmentation
of ROC̈Cl via [R•‚‚‚‚OC•Cl] and then [R•‚‚‚OC‚‚‚•Cl], and
concertedfragmentation, via generalized transition state11, are
alternative mechanisms with computational support.11 There is

spectroscopic evidence that the fragmentation of PhCH2OC̈Cl
in argon matrices at 12 K leads, in part, to benzyl radicals and
•COCl.11 In addition we showed that the fragmentation of
p-nitrobenzyloxychlorocarbene in dichloroethane (where the
p-nitro substituent disfavors benzyl cation-chloride anion pairs)
proceeds through a transition state with benzyl radical charac-
ter.12

The cyclopropylmethyl system self-indicates its electronic
character: cation1 mainly gives cyclopropylmethyl and cy-
clobutyl products by 1,2-C rearrangments,1-3 whereas the
cyclopropylmethyl radical readily opens to the 3-butenyl radical
and associated products.13-15 In polar organic solvents, ring
opening is minor (Scheme 1) and ionic processes appear
dominant,7,16 but generation of carbene6 by flash vacuum

pyrolysis of its precursor diazirine at 365°C leads to fragmenta-
tion with 34% ring opening, which may indicate the involvement
of the cyclopropylmethyl radical.17

What happens in pentane at ambient temperature? We recently
noted that “preliminary experiments with cyclopropylmethyl-
oxychlorocarbene and cyclobutoxychlorocarbene indicate that
the fragmentation and alkyl group rearrangements that afford
mixtures of chlorides [7-9] in acetonitrile and dichloroethane
persist in pentane. Given the unlikely intervention of classical
ion pairs in the latter solvent, deep-seated concerted rearrange-
ments must be coupled with the fragmentations of the car-
benes.”11 Here we present experimental and computational
studies of the fragmentations of carbenes6 and 10 in apolar
environments, studies that illuminate these unexpectedly per-
sistent rearrangements.

Results and Discussion

Solution Studies. Cyclopropylmethanol and cyclobutanol
were converted to the isouronium salts12 and13 by reaction
in THF with cyanamide and methanesulfonic acid or trifluo-
romethanesulfonic acid, respectively.7,16,18Conversion of these
salts to 3-alkoxy-3-chlorodiazirines14 and 15 was readily
accomplished by reaction with 12% aqueous sodium hypochlo-
rite (“poo1 chlorine”), saturated with NaCl, in DMSO.7,16,19

These diazirines, which we had previously prepared,7,16 can
be deazotated to the carbenes6 or 10 either by photolysis at
>320 nm or by keeping them in the dark at room temperature
over 1 day. Under both conditions and in MeCN or hydrocarbon
solvents, chlorides7-9 were obtained from both carbenes;
product distributions, as determined by capillary GC (photolysis)
or NMR (thermolysis), appear in Table 1. These results show
that the relative yields of7-9 do not depend much on the mode
of decomposition of the diazirines, which suggests that diazirine
excited states are not important product-forming intermediates.

The product distributions for fragmentation in MeCN recorded
in Table 1 are in very good agreement with the previously
reported data; see Scheme 1.7 The low yields of9, normally a
signature product of the cyclopropylmethyl radical,13,14 cannot
originate from this species in the present case, because9 is
formed both from 6 and from10. While formation, followed
by ring opening, of the cyclopropylmethyl radical may be
possible in the case of carbene6, the cyclobutyl radical which
would arise by homolysis of10 is known to be stable toward
rearrangment and ring-opening14 and cannot therefore be the
origin of 9. In contrast, the differing product distributions from
6 or 10are consistent with polar fragmentations that transit tight
but distinct [R+ OC Cl-] ion pairs.6,7
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Scheme 1 a

a In MeCN at 25°C; carbenes generated by photolysis of the appropriate
diazirine precursor.bDistribution from6. cDistribution from10.
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Strikingly, the product distributions from either carbene vary
little when the solvent is changed from MeCN to pentane.
Because classical ion pair intermediates are most unlikely in
pentane,11 we suggest that the rearranged chlorides from either
6 or 10 in pentane must be formed concertedly with the carbene
fragmentations. In the section on computational studies (below),
we will describe appropriate pathways for such concerted
fragmentation and rearrangement.

Further insight was obtained by labeling carbene6. Reduction
of methyl cyclopropanecarboxylate with LiAlD4 gave cyclo-
propylmethanol-R,R-d2, which was converted first to12-R,R-
d2, and then to diazirine14-R,R-d2 by the procedures described
above. The diazirine was irradiated in cyclohexane-d12, and the
resulting mixture of deuterated chlorides7-9 was analyzed by
400 MHz1H NMR spectroscopy. The product distribution was
obtained from the integral ratios of the tertiary CH protons of
7 (1.23 ppm) and8 (4.37 ppm) and the C3-vinyl proton of9
(5.83 ppm).20-22 In two separate experiments, the7:8:9 distribu-
tions (%) were found to be 75:13:12 and 71:18:11, in reasonable
agreement with the GC-determined product distribution from
the fragmentation of unlabeled6 in pentane (Table 1).

Analysis of the label distributions in products7 and8 could
also be carried out from the NMR spectrum of the mixture.
For 7, appearance of theR-CH2 doublet at 3.44 ppm (integral
weight 2.07), in comparison to theâ-CH at 1.23 ppm (integral
weight 4.98, representing both7-R,R-d2 and7-R,R-h2), indicates
anR-CH2/R-CD2 distribution of∼21:79. Complete scrambling
of the three methylene groups of6-R,R-d2 would affordR-CH2/
R-CD2 ) 66:33, so that the observed result corresponds to
∼32% scrambling. A second experiment gave a distribution of
∼24:76, corresponding to 36% scrambling.

