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Variational transition state theory with multidimensional tunneling contributions has been used to calculate
the rate constants, kinetic isotope effects, and activation energies for 1,2-shifts in methylchlorocarbene,
benzylchlorocarbene, cyclopropylfluorocarbene, and cyclopropylchlorocarbene. Calculations have been
performed for the rearrangements both in the gas phase and in various solvents. Including solvation effects
reduces the calculated activation barrier for each of these reactions. The effects of quantum mechanical tunneling
are computed to be significant for the 1,2-hydrogen migrations and to be bigger for hydrogen than for deuterium.
Consequently, the deuterium kinetic isotope effects are predicted to be relatively large but to decrease with
increasing temperature. In contrast, tunneling is not calculated to play a significant role in either of the
halocyclopropylcarbene rearrangements, which both involve the 1,2-shift ob @©@Hip. Thus, heavy-atom
tunneling is apparently not responsible for the fact that the calculated activation parameters are very different
from experiment for cyclopropylfluorocarbene, with the experimental activation enthalpy much smaller than
the calculated one and the experimental activation entropy much more negative than the computed value.
Possible causes for the large differences between the calculated and measured activation parameters are

discussed.

1. Introduction of the putative carbenes are photolyzed. The experimentally
determined Arrhenius activation ener§y and the phenom-

. P .
With few exceptions;2 most singlet alkyl or alkylaryl enological enthalpy of activation derived from it, which we call

carbenes undergo rapid intramolecular 1,2-hydrogen, alkyl, or .
aryl migrations to form alkendss or react by other fast AHac, are usually considerably smaller than the values computed

intermolecular procesés!! The intramolecular rearrangements by conventional trarlsmon state theOTY (TST), for Wh'Ch we
have been the focus of extensive investigations, both experi-"€Serve the symbok, and AH*. In addition, the experimental
mentad-591559 and theoretical? 53.66-70 value for the phenomenological entropy of activatitigc, IS
Carbenes are often produced by photolysis or thermolysis of Usually much more negative than the computed TST vaige,
diazirines. However, the extent to which free, electronically ~ Factors that might account for these differences include the
unexcited carbenes are actually involved in the 1,2-shifts that following: (i) limitations in accuracy of the electronic structure
occur on photolysis of diazirine precursors remains the subject methods that have been applied; (ii) strong solvent effects that
of ongoing research. It has been proposed that the productrender the electronic structure calculations for the gas-phase
observed after such photolyses might in fact be formed, at leastreactions inapplicable to the experimental results, all of which
in part, in an excited electronic state of the diazirfté%4851.63 have been obtained in solution; (i) dynamical effects that
or in a complex formed between the carbene and an olefin necessitate the use of variational transition state theory in
present in the systeth?® or between the carbene and the calculations on these reactions; (iv) a significant contribution
solvent?25Concurrent rearrangement by more than one of these of tunneling to the observed rates; and (v) rearrangements by
mechanisms has also been invokeéd. pathways that do not involve free carbenes. This paper describes
The kinetic parameters computed for the rearrangements ofthe results of a theoretical investigation of whether some or all
the free carbenes are generally very different from those of the first four of these factors are the cause of the differences
measured for the 1,2-shifts that occur when diazirine precursorspetween the computed and measured kinetic parameters.

- - We have performed calculations on four carbene rearrange-
* Corresponding author. E-mail: truhlar@umn.edu.

T Permanent address: Department of Chemistry, Transylvania University, men_ts, involving 1,2-r_nigrations. The reactions that we have
Lexington, KY 40508. studied are the following:
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CH,—C—Cl— CH,=CH—ClI (R-1) canonical variational-transition-state theory (CVT) rate constant,
) KCVT, was obtained by maximizing the generalized free energy
CeHs—CH,—C—Cl — CH;—CH=CH-CI  (R-2) of activation (at temperaturg), AGS', as a function of the
. position,s, of the generalized transition state along the isoinertial
cyc¢CgHg—C—Cl— cyc-C,Hs—Cl (R-3) minimum energy path (MEP). The CVT free energy of
.. activation is obtained as
cyc-C;H;—C—F —cycC,H;—F (R-4)
AGST = maxAGST 1)
We chose these reactions because they have previously been S
studied both computationally and experimentally, and the a: the saddle pointg= 0) one obtains the conventional TST
computational and the experimental results disagree in the aie constank™sT, and the saddle point free energy of activation
manner described above. For example, the rearrangement OfAGﬁ.
methylchlorocarbene to vinyl chloride (reaction R-1) m Quantum mechanical effects along the reaction coordinate
heptane has been reported to haveEgrof 4.9 kcgl/mol, . were included in this study in the form of temperature-dependent
Whergas MP4/6-SllG(d,p)//MPZ/B-SlG(d) palgulaﬂqns on th,'s transmission coefficientsy. The transmission coefficients
reaction in the gas phglse give a zero-point-inclusive barrier o arjly account for the multidimensional tunneling (MT), and
he|g_ht_of 11.5 kcal/mof they were computed using the centrifugal-dominant, small-
Similarly, for the rearrangement of benzylchlorocarbene o ¢\ ature, semiclassical, adiabatic, ground-state tunneling (called
Z- and E-B-chlorostyrenes (reaction R-2), experimentally de- ¢ 4il-curvature tunneling or SCT) approximatii® Rate

terminedE, values range from 4.5 to 4.8 kcal/mol in isooctne  nstants including tunneling contributions were computed from
(5.8 keal/mol in isooctane when corrections for reaction with 4 following expression:

the solvent are includég down to 3.6 kcal/mol in chloroforfd
and 3.2 kcal/mol in 1,1,2,2-tetrachloroeth&®é However, KEVTISCT(T) =, SCTKEVT =
B3LYP/6-311G(d,p)//B3LYP/6-31G(d) calculations give clas- sCT oVt
sical barrier heights of 7.3 and 10.0 kcal/mol for formation of " (kg T/h) exp(~AGY"'/RT) (2)
the E- and Z-product, respectively, in the gas phé&3e. . o . .
Some time ago, Krogh-Jespersen, Moss, et al. pointed outWherexCTis the traynsmlssmn coefficienks is Boltzmann's
the discrepancy between calculations and experiments regarding’OStanth is Planck’s constant, arid is the gas constant.
the activation parameters for reaction Re33Krogh-Jespersen We carried out the direct dynamics calculations by using the

and co-workers calculat®(HF/6-311G(d)//HF/6-31G(d)AH* GAUSSRATEY computer program, which interfaces theLYRATES!
= 8.2 kcal/mol andASF = —2.7 cal mot® K1, in comparison and Gaussiaf? programs. The MEP in isoinertial coordinates

to the experimental values of, respectively, abotB3cal/ was calculated by the Page-Mclver meti#édhe coordinates
mol and about-20 to —24 cal mof® K—1.23 were scaled to a reduced mas®f 1 amu for reactions R-1
and R-2 and to a reduced mas®f 12 amu for reactions R-3
gnd R-4. (All physical observables are independemt, @fhich

only affects the scale of the coordinate system, the valuss of
assigned to stationary points, and the sizes of steps adng
For reactions R-1, R-3, and R-4, we used a step size of 8,005
between gradient calculations, and a Hessian was calculated
every 0.0%y along the MEP. For reaction R-2 we used a
gradient step size of 0.0&9and a Hessian step size of 0209
Calculations were carried out far enough along the reaction path

In this paper, we report the results of direct dynamics
calculations on these carbene rearrangements, both in the ga
phase and in solution. These calculations include the contribu-
tions of quantum mechanical tunneling to the rate constants. In
addition, for the rearrangement of methylchlorocarbene to vinyl
chloride (reaction R-1) and of cyclopropylfluorocarbene to
1-fluorocyclobutene (reaction R-4), we have tested the conver-
gence of the electronic structure theory calculations by recom-
puting the activation parameters with a wide variety of different ; X
methods. to converge 'Fhe tunneling c_alculanons. _

We find that the agreement between the computed and the The vibrational frequencies along the reaction path were

experimental kinetic parameters for the carbene rearrangementixﬁg;ts%fuz:Qgst?e?;t]g rf;u:gizteméﬁggt;%%rgiﬁtgﬁa three
in R-1 and R-2 is improved when both solvation and tunneling ' 9 ’

effects are included in the calculations. However, the agreementto.rSIOnS for reaction R-1, consists of seventeen st_retches, twenty-
eight nondegenerate bends, and twenty-one torsions for reaction

is still not satisfactory. Solvation effects are also computed to .
reduceAH* for the cyclopropylhalocarbene rearrangements in R-2, and consists of eleven stretches, twenty-three nondegenerate
R-3 and R-4, but our calculations find little contribution from tc)ﬁ(r)]'dc?e’s?)??hteh:gg %)(;Zr?tn'?\treor;\;Fggg?(?f\alt?ef tﬁgtd Fé-ri. 1233.(;
tunneling in either of these reactions. Consequently, even after enleralized norm:I-model vibrational alnal ses i(:;/ded Ili] eaclh
investigation of possible contributions from (i) inaccuracies in 9 ', D . YSES, yI

case a reaction-path Hamiltonian with all frequencies real along

the electronic structure theory calculations, (ii) solvation, (iii) ) . . L
dynamical effects, and (iv) tunneling, significant differences the portion of _the MEP that was |nvest|gateq. The V|brat|ona_1l
partition functions were calculated assuming the harmonic

between the computed and the measured activation parameter roximation for all vibration
for these rearrangements persist. These differences are especial@'oIO oximation for a ations.
The levels of electronic structure theory used for the gas-

striking for the 1,2-shift in cyclopropylfluorocarbene. Possible hase dynamics calculations were MP2(full/6-31GtBIPW1K/
reasons for the persistence of this discrepancy are dlscusseo‘g_mﬂa(d,p),86 and mMPW1PW91/6-32G(d,pf” for reaction
R-1, MPW1K/6-31-G(d,p) and mPW1PW91/6-31G(d,p) for
reaction R-2, and mPW1PW91/6-8G(d,p) for reactions R-3

All the rearrangements in this paper were assumed to proceedand R-4. Henceforth, we use the shorthand notation HDFT
on the ground-state singlet surface of the carbenes. The ratghybrid density functional theory) to denote the results from
constants were calculated by using variational transition statethe mPW1PW91/6-3tG(d,p) hybrid of HartreeFock and
theory with multidimensional tunneling contributiofis’” The density functional theory.

