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reference compound, mp 152-153 °C.

Anal. Caled for C;;H;;NO,S: C, 54.30; H, 7.04. Found: C,
54.28; H, 7.14.

Cyclohexanecarboxamide with 2. The yellow solution was
kept overnight at room temperature, whereupon cyclohexyl-
ammonium tosylate separated: yield, 2.44 g (80%); mp 181-183
°C (lit.2! mp 184 °C); reference compound, mp 183-184.5 °C.

Reaction of Malonamide with 2. A mixture of malonamide
(1.02 g, 10.0 mmol), 2 (3.92 g, 10.0 mmol), and CH;CN (40 mL)
was heated for 1 h under reflux. The pale yellow mixzture that
resulted was filtered to give 0.19 g of a solid (mp 338-341 °C dec)
presumed to be ammonium tosylate (lit.!® mp 345-346 °C). The
filtrate was concentrated on a rotary evaporator, and the residual
material was triturated with Et,0 (50 mL) to give crude 2-(to-
syloxy)malonamide as a yellow, crystalline solid: yield, 2.20 g
(81%); mp 162-172 °C dec. Treatment of 0.5 g of the crude
product with H,0 (20 mL) returned 0.33 g of product as a white
powder; mp 183.5-185.5 °C; 'H NMR (Me,SO-dg) 6 2.43 (s, 3 H),
5.07 (s, 1 H), 7.2-8.1 and 7.57 (overlapping AA’'BB’ m and br s,
8 H), 2.06 and 3.37 (weak s, impurities).

Anal. Caled for Ci;H3N,OsS: C, 44.11; H, 4.44. Found: C,
44.13; H, 4.29.

(The NMR spectrum and elemental composition were obtained
for the product from another run).

Reaction of a-Phenylacetamide with 2 in Ethanol. A
solution of a-phenylacetamide (1.35 g, 10.0 mmol) and 2 (3.92 g,
10.0 mmol) in ethanol (35 mL) was heated for 30 min under reflux.
The resulting colorless solution was passed through anhydrous

MgSO, and concentrated on a rotary evaporator to an oil mixed
with some crystalline material. The mixture was then taken up
in CH,Cl, (30 mL), and the solution was washed with H,0 (2 X
30 mL), dried (MgSO,), and concentrated to a yellow oil. The
oil was kept open to the atmosphere for 14 h (to ensure the
removal of PhI) and subsequently crystallized from ligroin to give
0.74 g of ethy! benzylcarbamate, mp 44-46.5 °C (lit.” mp 44 °C).
The filtrate, upon cooling at ca. -20 °C, gave 0.15 g more of
product, mp 45-47.5 °C; combined yield, 0.89 g (50%).

Registry No. HgCCONHz, 60-35—5; H3CCH200NHQ, 79'05'0;
(CH,),CHCONH,, 563-83-7; (CH3);CCONHj;, 754-10-9; CH,4(C-
H2)30H2CONH2, 628-02'4; CH3(0H2)5CH2CONH2, 629-01'6;
CH;3(CH,),CH,CONH,, 1120-16-7; CH,=CHCH,CONH,,
28446-58-4; PhACH,CONH,, 103-81-1; H,CNH,-HOT's, 2840-20-2;
H,CCH,NH,HOTs, 102520-37-6; (CH;),CHNH,HOTSs, 63458-
89-9; (CHj3),CNH,-HOT'Ss, 63458-91-3; H;C(CH,);CH,;NH,-HOTs,
102520-38-7; H,C(CH,);CH,NH,-HOTs, 102520-39-8; H,C-
(CH,esCH,NH,HOTS, 102520-40-1; CH,~CHCH,;NH,-HOTs,
102520-41-2; PhCH,NH,-HOTs, 14613-34-4; PhI(OTs)OH,
27126-76-7; HoNCOCH,CONH,, 108-13-4; H,NCOCH(OT's)-
CONH,, 102520-43-4; PhCH,NHCO,CH,CH3;, 2621-78-5; cyclo-
butanecarboxamide, 1503-98-6; cyclohexanecarboxamide, 1122-
56-1; cyclobutylamine 4-methylbenzene sulfonate, 102520-42-3;
cyclohexylamine 4-methylbenzene sulfonate, 53050-53-6.
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The processes involved in the asymmetric alkylation of chiral ketone secondary enamines, by electron-deficient
alkenes, are theoretically simulated by ab initio SCF calculations, using ethyleneamine and propenal as prototype
structures. It is shown that a compact activated complex might compensate to a large extent the steric hindrance
by attractive MO interactions, arising from frontier orbitals. The corresponding structure of lowest energy,
compatible with asymmetric induction, is the chair-like intermediate, with an s-cis conformation for the propenal