Interestingly, the extent of methylene scrambling in the
formation of cyclopropylmethyl chloride (7) upon fragmentation
of carbene6-R,R-d2 in cyclohexane-d12 is similar to that
observed earlier for the fragmentation in CD3CN (27-36%).16

The similarity of both product and label distributions in both
hydrocarbon solvents and MeCN may be coincidental or may
suggest a similarity of mechanism.

Simple primary ROC¨ Cl (R ) n-C4H9, n-C8H17) avoid
unimolecular fragmentation with formation of a primary alkyl

cation as a component of an ion pair. Rather, they serve as
substrates for chloride-induced SN2 fragmentations.11,23Primary
ROC̈Cl whose resulting carbocations R+ are stabilized, such
as PhCH2OC̈Cl and6, are more likely to fragment unimolecu-
larly and heterolytically in polar solvents, and PhCH2OC̈Cl does
indeed appear to do so,11 at least in the absence of carbocation-
destabilizing electron-withdrawing substituents on the phenyl
group.12 For carbene6 in MeCN, prior experimental and
computational studies are consistent with ion pair intermediates
for fragmentation in polar solvents.7,16The present product and
labeling studies for the fragmentation of6 in hydrocarbon
solvents suggest the possibility that concerted fragmentation-
rearrangement (see below) might also occur in MeCN. The
mechanisms available for the fragmentation of primary ROC¨ Cl
are delicately balanced between concerted,11 ionic,7,16 and
radical11,17 pathways. In any given case, the modulation of
structure, substituent, or solvent can affect the mechanism that
is actually selected.

An NMR study of the cyclobutyl chloride product (8) from
the fragmentation of6-R,R-d2 in cyclohexane-d12 also afforded
its label distribution. From the integral weights of theâ andγ
protons of8 (2.24-2.35, 2.43-2.55 ppm and 1.73-1.85, 1.94-
2.03 ppm, respectively), we determined the8-â,â-d2 to 8-γ,γ-
d2 distribution as 81:19 (a second experiment gave an identical
result). Whatever concerted fragmentation-rearrangement mech-
anisms are available to carbene6, theR,R-d2 label finds its way
to both theâ and theγ positions of the ring-expanded chloride
8. Since complete scrambling would make8-â,â-d2 33% of the
product mixture, we conclude that8 is ∼58% “scrambled.”

Matrix Isolation Studies. Based on the pioneering studies
of Kesselmayer and Sheridan on methoxy-24,25 and phenoxy-
chlorocarbenes,26 and our own previous work on benzyloxy-
chlorocarbene,11 we investigated the fate of diazirines14 and
15 upon photolysis in Ar matrices.

Traces a and b in Figure 1 show the changes observed in the
UV/vis spectra on 365 nm photolysis of the two diazirines in
Ar at 10 K. In both cases, one can see the decrease of the
diazirine bands at 350-370 nm and the increase of a band
peaking at ca. 315 nm which appears to be typical for
oxychlorocarbenes.11,25,26Prolonged irradiation at 365 nm leads
to slow decomposition of the carbenes (which appear to absorb
very weakly at this wavelength). In contrast, subsequent
irradiation at 313 nm leads to rapid bleaching of this band (traces
c and d) whereby no new absorptions appear above 250 nm.

The central part of Figure 2 shows a section of the IR
difference spectra that corresponds to the same sequence of
irradiations. The decreasing peaks in the red traces a and c
correspond to the IR bands of diazirines14and15, respectively,
while the bands that point up in these two traces but point down
in the blue traces b and d must be assigned to the oxychloro-
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Table 1. Product Distributions (%)a from
Cyclopropylmethoxychlorocarbene (6) and
Cyclobutoxychlorocarbene (10)

carbene solvent methodb

c-C3H5CH2Cl
(7)

c-C4H7Cl
(8)

CH2dCHCH2CH2Cl
(9)

6 MeCN photo 71 19 10
MeCN thermal 78 15 7
pentane photo 78 12 10
CH-d12

c thermal 82 11 7
10 MeCN photo 55 35 10

MeCN thermal 52 33 15
pentane photo 60 29 11
CH-d12

c thermal 59 30 11

a Product percentages refer to the total product, excluding products of
HCl elimination (C4H6) and carbene-HCl adducts (ROCHCl2). b Photo:
diazirine precursors14 and15 were photolyzed at 25°C with analysis by
GC. Thermal: diazirine precursors were decomposed by storing them for
1 day at room temperature in the dark; analysis is by NMR.c Cyclohexane-
d12.
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carbenes6 and 10, respectively, that arise as the primary
photoproducts. Next to those peaks, one can also discern in the
IR spectra the bands of CO (2143 cm-1) and of a C4H7COCl
around 1820 cm-1 which grow strongly during the decomposi-
tion of diazirines14 and on bleaching of the oxychlorocarbene
6, but much less in the case of15/10, thus indicating that
homolysis is a less favored photofragmentation pathway in the
latter case.

However, in contrast to benzyloxychlorocarbene,11 no trace
of the very intense 1877 cm-1 peak of the COCl radical27

appeared in any of the present Ar matrix experiments; hence
no C4H7 radicals are formed from C4H7OC̈Cl under these con-
ditions. Apparently, any R•‚‚‚‚OC•Cl radical pairs that may be
generated recombine immediately to form R-COCl if the
radical R• is not specially stabilized/delocalized. The absence
of C4H7 radicals might also be due to the availability of a direct
photochemical ROC¨ Cl f RCOCl rearrangement pathway in the
case of6 and/or to a partial charge separation in the above
radical pairs, which may suffice to allow for spontaneous decay
of •COCl.28

Due to the weakness of the IR bands of the chlorides7-9,
and their partial coincidence with those of the diazirines or the
C4H7 oxychlorocarbenes, it is impossible to assess the ratio of
these three chlorides as they appear under the conditions of the
above experiments. Also, a full assignment of the IR spectra of
the C4H7 oxychlorocarbenes turns out to be very difficult due
to the presence of numerous conformers (see computational
study). However, it appears, especially from the section of the
IR spectra between 1200 and 1400 cm-1, that in the IR
difference spectra obtained from14 and15 many similar peaks
occur, albeit with different relative intensities, which would seem
to indicate some crossover between the cyclobutyl and the
cyclopropylmethyl species. We will return to this point after
discussing the results of our computational studies.