2. Computational Methodology and Quantities Calculated
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For reactions R-1 and R-4 additional electronic structure mPW1PW91/6-31+G(d,p) potential energy along the gas-phase
calculations were performed. They included B3LYP (which is reaction path. This is accomplished by using an interpolated
another version of HDFT3-90 CBS-Q?1 MC-QCISD//ML 9293 single-point energies (ISPE) algorithi#t.Specifically, we use
and MCG3//ML%3-9% for reaction R-1. MC-QCISD//MP2%3and ISPE-2123 where the interpolation is based on single-point
MCG3//ML®3-% involve geometry optimization with multi-  solution calculations at the reactant, the product, the saddle point,
coefficient correlation methods that, in principle, provide an and two additional points, located on a (a@djrid, at geometries
extrapolation to complete configuration interactf8i3% (Note 1/3 down in energy from the saddle point toward the reactant
that //ML denotes multilevel optimizations as discussed else- and toward the product, respectively. (ISPE calculations require,
where?) BSLYP, CBS-Q, CBS-APNG! MC-QCISD, MCG3, for unimolecular reactions with one product, an estimate of the
(10/10)CASSCP! and (10/10)CASPTZ calculations were  value ofs for the reactant and the product. We approximated
carried for reaction R-4. The (10/10) active space for the latter these values as three times thealue of the additional points
calculations consisted of the bonding and antibonding orbitals used in the ISPE-2 calculation.) For SES calculations we define
for all the C-C bonds, plus the andr nonbonding molecular ~ the conventional transition state in the liquid to be located at
orbitals of the carbenic center. Single-point CASPT2 calculations the gas-phase saddle point.
were also carried out at the (10/10)CASSCF/6-31G(d) stationary  For interpretive purposes we also computed dipole moments
points with the cc-pVTZ? basis set, which includes two sets of  of all reactants, transition states, and products in the standard
d and one set of polarization functions on the heavy atoms way from mPW1PW91/6-3tG(d,p) wave functions and also
and two p and oned set of polarization functions on the from the CM2/HF/6-31G(d}*® partial atomic charges that are
hydrogen atoms. used in the solvation model.

The MP2, MPW1K, mPW1PW91, B3LYP, and CBS calcula- The results of our calculations are presented in a series of
tions were carried out using the Gaussian 98 suite of progtams, tables in the next section. In these tabkf§ is a shorthand
the CASSCF and CASPT2 calculations were performed with notation fork®VT/SCT, AE is the classical energy of reactiovf,
MoLCAs, 1% and the MC-QCISD and MCG3 calculations were IS the classical (i.e., zero-point-exclusive) barrier height, and
carried out withvuLTILEVEL 101 using version 21¥7 coefficients AH; is the zero-point-inclusive barrier height. The latter is
in both cases. For the calculations on the solution-phase calculated as
reactions, Gaussian 9& was combined with thevun-Gswm

solvation modulé?2 Niio hwfn NG R
. . . . ¥ _ V* _
Solvation effects were included using the generalized Born AHy =V + Z Y z B 3)
m=1 m=1

(GB) approximatio®3114 and the SM5.42R solvation
model!14117 For the GB calculations we used Class Il charges + R
calculated by Lwdin population analysi® while for the  Wherewyandwy are the frequency of the normal modefor
SM5.42R we used Class IV charges calculated by GM the saddle point and reactant, respectivaly, = SNatoms — 7,

the GB calculations, the potential of the mean force in solution Nvip = 3Natoms = 6, @andNawmsis the number of atoms in the
was determined as the sum of the solute’s potential energy andSystem. ) )

the electrostatic energy of solvation. The SM5.42R calculations ~ Theoretical values of phenomenological free energies of
also included nonbulk (or specific) first solvation-shell effects, activation AGT>" and AG{'™ at 298 K have been determined
in particular, cavitation, dispersion, and solvent structural by fitting k™ST andk"'T to:

effects!*All solvation parameters (e.g., atomic radii and atomic

surface tensions) were approximated as being independent of k'57(298) = (kg T/h) exp(—AGdRT) 4)
T, and standard values of these paramétérgere used.
For the GB calculations, only the bulk electrostatic component KT(298)= (kg T/h) exp(—AGy/RT) (5)

of solvation was included, and dielectric descreening was treated
as in SM5.42R12115120 The dynamics in solution were  which yields
simulated using the equilibrium solvation path (ESP) ap-

proacht?1.122jn which stationary point geometries and reaction AH§98= RTT/(T,—T) In[kTST(Tz)TllkTST(Tl)TZ] (6)
path are optimized in the liquid phase. These GB/mPW1PW91/

6-31+G(d,p) calculations are denoted GB/HDFT. Additional AS§98= (AHE%— AGE%)/T (7)
dynamics calculations were carried out using the separable

equilibrium solvation (SES) approximati&d122 in which viT

— VIT VIT
solvation free energies are computed using gas-phase solute  AHze = R TT/(T, = Ty) In[K™ (T T/K™(TYT,] (8)
structures and reaction paths. These calculations could be labeled

as mPW1PW91/6-3tG(d,p) + GB/mPW1PW91/6-3tG- ASIE = (AHYL — AGYD)IT 9)
(d,p)// mPW1PW91/6-31G(d,p), but we prefer to use the more
convenient, shorthand notation HDIFGB. whereT = 298 K, T; = 293 K, andT, = 303 K. It should be

SM5.42R calculations should provide a better model of the pointed out that\Hjo and AS)q, obtained according to eqs 6
solvation effects than GB calculations. The present SM5.42R and 7, have exactly the same vaIuesAeh‘;98 and Aszgg that
calculations are carried out at the HF/6-31G(d) level of theory. are given for the gas-phase calculations by the thermochemical
For the SM5.42R model, the dynamics in solution were carried analyses in the electronic structure software. This agreement is
out using the SES approximation. These calculations could bean indication that the two-temperature fit that we used provides
labeled as mPW1PW91/6-31(d,p) + SM5.42R/HF/6-31G- correct results.

(d)//mPW1PW91/6-3+G(d,p), but we use the notation Theoretical Arrhenius parametefsand E; at 298 K have
DFT+SM. been determined by fitting™T andk¥'T to

For the dynamics calculations that use the SES approximation,

the calculated free energies of solvation are added to the k= Aexp(- E/RT) (10)
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which yields SCHEME 1
N=—N
E:=RT,T/(T, — T) In[KSIT)KSU(TY] (1) \/ y
CXpY—C—Cl —== CXY—C—C —> CX,==CYC
N2
+__ | TST + 1 2 3
A"=k ~'(298) expE//RT) (12) o X_H YoH
b: X=D,Y=D
: X=H,Y=D
EZ/T =R T1T2/(T2 - Tl) ln[kV/T(Tz)/kV/T(Tl)] (13) 3: X =H, Y =E (H atom with a mass of 14.02 amu)
AT =K (298) expE!"/RT) (14) Thermat?7.128 and photochemic#® 132 decomposition of
3-chloro-3-methyldiazirine 1) to form vinyl chloride @) has
whereT = 298 K, T; = 293 K, andT, = 303 K. been studied experimentally in the gas phase. However, to our

For the reactions investigated here, at all levels of theory, knowledge, there are no reports of the gas-phase kinetic
the variational effect was not significant. The calculated values parameters for the second-step in the formation3ofl,2-
of K™ST and kT were within 2% of each other for the gas- hydrogen migration in methylchlorocarbeng).( The only
phase and equilibrium solvation path (ESP) calculations and experimental kinetic parameters that are available for this step
within 5% for the separable equilibrium solvation (SES) are for the reaction in solution. To try to sort out possible solvent

calculations. Therefore, we chose to report okfyT. effects, we carried out dynamics calculations on the rearrange-
A more accurate treatment of tunneling would be to employ ment of 2 to 3 (R-1) in the gas phase and in two different
canonically optimized multidimensional tunnelit?f, which solvents,n-heptane and 1,2-dichloroethane.

involves choosing the larger of the SCT and large-curvature  |n an experimental study, Dix et-#reported a low activation
tunneling (LCT}?>1% transmission coefficients at each tem- enthalpy and a very negative activation entropy for the 1,2-H
perature. We found that for reactions R-1 and R-2 the SCT are migration in2. These results were interpreted as resulting from
greater than the LCT transmission coefficients, while for quantum mechanical tunneling at low temperatures. However,
reactions R-3 and R-4 the two types of transmission coefficients reactions that involve large amounts of tunneling usually have
are practically equivalent. Consequently, only the results of the large ky/kp KIEs thatdecreasavith increasing temperature (as
SCT calculations are included in the tables. tunneling becomes less important) whereas the Kiifkp =

All kinetic isotope effects (KIEs) are expressed, as usual, with k(2a — 3a)/k(2b — 3b), measured by Dix et & was found
the lighter atom in the numerator. Thus, the hydrogen/deuterium not only to be very small but also to increase with temperature,
KIE is ku/kp. from 0.9 at 248 K to 1.8 at 343 K. Similar results were reported
for the 1,2-H migration in methylbromocarbetfe.

Although surprising, these experimental results were, nev-

3.1. Temperature Dependence of the Activation Param-  ertheless, supported by the results of an MP2(full)/6-31G(d)
eters. In the process of studying possible reasons for the theoretical study by Storer and HofKTheir calculations found
discrepancies between theory and experiment, we examined théhat hydrogen atom tunneling reduces the activation energy for
temperature dependence of the computed Arrhenius parameterghe 1,2-shift in methylchlorocarbene by 3.2 kcal/mol at 298 K,
A selection of results is shown in Table 1. Especially for the although their calculated activation energy is still 2.8 kcal/mol
1,2-hydrogen shift in methylchlorocarbene (R-1) and in ben- higher than the experimental value of 4.9 kcal/ffloMore
zylchlorocarbene (R-2), this table shows a strong dependencemportantly, the deuterium KIE was calculated to decrease when
of the CVT/SCT Arrhenius activation energies on temperature, tunneling contributions were added to the computed rate
which is due almost entirely to tunneling. Thus, in the constants. Not only was the tunneling contribution computed
subsequent sections we are careful to compare theory toto be greater for deuterium than for hydrogen, but also the results
experiment over the same temperature intervals as were studie®f calculations in which the mass of the transferred atom was

3. Results and Discussion

experimentally. artificially increased to 14.02 amu (as 2ad — 3d) suggested
3.2. 1,2-Hydrogen Migration in Methylchlorocarbene.First that heavy-atom tunneling was a strong possibility in such

we reinvestigated the KIE and tunneling contributions to the carbene rearrangements.

