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carrying out the X-ray crystallographic study of 8. We also
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jisawa Pharmaceutical Co., Ltd., Japan, for providing us
with a gift of bicyclomycin.

Supplementary Material Available: Experimental proce-
dure for the X-ray analysis of 8, ORTEP drawing of 8 with atom
labeling scheme (Figure 2), Table 4 listing the final cell constants,
as well as other information pertinent to data collection and
refinement, and Tables 5-9 giving a complete listing of atomic

coordinates and equivalent isotropic displacement parameters,
bond lengths, bond angles, and hydrogen-bonding parameters,
select long-range proton—carbon connectivities observed in the
proton-detected long-range heteronuclear multiple quantum
chemical shift correlation (HMBC) experiments for 8 (Figure 1)
and 3 (Figure 3) and 'H and/or 3C NMR spectra for all new
compounds (42 pages). This material is contained in many li-
braries on microfiche, immediately follows this article in the
microfilm version of the journal, and can be ordered from the ACS;
see any current masthead page for ordering information.
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The separation of symmetric, remote, secondary diol stereoisomers by stereoselective enzyme-catalyzed acetylation
with acetic anhydride in anhydrous, low polarity organic solvents or by stereoselective enzyme-catalyzed hydrolysis
of the corresponding peracetate in aqueous media is described. Whether or not an alcohol is acetylated or an
acetate is hydrolyzed is determined solely by its own stereochemical arrangement and not by the stereochemistry
at any other stereogenic center. Since the enzyme used, Amano P lipoprotein lipase from Pseudomonas species,
acetylates secondary alcohol stereogenic centers of the (R)-configuration, an (R,R)-diol is converted to its diacetate,
a meso-diol is converted to the monoacetate at its (R)-stereogenic center, and an (S,S)-diol is left unchanged.
Similarly, when hydrolysis is used, (R)-stereogenic centers are hydrolyzed so that the (R,R)-stereoisomer is converted
to the corresponding diol while the (S,S)-sterecisomer remains a diacetate. The resulting mixture is separated,
and the remaining acetates are removed by hydrolysis to give diols and triols of high stereochemical purity. Diols
successively separated by esterification include a,o’-dimethyl-1,4-benzenedimethanol, 1, a,o’-dimethyl-1,3-
benzenedimethanol, 4, ,o’-dimethyl-2,6-pyridinedimethanol, 5, and a,o’-dimethyl-4,4’-biphenylenedimethanol,
6. For two cases, o,o’-dimethyl-2,6-pyridinedimethanol, 5, and «,o’,a”’-trimethyl-1,3,5-benzenetrimethanol, 7,
the separation was achieved using the hydrolysis procedure. The stereochemical purity of each of the separated
diol stereoisomers was determined by evaluating the NMR spectrum of its bis-MTPA ester. In most cases, it
was possible to establish both the stereochemical purity of the fraction and the amount of each contaminating
stereoisomer that was present. The diol products are expected to be of value for preparing optically active polymers

and optically active crown ethers.

Diols are valuable intermediates in the preparation of
polymers, acetals, and crown ethers, and optically active
diols have been widely used for stereochemical control in
homochiral syntheses. Unfortunately, the number of op-
tically active diols, other than those associated with car-
bohydrates, is quite small. Thus, a general source could
provide valuable new building blocks for many structures.
Most techniques for the preparation of optically active
diols focus on the stereospecific synthesis of a single en-
antiomer.l? The chemicals for preparing both enantiom-
ers via such a procedure are not always available. In many
cases, the stereochemistry at the second stereogenic center
is determined by that at the first, limiting the allowable
distance between the two. Finally, a completely different
approach is generally required for preparing the meso
stereoisomer.

As a result of our recent activity in the synthesis of
optically active [AA-BB], polyesters,? the importance of
finding an efficient approach to the preparation of all
possible sterecisomers of symmetric, secondary diol mo-
nomers in a highly purified form became apparent. Having
all three isomers allows, for example, the synthesis of an

all (R), an all (S), or the “pseudo-syndiotactic” (R,S)-
polymer as well as a polymer containing any combination
of the above stereochemistries. Moreover, since our in-
terest lay in the use of enzymes to effect polycondensa-
tions, preparing diols free of any meso material became
particularly important. While such separations can be
achieved by VPC,* it seems unlikely they will be useful on
a preparative scale. Upon consideration of possible al-
ternative methods for reaching this goal, we concluded that
a combination of enzymatic and chemical methods should
allow a synthetic mixture of symmetric diol stereoisomers
to be separated most easily. The most important feature
of such a separation is that it would depend only on the
ability of an enzyme to distinguish the chemistry at each
stereogenic center in the diol, and would be independent
of any interaction between the stereogenic centers.

The specificity of hydrolase enzymes for diol stereo-
chemistry has been exploited for some time. However,
until recently, their use has been limited to modification
of one stereogenic center in a meso diol (or diacylated meso
diol)® or modification of a specific hydroxyl (or esterified
hydroxzyl) in a diol bearing a prochiral center.® Early
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examples of such processes involved stereoselective hy-
drolysis of one of a pair of esters in aqueous media.”® The
recent discovery'®!4 that such enzymes also are effective
catalysts in low to moderate polarity organic solvents has
allowed development of esterification!®? and trans-
esterification™1%161821 g5 viable, though little exploited,
alternatives for modifying one of a pair of stereochemically
opposite hydroxyls in a diol.

Recently, Sih’s group reported a kinetic analysis for the
separation of a racemic mixture of (R,R)- and (S,S)-diols
that is free of the (R,S)-diol, using enzyme-catalyzed
acylation.22 Application of the method to the resolution
of racemic 2,4-pentanediol was also described. The
analysis allows one to determine the composition of the
mixture of diol substrates, monoacylated intermediates,
and diacylated products present at different extents of
conversion of the diol racemate to products. The relative
rates of the four forward processes underway are defined
in terms of ratios of the experimentally determine rate
constants for each of those processes. Unfortunately, the
analysis is not readily adapted to the case where the meso
compound is also present, for, in the latter case, the num-
ber of diol substrates and diester products is increased
from two of each to three, the number of monoacylated
intermediates is increased from two to four, the number
of rate constants required to define the forward reactions
in the system is increased from four to eight, and the
relative rates of the four possible first steps can no longer
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be reduced to a single ratio.

In a typical organic-phase resolution, the enzyme cata-
lyzes reaction of an activated ester with one enantiomer
of a racemic alcohol. When the reaction has reached ap-
proximately 50% completion, it is stopped by filtering out
the enzyme catalyst. The products of interest are an un-
changed, optically active alcohol and an optically active
ester. Following separation of the unchanged alcohol en-
antiomer from the ester, the latter can be hydrolyzed
(chemically or enzymatically) to obtain the second enan-
tiomer of the optically active alcohol. In a valuable
modification of this procedure, Bianchi, Cesti, and Battistel
have shown that acid anhydrides can be used with lipases
in place of the activated ester to esterify chiral alcohols
stereoselectively.?? Because this method exhibits both high
reaction rates and selectivities, we decided to adapt it for
the separation of diol stereoisomers.