Computational Studies. A. Gas Phase:As pointed out
above, one of the complications in the present case is posed by

the many possible conformers of the two C4H7OC̈Cl species.
Thus we began our computational study with an exploration of
the potential surfaces comprising these conformers and their
interconversion pathways. The corresponding results are dis-
played in Figures 3 (carbene6) and 4 (carbene10), while
detailed numerical results are given in the Supporting Informa-
tion. These results show that at room temperature there is rapid
equilibration among the differentcis-and thetrans-conformers
of 6 and 10, whereby thetrans-conformers dominate in both
oxychlorocarbenes. We also calculated systematically all transi-
tion states for cisf trans isomerization (cf., Supporting
Information). Starting from the most stable conformer,t1,
Arrhenius activation energies of 17.3-18.5 kcal/mol were
calculated for these processes (which translate into unimolecular
rate constants of 0.4-3.3 s-1 at room temperature, assuming
zero activation entropies).

As a byproduct of the above calculations, we also obtained
the full IR spectra of all conformers of6 and10, some of which

(27) Schno¨ckel, H.; Eberlein, R. A.; Plitt, H. S.J. Chem. Phys.1992, 97.

(28) The dissociation of neutral COCl is slightly endothermic (Nicovitch, J.
M.; Kreutter, P. H.; Wine, P. H.J. Chem. Phys.1990, 92, 3539.), whereas
the COCl anion decays spontaneously to CO+ Cl- (Karpas, Z.; Klein, F.
S. Int. J. Mass Spectrom. Ion Phys.1976, 22, 189).

Figure 1. Changes in the UV spectra on deazotization of diazirines14 (a)
and 15 (b) at 365 nm and upon subsequent bleaching of the resulting
oxychlorocarbenes6 (c) and10 (d).

Figure 2. Red and blue traces: changes in the IR spectra on deazotization
of diazirines14 (a) and15 (c) at 365 nm and upon subsequent bleaching of
the resulting oxychlorocarbenes6 (b) and10 (d). Black traces: IR spectra
of different conformers of oxychlorocarbenes6 (top) and10 (bottom). For
discussion, see text.
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are displayed at the top and the bottom of Figure 2. The
calculations predict only a single intense band in the region of
1250-1320 cm-1 for each conformer, whereas the experimental
difference spectra show a multitude of bands in this region in
both cases. This indicates the presence of multiple conformers
after matrix photolysis of diazirines14 and 15. In particular,
the presence of peaks around 1400 cm-1 leads to the conclusion
thatcis-conformers, which have much stronger predicted bands
in this region, are also constituents of the mixture. As the
calculations predict similar spectra for6 and10 in the 1200-
1400 cm-1 region, the appearance of similar bands in this region
cannot be taken as a proof for the formation of6 from 15 or 10
from 14.

Next we turned to an exploration of the different decomposi-
tion pathways depicted in Figure 5 (relative energies listed in

Table 2; for full information, see Supporting Information). Of
these decompositions, the homolytic cleavage to C4H7

• + •COCl
turned out to be the least favorble one, with an endothermicity
of 21 kcal/mol for6 and 25 kcal/mol for10, respectively. Hence,
thetrans-oxychlorocarbenes presumably undergo isomerization
to the cis-conformers (which have low-energy fragmentation
pathways available; see below) rather than suffer homolytic
fragmentation, in contrast to the benzyl case where the latter
pathway is the favored one for thetrans-conformer of
PhCH2OC̈Cl.11 It is therefore not surprising that9, a product
which is expected to arise by ring opening of the cyclopropyl-
methyl radical, is a minor product in the room temperature
experiments (note, however, that some9 may also arise from
ionic processes involving cations1 or 22,4).

Figure 3. Different conformers of oxychlorocarbene6 (blue bars) and transition states for their interconversion (red bars), shown on a free energy scale
computed by the B3LYP/6-31G* method. Percentages in an equilibrium mixture at 298 K are indicated below the blue bars.

Figure 4. Different conformers of oxychlorocarbene10 (blue bars) and transition states for their interconversion (red bars), shown on a free energy scale
computed by the B3LYP/6-31G* method. Percentages in an equilibrium mixture at 298 K are indicated below the blue bars.
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As in the previously explored cases9,11,29,30and in agreement
with our earlier study on C4H7OC̈Cl,7 we found that thecis-
conformers can undergo concerted fragmentation to C4H7Cl +

CO. Starting from the two lowest energycis-conformers of
oxychlorocarbene6 (c1 andc2), we found two transition states
for concerted fragmentation to C4H7Cl + CO which both lie,
however, well below the lowest transition state fortransf cis
isomerization (i-TS1 in Figure 5). Thus, under conditions where
there is enough energy to surmount that barrier, decomposition
to C4H7Cl + CO ensues rapidly.

