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The mechanisms for the addition reactions of phenylhalocarbenes and phenyldihalomethide carbanions
with acrylonitrile (ACN) and trimethylethylene (TME) have been investigated using an ab initio BH and
HLYP/6-31G (d, p) level of theory. Solvent effects on these reactions have been explored by calculations
that included a polarizable continuum model (PCM) for the solvent (THF). These model calculations
show that for the addition of phenylhalocarbenes, a TME species may readily undergo addition reactions
with carbenes while ACN has a high-energy barrier to overcome. It was also found that phenyldiha-
lomethide carbanions do not readily add to the electron-rich TME. The cyclopropane yields only appear
to occur via addition of PhCBr to TME. However, the cyclopropanation proceeds not only via slow
addition of phenylhalocarbenes to ACN but also forms through the stepwise reaction of phenyldihalom-
ethide carbanions with ACN. Our calculation results are in good agreement with experimental observations
(Moss, R.A,; Tian, J.-ZJ. Am. Chem. So@005 127, 8960) that indicate that the cyclopropanation of
phenylhalocarbenes and phenyldihalomethide carbanions with ACN are concurrent in THF.

1. Introduction their preparation is typically achieved by cyclopropanation

Cyclopropanes are of interest as synthetic intermediates and€actions that involve the formal addition of a carbene to an
as biologically relevant moieties of constrained geometry, and alkene! The initial interaction between the empty p-like orbital

PE—— p T o 5020 0411.0696 of the carbene and the filled-orbital of the alkene plays an
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Fax: 86-20-8411-0696. important part in cyclopropanation reactions, and this has been
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attention, there has been much less interest shown in cyclopro-(4) for the reaction of phenyldihalomethide carbanions with
panation reactions involving carbanions. Hine used kinetic and ACN, a stepwise addition, rather than a concerted reaction, has
trapping experiments to demonstrate that the trichloromethide been postulated to account for these unprecedented TBABr
carbanion is one of the intermediates formed during the induced enhancements of PhCBr selectivity toward electron-
generation of dichlorocarbene by the basic hydrolysis of poor alkenes. To examine the mechanisms of these reactions,
chloroform in the 1950% Hine and co-workers also demon- we have undertaken a detailed investigation of the addition
strated that CGlcould be trapped by other halide ions to yield reactions of phenylhalocarbenes and phenyldihalomethide car-

trichloromethide carbaniond. Trihalomethides are well-  banions with trimethylethylene (TME) and acrylonitrile (ACN)
established intermediates in other dihalocarbene generativeby using density functional theory (DFT) calculations. The
methods, including the reaction of Nal with PhHgG&H8 and purpose of the present DFT study was to locate the transition
the phase-transfer catalytic generation of £/€CBr,,° In the states for the reactions and to carry out a vibrational analysis at

latter cases, evidence had been observed for rapid dihalocarbenehese stationary points. Thus, we hope to clarify the factors that
halide/trichloromethide equilibratior#82! Recently, Moss and  control the activation barriers for these addition reactions. We
Tiar?? observed that (1) the deliberate addition of halide ions also want to further investigate the effects of solvent on the
resulted in concurrent cyclopropanation of phenylhalocarbenesthermodynamic and kinetic properties of these reactions. It is
and phenyldihalomethide carbanions, and this allows a smoothwell-known that solvent effects play an important role in
modulation of the selectivity between electron-rich and electron- determining rates of reaction, equilibrium constants, and other
poor alkenes; (2) the addition of phenylhalocarbenes and quantities of chemical and biochemical processes. Our present
phenyldihalomethide carbanions with acrylonitrile (ACN) or study provides some theoretical information about solvent effects
trimethylethylene (TME) gave the PhCBr addition product (both on these kinds of reactions.

as syn/anti isomer mixtures); (3) addition of TBABr gave a

smooth increase in the relative reactivity of ACN versus TME; 2. Computational Methods

(1) (@) Gronert, S. liReactie Intermediate Chemistrioss, R. A., Platz, Geometries, energies, and first- and second-energy derivatives
M. S., Jones, M., Jr., Eds.; Wiley: New York, 2004; p 101. (b) Jones, M., of all stationary points were fully optimized by hybrid density
Jr.; Moss, R. A. InReactve Intermediate Chemistr\Moss, R. A., Platz, functional theory (DFT) using the GAUSSIAN 03 program sétte.

