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Abstract: The protonation of the enolate of 3-fluorobutanoic acid by hydrogen cyanide was chosen as a suitable
computational model for the H/D exchange reaction of ethyl 3-ethoxybutanoate in ethaodiastereomeric

excess of 82% is found in the experimental system, compared to calculated selectivities which range from 84 to
91%, dependent on the level of theory used. Both cis and trans enolates yield similar diastereomeric ratios. In the
lowest energy transition state for each diastereomeric pathway-ttkel©nd is orientednti to the incipient C-H

bond. These two transition states are differentiated by steric forces, the higher energy diastereomer having a gauche
interaction between the Gtand CQH groups. The orientation of the-F bond in these two transition states is
rationalized as a stabilizing orbital interaction between the electrorvrmtbital of the enolate HCN bond and the
low-lying o* orbital of the C—F bond, an interaction also proposed by Anh to explain the selectivity of nucleophilic
addition to chiral carbonyl compounds. Alternatively, an electrostatic argument can account for the data. When the
C—F bond isanti to the incipient C-H bond, the dipole moment, and hence the electrostatic energy, is at a minimum.

Introduction only recently has proton transfer to an enolate been examined.
While the facial selectivity of proton addition to allylic alcohols
has been examined by Hehe¢ al., diastereomeric transition
states were not calculatédOther workers have looked at the
addition of nucleophiles ta,3 unsaturated carbonyl compounds,
a reaction which generates an enolate as an intermediae

The protonation of enolate anions is a reaction of great
importance in chemistry and biochemistry, but the stereochem-
istry of this reaction has not been well studied under non-ion-
pairing conditions. In the preceding manuscript, Moleial.

describe the diastereoselectivity of H/D exchange in ethoxide/ = .~ . :
ethanold of various ethyl 3-X-butanoate derivatives.A minimum energy conformation of this enolate was used to

combination of electronic and steric effects are used to explain ationalize the selectivity of protonation, but transition states
the observed diastereoselectivity. In this article, ab initio fOr this step were not calculated. This paper presents the first
molecular orbital theory will be used to model the experimental complete computational study of stereoselective protonation of
system with two goals in mind: reproducing the experimental an unsaturated carbon center.

results and further examining the mechanism of selectivity. Our computational model was chosen with several factors in

From a computational viewpoint, much attention has been mind. Mobhrig et al. found that the selectivity of protonation

paid to the diastereoselectivity of addition of nucleophiles to was relatively insensitive to a surprisingly large amount of
carbonyl compounds. Far fewer papers have looked at the structural variation. Specifically, diastereoselectivity was con-
selectivity of addition of electrophiles to alkenes. Hatkal. stant with changes in (a) the nature of the electronegative
calculated the energies of the diastereomeric transition statessypstituent, (b) the alkyl group of the ester, and (c) the steric
for addition of boranes to alkenes and successfully reproducedp ik of the protonating agent. In order to minimize the

experimental selectivities. Surprisingly, there is no work at o mnuter time needed, computational parameters were varied
fh'st. Ieveldzft.sophlfstlcatlotn fotr the |mp0rttanttc:se Og stereoie- so as to produce a model of minimum size, 3-fluorobutanoic
ective addition of & proton to an unsaturated carbon Center. , iy - A additional constraint was placed on the protonating
Several studies have been published on proton trafifiengh . .
agent: it had to have approximately the same gas-phésag
TSUNY, College at Geneseo. the G proton of 3-fluorobutanoic acid. _Otherwise a transition
* Carleton College. state for proton transfer would not exist. HCN was chosen.

® Abstract published if\dvance ACS AbstractSanuary 1, 1997. ; ; ity ;

(1) Mohrig, J. R.; Rosenberg, R. E.; Apostol, J. W.; Bastienaansen, M.; Finally, since selectivity in the experimental system has been
Evans, J. W.; Franklin, S. J.; Frisbie, C. D.; Fu, S. S.; Hamm, M. L.; Hirose,

. B.; Hunstad, D. A.; James, T. L.; King, R. W.; Larson, C. J.; Latham, a) Saunders, W. H., Jr.; Van Verth, J. E.Org. Chem )
C.B;H d, D.A;J T. L.; Ki R. W.; L C. J,; Lath 5 Saund W. H., Jr.; Van Verth, J. E.Org. Chem1995 60,

H. A.; Owen, D. A.; Stein, K. A.; Warnet, Rl. Am. Chem. Sod. 997, 3452-3458. (b) Saunders, W. H., It. Am. Chem. S04994 116 5400~

119, XXXX—XXXX. 5404. (c) Bernasconi, C. F.; Wenzel, PJJAm. Chem. Sod.994 1186,
(2) For leading references, see: (a) Coxon, J. M.; Houk, K. N.; Luibrand, 5405-5413.