1,2-H migration in methylchlorocarben& (n Scheme 1). There are several reports in the literature of enzyrt&tand

Previous calculations of these KIEs and tunneling contributions nonenzymatit®4-137 reactions in which the tunneling contribu-

have been published by Storer and H&ak. tions have been calculated to be larger for deuterium than for

TABLE 1: Calculated Activation Energies ESY" and ESV"CT (kcal/mol) at Different Temperatures for the 1,2-Protium
Migrations in Methylchlorocarbene (2a — 3a) and Benzylchlorocarbene (5&— 6a + 7a) and for the 1,2-Methylene Migrations
in Cyclopropylchlorocarbene (9a— 10a) and Cyclopropylfluorocarbene (12— 13)°

2a— 3a 5a— 6a 5a— 7a 9a— 10a 12— 13
T(K) CVT CVT/SCT CVT CVT/SCT CVT CVT/SCT CVT CVT/SCT CVT CVT/SCT
175 10.25 1.97 7.79 211 5.33 2.75 9.71 8.80 12.41 11.12
200 10.26 3.25 7.80 4.21 5.36 3.42 9.73 9.02 12.43 11.49
225 10.27 4.75 7.82 5.59 5.39 3.86 9.75 9.16 12.44 11.69
250 10.28 6.06 7.84 6.24 5.41 4.15 9.77 9.27 12.46 11.83
298 10.30 7.59 7.88 6.78 5.45 4.50 9.80 9.40 12.49 12.00
365 10.33 8.55 7.92 7.11 5.50 4.78 9.84 9.53 12.52 12.14

a Determined using CVT and CVT/SCT rate constants obtained from HEFB(isooctane) calculations (HDFE mPW1PW91/6-31+G(d,p)
and GB= GB/mPW1PW91/6-31G(d,p)//mPW1PW91/6-3tG(d,p)).» The CVT/SCT calculations include tunneling contributions; the CVT
calculations do not.
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TABLE 2: Calculated and Experimental Rate Constants
(10° s 1) and Deuterium Kinetic Isotope Effect, KIE, for the
1,2-Hydrogen Rearrangement of Methylchlorocarbene (2—
3)

theory? theory experiment
T(K) k(a—3a) KIE k(2a—3a) KIE k(2a—3a) KIE

gas phase n-heptane n-heptane
295 0.99 7.6 4.0 6.4 135

gas phase n-heptane n-heptané
203 0.012 130 0.050 69 6.1
238 0.059 26 0.26 18 6.6
273 0.34 11 15 8.6 8.0
298 11 7.3 4.6 6.2 10.5
310 1.9 6.4 7.6 5.5 17.5
333 5.1 5.1 19 4.6 30.4
353 11 4.4 38 4.0 46.3

gas phase 1,2-dichloroethane 1,2-dichloroethane
248 0.098 19 2.7 11 8.4 0.9
273 0.34 11 8.5 7.6 9.2 1.1
294 0.94 7.7 21 5.9 121 1.4
313 2.2 6.1 43 5.0 14.9 1.6
343 7.6 4.7 120 4.1 30.8 1.8

a CVT/SCT results at the mPW1PW91/6-8G(d,p) level of theory.
b CVT/SCT results at the GB/mPW1PW91/6-3&(d,p) level of theory.
¢Ref 21.9Ref 40.¢ Ref 34.
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through it. The difference between the results of our calculations
and those of Storer and Houk has been traced to an error in
their calculationd38

Gas-phase calculations on chloromethylchlorocarbene by
Keating et af® are in qualitative agreement with the present
gas-phase calculations, although they considered only the all-
protium case and used a less reliable tunneling approximation
than ours. They found that tunneling lowers the activation energy
at 298 K from 8.5 to 5.9 kcal/mol, as compared to a lowering
from 11.3 to 8.1 kcal/mol in the present mPW1PW91/6-&t
(d,p) calculation on methylchlorocarbene.

As shown in Table 3, in our calculations on the rearrangement
of 2to 3in the liquid-phase, using the GB model, the classical,
gas-phase barrier height/% is reduced by 1.0 kcal/mol in
n-heptane (dielectric constaat= 1.911) and by 2.0 kcal/mol
in 1,2-dichloroethane:(= 10.125). Similar differences are seen
in the Arrhenius activation energieEﬁQ, computed by con-
ventional TST. Using the SM model, solvation effects are
computed to lower the classical barrier height a little more, by
1.9 and 3.5 kcal/mol inn-heptane and 1,2-dichloroethane,
respectively.

The reason that the solvent stabilizes the transition structure
more than the reactant is that transfer of electron density to the
carbenic carbon occurs during the course of the hydrogen

hydrogen. In these reports, however, the barriers have been lowmigration. In particular, in the gas phase, the CM2/HF/6-31G-
and broad; so the tunneling contributions have been small (d) charge on the carbenic carbon is initiah$.005 and changes
compared to overbarrier processes. In such cases, the smalleio —0.19 at the saddle point and t60.08 at the product. In

effective barrier for H transfer than for D transfer results in a
normal KIE for passage over the barrier; but it also makes
tunneling through the barrier more important for D than for H.
In the rearrangement & to 3, where the barrier height is
appreciable, the usual finding of larger tunneling for the lighter
isotope would be anticipated. In fact, we were unable to

n-heptane, the corresponding values are 0.00Q,21, and
—0.08, and in 1,2-dichloroethane, they ar6.002,—0.22, and
—0.10, respectively. The dipole moment of the transition
structure is computed to be well avé D larger than that of
methylchlorocarbene, as shown in Table 4.

Table 4 shows the dipole moments calculated from CM2

reproduce the results of Storer and Houk’s calculations. The partial atomic charges, which are the charges used in our
results of our calculations, which are presented in Table 2, showsolvation model. These charges underestimate the dipole mo-
a large normal KIE that decreases with increasing temperature,ments of the carbene reactants calculated from the electron
as more of the molecules cross the barrier, rather than tunneldensity by an average of 0.9 D. This may be a general systematic

TABLE 3: Energetic and Kinetic Parameters for the Methylchlorocarbene Rearrangement

reaction AE Ve AH}  AHL, AS, E AF AHYE ASTL BT AT

MP2/6-31G(d)

2a— 3a —64.3 13.6 12.0 116 -3.1 12.2 3.5(12) 7.7 —-11.7 8.3 4.8(10)

2b—3b —64.3 13.6 12.5 121 -35 12.7 2.9(12) 10.4 —6.9 11.0 5.3(11)

2c— 3c —64.3 13.6 12.5 120 -35 12.6 2.9(12) 10.2 7.2 10.8 4.6(11)

2d— 3d —64.3 13.6 13.0 126 —4.3 13.1 1.9(12) 12.1 —5.2 12.7 1.2(12)
MPW1K/6-31+G(d,p)

2a— 3a -585 135 120 116 —3.1 122 3.5(12) 81 -10.6 87 8.2(10)

2b—3b —58.5 13.5 12.5 121 35 12.6 2.9(12) 10.6 —6.5 11.2 6.6(11)
HDFT®

2a—3a -58.0 12.6 111 107 -3.4 113 3.0(12) 75 -101 81  1.0(11)

2b—3b —58.0 12.6 11.6 112 -3.8 11.8 2.5(12) 9.8 —6.5 10.4 6.3(11)
GB/HDFT (n-heptane)

2a— 3a —-57.7 11.6 10.1 9.7 -—34 10.3 3.1(12) 7.1 —8.9 7.7 1.9(11)

2b— 3b -57.7 116 106 102 —3.8 10.8 2.5(12) 90 —6.2 9.6 7.6(11)
GB/HDFTH (1,2-dichloroethane)

2a—3a —57.4 10.6 9.0 86 —33 9.2 3.2(12) 6.4 -7.9 7.0 3.2(11)

2b—3b -57.4 106 95 91 -37 97 26(12) 81 57 87 95(11)
HDFT+SMe (n-heptane)

2a— 3a —58.3 10.7 9.1 8.7 —34 9.3 3.0(12) 6.4 —-8.3 6.9 2.6(11)

2b—3b -58.3 10.7 9.6 92 -38 98 25(12) 81 59 87 85(11)
HDFT+SMe (1,2-dichloroethane)

2a—3a -58.4 9.1 7.6 72 -3.4 78  3.0(12) 54 —-71 6.0 4.7(11)

2b—3b —58.4 9.1 8.1 8.7 —38 8.3 2.5(12) 6.8 —5.5 7.4 1.1(12)

aAE, V¥, AHE, AHbg, AHYT

E., andE)" in kcal/mol; AS}y, and ASyy in cal molt K% A* andAVT in 571, © 3,5(12)= 3.5 x 102 ¢ HDFT

= mMPW1PW91/6-31G(d,p).¢ GB/HDFT = GB/mPW1PW91/6-31G(d,p).® SM = SM5.42R/HF/6-31G(d)//mPW1PW91/6-3G(d,p).
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TABLE 4: Dipole Moments (Debye) for Stationary Points in 0.23
the 1,2-Protium Migration in Methylchlorocarbene and 0.14
Benzylchlorocarbene and in the 1,2-Methylene Migration in 0.13 SN
Cyclopropylchlorocarbene and Cyclopropylfluorocarbené 0‘1}13
molecule gas phase gas phase isooctané (@) '""I_loc = _g » B8z
methylchlorocarbene 2.42 1.42 1.56 0132 -0.31  +001 Cl
transition state 3.38 2.96 3.27 0.10
vinyl chloride 1.56 1.34 1.49
benzylchlorocarbene 2.13 1.24 1.32 8}%‘51
(2)-transition state 4.14 3.12 3.49 0.15 JH,
(2)-p-chlorostyrene 1.50 1.40 1.60 013
benzylchlorocarbene 2.13 1.24 1.32 (b) H""'uuc' C 0.14
(E)-transition state 4.05 351 3.80 a9 02N
(E)-B-chlorostyrene 1.89 1.75 191 0.12 031 0o Cl
0.10
cyclopropylchlorocarbene 3.45 2.71 3.02
transition state 4.37 4.10 4.55 0.25
1-chlorocyclobutene 1.87 1.66 1.85 0.15
H
cyclopropylfluorocarbene 3.35 2.44 2.72 8}2
transition state 411 3.88 4.32 H.
1-fluorocyclobutene 1.75 1.79 1.99 ©) "y c C .0.15
, . . g 017 -0.2N0.07
a All geometries are gas-phase geometries optimized by mPW1PW91/ 0.13 -0.31 0.00 cl
6-31+G(d,p).? mPW1PW91/6-3%+G(d,p) dipole moments calculated 0.10
'r?]g:seﬁf}sndard way from the wave functiériF/6-31G(d)/CM2 dipole Figure 1. CM2 partial atomic charges on the transition state (upper

entry) and the reactant (lower entry) for reaction R-1 as calculated by

. . . HF/6-31G(d) at mPW1PW91/6-315(d,p) gas-phase geometries: (a)
error in using nuclear-centered partial charges based on populagas phase, (b) in-heptane, (c) in 1,2-dichloroethane.