M. S., Jones, M., Jr., Eds.; Wiley: New York, 2004; p 273. (c) Bertrand, ;
G. In Reactie Infermediate Chemistoss, R. A., Platz, M. S., Jones, Exchange and correlation were treated by the BHandHLYP method,

M., Jr., Eds.: Wiley: New York, 2004: p 329. (d) Tomioka, H.Reactie which is based on Becke’s half-and-half mettfahd the gradient-

Intermediate ChemistryMoss, R. A., Platz, M. S., Jones, M., Jr., Eds.; corrected correlation functional of Lee et2alThis hybrid DFT

Wiley: New York, 2004; p 375. method gives more accurate barrier heights than other hybrid DFT
(2) Rondan, N. G.; Houk, K. N.; Moss, R. A. Am. Chem. S0d.98Q methods, such as B3LYP and B3P8@.he 6-31G7 basis set with

102, 1770. polarization (d) and (p) were used in all calculations (five-

(3) Houk, K. N.; Rondan, N. G.; Mareda, 3. Am. Chem. S0d.984 component d functions were used with 5d keyword). Vibrational

106, 4291. :
(4) Blake, J. F.; Wierschke, S. G.; Jorgenson, WJLAm. Chem. Soc.  frequency calculations at the BHandHLYP/6-31G (d, p) level of
1989 111, 1919. theory were used to characterize all of the stationary points as either
(5) Keating, A. E.; Garcia-Garibay, M. A.; Houk, K. N. Am. Chem. minima (the number of imaginary frequencies (NIMAG 0) or
So0c.1997 119 10805. transition states (NIMAG= 1)). The relative energies are, thus,

(6) Bernardi, F.; Bottoni, A.; Canepa, C.; Olivucci, M.; Robb, M. A. ; : A ;
Org. Chem1997, 62, 2018, corrected for vibrational zero-point energies (ZPE, not scaled), and

(7) (a) Moss, R. A.; Fedorynski, M.; Shieh, W-G. Am. Chem. Soc.  the transition states both to the reactants and the products direction
1979 101, 4736 (b) Moss, R. A.; Munjal, R. CTetrahedron Lett1979 in the reaction paths were examined by using the intrinsic reaction
19, 4721. (c) Smith, N. P.; Stevens, |. D. R.Chem. Soc., Perkin Trans.  coordinate (IRCY® Cyclopropanation reactions are usually done
21979 1298. (d) Moss, R. AAcc. Chem. Red98Q 13, 58.

(8) Jones, W. M.; LaBar, R. A.; Brinker, U. H.; Gebert, P. H.Am.

Chem. Socl1977 99, 6379. (23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
(9) Moss, R. A.; Guo, W.; Krogh-Jespersen, Ketrahedron Lett1982 M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
23, 15. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

(10) (a) Moss, R. A.; Perez, L. A.; Wlostowska, J.; Guo, W.; Krogh- Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Jespersen, KI. Org. Chem1982 47, 4177. (b) Moss, R. A.; Perez, L. A. Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Tetrahedron Lett1983 24, 2719. (c) Moss, R. A.; Kmiecik-Lawrynowicz, Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,

G.; Krogh-Jespersen, K. Org. Chem1986 51, 2168. X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
(11) Moss, R. A.; Shen, S.; Hadel, L. M.; Kmiecik-Lawrynowicz, G;  Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;

Wilostowska, J.; Krogh-Jespersen, K.Am. Chem. Sod.987 109, 4341. Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
(12) Moss, R. A Acc. Chem. Re%989 22, 15. Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
(13) Soundararajan, N.; Platz, M. S.; Jackson, J. E.; Doyle, M. P.; Oon, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

S-M.,; Liu, M. T. H.; Anand, S. MJ. Am. Chem. Sod 98§ 110, 7143. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
(14) (a) Moss, R. A; Fan, H.; Hadel, L. M.; Shen, S.; Wlostowska, J.; G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;

Wilostowski, M.; Krogh-Jespersen, Retrahedron Lett1987 28, 4779. Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

(b) Moss, R. A,; Ge, C. S.; Wiostowska, J.; Jang, E. G.; Jefferson, E. A.; M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;

Fan, H.Tetrahedron Lett1995 18, 3083. Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Haussian
(15) (a) Phillips, D. L.; Fang, W.-H.; Zheng, X. Am. Chem. So@001, 03, revision C.03; Gaussian, Inc.: Wallingford, CT, 2003.