R. T.J. Org. Chem1995 60, 418-427. (b) Cieplak, A. S.; Wiberg, K. B. (6) (@) Kahn, S. D.; Pau, C. F.; Chamberlin, A. R.; Hehre, W.. Am.

J. Am. Chem. S0d.992 114, 9226-9227. Chem. Soc1987 109 650-663. (b) Kahn, S. D.; Hehre, W. J. Am.
(3) (@) Houk, K. N.; Rondan, N. G.; Wu, Y.-D.; Metz, J. T.; Paddon- Chem. Soc1987, 109, 666-671.

Row, M. N. Tetrahedron1984 40, 22572274. (b) Masamune, S.; (7) () Thomas, B. E.; Kollman, P. Al. Org. Chem1995 60, 8375~

Kennedy, R. M.; Petersen, J. S.; Houk, K. N.; Wu, Y.-D.Am. Chem. 8381. (b) Kamimura, A.; Sasatani, H.; Hashimoto, T.; Kawai, T.; Hori, K,;

Soc.1986 108 7404-7405. Ono, N.J. Org. Chem.199Q 55, 2437-2442. (c) Hori, K.; Higuchi, S.
(4) For leading references, see: (a) ScheineAcs. Chem. Red.994 Kamimura, A.J. Org. Chem199Q 55, 5900-5905. (d) Miyata, O.; Shinada,

27, 402-408. (b) Gronert, SJ. Am. Chem. So0d.993 115 10258-10266 T.; Ninomiya, I. Naito, T.; Date, T.; Okamura, K.; Inagaksi, 5.0rg.

and also ref 5. Chem.1991, 56, 6556-6564.

S0002-7863(96)02632-7 CCC: $14.00 © 1997 American Chemical Society



488 J. Am. Chem. Soc., Vol. 119, No. 3, 1997

shown to be invariant to the solvent polarftyve felt that ab
initio work done in the gas phase would provide data relevant
to the experimental system.

Computational Methods

Ab initio calculations were performed using the Gaussiah 90
and Gaussian 92 program suites. Structures were optimized
using 3-21G or 6-31G* basis sets at the HartrBeck level.

All basis sets were used as implemented in Gaussiaall
stationary points were confirmed with analytical second deriva-
tives. All transition states had a single imaginary frequency in
the vibrational analysis. Electron correlation was accounted for
by using MoellerPlesset perturbation theo¥y. Standard
notation was employed, i.e. HF/6-31G*//HF/3-21G is equivalent
to a HF/6-31G* single-point calculation at the optimized HF/
3-21G geometry.

In single-point calculations involving the diastereomeric
transition states, diffuse functiol¥sand large basis sets such
as 6-31%#+G** were used to offset the dual problems of
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Figure 1. Potential energy surface for the protonation of the enolate
of acetic acid by HCN. Energies listed in parentheses are from an HF/
6-31G* optimization and are relative to the cyanide ion-dipole complex
with acetic acid set to 0.00 kcal/mol. Absolute energy of this species
is —245.222 25 Hartrees.

describing localized anions and of basis set superposition errorTable 1. Geometric Parameters for the Potential Energy Surface

(BSSE)!4 respectively. No correction for BSSE was em-
ployed?® Since the diastereomeric transition states have very
similar structures, a cancellation of errors should result when
calculating relative energiés.

Gaussian calculations were performed on a Cray X-EA-MP/
4-64 at the Minnesota Supercomputer Institute and on a Cray
Y-MP832 and a Cray C-90 at the NSF Pittsburgh Supercomputer
Center (Grant No. CHE920022P).

Results

Proton Transfer Reaction of Acetic Acid and Cyanide lon.
Before examining the potential energy surface of the enolate
of 3-fluorobutanoic acid, it is worthwhile to explore a much
simpler surface, that of proton transfer between the enolate of

acetic acid and cyanide ion. This system has the same general

features as the larger system (optimized at HF/3-21G and HF/
6-31G*) but has the advantage that much higher levels of theory
can be used in the calculations (optimized at HF/6-31**

and MP2/6-31G*). Figure 1, below, illustrates the five station-
ary points on this potential energy surface: starting materials
(enolate, HCN), complex, transition state, complex, and products
(acetic acid, cyanide ion). The complexes arise from the strong
attraction between the charge of the anion and the permanen
dipole of the neutral partner and is typical of ionic gas-phase
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Stewart, J. J. P.; Pople, J. Saussian 92Gaussian, Inc.: Pittsburgh, PA,
1992.

(11) For a complete description of the basis sets: Hehre, W. J.; Radom,
L.; Schleyer, P. v. R.; Pople, J. Ab Initio Molecular Orbital Theory
Wiley-Interscience: New York, 1986.