Starting from6-c5, we found two transition states. The first
of these (f-TS5) leads also directly to elimination of CO and
collapse to C4H7Cl, but an IRC calculation starting from the
other lower lying one (f-TS5′) led us eventually to a potential
energy minimum that corresponds to a C4H7

δ+‚‚‚Clδ- complex
containing a very loosely bound CO molecule on the side. An
analysis of the atomic charges according to the CHelpG
scheme31 revealed that the charge separationδ amounts to over
0.7; i.e., this complex, which is a shallow minimum,must be
regarded as an ion pair, eVen in the gas phase.

This species, which is depicted in Figure 6 (“ion pair 1”),
has some noteworthy structural features: first, the Cl atom is
clearly H-bonded to two of the hydrogen atoms of the C4H7

fragment. Second, the C-C bond above the Cl atom is
significantly lengthened over that in free C4H7

+ (shown at the
bottom of Figure 6) which indicates that the species may be on
the way to rearrange to the cyclobutyl cation. Indeed, stepwise
distortion of the geometry in this sense leads to a transition
state (r-ts1) which very much resembles that for the C4H7

+

(29) Yan, S.; Sauers, R. R.; Moss, R. A.Org. Lett.1999, 1, 1603.
(30) Moss, R. A.; Zheng, F.; Sauers, R. R.; Toscano, J. P.J. Am. Chem. Soc.

2001, 123, 8109.
(31) Breneman, C. M.; Wiberg, K. B.J. Comput. Chem.1990, 11, 361.

Figure 5. Decomposition pathways of oxychlorocarbenes6 (left side) and10 (right side), depicted on a 298 K enthalpy scale computed by the B3LYP/
6-31G* method. A transition state for transf cis interconversion of6 is shown for reference, as are the enthalpies of the C4H7

• + COCl• radicals obtained
by homolytic fragmentation of6 or 10, respectively. Letters preceding “TS” indicate isomerization (i), fragmentation (f), elimination of HCl (e), or rearrangment
(r). IRC indicates that intrinsic reaction coordinate calculations were carried out.

Table 2. Energies of Various Stationary Points on the B3LYP
/6-31G* Potential Surface of C4H7OCCl as Depicted in Figure 5,
Calcuated by Different Methods

relative energya

structure
B3LYP
6-31G*

MP2
cc-pVDZ

CCSD(T)
cc-pVDZ

6-t1 -1.22 -2.12 -1.71
6-i-TS1 16.63 20.43 19.60
6-c1 (0) (0) (0)
6-c2 0.52 0.50 0.53
cp• + COClb 23.96 22.63 23.29
6-c5 0.28 0.13 0.21
6-f-TS1 11.67 16.22 16.26
6-f-TS2 16.03 20.35 20.78
6-f-TS5′ 16.61 23.10 22.57
6-f-TS5 18.06 8.00 22.54
ion pair 1 10.27 6.33 8.27
e-TS1 13.25 13.75 13.23
r-TS1 11.16 4.49 7.39
ion pair 2 9.41 1.50 5.22
f-TS4 9.76 4.66 6.99
10-e-TS3 12.51 17.64 15.28
10-f-TS1 17.40 16.40 17.89
cb• + COClc 23.37 23.50 22.89
10-f-TS2 19.24 24.34 22.36
10-c1 -4.36 -4.99 -5.74
10-c2 -2.91 -2.98 -4.00
10-t1 -5.77 -6.46 -6.89

a Energies relative to6-c1. b cp•: cyclopropylcarbinyl radical.c cb•:
cyclobutyl radical.
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rearrangement (also shown in Figure 6), except that the Cl atom
remains bonded to the same two hydrogen atoms as it was in
the original complex. A forward IRC calculation led to a new
ion pair complex where the C4H7 fragment now has the
cyclobutyl cation structure (“ion pair 2”). This new complex
is, however, only of marginal stability, as the slightest displace-
ment of the Cl atom from its H-bonded position leads to its
collapse to C4H7Cl + CO via a “transition state” (f-ts4) which
actually lies below the ion pair on an enthalpy scale. In contrast,
the lowest energy decay path for ion pair 1, where the Cl atom
is ill positioned to attack the exocyclic CH2 group to produce
7, is HCl elimination (see Figure 5). The structures and relative
energies of both ion pairs and the transition state connecting
them is insensitive to the presence or absence of the almost
unbound CO.

The finding of these two ion pair complexes prompted us to
search for other such structures and, in particular, for a path
for formation of ion pair 2 from10, to explain the formation of
7 from 10. IRC calculations on the far side of the different
transition states for concerted fragmentation of carbenes6 and
10 (f-TS1-5), which are already quite polar (δ+/δ- ) 0.5-
0.6), led indeed invariably to very flat regions of the potential
surface representing species with a high degree of C4H7

δ+‚‚‚Clδ-

charge separation (δ+/δ- ) 0.7-0.8), but all of these complexes
collapsed eventually to C4H7Cl + CO without transiting through
potential energy minima. Because the fate of reactants on such
flat energy surfaces depends to a large degree on nonstatistical
dynamics of reactions,32 it is very possible that trajectories
originating fromany fragmentation transition state could also
lead to rearrangements reminiscent of that which prevails in

the fluxional C4H7
+ cation,33 thus explaining the considerable

amount of “crossover” that was experimentally observed (cf.
Table 1).

To ensure that these ion pair complexes are not artifacts of
the B3LYP DFT model, we repeated the calculations of the
two ion pairs and the transition state for their interconversion
shown in Figure 6 at the MP2 and QCISD levels. Indeed the
same stationary points could be located by both methods
(whereby their relative energies change slightly, depending on
the method; cf. Supporting Information), and the degree of
CHelpG charge separation was even more pronounced (0.80-
0.84) than by B3LYP at the two correlated levels. We also
checked for the stability of the restricted wave functions and
found that they show no tendency to form different orbitals for
electrons of different spin. This finding, and the fact that the
lowest triplet states of the two ion pairs are predicted to lie
several eV above the closed-shell ground states, indicates that
the ion pairs have no biradical character, in contrast to the case
of benzyloxychlorocarbene, where this was found to be the
case.11

Due to the extreme flatness of the potential energy surface
for the C4H7

δ+ rearrangment within the ion pair complex, many
structures along the reaction path may have finite lifetimes. If
a Clδ- attacks the CH2 group to the right side of the ion pair 1
or r-TS1 in Figure 5, this might result in cleavage of both of
the weak C-C bonds and direct formation of 3-butenyl chloride
9. Perhaps this mechanism can explain the observation of this
product (Table 1), altough we were not able to locate a
corresponding reaction pathway.