123 4197. (b) Li, Y.-L.; Zuo, P.; Phillips, D. LMol. Simul.2004 30, 173. (24) Becke, A. D.J. Chem. Phys1993 98, 1372.

(16) Hine, J.J. Am. Chem. Sod95Q 72, 2438. (25) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
(17) (a) Hine, J.; Dowell, A. M., JiJ. Am. Chem. Sod 954 76, 2688. (26) (a) Truong, T. N.; Duncan, W. Chem. Physl994 101, 7403. (b)

(b) Hine, J.; Ehrenson, S. J. Am. Chem. Sod 958 80, 824. Zhang, Q.; Bell, R.; Truong, T. Nl. Phys. Chenil995 99, 592. (c) Durant,
(18) Seyferth, D.; Gordon, M. E.; Mui, J. Y.-P.; Burlitch, J. E.Am. J. L.Chem. Phys. Letf.996 256, 595. (d) Lynch, B. J.; Fast, P. L.; Harris,

Chem. Socl1967, 89, 959. M.; Truhlar, D. G.J. Phys. Chem. 200Q 104, 4811. (e) Espinosa-Gaeg!
(19) (a) Dehmlow, E. V.Annalen1972 148. (b) Dehmlow, E. V.; J.J. Am. Chem. So@004 126, 920-927.

Slopianka, M.Annalen1979 1465. (27) (a) Rassolov, V. A.; Ratner, M. A.; Pople, J. A.; Redfern, P. C.;
(20) Dehmlow, E. V.; Lissel, M.; Heider, JTetrahedronl977, 33, 363. Curtiss, L. A.J. Comput. Chen001, 22, 976. (b) Rassolov, V. A.; Pople,
(21) Dehmlow, E. V.; Broda, WChem. Ber1982 115 3894. J. A.; Ratner, M. A.; Windus, T. LJ. Chem. Phys1998 109 1223.

(22) Moss, R. A;; Tian, J.-2]. Am. Chem. So005 127, 8960. (28) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154.
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FIGURE 1. Reaction routes of phenylhalocarbenes and phenyldihalomethide carbanions with acrylonitrile (ACN) and trimethylethylene (TME).

in polar organic solvents for many carbene reactions. For the title 3. Results and Discussions

reaction, THF is almost exclusively used as the solvent. To consider o ) o )
the effect of the THF solvent on the title reaction, the polarized ~ The optimized stationary structures (minima, saddle points)
on the potential surfaces of the reactions are depicted schemati-

continuum model (PCM) was appliédand single-point energy
calculations were done at the BHandHLYP/PCM/6-3%1G (d, cally in Figure 1 with selected key geometry parameters (bond

p)//BHandHLYP/6-31G (d, p) level of theory using the geometries length and bond angles) listed in Table 1. The detailed structural
along the minimum energy pathway. The dielectric constant was parameters and energies for the structures determined here are
assumed to be 7.58 for the bulk THF. collected in the Supporting Information. The relative-energy and
the free-energy changes relative to the starting materials (PhCBr
+ACN, PhCBr+TME, PhCBp~ + ACN, and PhCBs +

