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Bystander Effects on Carbene Rearrangements: A Computational Study
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Methylcarbene, dimethylcarbene, chloromethylcarbene tentdbutylmethylcarbene were studied at the HF/
6-31G*, MP2/6-31G*, B3LYP/6-31G*, MP2/6-3tG(2d,p), QCISD(T)/6-31G*//MP2/6-31G*, and QCISD-
(T)/6-31+G(2d,p) levels. Minimum energy geometries of the singlet and triplet states of the carbenes were
calculated. The barriers to 1,2-hydrogen migration forCHX — CH,=CHX were calculated and found to
increase for X= Cl > CH3; > C(CHg); > H. Isodesmic calculations indicate that the effect of the bystander
group is to stabilize differentially the carbene reactant, thereby increasing the barrier to rearrangement for
X =Cl| > CH3 > C(CH3)3 > H.

|. Introduction

Examples of bimolecular reactions of alkyl- and dialkylcar- ﬁ
benes are relatively rare. Photolysis of nitrogenous precursors /.
of alkyl- and dialkylcarbenes in the presence of carbene traps
(alkenes, amines, alcohols, etc.) generally produces formal i the former species, hydrogen atofhto the carbene center
products of unimolecular carbene rearrangemeAs these  are poorly disposed toward rearrangement and the product of
formal rearrangement reactions are exceptionally exothermic, 1,2-hydrogen migration, adamantene, is highly strained. In the
itis a straightforward conclusion that the absolute rate constants|atier case, the carbene center is stabilized by overlap with the

of rearrangement of alkyl- and dialkylcarbenes must be excep-\waish orbitals of the cyclopropane rings. @Ftbutylcarbene
tionally large kg > 101911 s71 7 < 10-100 ps, Scheme 1), gnq diadamantylcarbehe

SCHEME 1
Ity =
N=N N=—N° ’ 4
CH3z CHg CHg CHj z e

have triplet ground states due to the wide bond angle at the
carbene center and do not undergo 1,2-hydrogen migration.
CH These carbenes have been detected by low-temperature EPR
CHay, M H—xX %) kR : :
/«< -— /@ —R s CHiCH=CHp+N, spectroscopy as persistent species.
CH3 X Hx cH?” () Laser flash photolysis experiments have begun to reveal the
influence of structure on the rate of carbene rearrangement.
Bystander effects on the rate of rearrangement, first proposed
) ) by Nickon8 have been observed experimentaliyd validated
and that carbene rearrangement is much faster than blmoleculaeomputationa"ys_ Keating, Garcia-Garibay, and Houkave

X = alkyl, alkoxy, alkylamino

capture. demonstrated that alkylation of the carbon bearing the migrating
Laser flash photolysis studies indicate that dialkylcarbenes hydrogen lowers the barrier to 1,2-hydrogen migration of

have lifetimes on the order of nanoseconds and khgiHX] alkylchlorocarbenes.

> kg (Scheme 1%.To reconcile the chemical and kinetic data,

it has been proposed that nitrogenous precursors form carbenes H

inefficiently upon photochemical activation and that some, or x\\\}C—'C' X/"'c=c/H

even most, of the formal rearrangement products are produced 2 4 \C| v¥ ai

via the electronically excited state of the precufsGalculations
indicate that the rearrangements do not proceed in concert with X=Y=CH3>X=CHs Y=H>X=Y=H
nitrogen extrusion upon thermolysis of diazo compoutits. ) ]
Indeed, the only two ground-state singlet dialkylcarbenes yet These results have stimulated renewed interest on the part of

isolated in cryogenic matrixes are adamantanylidene and dicy_theory to calc_ulate barrier heights for these rearrangements. T_o
clopropylcarbené. better appreciate the bystander effect, we have undertaken this

study, which calculates prototypical alkyl-, dialkyl-, and alkyl-
*Corresponding _ authors. Email. _ platz 1@osu.edu:  bhill@ chlorocarbenes with a common set of computational methods.

chemistry.ohio-state.edu. Phone: (614) 292-0410 (M.S.P.); (614) /N this study, the bystander group X is directly bonded to the
292-6718 (B.T.H.). Fax (614) 292-5151. carbene center and its influence on the barrier to 1,2-hydrogen
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TABLE 1: Calculated Relative Energies (kcal/mol) of Methylcarbene (MC}

B3LYP/ MP2/6-3k QCISD(T)/6-31G*/  QCISD(T)/6-31%  QCISD(T)/6-3%
HF/6-31G* MP2/6-31G* 6-31G*  G(2d,p) MP2/6-31G* G*//B3LYP/6-31G* G(2d,py
MC-S (Cy) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MC-T (CJ) —256 -125 —6.6 -8.3 -8.6 -55 —4.4
TS1(Cy) 12.8 1.1 2.6 -0.5 3.8 1.9 2.1
ethene D) —66.1 -80.4 ~74.2 ~78.0 ~76.7 ~73.0 ~74.3