(32) Carpenter, B. K.Angew. Chem., Int. Ed.1999, 37, 3341.
(33) Casanova, J.; Kent, D. R.; Goddard, W. A.; Roberts, J. D. R.Proc. Natl.

Acad. Sci. U.S.A.2003, 100, 15.

Figure 6. Pathway for fragmentation of6 involving a rearrangement of the intermediary C4H7
δ+‚‚‚Clδ- complex. Blue numbers indicate atomic charges

computed by the CHelpG scheme; black numbers indicate distances between partially bonded atoms. In the red squares, the corresponding structures ofthe
free cyclopropylcarbinyl and the cyclobutonium cations, as well as the transition state for their interconversion, calculated also at the B3LYP/6-31G* level
are shown for comparison.
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If we turn to10, we note that the barriers for fragmentation
to C4H7Cl + CO are generally higher than those for the
corresponding processes in6 (we only show the two lowest
lying transition states in Figure 5), but they are still lower than
the barrier for homolytic cleavage to C4H7

• + •COCl and the
lowest transf cis isomerization barriers. However, in contrast
to 6, the most favorable decay path of10 corresponds, as in
some other alkoxychlorocarbenes,11 to concerted elimination of
CO and HCl, leaving behind cyclobutene. When diazirine15
was decomposed thermally in cyclohexane-d12, CDCl3, and
CD3CN, careful NMR analyses at 300 and 400 MHz revealed
6.6%, 1.8%, and 2.5% of cyclobutene (δ 5.97,dCH, 2.57, CH2),
respectively. Cyclobutene is therefore indeed a minor product,
but its fraction is certainly not compatible with the B3LYP/6-
31G* predictions.

In an effort to elucidate the reason for this discrepancy, we
carried out single-point MP2 and CCSD(T) calculations with
Dunning’s cc-pVDZ basis set at the geometries of the B3LYP
stationary points of all the species represented in Figure 5. The
results of these calculations (Table 2) reveal that the relative
energies of several of the species involved in the different
C4H7OC̈Cl conversions vary by several kcal/mol betweeen
different methods. In particular, the CCSD(T) and MP2 activa-
tion barriers for fragmentation of6 are predicted to be higher
than those obtained from B3LYP calculations by 4-6 kcal/mol,
and they are much closer to the energy for homolytic dissocia-
tion to C3H5CH2

• + •COCl. The effect is less pronounced on
the side of10, but as the barrier for elimination of HCl+CO
increases by 3-5 kcal/mol whereas the lowest one for frag-
mentations remains unchanged (or decreases by 1 kcal/mol at
the MP2 level), the two processes are predicted to be much
more competitive at the MP2 and CCSD(T) level (∆∆E‡ ) 4.9
kcal/mol in favor of elimination by B3LYP vs 1.24 kcal/mol in
favor of fragmentation by MP2, CCSD(T) lying between), in
accord with experiment.

Interestingly, the thermochemistry of the C4H7 rearrangement
within the ion pair complex, which is nearly thermoneutral by

B3LYP, becomes exothermic in favor of the cyclobutyl species
by almost 3 kcal/mol by CCSD(T) and by nearly 5 kcal/mol by
MP2 (4 kcal/mol if geometries are reoptimized). This prediction
is at variance with the finding that C4H7 “crossover” is more
efficient from the side of10 (to yield 50-60% of7) than from
the side of6 (where the yield of8 is only 10-20%) which
indicates that no single level of theory appears to be capable of
modeling all aspects of the complex potential energy surface
on which the different C4H7OC̈Cl conversions take place with
equal accuracy.

B. Condensed Phase:The significant amount of charge
separation that prevails already at the transition states for
concerted fragmentation to C4H7Cl + CO, and of course in the
ion pair complexes, suggests that these species will be stabilized
relative to the oxychlorocarbenes6 and10 (where the charge
separation is much less pronounced), if the reaction is carried
out in a polar solvent. To probe this effect, we carried out
calculations where such a solvent was modeled as a polarizable
continuum (PCM34).

The results that were obtained by single-point self-consistent
reaction field (SCRF) PCM calculations in MeCN (ε ) 36.6)
are shown in Figure 7. The changes from the situation that
prevails in the gas phase (cf. Figure 5) are evident and
dramatic: the ion pair complexes which were ca. 8 kcal/mol
aboVe the most stablecis-conformer of 6 lie below this
oxychlorocarbene by a similar amount in MeCN. Reoptimization
of the two ion pair complexes in MeCN led to a further
stabilization by about 3 kcal/mol whereby the Cl anion (which
now carries a charge of almost 0.9) moved about 0.4 Å away
from the two H atoms to which it is bonded, and from the CO
molecule, while the structure of the hydrocarbon fragment was
barely affected. It is, however, noteworthy that the separated
C4H7

+ cation (optimized in MeCN)+ Cl- + CO, all in MeCN,
still lies about 2 kcal/molaboVe the two ion pair complexes,

(34) Amovilla, C.; Barone, V.; Cammi, R.; Cances, E.; Cossi, M.; Mennucci,
B.; Pomelli, C. S.; Tomasi, J.Int. J. Quantum Chem.1999, 32, 227.

