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ABSTRACT

B3LYP/6-31G* computed transition states and activation energies for the unimolecular and bimolecular fragmentation reactions of eight
oxahalocarbenes (ROCX) are in good accord with the available experimental structure—reactivity behavior, supporting and amplifying the
current mechanistic conception of these reactions.

The fragmentation of oxachlorocarbenes (ROCGIunites structure-reactivity behavior between these CO-eliminative
aspects of carbene, carbocation, elimination, and substitutioncarbene fragmentations and the-&iminative reactions of
chemistry When R is a sec-alkyl group, fragmentation to diazonium iong,the SG-eliminative decompositions of alkyl
an ion pair 2) and products derived therefrom appears from chlorosulfites} and the CG-eliminative reactions of alkyl
experiment to be the dominant fate df cf., Scheme %. chloroformate$.

Although the more common carbenic reactions, such as

_ addition to alken€sand 1,2-H migration§, have been

subjected to many computational studies, no such examina-
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RCl alkenes 56, 907. (c) Moss, R. AAcc. Chem. Resl974,7, 421.
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tion has been made of oxahalocarbene fragmentation. Here Transition states for fragmentation were located for the
we present some initial results of our ongoing analysis which eight cis carbenes in the gas phase but could not be found
afford remarkable congruence with experimental results. This for the four trans carbenes. Fully optimized B3LYP/6-31G*
agreement strongly supports the current mechanistic paratransition states for the fragmentations of, for examéte;
digm of these carbene fragmentation reactions. 7c appear in Figure 1, and the associated interatomic
Alkoxy- and aryloxyhalocarbenes can exist in cis (3c) or
trans (3t) forms, in which interconverting rotation about the
O—C bond is restricted by partial double bond character (R
O"=C —Cl).° We sought B3LYP/6-31G* transition states
for the fragmentations of eight examples & and four
isomeric carbenegt. The carbenes included methoxychlo-

3¢ 3t

rocarbenes4c and 4t), ethoxychlorocarbene$¢ and 5t),
isopropyloxychlorocarbenes (@&mnd 6t), benzyloxychloro-
carbenesqc and7t), phenoxychlorocarbend¢), phenoxy-
fluorocarbene (9c), benzyloxyfluorocarberd®¢), and ben-
zylthiochlorocarbene (11c).

cH;0CCl CH,CH,08Cl  (CHy),CHOCC PhCH,OCCl
4 5 6 7

phoCcl PhOCF PhCH,OCF PhCH,SCCI Figure 1. B3LYP/6-31G* transition states for the gas-phase
8 9 10 1 fragmentations of (a#c, (b)5c, (c)6¢c, and (d)7c.

All structures were fully optimized by analytical gradient separations (r1—r4) and bond anglesand), as defined
methods at the B3LYP/6-31G* level using the Gaussiah94 ;- Figure 1, are collected in Table 1.

suite of programs. Reported gas-phase energies (unscaled)
were corrected for thermal effects at 298.15 Kelvin and for
zero-point energy differences. Normal coordinate analyses
confirmed the nature of the ground and transition structures. Table 1. Interatomic Separations and Bond Angles of Carbene

Due to convergence problems, it was not possible to do Fragmentation Transition Stafes

full optimizations using the SCI-PCM model with few  carbene riP rab r3P r4e o B

exceptions (see tables). Instead, single-point determinations 4. 2181 2796 1176 2.338 119.1 1183
were carried out using gas-phase geometry. An intrinsic  s¢ 2277 3.102 1.162 2589 117.7 120.9
reaction coordinate (IRC) calculation confirmed that the gas-  6c 2101 3580 1.176 2456 1185 1205
phase transition structure located for the methyl system 7c 2200 3.349 1173 2396 1185 120.3

led to t'he expected pl’O‘dUCtSZ methyl chloride and carbon  apg| vp/6-31G* structures optimized in the gas phase; cf. Figure 1.
monoxide. ZPE corrections were evaluated from the gas-°In angstroms¢ In degrees.
phase results and were in the range of 2.3.5 kcal/mol.