2 Relative energies include scaled zero-point vibrational energy (ZPVE) corrections and are reported at 0 K. Enthalpies at 298 K relative to

MC-S at the HF/6-31G(d), B3LYP/6-31G(d), and MP2/6-31G(d) levels are listed in the Supporting Information. See Figure 1 for str&ingles.

point energies include ZPVE computed at the MP2/6-31G* lIév8Ingle-

dThe relative energies at QCISD(T)/6-8G(2d,p) were computed usin

point energies include ZPVE computed at the B3LYP/6-31G* level.
g the additivity approximatiokE = AE[QCISD(T)/6-31G*//MP2/6-

31G*] + AE[MP2/6-31+G(2d,p)] — AE[MP2/6-31G*] and include the scaled MP2/6-31G* ZPVE corrections.

migration within the methyl group is systematically examined.
Herein, we are pleased to report our results.

"\
e Hy, H
H\\;C—C\ _ ;"0=0<
H X H X

X =H, CH3, C|, C(CH3)3

Il. Computational Methods

All ab initio and density functional theory (DFT) geometry
optimizations as well as analytical vibrational frequencies at
the HF/6-31G*, MP2/6-31G*, and B3LYP/6-31G* levels were
carried out with the GAUSSIAN94 suite of progra®3Zero-
point vibrational energy (ZPVE) corrections were scaled by
0.9135, 0.9670, and 0.9806 for the HF/6-31G*, MP2/6-31G*,
and B3LYP/6-31G* geometries, respectivé®y.The relative
energies estimated at the QCISD(T)/6+33(2d,p) level were
obtained using an additivity scheme that combines single-point
energies computed at QCISD(T)/6-31G*, MP2/6+33(2d,p),
and MP2/6-31G* levels using geometries optimized at the MP2/
6-31G* levellfcd|n the cases of methylcarbene, dimethylcar-

bene, and chloromethylcarbene, single-point energies were also

directly computed at the QCISD(T)/6-31G** level using
geometries optimized at the B3LYP/6-31G* level.

The relative energies\Ho) reported in the discussion include
the scaled zero-point vibrational energy (ZPVE) but do not
include any thermal corrections for enthalpies at 298 K. Tables
with the AHgg relative energies can be found in the Supporting
Information. Singlettriplet energy separations reported in the
discussion are positive to indicate a triplet ground state according
to convention. However, triplet ground states are reported with
negative relative energies in the tables as the most stable single
state is set to 0.0 kcal/mol in each case. Calculations of triplet
states did not suffer from spin contamination. The expectation
value of[®ranged from 2.005 to 2.021 at all levels of theory.

I1l. Results

IIl.1. Methylcarbene (MC). MethylcarbeneNIC) has been
studied extensively by computational methods and most recently
by Evanseck and Houk (EH3},Khodabandeh and Carter (K&),
Gallo and Schaefer (GSjand Matzinger and Ascher (MF)

Single determinant methods have been shown to adequately,
describe alkylcarbenes and thereby justify the methods employed

herel*

As shown in Table 1, the triplet is calculated to be the ground
state by all computational methods employed in this study. The
QCISD(T)/6-31#G**//B3LYP/6-31G* + ZPVE result is our
most reliable estimate of the singtetiplet (S—T) energy gap
of 5.5 kcal/mol. It is comparable to the singtetiplet separation
as calculated by G8(5.2 kcal/mol, CISD+ DVD/TZ + 2P+
f//ICISD/DZP + ZPVE). However, second-order multireference

Methods:
R 1.485 163.7 HF/6-31G*
1.083 1.467 165.2 B3LYP/6-31G*
igg? &@ 1.467 165.3 MP2/6-31G*
%@1.0%
1.116
106.5 1.109
105.4
® 105.6
Singlet MC
1.378 1.088
1.404 1.107
1.407 1.104
(%)
109.0
1.325 1.265 }82'§
1.249 1362
1.229 1.358
TS1
1.486
1.086 @ 1469 1083
1.098 1.477 1.082
1.094 !
(]
131.0
133.5
® 131.6
Triplet MC

Figure 1. Optimized structures and some geometric parameters for
methylcarbene NIC). Bond distances are in A, and angles are in
degrees.