TME) whether in the gas or solvent for these addition reactions

(29) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
M. J.J. Phys. Chem1996 100, 16098.
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TABLE 1. Calculated Optimized Geometry Parameters of the TABLE 2. Relative Energies and Free Energies (kcal/mol) for the
Reaction of Phenylhalocarbenes and Phenyldihalomethide Reactions of Phenylhalocarbenes and Phenyldihalomethide
Carbanions with Acrylonitrile (ACN) and Trimethylethylene (TME) 2 Carbanions with ACN and TME @
r(C'c» r(CifC® r(CC% r(C%Br% o(CxC3BrY species AEgad® AGgal® (298 K) AEsof®  AGsol® (298 K)
PhCBr PhCBr+ ACN 0.0 0.0 0.0 0.0
PhCBpB™ 2.018 synTS1 2.04 13.56 6.50 16.14
ACN 1.326 synTS2 7.43 19.72 13.13 22.86
TME 1.330 synPR1 —69.03 —56.11 —65.17 —54.22
synTS1 1.351 2.741 2.218 106.42 anti-TS1 2.97 14.70 6.46 16.43
synTS2 1.354 2.089 2.528 95.47 anti-TS2 9.35 21.42 13.11 22.93
synTS3 1.346 3.340 2.502 1.999 103.49 anti-PR1 —68.23 —55.45 —64.95 —54.11
synTS4 1.482 2.282 1.490 2.457 97.63 PhCBp™ + ACN 0.0 0.0 0.0 0.0
synTS5 1.434 1.708 2.705 2.032 105.67 synTS3 —10.01 0.97 0.96 12.01
SynINT 1.473 2.566 1.563 2.031 109.17 synINT —23.04 —10.54 —19.58 —8.59
synPR1 1.512 1.510 1.484 115.41 synTS4 —23.65 —10.66 —19.66 —7.78
anti-TS1 1.352 2.746 2.217 107.22 synTS5 6.54 19.77 13.74 25.68
anti-TS2 1.353 2.115 2.540 94.72 anti-TS3 —10.11 0.78 0.97 12.31
anti-TS3 1.342 3.465 2.582 2.002 103.95 anti-INT —22.67 —10.04 —20.31 -9.14
anti-TS4 1.480 2.314 1.498 2.375 100.29 anti-TS4 —22.79 —10.06 —20.71 —8.05
anti-TS5 1.426 1.740 2.730 2.021 96.06 anti-TS5 7.58 20.76 14.75 26.43
anti-INT 1.471 1.564 2.562 2.038 109.96 synPR1+ Br~ —63.03 —51.43 —67.56 —53.44
anti-PR1+ Br- —64.81 —53.16 —67.37 —53.6
r(Clc?) r(CC® r(CC® r(CBr¥)  o(ClC3Brd) PhCBr+ TME 0.0 0.0 0.0 0.0
synTS6 1357  2.246  2.519 108.33 synTS6 345 16.51 7.25 17.33
synTS7 2.39 15.37 5.74 15.36
synTS7 1.357 2.672 2.251 96.65 .
anti-TS6 3.52 16.79 7.12 17.25
synTS8 1.382 1.965 2.623 2.570 109.31 .
anti-TS7 2.33 15.32 5.94 15.73
synTS9 1.383 2.681 1.952 2.491 92.00
synPR2 —66.70 —52.71 —62.63 —51.33
synPR2 1.511 1.513 1.501 117.67 ti-PR2 6570 5155 6197 _5062
ant-TS6  1.357 2245 2519 108.14 antrne : - - -
: PhCBp + TME 0.0 0.0 0.0 0.0
anti-TS7 1.356 2.685 2.243 97.49
’ syn-TS8 23.88 36.75 26.31 36.74
anti-TS8 1.380 1.977 2.609 2.588 109.24
! synTS9 22.65 35.46 25.01 36.12
anti-TS9 1.383 2.669 1.948 2.529 96.29 _
ant-PR2 1511 1512 1502 118.03 synPR2+Br- =857/ —42.58 = ~63.15  ~4851
anti-TS8 24.63 37.22 25.70 35.67
a At the BHandHLYP/6-31G (d, p) level of theory, all distances are in  anti-TS9 23.35 35.79 25.16 34.59
angstroms and all angles are given in degrees. The structures of the reactioranti-PR2+ Br~  —55.12 —41.79 —62.79 —-48.01

refer to those shown in Figure 1.

2 These values were calculated at the BHandHLYP/6-31G (d, p) level

. . . of theory and include the zero-point energy correction employing a single-
are presented in Table 2. Unless otherwise noted, the relatlVepoint PCM calculation to model the effect of the solvent (THF) at the

energies and the free energies discussed later refer to the valugHandHLYP/PCM/6-313+G (d, p)//BHandHLYP/6-31G (d, p) level of
in THF solvent. Free-energy profiles for the reactions of theory.
phenylhalocarbene with ACN and TME are shown in Figure 2.

Finally, the exothermicity for the reaction of PhCBr(TBA) . S,
Br = (TBA)PhCBr was calculated to be 57.13 kcal/mol 0F synTS6(17.33) /o) synTS2(2286)
considering the solvation effect (THF), using M asamodel [ arsrry \ TSt (1644
molecule for the TBABr. Furthermore, the formed Ph&Bis I Syn 157 (15.36) \

quenched by alkenes immediately, and this makes the equilib- ¢ |

rium shift toward PhCBy. This indicates that the formation

of PhCBg™ is a very favorable process. In addition, for PhCBr, -10

the excitation energies from the singlet ground state to the first

triplet excited state are 4.1 kcal/mol (in THF). Thus, only the -20

singlet potential surface was considered throughout this work.
3.1. Cyclopropanation by Carbenesinspection of Figure