tion analysis for carbenic systems. The partial charge model
also underestimates the dipole moments for transition states but(d)/mPW1PW91/6-3+G(d,p)); and we again found positive
in these cases by only about 0.5 D. The partial charge modelcharge development on the migrating H in the transition
works quite well for products. structure. Its size was computed to #6.22 in the gas phase
The fact that solvation selectively stabilizes the transition and+0.24 in 1,2-dichloroethane, comparedt0.13 and+0.14,
structure was also noted in a previous computational §fuafy respectively, in the reactant, i.e., the charge on the migrating H
the 1,2-H migration in methylphenylcarbene. The value of increases by 0.09 to 0.10 in proceeding to the transition state.
AHﬁ98 was computed to decrease by 0.3 kcal/mahineptane If we repeat our gas-phase calculation with Mulliken analysis,
and by 1.0 kcal/mol in the more polar acetonitrile, compared we find that charge on the migrating H at the reactant@s19
to the gas phase. Since experimentally, the rate of the 1,2-H(instead of CM2 value 0#-0.13), and the charge at the transition
shift reaction in singlet methylphenylcarbene was found to state is+0.20 (instead of the CM2 value &f0.22).
increase by greater than 30-fold in acetonitrile compared to  For the rearrangement &f the results in Figure 1 show that,
n-heptane (which corresponds to a decrease of about 2 kcal/on going from the reactant to the transition state, transfer of
mol in the Arrhenius activation energy), those calculatténs electrons to the carbenic carbon is greater than the transfer of
appear to underestimate the effect of solvent polarity on the electrons from the migrating hydrogen. The rest of the negative
rate. charge that is transferred to the carbenic carbon comes primarily
The acceleration with increased solvent polarity was attributed from the carbon from which the hydrogen migrates, so that the
by Platz and co-workers to charge development in the transition latter carbon becomes less negative in the transition state for
state?® In particular, on the basis of substituent effects on the rearrangement o2. From the accelerating effect of a methyl
rate, Platz and co-workers inferred that little charge is developed group at this carbon, Platz and co-workers also deduced that
at the carbenic carbon and that positive charge is developed aelectron density is lost by the carbon from which hydrogen
the carbon from which hydrogen migration occurs. Hence, they migrates in the rearrangements of methylphenylcarbene and
concluded that negative charge develops on the migrating dimethylcarbené%2” Our calculations on the rearrangement of
hydrogen in the transition state (in keeping with the traditional dimethylcarbene in 1,2-dichloroethane find a charge at this
view that the migrating H has some hydridic character) or that carbon of—0.19 in the transition structure, compared-0.29
positive charge is decreased for the rearrangements of methin the reactant. Ford et .8 calculated—0.53 and—0.87,
ylphenylcarbene and dimethylcarbefié”52For example, Ford respectively, for these two partial charges by Mulliken analysis.
et al>2used Mulliken charge analysis to calculate that the charge  Further analysis of the charges may be unwarranted in light
on the migrating H in gas-phase dimethylcarbene decreases fronof the difficulty mentioned above in using nuclear-centered
+0.25 at the reactant t60.10 at the transition state. The latter partial atomic charges based on population analysis to describe

value is in excellent agreement with the value 60.11 the present systems. It is important to emphasize, though, that

calculated earlier for the migrating hydrogen at the transition the sign and the size of the charge on hydrogen depend on both

state in the rearrangement of methylphenylcarféne. the wave function and the method used for the population
The calculated charges in the methylchlorocarbeé)eaqd analysis. Additional discussion of partial charges to illustrate

the transition state of reaction R-1 are given in Figure 1, which this point is provided in Supporting Information.

shows a partial atomic charge on the migrating HH@.23 to Table 3 shows that, when tunneling contributions are included

+0.25 in the transition state, comparedt0.14 to+0.15 in2. in the CVT/SCT rate constants for the rearrangemerg, tifie

We also carried out a calculation on the rearrangement of effect of solvation orE,’" is smaller than the effect oE..
dimethylcarbene at the same level of theory (CM2/HF/6-31G- Consequently, solvation makes the effect of tunneling on
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TABLE 5: Rate Constants (s1), Calculated without (k€VT)
and with (k¥'T) Tunneling Contributions, SCT Transmission
Coefficients, and the Imaginary Frequency (cm?) at the
Saddle Point for the 1,2-Hydrogen Rearrangement of
Methylchlorocarbene at 298 K

compound KevT kv K ot

MP2/6-31G(d)

2a—3a 41(3F 4.2(4) 103 1271

2b—3b 1.43) 4.4(3) 3.1 954

2c—3c 1.6(3) 54(3) 34 979

2d—3d 4.4(2) 6.3(4) 1.4 592
MPW1K/6-31+G(d,p)

2a—3a 42(3) 3.3(4) 7.9 1229

2b—3b 15(3) 4.3(33) 28 924
HDFTP

2a—3a 1.7(4) 1.1(5) 6.8 1206

2b—3b 59(3) 1.6(4) 26 907
GB/HDFT® (n-heptane)

2a—3a 8.6(4) 4.6(5) 53 11556

2b—3b 3.1(4) 7.4(4) 2.4 869
GB/HDFT® (1,2-dichloroethane)

2a—3a 55(5) 2.4(6) 4.4 109

2b—3b 20(5) 42(>5) 21 821
HDFT+SM¢ (n-heptane)

2a—3a 44(5) 2.1(6) 4.7

2b—3b 1.6(5) 3.5(5) 22
HDFT-+SM (1,2-dichloroethane)

2a—3a 5.4(6) 1.9(7) 35

2b—3b 1.9(6) 3.7(6) 1.9

24.1(3)= 4.1 x 10%. ® HDFT = mPW1PW91/6-3:G(d,p).c GB/
HDFT = GB/mMPW1PW91/6-3+G(d,p).¢ SM = SM5.42R/HF/6-
31G(d)/mPW1PW91/6-3tG(d,p).

lowering the Arrhenius activation energy (i.e., the difference
betweerE. andE!’") smaller in solution than in the gas phase.
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The reason solvation has a smaller effecE§H than onEﬁ
is apparent from the fact that the values«oin Table 5 are
smaller for the reactions in solution than in the gas phase.
Lowering the effective barrier height by selective solvation of
the transition structure has a larger effect on increasing the rate
of passage over the barrier than on increasing the rate of
tunneling through it. By lowering the effective barrier height,
solvation makes the top of the effective barrier broader and
hence decreases the ability of tunneling to compete with
overbarrier processes. This effect of solvation on the width of
the barrier can be seen in Table 5 in the values of the imaginary
frequency (¥) at the saddle point. A lower value for the
imaginary frequency means a broader barrier, which makes
tunneling through the barrier less competitive with passage over
it.

The rate constants at 298 K, with and without tunneling, are
also given in Table 5. The rate constants and the KIE, computed
at different temperatures, are compared with the measured values
in Table 2. The calculated rate constants change much more
with temperature than the rate constants that have been
measured. This difference reflects the difference, shown in Table
6, between the calculated values&}f" and the much smaller
experimental values oE, As also shown in Table 6, the
calculated values of the preexponential fac®f], are much
larger than the experimental valuAsHowever, at 298 K the
higher value ofAY'T nearly compensates for the higher value
of E;’” ; so the computed and measured rate constants differ by
only a factor of 2 at this temperature.

The results in Table 2 reveal that our calculated KIEs do not
agree with the experimental values either. The calculated KIE
of ky/kp = 11 for the rearrangement o to 3 in 1,2-
dichloroethane at 248 K is more than an order of magnitude

TABLE 6: Experimentally and Computationally Determined Arrhenius Activation Energies, Preexponential Factors, and Rate

Constants at 298 K for 1,2-Migrationst

reaction Ea log A T koos solvent reference
2a—3a 4.9 9.7 285-334 0.01 n-heptane 21
7.1 115 285334 0.02 n-heptane theory
6.9 114 293-303 0.02 n-heptane theory
5a— 6a+ 7a 6.4 12.2 283-385 0.3 tetramethylethylene 13
4.5 111 273304 0.6 isooctane 24
4.8 11.3 269-307 0.6 isooctane 24
5.8 11.9 193-333 0.4 isooctane 41
3.0 121 193-333 79 isooctane theory
3.3 12.3 293-303 79 isooctane theory
3.6 10.4 218-333 0.6 chloroform 41
2.8 12.3 218-333 167 chloroform theory
2.9 12.4 293-303 167 chloroform theory
3.3 10.1 202276 0.5 1,1,2,2-tetrachloroethane 45
3.2 10.0 202276 0.4 1,1,2,2-tetrachloroethane 53
5b—6b+ 7b 6.7 12.0 193-333 0.1 isooctane 41
3.9 12.3 193-333 25 isooctane theory
4.1 12.4 293-303 25 isooctane theory
4.1 10.3 218-333 0.2 chloroform 41
3.6 12.4 218-333 54 chloroform theory
3.7 12.4 293-303 54 chloroform theory
9a— 10a 7.4 111 273-378 0.005 isooctane 22
8.0 12.3 273378 0.03 isooctane theory
3.0 8.2 245-309 0.009 isooctane 23
8.2 12.4 245-309 0.03 isooctane theory
8.2 125 293-303 0.03 isooctane theory
12—13 4.2 8.3 293-334 0.002 isooctane 28
115 125 293334 0.0001 isooctane theory
115 124 293-303 0.0001 isooctane theory

aTheoretical results are CVT/SCT computed using HBISM (HDFT = mPW1PW91/6-31+G(d,p) and SM= SM5.42R/HF/6-31G(d)//
mPW1PW91/6-31G(d,p)); Ea and E;”T in kcal/mol; A and AV in s7; T in K; kagg in 10® s71. P References are given for experimental results;
theoretical results are from the present studgorrections for reaction with the solvent were includéGorrections for a second-order reaction

were included.