configuration interaction calculations by Mfindicate a smaller
singlet-triplet separation of 3.1 kcal/mol (MRCt Q/ANO +
ZPVE). SingletMC was optimized inC; symmetry, while the
triplet carbene was optimized i€ symmetry. Optimized
structures of singlet and tripl&C are presented in Figure 1.
The QCISD(T)/6-313+G**//B3LYP/6-31G* + ZPVE barrier
for the rearrangement of singléiC to ethylene is 1.9
kcal/mol. This is comparable to the barrier computed by
Evanseck and Houk (0.6 kcal/mol, MP4/6-311G**//MP2/
6-31G* + ZPE) and by Ma and Schaefer(1.2 kcal/mol,
CCSD(T)/TZ2P+ f). Methylcarbene has been trapped by carbon
monoxide at 10 K and in solution but has never been directly
observed even at cryogenic temperatdfeRerdeuteriomethyl-
carbene (CBCD) has been studied by the pyridine ylide method,
which indicates that the apparent enthalpic barrier to its
rearrangement is between 0 and 2 kcal/fddQuantum me-
chanical tunneling may contribute to the kinetics of rearrange-
ment ofMC (vide infra), as deduced for dimethylcarbéene.

CDa_ D

e

D
. Ne—c”
ct >c c\D

D D

I1l.2. Dimethylcarbene (DMC). A single methyl group
decreases the -ST gap from 9.0 kcal/mol (Ch to ~3
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TABLE 2: Calculated Relative Energies (kcal/mol) of Dimethylcarbene (DMC}

B3LYP/ MP2/6-3H  QCISD(T)/6-31G*/  QCISD(T)/6-31%  QCISD(T)/6-3H
HF/6-31G* MP2/6-31G* 6-31G* G(2d,p) MP2/6-31G® G**//B3LYP/6-31G*® G(2d,py
DMC-S (Cy) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
DMC-T (Cy) -21.0 -5.8 -1.9 -1.4 -3.0 0.04 1.4
TS2(Cy) 18.5 6.5 8.4 5.0 9.1 7.3 7.6
propene Cs) —60.3 -72.9 —66.2 —70.6 —69.3 —65.8 —67.0

2 Relative energies include scaled zero-point vibrational energy (ZPVE) corrections and are reported at 0 K. Enthalpies at 298 K relative to
DMC-S at the HF/6-31G(d), B3LYP/6-31G(d), and MP2/6-31G(d) levels are listed in the Supporting Information. See Figure 2 for structures.
b Single-point energies include ZPVE computed at the MP2/6-31G* |I€@&ihgle-point energies include ZPVE computed at the B3LYP/6-31G*

level. @ The relative energies at QCISD(T)/6-8G(2d,p) were computed using the additivity approximatis&kE = AE[QCISD(T)/6-31G*//MP2/
6-31G*] + AE[MP2/6-31+G(2d,p)] — AE[MP2/6-31G*] and include the scaled MP2/6-31G* ZPVE corrections.

Methods:
1.096 HF/6-31G*
1.111 B3LYP/6-31G*

L487 D 1108 MP2/6-31G*

1.487

The second methyl group is predicted to exert a substantial
bystander effect on the barrier to 1,2-H migration in dimeth-
ylcarbene. Previously, the barrier to 1,2-H migratiorDdfC

Q e Ui was calculated to be 4.7 kcal/mol by Evanseck and Hbuk
?822\21& 084 (MP2/6-31G*//RHF/6-31G*+ corrections) and 7.4 kcal/mol
1.092 @% g 1.096 (CCSD(T)/ANO+ ZPE) by Ford et a.Our “best” calculation

118 1.092 of the barrier height for the 1,2-H migration &MC is 7.3
J 110.7 © kcal/mol at the QCISD(T)/6-3HG**//B3LYP/6-31G* level
. although the additivity approximation led to a similar value (7.6
Singlet DMC

1.262

kcal/mol). As shown in Figure 2, a greater structural distortion
is required between singl®&MC and the transition state for
the 1,2-H migrationTS2) than is the case faviC. This required

1.332
1.274 distortion is partially responsible for the increased activation
1257 /9 barrier for 1,2-hydrogen migration iBMC relative toMC.
&Q Differential stabilization of the singlet carbene reactant upon
l-ggg 11:51:‘2‘ @ substitution of CH for H will be shown to be the major origin
®1j397 112.7 of the increased barrier height. Indeed, isodesmic reactions of
the form
TS2
H
R S P WY
Q 1479 L4790 @ o 10 DA " M
@\ & 1.094 X = CHs, C(CHa)s, CI
130.4
133.5 indicate that the singlet stabilization energy (SSE) of a methyl
1,090 1305 @1(1)(9)(5) group is 9-10 kcal/mol. That is, singlet methylcarbene is
1o 1100 stabilized by nearly 910 kcal/mol upon substitution of H with
Triplet DMC CHa.