Results and Discussion

The substrate chosen to test the separation plan was
a,o’-dimethyl-1,4-benzenedimethanol [1,1’-(1,4-benzene)-
diethanol], 1. This diol was interesting because its ster-
eogenic centers are well removed from each other so the
possibility of one center influencing the stereochemical
environment of the other is minimized. The stereochem-
ical mixture of these diols has been used to prepare
thermally depolymerizable benzylic polycarbonates.? It
can be easily synthesized in high yield by the sodium bo-
rohydride reduction of 1,4-diacetylbenzene.?* Acetic an-
hydride was selected as the esterification agent because
of its low cost and high reactivity. Crude Amano P, a
lipoprotein lipase from Pseudomonas sp. which had been
supported on Celite 577, as described by Bianchi and co-
workers,? was used as the catalyst and anhydrous benzene
was chosen as the solvent. These conditions have been
shown to acetylate the (R) configuration of 1-phenylethanol
selectively.?0

As is summarized in Scheme I, using 1 as an example,
the following general procedure has been developed. The
diol mixture is dissolved or suspended in anhydrous
benzene under a dry nitrogen atmosphere. The catalyst
is then added, followed immediately by 2 equiv of acetic
anhydride. Reaction progress is followed by VPC, and
when the reaction is complete, as indicated by a dramatic
reduction in the rate, it is stopped by filtering out the
enzyme. (We subsequently showed that a useful modifi-
cation of the Bianchi et al. method is to quench by adding

(23) Eichler, E.; Kryczka, B.; Willson, C. G. Makromol. Chem. Rapid
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Table I. Specific Rotations of Remote Diol Stereoisomers Separated by Amano P-Catalyzed Stereoselective Acetylation

RR RS 8,8
diol yield® (%) specific rotation® (deg)  yield® (%) specific rotation® (deg)  yield® (%) specific rotation® (deg)
1 224 +80.5 35.3 -0.35 24.1 -79.9
4 16.4 +65.9 41.5° +0.77 16.3 -63.6
5 14.9 +44.01 46.5 +10.21¢ 14.1 -42.30
6 25.0 +76.95 32.5 +1.45 22.5 -76.05¢

¢The yield of each component is calculated relative to the total amount of the diol mixture used in the reaction. A statistical mixture
would contain 25% (R,R), 25% (S,S), and 50% (R,S) isomer. ®[a]*=b}, (¢ = 2, acetone). °After recycling through the esterification to remove
an 11.6% impurity of (R,R)-diol. ¢ Not recycled to remove the (R,R)-diol impurity. ¢After recycling to remove an impurity of the (®,S)-

stereoisomer.

excess methanol to the reaction mixture and stirring for
~0.5 h before filtering off the enzyme. This destroys the
excess acetic anhydride which markedly simplifies the
remainder of the work up.) Based on the known selectivity
of Amano P lipase for catalyzing esterification of secondary
alcohol stereogenic centers having the (R)-configuration,
it can be concluded that the product mixture includes three
components: unreacted diol 1, having the (S,S)-configu-
ration, monoacylated diol 2, having the (R,S)-configuration,
and diacylated diol 8, having the (R,R)-configuration. The
mixture is separated by standard techniques such as
chromatography. In the case of a,a’-dimethyl-1,4-
benzenedimethanol, and several of the other diols de-
scribed here, the (S,S)-diol 1 crystallizes from the mixture
upon cooling, and only the (R,S)-monoacetate 2, and
(R,R)-diacetate 3 need be separated by chromatography.
Following separation, the acylated compounds are hydro-
lyzed to regenerate the (R,S)- and (R,R)-diols. The results
from separating stereoisomers mixtures of 1, 4, 5, and 6,
using variations of this general method are summarized
in Table L

No valid direct measure of the optical purities of the
(R,R)- and (8S,S)-1 has been reported. The compounds
prepared by the method described here have significantly
higher values for [a?} of -79.9° and +80.5° (¢ = 2, acetone)
or +74.8 (¢ = 2, chloroform) than the value of +60° (¢ not
reported, chloroform) previously reported for the (R,R)-diol
formed by enzymatic oxidation of p-diethylbenzene.® An
enantiomeric excess of >97% was claimed for that product
on the basis of its behavior in the presence of a chiral NMR
shift reagent. Our results, therefore, suggest that this
method is of questionable validity for determining the
stereochemical purity of these diols.

From the rotation data alone, it seemed reasonable that
the two enantiomers prepared in the present study were
optically pure, for the two rotations differed by only 0.75%
in magnitude (the (S,S)-1 was known to contain minor
amounts of impurities) while the rotation of the meso
compound (R,S)-1 was essentially zero. Since the sepa-
ration scheme requires that the enzyme select the (R,-
R)-stereoisomer twice and the (R,S)-stereoisomer once but
that it always rejects the (S,S)-stereoisomer, it seemed
unlikely that partially separated stereoisomers having this
set of specific rotations would occur fortuitously. That this
assumption is not always valid will be demonstrated below.

To verify the stereochemical purities of the diols, we
examined the use of wa-methoxy-a-trifluoromethyl-
phenylacetyl (MTPA or “Mosher’s”) esters prepared by
reaction of the diols with (+)-MTPA chloride.?® In con-
trast with the usual applications of these products, in
which only the relative amounts of two enantiomers is
sought,” this work required distinguishing the relative

(25) Holland, H. L.; Bergen, E. J.; Chenchaiah, C.; Khan, S. H.; Mu-
noz, B.; Ninniss, R. W.; Richards, D. Can. J. Chem, 1987, 65, 502.
%5 4(326) Dale, J. A,; Dull, D. L.; Mosher, H. S. J. Org. Chem. 1969, 34,

Table II. Stereochemically Sensitive NMR Regions of the
Bis-MTPA Esters from the Stereoisomers of 1

intensities at chemical shifts ()
methoxy?® C-methyl®

N R Sr*  Ss® Rr® Rs®
diol é 355 346 163 162 158 1.57

(R.R)-1 <3 >97 <38 <3 >97 <8
(R,S)-1 50 50 48 <3 <3 52
(8,9)-1 >97 <3 <3 >97 <3 <3

¢The entries show the relative intensities of the absorption at
each chemical shift indicated. It is assumed that an absorption
that is at least 3% of the intensity of the strongest absorption in
the group will be observable. ®The upper case letter shows the
stereochemistry at the stereogenic center bearing the methyl group
that gives rise to the observed absorption. The lower case letter
shows the stereochemistry at the second stereogenic center in the
molecule from which the bis MTPA ester was formed.

amounts of three stereoisomers, each of which has two
stereogenic centers. Thus, when stereochemically enriched
(R,R)-1 is examined, it is not enough to know the con-
centration of (S)-stereogenic centers present. It is also
important to determine whether those centers reside in an
(R,S)- or an (S,8)-stereoisomer impurity. To our knowl-
edge, NMR analysis of Mosher’s esters has not been used
in this way prior to this work.