5330 J. Phys. Chem. A, Vol. 106, No. 21, 2002 Albu et al.

TABLE 7: Gas-Phase Barrier Heights (/*) and Energy of SCHEME 2

Reaction (AE) Computed at Various Levels of Theory for

the Rearrangement of Methylchlorocarbene (2— 3)2 N==N

method \Y AE CeH;— CX,—C — 1 w7 CeHs—C% —&—a
mPW1PW91/6-33G(d,p) 126 —58.0 4 : 5
MPW1K/6-31-G(d,p) 135 —58.5
B3LYP/6-31+G(d,p) 139 -56.8 / \
B3LYP/6-31G(d) 15.1 -57.7 X X X a
MP2/6-31G(d) 13.6 —64.3 a X=H ¥ / \c /
MP4/6-311G(d,p)//MP2(FC)/6-31G(d,p) 139 -58.0 b: X=D =c =
QCISD(T)/6-311G(d,p)//IMP2(FC)/6-31G(d) 14.9 —56.8 c()Hs/ \g CGH/ \x
CBS-Q//MP2/6-31G(d) 13.7 -585 §
CBS-Q//IMPW1K/6-3%+G(d,p) 13.7 585 6 7
CBS-Q//mPW1PW91/6-3tG(d,p) 13.6 —58.6
l(\:/l%:%;s?/%\%((::(?glssg 11§77 _gg-g methods that should be much more accurate. MC-QCISD//ML
y : —of. i0Nn82.93 vi =

MC-QCISD//ML 135 —-579 calculat!ong 795y|.elded\/* 13.5 kcal/mol and MCG3//ML
MCG3//ML 13.9 —57.9 calculation€-% yielded V¥ = 13.9 kcal/mol. These calculations

are expected to be very reliable, and the results obtained from

them should erase all doubts that convergence in the electronic

| han th , [ val e — M structure calculations is a probleitf.

arger than the experimenta value laf D~ 0'9'. oreover, 3.3. 1,2-Hydrogen Migration in BenzylchlorocarbeneThe

the calculated KIEs behave in the fashion typically observed 1,2-hydrogen shift in benzylchlorocarber® gives rise taz-

for large KIEs, i.e., they decrease with increasing temperature. and E-B-chlorostyrenes@ and 7, respectively, in Scheme 2).

In contrast, as already noted, the measured values show the|:Or more than a decade much effort has been devoted to

opposite behavior; they increase with increasing temperature.studying this reactiof13.16.19.24.3032.36.4246,54¢ has been sug-
~Our computed KIEs for the rearrangemen®db 3are more  gegted that the kinetic analysis can be complicated by the

similar to the experimental values reported for the rearrangementiniervention of a carberealkene complex216.24py hydrogen

of dimethylcarbene to properié> At room temperature in  igration occurring concurrently with nitrogen elimination in

pentane Modarelli et & reported a KIE of 3.2, based on the 41, axcited state of the 3-benzyl-3-chlorodiaziridg¥ by the

lifetime of deuterated dimethylcarbene compared to the undeu-reaction of benzylchlorocarbene with the parent benzylchlo-
terated one. Ford et.& also found that tunneling contributions  qiazirine?.54 and/or by the insertion reaction of benzylchlo-

in the deuterated system are much smaller than in the “”deu'rocarbene into €H bonds of the solverf&54 The reported

terated carbene. In addition, a KIE of 5 has been reported for jnetic parameters, especially those from the earliest studies,
the 1,2-H versus 1,2-D shift in neopentylfluorocarbene at may contain errors due to these side reactions. However, recent
ambient temperature in pentaffe. studies with non-nitrogenous carbene precursors indicate that
Since Table 6 shows that our calculations give valueB.0f  carbene-alkene complexes are unlikely to intervene in the
that are ca. 2 kcal/mol higher than the experimental value, we yearrangement of benzylchlorocarbene and thus complicate the
decided to investigate whether higher-level electronic structure gpserved kinetics!
calculations might significantly lower the computed barrier One early studdf reported Arrhenius activation energies for
height. Although tests on a suite of reactions (mostly H transfers) 1,2-hydrogen migration irb to be 4.5 to 4.8 kcal/mol in
had led us to expect that mPW1PW91 and MPW1K should yield jsooctane. The experimental activation energy in isooctane
more accurate barrier heights than B3L¥Rye also carried  jncreased to 5.8 kcal/mol when corrections for the side reaction
out B3LYP/6-31G(d,p) calculations. As shown in Table 7,  of the carbene with the solvent were included, &d= 3.6

aValues are in kcal/moP Ref 139.

these calculations gavé® = 13.9 kcal/mol, which ishigher kcal/mol was found in chloroforrf? More recently?* it was
than the values of/* = 12.6 and 13.5 kcal/mol given by  stated that side reactions make the low-temperature data
mPW1PW91 and MPWIK. unsuitable for extracting Arrhenius parameters in both isooctane

The highest-level ab initio calculations on the rearrangement and methylcyclohexane. However, an Arrhenius activation
of 2 to 3 that have been reported previously are the MP4/6- energy of 3.2 kcal/mol was measured in 1,1,2,2-tetrachloro-
311+G(d,p)/IMP2(FC)/6-31G(d,p) and QCISD(T)/6-311G(d,p)//  ethane, where the side reactions are apparently insignificant.
MP2(FC)/6-31G(d,p) calculations by Riehl and Morokut?, As in a B3LYP/6-31G(d) study by Keating et &.at the
which yieldedv* values of 13.9 and 14.9 kcal/mol, respectively. mPW1PW91/6-31G(d,p) level of electronic structure theory
These values are also both higher, not lower, than the we found two stable conformers for the benzylchlorocarbene.
mPW1PW91 and MPW1K values. The conformer with the slightly lower electronic energy has

To assess the possible effects of higher levels of electronthe phenyl group face-on to the empty carbgnerbital, but
correlation and even larger basis sets, we also calculated thethe inclusion of the zero-point energy favors the conformer in
barrier height by two classes of methods that employ extrapola- which the phenyl and chlorine are anti. This latter conformer
tion to complete CI, namely the so-called complete basis setwas used as the reactant in the dynamics calculations. The results
(CBS) schem#& and the multi-coefficient correlation method are presented in Tables 8 and 9.

(MCCM) scheme§?-% For the CBS scheme we carried out The saddle point for the 1,2-hydrogen migration that gives
single-point energy evaluations by the CBS-Q metHothe rise to theE isomer {7) of S-chlorostyrene is lower in energy
results, which are given in Table 7, show that CBS-Q gives than the saddle point that leads to thésomer by about 2.4
barriers which are about 1 kcal/mol higher than those computed kcal/mol in the gas phase and just slightly less in isooctane and
by mPW1PW91, which is the HDFT method that we used for chloroform. The addition of zero-point energy results in small
most of our dynamical calculations. increases in these differences. Accordingly, the kinetic param-

Finally, we carried out calculations in which we optimized eters (Table 8) and the calculated rate constants (Table 9) for
the reactant and transition state structures by two MCCM the 1,2-hydrogen migration are dominated by the rearrangement
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TABLE 8: Energetic and Kinetic Parameters for the Benzylchlorocarbene Rearrangemerit

reaction AE V' AH;  AHy ASe  E. A AHYE  ASEE ET AT
HDFT®
5a— 6a -62.6 90 7.6 73 —24 78 50012 6.0 -48 6.6  1.5(12)
5a—7a —63.5 6.6 4.9 4.7 -3.1 5.3 3.5(12) 3.7 —-4.9 4.3 1.4(12)
5a— 6a+ 7a 4.7 -29 53 3.9(12) 38  —47 43 1.6(12)
5b— 6b —62.6 9.0 8.1 7.7 —2.7 8.3 4.3(12) 7.1 -39 7.7 2.3(12)
5b—7b —635 6.6 5.5 52 —34 58 3.1(12) 46  —44 5.2 1.8(12)
5b—6b+ 7b 5.3 -32 59  3.4(12) 47  —42 53  2.0(12)
HDFT+SM (isooctane)
5a— 6a -632 75 6.1 58 —23 64 52(12) 50 3.9 56  2.3(12)
5a—7a —64.1 5.2 3.5 3.3 -3.1 3.9 3.5(12) 2.7 —4.4 3.3 1.9(12)
5a— 6a+ 7a 3.4 -29 40  3.9(12) 27 41 33 21(12)
5b—6b —63.2 7.5 6.6 6.3 —2.6 6.9 4.6(12) 5.8 —-34 6.4 3.0(12)
5b—7b -641 52 41 39 —32 45 3.3(12) 34 40 40  2.2(12)
5b—6b+ 7b 3.9 -30 45 3.7(12) 35 38 41  2.5(12)
HDFT+SM¢ (chloroform)
5a— 6a —63.3 6.7 53 52 —-2.3 5.8 5.3(12) 4.5 —-3.7 51 2.7(12)
5a— 7a -642 46 30 29 31 35 3.6(12) 23 42 29  2.1(12)
5a— 6a+ 7a 2.9 —28 35  4.1(12) 23 -39 2.9  2.4(12)
5b— 6b -633 67 58 56 —25 62 4.7(12) 52 -33 58  3.3(12)
5b—7b —64.2 4.6 3.6 34 —-3.3 4.0 3.3(12) 3.0 —-4.0 3.6 2.3(12)
5b—6b+ 7b 3.4 -30 40 3.8(12) 31 37 3.7 27(12)

aAE, V¥, AHY, AHbes AHYes, Ei , andEYT in kcal/mol; AS,es and ASyy in cal mol K% A* and AT in s71. P HDFT = mPW1PW91/6-
31+G(d,p).©5.0(12)= 5.0 x 102 ¢ SM = SM5.42R/HF/6-31G(d)//mPW1PW91/6-3G(d,p).