moiety.

The alkylation of carbonyl compounds, through their
tertiary enamine derivatives, by electron-deficient alkenes,
is widely used in synthesis chemistry and constitutes the
so-called Stork’s first method.?# In this field, the use of
imines,’ the reaction of which occurs via their tautomeric
secondary enamines, provides an extension of the afore-
mentioned method. It is worth noting that the imine
method gives alkylations on the more substituted « car-
bon,® contrary to the case of tertiary enamines. This
characteristic has recently been exploited for synthesizing
compounds bearing a quaternary carbon center. A general
method using imines arising from a chiral amine and
yielding a,a-disubstituted chiral cyclanones has been
proposed.” Both chemical and optical high yields are
obtained, according to the sequence of reactions depicted
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Laboratoire de Recherches Organiques.
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in Scheme I. The high diastereofacial selectivity which
is actually observed (~90%) remains to be rationalized
on the grounds of simple molecular models.

A previous approach related to analogous situations has
been made by Seebach et al.? in which a model of the

(1) Unité associée au CNRS. No. 506.
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Scheme I. Reaction Sequence as Experimentally Described
in Reference 7
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transition state is deduced from the analysis of the reaction
products. We have adopted here a different strategy, based
on a quantum mechanical study of the reactants approach,
leading to the transition state. Our aim was to delineate
the electronic and steric aspects encountered in various
types of geometrical arrangements, on the one hand, and
then to propose a simple workable model allowing for
experimental testing, on the other hand.

Elaboration of a Model on the Grounds of
Experiment

Let us first describe the typical reaction sequence dis-
played in Scheme I, in order to point out the salient facts
that take place along the whole process. This procedure
will allow us to elaborate a simplified reaction model, apt
to be numerically tested by quantum calculations. The
imine 1 is prepared from racemic 2-methylcyclohexanone
and (S)-(-)-1-phenylethylamine. It is reversibly trans-
formed into its tautomeric enamine 2. The latter reacts
with methyl vinyl ketone to give zwitterion 3, which un-
dergoes proton transfer, and finally, after hydrolysis, yields
the (R)-(+)-diketone 4 with an enantiomeric excess of 91%.
The alkylation essentially takes place on the pro-R face
of 2, in a quasi-axial fashion which corresponds to the least
motion path. The proton transfer in the intermediate 3
is assumed to be fast, provided that the zwitterion has a
favorable geometry.

All these considerations are supported by the fact that
Michael additions to cyclohexenones, usually predomi-
nantly occur through axial attack,’ as, for example, in
Corey’s cyclopropanation of cyclohexenones.!'® Another
series of qualitative arguments can be derived from the
electronic nature of the reactants. The = system of the

(8) Seebach, D.; Golinski, J. Helv. Chem. Acta 1981, 64, 1413-1423.
Blarer, S. J.; Shweizer, W. B.; Seebach, D.; Beck, A. K.; Golinski, J.; Hay,
J. N.; Laube, T. Ibid. 1985, 68, 162-172. Calderari, G.; Seebach, D. Ibid.
1985, 68, 1592-1604. See also: Heathcock, C. H.; Norman, M. H;
Uehling, D. E. J. Am. Chem. Soc. 1985, 107, 2797-2799. Kober, R.;
Papadopoulous, K.; Miltz, W.; Enders, D.; Steglich, W.; Reuter, H.; Puff,
H. Tetrahedron 1985, 41, 1693-1701.