(12) Moller, C.; Plesset, M. Shys. Re. 1934 46, 618.

(13) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R.
J. Comput. Chenl983 4, 294-301.

(14) Boys, S. F.; Bernardi, iMol. Phys 197Q 19, 553.

(15) (a) Schwenke, D. W.; Truhlar, D. G.Chem. Phys1985 82, 2418~
2426. (b) Frisch, M. J.; del Bene, J. E.; Binkley, J. S.; Schaefer, H. F., Ill.
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for the Protonation of the Enolate of Acetic Acid by Hydrogen
Cyanide

NC T2 0
H
M —— «QH
o —(il
HF/ HF/ HF/ HF/

3-21G  6-31G* 3-21G  6-31G*
enolate ri o 00 7] NA NA
complex 1.999 2.090 101.1 103.1
TS 1.521 1.548 108.6 110.0
complex 1.107 1.094 109.9 110.0
acetic acid 1.078 1.079 109.3 109.6
enolate ra 1.137 1.132 ¢ 0.0 0.0
complex 1.102 1.105 12.4 25.9
TS 1.309 1.308 22.9 40.3
complex 2.098 2.335 28.8 22.9
acetic acid 0 00 31.1 31.0

HF/ MP2/ HF/ MP2/

6-31++G** 6-31G* 6-31++G** 6-31G*

acetic acid r; 1.079 1.089 6 109.5 109.3
TS 1.557 1.548 107.6 108.9
acetic acid r; 1.127 1177 ¢ 31.0 30.9

1.303 1.297 36.3 22.1

t

a Geometries for HCN.

reactionst’ In solution, ions are stabilized by the solvent, and
complexes are not seen. Since the transition state (TS) is only
5 kcal/mol higher in energy than the starting material complex
and nearly 25 kcal/mol higher than the product complex, it
should have structural features similar to the starting material
complex in accord with the Hammond postulate. However, an
examination of the geometric data in Table 1 shows that this
assumption is incorrect.

The following discussion will focus on the geometric
parameters for the TS found in Table 1. Both the distance from
C; to the transferred protorry) and the distance from the
cyanide anion to the protomy are significantly larger in the
TS than the corresponding values in the product and starting
material. This suggests that there is a substantial amount of
both bond making and bond breaking in the TS. Interestingly,
the H-C,—C; angle @) in the TS is very close to the tetrahedral
value, a result consistent with the findings of Burgi and Dunitz

(17) Olmstead, W. N.; Brauman, JJ..Am. Chem. So&977, 99, 4219~
4228.
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F O F O
A MOH
H H--CN
H_H H_F H_CHs 2R*,3S* Rotamers
F-(=CO,H O,H ’
@CH 2 Hﬁﬁc 2 H'ﬁcozH HF H_H H_CHs
o 5 . Hac-@-cozH ‘@-COZH H_(g-cozH
H

3-21G 0.00 1.65 2.03 NCH NCH CHq NCH F
6-31G"/6‘3-21G 0.00 0.40 2.42 7 8 9
Dipole Moment 1.92 2.90 2.85 3-21G 0.00 7
Torsion CCCC 288.8 184.7 67.5 6-31G*//3-21G 0.00 gig 73;

. . Dipole Moment 10.6 12.1 13.5
Rotational Barrier ~ 4-5 2.92 5-6 527 6-4 7.53 h
(6-31G*//3-21G) Torsion CCCC 190.2 281.4 64.4
Figure 2. Rotamers and rotational barriers of 3-fluorobutanoic acid. 5R* 3R* Rotamers
All structures are optimized using the HF/3-21G basis set. Energies
and rotational barriers are relative4pwhich is set to 0.00 kcal/mol. NCH CHj, NCH H NCH F
The absolute energy fot is —492.499 27 Hartrees (HF/3-21G) and @-co H _(8_ _@_
—494.731 59 Hartrees (HF/6-31G*). Dipole moments are in Debye. HH F 2 FH CSOZH HeC H HCOQH

. . 3
for nucleophilic attack on an unsaturated cefteFinally, the 10 1 12
degree of pyramidalizatiop] in the TS shows that the carbon  3.21g 0.64 4.72 6.11
accepting the proton is almost fully Shybridized. The fact 6-31G"//3-21G 2.26 5.31 4.88
. . . ipole Moment 10.8 13.6 12.2

that all of these geometric features are independent of basis setqsion ccce 67.0 2976 180.0

suggests that the modest basis sets use_d to Opt'mlze_ th(?:igure 3. Rotamers of 3-fluorobutanoic acid complexed to cyanide
structures for the 3-fluorobutanoate reaction also provide jon Ayl structures are optimized using the HF/3-21G basis set. The

reasonably accurate geometries for the higher level single-point25 3R and R 3R stereoisomers are depicted. Energies are relative to
calculations. 7, which is set to 0.00 kcal/mol. The absolute energy Toiis