1 shows that the attack of carbon atom of the phenylhalocarbene , [

on C! or C? of the alkenes leads to the two different pathways, I /"

which all involve a concerted [2 1] addition through only 5oL ./ siere(sos it

one transition statesynTS1,synTS2,anti-TS1,anti-TS2,syn I #yn PR2 (51.3%) bRt o422

TS6, synTS7, anti-TS6, andanti-TS7) to yield a syn/anti  -60 Prehy v TWE PreBy v Aon

isomeric mixture product. Vibrational analysis shows that all

of these TS structures are a first-order saddle point with only

one imaginary frequency of 274i, 398i, 275i, 382i, 258i, 230i,

230i, and 229i cm! for synTS1,synTS2,anti-TS1,anti-TS2, at only one of the carbon atoms in the alkenes. For instance,

synTS6,synTS7,anti-TS6, andanti-TS7, respectively. More- the distances of &-C3 and G—C8 for synTS1,synTS2,anti-

over, the IRC calculations confirmed that these TSs connect TS1, anti-TS2,synTS6, synTS7,anti-TS6, andanti-TS7 are

the corresponding reactants and products. As shown in Figure2.741, 2.218; 2.089, 2.528; 2.746, 2.217; 2.115, 2.540; 2.246,

1, the transition states of all the reaction pathways investigated2.519; 2.672, 2.251; 2.245, 2.519; and 2.685, 2.243 A, respec-

have a common structure in which the carbene is slightly off- tively. This means that the mechanism of the singlet carbene

center. Examination of Figure 1 reveals that in all of the TS addition to the alkene is an asynchronous one. A similar

structures, the carbon atom of the carbene is initially attacked asynchronous approach has been previously found for the

- anti TS6
-syn TS7
- syn TS6
- anti TS7
- anti TS1
-~ syn TS2
--syn TS1
-~ anti TS2

Pikbdiis

FIGURE 2. Free-energy profiles for the addition reaction of phenyl-
halocarbene with ACN and TME.
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addition of a singlet carbene to ethylehi As the reaction goes ~ Table 2 lists the calculated free energies of activation and
from the reactant to the transition state, the distances betweerreaction of the reactions studied. The free energies of activation
the ¢ and G atoms change from 1.326 to 1.351, 1.354, 1.352, for the synTS1, synTS2, anti-TS1, andanti-TS2 are 16.14,
and 1.353 A forsynTS1, synTS2, anti-TS1, andanti-TS2, 22.86, 16.43, and 22.93 kcal/mol, respectively, and the free
respectively. FosynTS6,synTS7,anti-TS6, andanti-TS7, the energies of the reaction are54.22 and—54.11 kcal/mol for
distance of @-C? bond was also stretched from 1.330 to 1.357, syn and anti, respectively. TlsgnTS1 andanti-TS1 have lower
1.357, 1.357, and 1.356 A, respectively. These changes can bdree energies of activation thaynTS2 andanti-TS2 for ACN.
mainly attributed to the interaction of the phenylhalocarbene According to the frontier molecular orbital (FMO) analysis, the
with the s orbital of alkene associated with a slight elongation attack on € has nucleophilic selectivity but the attack of C
of the C—C2 bonds. The angles of%=C3—Br* and G—C3— has electrophilic selectivity for the ACN. Examination of Table
Br4 are 106.42, 107.22, 95.47, 94.72, 108.33, 108.33, 2 shows that the free energies of activation for syeTS6,
96.65, and 97.49 for synTS1, anti-TS1, synTS2, anti-TS2 synTS7,anti-TS6, andanti-TS7 are 17.33, 15.36, 17.25, and
synTS6, anti-TS6, synTS7, andanti-TS7, respectively. This  15.73 kcal/mol, respectively, and the free energies of reaction
indicates the onset of the %psp® rehybridization required for ~ are—51.33 and-50.62 kcal/mol for the syn and anti reactions,

cyclopropane formation. Furthermore, the-C3—Br* and G— respectively. These values indicate that the attack of the carbene
C3—Br* angles insynTS2, anti-TS2, synTS6, andanti-TS6 on the alkene has electrophilic selectivity whether féio€C?