TABLE 9: Rate Constants (s?), SCT Transmission 2.3 kcal/mol. Because the barrier height for the rearrangement
(S?OggfllClem_S, éfmd Lhe Irr21ag|r2jary Frequency (cm?) at tfhe of 5ais smaller than that for the rearrangemen®ef it is not
addle Point for the 1,2-Hydrogen Rearrangement o surprising that the magnitude of the imaginary frequency is
Benzylchlorocarbene at 298 K - o
smaller and that the calculated hydrogen tunneling contributions

compound KT KT K w* are not as large foba as for2a. The transmission coefficients
HDFT?2 of 2.4 forba— 6aand 2.1 forsa— 7ain the gas phase (Table
5a— 6a 8.8(6y  2.1(7) 24 900 9) are only about a third the size of that @ — 3a (Table 5).
gg: ZZ‘F 7a jgggg ?gggg gi 878 The values ok in the liquid phase for the rearrangementsof
50— 6b 3.5(6) 5.6(6) 16 681 are smaller than 2.
5b— 7b 1.7(8) 2.6(8) 16 678 In the gas phase, tunneling effects are calculated to reduce
Sb—6b+7b 1.7(8) 2.7(8) 16 the apparent Arrhenius activation energy for a 1,2-hydrogen shift
HDFT-+SMe (isooctane) in 5 by about 1 kcal/mol and to make the entropy of activation
5a—6a 9.8(7) 1.8(8) 19 more negative by about 2 cal mdl K1 (Table 8). The
5a—7a 459 7709 17 tunneling effects are calculated to be smaller in the liquid
g‘g: gng a i:ig% g?g% 11 phase*l As expected, the tunneling contributions to the
5h— 7h 1.7(9) 2.4(9) 14 rearrangement rates are computed to be smaller for the deuter-
5b— 6b+ 7b 1.8(9) 2.5(9) 1.4 ated carbenebp) than for the undeuterated carbefaa)(
HDFT+SM¢ (chloroform) The rearrangement of the deuterated carbene has been
5a— 6a 3.0(8) 5.3(8) 1.7 investigated experimentally in isooctane and chlorofétrin
5a—7a 1.0(10)  1.6(10) 1.6 isooctane, Liu et &2 found that the KIE is 2.4 at 293 K and
gg\: gz+ 7a i.é%;)) i';((Sl;)) 11-2 that it increaseswith increasing temperature. This type of
50— 7b 3:9(9) 5:3(9) 13 temperature dependence of a KIE is unusual, but it is similar
5p— 6b+ 7b 4.09) 5.4(9) 13 to the temperature dependence observed for the KIE in meth-

ylchlorocarben& and discussed in the previous section. When
correction for a parallel reaction was considered, the experi-
mental KIE was measured to be between 3.5 and 4.0 in

aHDFT = mPW1PW91/6-3+G(d,p).? 4.1(3)= 4.1 x 1(°. °SM
= SM5.42R/HF/6-31G(d)//mPW1PW91/6-3G(d,p).

to the E product (reactiorb — 7). At 298 K the E/Z product isooctane. In chloroform the experiments of Liu eté4yield a
distribution is calculated to be about 98:2 both in the gas phaseValue of 2.7 forku/kp.
and in solution. Experimentally, in the photolysis of benzyl- The calculated deuterium KIEs (based kfi"(298) for 5a

chlorodiazirine, depending on the exact experimental conditions,and 5b in Table 9) areku/kp = 3.8 in the gas phase, 3.2 in
the E/Z ratio varies between 1.5 and 542431543lthough some  isooctane, and 3.1 in chloroform for the rearrangement that
smaller values have also been repofte#t.Higher values have  produces both th& andE isomers. Thus our calculations give
been obtained for the thermolysis of substituted benzylchlo- reasonably good agreement with the experimental values for

rodiazirined® and 3-benzyl-3-bromodiaziriné. the KIE at 298 K. Similar to the results we obtained for the
Stabilization by the phenyl group of the transition structure hydrogen migration in methylchlorocarbene, the calculated KIEs

for the lower energy 1,2-hydrogen shift make¥' for the decrease with increasing temperature.

rearrangement oba to 7a only about half as large as the In contrast to the case for the rearrangement of methylchlo-

corresponding values cEZ’T for the rearrangement da to rocarbene %) in n-heptane, for which the calculated rate

3a Solvent effects reduce both the classical and zero-point- constants are smaller than those measured at all temperatures
inclusive barrier heights for the rearrangementaftby 1.4— (Table 2), for the rearrangements in isooctane the calculated
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SCHEME 3 SCHEME 4
N=N
€Y, CY, CY,—CH CH, \ / CH, CH,—CH
|>CH—C—CI — ,?CH—C—CI — | “ |?¢H—C_F — |?€H—C—F —_— ’ ll
CX,—CCl i, N CH,—CF
10 1 12 13
St e for the rearrangement &to 10. The measured values wefg
¢ X=HY=D = 4.2 kcal/mol,A = 10®3s7, andk = 1.4 x 10° s'* at 293

K.28
kYT rate constant at 298 K is 2 orders of magnitude larger than The mPW1PW91/6-3&G(d,p) barrier heights (Table 10) are
those that have been measured (Table 6). As also shown in Tableppreciably different for the rearrangement9aind 12, and,
6, in isooctane, this is due to the fact that the calculated value as expected from the better electron donating ability of F

of EZ’T is 1.2-2.5 kcal/mol lower than the values & that compared to Cl, the barrier fd2 is higher. For the gas-phase
have been measured. In chlorofof®f" is only 0.7 kcal/mol rearrangements these HDFT calculations yield zero-point-
smaller tharE,, but the calculated value &' is 2 orders of inclusive barrier heights oﬂHg = 10.4 kcal/mol for the
magnitude larger than the experimental valuedof chlorocarbene9) andAHg = 14.3 for the fluorocarbenelp).

3.4. 1,2-Methylene Migration in Cyclopropylchlorocar- The HDFT activation enthalpy for the rearrangemen9adg

bene and Cyclopropylfluorocarbene Although 1,2-hydrogen about 2 kcal/mol larger than that computed at the HF/6-311G-
shifts could, in principle, occur in the cyclopropylhalocarbenes, (d)//HF/6-31G(d) level by Krogh-Jespersen, Moss, and co-
in fact, 1,2-methylene migration dominates and leads to the workers?®
formation of 1-halocyclobutenes. Liu and Bonn&afirst As shown in Table 10, solvation effects reduce the activation
reported the kinetic parameters for the ring expansion rear- enthalpies. For the rearrangement of the chlorocarbene, the
rangement of cyclopropylchlorocarben@ i Scheme 3) to calculated reduction amounts to about 2 kcal/mol in isooctane
1-chlorocyclobutenel(). Their valuesk, = 7.4 kcal/mol and and 3 kcal/mol in chloroform. For the rearrangement of the
log A= 11.1in isooctane, were obtained by direct observation fluorocarbene, each calculated reduction is-A® kcal/mol
of the carbene and contained corrections for carbene dimeriza-larger. These large reductions are understandable since Table 4
tion, which is kinetically a second-order process. shows that in both carbene rearrangements the liquid-phase
Moss et aP® measured the rate of rearrangement9oh dipole moment of the transition states are-1156 D larger than
isooctane by four different techniques under conditions where that of the reactants. Although the square of the dipole moment
they found carbene dimerization to be unimportant. Their increases by about the same amount in both reactions, solvation
experiments led t&,; = 2.8—3.8 kcal/mol, with logA = 8.0— is computed to have an appreciably larger effect on the
8.7. These values @, and logA are significantly lower than rearrangement df2 than of9 because the solvation free energy
those reported by Liu and Bonne#owever, conversion of  depends on the full charge distribution, not just its lowest
both sets of experimental activation parameters to free energiesnonzero multiple moment.
of activation affords, in each case, a value of abGe = 9 We dissected the solvent effects on the rates into two
kcal/mol at 298 K. The reported rate constants in both studies components, one from bulk electrostatics and one from the
were betweerk = 4 x 10° and 9x 1 st at temperatures  nonbulk effects from molecules in the first solvation shell. In
between 289 and 301 K.22.2328 the rearrangements of bot® and 12, contributions from
The rearrangement of cyclopropylfluorocarbeh2it Scheme molecules in the first solvation shell speed up the reactions by
4) to 1-fluorocyclobutenel@) in isooctane was found by Moss  a factor between 4.5 and 5.2 (68:9.0 kcal/mol). Almost all of
et al?8 to have kinetic parameters similar to those measured the variability in the solvent effects on the rates comes from

TABLE 10: Energetic and Kinetic Parameters for the Cyclopropylhalocarbene Rearrangements

reaction AE V' AH;  AH)s ASe  El A AHYE  ASEE ENT AV

HDFT®?

9a— 10a -52.0 111 104 101 -28 107 41012 9.7 -36 103  2.7(12)

9b— 10b —52.0 11.1 10.5 10.2 —-2.9 10.8 4.0(12) 9.8 —-3.6 10.4 2.8(12)

9c— 10c -52.0 11.1 104 101 -29 107  4.0(12) 9.7 -37 103 27(12)
HDFT+SM (isooctane)

9a— 10a —52.2 8.9 8.2 7.9 —2.8 8.5 4.1(12) 7.6 —-34 8.2 3.0(12)

9b— 10b -52.2 8.9 8.3 80 -—28 86  4.0(12) 77 -34 83  3.1(12)

9c— 10c —52.2 8.9 8.2 7.9 —-2.9 8.5 4.0(12) 7.6 —-3.4 8.2 3.0(12)
HDFT+SM (chloroform)

9a— 10a —51.9 7.9 7.2 7.0 —-2.8 7.5 4.1(12) 6.7 -3.3 7.3 3.2(12)

9b— 10b —51.9 7.9 7.3 70 -28 76  4.1(12) 68 —3.3 74 3.2(12)

c—10c —51.9 7.9 7.2 6.9 —-2.9 7.5 4.0(12) 6.7 -3.3 7.3 3.1(12)
HDFT®

12—13 -482 150 143 140 -28 146  4.0(12) 134 -39 140 2.4(12)
HDFT+SM (isooctane)

12—13 -486 124 116 113 -28 119  4.1(12) 109 -36 115 27(12)
HDFT+SM (chloroform)

12— 13 —48.5 11.0 10.3 9.9 —-2.8 10.5 4.1(12) 9.6 —-3.5 10.2 2.9(12)

aAE, V¥, AHY, AHjoq AHYL EL, andEYT in kcal/mol; AS,eg and ASiny in cal molt K% A* and AT in 7%, ® HDFT = mPW1PW91/6-
31+G(d,p).° 4.1(12)= 4.1 x 102 9 SM = SM5.42R/HF/6-31G(d)//mPW1PW91/6-3G(d,p).
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TABLE 11: Rate Constants (s1), SCT Transmission
Coefficients, and the Imaginary Frequency (cm?) at the
Saddle Point for the 1,2-Carbon Rearrangements in
Cyclopropylhalocarbenes at 298 K
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TABLE 12: Gas-Phase Barrier Heights /%), Activation

Enthalpies (AHg), and Activation Entropies (AS;eg
Computed at Various Levels of Theory for the
Rearrangement of Cyclopropylfluorocarbene (12— 13y