The protonation of the enolate of 3-fluorobutanoic acid by —494.281 98 Hartrees (HF/3-21G) ardt97.040 71 Hartrees (HF/6-
HCN was carried out at the HF/3-21G and HF/6-31G* levels. 31G*). Dipole moments are in Debye.
The five important points on this potential energy surface are
analyzed in the following sections. )\//\

3-Fluorobutanoic Acid and Complexes with Cyanide lon. OH
The three minimum energy rotamers of 3-fluorobutanoic acid F CHq H
are shown in Figure 2. Since cyanide ion can complex with HQQ(O-)OH ngc(o.)ori ﬁ@c(o.)ou
either thepro-R or thepro-Shydrogen at ¢in each fluorobu- HaC F CH,

13 14

tanoic acid conformer, there are a total of six rotamers of the 15
mplex, which are shown in Figure 3. In both th id and 3-21G 0.00 0.78 2.69

compiex, ch areé sho Igure 3 bo € ac d and 6-31G*//3-21G 0.00 2.68 4.27

its cyanide complexes, electronic forces play the primary role pipole Moment 1.42 1.79 2.51

in determining the relative energies. The rotamers having the TorsionCCCC 223.9 37.8 294.3

smallest d!polg moments are lowest in energy. In t_he acid, this goyavional Barrier 13-14 11.7 1415 454 1513 3.61

conformation is achieved when the-€ bond isanti to the 6-31G*//3-21G

CO.H group,4, while in the acid complexes it is achieved when Figure 4. Rotamers and rotational barriers of the enolate of 3-fluo-
the C—F bond liesanti to the H--CN bond,7 and10. In the robutanoic acid. All structures are optimized using the HF/3-21G basis
gas phase it is not unusual for the conformer with the lowest set. Energies and rotational barriers are relativé3owhich is set to
dipole moment to also be lowest in energy, though this ordering 0-00 kcal/mol. The absolute energy fbB is —491.886 83 Hartrees
can change when a polar solvent is introdut&dsor the acid (HF/_3-ZlG) and-494.117 13 Hartrees (HF/6-31G*). Dipole moments
complexes there are three cases where the dipole moments ar@'€ i Debye.

comparabld (7,10), (8,12), and 9,11)}. In these instances steric
forces determine the relative energy ordering. In particdlar,
has a gauche interaction betweens@iHd CQH which is absent

Transition States. The six diastereomeric transition states
(20—25) for the reaction of HCN with the enolate of 3-fluo-
in 7, a factor which will recur in the examination of the transition robutanoic acid are shown in Figure 6. If the protonating agent
states. were DCN, the TS'20—22 lead to &R*,3S* products while

Enolate of 3-Fluorobutanoic Acid and Complexes with ~ the TS's23—25lead to R*,3R* products. Each TS connects
HCN. The rotamers of the enolate of 3-fluorobutanoic acid &n enolate-HCN complex with an acid-cyanide ion complex.
are shown in Figure 4. Again, the relative energies decrease WO TS's,20and23, were found by first locating the maximum
with decreasing dipole moment. Unlike the acid complexes, €nergy for proton transfer from the enolate complekésnd
only four enolate complexes are formed and are shown in Figure 18 t0 the acid complexeg and 10, respectively. The other
5. The HCN can complex to either the or thesi face at G TS's were located by maximizing the energy with respect to
of the enolate. It is difficult to rationalize the energy ordering, Proton transfer while minimizing the energy of the torsion about
especially since there are large changes in relative energies inC2—Cs. Despite numerous attempts, the sixth struct2se
going from the HF/3-21G to the HF/6-31G*//HF/3-21G levels connectingl2and19, could not be found at the 3-21G level of
of theory. Since the TS geometries are structurally similar to theory. However, a lower limit of the energy @5is provided.
the acid complexes, a more complete study of the enolate AS was the case for the acid, enolate, and acid complex

complexes was not carried out. rotamers, the TS with the lowest dipole moment for each
: : diastereomer is also lowest in enerd30,( 2R*,3S* and 23,
50&}5,?)5%2;9" H.B.; Dunitz, J. D.; Shefter, B. Am. Chem. S0d973 95, 2R*,3R*). In both of these TS'’s, the €F bond is alignednti