(8) Keating, A. E.; Garcia-Garibay, M. A.; Houk, K. N. Phys. Chem. In these transition states, strong interactions clearly exist
A 1(33%(3,)1?(2, 84?7 and rtaer:ncser? thgrem-R £ Am. Chem. Sod986 between the nascent chloride anions and the cationic
a esselmayer, AL erigan, R. &.AM. em. S0 y . .
108, 99. (b) Kesselmayer, M. A.. Sheridan, RJSAm. Chem. S0d.986. carbons: r2is .bet.ween 2_.8 and 3.6 A. F_or the trans carb.enes
108, 844. (3t), where this interaction is impossible, fragmentation

(20) (a) All optimizations utilized Gaussian94 Revision E.2 using default it ;
convergence criteria: Frisch, M. J.: Trucks, G. W.: Schlegel, H. B.: Gill, transition states could not be located. Clearly, fragmentation

P. M. W.: Johnson, B. G.: Robb, M. A.: Cheeseman, J. R.: Keith, T.. INn the cis series of carbene8c) should afford “tight”

Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A;; (R+C|*) ion pairS, as Suggested by experimbﬁiﬂl Fur-
Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, th the f tati d d at th tioni
B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, N€IMOrE, the fragmentations are advanced at the cationic

W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, centers, where the C- - -O separations (r1) are-2.3 A

R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; ;
Head-Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian, Inc.; Pittsburgh, and the bond angles approach 1ZDe" pIananty). The
PA, 1995. (b) DFT calculations used Becke'’s three-parameter hybrid method
using the LYP correlation functional: Becke, A. D. Chem. Phys1993, (11) Moss, R. A; Ho. G. J.; Wilk, B. KTetrahedron Lett1989, 30,
98, 5648. 2473. In the limit, the mechanism approaches a classigapi®cess
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carbon monoxide leaving group (r3, 1-:16.18 A) is en route
to the C=0 bond length of 1.128 A.

example, MeOH are even more likely. Thg2athway is
experimentally observed with primary ROCCI (e.q;

The computed activation energies for the fragmentations BUOCCI)? For sec-ROCCI, such a&PrOCCI, the low

of 4c—11cappear in Table 2. We also include activation

Table 2. Computed Activation Energies for Fragmentations of
ROCX

computede, makes likely unimolecular fragmentation to an
ion pair in MeOH or MeCN, similar to the behavior of
PhCHOCCI. Experimental studies of 2-BuOCCI in polar
solvents agree with this conclusiéh.Furthermore, the
computedE, values for the (gas phase) fragmentations of
(cis) MeOCCI, EtOCCIj-PrOCCI, and PhCEDCCI afford

carbene R X Ea% 2 Egoln b a good linear correlation (slope 0.35,r = 0.97) with the
4c Me cl 332 30.1 experimental hydride affinities of the corresponding car-
5¢c Et cl 25.5 17.9 bocationsy suggesting that the stability of the nascent
6¢C Me,CH cl 9.24 7.96 carbocation forming in the fragmentation is a key factor in
7c PhCH2 Cl 6.71 1.45 determining thek,.
8¢ Ph cl 32.7 32.8 The phenoxyhalocarben8sand9 should resist fragmenta-
9c Ph F 418 43.0 tion to avoid putting positive charge on a phenyl carbon.
10c PhCH, F 27.1 27.0
11e PhCH,S® cl 6.4 343 Indeed, both carbenes are compyted to Haye 30 kcal/
it Me al 190.5¢ 50 6¢ mol (Table 2) and both are persistent in solutid#f Our
5t Et cl 151.1¢ 24.9d computedE, for the gas-phase fragmentation of PhOCCI
6t Me,CH Cl 131.8¢ 11.8d (~33 kcal/mal) is relatively close to the computég for
7t PhCH, Cl 109.44 —0.5d the related conversion of the benzenediazonium ion to Ph

aB3LYP/6-31G* with zero-point energy correction (gas phase). In kcal/
mol. b Self-consistent isodensity polarized continuum model (SCI-PCM) in
simulated MeOH { = 32.6). In kcal/mol. The SCI-PCM transition state
was located foric and 9c; other entries refer to single-point calculations
based on the optimized gas-phase structures. Single-Bghitvalues for
4c and9c transition states were very similar to the fully optimized values,
31.5 and 43.0 kcal/mol, respectivelPhCHSCCI.9Energy difference
between carbene and fragments @C CI") in the gas phase or in MeOH.