Figure 7. Energies of some stationary points from Figure 5 after single-point calculation in simulated MeCN according to the PCM procedure by B3LYP/
6-31G*. Open blue bars indicate energies of the two ion pair complexes after reoptimization in MeCN.

Cyclopropylmethoxychloro/Cyclobutoxychlorocarbene A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 27, 2004 8473



presumably due to hydrogen bonding of the Cl anion to the
hydrocarbon fragment in the complex.

More surprisingly, the transition states for fragmentation to
C4H7Cl + CO (one of which leads to the ion pair) were also
stabilized in MeCN to the point where they liebelow the
oxychlorocarbenes on the side of6. This finding raises the
question whether thecis-conformers of6 have any lifetime at
all in this solvent. To answer this question would have required
a reoptimization of these transition states in MeCN, an
undertaking which unfortunately proved impossible with the
current PCM code. However, we succeeded to reoptimize one
of the transition states (and the associated reactant and product)
with the self-consistent isodensity (SCI) PCM method35 as
implemented in Gaussian98.44 Single-point PCM calculations
on these points in acetonitrile revealed a residual barrier for
the decay of6(c2) via 6(f-ts2) of 1.5 kcal/mol. On the side of
10, the conformerc1 and the transition statef-ts1 were
optimized, which resulted in a fragmentation barrier of 4.6 kcal/
mol. Thus, small barriers appear to remain, even in acetonitrile,
but it is to be expected that thecis-conformers of the C4H7OC̈Cl
are only very fleeting transients in polar solvents.

The above-mentioned technical problems also prevented us
from investigating what happens to the transition state for
interconversion of the two ion pairs in polar solvents.36 We
would, however, assume that this barrier cannot be much higher
than in the free C4H7

+ cations, where it is so small that it has
so far eluded experimental determination.37 Interestingly, the
barrier for elimination of HCl from ion pair 1 enjoys less
stabilization in MeCN so that this process is no longer
competitive in polar solvents, in accord with experimental
findings.

An experimental finding that remains to be explained is the
deuterium scrambling which was observed in chlorides7 and8
after photolysis of14-R,R-d2. In this context, it is worth recalling
that a single rearrangement pass of theR,R-d2-cyclopropyl-
carbinyl cation,16, leads to theâ,â-d2-cyclobutonium cation,
17, and that a second pass is needed to arrive at ring-deuterated
cyclopropylcarbinyl cation18. Formation ofγ,γ-d2-cyclobuto-
nium 19 requires yet another passage over the transition state
separating the two cations (see Figure 8). According to all
experimental37 and computational evidence,33,36this scrambling
is expected to be inherently extremely rapid, yet it apparently
does not reach completion during the fragmentation of the C4H7

oxychlorocarbenes. This must be due to the fact that collapse
to C4H7Cl + CO is in constant competition with the above
rearrangements, irrespective of the solvent in which the reaction
is carried out. However, the finding of chlorides derived from
18 and19 in the product mixture proves that at least some of
the ion pairs survive long enough to effect several passes over
the barrier separating the two structures before internal trapping
of the hydrocarbon cation by Cl- occurs.

Conclusions

The present study reveals a remarkable new facet of the
intriguing chemistry of oxychlorocarbenes ROC¨ Cl: apparently
the charge separation between the hydrocarbon fragment R and
the Cl atom with which it eventually recombines can be
sufficiently pronounced that rearrangements typical of free
carbocations may occur, even in nonpolar solvents (or in the
gas phase17). According to DFT and correlated post-HF calcula-
tions, these Rδ+‚‚‚Clδ- complexes may even appear in the form
of metastable intermediates, i.e., ion pairs. These intermediates
exist only in conformations where the Cl atom is hydrogen-
bonded to the most acidic hydrogen atoms in the hydrocarbon
fragments, and they appear to owe their marginal persistence
to this factor. However, rearrangements can only occur within
these complexes if they involve negligible barriers; otherwise
collapse to RCl will prevent them from occurring. Indeed,
product distributions and the partial scrambling of isotopic labels
show that full equilibration of the C4H7 moiety is not achieved
within its complex with Cl.

The finding of these Rδ+‚‚‚Clδ- complexes leads to the
questions (a) what causes and (b) what “pays” for the charge
separation in these species? Question (a) may be addressed in
the context of recent work which has demonstrated that reactions
expected to follow a radical pathway (the photodissociation of
cyclopropyl iodide38 or the quenching of excited azoalkanes by
hydrogen atom donors39) may actually involve electron-transfer

(35) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch, M. J.J.
Phys. Chem.1996, 100, 16098.

(36) We have subjected the C4H7
+ cations and the transition state for their

interconversion to optimization and frequency calculations at the QCSID/
6-31G* level followed by single-point calculations at the CCSD(T)/cc-
pVTZ level. On inclusion of ZPE differences, the cyclobutonium cation is
less stable than the cyclopropylcarbinyl cation by 0.1 kcal/mol, while the
activation enthalpy (starting from the latter cation) is 0.62 kcal/mol. (On a
298 K enthalpy scale, the transition state falls 0.22 kcal/molbelow the
cyclopropylcarbinyl cation!) Thus, at this level of theory, the system must
be regarded as extremely fluxional, perhaps nonclassical, in the gas phase.

(37) Cacace, F.; Chiavarino, B.; Crestoni, M. E.Chem.sEur. J.2000, 6, 2024
and references therein.

(38) Arnold, P. A.; Cosofret, B. R.; Dylewski, S. M.; Houston, P. L.; Carpenter,
B. K. J. Phys. Chem. A2001, 105, 1693.