Figure 2. Optimized structures and some geometric parameters for
dimethylcarbeneMC). Bond distances are in A, and angles are in
degrees.

kcal/mol (CH—C—H); thus it is not surprising that a second
methyl group reduces the-g splitting of DMC even further.
SingletDMC was optimized irC, symmetry, while tripleDMC
was optimized withCy, symmetry. The optimized geometries

Ford et ak found that the experimental barriers to 1,2-H
migration of DMC andDMC-ds in perfluorohexane were 2.6
and 5.6 kcal/mol, respectively. It was concluded that quantum
mechanical tunneling (QMT) contributes substantially to the
1,2-H migration o©DMC, which lowers the apparent barrier to
rearrangement. The barrier to rearrangeme@M(C -ds, where
tunneling will be less important than DMC, is in reasonable
agreement with the theoretical calculations. The lower than
expected barrier iIDMC -ds suggests that there may still be a

are presented in Figure 2, and the relative energies of minimacontribution of QMT to the 1,2-D migration iDMC -ds.

and transition states are listed in Table 2. TheTSenergy
separation was found to be 1.4 kcal/mol at the CCSD(T)/TZ2P
+ f + ZPVE level by Richards et &8 and 1.64 kcal/mol (MRCI

+ Q/ANO + ZPVE) by MF* We calculate that the -ST
separation becomes progressively smaller utilizing the HF/6-
31G*, MP2/6-31G*, B3LYP/6-31G*, MP2/6-3tG(2d,p), and
QCISD(T)/6-311#G**//B3LYP/6-31G* methods (Table 2).
QCISD(T)/6-31G*//MP2/6-31G* results deviate from this trend,
suggesting that the-ST separation is 3.0 kcal/mol. While the
smallest ST gap (0.04 kcal/mol) at QCISD(T)/6-3%1G**//
B3LYP/6-31G* indicates isoenergetic singlet and triplet states
in DMC, the additivity approximation to QCISD(T)/6-315-
(2d,p) indicates that singlddMC is the ground state by 1.4
kcal/mol.

CD3

c
co®”

CDs D
—_— >c=c/

D \D

The computed barrier to the 1,2-H migrationdMC is 5—6
kcal/mol greater than that ®C, and experimentally, the barrier
to rearrangement dDMC-ds is ~4 kcal/mol larger than that
of MC-d4, where tunneling effects will be less important than
in the parent isotopomers.

111.3. Chloromethylcarbene (CMC). Chloromethylcarbene
has bountiful bimolecular chemistry. It is formed efficiently from
the corresponding diazirine, and its reactions with alkenes have
large absolute bimolecular rate constants. Its lifetime in alkane
solvent at ambient temperature is hundreds of nanoseédnds.
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TABLE 3: Calculated Relative Energies (kcal/mol) of Chloromethylcarbene (CMC}

B3LYP/ MP2/6-3k QCISD(T)/6-31G*/  QCISD(T)/6-31%  QCISD(T)/6-3%
HF/6-31G* MP2/6-31G* 6-31G*  G(2d,p) MP2/6-31G* G*//B3LYP/6-31G* G(2d,py
CMC-S (Cy) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CMC-T (CJ) ~14.2 2.8 6.5 7.3 6.0 8.4 10.5
TS3(Cy) 21.9 12.1 13.5 10.4 15.1 13.1 13.4
chloroethene@)  —52.4 —62.6 ~56.0 ~59.7 —58.2 —55.2 -55.3

2 Relative energies include scaled zero-point vibrational energy (ZPVE) corrections and are reported at 0 K. Enthalpies at 298 K relative to
CMC-S at the HF/6-31G(d), B3LYP/6-31G(d), and MP2/6-31G(d) levels are listed in the Supporting Information. See Figure 3 for structures.
b Single-point energies include ZPVE computed at the MP2/6-31G* |é@&ihgle-point energies include ZPVE computed at the B3LYP/6-31G*
level. 4 The relative energies at QCISD(T)/6-8G(2d,p) were computed using the additivity approximatisdE = AE[QCISD(T)/6-31G*//MP2/
6-31G*] + AE[MP2/6-31+G(2d,p)] — AE[MP2/6-31G*] and include the scaled MP2/6-31G* ZPVE corrections.

Methods:
1084 1.490 148.4 HF/6-31G*
1.099 1.489 137.4 B3LYP/6-31G*
1.0%4 1.488 )Y 142.4 MP2/6-31G*
® @ .@ 1726
110.3 1.750
1093 0956 1714
LI0S 1508
1.103 :
Singlet CMC
1.370
F
1.395 1.761
S ©
1.370 1249 112.0
1.320 1.306 111.3
1.303 1292 111.1
TS3
1.487 1.700
1.084 ] 1.159 1.699
1.099 1.481 1.688
1.094&
W/
127.0
1.093 128.3
1.105 1274
1103®
Triplet CMC

Figure 3. Optimized structures and some geometric parameters for

chloromethylcarbeneQMC). Bond distances are in A, and angles are
in degrees.

is thought to have a singlet ground state as it reacts sluggishly

with molecular oxygen. This is understood intuitively as a

consequence of the donation of a pair of nonbonding electrons

on chlorine into the empty p orbital of the carbene.