(19) Wong, M. W.; Frisch, M. J.; Wiberg, K. BJ( Am. Chem. Soc. 1O the incipient G—H bond. The relative energies 8D and
1991, 113 4776-4782. 23, which have similar dipole moments, are determined by steric
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F O-
MOH
H H-CN
2R*,3S" Rotamers
F
H | He CHg
ﬁ%oqw H«%C(O-)OH
HaCHCN NCH
16 17
3-21G 0.00 -4.59
6-31G*//3-21G 0.00 2.40
Dipole Moment 1.58 3.22
Torsion CCCC 208.5 34.0
2R*,3R* Rotamers
NCH CH, NCH!l:
H‘gC(O-)OH H—é\%(O-)OH
Hok HaC
18 19
3-21G 0.08 -5.47
6-31G*//3-21G 2.02 -0.12
Dipole Moment 0.77 3.52
Torsion CCCC 45.4 215.2

Figure 5. Rotamers of the enolate of 3-fluorobutanoic acid complexed
to HCN. All structures are optimized using the HF/3-21G basis set.
The 253R and R,3R stereoisomers are depicted. Energies are relative
to 16, which is set to 0.00 kcal/mol. The absolute energy ¥6ris
—494.269 56 Hartrees (HF/3-21G) ardl97.017 86 Hartrees (HF/6-
31G*). Dipole moments are in Debye.

F O

OH
H H-CN

2R*,3S* Rotamers

H F H H H CH,
H C,@-cozH F~(=-cozH H-(F-coH
?\ICH H NCH cH, NCH g
20 21 22
6-31G* 0.00 50.00 3.53 (4.55) 5.55 }6.58)
Dipole Moment 4.73 (4.97 5.51 (8.08) 7.62 (10.81)
Torsion CCCC 189.8 (183.6) 284.0 (278.9) 49.5 (48.8)
2R*,3R* Rotamers
NCH CH, NCH H NCH /F
H—Q—COQH F~(5FCoH  He=(3=CO.H
\
H F H CH, H H
23 24 25
6-31G* 1.42 (2.01) 2.68 (3.14) >4
Dipole Moment 4.85 (5.46) 7.77 (10.81) NA
Torsion CCCC 58.1 (68.0) 284.9 (292.7) NA

Figure 6. Transition states for the addition of HCN to the enolate of
3-fluorobutanoic acid optimized at the HF/6-31G* geometry. TE8R

and R 3R stereoisomers are depicted. Values in parentheses refer to
the trans isomer at the HF/6-31G*//HF-3-21G level of theory. Energies
are relative to20, which is set to 0.00 kcal/mol. A&5 was never
located, an estimate of the relative energy is provided. The absolute
energy for20is —497.011 24 Hartrees (HF/6-31G*). Dipole moments
are in Debye.

forces. Gauche interactions between thes@rtd CQH groups

of 23, not present irR0, account for the higher energy of the
former. While it is clear that the relative energies of the other
TS’s are higher thar20,23 due to less favorable electronic
interactions, we will not attempt to rationalize their ordering.

Diastereomeric excesses (de’s) are calculated using a Bolt-

zman weighted sum of TS’s for each diastereomer and are
shown in Table 2. Since contributions to the stereoselectivity
decrease exponentially with increasing energy, only the lowest

Rosenberg and Mohrig

Table 2. Diastereomeric Excesses (%) Calculated at 298 K
HF/3-21G geometry HF/6-31G* geometry

HF/ HF/ HF/ MP2/
3-21G 6-31G* 6-31G* 6-311++G**
cis enolate 19.8 91.1 83.6 86.8
trans enolate 93.4 97.6 97.1 97.2

@ A scaled correction which includes zero-point and thermal energy
corrections is applied to the energy at 0 K. Foresman, J. B.; Frisch,
A. Exploring Chemistry with Electronic Structure Metho@aussian,
Inc.: Pittsburgh, PA, 1996; pp 639.° Only the lowest energy isomer
for each diastereomer is used for this calculation.

energy TS for each diastereom20,and23, figures significantly
in the calculation. While there is little selectivity predicted at
the HF/3-21G level of theory, de’s favoring thB*23S* isomer
of 84% and 87% were found at higher levels of theory, HF/6-
31G*/[HF/6-31G* and MP2/6-3t+G**//HF/6-31G*, respec-
tively. The small changes in the energy difference betv&ien
and23 on going from the HF/6-31G* to the MP2/6-3t1#G**/
IHF/6-31G* level of theory suggest that similar results would
be obtained using geometries optimized with correlated wave
functions. The calculated de is remarkably close to the
experimental de of 82% in favor of théR®2,3R* diastereomer
found for the H/D exchange of ethyl 3-ethoxybutanoate in
ethanold. Note that the R*,3S* isomer in this work corre-
sponds to the R*,3R* isomer in the experimental study due to
a change in the priority ordering for the assignment af C
Enolate Geometry. The computational work above used the
cis enolate exclusively to reproduce the experimental results of
Mobhrig et al' The deprotonation of esters in tetrahydrofuran

-0 CH(F)CH;

>=< -0, - H
HO H HO> :CH(F)CHS
cis- Enolate trans- Enolate

(THF) leads primarily to the trans enolate, though addition of
polar additives such as hexamethylphosphoric triamide (HMPT)
reverses this selectivi?. The situation in ethanol, which was
used by Mohriget al, is less clear. While the more stable
enolate is probably cis, it is reasonable to assume that in ethanol
the kinetic enolate will react faster than it isomerizes. Clearly
it is important to determine the diastereoselectivity of the trans
enolate.