(39) Sinicropi, A.; Pogni, R.; Basosi, R.; Robb, M. A.; Gramlich, G.; Nau, W.
M.; Olivucci, M. Angew. Chem., Int. Ed.2001, 40, 4185.

Figure 8. Interconversion of labeled C4H7
+ cations, starting from theR,R-

d2-cyclopropylcarbinyl cation.
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steps, i.e., access ion pair complexes of the kind we have
encountered in the present work. In the above cited cases, it
was shown by calculations that the electron transfers are
mediated by crossings from diradical to ion pair state surfaces
and back. We suggest that the decay of oxychlorocarbenes
involves similar surface crossings: when CO pulls away from
cis-ROC̈Cl, the surface leading to R• + Cl• + CO crosses that
of a charge-transfer excited state which touches bottom at
geometries where the Clδ- is hydrogen bonded to the Rδ+

moiety. On removing the Clδ- from this position (e.g., by
increasing the R‚‚‚Cl distance), the diradical surface again falls
below the ionic one and back electron transfer takes place,
followed by collapse to RCl. A computational exploration of
these potential surfaces (which requires multideterminantal
methods and the location of conical intersections) lies beyond
the scope of the present work and must be left to a future study.
However, the present example may well be the first documented
case of athermalreaction that involves such multiple crossings
of diradical and ion pair surfaces, and the first case where such
ion pairs correspond to potential energy minima, even in the
gas phase. Analogous to the photodissociation of cyclopropyl
iodide, where the finding of allyl radicals points toward the
involvement of ionic species,38 it is a cationic rearrangement
which provides evidence for the intermediacy of ion pairs in
the present case.

To shed some light on question (b), above we calculated the
following (hypothetical) reaction:

where the subscript “c” indicates that the energies of the radical
R• and the cation Rδ+ are evaluated at the geometry of the R
moiety in the ion pair complex. The overall energy change for
the above reaction was calculated to be 82.7 kcal/mol for ion
pair 1 and 92.9 kcal/mol for ion pair 2 in Figure 5 (using the
experimental value of 3.6 eV for EA(Cl•) and the CHelpG values
for the charge separation,δ). An estimation of the electrostatic
attraction between Rδ+ and Clδ- in the ion pairs was obtained
by summing over all pairwise interactions between atoms, using
CHelpG charges and the B3LYP interatomic distances. Ac-
cording to this Madelung-type procedure, Coulombic attraction
amounts to 38.1 kcal/mol in ion pair 1 and to 41.3 kcal/mol in
ion pair 2.40 Thus, 44.5 or 52.9 kcal/mol, respectively, remain
to be accounted for by hydrogen bonding and other stabilizing
interactions whose origin is, however, presently unclear to us.

Of course, once these strongly dipolar species are placed in
a dielectric continuum of sufficient permittivity, they will be
effectively stabilized relative to the starting oxychlorocarbenes.
According to our calculations, this stabilization leads to an
almost complete disappearance of the barriers for the decay of
the cis-conformers of the C4H7OC̈Cl to C4H7Cl + CO. Hence
thecis-conformers can be no more than very fleeting intermedi-
ates in polar solvents. Since the activation energy for transf
cis isomerization is smaller than the endothermicity of homolytic
cleavage, the lifetime of the incipient oxychlorocarbene should

be limited by the rate of the former process (both in the gas
phase and in polar solvents).

Formation of acid chlorides RCOCl requires homolysis, a
process which cannot be achieved thermally, but is possible
photochemically as demonstrated by the appearance of C4H7-
COCl in the matrix experiments. However, in contrast to the
benzyl case,11 where free radicals were observed, the incipient
R•‚‚‚‚OC•Cl radical pair here appears to collapse immediately,
back to ROC̈Cl or to RCOCl.

Experimental and Computational Methods Section

Cyclobutylisouronium Trifluoromethanesulfonate (13).This ma-
terial was prepared18 from cyclobutanol.41 In a 50 mL round-bottom
flask, equipped with a reflux condenser protected with a CaCl2 tube,
were placed 0.73 g (17.4 mmol) of cyanamide, 5.0 g (69.4 mmol) of
cyclobutanol, and 10 mL of dry THF. To this solution was added 1.67
g (17.4 mmol) of trifluoromethanesulfonic acid. The mixture was stirred
magnetically at 25°C for 30 h. Then it was diluted with 200 mL of
ether and chilled in the refrigerator. A light brown oil formed which
crystallized after a week at room temperature. The white crystals of
13were washed with ether and dried in vacuo, mp 69-70 °C. 1H NMR
(δ, DMSO-d6): 8.30 (br s, 4 H, 2NH2), 4.93 (m, 1H, CHO), 2.46, 2.07,
1.80, 1.54 (m’s, 6 H, cyclobutyl). The yield of13 was 9.8 g (54%).
Anal. Calcd for C6H11F3N2O4S: C, 27.3; H, 4.2; N, 10.6. Found: C,
27.3; H, 4.3; N, 10.6.

Cyclopropylmethylisouronium Methanesulfonate (12).This oily
material was prepared from commercially available cyclopropylmetha-
nol as described for13, except that methanesulfonic acid was used
instead of triflic acid. The isouronium salt has been characterized as
the crystalline tosylate (mp 117-119 °C), using toluenesulfonic acid
in a similar procedure.42 1H NMR (δ, DMSO-d6): 8.40 (br s, 4 H,
2NH2), 7.30 (center of A2B2 q, 4 H, aromatic), 4.07 (d,J ) 6 Hz,
OCH2), 2.27 (s, 3 H, CH3), 1.20 (m, 1 H, cyclopropyl CH), 0.60 (m,
2 H, cyclopropyl), 0.33 (m, 2 H, cyclopropyl). Anal. Calcd for
C12H18N2O4S: C, 50.3; H, 6.3; N, 9.8. Found: C, 50.0; H, 6.4, N,
10.0.