Q .
/”4.0@ By “ \C _
H3C/O HyC”

Keating et al. computed activation barriers of 11.5 and 10.9
kcal/mol for the 1,2-H migration using the B3LYP/6-311G**//
B3LYP/6-31G* and MP2/6-31G* levels of theory, respectively.
For our calculations, singlet and tripleMC were constrained
in C; andCs symmetry, respectively, and then fully optimized.

These optimized geometries are depicted in Figure 3, and the

relative energies are given in Table 3. Using the QCISD(T)/6-
311+G**//B3LYP/6-31G* level, we calculate that the singlet

state is 8.4 kcal/mol more stable than the triplet state. The

additivity approximation increases the-$ energy separation
to 10.5 kcal/mol.
Keating et af observed bystander effects when there is alkyl

substitution on the methyl group bearing the migrating hydrogen.
Chlorine, relative to hydrogen directly bonded to the carbene

center, exerts a huge bystander effect on the 1,2-hydrogen
migration reaction and is computed to raise the activation barrier
to 13.1 kcal/mol at the QCISD(T)/6-33+15**//B3LYP/6-31G*
level. The QCISD(T)/6-3+G(2d,p) additivity approximation
is in agreement with this value and indicates that the barrier is
13.4 kcal/mol. Isodesmic reactions used to calculate the SSE
of chlorine indicate that singlet methylcarbene is stabilized by
nearly 19-20 kcal/mol upon substitution of H with Cl. This
value is nearly 10 kcal/mol greater than the SSE of a methyl
group, and is reflected in the increased barrier for the 1,2-
hydrogen migration i€MC relative toDMC. Indeed, donation
of the lone pair of electrons on chlorine into the empty p orbital
of the carbene makes chlorine a better singlet stabilizer than
alkyl substitution. On the other hand, an isodesmic reaction used
to calculate the analogous triplet stabilization energy (TSE)
indicated that the degree to which the triplet state of methyl-
carbene is stabilized upon substitution of H by Cl or sl
identical (-5 kcal/mol).

The experimentally determined barrier to the 1,2-H migration
in chloromethylcarbene is 4.9 kcal/nf8l.

X\ X H
/C: e \C=C<
Hs3C H/ H
X=H,Cl

Based on Ford et al2sstudy of dimethylcarbene and dimeth-
ylcarbeneds, it seems likely that QMT contributes to the
isomerization of chloromethylcarbene and lowers the apparent
barrier accounting for the discrepancy between the calculated
and measured values.

It has been experimentally demonstrated that chloroethylcar-
bene and chloroisopropylcarbene isomerize much more rapidly
than does chloromethylcarbeh® Methyl substitution to the
migrating hydrogen lowers the-€H bond dissociation energy
and stabilizes the developing positive charge that occurs on the
carbon bearing the migrating hydrogen in the transition 2fate.

H
CH3§ O CH3 HS_
CHj; AN o
cly —>» >—C
CI(O CH3 0 \CI

Ill.4. tert-Butyl Substituted Carbenes.tert-Butylcarbene
(TBC) rearranges by a 1,3-€H insertion (process A) or a 1,2-
methyl migration (process B). Process A is the major pathway

CH
CH; CH, A ° g Chs P
cH, <—— CHy—C—C—H —» C==C
ol
CHs s
TBC
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1506 128.4

1.553 1135

1.501 1288
1.568 1124 1.728
;9535 }1,555 112.2 1.758 1.496 1276
: , P 1.720 ®
= 1.704
1538 &
) 149.8 1545 1539 L1703
. 145.1 1533 & 1518 1.691
147.1 1338
1.540 :
}2‘3‘2 Singlet TBCC Triplet TBCC
1.290 Methods:
1.258 1139 HF/6-31G*
1.494 1.213 11574 B3LYP/6-31G*
112.0 MP2/6-31G* W
1.512
135 1388
XS 1210 J 14001125
1522 - N\ ‘ : 1.405111.9
1.525 \ W
1.517 X :
q 1509 \ NS\ 1826 1_51414;91(9
b 1. 1.790 1.521 1.845
L. 1.512 1.819
! 1.525
1.906 ;
1.533 ‘ 1.839
1.878  1.286
1522 a4 1.789
1.425
TS4A TS4B

Figure 4. Optimized structures and some geometric parameterftbutylchlorocarbeneTBCC). Bond distances are in A, and angles are in
degrees.

TABLE 4: Calculated Relative Energies (kcal/mol) oftert-Butylchlorocarbene (TBCC)?