VT VIT
compound ke K K o) method VE AHlg ASh
HDFT?
PW1PW91/6-33+G(d 15.0 14.0 —-2.8
9a— 10a 554 7.84) 14 604 o : (dp) -
MPW1K/6-31:+G(d,p) 16.3 153 —2.9
9b— 10b 4.8(4)  6.6(4) 14 579 B3LYP/6-3:-G(d,p) 15.7 147 —-26
9c—10c 5.7(4)  80(4) 14 601 B3LYP/6-31G(d) 16.6 156 —2.6
HDFT+SMe (isooctane) MP2/6-31G(d) 16.0 14.8 —-2.9
9a— 10a 2.2(6) 296) 1.3 (10/10)/CASSCF/6-31G(d) 18.6 17.6 2.7
9b— 10b 1.9(6) 2.4(6) 1.3 (10/10)/CASPT2/6-31G(d)//CASSCF/6-31G(d) 18.1 7.1
9c— 10c 2.3(6) 2.9(6) 1.3 (10/10)/CASPT2/cc-pVTZ/IICASSCF/6-31G(d) 15.7 .7
. CBS-Q//CASSCF/6-31G(d) 155 145
HOF TS (ehloroform) 2 157 12 CBS-Q//MPW1PW91/6-38G(d,p) 15.7 146
9b— 10b 1'0(7) 1'2(7) 1'2 CBS-APNO//CASSCF/6-31G(d) 152 14.2
9c— 100 1'2(7) 1'5(7) 1'2 CBS-APNO//mPW1PW91/6-32G(d,p) 15.3 148
' ' ' MC-QCISD//CASSCF/6-31G(d) 15.6 146
HDFT? MC-QCISD//mPW1PW91/6-3tG(d,p) 158 149
12— 13 8.3(1) 1.3(2) 15 668 MCG3//CASSCF/6-31G(d) 145 135
HDFT+SMe (isooctane) MCG3//mPW1PW91/6-3tG(d,p) 15.0 149
12—13 7.70) 1.14) 14 aVF and AHbgg in kcal/mol; AShy, in cal molt K1, ® Computed
HDFT+SM¢ (chloroform) with  (10/10)/CASSCF/6-31G(d) frequenciéComputed  with
12— 13 7.4(4) 1.0(5) 1.3 mPW1PW91/6-31+G(d,p) frequencies.

aHDFT = mPW1PW91/6-3+G(d,p).? 5.5(4)= 5.5 x 10". SM
= SM5.42R/HF/6-31G(d)//mPW1PW91/6-3G(d,p).

bulk electrostatics, which contributes a speedup as small as
factor of 9 (for the chlorocarbene in isooctane, where the
differential solvation energy between transition state and reactant
is 1.3 kcal/mol) or as large as a factor of 173 (for fluorocarbene

in chloroform, where the effect is 3.1 kcal/mol).

Tunneling effects are not appreciable in either reaction. As
shown in Table 10, tunneling is calculated to reduce the apparent
Arrhenius activation energies by only about 0.5 kcal/mol and
to make the entropies of activation more negative by less than
1 cal mol' K. The transmission coefficients, which are given
in Table 11, are calculated to be less than 1.5 in both reactions
at 298 K.

We computed the secondary deuterium KIE for Gidrsus
CD; migration in the rearrangement of cyclopropylchlorocar-
benee, (9¢/9b). Moss et aP® have measured this KIE in
deuterated chloroform. Our calculations for chloroform give
secondary KIEs oky/kp = KY/T(9¢ — 109/kY/T(9b — 10b) =

The very large difference between the computed and mea-
sured activation parameters for the rearrangemeid2dad 13
led us to investigate whether a very different set of activation

"’barameters might be obtained if the transition structure were

located and its energy computed with other types of electronic
structure calculations. Therefore, we performed calculations with
different hybrid density functional theory methods, namely
B3LYP and MPW1K; we carried out (10,10)CASSCF calcula-
tions, followed by (10,10)CASPT2 single-point energy evalu-
ations with two different basis sets; and we performed CBS-Q,
CBS-APNO, MC-QCISD, and MCG3 single-point energy
calculations. As shown in Table 12, none of the computed
barrier heights is significantly lower than the one from the
mPW1PW91/6-31+G(d,p) calculations. The generally good
agreement of the additional high-level (CBS, MCCM, and
CASPT2 with the largest basis) calculations in Table 12 with
the mPW1PW91/6-3tG(d,p) calculations provides further
evidence that the source of the disagreement between theory
and experiment is not due to the inadequacy of the electronic
structure calculations.

1.25,1.20, and 1.17 at 243, 294, and 333 K, respectively. These All of the methods in Table 12 give essentially the same value

calculated ratios are in excellent agreement with the experi-
mental values of 1.28, 1.20, and 1.38&Similar ratios are also
obtained if the KIEs are calculated from TST. For the gas phase,
values ofk™T(9c — 109/k™ST(9b — 10b) = 1.23, 1.19, and
1.16 at 243, 294, and 333 K, respectively, are computed. Since

the TST calculations do not include tunneling corrections, this

good agreement between the two sets of calculaiég values
shows again that tunneling is not computed to be significant in
this reaction.

Table 6 shows that, for the rearrangement of cyclopropyl-
chlorocarbene9a— 104a), the kinetic parameters that we have

calculated are much more similar to those reported by Liu and w

Bonnea#? than to those reported by Moss et?alFor the
rearrangement of cyclopropylfluorocarbeng2 (— 13), the

of AS§98 as that computed by mPW1PW91/6-3&(d,p).
Therefore, like mPW1PW91/6-31G(d,p), all of these other
methods predict a value of the Arrhenids factor for the
rearrangement df2 to 13 that is about 4 orders of magnitude
larger than that obtained from the experiments of Moss and co-
orkers.

3.5. Further Discussion: The Transmission Coefficient.
Moss2354Platz33 and their co-workers have suggested that the
small experimental factors found in the 1,2-shifts of many
carbenes are due to the fact that completion of these rearrange-
ments requires rotation about the bond between the two carbons
hich serve as the migration origin and migration terminus.
This rotation is necessary in order to allow formation of the
bond between these carbons in the product. It has been proposed

values computed by us and those measured by Moss and cothat coupling of this rotation with the actual migration step might

workers disagree even more. As shown in Table 6, the value of
E;”T that we have computed for the rearrangemerit2fo 13
in isooctane is more than 7 kcal/mol larger than the valug,of

measured by Moss and co-workers in this solvent; and the t

calculated value oAV'T is about 4 orders of magnitude larger
than the experimental value &f

be relatively inefficient, resulting in most trajectories that cross
the transition state being reflected back to the reactant, rather
than reaching the product. Such a breakdown of transition state
heory, both conventional and variational, could result in low
transmission coefficients and, hence, in I&wactors.

This suggestion is intriguing, and we have investigated it in
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T L = this analysis gives little reason to suspect unusually dramatic
g reaction-path curvature effects on the transmission coefficients.
::34 In other possibly relevant work, Hayes et calculated
= extensive short-time recrossing of the transition state region in
© g the 1,2-deuterium migration reaction of gBC: to form CD=
) 180 g CD following sudden electron removal at 600 and 1440 K. It
i i e is hard to know whether one can infer a breakdown of transition
E B 150} state theory for calculations of thermal reaction rates from these
ce b calculations because of the choice of initial conditions and the
i = 120p lack of quantization in the vibrational modes.
) 90} 422 5
& J1s B 4. Summary and Conclusions
Pauling 114 E The gas-phase barrier heights, calculated at various levels of
- Mager 110 o electronic structure theory, are much higher than the experi-
20T loe © mentally determined, solution-phase Arrhenius activation ener-
B » gies for the 1,2-hydrogen migration in methylchlorocarbe2)e (
52 O and for the 1,2-methylene migrations in cyclopropylchlorocar-
% g _20: bene @) and in cyclopropylfluorocarbené?). The discrepancy
58 I is largest for the rearrangement df2. Such disagree-
e o0 ments between theory and experiment for this class of reac-
I tiong?1:24:42:46,54.60.64nd for the closely related Wolff rearrange-
-60F e ment4® were also found in earlier work. In the latter study,

s (boht) consid_eration of heavy-atom tupneling (with a one_—d_imens_ional
) ) i tunneling theory that is less reliable than the multidimensional
;9‘:29 tﬁ-e Ehg L%%‘g"é%z?tgﬁé‘%agugiiet:t?afggg_Hglodr:heg]f' . theory used here) and solvation did not eliminate the disagree-
phgsé mPWlPW91/6-3L]G(é,p) reaction coordinate ?gr reac?ion Rgl. ment._ In the prese_nt study we syste_ma_tlcally e_xamlned the
The asymptotic values for the reactant and product are also represented©/lowing four possible reasons for this kind of disagreement

in 1,2-hydrogen migrations and cyclopropylcarbene rearrange-

more detail as presented below. However, even if such effectsments: (i) inaccuracies in the electronic structure theory
would rationalize the very low experimentalfactor found in calculations, (ii) solvation, (i) dynamical effects, and (iv)
the rearrangement df2 to 13, they would not explain why the ~ tunneling. As was found in the study of the Wolff rearrange-
experimentalE, is at least 7 kcal/molower than the values ment!*® consideration of factors i, i, and iv does not eliminate
predicted by all of our calculations. As a consequence of the the disagreement with experiment, nor does consideration of
difference between the experimental and calcul&gdalues dynamical effects.

in isooctane, the experimental rate constantlifor— 13 is 20 We have performed the electronic structure calculations at
timeslarger than the calculated rate constant (Table 6) at 298 high enough levels, including MCG3//ML and CASPT2/cc-
K. A low transmission coefficient could explain the difference pVTZ//CASSCF/6-31G(d), to rule out inaccuracies in these
between the experimental and calculated rate constants, but onlycalculations as a major cause of the discrepancy. We did find
if the former were smaller, not larger, than the latter. that solvation reduces the effective barrier heights b Kcal/

