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Efficient Catalytic Asymmetric Alkylations. 3.! A Kinetic and Mechanistic
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The phase-transfer methylation of 6,7-dichloro-5-methoxy-2-phenyl-1-indanone by MeCl in 50% NaOH/toluene
using substituted N-benzylcinchoninium halides has provided the methylated indanone 2 in ee’s up to 94%. The
effects of solvent, alkylating agent, temperature, and catalyst were investigated: nonpolar solvents gave higher
ee’s than polar solvents; MeCl gave a higher ee than did MeBr and Mel; and temperature had little effect on
the reaction. A Hammett plot of log ee/ee, vs. o for the N-benzylcinchoninium halide catalysts gave a reaction
constant p of 0.21 with an ee range of 60% to 94%, demonstrating that substituents with increasing electron-
withdrawing power improve catalyst selectivity. A kinetic and mechanistic study of the reaction has revealed
several unusual features. In 50% NaOH/toluene these include the following: (1) the indanone 1 is deprotonated
at the interface to form the sodium enolate as a separate solid phase; (2) the substituted N-benzylcinchoninium
catalysts are extracted into the organic layer as dimers; and (3) the kinetic order in MeCl is 0.7 and in catalyst
is 0.55. In 30% NaOH/toluene the following obtain: (1) no solid enolate is formed; (2) an order in catalyst of
0.5 was found for the chiral methylation pathway, while an order of 1.0 was found for the racemic methylation

pathway.

Much recent synthetic methodology has been devoted
to developing and understanding asymmetric reactions in
an effort to provide direct, efficient, and economical routes
to target compounds. Carbon-carbon bond-forming re-
actions of enolates are one important area of asymmetric
synthesis. The stereospecific alkylation of ketones has
been approached in three ways: (1) the three-step se-
quence involving preparation of a chiral intermediate
(imine, hydrazone, etc.), alkylation of the intermediate, and
hydrolysis of the alkylated intermediate to the ketone;? (2)
reaction of an enolate with an alkylating agent having a
chiral leaving group;® and (3) phase-transfer alkylation
involving a chiral catalyst.* Work on the chiral auxiliary
route began in the 1960s,5 but only in the last decade has
success (=290% ee) been achieved.? Despite these
achievements, some drawbacks are inherent in this ap-
proach. The procedures require three steps and the use
of stoichiometric quantities of chiral auxiliaries, which
often must be synthesized. Using the chiral leaving group
approach, Duhamel®* has methylated the Schiff base of
methyl glycinate with ee’s up to 70%. The method appears
to be limited to ketones or esters having a functional group
in the a-position capable of chelating with Lit. Catalytic
chiral phase-transfer alkylations offer a potentially simple,
one-step alternative. However, development of this route
has not met with the same success as the chiral auxiliary
route. Optical yields of 15% have been reported for the
alkylation of cyclic 3-keto esters using ephedrinium halides
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as catalysts,® but even these modest yields have been
disputed since it was shown that catalyst decomposition
products account for most of the optical rotation in the
isolated products.® A bona fide optical yield of 19% was
obtained for the solid-liquid phase-transfer alkylation of
potassium phthalimide,” but ee’s of only 2-3% were found
under similar conditions for carbanion alkylations.”

Despite these inauspicious reports in the literature, the
rewards in terms of synthetic simplicity, yield, and cost
prompted us to explore the chiral phase-transfer route as
the key step in the preparation of the uricosuric (S)-
indacrinone (5). In a preliminary paper we described the
outcome of these studies which culminated in the first
efficient, catalytic, enantioselective methylation of 6,7-
dichloro-5-methoxy-2-phenyl-1-indanone (Scheme I).!2
Enantiomeric excesses up to 94% were achieved with
catalysts derived from substituted N-benzylcinchoninium
halides (6) under liquid/liquid conditions using 50%
NaOH/toluene. The high enantioselectivity was ration-
alized in terms of a tight ion pair (Figure 1) between the
catalyst and indanone enolate.

CPK molecular models, the single-crystal X-ray struc-
ture, and molecular modeling studies of the N-benzyl-
cinchoninium ion suggest that a preferred conformation
may be that in which the quinoline ring, the C4—0 bond,
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Figure 1. Ion pairing between the indanone anion (a) and the
N-benzylcinchoninium halide (b) to form a complex (c). (d) ORTEP
depiction of N-benzylcinchonium halide revealing planar surface.

and the N-benzyl group all lie in one plane (Figure 1d).
The anion of 1 also has an almost planar structure with
the negative charge delocalized into the 2-phenyl ring
(Figure 1a). Both molecules in their nearly planar con-
formations fit naturally on top of each other, providing
m-interaction between the benzyl group of the catalyst and
the 2-phenyl group of 1 on the one side and between the
quinoline and methoxydichlorobenzene moieties on the
other (Figure 1c). The Cy-hydroxyl provides a directional
handle for the ionic attraction via hydrogen bonding to the
indanone anion. The alkylating agent can only alkylate
from the front side and form the (S)-(+)-6,7-dichloro-5-
methoxy-2-methyl-2-phenyl-1-indanone (2).

As we began to examine this reaction in more depth, it
became clear that the mechanism was more complex than
that of a simple phase-transfer reaction.

Initial experiments with N-[p-(trifluoromethyl)-
benzyl]cinchoninium bromide (p-CF;BCNB) and MeCl
demonstrated some unusual behavior of the chiral alkyl-
ation: (a) the ee dropped from 90% to 0% when the
catalyst mol % was reduced from 10% to 2.5%, (b) the
ee was increased at higher dilution and constant molar
ratios of reactants to catalyst, and (c) the reaction was zero
order in indanone. To further probe these findings, the
concentrations of reactants, product, and catalyst were
followed throughout a reaction. These measurements re-
vealed several abnormal aspects about the reaction. For
example, although the substituted N-benzylcinchoninium
halide catalysts are completely insoluble in toluene, mil-
limolar quantities of the catalyst are present throughout
the reaction in the toluene layer. In addition, the amount
of methylation is minimal (20%) during the first 6 h, and
then rapid and complete reaction occurs within the next
3 h. At the 6-h point, however, the amount of starting
material in the toluene layer is 5% and the amount of
product is 20%, leaving 75% of the mass balance unac-
counted for! Our studies aimed at understanding these
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unusual features have led to an unraveling of the complex
mechanism of the reaction, described in the following
sections.