It was found that complete conversion of all stereogenic
centers to the MTPA ester could only be achieved using
the modified procedure described subsequently to the first
report of these compounds.?® In a set of preliminary
experiments, the bis-MTPA esters were prepared from the
separated stereoisomers of diols 1, from mixtures of pairs
of these same diol stereoisomers, and from the (R,S)-diol
and racemic MTPA chloride. Through these studies, it
was shown that the absorptions in the proton NMR spectra
arising from the methoxy group in the acid moieties of the
bis-MTPA ester provide an estimate of the total number
of (R)- and (S)-stereogenic centers present. For each diol,
the methoxy absorption of an MTPA group on an (S)-
stereogenic center was found to be from 0.04 to 0.1 ppm
downfield from the methoxy absorption of an MTPA
group on an (R)-center. For example, as seen in Table II,
the methoxy absorption from the MTPA ester formed at
an (R)-stereogenic center in a stereoisomer of 1 appears
at 3.46 ppm while the absorption from the MTPA ester
formed at an (S)-center appears at 3.55 ppm. However,
the methoxy absorption does not distinguish between an
(R)-center in the (R,S) (i.e., meso) compound and an
(R)-center in the (R,R)-enantiomer. Neither does it dis-
tinguish an (S)-center in the (R,S)-isomer from an (S)-
center in the (5,S)-stereoisomer. Thus, although a single
methoxy absorption shows a diol to be a single, pure en-
antiomer, two methoxy absorptions of the same size could

(27) Sutowardoyo, K. L; Sinou, D. Tetrahedron: Asymmetry 1991, 2,
4317,
(28) Dale, J. A.; Mosher, H. 8. J. Am. Chem. Soc. 1973, 95, 512.
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Table II1. Stereochemically Sensitive NMR Regions of the Bis-MTPA Esters from the Stereoisomers of 4

intensities at chemical shifts ()

methoxy® C-methyl® trifluoromethyl?
S R Sr¢ Ss° Rre Rs® R S

diol é 3.54 3.45 1.62 1.56 1.55 1.52 -72.05 -71.91
(R.R)-4 8 92 6.5 3 84 6.5 8 92
(R,9)-4 48 52 45 3 7 45 53 47
(S,8)-4 88 12 9 73 9 9 86 14

¢The entries show the relative intensities of the absorption at each chemical shift indicated in the proton NMR spectrum of each bis-
MTPA ester. ¢ The entries show the relative intensities of the absorption at each chemical shift (relative to CFCly) indicated in the *)F NMR
spectrum of each bis-MTPA ester. ¢ The upper case letter shows the stereochemistry at the stereogenic center bearing the methyl group that
gives rise to the observed absorption. The lower case letter shows the stereochemistry at the second stereogenic center in the molecule from

which the bis-MTPA ester was formed.

be interpreted as a racemic mixture of the two enantiom-
ers, pure meso compound, or any mixture of the racemate
and the meso diastereomer. Similarly, two unequal
methoxy absorptions may be interpreted as a partially
racemic mixture of the two enantiomers, a pure enantiomer
contaminated with the meso diastereomer, or a combina-
tion of these two. As seen in Tables II-V and VII, this
behavior of the methoxy group absorptions was consistant
throughout the group of diols and the triol studied.

In contrast, for most of the diol stereoisomers studied,
the absorption assigned to the C-methyl hydrogens of one
stereogenic center in the bis-MTPA ester appeared at a
unique chemical shift that was determined by whether the
second stereogenic center in the diol moiety was of the (R)-
or the (S)-configuration. Thus, the methyl doublet ab-
sorption for an (R)-center in the (R,R)-enantiomer appears
at a different chemical shift than does the methyl doublet
for an (R)-center in its (R,S)-diastereomer. Separate sets
of doublets also appear that are due to methyl hydrogens
at an (S)-stereogenic center when the second center is (R)
or (S). Using the methoxy and the methyl hydrogen ab-
sorptions, it was shown that the (R,R), (R,S), and (S,S)-1
separated from the stereoisomer mixture were stereo-
chemically pure to the detection limit of the method
(<3%). These results are summarized in Table II.

When the stereoisomers of the meta diol a,o’-di-
methyl-1,3-benzenedimethanol, 4, were separated using the
procedure described here, the acylation was significantly
slower, apparently because of steric interference with the
diol’s approach to the enzyme or because the enzyme is
inhibited by the unreactive stereoisomers. When the re-
action was stopped after 22.5 h, not all (R)-stereogenic
centers had reacted. Rather, it appeared that acetylation
of the hydroxyl at the (R)-center in the (R,S)-sterecisomer
and at one of the hydroxyls in the (R,R)-stereoisomer oc-
cured rapidly, but the second center of the (R,R)-stereo-
isomer reacted more slowly. As a result, the (R,S)-diol
monoacetate fraction was contaminated with (R,R)-diol
monoacetate, and hydrolysis of the monoacetate fraction,
therefore, led to diol having [«]®[ + 7.68° rather than the
0.00° expected for a meso compound. On the basis of the
specific rotations shown for diols 4 in Table I, both the
unchanged (S,S)-diol and the (R,R)-diol, from hydrolysis
of the corresponding diacetate, appeared to be stereo-
chemically pure. However, when these diols were con-
verted to the corresponding bis-MTPA esters, it was found
from the methoxy absorptions that each stereoisomer
sample included both (R)- and (S)-stereogenic centers. As
shown in Table III, this fact could be confirmed using the
I5F NMR absorptions provided by the CF; group in the
MTPA moieties. However, neither the methoxy nor the
trifluoromethyl absorptions provided information about
the second stereogenic center in each stereoisomer. Once
again, the C-methyl region of the proton spectra allowed
the actual content of each fraction of the separated mixture

to be determined. The (R,R)-fraction was found to have
an enantiomeric excess of 93% but to be contaminated
with about 13% of the meso diastereomer. Following a
single recycle through the separation procedure, the meso
compound was shown to be contaminated with 7% of the
(R,R)-enantiomer and 3% of the (S,S)-enantiomer, ac-
counting for its slight positive optical rotation. The (S,-
S)-fraction displayed an enatiomeric excess of 78% and
was contaminated with 18% of the meso diastereomer as
well. Interestingly, it was found during the recycle process
for the (R,S)-fraction that, the reaction proceeded more
rapidly when the substrate no longer incorporated a sig-
nificant component of the (S,S)-diol.

It is noteworthy that, following the methanolic sodium
hydroxide hydrolysis of the mono- or diacetate of a diol
such as 4 (or 5 or 7 below), in which the hydroxylated side

HO OH HO OH
CH3CIH\©/CI:HCH3 CH3C|:H\©/C|:HCH3
4 $

HO OH
CH3C|HC|:HCH3
6

chains are arranged meta to each other, simply evaporating
the methanol led to a mixture of the expected diol and its
mono and diacetates. The reason for this unusual rees-
terification under alkaline conditions in these cases is not
clear. Careful experiments ruled out incomplete hydrolysis
as the source of the acetates. Other experiments indicated
that acetate ion, not methyl acetate, is the source of the
acetyl groups. The esterification was suppressed by neu-
tralizing the alkali with methanolic HCI before beginning
the evaporation.

Complete acylation of the (R) stereogenic centers was
even slower when a,a’-dimethyl-2,6-pyridinedimethanol
5, was used as the substrate than when 4 was used, possibly
because of the added effect of hydrogen bonding between
unesterified alcohols and the pyridine nitrogen. To de-
velop evidence in support of this hypothesis, the ability
of 5 to catalyze its own acylation was explored by preparing
a reaction mixture identical with that treated with the
enzyme, but with the enzyme omitted. Under these con-
ditions the anhydride was consumed at a rate of 0.4% per
hour and gave only the monoacylated product. In the
presence of the lipase catalyst, it appears that formation
of monoacetate from the (R,R)- and (R,S)-enantiomers is
rapid, but the second (R)-center in the (R,R)-stereoisomer
reacts much more slowly and formation of the (R,R)-di-
acetate is incomplete even after 2 days. The mono-
acetylated (R,R)-diol is found in the fraction containing
the monoacetylated meso diastereomer and is the source
of the [a]®®, +10° observed for that diol following its
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Table IV. Stereochemically Sensitive NMR Regions of the
Bis-MTPA Esters from the Stereoisomers of 5

intensities at chemical shifts (5)
methoxy® C-methyl®

S R Sr®  Ss® Rrt Rs®
diol [ 358 354 166 164 162 1.58

(R,R)-5 3 97 4 <3 92 4
(R,8)-5 50 50 48 <3 4 48
(S,8)-5 >97 <8 <3 >97 <3 <3
(R,R)-5° 25 75 18 12 52 18

2The entries show the relative intensities of the absorption at
each chemical shift indicated. It is assumed that an absorption
that is at least 3% of the intensity of the strongest absorption in
the group will be observable. ®The upper case letter shows the
stereochemistry at the stereogenic center bearing the methyl group
that gives rise to the observed absorption. The lower case letter
shows the stereochemistry at the second stereogenic center in the
molecule from which the bis-MTPA ester was formed. ©This entry
is for (R,R)-5 prepared using the acetylation method. The result-
ing stereoisomers gave the rotations provided in Table L.