are smaller than those 8ynTS1,anti-TS1,synTS6, andanti- of TME. Our calculations indicate that an electronegative or
TS6. This can mainly be attributed to the steric hindrance s-donating substitution has a large effect on the addition barriers.
between the phenyl and CN moieties that make the ©— In other words, the TME species readily undergoes addition
Br4 and G—C®—Br* angles distorted in theynTS2,anti-TS2, reactions with carbenes while ACN has a higher energy to

synTS7, andanti-TS7 structures. As the reaction goes from overcome the barrier to cycloaddition. From the above calculated
the transition state to the product, thé<C2 double bond results, we can see that attack &fG ACN and TME is the
completes its change from a double bond to a single bond andmajor pathway for these addition reactions and that these
the C—C?and C—C8 bonds become completely formed. From addition reactions will yield a syn/anti isomeric product mixture.
these changes in the bond distances and the bond angles, we Itis intriguing to compare the addition reactions for the TME
can find that all of the transition states have similar structures and ACN systems. The methyl substituent has suitabiiC
that are close to those of the reactants whether for the ACN or ¢-bonding orbital which will interact with ther bond which
TME cyclopropanation reactions. As will be discussed below, raises the energy of the HOMO and LUMO and thus renders
the cycloaddition reaction is exothermic. According to the the olefin to be more reactive as a Lewis base. Of course, the
Hammond postulat®, the reaction should have an early electrons of the HOMO are also delocalized onto the methyl
transition state close to the reactants and our results aresubstituent. The probability of attack by an electrophile will be
consistent with this. governed by the magnitude of the coefficient at a particular
Frontier molecular orbital (FMO) analysis has been successful atomic position. Polarization of the HOMO away from the point
in accounting for a range of addition reactions. Thus, the highestof attachment of the methyl substituent directs an electrophile
occupied molecular orbitallowest unoccupied molecular orbital ~ attack to that carbon. However, the CN substituent, which has
(HOMO—-LUMO) energies of PhCBr, TME, and ACN are a &* orbital which will interact with thesr bond, lowers the
calculated at the HF/6-31G level of theory on the basis of the energy of the HOMO and LUMO and thus renders the olefin
BH and HLYP/6-31G (d, p) structuré.According to this to be less reactive as a Lewis base and more reactive as a Lewis
theory, the electrophilic selectivity addition is dominated by acid. The electrons of the HOMO are also delocalized onto the
relatively small LUMO (carbene)HOMO (alkene) differential CN moiety. Polarization of the LUMO away from the point of
orbital energies, whereas the nucleophilic selectivity addition attachment of the CN substituent directs a nucleophilic attack
features small LUMO (alkene)}HOMO (carbene) differential  to that carbori?
energied 8 A small differential orbital energy leads to large 3.2. Cyclopropanation by a Carbanion.Cyclopropanation
transition state stabilization energies and, thus, to a lower by a carbanion is different from that of a carbene. The addition
activation energy. Our calculation results show that the dif- process simply involves a reversal of the steps in response to
ferential energies of the LUMO (carberel OMO (ACN) and an equilibrium constant that favors the addition product over
the LUMO (ACN)-HOMO (carbene) are 0.42108 eV and the alkene. The rate-determining step is the addition of the
0.43781 eV, respectively. The small difference between the nucleophile ki) to give the carbanion intermediate. This step
LUMO (carbene}HOMO (ACN) and the LUMO (ACN)- is then followed by a relatively fast loss of halide coupled with
HOMO (carbene) clearly indicates that the normally electrophilic ring closure ko). The rate constants of the alkene additions are
phenylhalocarbene is exposed as latent ambiphile in the reactiony/ery sensitive to the nature of the attached substituents and their
with ACN. However, the differential energies of the LUMO  ability to stabilize the carbanion intermedidée2 Table 2 lists
(carbene)HOMO (TME) and the LUMO (TME)}-HOMO the activation free energies and the reaction free energies for
(carbene) are 0.35212 eV and 0.53861 eV, respectively. Thethe addition reactions of phenyldihalomethide carbanions with
large difference between the LUMO (carben&)OMO (TME) ACN and TME in the gas phase and in THF solvents. The free-
and the LUMO (TME)}>HOMO (carbene) indicates an elec- energy profiles for the reactions are shown in Figure 3.
trophilic selectivity addition between phenylhalocarbene and  Inspection of Figure 1 shows that the attack between the
TME. The above calculated results are consistent with the carbon atoms of the phenyldihalomethide carbanion dwfC
experimental observations by Moss and co-workérk'a.22 ACN will lead to a stepwise pathway to yield the addition
product. First, a “Michael” addition of the phenyldihalomethide