B3LYP/ MP2/6-31+ QCISD(T)/6-31G*// QCISD(T)/6-31

HF/6-31G* MP2/6-31G* 6-31G* G(2d,p) MP2/6-31G* G(2d,py
TBCC-S (C1) 0.0 0.0 0.0 0.0 0.0 0.0
TBCC-T (Cy) -15.9 3.0 5.7 7.1 5.3 9.3
TS4A (Cy) 23.6 9.5 10.6 8.2 13.3 11.9
TS4B(Cy) 20.2 10.2 10.7 8.9 14.6 13.4
A(Cy -50.2 -60.8 —55.5 —54.7 -53.8 —47.7
B (Cy) ~58.6 —67.4 -64.1 -63.8 -62.8 ~59.2

@ Relative energies include scaled zero-point vibrational energy (ZPVE) corrections and are reported at O K. Enthalpies at 298 K relative to
TBCC-S at the HF/6-31G(d), B3LYP/6-31G(d), and MP2/6-31G(d) levels are listed in the Supporting Information. See Figure 4 for structures.
b Single-point energies include ZPVE computed at the MP2/6-31G* |6Vidie relative energies at QCISD(T)/6-8G(2d,p) were computed using
the additivity approximation AE = AE[QCISD(T)/6-31G*//MP2/6-31G*H AE[MP2/6-31+G(2d,p)]— AE[MP2/6-31G*] and include the scaled
MP2/6-31G* ZPVE corrections.

in the gas phas#.Although solvent dramatically influences the ylcarbene. Moss and co-workers have determined that the
observed ratio of 1,1-dimethylcyclopropane to trimethylethyl- absolute rate constants for processes A and B arex619P
ene?® bimolecular chemistry of BC has not been reported. and 2.4x 10° s1, respectively, at ambient temperature in
Attempts to studyTBC by the pyridine ylide method have so  isooctané®®

far been unsuccessful, indicating that the lifetime of this carbene

is very short £ < 100 ps)?* CHy CH; CHs CHy
These results are cons!stent with the calculations of Arm- ,—cC—cHel CHg—C—C—Cl Ne=c"

strong, McKee, and Shevlin (AMS5.Using the QCISD(T)/6- CH3/ [ CHG/ \CI

31+G(2d,p)//MP2/6-31G* level of theory, they computed that CH,

the barriers to 1,3-€H insertion and 1,2-methyl migration, are TBCC

0.1 and 3.7 kcal/mol, respectively, after zero-point energy

correction. It was not necessary for us to perform calculations  The optimized geometries and selected parameter86i1C

on TBC, due to the thorough study already described in the are shown in Figure 4. Singl&tBCC has G symmetry and
literature. AMS found that the-ST energy gap offBC is 3.4 the dihedral angle GIC—C—C is 149.8, 145.F and 147.1 at

kcal/mol, with the triplet being the ground st&te. the HF/6-31G*, B3LYP/6-31G* and MP2/6-31G* levels. Triplet
Although we have not performed calculations BBC, we TBCC hasC; symmetry. As expected, the-C—Cl bond angle
have studiedert-butylchlorocarbeneTBCC) and tert-butyl- of singletTBCC (112.2) is smaller than that of triplefIBCC

methylcarbeneTBMC ) by computational methods to examine (127.6) but is larger than that of singl&C (105.6) for steric
bystander effects on the rearrangementefbutyl substituted reasons at the MP2/6-31G* level of theory. Similarly, the

carbenes. calculated bond angle at the carbene center of sinpBE
tert-ButylchlorocarbeneOnce again, a chlorine substituent (111.8) is larger than that of singl&C (105.6). Nevertheless,
exerts an enormous bystander effd@CC is a relatively long- at the MP2/6-31G* level, tripleTBCC has a carbene bond

lived carbene in solutiore(> 90 ns)2%2%2|t undergoes efficient  angle (127.6) that is smaller than that of triplétIC (131.6)
bimolecular chemistry in a manner reminiscent of chlorometh- because of the electronegativity of the chlorine atom and its
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TABLE 5: Calculated Relative Energies (kcal/mol) of Singlet and Triplet tert-Butylmethylcarbene (TBMC) Conformers?
B3LYP/ MP2/6-314 QCISD(T)/6-31G*/  QCISD(T)/6-3H

HF/6-31G* MP2/6-31G* 6-31G* G(2d,p) MP2/6-31G* G(2d,py
TBMC -anti-(C,) singlet 0.0 0.0 0.0 0.0 0.0 0.0
TBMC -syn-(C,) singlet 0.8 1.1 0.9 1.3 0.9 1.1
TBMC -anti-(Cs) singlet 2.3 3.8 3.5 3.4 2.7 2.2
TBMC -syn-(Cy) singlet 0.8 1.4 1.2 1.7 0.9 1.1
TBMC -anti-(Cs) triplet —22.9 —6.2 -3.1 —2.0 —4.1 0.1
TBMC -syn-(Cs) triplet —22.0 —5.2 —2.4 -1.0 —-3.2 11