Table V. Stereochemically Sensitive NMR Regions of the
Bis-MTPA Esters from the Stereoisomers of 6

intensities at chemical shifts (5)

methoxy® C-methyl®

S R S R
diol 8 3.57 3.49 1.67 1.61
(R,R)-8 4 96 6 94
(R,S)-6 49 51 48 52
(8,5)-6 94 6 92 8

%The entries show the relative intensities of the absorption at
each chemical shift indicated.

isolation and hydrolysis. Removing this impurity by re-
cycling the fraction through the acylation has not been
attempted.

The rotations of +44.0° and —42.3° observed for the
(R,R)- and (S,S)-stereoisomers, respectively, shown in
Table I, suggest they approach being optically pure. As
shown in Table IV, however, upon preparation of the
bis-MTPA ester from (R,R)-5, it was found to contain
about 18% of the meso diol and about 12% of the (S,-
S)-enantiomer. Because of the difficulty in acylating the
diol enzymatically, the possibility of effecting the sepa-
ration by hydrolysis was explored. Using a standard
procedure, the stereoisomer mixture of 5 was converted
to a mixture of the corresponding diacetates, and the di-
acetate mixture was then subjected to Amano P catalyzed
hydrolysis. Because the (R)-stereogenic centers were
preferentially hydrolyzed, the resulting mixture contained
(R,R)-5 and the diacetate of (S,S)-5 as well as the (S)
monoacetate of meso-5. Separation of this mixture as
before and hydrolysis of the esters provided the expected
diols. Formation of the bis-MTPA esters of the (R,R)-5
and the (S,S)-5 showed each to be free of its enantiomer.
However, the (R,R)-5 fraction contained about 4% of
meso-5 while the meso-5 fraction contained about 4% of
(R,R)-5.

A final diol a,0’-dimethyl-4,4’-biphenylenedimethanol,
6, was chosen to separate further the two stereogenic
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centers and ensure that the enzyme acylates each center
based only on its own configuration and not the configu-
ration or acylation state of the other stereogenic center.
Unfortunately, this goal was impeded by the low solubility
of the substrate. After 8 h, the reaction stopped despite
the fact that the acetylation would be expected to maintain
an equilibrium concentration of the (R,R)- and (R,S)-diols
to be acetylated. Apparently, one (or both) of the acety-
lated products is an effective inhibitor of the lipase.
Filtering off the catalyst and undissolved diol followed by
evaporation of the benzene provided the expected mixture
of 6 and its mono and diacetates. Separation of the mix-
ture as described before gave diol monoacetate and di-
acetate fractions. However, the (S,S)-diol fraction was
contaminated with (R,R)- and (R,S)-diol, and the total
weight of material was about one-third of that expected.
The solid, consisting of enzyme and undissolved diol, was
subjected to the reaction conditions twice more, after which
time all diol containing (R)-centers has been consumed.
Filtering off the enzyme and cooling the benzene provided
(S,5)-6 having [«]®p, -76.1° which compares favorably with
[a]®p +77.0° found for the (R,R)-sterecisomer after hy-
drolysis of the diacetate. As shown in Table V, when the
bis-MTPA esters of these sterecisomer fractions were
prepared, it was found that the C-methyl region no longer
provided information allowing different diastereomers to
be distinguished. However, the (R,R)-6 fraction was shown
to incorporate no more than 4% of (S)-stereogenic centers
from either (R,S)-6 or (S,S)-6. Similarly, the (S,S)-6
fraction was shown to contain no more than 6% of (R)-
centers from (R,S)-6 or (R,R)-6. The (R,S)-6 fraction was
found to contain slightly more (R)-centers than (S)-centers.

Separation of the stereoisomers of a triol, a,a’,a”-tri-
methyl-1,3,5-benzenetrimethanol, 7, was also explored.
However, because of the low solubility of this triol, it was
concluded that nonenzymatic esterification would become
a significant, detrimental side reaction over the long re-
action time the process was expected to require. Conse-
quently, it was decided to convert the triol to its triacetate
by chemical means and then to attempt a stereoselective
hydrolysis with the enzyme.

HO ?H
CHLCH CHCH;
cIHCH3
OH
7

The triacetate was prepared by standard methods then
suspended in a phosphate buffer at pH 7.8 to which was
added the unsupported Amano P. The pH of the mixture
was monitored and restored to 7.8 £ 0.5 with daily addi-
tions of alkali. After 28 days, the theoretical amount of
base had been consumed and the reaction ceased. Sepa-
ration of the four products and hydrolysis of the acetates
as detailed in the Experimental Section provided the four
triols. The optical rotations of the acetylated materials

Table VI. Specific Rotations of the Enzymatic Hydrolysis Products and Fully Hydrolyzed Triol Products in the Separation
of the Stereoisomers of a,a’,a”’-Trimethyl-1,3,5-benzenetrimethanol, 7

no. of acetate grps in
enzymatic hydrolysis

[a]®p (deg) of

enzymatic hydrolysis [a]#p (deg) of the fully

stereochem desig product product hydrolyzed triol
R.R.R 0 +95.50 +95.50
S,8,8 3 -173.25 -94.10
R,S,S 2 -114.75 -32.10
R,R,S 1 +14.50 +32.31
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Table VII. Stereochemically Sensitive NMR Regions of the
Bis-MTPA Esters from the Stereoisomers of 7

intensities at chemical shifts (8)

methoxy? C-methyl*®
S R
triol 6 353 343 160 153 1.52 1.49 148 1.45
(S,R,R)-7 67 33 <3 66 <3 <3 <3 3
(S,S,R)-7 20 71 27 3 16 <3 54 <3
S,8,8)-7 >97 <3 <3 <3 <3 >97 <3 <3

The entrieg show the relative intensities of the absorption at
each chemical shift indicated. It has not yet been possible to as-
sign absorptions at specific chemical shifts in the C-methyl region
of the spectra to specific stereochemical arrangements.