The lowest energy conformation of the trans enolate was
calculated to be 1.5 kcal/mol less stable than the cis enolate.
Similar to the results found for the cis enolate, five TS’s
corresponding t®0—24 were found at the HF/3-21G level of
theory. Energies, dipole moments, and the torsional angles of
the carbon skeleton for the trans isomer are listed in parentheses
in Figure 6, next to the values for the cis isomer. As with the
cis enolates, the orientation of the—<€ bond in the trans
enolates isnti to the incipient C-H bond in the lowest energy
TS for each diastereomer. Moreover, the isomer corresponding
to 20was nearly 2 kcal/mol more stable than that corresponding
to 23 at every level of theory which was studied. Indeed, if
selectivity is calculated using only the lowest energy TS for
each diastereomer, the de of the trans enolates favoring the
2R*,3SF isomer is 93%, 98%, and 97% at the HF/3-21G, HF/
6-31G*//HF/3-21G, and MP2/6-311+G**//HF/6-31G* levels
of theory, respectively. The de is slightly higher than that
predicted for the cis enolate. The important point, however, is
that in this system the enolate geometry does not significantly
affect the diastereoselectivity of electrophilic attack.

(20) Ireland, R. E.; Wipf, P.; Armstrong, J. D., 1. Org. Chem1991,
56, 650-657.
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Discussion

Orbital Explanations of the Diastereoselectivity. The
computational results from this work can be analyzed in light
of several existing theories of stereoselectivity. In the addition
of nucleophiles to chiral carbonyl compounds, Felkin postulated
that the incipient bond between the nucleophile and carbonyl
carbon would be staggered with respect to the bonds ofithe
carbon in order to avoid unfavorable torsional interactins.
To minimize steric interactions, the carbonyl carbencarbon
bond would rotate so as to orient the large grauni to the
incoming nucleophile. The medium group would preferentially
be oriented “inside”, gauche to the carbonyl group. Later, Houk
generalized Felkin’s model to include the addition of radicals
and electrophiles to unsaturated centérdde suggested that
the preferred orientation of the medium group would vary
depending on the specifics of the system. While these ideas
are well accepted, the effects of electron-donating and electron-
withdrawing groups attached to tlecarbon are still contro-
versial. For nucleophilic addition to carbonyls, Anh suggested
that favorable orbital interactions between tffeorbital of the
substituento. carbon bond and the orbital of the forming
nucleophile-carbonyl carbon bond would be maximized with
the strongest electron-withdrawing groampti.® This idea was
again generalized by Houk to electrophilic attdtKn this case,
the strongest electron donor at thecarbon would lieanti to
the incoming electrophile in order to maximize favorable orbital
interactions between theorbital of the donor and the* orbital
of the incipient bond. Arguing that incipient bonds are
inherently electron deficient, Cieplak reasoned that the dominant
stabilizing interaction should be between therbital of the
substituent-o. carbon bond and the* orbital of the nucleo-
phile—carbonyl carbon bon¢. Thus, the orbital stabilization
is maximized when the strongest electron donating group lies
anti to the incoming reagent for both electrophilic and nucleo-
philic addition.

The computational work from this study is very much in
accord with the generalized Felkin model of Houk. Indeed, all
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rich or electron poor in the transition state. Since the Cieplak
model assumes that this bond is electron poor, it is has no
bearing on our study.

It is worthwhile to see how these ideas fit with the
experimental data of Mohrigt all Let us assume that the
transition state for reaction of ethamblwith ethyl 3-X-
butanoates has a staggered conformation in accord with Houk's
generalization of the Felkin model. Clearly, when Xtést-
butyl, it will be large and lieanti to the electrophile. Selectivity
will arise from the energy difference between two rotamers:
(1) the methyl group lies on the inside and the hydrogen on the
outside and (2) the hydrogen lies on the inside and the methyl
group on the outside. The major product is consistent with the
second case being lower in energy. This assumption is
reasonable, since gauche interactions between the methyl group
and ester functionality are absent in the second case. When X
is methoxy, ethoxytert-butoxy, cyano, trifluoromethyl, and
fluoro (computationally), it acts as the large group since the
direction of the selectivity is the same as when Xeg-butyl.