Results and Discussion

A. Kinetics and Mechanism. Phase-transfer alkyla-
tions require three primary steps: deprotonation of the
substrate, transfer of the substrate anion into the organic
phase, and alkylation in the organic phase.? This section
describes our studies aimed at understanding these steps
in the chiral phase transfer methylation. It is divided into
two major parts, one describing reactions in 50%
NaOH/toluene and the other for reactions in 30%
NaOH /toluene, because there are major mechanistic dif-
ferences between the two media. Each section is divided
into the three basic steps of the phase-transfer reaction.

1. 50% NaOH. Step 1. Enolate Anion Formation:
Evidence for Interfacial Deprotonation. The solubility
of indanone 1 in toluene is about 16 mM, so when the
standard 10 mmol of indanone is charged with 125 mL of
toluene in these reactions, only about 20% dissolves.
Therefore, we would expect the toluene layer to stay
saturated in indanone for the first 80% of the methylation
and then begin to drop off. However, the indanone con-
centration drops to about 10 M early in the reaction and
remains at a low level throughout the course of the me-
thylation. Apparently, the indanone in the toluene layer
reacts nearly completely with the 50% aqueous NaOH to
form the sodium enolate as a solid phase suspended in the
two liquid layers (eq 1). The FTIR spectrum of this

o o
H Ph
C'j@bﬂj( 50%NaOH C' )
Ph ————>
Toluene
MeO MeO

suspended phase showed that the carbonyl peak at 1700
cm was absent and two new peaks at 1525 and 1565 cm™,
due to the enolate anion, had appeared. The location of
these peaks is in accord with the literature spectra of
enolates.'” As further confirmation, the anion was pre-
pared in a Me,;SO solution by using NaOMe and again
produced a spectrum lacking the carbonyl stretch and
containing peaks at 1530 and 1563 cm™.

The deprotonation of indanone 1 is a liquid-liquid in-
terfacial reaction since the reaction occurs in the absence
of a phase-transfer catalyst and since indanone 1 is in-
soluble in 50% aqueous NaOH. No deprotonation occurs
when solid indanone is stirred for several days with 50%
NaOH and no organic solvent.

There has been a long-standing controversy about
whether the deprotonation step in phase-transfer reactions
occurs at the interface (Makosza mechanism) or whether
it occurs in the organic phase after the catalyst extracts
HO™ into the organic phase (Starks mechanism).? While
the latter mechanism earlier found more support from
studies involving kinetics, dependence on NaOH concen-
tration and stirring rates, and the effectiveness of lipophilic
vs hydrophilic catalysts,” more recent studies favor the
interfacial mechanism: (1) Makosza has shown that at
elevated temperatures, some two-phase alkylations and

(8) Dehmlow, E. V.; Dehmlow, S. S. Phase Transfer Catalysis, 2nd ed.;
Verlag Chemie: Deerfield Beach, FL, 1983.
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Starks, C. M.; Owens, R. M. J. Am. Chem. Soc. 1973, 95, 3613-3617. (d)
Halpern, M.; Sasson, Y.; Rabinovitz, M. J. Org. Chem. 1983, 48,
1022-1025.
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condensations can occur without a catalyst;'° (2) Dehmlow
has found that two-phase Wittig reactions give the same
yields with and without catalyst;!! and (3) some D/H ex-
change can occur in two-phase systems without catalyst.!?
Our finding is clear-cut evidence that interfacial depro-
tonation occurs under phase-transfer conditions and that
the Makosza mechanism is operative. However, this in-
terfacial deprotonation is not the rate-limiting step, since
complete deprotonation has occurred when methylation
is only 20% complete. If this is true of other phase-transfer
reactions, then evidence presented in favor of the Starks
mechanism, such as kinetic orders of unity in reactants and
lack of dependence on stirring speed, is no longer valid
support since these data would also support the Makosza
mechanism where the alkylation step in the organic layer
is still the rate-determining step. From the lack of deu-
terium isotope effects in phase-transfer reactions, Rabi-
novitz and co-workers have likewise concluded that in-
terfacial deprotonation is occurring but is not the rate-
limiting step.!®® They have also recently reviewed
phase-transfer reactions and have concluded that com-
pounds that have a pK, such as indanone 1 should react
by an interfacial mechanism.!?®

Step 2. Anion Extraction into the Organic Phase:
Nature of the Catalyst in the Organic Phase. One
important property of phase-transfer catalysts is that they
have some solubility in both water and organic solvents
so that they can act as an anion shuttle between the two
phases. However, the solubilities of the N-benzyl-
cinchoninium halides are so low in toluene that they cannot
be detected.by LC (<105 M) after vigorous stirring of the
solid in the solvent for several hours. Yet, in the quenched
toluene layer of the phase-transfer reactions, the catalyst
is present, as detected by LC, in millimolar quantities.
Some transformation of the catalyst must be occurring that
makes the catalyst more soluble under phase-transfer
conditions.

For N-benzylcinchoninium bromide (BCNB) and N-
[p-(trifluoromethyl)benzyl]lcinchoninium bromide (p-
CF;BCNB) the species in the toluene layer appears to be
a dimer of the catalyst (6) and its zwitterionic oxide (7),
based on the experiments described below.

2

1. Stirring BCNB or p-CF;BCNB (100 mg) in toluene
(10 mL)/50% NaOH (8 mL) produced a clear solution in
0.5 h. HPLC assay of the toluene layer indicated that
nearly all of the catalyst was in the toluene layer, while
titration showed that half of the catalytic species was basic.
By microanalysis, the solid isolated from the toluene layer
had one Br per two catalyst molecules. All these data are
consistent with the dimeric species, with the zwitterion
being the basic species.