as well as the triols are shown in Table VI. As summarized
in Table VII, conversion of the (S,S,S)-fraction to the
corresponding tris MTPA esters showed it to contain no
detectable (R)-stereogenic centers as evidenced by single
absorptions for the methoxy and the C-methyl protons.
It can be concluded that the (R,R,R)-sterecisomer is ste-
reochemically pure as well, on the basis of its specific
rotation, compared with that of the (S,S,S)-stereoisomer,
as shown in Table VI. Determining the stereochemical
purity of the (R,R,S)- and (S,S,R)-enantiomer pair using
MTPA esters is more difficult for the two identical groups;
ie., the two S groups in the (S,S,R)-stereoisomer are in
diastereotopic environments so need not give a single set
of absorptions when the (R)-MTPA group is added to each.
That the (R,R,S)-stereoisomer is stereochemically pure is
supported by both the methoxy protons and the C-methyl
protons appearing as pairs of absorptions in the NMR
spectrum of the corresponding MTPA ester, each in a 2:1
ratio of intensities. Although comparison of the specific
rotation for the (S,S,R)-enantiomer with that of the (R,-
R,S)-enantiomer supports it too long being stereochemi-
cally pure, this cannot be confirmed by the multiple ab-
sorptions in the NMR spectrum of its MTPA ester.
From the results described here, it is apparent that
separation of diol and triol stereoisomer mixtures by en-
zymatic modification of all stereogenic centers in the
mixture having the same configuration will provide a
valuable source of these compounds, particularly when two
or more of the stereoisomers are required. The apparently
high selectivity of the enzyme for a single configuration
suggests that another, less obvious, application for the
methodology is in determining the effectiveness of ho-
mochiral syntheses of diols and triols. Such an analysis
would require treating the product mixture from the re-
action under study with acetic anhydride and the enzyme
and then determining the relative amounts of unacetylated,
monoacetylated, and diacetylated products. Initially,
separating the products and actually determining their
stereochemical purity would be desirable, but subsequent
analyses of other mixtures of the same diol could be carried
out directly on the mixture of products from the acetyla-
tion using VPC or HPLC. We have also demonstrated the
usefulness of bis-MTPA esters for determining the ste-
reochemical purity of the separated diol stereoisomers.

Experimental Section

General. Reaction mixtures were stirred magnetically under
a dry nitrogen atmosphere unless otherwise indicated. Chemicals
used were the best available commercial grade and were used
without purification unless otherwise indicated. The “anhydrous”
benzene used had a water content of <0.05%. Organic extracts
were dried with Na,SO, unless otherwise indicated. Melting points
are uncorrected. NMR spectra were recorded at 250 MHz. VPC
analyses were carried out on a 5-m fused silica capillary column
having a bonded liquid phase of cross-linked methyl silicone.

Wallace et al.

Helium was used as the carrier gas at a flow rate of 30 mL/min.
The oven temperature was programmed to remain at 50 °C for
2 min and then rise to 250 °C at 16 °C/min and remain there
for 10 min. TLC analyses were carried out on silica gel-coated
glass plates and were visualized by fluorescence under UV ex-
citation. The elution solvent was a 4:1-1:1 mixture of hexane and
ethyl acetate for acetylated materials and pure ethyl acetate for
the diols. Microanalysis were carried out by Mrs. Ruby Ju of the
University of New Mexico Microanalytical Laboratory.

Preparation of the Stereoisomer Mixture of a,a’-Di-
methyl-1,4-benzenedimethanol, (S,S)-, (R,S)-, and (R,R)-1.%4
A 250-mL flask was charged with 10.0 g (61.7 mmol) of 1,4-di-
acetylbenzene (Aldrich) and 120 mL of anhydrous isopropyl al-
cohol. To the stirred solution was added 2.3 g (60.8 mmol) of
sodium borohydride in three equal portions. After 2 h, TLC
analysis showed the starting material had been consumed, and
a single new spot remained. The reaction was quenched by
addition of dilute HCI with stirring until the pH dropped to 6.5.
The salts that precipitated were filtered off then the solvent was
evaporated and the residue extracted with 3 X 100 mL of ethyl
acetate. The combined organic extracts were washed with 2 X
100 mL of water and dried and the solvent evaporated to yield
9.1g (89%) of the diol mixture: mp 82-83 °C (lit. mp 80-81 °C);®
IR (KBr) 3350, 2950, 1515, 1440, 1360, 1295, 1210, 1080, 1005,
900, 830 cm™; 'H NMR (CDCly) 6 7.33 (s, 4 H), 4.87 (q, 2 H), 2.27
(s, 2 H), 1.51 (d, 6 H). Anal. Calcd for C;,H,,0,: C, 72.26; H,
8.49. Found: C, 72.40; H, 8.47.

Separation of the Stereoisomers of a,a’-Dimethyl-1,4-
benzenedimethanol. A 500-mL flask was charged with 6.98 g
(42.0 mmol) of the stereoisomer mixture of 1 and 250 mL of
anhydrous benzene. The mixture was heated to obtain a clear
solution and then cooled to ambient temperature, and 4.4 g of
supported Amano P lipoprotein lipase (AMANO Int’l Enzyme
Co., Troy, VA), which had been prepared as described elsewhere,®
was added with stirring followed by addition of 8.57 g (84.0 mmol)
of acetic anhydride. After 6 h a marked change in the rate of
disappearance of 1 and appearance of products was observed by
VPC, and after 7 h the reaction was quenched by filtering off the
catalyst.

Isolation of (§,8)-a,a’-Dimethyl-1,4-benzenedimethanol,
(8,8)-1. Approximately half of the solvent was evaporated and
the concentrated mixture stored at 0 °C overnight. The frozen
benzene was allowed to thaw, and the colorless crystrals of (S,5)-1
which remained were filtered off (1.68 g, 24.1% of the starting
material); mp 128-130 °C after recrystallization from benzene.
The H and 3C NMR spectra were identical with those described
above for the stereoisomer mixture: [a]®p -79.9 °C (¢ = 2,
acetone). Anal. Caled for C,(H, 0, C, 72.26; H, 8.49. Found:
C, 72.12; H, 8.54.

Isolation of (R,S)-a,a’-Dimethyl-1,4-benzenedimethanol
Monoacetate, (R,S)-2. The filtrate from isolation of (S,S)-1
was washed with 2 X 50 mL of aqueous K,CO; and with 50 mL
of water then dried and the solvent evaporated at ambient tem-
perature. The residual yellow oil was purified by flash chroma-
tography on a 15-cm bed of Merck 60/60 Angstrom silica gel
eluting with 1:1 hexane/ethyl acetate to give two fractions. The
second fraction, having a lower R; on TLC, and comprising 3.54
g of a colorless oil, was shown to be (R,S)-2 and accounted for
40.1% of the starting diol mixture: [a]%p £59.3° (¢ = 4, acetone);
H NMR (CDCl,) 6 7.35 (s, 4 H), 5.84 (g, J = 6.6 Hz, 1 H), 4.83
(q,J =6.5Hz,1H),2.68 (brs, 1 H),2.03 (s, 3H),1.51(d,J =
6.6 Hz, 3 H), 1.45 (d, J = 6.5 Hz, 3 H); *C NMR (CDCl,) 4 170.3,
145.4, 140.5, 126.0, 125.4, 72.0, 69.7, 24.9, 21.9, 21.1, Anal. Calcd
for C;;H,¢04: C, 69.21; H, 7.74. Found: C, 69.42; H, 7.51,

Isolation of (R,R)-a,a’-Dimethyl-1,4-benzenedimethanol
Diacetate (R,R)-3. The first fraction, comprising 2.56 g of a
colorless oil, was shown to be (R,R)-3 and accounted for 24.4%
of the starting diol mixture: [a]?®p +152.9° (c = 2, acetone); 'H
NMR (CDCl,) 6 7.33 (s, 4 H), 5.87 (q, J = 6.6 Hz, 2 H), 2.06 (s,
6 H), 1.52 (d, J = 6.6 Hz, 6 H); 3C NMR (CDCl,) 5, 170.1, 141.1,
126.1, 71.8, 21.9, 21.1. Anal. Caled for C,;H,;0. C, 67.18; H,
7.25. Found: C, 67.48; H, 7.32.