The electron-withdrawing nature of the X group at carbon-3
through theo system seems to be the primary stereochemical
determinant, as this feature is common to all these groups.
Interactions of ther-system in X play little or no role, since
donating (alkoxy), withdrawing (cyano), and neutral (trifluo-
romethyl) X groups all lead to the same diastereomer as the
major product. It might be argued that when X is electron
withdrawing, methyl lies anti, X inside, and hydrogen outside.
While giving the observed major products, this alternative
hypothesis is at odds with our computational results, which
successfully reproduce both the magnitude and direction of the
observed selectivity.

Electrostatic Explanations of Diastereoselectivity. An
alternative viewpoint, independent of orbital interactions, is that
the most energetically favored pathway in the protonation of
the enolate of 3-fluorobutanoic acid will minimize electrostatic
repulsion in the transition state. This can be viewed in two
ways. The partially negative F atom should be kept at a
maximum distance from the partially negative N atom to

of the calculated transition states are staggered with respect tyinimize electrostatic repulsion. Alternatively, the-€ and

the incoming electrophile. However, the lowest energy transi-
tion states have F, an electron-withdrawing groamtj to the
incoming electrophile, HCN, in seeming violation of both the
Anh—Houk and Cieplak models for electrophilic addition.
These theories were designed for a general electrophile, E
adding to a weakly nucleophilic alkene, such as allyl alcohol.
In our system, the alkene component is the ester enolate while
the electrophile is HCN. The highly nucleophilic enolate anion
donates a large amount of electron density into the forming
C---H bond. Hence, stabilization should result from donation
by the o orbital of the incipient bond into the* orbital of the
antiperiplanar electron-withdrawing group. This is identical to
the explanation used by Anh to account for nucleophilic addition
to carbonyls. Thus, electronic effects are not necessarily
governed by whether an electrophile or a nucleophile adds to

an unsaturated center, but whether the incipient bond is electron

(21) (&) Cherest, M.; Felkin, H.; Prudent, Nletrahedron Lett1968
2199-2204. (b) Cherest, M.; Felkin, Hletrahedron Lett1968 2205
2208.

(22) Caramella, P.; Rondan, N. G.; Paddon-Row, M. N.; Houk, KIJ.N.
Am. Chem. Sod 981, 103 2438-2440.

(23) (a) Anh, N. T.; Eisenstein, low. J. Chim 1977, 1, 61. (b) Anh,
N. T. Top. Curr. Chem198Q 88, 145.

(24) Houk, K. N.; Paddon-Row, M. N.; Rondan, N. G.; Wu, Y.-D;
Brown, F. K.; Spellmeyer, D. C.; Metz, J. T.; Li, Y.; Loncharich, R. J.
Sciencel986 231, 1108-1117.

(25) (a) Cieplak, A. SJ. Am. Chem. Sod 981, 103 4540-4552. (b)
Cieplak, A. S.; Tait, B. D.; Johnson, C. B. Am. Chem. So0d.989 111,
8447-8462.

H—CN dipoles should be aligned so as to minimize the overall
dipole moment. Either formulation correctly predicts that
transition states where the—& bond isanti to the incipient
C—H bond, i.e.20 and 23, will be lowest in energy. This
argument is not unique to our system. Hehre used electrostatic
arguments in an ab initio study of electrophilic addition to chiral
allylic alcohols® Recently, in two unrelated studies on the aldol
reaction, the Evans laboratorfésind the Boeckman laborato-
ries?’ argued that transition state conformations where the
dipole—dipole interactions were lowest led to the major observed
products.

Two “experiments” were used to help support this argurdent.
First, the cyanide anion was removed from the transition state
structures and the resulting energies were recalculated. The
relative energies became scrambled relative to the parent system,
as shown in Table 3. Interestingly, tB6,23 energy difference
remains constant at just above 1 kcal/mol, even though these
two conformers are no longer the minimum energy structures.

In the second experiment, the cyanide ion was replaced by a
negative charge of 0.5 & 4 A from C; along the G—H bond
vector. The magnitude and position of this charge was chosen

(26) Evans, D. A,; Dart, M. J.; Duffy, J. L.; Yang, M. @. Am. Chem.
S0c.1996 118 4322-4343.

(27) Boeckman, R. K., Jr.; Connell, B. J. Am. Chem. Sod.995 117,
12368-12369.