(10) (a) Makosza, M.; Bialecka, E. Tetrahedron Lett. 1977, 183-186.
(b) Makosza, M. Pure Appl. Chem. 1975, 43, 439-462.

(11) Dehmlow, E. V.; Barahona-Naranjo, S. J. Chem. Res. Synop.
1981, 142-143.
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1982, 186-187.

(13) (a) Halpern, M.; Cohen, Y.; Sasson, Y.; Rabinovitz, M. Nouv. J.
Chim. 1984, 8, 443-444. (b) Rabinovitz, M.; Cohen, Y.; Halpern, M.
Angew. Chem., Int. Ed. Engl. 1986, 25, 960-970.
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2. In several phase-transfer reactions using 50% NaOH,
the toluene layer was analyzed for total catalyst and for
basicity. In all cases the basicity was about half the mo-
larity of the total catalyst present, suggesting that the
catalyst was also present as the dimer under actual reaction
conditions. The basicity of the toluene layer cannot be due
to the indanone enolate since LC assay of the quenched
toluene solution shows indanone to be present in toluene
in concentrations of less than 10% that of the catalyst.

3. It is possible that HO™ is a counterion for the half
of the catalyst in toluene that is basic. Arguments against
this include (a) tetraalkylammonium salts with HO™ as
counterion are typically 1000-fold less soluble than with
Br as counterion in organic solvents,'* and we know that
the catalyst with Br~ as counterion is insoluble in toluene,
(b) tetraalkylammonium ions with HO™ counterion gen-
erally carry four molecules of water per catalyst ion with
them into the organic solvent,!* yet we can make 20 mM
solutions of the p-CF;BCNB dimer in toluene with a water
content of only 7 mM, and (c) if HO™ is present, then
quenching of the toluene solution with a dry acid should
produce a mole of water for each mole of quenched HO".
Quenching 20 mM solutions of the catalyst in toluene gives
a slight rise in water content by KF titration (1-2 mM)
but far less than that needed to account for the total
basicity.

4. Reacting the dimer formed in the toluene layer with
Mel gave about equal amounts of the methyl ether 8 and
unreacted catalyst. Since only the zwitterion is expected
to react with Mel, the approximately 50% reaction is
further evidence for the dimer.

In summary, the pathway for the catalyst to enter the
organic layer is outlined below. A small amount of catalyst
dissolves in the aqueous layer (eq 2) where it is partially
deprotonated by the strong base (eq 3). The dimer be-

(Q-OH)*(Br)giiq = (Q*-OH)yq + (Br)y, 2
(Q*-OH),q + (OH"),, = (Q*-07), + HO  (3)

(Br )y + (Q*-OH),, + (Q*-07),q =
(Q*OH-"0-Q*Br ), (4)

tween the catalyst and zwitterion is then extracted into
the organic layer (eq 4). The last equilibrium lies to the
right, which tends to make the dimer build up in the or-
ganic phase even though the first equilibrium is highly
unfavorable.

We have shown that the indanone 1 is deprotonated at
the interface to form a solid enolate and that the catalyst
is extracted into the organic layer as a dimer. Before
methylation can occur, the indanone enolate must enter
the organic phase. Three mechanisms, among which we
cannot distinguish, are possible: (1) dissolution of a small
amount of Na* Ind- in the aqueous layer followed by lig-
uid/liquid extraction (eq 5), (2) solid/liquid extraction of
the solid enolate present at the interface (eq 6), and (3)
deprotonation of residual indanone in the toluene layer
by the catalyst zwitterion portion of the dimer to form the
catalyst-indanone complex (eq 7). In support of the third

(Na* Ind"),q + (Q*-OH Br),, =
(Q*-OH Ind"),, + NaBr (5)

(Na* Ind_)solid + (Q+_OH Br’)wl =
(Q*-OH Ind"),, + NaBr (6)

(Ind-H)y + Q"0 = (Q"-OH Ind )y (7)

(14) Brandstrom, A. Adv. Phys. Org. Chem. 1977, 15, 267-330.
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Table 1. Rates of Methylation for Preformed Enolate Reactions®

initial
initial catalyst indanone
entry charged, mmol charged, mmol [catalyst],,,’ mM [MeCl}, ¢ M stirring rate, rpm  10%k,% mol L 57!
1 1.0 10 6 0.56 1200 3.7
2 1.0 20 4.5 0.56 1200 4.1
3 0.50 10 2.5 0.56 1200 3.2
4 0.50 5.0 2.9 0.56 1200 2.8
5 0.256 10 0.65 0.56 1200 1.9¢
6 0.25 2.5 1.5 0.56 1200 1.5
7 0.125 1.25 0.9 0.56 1200 1.2
8 1.0 10 5 1.68 1200 7.5
9 1.0 10 6 1.12 1200 6.7
10 1.0 10 6 0.22 1200 2.3
11 1.0 10 6 0.16 1200 1.5
12 2.0 20 11 0.56 1200 54
13 1.0 10 [ 0.56 500 3.9
14 1.0 10 5 1.68 500 8.1

¢Reaction conditions: 125 mL of toluene, 25 mL of 50% aqueous NaOH, and indanone were stirred together until the level of indanone
in toluene dropped to ~10™* M (1-5 h depending on initial charge of indanone). Then, the specified amounts of p-CF;BCNB catalyst and
MeCl were added to start the reaction. ®Measured level of p-CF;BCNB catalyst in toluene layer (LC assay). ¢Charged amount of MeCl,
assuming all dissolved in toluene layer. ¢Zero-order rate of formation of methylindanone, assuming the reaction occurs in the 125-mL
toluene layer. ®Reaction stops at 70% conversion due to complete catalyst decomposition.

mechanistic proposal (eq 7), LC measurements indicate
that 10 M indanone remains in the toluene layer after
deprotonation with 50% NaOH. Also, the orange color of
the indanone enolate is formed on addition of indanone
1 to a solution of catalyst dimer in toluene, indicating that
the zwitterion is sufficiently basic to deprotonate indanone
1.