(29) Mowry, D. T.; Renoll, M.; Huber, W. F. J. Am. Chem. Soc. 1946,
68, 1105.
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" (R,S)-a,0’-Dimethyl-1,4-benzenedimethanol, (R,§)-1. To
a solution of 0.396 g (9.90 mmol) of NaOH and 50 mL of com-
mercial absolute methanol was added 2.00 g of the monoacetate
(R,S)-2, in 25 mL of methanol. The mixture was stirred for 2.5
h after which time VPC analysis showed the hydrolysis to be
complete. The solvent was evaporated, 100 mL of water added
to the residue, and the mixture stirred rapidly. The crystalline
precipitate which formed was filtered off and dried in vacuo at
ambient temperature for 12 h. It was then recrystallized from
hot benzene to give 1.41 g (88%) of (R,S)-1 having mp 116-118
°C (1it.?® mp 90-91 or 114-115 °C); [a]?5p, —0.35° (¢ = 2, acetone).
The 'H and *C NMR spectra were identical with those described
above for the sterecisomer mixture of 1. Anal. Calcd for C;oH;,0:
C, 72.26; H, 8.49. Found: C, 72.55; H, 8.66.

(R,R)-a,o’-Dimethyl-1,4-benzenedimethanol, (R ,R)-1. In
a manner analogous to that described for the monoacetate, 1.50
g (6.0 mmol) of the diacetate, (R,R)-3, was treated with 0.48 g (12.0
mmol) of NaOH. To provide 0.91 g (92%) of (R,R)-1 as colorless
needles, mp 130-131.5 °C (lit.* mp 92-94 °C, lit.® mp 90-91 °C,
1it.2® mp 114-115 °C); [«]?®p +80.5° (¢ = 2, acetone), +74.8° (¢
= 2, ethanol) (lit.? [«]?®*p +60° (¢ not given, ethanol or chloro-
form)). The 'H and *C NMR were identical with those described
above for the stereoisomer mixture of 1. Anal. Caled for C;;H,,0,:
C, 72.26; H, 8.49. Found: C, 72.13; H, 8.72.

Preparation of the Stereoisomer Mixture of a,o’-Di-
methyl-1,3-benzenedimethanol, (S,S)-, (R,S)-, and (R,R)-4.
This mixture of stereoisomers was prepared from 1,3-diacetyl-
benzene by reduction with sodium borohydride as described above
for the para stereoisomers. Cooling of the reaction mixture with
an ice bath was required to moderate the exothermic reduction.
The mixture of stereoisomers was isolated as a semisolid. It
appeared as a single spot on TLC and as a single peak on VPC:
'H NMR (CDCl;) 6 7.2-7.4 (m, 4 H), 4.85 (q, 2 H), 2.95 (br s, 2
H), 1.46 (d, 6 H); °C NMR (CDCly) 5, 146.0, 128.4, 124.8, 123.0,
69.9, 25.0. Anal. Caled for C,(H,,05: C, 72.26; H, 8.49. Found:
C, 72.19; H, 8.70.

Separation of the Stereoisomers of a,o’-Dimethyl-1,3-
benzenedimethanol. A benzene solution containing 10.1 g of
the mixture of stereoisomeric diols 4 was treated with Amano P
and acetic anhydride as described above for the para diols, 1. The
reaction was allowed to continue for 22.5 h, and then the excess
acetic anhydride was destroyed by addition of 3 mL of methanol.
TLC analysis showed the acetic anhydride to have been consumed
after 0.25 h, and, after stirring for 0.5 h, the enzyme was filtered
off and the products were separated as before.

Isolation of (§,8)-a,«’-Dimethyl-1,3-benzenedimethanol,
(S,8)-4. After being cooled overnight, the insoluble (S,S)-diol,
1.65 g, corresponding to 16.3% of the starting mixture of diols,
was filtered off. It displayed [a]?p —63.6° (¢ = 2, acetone). The
'H and *C NMR spectra were identical with those described above
for the stereoisomer mixture. Anal. Calcd for C,gH;,0,: C, 72.26;
H, 8.49. Found: C, 72.20; H, 8.61.

Isolation of (R,S)-a,a’-Dimethyl-1,3-benzenedimethanol
Monoacetate. The monoacetate of (R,S)-4, 6.65 g, corresponding
t0 52.5% of the starting mixture of diol stereoisomers, was isolated
by chromatography as described above for the para isomer. It
displayed: [a]?®p +53.1° (¢ = 2.2, acetone); *H NMR (CDCly)
7.2-7.4 (m, 4 H), 5.85 (q, J = 6.6 Hz, 1 H), 4.85 (q, J = 6.5 Hz,
1 H), 2.55 (br s, 1 H), 2.04 (s, 3 H), 1.52 (d, J = 6.6 Hz, 3 H), 1.47
(d, J = 6.5 Hz, 3 H); 1*C NMR (CDCl,) §, 170.3, 146.0, 141.6, 1284,
124.9, 124.8, 123.0, 72.2, 69.9, 25.0, 22.0, 21.1. Anal. Calcd for
CsHis0s: C, 69.21; H, 7.74. Found: C, 69.23; H, 7.74.

Isolation of (R,R)-a,a’-Dimethyl-1,3-benzenedimethanol
Diacetate. The diacetate of (R,R)-4, 2.77 g, corresponding to
18.2% of the starting mixture of diol stereoisomers, was isolated
by chromatography as described above for the para isomer. It
displayed: [&]%p +111.3° (c = 2, acetone); 'H NMR (CDCl,) é
7.2-7.4 (m 4 H), 5.85 (q, J = 6.6 Hz, 2 H), 2.04 (s, 6 H), 1.52 (d,
J = 6.6 Hz, 6 H); 13C NMR (CDCl,) §, 170.3, 141.6, 128.4, 124.9,
123.0, 72.2, 22.0, 21.1. Anal. Caled for C, H,;0. C, 67.18; H,
7.25. Found: C, 67.48; H, 7.32.

(R,S)-a,a’-Dimethyl-1,3-benzenedimethanol, (R,S)-4. The
monoacetate of (R,S)-4 was hydrolyzed by treatment with sodium
hydroxide in absolute methanol as described for the corresponding
para isomer above. To prevent reacetylation of the alcohols, it
was necessary to neutralize the reaction mixture to pH 6.5 with
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methanolic HC] before evaporating the methanol. The diol
displayed [«])%p, +7.68° (¢ = 2, acetone). The 'H NMR spectrum
was identical with that of the mixture of diol stereoisomers.

Purification of the (R,S)-a,0’-Dimethyl-1,3-benzenedi-
methanol by Recycling. A 4.32-g sample of the impure (R,-
8)-a,a’-dimethyl-1,3-benzenedimethanol isolated above was again
submitted to the Amano P lipase catalyzed acetylation by acetic
anhydride as described previously. In the absence of any (S,-
S)-diol, the reaction was complete after 11 h. VPC analysis showed
the presence of 11.6% of diacetate along with the monoacetate.
Separation of the mixture by chromatography gave 2.61 g of the
monoacetate of (R,S)-2 corresponding to a recovery of 2.08 g of
the diol (R,S)-4. The monoacetate displayed [«]®p +57.6° (¢ =
2, acetone). A second fraction contained 0.81 g of the diacetate
of (R,R)-4 (corresponding to 0.54 g of the (R,R)-diol) which dis-
played [a]%°, +110.8° (¢ = 2; acetone). Hydrolysis of the mon-
oacetate as described previously gave meso diol, (R,S)-2, having
[a])®p +0.77° (¢ = 2, acetone), indicating an impurity of 1.1% of
(R,R)-4. Anal. Caled for C,;H,,0,: C, 72.26; H, 8.49. Found:
C, 71.97; H, 8.56.