2 Relative energies include scaled zero-point vibrational energy (ZPVE) corrections and are reported at 0 K. Enthalpies at 298 K relative to
TBMC -anti-(Cy) at the HF/6-31G(d), B3LYP/6-31G(d), and MP2/6-31G(d) levels are listed in the Supporting Information. See Figure 5 for structures.
b Single-point energies include ZPVE computed at the MP2/6-31G* |IéVigie relative energies at QCISD(T)/6-8G(2d,p) were computed using
the additivity approximationAE = AE[QCISD(T)/6-31G*//MP2/6-31G*H AE[MP2/6-31+G(2d,p)] — AE[MP2/6-31G*] and include the scaled
MP2/6-31G* ZPVE corrections.

TABLE 6: Calculated Relative Energies (kcal/mol) oftert-Butylmethylcarbene (TBMC) and Related Transition States and
Products Formed upon Rearrangemerit

B3LYP/  MP2/6-3%-  QCISD(T)/6-31G*/  QCISD(T)/6-3%

HF/6-31G* MP2/6-31G* 6-31G* G(2d,p) MP2/6-31G* G(2d,p¥
TBMC -anti-(G) singlet 0.0 0.0 0.0 0.0 0.0 0.0
TBMC -anti (C) triplet —22.9 —6.2 -3.1 -2.0 —-4.1 0.1
TS5A (Cy) 195 4.2 6.2 3.3 7.4 6.6
TS5B(Cy) 21.0 7.1 8.7 6.1 11.3 10.3
TS5C(Cy) 17.5 5.7 7.9 4.1 8.4 6.8
product A —57.3 —71.9 —64.0 —66.2 —65.4 —59.6
product B —63.4 —75.5 —71.9 —72.0 —71.6 —68.1
product C —62.2 —74.6 —67.6 —72.5 —70.7 —68.6

@ Relative energies include scaled zero-point vibrational energy (ZPVE) corrections and are reported at 0 K. Enthalpies at 298 K relative to
TBMC -anti-(Cy) at the HF/6-31G(d), B3LYP/6-31G(d), and MP2/6-31G(d) levels are listed in the Supporting Information. See Figure 6 for structures.
b Single-point energies include ZPVE computed at the MP2/6-31G* I€éVigie relative energies at QCISD(T)/6-8G(2d,p) were computed using
the additivity approximation AE = AE[QCISD(T)/6-31G*//MP2/6-31G*H AE[MP2/6-31+G(2d,p)] — AE[MP2/6-31G*] and include the scaled
MP2/6-31G* ZPVE corrections.
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Figure 5. Optimized structures and some geometric parameters of the different conformers of @rtddetylmethylcarbeneTBMC). Bond
distances are in A, and angles are in degrees.

preference to form bonds to carbon rich in p character, despiteenergies by using an additivity approximatid The S-T

the steric effect. energy separation i59.3 kcal/mol and the barriers to pathways
The relative energies of singlet and tripf/EBCC are given A and B are 11.9 and 13.4 kcal/mol, respectively. It is clear
in Table 4. Itis very computationally demanding to stdd3CC that a-chlorine not only exerts a bystander effect on the 1,2-H

using a triple€ basis set and higher theoretical levels. Therefore, migration, but also on the 1,3-€H insertion and 1,2-methyl
we calculated the ST energy separation and the activation migration intert-butyl substituted carbenes.
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Figure 6. Optimized structures and some geometric parameters of the
carbene conformers of triplétrt-butylmethylcarbeneTBMC ). Bond

distances are in A, and angles are in degrees. 1.537

1373 1.543
tert-Butylmethylcarbene (TBMCYBMC can rearrange by i:ggg ﬁviggi
1,3-C—H insertion (A), 1,2-methyl migration (B), or 1,2- ﬂ 1539
hydrogen migration (C). Pyrolysis of diazirine or tosyl hydra- 1sao” © g
zone salt precursors leads to the products of processes A and C }jé?,‘i ©
in proportions of 48:51 and 47:52, respectively. The 1,2-methyl T1S5C

migration product is formed in only trace amoudtSimilarly,

hotolysis of the diazirine forms products A and C in proportions Figure 7. Optimized structures and some geometric parameteestof
P 4 P prop butylmethylcarbeneTBMC) transition states. Bond distances are in