(28) Paddon-Row, M. N.; Wu, Y.-D.; Houk, K. Nl. Am. Chem. Soc.
1992 114, 10638-10639.
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Table 3. Simulation of Stereoselectivity Using a Point Charge Conclusions

ISomer 20 22 2 23 2 The diastereoselectivity of H/D exchange of ethyl 3-X-
dipole moment (Debye) 473 6.08 7.61 485 7.76 pytanoate derivatives in ethoxide/ethaned studied by Mohrig
MP2/6-31}+G*//HF/6-31G* 0.00 4.51 6.36 1.49 3.58 et al,! has been modeled by ab initio calculations of the
experiment 1, deletion of cyanitle0.00 —0.97 —1.16 1.18 —4.80 transition states for addition of HCN to the enolate of 3-fluo-
experiment 2, charge inserted  0.00  2.73  7.35 1.22-0.97 robutanoic acid. This work is the first complete computational
stabilization on adding charge  6.35 2.65-2.16 631 2.52 study of stereoselective protonation of an unsaturated carbon

a See text for a description of experiments 1 and 2. Energies are center.

relative t020, set to 0.00 kcal/mol. Energies calculated using the HF/ . PR ; S ~ ;
6-31G* basis set at the HF/6-31G* optimized geometry. Absolute The C-F bond is Onen.t.eantl to the 'nCIPIent. C-H bond in
energy for 20 in Hartrees is—404.666 38 for experiment 1 and the lowest energy transition state for each diastereomer. In a

—404.676 50 Hartrees for experiment "Equals absolute energy ~ comparison of the lowest energy transition state conformers, it
(experiment 1)- absolute energy (experiment 2) in kcal/mol. was found that a gauche interaction between the &td CQH
groups raises the energy of thB*23R* relative to the R*,3S*
to coincide with the calculated chaf§end position of the N transition state.
atom. Compared to the results of the first experiment, the A Boltzman distribution of the five transition structures
resulting relative energies in Table 3 have several features of|gcated shows that the diastereomeric excess (de)-98%,
note. With the exception a4, the crude ordering seen in the  fayoring the &*,3S* isomer at all but the lowest level of theory
parent system is recovered: ison®ris more stable tha@3, studied. This compares well with the de of 82% found in
which, in turn, is significantly more stable th@i and22. The ethanol solution for the H/D exchange of ethyl 3-ethoxybu-
change on going from experiment 1 to experiment 2 is most tanoate. Both cis and trans enolates led to similar de’s.
sta_bilizing t0.20’23’ suggesti_ng that these_structures are situa_lted The energetic preference for the-€ bond to lieanti to the
pptlmally to interact with either a negative charge or cyanide incoming electrophile is rationalized as a stabilizing orbital
lon. Prgsumably, !f the ch.arge had been placed closer to theinteraction between the electron riotorbital of the enolate
ester or increased in magnitude, isor@@mot 24 would be the HCN bond and the low-lying™ orbital of the G—F bond, an
global minimum. X

However, the quantitative merits of these “experiments” are
secondary. Importantly, the cyanide anion is critical in the gas
phase for determining the relative energies of the diastereomers
Moreover, the effects of the counterion can be mimicked to a
great extent by a test charge with an appropriate magnitude an
position.

As in the previous section, it is worthwhile to compare the
calculated results with experimental data. Moteigal. have
shown that there is little or no effect of the solvent on the experi-
mentally observed diastereoselectivity of H/D exchange, once
ion-pairing effects are removédTherefore, it is reasonable to
assume that the calculated results, which are in the gas phas
and are thus relevant to solution studies in nonpolar solvents,

are also applicable to results in ethadolHowever, electrostatic Ack led t This i tigati ted b
effects, and hence the selectivity, should decrease as the cxknowiedgment. IS Investigation was supported by

dielectric constant of the medium increases, which is not seen.grants from the donors of the Petroleum Research Fund and

Though attenuated in ethanol, the electrostatic effect may still the Cam|l_le and Henry D_reyfus Foundation. Th_e calculations
be strong enough to orient the polar group atdhearbonanti were carried out at the Pittsburgh Supercomputing Center and

to the incoming electrophile. Attempts at modeling the effect ]E:]eth"? nesotamSurper%emll;# ting?tl]Eme V:'tQ t:;? ?t;dBofv%:gn:s
of the solvent computationally led to inconclusive reséflts. 0 ose centers. We tha olessor renne : €rg

These data are contained in the Supporting Information. for helpful discussions.

interaction proposed by Anh to explain the selectivity of
nucleophilic addition to chiral carbonyl compounds. It is
concluded that electronic effects are not necessarily governed
by whether an electrophile or a nucleophile adds to an
unsaturated center but whether the incipient bond is electron
dich or electron poor in the transition state.

An electrostatic argument is advanced which also supports
the data. The cyanide anion and partially negative fluorine are
situatedanti to minimize electrostatic energy. Replacement of
the cyanide ion by a realistic test charge reproduces many of
the features of the parent system. Since selectivity in the
gxperimental system is solvent independent, the calculated gas
phase results should be highly relevant to the solution studies.
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