3-Chloro-3-cyclobutoxydiazirine (15). The general procedure of
Graham19 was followed. To 3.5 g of LiCl in 50 mL of DMSO was
added 1.0 g (3.8 mmol) of isouronium salt13 and 50 mL of pentane.
The mixture was stirred magnetically and cooled to 20°C. Then 200
mL of 12% aqueous sodium hypochlorite (“pool chlorine”), saturated
with NaCl, was slowly added. After addition was complete, stirring
was continued for 15 min at 15°C. The reaction mixture was transferred
to a separatory funnel containing 150 mL of ice water, the aqueous
phase was removed, and the pentane phase was washed twice with 75
mL portions of ice water and then dried for 2 h over CaCl2 at 0 °C.
The pentane solution of diazirine15 was purified by chromatography
over 200-400 mesh 60 Å silica gel eluted with pentane. Pentane was
reduced by rotary evaporation and replaced with 30 mL of DCE, MeCN,
or cyclohexane-d12, as desired. Residual pentane was then removed by
rotary evaporation at 0°C. 1H NMR (δ, CD3CN): 4.2-4.4 (m, 1 H,
CHO), 1.5-1.8 1.2-1.5 (m, 6 H, cyclobutyl). UV (λmax, nm): 352,
367 (pentane), 353, 367 (DCE), 355, 369 (MeCN).

3-Chloro-3-cyclopropylmethoxydiazirine (14).This diazirine was
similarly prepared from isouronium salt12. 1H NMR (δ, CDCl3): 3.74
(d, 2 H J ) 7.6 Hz, CH2O), 1.10 (m, 1 H, ring CH), 0.63 (m, 2H,
cyclopropyl), 0.31 (M, 2 H, cyclopropyl). UV (λmax, nm): 352, 368
(pentane), 354, 368 (DCE), 355, 369 (MeCN).

For 14-R,R-d2, cyclopropylmethanol-R,R-d2 was prepared by the
LiAlH 4 reduction of methyl cyclopropanecarboxylate in ether. This
alcohol was converted to the labeled diazirine as described above, via

(40) These values are not unreasonable: they correspond to the electrostatic
attraction between two point charges of 0.7 at a distance of ca. 4.3 Å which
is not far from the distance of the Cl atom from the center of charge of the
cationic hydrocarbon moieties in the two ion pair complexes.

(41) Lee, C. C.; Cessna, A.Can. J. Chem.1980, 58, 1075.
(42) Ho, G.-J. PhD Dissertation, Rutgers University, 1992.
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12-R,R-d2. The 1H NMR spectrum of14-R,R-d2 was identical to that
of 14, except for the absence of theR-CH2 doublet atδ 3.74.

Products.Authentic chlorides7 and8 were commercially available.
1-Chloro-3-butene was prepared from 3-buten-1-ol with thionyl chloride
and pyridine.43

Photolysis of Diazirines.Solutions of diazirines14or 15 in pentane,
DCE, or MeCN (A ) 1.0 atλmax) were irradiated for 1 h with a focused
UV lamp, λ > 320 nm (uranium glass filter). The products were
analyzed by capillary GC and GC-MS using a 30 m× 0.25 mm (o.d.)
× 0.25µm (i.d.) CP-Sil 5CB (100% dimethyl polysiloxane) column at
25 °C (4 min, programmed to 80°C at 10 deg/min). The products and
distributions are described above. Their identities were confirmed by
GC and GC-MS comparisons to authentic materials.

Matrix Isolation and Spectroscopy.44 A few milliliters of cold
pentane solutions of diazirines14 or 15 were placed in a U-shaped
tube connected to the inlet system of a closed-cycle cryostat and
immersed in a constant-temperature bath. While the bath was kept at
-70 °C, the pentane was pumped off, leaving a dry film of diazirine
on the walls of the U-tube. While the tube was kept at-70 °C, the
valves toward the spray-on line and the cryostat were opened. Then
the temperature of the bath was increased to-45 °C, whereupon the
diazirine was slowly entrained with the 10:1 Ar/N2 mixture flowing
over it at ca. 3 mmol/h. After about 2 h, a homogeneous matrix
containing ca. 5µmol of diazirine was formed. Electronic absorption
(EA) spectra were taken between 200 and 1000 nm with a Perkin-
Elmer Lambda 19 instrument, whereas IR spectra were obtained on a
Bomem DA3 interferometer (1 cm-1 resolution) equipped with an MCT
detector (500-4000 cm-1). Photolyses were carried out with a high-
pressure Hg/Xe lamp using cutoff or interference filters for wavelength
selection, as indicated in the text.

Quantum Chemical Calculations.The geometries of all species
were optimized by the B3LYP density functional method45,46 as
implemented in the Gaussian98 program package,47,48using the 6-31G*
basis set. All stationary points (minima, transition states) were
characterized by second derivative calculations which served also for
the calculation of vibrational spectra. Radicals were calculated on the
basis of densities modeled by spin-unrestricted wave functions.49

Calculations in solution (single-point at the gas-phase geometries)
were carried out by the polarized continuum model (PCM)34 within
the self-consistent reaction field (SCRF) procedure as implemented in
Gaussian 03,50 using acetonitrile as a solvent. Reoptimization of the

geometries of the oxychlorocarbenes in this solvent did not result in
significant changes or stabilizations, but unfortunately all attempts to
reoptimize the ion pairs or the transition states for fragmentation with
the above PCM method failed to converge. In two cases this proved,
however, possible with the self-consistent isodensity (SCI) variant of
the PCM method as implemented in Gaussian.35
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