(9) (a) Rocquet, F.; Sevin, A. Bull. Soc. Chim. Fr. 1974, 888-894; (b)
1974, 881-887. (c) Allinger, N. L.; Riew, C. K. Tetrahedron Lett. 1966,
1269-1272. (d) Nagata, W.; Yoshoka, M.; Terasawa, T. J. Am. Chem. Soc.
1972, 94, 4672-4683. (e) Toromanoff, E. Topics in Stereochemistry;
Wiley and Sons: New York, 1967; Vol. 2.

(10) Corey, E. J.; Chaykovsky, M. J. Am. Chem. Soc. 1965, 87,
1353-1364.
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enamine 2, having two couples of paired electrons located
on three centers, is isoelectronic with an allylic anion
having two electrons in a MO of high energy. This moiety
can thus be regarded as a “soft” nucleophile in terms of
the HSAB theory.!! Its interaction with the “soft” acid
center of the conjugated ketone is therefore very likely to
be dominated by frontier orbital interactions.!? Obviously,
all these points have to be tested in a theoretical approach;
they are just recalled here for locating the problem in a
familiar chemical way of looking at stereoselectivity.
Collecting the preceding arguments, we can use a reason-
able guideline for building up a computable model. It
consists in considering that the transition state will pre-
serve to a large extent the geometry of the optimal ap-
proach of the reactants, the latter being in turn ruled by
a balance between MO interactions and steric (nonbonded)
effects.

The very large size of the molecules depicted in Scheme
I prevents them from being used in a quantum mechanical
calculation at ab initio grade, and much simpler prototypes
are requested. Structures 5a, 5b, and 6 have been selected
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for an exploratory scanning of the various reaction pos-
sibilities. Let us now consider the formation of a bond
between the terminal carbons of 5 and 6. The stable
molecular geometry of both reactants is nearly planar, so
that the most favorable overlap is obtained when the re-
acting molecules are located in parallel planes, as shown
in Figure 1. Two limiting structures can be formed, ac-
cording to 7 and 8. Both have the same terminal <C|C>
overlap, but, taking the enamine as fixed, they differ in
the relative position of the carbonyl compound. In 7, the
reaction partners minimize all kinds of steric interactions,
but it is clear that the chiral center « to the nitrogen atom
lies far away from the rest of the system, in such a way that
small or no asymmetric induction is expected. In the
compact structure 8, the chiral center lies much closer to
the rest of the system and thus is likely to induce chiral
interactions. But, at first glance, this type of structure
suffers from steric congestion: it will be disfavored, unless
attractive interactions may result from MO factors. Five
types of structures have been studied, in order to examine
various hypotheses: the already mentioned ali-trans loose
geometry of 7 and four compacts geometries 9 to 12 dis-
played in Figure 2. They can be classified into two sets.
The three atoms of 6 and the three carbons of 5 can be
arranged so as to form a pseudo-six-membered ring. The
latter is boat-shaped in 9 and 10, the only difference of
which comes from the relative position of the carbonyl with
respect to the cycle concavity. The chair forms 11 and 12

(11) Pearson, R. G. Hard and Soft Acids and Bases; Dowden Hutch-
inson and Ross Inc.: Stroudsburg, PA, 1973.
(12) Klopman, G. J. Am. Chem. Soc. 1968, 90, 223-234.
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Figure 1. Loose and compact approaches of the reactants.

11

Figure 2. Boat- and chair-like structures of the compact ap-
proach. In 10 and 11 only the carbonyl group conformation is
drawn; the rest of the system is identical with 9 and 12, respec-
tively.

also differ by the carbonyl position, which is pseudoaxial
in 12 and pseudoequatorial in 11. It is worth noting that
9 and 11, on the one hand, and 10 and 12, on the other
hand, are respectively s-trans and s-cis, if one refers to the
ketone component. It must be clear that the preceding
labeling is only of practical use but does not really corre-
spond to geometrical properties of the usual six-membered
ring compounds.