. 27
of 33:53 A, and angles are in degrees.
CHy.  CHz A CHs g Ot CH, singlet by 1.4 kcal/mol. This deviation between methyl substitu-
e CHCH; e GHy——C —E—CHy ———» /\c=c< tion andtert-butyl substitution is explained by examining the
CHj N CH; CHz isodesmic calculations of the SSEs. At all levels of theory,
® methyl substitution stabilizes the singlet state relative to
TBMC methylcarbene more thatert-butyl substitution by %2
kcal/mol. HenceDMC is a ground-state singlet.
C The difference between the two substituents is due to steric
effects. The carbene bond angle of sindIC is 110.7 at
CHs the MP2/6-31G* level. ITBMC, steric repulsion increases the

bond angle to 1148 SingletDMC is 2—3 kcal/mol lower in
energy than the triplet state. Steric effects differentially desta-
CHg bilize singletTBMC and renders the singlet and triplet states
to be about the same in energy. Indeed, the additivity ap-
tert-Butylmethylcarbene has many possible conformations, proximation at QCISD(T)/6-31G(2d,p) produces the smallest
six of which have been considered. Their relative energies areS—T energy separation—0.1 kcal/mol), suggesting a singlet
listed in Tables 5 and 6, and the optimized geometries are shownground state foMBMC . Indeed, the singlet and triplet states
in Figures 5 and 6. TripletBMC -syn-(Cs) has one imaginary ~ of TBMC are essentially degenerate.

CH3=—C=—=CH=CH;

frequency, while singleTBMC -anti andTBMC -syn-(Cs) each The methyl group at the carbene carbon has a spectator effect
have two imaginary frequencies. The most stable singlet and on the rearrangements of thert-butyl group, but it is smaller
triplet conformers ofTBMC are singlet-anti<;) and triplet- than that of a chlorine atom. The barrier to 1,3 insertion

anti-(Cy), each with zero computed imaginary vibrational (pathway A) is 6.6 kcal/mol, and the barrier to 1,2-methyl
frequencies. All methods, including the additivity approximation, migration (pathway B) is 10.3 kcal/mol fofBMC at the
suggest a triplet ground state f@BMC. In contrast, the QCISD(T)/6-3H-G(2d,p) level. The rearrangement barriers of
additivity approximation indicates th&®MC is a ground-state  the tert-butyl group inTBMC (where CH is the bystander
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Figure 9. Plot of SSE relative to singlet methylcarbene verau.

group) are both about 4 kcal/mol smaller than thafT8ICC understood with the aid of isodesmic reactions of singlet
(where Cl is the bystander group) but are substantially larger carbenes, which yield singlet stabilization energies (SSE’s) as
than those ofert-butylcarbene. The barrier to 1,2-H migration a function of X, where SSE= AH of the following reaction

of TBMC (pathway C) is 6.8 kcal/mol, about 0.6 kcal/mol less

than that of dimethylcarbene. In both casesz@Hhe bystander H H\
group in the 1,2-H migration; however, the decreased barrier H\\u.c—'c'\ + CHg —— CoHsX + H\\“‘C_.C'
to 1,2-H migration inTBMC is likely due to the destabilization N4 X ¥ N

of TBMC from steric interactions.
_ _ As shown in Figure 9, plots of SSE verstisi* are linear with
IV. Discussion slopes of approximately 0-5L.0, depending on the theoretical

Calculations indicate that there is a substantial bystander effectl®Vel- Thus, the increase in barrier height with X is largely due
on the 1,2-migration of hydrogen in alkylcarbenes. The barrier t© the differential stabilization of the singlet carbene, relative

to rearrangement increases for=XH < C(CHs)s < CHs < to the transition state to rearrangement, by the substituent. This
is also illustrated in Figure 10, which plots SSE relative to singlet
x\ x\ /H methylene for the following isodesmic reaction
C: —_— Cc=C
Hsc/ H/ \H H

H“\..c—'c'\ + CHy ——» CHgX + CH,

Cl. Similar increases in barrier heights are predicted in the H X
rearrangements oért-butyl groups attached to a carbene center.
Previously, it has been shown that hyperconjugative interaction As expected, small substituent effects on the triplet state of
between alkyl groups and the carbene carbon can influencemethylene (Figure 11) do not correlate with the activation energy
which pathway will dominate when multiple rearrangements for 1,2-H migration. On the other hand, there remains fair
are possiblé8 correlation between the-ST energy separation ansH* (Figure

As shown in Figure 8, Polanyi type plots &H¥ versusAHy, 12) since the ST energy gap is affected to the greatest degree
are roughly linear for each theoretical level. This can be by the SSE (not the TSE) for the carbenes studied in this work.
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V. Conclusions

H < CHs; < C(CHg)s < CI. Isodesmic reactions indicate that
the bystander group at the carbene center influences the

We have investigated the bystander effects on alkylcarbenemagnitude of the activation barriers to rearrangement. Indeed,
rearrangements using both ab initio and density functional the function of the bystander group is to differentially stabilize
theory methods. The barriers to 1,2-hydrogen migration for the singlet states of the carbene reactant. The greatest singlet
CH3;—C—X — CH,=CH—X were found to increase for X stabilization was observed when the bystander group is chlorine.
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