Step 3. Chiral Methylation in the Organic Phase.
In the last two sections we have shown that the indanone
enolate is formed at the interface, that the catalyst di-
merizes to form a toluene-soluble species, and that the
catalyst extracts enolate into the toluene layer. The last
step is the chiral methylation in the organic layer. As
described in the first part, the kinetics of the methylation
are complex, as there is an induction period in some cases
and also a high sensitivity of rate and ee to the cata-
lyst/indanone ratio. To eliminate these complications, the
enolate anion was allowed to form before the catalyst and
MeCl were added. Figure 2 shows a comparison of two
reactions, curve A with all reagents added at once and
curve B with the enolate preformed before addition of
catalyst and MeCl.

Since the kinetics are simplified when the enolate is
preformed, an in depth study of the effect of catalyst level,
MeCl concentration, the stirring rate, and the temperature
on the rates and ee of the reaction was made, and the
results are tabulated in Table I. Of note is that the isomer
ratio remains essentially unchanged at 96/4 (+/-) when
the indanone/catalyst ratio is altered, when the concen-
tration of MeCl is varied 10-fold, and when the stirring rate
is slowed from 1200 to 500 rpm.

a. Level of Charged Indanone. Examination of the
first six entries of Table I shows that at a constant catalyst
concentration, the rate of methylation is nearly inde-
pendent of the amount of charged indanone, which is
present as the sodium enolate. Having a larger amount
of enolate decreases the amount of catalyst in the toluene
layer. The level of indanone (either as neutral and/or
enolate) in the toluene layer is about 10~ M when the other
reagents are added, but the level increases as the reaction
proceeds. The total indanone concentration in toluene
increases to 0.5 mM when 2.5 mmol of enolate are present
and 1.5 mM when 20 mmol of enolate are present. These
numbers could reflect the concentration of catalyst—enolate
ion pair in solution. It is possible that the low level of
indanone assayed in the toluene layer during these reac-
tions is because during the time that the sample is taken
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Figure 2. Rate of reaction of indanone 1 with MeCl in 50%

NaOH/toluene with 10% p-CF;BCNB as catalyst at 20 °C: initial
vs delayed catalyst charge.

from the autoclave, centrifuged, and quenched, the enolate
could be reacting with MeCl. The following control ex-
periment ruled this out. The reaction was run under the
conditions of entry 1, Table I, except that no MeCl was
added. The level of indanone assayed in the toluene layer
was about 0.5 mM, a value similar to that in the presence
of MeCL

b. Stirring Rate. Slowing the rate of stirring from 1200
to 500 rpm had no effect on the rate or the ee (entry 13,
Table I). This means that the rate-determining step is
occurring in the toluene layer and is not an interfacial
process involving transport of the solid enolate into the
organic phase. By tripling the concentration of MeCl
(entry 14) we hoped to speed the methylation to the point
where interfacial transport would become rate-determin-
ing, but the rate of stirring still had no effect on the rate
or ee.

c. Catalyst Level. A bilogarithmic plot of the rate
constant for methylation vs the amount of charged catalyst
has a slope of 0.56 % 0.05.

The points chosen for the plot are those in which the
ratio of indanone to catalyst was always constant at 10
(entries 1, 4, 6, 7, and 12 of Table I), as this ratio had some
effect on the level of catalyst in toluene and on the rate
of reaction. A plot using the concentration of catalyst in
the toluene layer (instead of the amount charged) gives a
similar slope. An order of <1 in catalyst has been reported
in the literature for other phase-transfer reactions, and the
ordinary explanation is that the rate of interfacial depro-
tonation is competitive with the rate of alkylation. In our
case, the lack of dependency of the reaction rate on the
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Table II. Rates of Methylation Using 30 wit % NaOH at 20 °C°

initial

initial catalyst indanone

. entry charged, mmol charged, mmol [catalyst],,,” mM MeCll;' M 108k, M 57! ee, %
1 2.0 10 13 0.56 2.2 55
2 1.0 10 6.5 0.56 1.6 64
3 0.50 10 3.3 0.56 0.90 70
4 0.25 10 1.8 0.56 0.54 78
5 0.20 10 1.1 0.56 78
6 0.25 2 0.56 0.52
7 0.50 5 3.3 1.68 2.15 69
8 0.50 5 3.3 0.56 0.82 72
9 0.50 5 3.3 0.28 0.43 72

10 0.50 5 2.9 0.135 0.20 75
11 0.50 5 3.3 0.56 0.77¢ 69

4Reaction conditions: 125 mL toluene, 25 mL of 30% aqueous NaOH, 1200 rpm, with p-CF;BCNB as catalyst. ? Concentration of catalyst

in toluene layer. °Concentration of MeCl in toluene layer. 4500 rpm.

stirring speed suggests that an interfacial reaction is not
rate-determining. A more plausible explanation is that the
catalyst in toluene is a dimer or higher aggregate that must
dissociate prior to complexation with the indanone anion.
If the rate has a first-order dependence on the monomer,
the amount of monomer is very small, and the equilibra-
tion between dimer and monomer is fast, then the order
in total catalyst should be 0.5, within experimental error
of the observed 0.55.

d. MeCl Concentration. The dependence of the rate
on MeCl is also less than first order, as a five-point plot
of log k& vs log MeCl concentration had a slope of 0.67 £
0.06. This would suggest that a step prior to methylation
is competitive with methylation, but our other evidence
argues against an interfacial step being rate-determining.
Also, a curved plot of log k vs log [MeCl] would be ex-
pected if another reaction not involving MeCl were com-
petitive with methylation.

e. Comparison with Aliquat 336 as Catalyst. The
orders of less than unity in catalyst and MeCl for the chiral
methylations using the preformed enolate method with
p-CF;BCNB prompted us to determine whether this was
a general phenomenon for preformed enolate reactions or
if this was a peculiarity of the asymmetric process.

For the standard phase-transfer catalyst, Aliquat 336,
the order in catalyst is near 1.0, in contrast to the order
of 0.55 for p-CF;BCNB. We postulated that the order in
p-CF;BCNB near 0.5 was caused by the catalyst existing
as an unreactive dimer which had to dissociate before
reacting. Since Aliquat 336 would not dimerize, an order
of 1.0 would be expected for it.