Method of Calculation

Ab initio calculations were carried out by using the
Gaussian series of programs,!3 with the 3-21G basis set.!4
All geometries were optimized by using a gradient algor-
ithm.!> Two levels of optimization were used. In a first
step, all geometrical parameters of 5a, 5b, and 6 were
optimized. The next step of the calculation was achieved
by keeping the reactants in parallel planes and freezing
the CH and NH bond lengths, with all other parameters
being optimized, for structures 9 to 12. A preliminary scan

(13) Binkley, J. S.; Whiteside, R. A.; Khrishnan, R.; Seeger, R.; De
Frees, D. J.; Schlegel, H. B.; Topiol, S.; Kahn, L. R.; Pople, J. A, QCPE
1980, No. 406.

(14) Binkley, J. S.; Pople, J. A,; Hehre, W. J. J. Am. Chem. Soc. 1980,
102, 939-947.

(15) The analytical method of W. C. Davidson and L. Nazareth, fur-
ther developed by M. Peterson and K. Peterson, is found as a routine link
in the aforementioned series of programs.
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Table I
rel energy
compd energy (au) (kcal mol™?)
6 -132.326 444
5a -189.689 880
5b ~189.689 884
5 + 6 (infinite d) -322.016 324 0.00
9 : -321.995 306 13.19
10 -321.996 254 12.59
11 ~322.000934 9.65
12 -322.002 313 8.79
7 -322.003 870 7.81
15 ~321.873685° 89.50
13 -190.242640
14 -132.704 364

¢The isodesmic reaction 13 + 14 — 15 + H,, where the energy of
H,, calculated with the same basis set is —1.1229500 (au), is exo-
thermic (AE = -31.15 kcal mol™). 1If one compares the experi-
mental C-C bond energy (84.0 kcal mol™) vs. the H, bond energy,
we have a —19.5 kcal mol™! balance, in the same direction. Our
thermodynamic balance, just taking into account the electronic
energy, therefore is in reasonable agreement with these data. The
split-valence basis used in these calculations is adequate for delo-
calized ionic species, without using polarization functions, as it
would be necessary dealing with more compact species.

of the reactants approach was done, in order to set the
interplane distance at a significant value. We have selected
the distance of 2.75 A, which corresponds to a region where
the overlap between the 7 systems becomes noticeable and
where further approach fastly becomes endothermic. The
related (C,Cs) 7 overlap displayed in Figure 4 is ~0.1 and
the overall repulsion energy is >10 kcal-mol™ with respect
to infinite separation. These numbers are suitable for use
in the forthcoming perturbation theory analysis.

An attempt was also made to partially optimize the
zwitterionic structure 15.1% As an end result, no clear-cut

LEE

energy minimum emerged, but the important point to note
is that, in the vicinity of the geometry described in 15, the
potential energy varies rather smoothly, so that no im-

(16) Many technical difficulties were encountered. SCF convergence
was very difficult to obtain. The calculation was carried out as follows:
we first optimized the ionic structures 18 and 14 separately. Then the
resulting density matrices were used as an initial guess for 15. The
following strategy was adopted: (i) optimization of the C,C, bond length;
then the following degrees of freedom were optimized; (ii) rotation of the
NHy=CH plane around C;C,; (iii) rotation of the CHO-CH plane around
C,Cg; (iv) rotation in block of the optimally adapted NH,==CH-CH, and
CHO-CH-CH, units around C,;C,.
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Figure 3. Calculated energies, in au, of the frontier orbitals of
5 and 6.

portant driving force exists which would force the system
to drastically change its conformation. The latter point
bears important qualitative meaning. It shows that al-
though 15 might be regarded as a local energy minimum,
this moiety is not likely to be formed due to its high energy.
A facile proton transfer from NH, to C, occurring more
or less concomitantly with the C—-C bond formation would
indeed prevent the system from passing through a high
energy zwitterionic transient species (vide infra the dis-
cussion). The calculated data are displayed in Table I