(R,R)-a,o/-Dimethyl-1,3-benzenedimethanol, (R,R)-4. The
diacetate of (R,R)-4, 0.42 g (1.68 mmol), was hydrolyzed with
sodium hydroxide, 0.132 g (3.3 mmol), in anhydrous methanol
(50 mL) as described for (R,R)-3 above. To prevent reacetylation
of the hydrolyzed diol it was necessary to adjust the mixture to
pH 6.5 with methanolic HC] before evaporating the methanol.
Following extraction of the diol into methylene chloride and
evaporation of the solvent, 0.25 g (90%) of (R,R)-4 was recovered.
It displayed [a]®p, +65.9° (c = 2, acetone). The 'H and *C NMR
spectra were identical with those of the mixture of diol stereo-
isomers. Anal. Caled for C,oH,,0,: C, 72.26; H, 8.49. Found:
C, 71.96%; H, 8.52.

Preparation of the Stereoisomer Mixture of a,a’-Di-
methyl-2,6-pyridinedimethanol, (S,S)-, (R,S)-, and (R,R)-5.
A 250-mL flask was charged with 5.0 g (30.6 mmol) of 2,6-di-
acetylpyridine and 60 mL of anhydrous isopropyl alcohol. To
the stirred solution was added 1.16 g (3.06 mmol) of sodium
borohydride in three equal portions. The initially colorless solution
became yellow and warmed and then slowly returned to pale
yellow. After 1 h, VPC analysis showed all of the starting material
to have been consumed, and after an additional hour, the excess
borohydride was destroyed by adjusting the pH to 6.5 with 5%
aqueous HC], about 50 mL being required. After the solution
was stirred for a short time, the pH was readjusted to 8 with dilute
aqueous NaOH solution. The precipitate which formed was
filtered off and the isopropyl alcohol and some of the water
evaporated until a volume of about 40 mL was reached. The
concentrated aqueous mixture was extracted with 3 X 100 mL
of ethyl acetate. The combined organic phases were dried, and
the solvent was evaporated to give 4.20 g (82%) of a nearly
colorless oil which crystallized upon standing at 0 °C: mp 49-58
°C; 'H NMR (CDCly) 6 7.71 (t, 1 H), 7.21 (d, 2 H), 4.84-4.98 (m,
2 H), 3.91 (s, 2 H), 1.52 (d, 6 H). Anal. Calcd for C;H;3NO,: C,
64.65; H, 7.84. Found: C, 64.95; H, 7.60.

Separation of the Stereoisomers of a,o’-Dimethyl-2,6-
pyridinedimethanol. A 500-mL flask was charged with 3.93 g
(23.5 mmol) of the stereoisomer mixture of 5 and 150 mL of dry
benzene. To the clear, stirred solution was added 2.5 g of Amano
P lipase supported on Celite 577 followed by 4.79 g (47.0 mmol)
of acetic anhydride. The reaction was stopped after 45 h by
addition of 2 mL of methanol, despite the fact that VPC analysis
showed that less than the expected amount of diacetate had been
formed. The catalyst was removed by filtration and the filtrate
concentrated to yield 4.53 g of a light yellow oil which was sep-
arated by flash chromatography on a 15-cm bed of Merck 60/60
Angstrom silica gel eluted with 1:1 hexane/ethyl acetate.

Isolation of (R,R)-a,o’-Dimethyl-1,3-pyridinedimethanol
Diacetate. The first fraction comprising 1.034 g of a pale yellow
oil and accounting for 17.5% of the starting diol stereoisomer
mixture was shown to be the diacetate of (R,R)-5: [«]22P,, +78.33°
(c = 2, acetone); 'H NMR (CDCl;) 6 7.66 (t, 1 H), 7.23 (d, 2 H),
5.93 (q, 2 H), 2.41 (s, 6 H), 1.57 (d, 6 H). Anal. Calcd for
CsHy NO,: C, 64.50; H, 7.58; N, 5.01. Found: C, 64.58; H, 7.65;
N 5.08.

Isolation of (R,S)-a,o’-Dimethyl-1,3-pyridinedimethanol
Monoacetate. The second fraction, comprising 2.57 g of a pale



5238 J. Org. Chem., Vol. 57, No. 19, 1992

yellow oil and accounting for 52.5% of the starting mixture of
diol stereocisomers, was shown to be the monoacetate of (R,S)-5:
[a]amby, +29.43° (¢ = 2.2, acetone); 'H NMR (CDCl,) 4 7.66 (t,
1 H), 7.22 (4, 2 H), 5.92 (q, 1 H), 4.91 (q, 1 H), 2.57 (br s, 1 H),
2.41 (s, 3 H), 1.57 (d, 3 H), 1.51 (d, 3 H). Anal. Caled for
CH;sNO;: C,63.14; H, 7.23; N, 6.70. Found: C, 63.01; H, 7.30;
N, 6.74.

Isolation of (S,S)-a,0’-Dimethyl-1,3-pyridinedimethanol
(S,S)-5. The third fraction comprising 0.56 g of a white mi-
crocrystalline solid and accounting for 14.2% of the starting
mixture of diol stereoisomers was shown to be (S,S)-5: mp 61-63
°C; [«]*mb, ~63.6° (¢ = 2, acetone). The 'H spectrum was identical
with that described above for the stereoisomer mixture. Anal.
Caled for CoH 3NO,: C, 64.65; H, 7.84; N, 8.38. Found: C, 64.89;
H, 7.90; N, 8.45.

(R,S)-a,a’-Dimethyl-1,3-pyridinedimethanol, (R,$)-5. The
monoacetate of (R,S)-5 was hydrolyzed by treatment with sodium
hydroxide in absolute methanol as described for the monoacetate
of (R,S)-4 above. (R,S)-5 was isolated as a white semisolid, 1.42
g (89%): [a]*Pp +10.21° (¢ = 2, acetone). The 'H NMR spectrum
was identical with that of the mixture of diol stereoisomers. Anal.
Caled for Co,H;3sNO,: C, 64.65; H, 7.84; N, 8.38. Found: C, 64.45;
H, 7.99; N, 8.44.

(R,R)-a,a/-Dimethyl-1,3-pyridinedimethanol, (R,R)-5. The
diacetate of (R,R)-5 was hydrolyzed with sodium hydroxide in
anhydrous methanol as described for the diacetate of (R,R)-4
above. The (R,R)-5, 0.450 g (85%), was isolated as a white mi-
crocrystalline solid: mp 62-64 °C; []*Py, +44.01° (c = 2, acetone).
The 'H NMR spectrum was identical with that of the mixture
of diol stereoisomers. Anal. Calcd for C;H,3sNO,: C, 64.65; H,
7.84; N, 8.38. Found: C, 64.66; H, 7.98; N, 8.38.

Preparation of the Stereoisomer Mixture of a,a’-Di-
methyl-2,6-pyridinedimethanol Diacetates. This mixture was
prepared from the mixture of diols 5 as described below for the
preparation of the stereoisomer mixture of a,o’,a”-trimethyl-
1,3,5-benzenetrimethanol triacetates from the mixture of triols
7.