and N (26.6 kcal/mol)’

The additional energy required to break a-EE bond
versus a € Cl bond is apparent in the computég values
for PhOCF and PhOCCI (Table 2) and is even more striking
on comparison of PhC}¥DCF (9c) with PhCHOCCI (7c).
The latter fragments readily in solutidfbut PhnCHOCF is
persistent and readily intercepted by alkenes or metHdnol.
In a similar vein, the high heat of formation of CS, relative

energies for fragmentations occurring in a simulated polar 10 CO (+234 vs—110.5 kcal/mol) contributes to the high

solvent (e.g., MeOHgs = 32.6), computed with the B3LYP/

E, computed for the fragmentation of Phe$CClI (46 kcal/

6-31G* self-consistent isodensity polarized continuum model Mol, gas phase), relative to PhgB{CCl (6.7 kcal/mol).

(SCI-PCM). Because transition states could not be locatedPhCHSCCl is thus predicted to be a persistent carbene.
for the trans carbenett—7t, we list the energy differences We could not locate transition states for the fragmentations

between the ground-state carbenes and their fragmentatiorPf transROCCI @t—7t). Gas-phase fragmentations of these
products (R, CO, Ch). species are highly endothermic (Table 2) because the

A very satisfying congruence emerges between trends indeveloping R and CI* cannot interact. In MeOH (or MeCN),

the computed activation energies (Table 2) and the observed®n Solvation greatly reduces the fragmentation enthalpies,
fragmentation behavior of ROCX. The sharp decrease for 21d at least (trans) MEHOCCI and PhCLOCCI might

the computed (solutiorE, from MeOCCI (30 kcal/mol) to  ragment. We have previously suggested thains-ROCCI
PhCHOCCI (1.5 kcal/mol) is in accord with the persistence Predominantly afford solvolysis products (probably y2S

of MeOCClI in solutiont? compared to the rapid fragmenta- processé%; relative t(.)Ci.S’ROQCI’ which ire ideally consti-
tion of PhCHOCCI to an ion pair and the latter's subsequent tuted .to y|eld RCI y|a lon pgur coIIap#el. L
solvolysist® With E, ~18 kcal/mol, cis-EtOCCI is much Activation energies for cis—trans isomerizations e
more likely than MeOCCI to fragment unimolecularly in a 4c) via carbene—oxygen bond rotation are all computed to

polar solvent, but our results (see below) suggest that be ~15-18 keal/mol, in_either solution or the gas phase,
bimolecular, §2-like fragmentations with Cl or, for  [of MEOCCI, EtOCCI, ori-PrOCCI. Fortrans-MeOCCI or

trans-EtOCCI, whereE,(frag) is high, unimolecular frag-
mentation could proceed via initial isomerization to the cis

(12) (a) Smith, N. P.; Stevens, |. D. Retrahedron Lett1978, 1931.

(b) Moss, R. A.; Shieh, W.-CTetrahedron Lett1978, 1935. (c) Smith, N.
P.; Stevens, I. D. RJ. Chem. Soc., Perkin Trans.1®79, 213. (d) Moss,
R. A.; Fedorynski, M.; Shieh, W.-Cl. Am. Chem. S0d 979,101, 4736.

(13) Moss, R. A.; Wilk, B. K.; Hadel, L. MTetrahedron Lett1987,
28, 1969.

(14) Carey, F. A.; Sundberg, R. Advanced Organic Chemistry, 3rd
ed.; Plenum Press: New York, 1990; p 273.

(15) Moss. R. A.; Perez, L. A.; Wlostowska, J.; Guo, W.; Krogh-
Jespersen, KJ. Org. Chem1982,47, 4177.

(16) Moss, R. A.; Kmiecik-Lawrynowicz, G.; Krogh-Jespersen, XK.
Org. Chem.1986,51, 2168.

(17) Glaser, R.; Horan, C. J. Org. Chem1995,60, 7518.

(18) Moss, R. A.; Zdrojewski, TJ. Phys. Org. Cheml990,3, 694.
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carbene. However, at least in polar solutitansi-PrOCCI
could fragment directly, because the requikgds only ~12
kcal/mol (Table 2). Bimolecular substitution/fragmentations
of all three trans carbenes could proceed directly.