Discussion about the Calculated Results

First of all, the data of Table I reveal that, as expected,
the trans—trans structure 7 has the lowest energy. But,
at quite the same energy, we also find compact chair
structures 11 and 12. The boat structures 9 and 10 are less
stable, but lie not too far in energy from the most stable
one. A first trend emerges from this comparison: the
compact structures are not appreciably disfavored with
respect to the approach which minimizes all steric factors
(7). Looking at structure 9, we see that the maximum
number of bonds are eclipsed, so that the maximum of
repulsive nonbonded interactions is likely to take place.
It is therefore clear that some extra stabilization comes
from MO interactions, and we will examine this point in
detail. We will first focus our attention on the boat
structures, in order to point out the main MQ features
which compensate the nonbonded interactions, and then,
in a second step, we will compare the boat and chair
structures.

Let us look at the energy diagram of Figure 3, where the
dominant MO interactions are outlined. During the ap-
proach of the terminal carbon atoms, in order to form a
bond, two stabilizing two-electron interactions must be
taken into account, between the HOMO and the LUMO
of each system, respectively. This interaction is depicted
according to (1) and (2). The perturbation interaction
arising from two nondegenerate levels is ~S%/AE, where
S is the overlap and AE the energy gap separating the
levels. On considering, to a first approximation, that the
overlap S is roughly the same in both cases for the terminal
carbon atoms, we see that the interaction (1) is more im-
portant than its counterpart (2) because AE is smaller in
the latter case. The overall overlap, i.e., taking into account
all the interacting centers, even increases this dichotomy
(vide infra). This couple of interactions is detailed in
Figure 4. In the drawing, the size of the = lobes is ap-
proximately proportional to the calculated coefficients,
and, since we are looking at the formation of a C-C bond,
the overlap has been taken as positive between these

Sevin et al.

LUMO HOMO
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Figure 4. MO pattern for the interactions described in Figure
3 according to (1) and (2). The size of the lobes is roughly pro-
portional to the calculated coefficients.

centers, thus fixing the relative signs of the other contri-
butions. The most important interaction, (1) of Figure 3,
arising between the HOMO of the donor (enamine) and
the LUMO of the acceptor (propenal) is displayed in the
right part of Figure 4. We see that once the terminal lobes
are arranged in a bonding fashion, an attractive interaction
also takes place between the N center and the carbon of
the carbonyl group. A secondary repulsive interaction is
found between carbon 2 of the ketone and carbon 1 of the
enamine, but the corresponding coefficients are small
compared to those which interact in a bonding fashion. In
the upper left part is shown the second (weaker) interac-
tion, (2), between the HOMO of the propenal moiety and
the LUMO of the enamine. We see that two repulsive
interactions arise, an important one between C, of the
ketone and C,; of the enamine, both having large coeffi-
cients, and a weaker one between C; of the ketone and N
(small coefficients). We can summarize these qualitative
arguments as follows: the dominant interaction (1) is
largely attractive. In the second interaction (2), the
bonding effects are compensated by antibonding contri-
butions of the rest of the system. It is therefore clear that
if we have the possibility of maintaining the bonding ef-
fects and of minimizing the antibonding ones, we will have
an even better stabilizing balance. These requirements are
fulfilled in the chair structures displayed in the bottom
of Figure 4. In the leading interaction (bottom right), we
see that C, of the ketone and C, of the enamine are no
longer in coincidence, so that only the stabilizing inter-
actions remain. In the interaction (2) (bottom left), the
attraction now dominates over repulsion since the im-
portant antibonding contribution, not being in coincidence,
is minimized, the remaining one still involving small
coefficients. A secondary effect also results from the
position of the oxygen atom, in the s-cis conformation, as
shown in broken lines in the bottom of Figure 4. This
attraction arises in both (1) and (2), between the oxygen
and C, of the enamine. This extra stabilization is not
present in the s-trans conformation of propenal, 11, but
is operative in structure 12,
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To resume the preceding analysis, we see that in the
chair structures important attractive interactions are
found, which are likely to compensate to a large extent the
nonbonded repulsion resulting from a compact approach
of the reactants. These MO effects are not too surprising.
For example, they bear some analogy with the well-es-
tablished endo rule of Diels—Alder reactions, which has
been rationalized on similar grounds.!7#