The order in MeCl is 1.04 £ 0.04, again contrasting with
the order of 0.7 found with p-CF;BCNB as catalyst. The
order near 1.0 shows that the reaction with MeCl is the
only rate-limiting step with Aliquat as catalyst, while an
order of <1 shows that another step, perhaps an extraction,
must be competitive with methylation when p-CF;BCNB
is catalyst (although the stirring speed did not affect the
rate of reaction).

These results are in accord with the only other kinetic
analysis of a phase-transfer reaction involving a nucleophile
in the solid phase. Yadav and Sharma!® studied the
phase-transfer reaction of solid sodium benzoate and
acetate with PhCH,Cl in toluene finding that the reactions
were first order in catalyst and alkyl halide. Also, similar
to our results using p-CF;BCNB as catalyst, they found
that stirring speed had little effect on the reaction rate.

2. 30% NaOH. Major differences in the three steps
required for a phase-transfer reaction (anion formation,

(15) Yadav, G. D.; Sharma, M. M. Ind. Eng. Chem. Process Des. Dev.
1981, 20, 385-390.

20

1) _ 30%NaOH

-3
We NoOH

A,

8 o \
A
¥>O% NoOH

[Ind] Tor mM

4
[e]

o) A\\O ; ]

[¢] 1 2 3 4

Time (hours)

Figure 3. Rate profile for interfacial deprotonation of indanone
1 in toluene/aqueous NaOH mixtures at 20 °C and 1200 rpm.

extraction, and alkylation) occur when the aqueous base
is diluted from 50% NaOH to 30% NaOH, as discussed
below.

Indanone Enolate Formation. Dependence of
NaOH Concentration. In contrast to reactions in 50%
NaOH/toluene, little enolate is formed in the reactions
with 30% NaOH. Figure 3 shows how the rate of inter-
facial deprotonation of indanone is dependent on the
concentration of NaOH. For these reactions, a saturated
solution of indanone in toluene (2 mmol in 125 mL) was
stirred at 20 °C and 1200 rpm with 25 mL of aqueous
NaOH and with no catalyst present. Halving the con-
centration of NaOH from 19 (50 wt %) to 9.5 M (30 wt.
%) essentially stops formation of solid enolate while the
reaction with 13.5 M (40 wt %) proceeds about 5-fold
slower than that at 19 M (50 wt %).

This unusual dependence of the rate on small changes
in NaOH concentration is probably related to the amount
of unsolvated HO™ present. The literature studies suggest
that the solvation shell for HO™ is three molecules of water
per HO  ion.!® At 19 M NaOH, there are only 2.2 mol of
water per HO™ mol, so some ions will not be fully solvated
and, therefore, strongly basic. At 9.5 M NaOH, there are
5 mol of water per mole of HO", providing full solvation
of all ions.

An alternate way of viewing the situation is that rapid
deprotonation still occurs at the interface, but the free
water is more acidic than indanone so that reprotonation
occurs; that is, with 30% NaOH an equilibrium exists that

(16) (a) Yagil, G.; Anbar, M. J. Am. Chem. Soc. 1963, 85, 2376-2380.
(b) Ackermann, T. Discuss. Faraday Soc. 1957, 24, 180~193.

(17) (a) House, H. O.; Auerbach, R. A,; Gall, M.; Peet, N. P. J. Org.
Chem. 1973, 38, 514-522. (b) Lochmann, L.; Rajib, L. D.; Trekoval, J.
J. Organomet. Chem. 1978, 156, 307-316.
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Figure 4. Plot of log & vs log [catalyst] for chiral phase-transfer
alkylation with MeCl in 30% NaOH/toluene using p-CF,;BCNB
as catalyst at 20 °C. The slope for (+)-methylation is 0.5 and
for racemic methylation is 1.0.

disfavors the deprotonated indanone. In line with this is
the observation that when the enolate is formed in 50%
NaOH/toluene, it is completely reprotonated when enough
water is added to the mixture to dilute the aqueous layer
to 30% NaOH.

Chiral Methylation. A study of the variables affecting
the methylation in 30% NaOH/toluene was carried out,
and the results are shown in Table II. Since enolate is
not formed as a solid layer in this media, all reagents were
added at the beginning of the experiment.

a. Level of Indanone. The reactions are zero order
in indanone. Most of the reactions in Table II were run
at levels where much of the indanone was not soluble in
the toluene (2 mmol is soluble in 125 mL), so the toluene
layer stays saturated in indanone until the latter stages
of the reaction. Experiment 7 of Table II was run where
all the indanone was initially all in solution and this re-
action was still zero order in indanone concentration. Also,
the rate of reaction was no different from that in which
80% of the indanone initially charged was out of solution
(entry 4). Therefore, the amount of indanone had no effect
on the rate of reaction.

b. MeCl Concentration. A five-point plot of log k vs
log [MeCl] has a slope of 0.94 & 0.02. The slope of nearly
1 indicates that the methylation is the sole rate-deter-
mining step.

c. Stirring Rate. One run at 500 rpm gave the same
rate of reaction as the run at 1200 rpm (entries 9 and 13).

d. Catalyst Concentration. The data in Table II show
that the ee of the reaction decreases as the catalyst con-
centration increases. On the basis of these ee’s, rates of
formation of the (+)-isomer and racemic product can be
calculated. The log of these rates are plotted vs log
{catalyst] in Figure 4.

The figure clearly shows that formation of racemic
material has a different mechanism from formation of
(+)-product. The order of about 0.5 for catalyst for the
chiral process is similar to that order found with 50%
NaOH and is consistent with a mechanism in which a
catalyst dimer must dissociate to the monomer to catalyze
the reaction. The order of 1 for formation of racemic
product would be consistent with the undissolved dimer
or aggregate catalyzing a nonspecific methylation. How-
ever, this rationale does not explain why the catalyst dimer
or aggregate does not catalyze a racemic reaction in 50%
NaOH/toluene.