For the rearrangement of methylchlorocarbene we have mol, with the effect being larger in chloroform than in
examined various geometrical parameters along the reaction patthydrocarbon solvents. Solvation lowers the barrier heights
as well as the reaction-path curvature to determine whether thebecause the increase in polarity on going from the reactant to
reaction path exhibits particularly sharp curves. As a benchmarkthe transition structure favors a medium with a high dielectric
for comparison, we note that the maximum value of the reaction constant.
path curvature is between 5.4 and 8.7 au for each of the six Quantum mechanical tunneling further reduces the gas-phase
bimolecular hydrogen transfer reactions studied in a recent activation energy at 298 K for the 1,2-protium migration in
paperi*2these were “normal” reactions such as @HCH, — methylchlorocarbene2g) by almost 4 kcal/mol in our MP2/6-
H,O + CHs. With this background, we considered Figure 2, 31G(d) calculations and by slightly more than 3 kcal/mol in
which shows that the reaction-path curvature is rather small our HDFT calculations. The corresponding reductions for 1,2-
except at geometries close to the reactant and to the product. ldeuterium migration in methylchlorocarbedg¢2b) are 1.7 and
seems unlikely that these regions would be responsible for 1.4 kcal/mol, respectively. Figure 3 shows the Arrhenius
significant recrossings. The €C—C—Hp, (Hn, represents the  representations of the CVT and CVT/SCT rate constants for
migrating hydrogen) dihedral angle, which was suggested to the 1,2-protium migration and 1,2-deuterium migration in
vary sharply during hydrogen migration in methylcarbéhe, methylchlorocarbene and benzylchlorocarbene and for the 1,2-
varies rather smoothly along the reaction path in this case (asmethylene migration in cyclopropylchlorocarbene and cyclo-
also shown in Figure 2); and the other dihedral angles vary evenpropylfluorocarbene, in all cases in isooctane solvent. These
more gradually. The €C bond order also varies smoothly, as calculations are carried out in the separable equilibrium solvation
illustrated in Figure 2, whether calculated by the Pauling (SES) approximation at the mPW1PW91/6+33(d,p) + GB
formalisni*3 or the Mayer formalism**However, whereas the  level in which the solvation energy in isooctane is calculated
Pauling bond order varies along the whole range of the reactionusing the GB approximation based on atomic charges deter-
path (as a result of similar variation in the-C bond distance), mined using Levdin population analysis of the mPW1PW91/
the Mayer bond order (which is a more realistic indication of 6-31+G(d,p) wave function and is added to the potential energy
bonding since it is based on the actual electron density) variesalong the gas-phase MEP by the ISPE-2 method. The Arrhenius
mostly on the product side of the reaction coordinate. Ultimately, activation parameters determined at this level for various
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Figure 3. (a) Arrhenius representations of the calculated mPW1PW91/
6-31+G(d,pH-GB CVT and CVT/SCT rate constants in isooctane over
the 176-370 K range for the 1,2-protium migration in methylchloro-
carbene and benzylchlorocarbene (sum of migrationsZtoand
E-isomers) and for the 1,2-methylene migration in cyclopropylchloro-

carbene and cyclopropylfluorocarbene. (b) Same but for 1,2-deuterium

migrations of2b — 3b and5b — 6b + 7b.

temperatures are given in Table 1. The nonlinearity of the
Arrhenius plot due to tunneling is visible at low temperatures
for the 1,2-protium migration reactions but is insignificant for
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the theoretical and experimental results. In addition, both the
size and the temperature dependence of the computed KIEs are
not just quantitatively, but are qualitatively different from those
that have been measured for the rearrangemegt of

The phenyl moiety in the benzyl group flowers the gas-
phase barrier height but also decreases the importance of
solvation and tunneling in lowering the activation energy. It is
noteworthy that, unlike the case in the rearrangemeng, of
inclusion of solvation effects and tunneling corrections makes
the computed activation energy smaller (and the rate constant
bigger) than the values that have been measured experimentally.
Bringing yet one more system into the discussion, we note that
theory?* predicts a somewhat smaller rate constant than experi-
meng® for methylphenylcarbene. There, however, solvent effects
are predicted to result from the greater polarizabilities of
transition states compared to reactdits contrast to the
present case where the solvent effects apparently result mainly
from greater polarities of the transition states compared to
reactants.

In the rearrangements of cyclopropylhalocarbehasd12,
a methylene group migrates; and heavy-atom tunneling is
computed to play a negligible role in these reactions. Previous
calculations of tunneling contributions to the rates of 1,2-shifts
have erroneously found that heavy atoms tunnel faster than light
atoms in these reactiofisleading to the suggestiétthat heavy-
atom tunneling might explain the low activation enthalpies and
very negative activation enthalpies that have been found in these
rearrangements. The results of our calculations appear to rule
out this possibility. Heavy-atom tunneling was also calculated
to be small in the Wolff rearrangemetit.

What, then, could account for the small activation enthalpies
and very negative activation entropies found by Moss et al. in
the rearrangements & and 12? One possible explanation,
discussed in Section 3.4, is a breakdown of transition state
theory, due to dynamical effects, that would result in small
transmission coefficient&:3354145This could explain the low
experimentalA factors rather easily (although such a breakdown
of transition state theory would be surprising), but there would
have to be a very strong temperature dependence of the
transmission coefficient to also explain the low valuesgf

Another possible explanation of the anomalies in both of these
activation parameters would be that the transition structures for
these rearrangements bind one or more molecules of solvent
much more tightly than the reactants do. This would reduce
the activation enthalpies but make the activation entropies more
unfavorable (i.e., negative). Especially when the halogen in the
cyclopropylhalocarbene is fluorine, halogen lone-pair donation
into the emptyp orbital of the carbene should reduce its
electrophilicity, thus making it arguably less likely to coordinate
a solvent molecule than the carbon to which a@bond is
partially broken in the transition structure. In light of this
possibility and the special problem of using nuclear-centered
partial atomic charges for carbenes (noted above), some attempt
to provide more definitive estimates of solvation effects would

the 1,2-methylene migration reactions over the whole range of be desirable.

temperatures. Without tunneling, the nonlinearity is greatly
reduced. The contribution of tunneling, relative to overbarrier

A problem with this explanation is that specific interactions
between the transition structure and the solvent are unlikely to

reaction, is computed to be smaller in the liquid-phase reaction be strong in alkane solvents (or even in alkéhé&S). A second
than in the gas-phase reaction, as a result of the smaller andporoblem with this explanation is that the SM5.42R solvation

hence broader barriers for rearrangemen2 af solution.

model does include specific interactions between a reacting

Together, the effects of solvation and tunneling do decrease molecule and the first shell of solvent molecules around it. The
the disparity between the calculated and experimental activationresults of our calculations, using this model, do find that the

parameters for the rearrangemengpbut, even together, these
two effects do not fully account for all the differences between

calculated activation enthalpies are reduced by solvation, but
much more by bulk than by specific solvation effects. This
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reduction can easily be explained by the larger polarity of the ment). Both of these methods were employed in the study of

transition structures as compared to the reactants. carbenda, and the pyridine ylide method was used with carbene
In addition, even using the SM5.42R solvation model, the 12 N . . .
activation enthalpy for the rearrangementi&to 13 is still Competitive, second-order, side reactions (such as azine

computed to be more than 7 kcal/mol higher than that measuredformation, carbene dimerization, or carbene insertion into the
by Moss and co-workers. Therefore, if the very low activation solvent) can be real complications. However, in the cagaof
enthalpy for this rearrangement is due to selective stabilization NMR product analysis of reactions, carried out between 255
of the transition structure by a strong interaction with solvent, and 294 K, demonstrated the formation of more than 90% of
the SM5.42R model grossly underestimates the strength of thisthe 1-chlorocyclobutene expansion produd)( and less than
interaction. Although there were no carbenes in the training 10% of possible dimerization or azine products. Capillary GC
set15.117ysed to parametrize the model, and although we pointed analysis confirmed 8592% yields of10, with no evidence of
out above that the partial atomic charges used in our solvation carbene dime#3 For carbend 2, a series of kinetics experiments
model systematically underestimate dipole moments, it seemswas carried out at decreasing concentrations of the diazirine
unlikely that the SM5.42R solvation model is so inaccurate that precursor, until an appropriate concentration was found at which
it accounts for the majority of the error. deviations from first-order kinetics (possibly due to carbene
What possible experimental problems could lead to the large dimer or azine formation) ?n the rates of pyrid_ine ylide formation
discrepancy, especially fdi2, between the computed activation Were absent. The formation of ring expansion prodigvas
parameters and those found experimentally? Since Moss et alN€arly quantitativé?® _
measured the activation parameters for the rearrangemént of I light of the discrepancy between the 1992 experimental
by four independent methods, including direct observation of value of E, for the ring expansion of carberie to fluorocy-
the disappearance 6f and since they obtained essentially the clobutene (4.2 kcal/mdlj and the value computed here (11.5
same set of activation parameters by all four mettidasany ~ kcal/mol, Table 6), one of us and co-workers [R. A. Moss, F.
possibilities (e.g., a systematic error in following the rate of Zheng, andY.Ma] redetermined the experimental value. Three
reaction, rearrangement occurring in an excited state of the "€W, independent sets of rate constants vs inverse absolute
carbene, and catalysis of the rearrangement by added carbentémperature data (with temperature ranges of-25133 K or
trapping reagent) can apparently be ruled out for reaction R-3. 263-313 K) gffo_rdedEa =51+11 kcal/mol and logA =
Nevertheless we do note that theory agrees much better with9-2 & 0.9 s™* in isooctane, in reasonable agreement with the

the results of the earlier experiments of Liu and BonRéfar 1992 report. The experimental ac_tivation energy is reproducible,
reaction R-3, for which corrections for a second-order processesand no obvious source of error is apparent.
were considered. Although this paper has focused on differences between

calculations and experiments in 1,2-shifts in halocarbenes, we
noted above that such discrepancies have also been found in
the 1,2-migrations that occur in other types of carbenes. For
example, Scott et & have observed that the computed barriers
to Wolff rearrangements in carbonyl and alkoxycarbonyl
carbenes are often much higher than those that have been
measured. The disparity is particularly large for the Wolff
rearrangement of carbomethoxychlorocarbene, and Scoftét al
discussed the possibility that the lifetime of this carbene may
be controlled by bimolecular processes. This hypothesis may
also ultimately prove to explain the same type of disparity
%etween calculations and experiments that have been found in
the rearrangements of cyclopropylchloro- and cyclopropylfluo-
rocarbene and which have been discussed in this paper. It is, of
course, also possible that these disparities are due to a factor or
factors as yet unknown.

Reaction conditions can have a large effect on carbene
lifetimes for long-lived carbenes such as methylchlorocarbene
or cyclopropylfluorocarbene. For example, trace amounts of
water and oxygen reduce the lifetime of adamantylidene in
benzene by an order of magnitude at ambient temper&ture.
However this is not expected to be a problem for short-lived
carbenes.

Experimentally, the determination of the rate constant of 1,2-
migrations in carbenes may be complicated by various concur-
rent reactions. For example, many investigations have obtained
evidence that, at least in some cases, 1,2-atom migrations ar
concurrent with N extrusion and occur from an excited state
of diazirines3148-51.83without the intermediacy of the carbene.
Diazo compounds generated from diazirines have been ruled
out as intermediates in the formation of olefins by 1,2-shifts
because the formation of diazo compounds is unlikely at ambient
temperaturé? However, many studies have shown that the
carbene may react with the parent diazirine to produce an fo
azine3246:47This reaction has been theoretically determined to h
be very favorablg? In addition, reaction of the carbene with
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