(30) Hammond, G. SJ. Am. Chem. Sod.955 77, 334.
(31) Condon, S. E.; Buron, C.; Tippmann, E. M.; Tinner, C.; Platz, M. (32) Rauk, A.Orbital Interaction Theory of Organic Chemistrgnd ed.;
S. Org. Lett.2004 6 (5), 815-818. John Wiley & Sons, Inc.: New York, 2001; p 99.
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il Py ro 461i, and 462i cm!, respectively, and IRC calculations
50 [T ' confirmed that these TSs connect the corresponding reactants

ranti TS8(35.67) anti TS5 (26.43) . . .

| anti 759 (34.59) | ety 55 (25.68) and products) to yield syn/anti isomer product mixtures.
20 - / o bl PR Inspection of Table 1 reveals that the distances bfC are
ol / S \\ elongated by 0.107, 0.099, 0.052, 0.053, 0.050, and 0.053 A

I / A0 A with respect to those in ACN and TME. Meanwhile, th&-C

ol wy hN Br® bonds ofsynTS5, anti-TS5, synTS8, synTS9, anti-TS8,
ol / e Yo\ TS99 andanti-TS9 are elongated from 2.018 to 2.032, 2.021, 2.570,

I / e MMRELN Shi 2.491, 2.588, and 2.529 A, respectively. The-C3 and C—

-20 - i antiINT (:9.14) C8 bonds ofsynTS5, anti-TS5, synTS8, anti-TS8, synTS9,

I --&--syn TS andanti-TS9 are 1.708, 1.740, 1.965, 1.977, 1.952, and 1.948
30 i T A, respecitively. As the reaction goes from the transition state
40 | j TeTenTs to the product, the &-Br® bond is completely broken and the

- PR2+ Br - (48.01) \ C'—C? double bond completes its change from a double bond
-50 |- **syn PR2 + Br - (48.51) | E"°9Y A : -

[ (kealimol) syn PR1 +Br-(53.44) \y..y to a single bond and thel€C3 or C>—C3 single bond becomes

50 PhCBr, + TME PhCBr, + ACN  anti PR1+Br-(-53.6) completely formed.

From Table 2 and Figure 3, it can be seen that the free
energies of activation for the first step are calculated to be 12.01
and 12.31 kcal/mol fosynTS3 andanti-TS3, respectively, and

. that the free energies of reaction for the carbanion intermediates
carbanion and ACN leads to a very early asynchronousyis .
: very y asy USYS ( are —8.59 and—9.14 kcal/mol for thesyrrINT and anti-INT,

TS3 andanti-TS3 with a very small imaginary frequency of ; ) : .
y ginary freq y respectively. As we discussed above, this step also is the rate-

22i and 23i cnm?, respectively, and IRC calculations confirmed L . ST
that these TS connect the corresponding reactants and intermed€termining step. The small free energies of activation indicate

diates) with the distances of'!€C?, C2—C8 of 3.340, 2.502 that the formation of theynINT and anti-INT is a favorable
and 3.465, 2.582 A fosynTS3 andanti-TS3 r'espe’cti;/ely. processes. The relatively lower barriers found for the first step

Compared with ACN, the distance of-€C? is only elongated can mainly be attributed to the following two reasons. First,

by 0.019 and 0.015 A fosynTS3 andanti-TS3, respectively. there are only relatively small structural changes taking place
Furthermore. the distances oB-€Br* and g_érs are 1.977 as one goes from the reactants to the transition states. Thus,

1.999 and 1.993, 2.002 A and the«€C3—Br* angles are  Only 2 little energy is needed to go from the reactants to the
103.49 and 103.95 for synTS3 andanti-TS3, respectively. ~ transition states. Second, the addition of TBABr leads to the
These very early TSs lead to a carbanion i,ntermedisye( phenyldihalomethide carbanion which increases the nucleophilic
INT and anti-INT) stabilized by the attached CN substituent. Selectivity of the phenylhalocarbene. From INT to PR, the free
From Table 1, we can see that the distances!ef@, C2—C3 energies of activation are calculated to be only 0.81 and 1.09
are 2.566, 1.563 and 2.562, 1.564 A and the distanceg-of C kcal/mol for synTS4 andanti-TS4, respectively. The free
Br4 and G—Br5 are 1.987, 2.031 and 1.971, 2.038 A for the €nergies changes aret4.85 and-44.46 kcal/mol for syn and
synINT and anti-INT, respectively. Moreover, the 2 C3— anti, respectively, and the free energies of reaction-é58.44