Other factors which may be important for the reactions
in 30% NaOH are as follows: (1) The level of water in
toluene is three to four molecules per molecule of catalyst,
while in the 50% NaOH reactions there was about one
molecule of water per catalyst molecule. Hydration of the

Hughes et al.

Table III. Enantioselectivity as a Function of Substituent
Effects in N-Benzylcinchoninium Halide Catalysts 6

6,G  counterion ee, % 6, G counterion ee, %
H Cl 79 m-Cl Br 89
H Br 83 p-CF3 Br 94
p-MeO Cl 70 m-CF; Cl 87
p-Me Cl 75 m-CF; Br 94
p-F Cl 87 p-NO, Cl 30
p-Cl Cl 88 3,4-Cl, Cl 94
m-Cl cl 91 3,4-Cl, Br 92

catalyst hydroxyl group may lower its ability to form a
tight ion pair with the enolate and reduce its tendency to
form a dimer with itself. (2) Neutral indanone is present
in the toluene layer; it could possibly form aggregates with
catalyst or indanone enolate.

B. Parameters Controlling the Enantioselectivity
of the Chiral Phase-Transfer Methylation. Parame-
ters influencing the enantioselectivity of the reaction in-
clude catalyst structure, solvent, temperature, and me-
thylating agent.

1. Dependence of Enantioselectivity on Catalyst.
Substituted N-benzylcinchoninium catalysts 6 provided
the best enantioselectivity in the phase-transfer methyl-
ation. Table III shows enantioselectivity as a function of
substituents in the benzyl group of the catalyst. All the
reactions were carried out by first stirring the indanone
1 (10 mmol) with 25 mL of 50% NaOH and 125 mL of
toluene at 1200 rpm, 20 °C, in a 300-mL autoclave. Com-
plete formation of the sodium indanone enolate as a finely
dispersed solid phase occurred in 5 h, at which time 10 mol
% catalyst and 70 mmol of MeCl were charged. Complete
methylation required from 7 h with N-[p-(trifluoro-
methyl)benzyl]cinchoninium bromide (p-CF;BCNB) to 36
h with N-benzylcinchoninium chloride (BCNC).

Inspection of Table III shows that electron-attracting
groups in the benzyl moiety of the catalyst increase the
ee of the reaction, with a Hammett plot being roughly
linear and having a p value of 0.21 £ 0.02. The positive
p value may be explained based on the ion pair hypothesis
shown in Figure 1. The electron-withdrawing substituents
make the benzyl group and the positive nitrogen center
more electron-poor, increasing the interaction with the
electron-rich enolate anion. This increased interaction
stabilizes the ion pair orientation which leads to (+)-
methylation over other orientations which lead to racemic
or (-)-methylation.

Table III also shows that changing the catalyst coun-
terion from Cl- to Br™ gave only small differences in ee,
with no trends observable.

Hydrogenation of the vinyl group to an ethy! group in
the catalyst caused no change in ee.

Several catalysts other than N-benzylcinchoninium
halides were tried, and none proved as successful: N-
benzylquinidinium, N-methylcinchoninium, and N-
methyl-, N-benzyl-, and N-dodecylephedrinium bromides
all gave ee’s of <25%.

2. Effect of Solvent, Methylating Agent, and Tem-
perature on Enantioselectivity. A limited survey of the
effect of solvent, methylating agent, and temperature on
enantioselectivity was done. The reactions were carried
out as described in the previous section by allowing the
enolate to preform before the methylating agent and N-
[p-(trifluoromethyl)benzyllcinchoninium bromide (p-
CF;BCNB) were added.

The highest ee’s were obtained in the nonpolar, polar-
izable solvents toluene and tetralin (92% ee). The ee
decreases to 83% in the more polar solvent, 1,2-dichloro-
benzene, a trend previously observed by Wynberg.’® This
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trend supports the tight ion pair hypothesis for enan-
tioselectivity (Figure 1), since more polar solvents would
disrupt the tightly oriented ion pair required for (+)-
methylation. In the nonpolar, nonpolarizable solvents
(hexane, cyclohexane), poor solubility of the indanone 1
slows the reaction rates and lowers the ee.

Of the methylating agents, MeCl clearly gave the highest
enantioselectivity (MeCl, 92%; MeBr, 68%; Mel, 36%;
Me,SO,, 36%; MeysPO,, no reaction). Based on HPLC
assay on a chiral Pirkle column, the ee remains constant
throughout the reaction with MeCl and MeBr with catalyst
levels above 10 mol %.

Over the temperature range of 0—40 °C, changes in ee
were too small to be detected, remaining in the 92-94%
range with MeCl as alkylating agent in toluene.

C. Catalyst Degradation. Dehmlow has shown that
B-hydroxy ammonium catalysts react to form oxiranes
under the basic conditions used for phase-transfer reac-
tions. Under the conditions used for the chiral phase-
transfer methylation (50% NaOH/toluene/MeCl/20 °C),
the N-benzylcinchoninium halides form some oxirane 9 but
primarily decompose by alkylation and elimination
(Scheme II) to form the enol ether 10. The oxirane 9,
methyl ether 8, and enol ether 10 were independently
prepared and characterized. Under the reaction conditions
the methyl ether 8 is rapidly converted to the enol ether,
confirming the degradation pathway shown in Scheme II

When Mel is used as alkylating agent in the phase-
transfer methylation, the oxirane 9 and the enol ether 10
are methylated to form the new quaternary ammonium
salts 11 and 12. Although chiral, these compounds only
catalyze the racemic methylation of indanone 1 to form
(£)-2-methylindanone 2. This in part accounts for the low
enantioselectivity in the chiral alkylation (ee 36%) when
Mel is the alkylating agent. With MeBr, alkylation of
tertiary amines 9 and 10 is slow relative to alkylation of
indanone 1. Methyl chloride does not alkylate 9 and 10

(18) (a) Wynberg, H.; Greijdanus, B. J. Chem. Soc., Chem. Commun.
1978, 427. (b) Colonna, S.; Re, A.; Wynberg, H. J. Chem Soc., Perkin
Trans 1 1981, 547.
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under the reaction conditions; therefore, when the catalyst
has completely decomposed to 9 and 10, the phase-transfer
alkylation of indanone 1 stops. Consistent with the low
reactivity of MeBr and MeCl toward 9 and 10 is the ob-
servation that the ee’s remain constant throughout the
reaction.