A Compact Model for Asymmetric Induction

Structure 16 displays a compact model where the geo-
metrical constraints are emphasized. Prior to an exam-
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ination of asymmetric induction, let us go back to the
geometry of the enamine 2 (Scheme I). Two series of
problems arise regarding the N-substituents. First of all,
assuming that the N-ethylene unit is planar, or nearly so,
the most stable geometry corresponds to the smallest steric
interaction between the ethylenic methyl and the smallest
substituent on N, i.e., H in our case. This result is quite
obvious upon the examination of molecular models and
is commonly observed in alkenes. The problem of the
conformation around N and the asymmetric carbon is more
complex. Considering the fact that this carbon is linked
to the conjugated N-C-C chain, we can infere that the
conformation where CH lies in the nodal plane of the
unsaturated system is preferred. This type of conforma-
tion is usually observed in «a-substituted ketones or al-
kenes.”? Moreover, in the actual molecule 2, it corresponds
to the least steric congestion when one takes into account
the pseudoequatorial hydrogen beared by the closest
saturated carbon of the cycle. The corresponding con-
formation is shown in 16. Indeed, the flexibility of this
structure remains important in the free molecule but might
be substantially frozen in a compact activated complex.
This optimal conformation creates two diastereotopic faces,
one having a methyl group pointing in the superior half-
space and the second having a phenyl group pointing in

(17) Fleming, L. Frontier Orbital and Chemical Reactions, Wiley and
Sons: New York, 1976; p 106.

(18) Anh, N. T. Les Régles de Woodward-Hoffmann; Edisciences:
Paris, 1970; p 120.

(19) Hehre, W. J.; Pople, J. A.; Devaquet, A. J. Am. Chem. Soc. 1976,
98, 664-668.
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the inferior half-space (in the case of an S carbon). When
both the methyl and the phenyl groups are allowed to
rotate, they occupy volumes of very different sizes, and it
is evident that the less hindered face is the one that con-
tains the methyl substituent. In a compact approach, the
ethylenic ketone will therefore preferentially come close
to the enamine in the latter half-space. We now have to
distinguish two cases: (i) If the R; and R, ketone sub-
stituents depicted in 16 are identical, as it is the case in
methyl vinyl ketone, we observe the formation of one new
asymmetric center, i.e., the ethylenic carbon of the former
enamine, as experimentally established. (ii) If R; # R,,
the concomitant formation of a second asymmetric center
might be predicted, provided that the same structure of
the reaction transition state prevails.

Another argument in favor of a compact activated com-
plex is found in examining the evolution of the zwitterion
which results from the initial C-C bond formation. In a
compact geometry such as that in 15, which is obtained
through the least motion path starting from the chair
geometry 12, the hydrogen transfer from NH, to C, is easy
since these centers are close to each other.?® The energetic
balance of 15 with respect to 5 + 6 (Table I) cannot be
accurately compared to the actual reaction conditions
where solvation is likely to play an important role in sta-
bilizing the charged species. Nevertheless, the high cal-
culated endothermicity induces one to think that the
proton transfer might be more or less concerted with the
addition step, in order to avoid, as much as possible, the
creation of two opposite charges. This should not at all
be the case in a zwitterion resulting from a loose approach,
like 7, where many other reaction possibilities exist, among
which is the reversible destruction of the intermediate
restoring the uncharged reactants.

Conclusion

Two series of concluding remarks emerge from the above
study. The first one is that the calculation shows that
Michael-type additions might proceed through a compact
activated complex. Moreover, this proposal is comforted
by the actually observed asymmetric induction which could
not be efficient in a “tail-to-tail” loose approach of the
reactants. The second one is that our proposal allows for
prediction of the synchronous formation of two asymmetric
centers upon the use of an enamine like 2 and a §-sub-
stituted enone. The latter possibility remains to be ex-
perimentally tested.
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(20) A reaction similar to the ene synthesis was earlier proposed by
one of us for a related situation, see ref 5b.