Br4 angles are close to a tetrahedral angle (10%at# 109.96 and —53.6 kcal/mol for syn and anti, respectively. These
for thesynINT andanti-INT, respectively), suggesting that the calculation results indicate that the second ring closure step is
C8 atom has essentially 3pybridization and that the distance @ very favorable process. However, we have already demon-
of C1—C? (1.473, 1.471 A for thesynINT and anti-INT, strated that the attack on!Cfor ACN has electrophilic
respectively) is close to bond lengths expected for&Gingle selectivity, and .thus the increase of TBABr would make the
bond. These changes in the bond angles and bond distance§oncerted reaction an unfavorable pathway. From Table 2, one
show that the ¢&-Br5 bond will be cleaved and that the can see that the free energies of activation are 25.68 and 26.43
carbanion intermediate will yield a syn/anti isomer product kcal/mol forsynTS5 andanti-TS5, respectively. This means
mixture in one step through a ring closure T§TS4 and that the stepwise addition of the phenyldihalomethide carbanion
anti-TS4 with only one imaginary frequency of 177i and 142i With ACN will be the major reaction pathway. However, for
cm, respectively, and IRC calculations confirmed that these the addition of the phenyldihalomethide carbanions with TME,
TSs connect the corresponding reactants and intermediates)the free energies of activation are 36.74, 36.12, 35.67, and 34.59
Compared with INT, the distances of!-€C2 are slightly kcal/mol forsynTS8,synTS9,anti-TS8, andanti-TS9, respec-
stretched from 1.473, 1.471 A to 1.482, 1.480 A, respectively, tively, and the free energies of reaction ar¢8.51 and-48.01

and the @—Br5 bonds are nearly broken and now are 2.457 kcal/mol for syn and anti, respectively. These relatively high
and 2.375 A forsynTS4 andanti-TS4, respectively. Further-  barriers indicate that phenyldihalomethide carbanion does not
more, the distances of2€C? are shortened from 2.566, 2.562 readily add to the electron-rich TME.

to 2.282, 2.314 A, respectively. As the reaction goes to the |t is interesting to compare the addition reaction for the

FIGURE 3. Free-energy profiles for the addition reactions of the
phenyldihalomethide carbanion with ACN and TME.

product, the €-Br° bond is completely broken and thé-€C3 phenylhalocarbene and phenyldihalomethide carbanion. The

or C>—C3 single bond becomes completely formed. results of the calculations presented here indicate that the
The attack between the carbon atoms of the phenyldihalom- addition of the phenyldihalomethide carbanion seems to select

ethide carbanion with €of ACN or C! and G of TME will nucleophilically between ACN and TME. The phenyldihalom-

not lead to a stable carbanion intermediate and will rather ethide carbanion does not readily add to the electron-rich TME.
involve a concerted addition through only one transition state The cyclopropane yields only appear to occur via addition of
(synTS5,anti-TS5,synTS8,synTS9,anti-TS8, andanti-TS9 PhCBr to TME. However, the addition of the phenylhalocarbene
with only one imaginary frequency of 208i, 133i, 452i, 464i, seems to select electrophilically between ACN and TME. The
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cyclopropane forms not only via the slow addition of the ate yields a syn/anti isomeric product mixture in one step with
phenylhalocarbenes to ACN but also forms through the stepwisea very small barrier. (3) In good agreement with experimental
reaction of the phenyldihalomethide carbanions to ACN. In other observations, the phenyldihalomethide carbanions do not readily
words, the cyclopropanation by phenylhalocarbenes and phe-add to the electron-rich TME, and the cyclopropane yields only
nyldihalomethide carbanions with ACN is concurrent in THF, take place via addition of PhCBr to TME. However, the
and this is consistent with experimental observations by Moss cyclopropane forms not only via slow addition of phenylhalo-
and Tian that this cyclopropanation takes place concurréftly. carbenes to ACN but also forms through the stepwise reaction
of the phenyldihalomethide carbanions to ACN. In other words,
4. Conclusion the cyclopropanation by phenylhalocarbenes and phenyldiha-

In summary, this work has provided the first theoretical study lomethide carbanions with ACN is concurrent in THF.

for the title reactions. With the above analysis in mind, the
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