Summary

This detailed study of the first efficient chiral PTC
methylation has revealed a number of key and unexpected
results. These include interfacial deprotonation of the
indanone, presence of the catalysts as toluene-soluble
dimers under the reaction conditions resulting in a reaction
order of 0.5 for the catalysts, and an ordered response of
the ee to the electron-withdrawing ability of the substit-
uents present in the N-benzylcinchoninium ion catalysts.
A second, and equally efficient, application of this tech-
nique to the Robinson annulation of indanones via al-
kylation was recently reported.'? Current studies relate
to the application of polyether cocatalysts in chiral PTC
alkylations,'%® the structural nature of the catalyst di-
mers,'®® and efforts to characterize the substrate—catalyst
complexes.

Experimental Section

A. Autoclave Reactions. The chiral methylations were
carried out in an Autoclave Engineers 300-mL stirred autoclave
controlled to £0.5 °C with a high capacity Haake recirculating
bath. The impeller of the stirrer was positioned at the organ-
ic/aqueous interface to provide optimal phase mixing. The stirring
speed was periodically calibrated by tachometry. Samples were
added to and removed from the autoclave via a dip tube extending
to the bottom of the autoclave. Methy! chloride was metered into
the autoclave by measuring the pressure drop of a 1-L holding
vessel.

A typical experiment for a preformed enolate reaction is de-
scribed below. Under a nitrogen atmosphere, a slurry of 6,7-
dichloro-5-methoxy-2-phenyl-1-indanone (3.07 g, 10 mmol) in 125
mL toluene was charged to the autoclave along with 50% aqueous
NaOH (25 mL). The mixture was stirred for 3 h at 1200 rpm and
20 °C. HPLC assay at this point showed the indanone level in
toluene to be 0.03 mg/mL. Then, a slurry of N-{p-(trifluoro-
methyl)benzyljcinchoninium bromide (0.53 g, 1.0 mmol) in 2 mL
of toluene and MeCl (3.5 g, 70 mmol) was added. Complete
reaction occurred in 8 h.

B. Assays. 1. Progress of Reaction. The rates of reaction
were monitored by HPLC assay of indanone 1 and the methylated
product 2. The samples were taken from the autoclave directly
into a quench solution of AcOH in MeOH. The eluent for the
HPLC assay on an Altex C18 column was 40% CHZ;CN/60%
water containing 0.06 M Me,N*H,PO, at pH 2. The flow rate
was 1.5 mL/min, and the column temperature was 70 °C. Under
these conditions, the various catalysts eluted in 3-5 min, the
starting indanone at 10 min, and the product methyl indanone
at 15 min.

2. Toluene Layer. To assay the toluene layer, samples were
taken into a septum-capped centrifuge tube under nitrogen and
centrifuged to separate the emulsified aqueous and organic layers.
Failure to keep the sample under a nitrogen atmosphere resulted
in production of the oxidized indanone 13. After centrifugation,

Oy

(19) (a) Dolling, U.-H.; Hughes, D. L.; Bhattacharya, A.; Ryan, K. M,;
Karady, S.; Weinstock, L. M.; Grenda, V. J.; Grabowski, E. J. J. Proc. 11th
Conf. Catal. Org. React. 1986. (b) Presented at the 192nd National
Meeting of the American Chemical Society, Anaheim, CA, September
1986; Abstract 316.
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the toluene layer was diluted in MeOH and quantitatively assayed
by the HPLC system described above for catalyst, indanone 1,
and methylindanone 2. The basicity of the toluene layer was
determined by adding a weighed amount of the toluene layer to
water and titrating with standardized acetic acid to a phenol-
phthalein end point.

C. Determination of Enantiomeric Excess. The (+/-)
isomer ratio of the methylindanone 2 was determined by NMR
from 10 mL of reaction sample worked up as follows: washed with
2 X 5 mL of 4 N HCI and then 5 mL of H,0; concentrated and
flushed with 2 X 10 mL of CHCI; to remove all toluene; 100 mg
of residue plus 100 mg of tris[3-((heptafluoropropyl)hydroxy-
methylene)-d-camphoratoleuropium (III) in 0.5 mL of CDCl;.

D. Catalyst Preparation. The catalysts were prepared from
cinchonine (Fluka) and the appropriate benzyl halide in refluxing
toluene or isopropyl alcohol. The bromides required 1-2 h reflux,
while the chlorides required 24-48 h reflux for complete reaction.

Commercial cinchonine usually contains 15% of dihydro-
cinchonine, which forms the dihydro analogue of the catalyst
during the reaction. The catalytic activity of this analog is very
similar to that of the title catalyst. Therefore the presence of
dihydrocinchonine does not present a problem.

E. Catalyst Dimer. 1. Preparation and Characterization
of the Dimer. p-CF,BCNB (76 mg) was added to toluene (10
mL) and 50% NaOH (8 mL) and stirred for 0.5 h until the solution
was clear. HPLC of the toluene layer showed that all the catalyst
had dissolved in toluene (14.3 mM). The toluene layer (2.16 mL)
was added to 25 mL of water and titrated to a phenolphthalein
end point with 1.11 mL of 13.8 mM HOAc, giving a basicity of
7.1 mM in the toluene layer. Similarly, catalyst (450 mg), benzene
(20 mL), and 50% NaOH (10 mL) were stirred for 0.5 h. The
benzene layer was separated, dried over 4A powdered sieves,
filtered, concentrated to approximately 5 mL, and stored over-
night. The resulting solid was filtered, washed with 1 mL of
benzene, and dried to afford 213 mg of crystalline (microscopy)
catalyst dimer, mp 120-125 °C dec. Anal. Caled for C5HzsN,-
BrF¢0, (dimer): C, 65.8; H, 5.6; N, 5.7; Br", 8.1. Anal. Calcd for
Cy7HsNoBrF;0 (monomer): C, 60.8; H, 5.3; N, 5.25; Br~, 15.0.