Thus, we observed that primary ROCCI are subject to very
facile 42 reactions with Cl in MeCN solution® eq 1. We

7N

Ccr o+ RCHZ—\_/O—(‘:DCI —— RCHCl + CO +CI' (D)
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located transition states in the gas phase and in MeOH (SCI-“unimolecular” fragmentations (Table 1) reveal that the

PCM) for the chloride-induced\@ fragmentations of (cis
and trans) MeOCCI, EtOCCI, and (transprOCCI, as well

as the R2-methanolysis ofransEtOCCI. Further details of
these calculations will appear in our full paper, but Figure 2

Trans

Figure 2. Sy2 gas-phase transition states of EtOCCI witir,Cl
distances (in A). The attacking chloride is labeled Cl

former are “tighter”, with less developed R---O and C- - -
Cl separations. Focis-EtOCCI, for example, the carbenic
C—0 and C-Cl transition state separations are 2.28 and 2.59
A, respectively, for unimolecular fragmentation, but 1.73 and
2.13 A for bimolecular fragmentation.

More importantly, the compute#, values for the §2
fragmentations in solution (Table 3) are uniformly lower than
those of the corresponding unimolecular fragmentations
(Table 2). Note particularly the EtOCCI casés, and 5t,
where the unimoleculdE, values of~18 and~25 kcal/mol
drop to ~7 kcal/mol for &2 fragmentations. Indeed, for
trans-EtOCCI+ CI~, the B3LYP(SCI-PCM)/6-31G*E,,
corrected for zero-point energy, is 3.9 kcal/mol, wkBF =
—19.1 eu (25°C). These parameters are in remarkable
agreement with the experimental valueskgaf= 3.1 kcal/
mol and AS" = —21.8 eu for the §& fragmentation of
n-BuOCCI? Clearly, for EtOCCI, and by extension other
simple primary ROCCI, & fragmentation with Cl is
energetically preferable to unimolecular fragmentation. This
agrees with experimental findings far-BuOCCI andi-
BuOCCI2 On the other hand, the unimolecular decomposi-

presents as examples the fully optimized gas-phase transitiortions of PACHOCCI (7cand7t) traverse such low computed

states for the EtOCCI/Clreactions, while Table 3 collects
computed activation energies for the2Sdisplacement/
fragmentation steps in simulated MeOH.

Table 3. Computed Activation Energies fon3
Fragmentations of ROCEI

carbene R in ROCCI Ea%on b (kcal/mol)
4c Me 2.86°¢
4t Me 5.13¢
5c Et 3.714
5t Et 4.53¢
5c* Et 7.12d
5te Et 7.38¢
6t Me,CH 7.434

awith CI~ as nucleophile, unless otherwise indicateB3LYP/6-31G*
SCI-PCM calculations in simulated MeOHSCI-PCM calculations are fully
optimized.4 SCI-PCM calculations are single points based on optimized
gas-phase structuresThe nucleophile is MeOH.

Comparisons of the interatomic separations of thg S

barriers (Table 2) that they are likely to remaiglSeven in
the presence of C] a prediction that is in agreement with
experiments which show the dependenck;gf on chloride
concentration to be small.

Finally, we note that the methanolysis reactions of EtOCCI
are also likely to be & (Table 3), as is the chloride-induced
decomposition ofrans-i-PrOCCI6t. The E, values for {1
and §2 (CI") fragmentations oBt are not very different
(11.8 and 7.4 kcal/mol, respectively), so the precise experi-
mental conditions and chloride concentration will be mecha-
nistically decisive.

In summary, we find that B3LYP/6-31G* calculations of
unimolecular and bimolecular oxahalocarbene fragmentation
reactions provide transition states and activation energies that
very satisfactorily accord with the experimentally defined
structure—reactivity behavior of these unusual reactions.

Acknowledgment. We are grateful to the National
Science Foundation for financial support. Access to the
computational resources of the Center for Computational
Neuroscience at Rutgers University (Newark) is much
appreciated.

fragmentation transition states (Figure 2) with those of the 0L9902475

1606

Org. Lett., Vol. 1, No. 10, 1999