Found: C, 65.8; H, 6.0; N, 5.2; Br-, 7.6.

BCNB (95 mg) was added to toluene (10 mL) and 50% NaOH
(8 mL) and stirred at room temperature for 5 h. HPLC of the
toluene layer showed all the catalyst had dissolved (20.4 mM).
The toluene layer (0.64 mL) in 20 mL of water was titrated with
1.99 mL of 3.45 mM HOAc, giving a basicity in toluene of 10.7
mM. Similarly, catalyst (550 mg), benzene (20 mL), and 40%
NaOH were stirred for 3 h. The benzene layer was separated,
dried over 4A powdered sieves, filtered, and concentrated to 5
mL. After 2 h at 25 °C the resulting solid was filtered, washed
with 1 mL of benzene, and dried at 25 °C (1 mm) to afford 74
mg of dimer. Anal. Caled for C5,Hy N BrO, (dimer): C, 73.5;
H, 6.7; N, 6.6; Br, 9.4. Anal. Caled for CyqHyNyBrO (monomer):
C, 67.1; H, 6.0; N, 6.0, Br, 17.2. Anal. Caled for
CsoHs;BrN,Oy1/,CeHg83H,0 (dimer benzene hemisolvate tri-
hydrate: presence of !/, mol of C¢Hg confirmed by NMR; H,0
by Karl Fisher analysis): C, 70.0; H, 7.1; N, 5.9; Br, 8.5. Found:
C, 70.3; H, 6.7; N, 6.2; Br, 8.3.

2. Methylation of Catalyst Dimer. p-CF;BCNB (1.28 mmol)
was stirred 1 h in 50 mL of toluene and 50 mL of 50% NaOH.
The toluene layer (45 mL) was separated, Mel (2.8 g) was added,
and the solution was aged 43 h. A precipitate was recovered (0.23
g), which showed, by H NMR, 40% starting material (6) and 60%
of the methyl ether 8. HPLC also gave a 60/40 ratio. Evaporation
of the solution gave an additional 0.26 g, which showed, by LC,
68% catalyst 6 and 32% methyl ether 8. Overall, then, 87% of
material was recovered; 55% was catalyst 6 and 45% was methyl
ether 8, in line with the proposed dimeric species in toluene.

Registry No. 1, 60769-26-8; 2, 88494-66-0; 6 (G = H)-CI,
69221-14-3; 6 (G = H)-Br-, 85653-34-5; 6 (G = p-MeO)-Cl,
110097-80-8; 6 (G = p-Me)-Cl", 110097-81-9; 6 (G = p-F)-Cl,
110097-82-0; 6 (G = p-C1)-Cl-, 110097-83-1; 6 (G = m-Cl)-Cl,
110097-84-2; 6 (G = m-Cl)-Br~, 110097-85-3; 6 (G = p-CF;)-Br",
95088-20-3; 6 (G = m-CF3)-Cl-, 110097-86-4; 6 (G = m-CF;)-Br-,
110097-87-5; 6 (G = p-NO,)-Cl, 110097-88-6; 6 (G = 3,4-Cl,)-Cl",
110171-18-1; 6 (G = 3,4-Cl;)-Br-, 110171-19-2; 6 (G = p-CF;) dimer,
110097-90-0; 6 (G = H) dimer, 110097-93-3; 8, 110097-91-1.
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Reactions of N-chlorobenzylalkylamines in which the alkyl group is Me, Et, i-Pr, t-Bu, and sec-Bu with
MeONa-MeOH have been investigated kinetically. The eliminations are quantitative and regiospecific, producing
only benzylidenealkylamines. The reactions are first order in base and first order in substrate, and an E2 mechanism
is evident. The relative rates of elimination at 25 °C are 1/0.5/0.3/0.2/0.01 for Me/Et/i-Pr/sec-Bu/t-Bu alkyl
substituents, respectively. The results are attributed to repulsive interaction between the alkyl group and the
base in the transition state. Hammett p and ky/kp values decreased, but the AH* and AS* values increased
with bulkier alkyl substituents. Changes in the transition-state parameters with the substrate steric effect are
interpreted with variation in structure of the imine-forming transition states.

Steric and electronic effects are among the most im-
portant factors that influence organic reaction pathways.
It is well-known that the rate of Sy2 reaction decreases
with steric hindrance in the substrate. In contrast, there
is considerable controversy regarding the explanation of
the effect of alkyl groups on reaction rates and orientation
in elimination reactions.2® From a series of reactions of

(1) Presented at the 192nd American Chemical Society National
Meeting, Anaheim, CA, Sept 1986.

(2) Brown, H. C.; Moritani, I.; Nakagawa, M. J. Am. Chem. Soc. 1956,
78, 2190-2193. Brown, H. C.; Wheeler, O. H. Ibid. 1956, 78, 2199-2202.
Brown, H. C.; Moritani, 1. Ibid. 1956, 78, 2203~2210. Brown, H. C.;
Moritani, L. Ibid. 1955, 77, 3607-3610. Brown, H. C.; Nakagawa, M. Ibid.
1955, 77, 3614-3619.
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RCH,C(X)Me, and RCH,CH(X)Me (X = Br, I, OTs, S*-
Me,, SO,CH;, N*Me;), Brown concluded that the steric
effects are the cause of the observed effects of alkyl groups
on the rate and orientation in both E1 and E2 reactions.?
On the other hand, Ingold proposed that the inductive and
electromeric effects of the R groups dominate the E2 re-
actions of RCH,CH,X (X = S*Me,, N*Me;) compounds
and the steric effect is insignificant except when the alkyl

(3) Banthorpe, D. V.; Hughes, E. E,; Ingold, C. J. Chem. Soc. 1960,
4054—4087.

(4) Charton, M. J. Am. Chem. Soc. 1975, 97, 6159-6161.

(5) Charton, M. J. Am. Chem. Soc. 1975, 97, 15652-1556.

(6) Charton, M. J. Am. Chem. Soc. 1975, 97, 3694-3697.
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