Separation of a,o’-Dimethyl-2,6-pyridinedimethanol,
Stereoisomers by Hydrolysis of the Diacetate Mixture. To
a solution of 2.5 g (9.95 mmol) of a stereoisomer mixture of the
diacetates of 5 in ether was added 7.5 silica gel. The ether was
then evaporated, leaving a granular, free-flowing powder. To this
powder was added 1.25 g of Amano P Lipoprotein Lipase and 25
mL of 0.1 N phosphate buffer. Aqueous NaOH was added as
required to maintain the pH at 7.8. When the pH ceased changing
significantly (about 3 days), the mixture was filtered through a
glass fiber filter circle (coarse frits clog easily), and the yellowish
filtrate was extracted with ether. The filtrate was dried and
evaporated to give a residue that was separated by flash chro-
matography on silica gel using 1:1 ethyl acetate/hexane followed
by neat ethyl acetate as eluants. Three fractions comprising the
diacetate of (S,S)-5, the monoacetate of (R,S)-5, and (R,R)-5 were
isolated. The diacetate and monoacetate were hydrolyzed as
described above to provide (S,S)-5 and (R,S)-5, respectively.

Preparation of the Stereoisomer Mixture of a,a’-Di-
methyl-4,4-biphenylenedimethanol, (S,S)-, (R,S)-, and
(R,R)-6. This mixture of stereoisomers was prepared from
4,4'-diacetylbiphenyl (K & K Laboratories) by reduction with
sodium borohydride as described above for the stereoisomers of
1. The mixture of stereoisomers was isolated as an off-white solid,
mp 160-163 °C. It appeared as a single spot on TLC: 'H NMR
(CDCl,) 6 7.35-7.65 (AA’BB’, q, 8 H), 4.95 (broadened q, 2 H),
1.86 (d, J = 2.5 Hz, 2 H), 1.54 (d, J = 6.4 Hz, 6 H). Anal. Calcd
for C,gH,30,: C, 79.24; H, 7.49. Found: C, 79.11; H, 7.43.

Separation of the Stereoisomers of a,a’-Dimethyl-4,4’-
biphenylenedimethanol. A mixture containing 4.0 g (16.5 mmol)
of the mixture of stereoisomeric diols 6, 3.37 g (33.05 mmol) of
acetic anhydride, and 2.52 g of Amano P lipase supported on Celite
577 in 150 mL of dry benzene was allowed to stir for 10 h. The
reaction was stopped by filtering off the catalyst. Evaporation
of the solvent provided only 1.62 g of product, so the solid which
had been filtered off was resuspended in 150 mL of dry benzene
and treated with a further 3.0 g (29.4 mmol) of acetic anhydride,
this time for a period of 30 h. Workup as before provided an
additional 1.54 g of product. A third repetition of the acetylation
provided a final 1.38 g of product. The combined products (4.54
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g, 97% of theory) were separated by flash chromatography on
a 15-cm bed of Merck 60/60 A silica gel eluting with 1:1.5 hex-
ane/ethyl acetate to give, after evaporation of the solvent, three
fractions, all of which crystallized upon standing.

Isolation of (R,R)-a,a’-Dimethyl-4,4’-biphenylenedi-
methanol Diacetate. The firat fraction was shown to be the
diacetate of (R,R)-6, 1.57 g, corresponding to 29.1% of the starting
mixture of diol stereoisomers: mp 77-80 °C; [a]®p +170.19° (¢
= 2, acetone); 'H NMR (CDCly) § 7.50 (AA’BB’, q, 8 H) 5.92 (q,
J = 6.6 Hz, 2 H), 2.08 (s, 6 H), 1.57 (d, J = 6.6 Hz, 6 H). Anal.
Caled for CH,,0,: C, 73.60; H, 6.79. Found: C, 73.88; H, 6.82.

Isolation of (R,S)-a,a’-Dimethyl-4,4’-biphenylenedi-
methanol Monoacetate. The second fraction was shown to be
the monoacetate of (R,S)-6, 1.69 g, corresponding to 36.0% of the
starting mixture of diol stereoisomers: mp 70-72 °C; [a)%p
+62.51° (¢ = 2.2, acetone); 'H NMR (CDCly) 7.5 (AA'BB’ m, 8
H), 5.92 (q, J = 6.6 Hz, 1 H), 4.94 (q, J = 6.4 Hz, 1 H), 2.08 (s,
3H), 198 (brs,1H),1.57 (d,J =6.6 Hz,3 H), 1.53 (d, J = 6.4
Hz, 3 H). Anal. Caled for C,gHyyO4: C, 76.03; H, 7.09. Found:
C, 76.02; H, 7.09.

Isolation of (§,S)-a,a’-Dimethyl-4,4’-biphenylenedi-
methanol, (S,8)-6. The third fraction was shown to be (S,5)-6,
1.10 g, corresponding to 27.5% of the starting mixture of diol
sterecisomers: mp 158-160 °C; [a]®p —55.00° (¢ = 2). Comparison
with the mp and rotation found for the (R,R)-isomer suggested
contamination by (R,S)- and/or (R,R)-isomer.

Purification of (§,8)-a,a’-Dimethyl-4,4’-biphenylenedi-
methanol, (§,5)-6, by Recycling. The impure (S,S)-6 was
treated with 0.93 g (9.1 mmol) of acetic anhydride and 0.66 g of
the supported Amano P lipase in 100 mL of dry benzene. After
30 h, the catalyst was removed, and upon cooling the benzene
solution to 0 °C, the (S,S)-diol (0.91 g, 83%) crystallized as a white
solid: mp 167-169 °C; [a]?*p —76.05° (¢ = 2, acetone). The 'H
and *C NMR spectra were identical with those described above
for the stereoisomer mixture. Anal. Caled for C,¢H;305: C, 79.24;
H, 7.49. Found: C, 79.28; H, 7.46.

(R,S)-a,o/-Dimethyl-4,4-biphenylenedimethanol, (R,S)-6.
The monoacetate of (R,S)-6 was hydrolyzed by treatment with
NaOH in absolute methanol, as described for (R,S)-2 above, to
give 1.31 g (91%) of (R,S)-6: mp 168-171 °C; [«]®p +1.45° (¢
= 2, acetone). The 'H NMR spectrum was identical with that
of the mixture of diol stereoisomers. The rotation of +1.45°
indicates this meso compound is contaminated with 1.9% of
(R,R)-(+)-6 having rotation +76.95°. Anal. Calcd for C,gH;30,:
C, 79.24; H, 7.49. Found: C, 79.07; H, 7.36.

(R,R)-a,a-Dimethyl-4,4-biphenylenedimethanol, (R,R)-6.
The diacetate of (R,R)-6, 0.42 g (1.68 mmol), was hydrolyzed with
NaOH, 0.132 g (3.3 mmol) in anhydrous methanol (50 mL), as
described for (R,R)-3 above, to give 1.02 g (88%) of (R,R)-6: mp
168-170 °C; [a]®p +76.95° (c = 2, acetone). The 'H NMR
spectrum was identical with that for the mixture of diol stereo-
isomers. Anal. Caled for C;gH 30, C, 79.24; H, 7.49. Found:
C, 78.97; H, 7.34.

Preparation of the Stereoisomer Mixture of a,a’,a”’-Tri-
methyl-1,3,5-benzenetrimethanol, (9,9,8)-, (R,S,S)-, (S,
R,R)-, and (R,R,R)-7. This mixture of sterecisomers was
prepared from the poorly soluble 1,3,5-diacetylbenzene by re-
duction with sodium borohydride as described above for the
a,a-dimethyl-1,4-benzenedimethanol stereoisomers. The product
was isolated as a very pale yellow solid that appeared as a single
spot on TLC: mp 122-126° C; 'H NMR (CD,COCD;) 5 7.28 (s,
3 H), 4.87 (q, J = 6.5, 3 H), 3.67 (br s, 1.5 H), 2.73 (br s, 1.5 H),
1.46 (d, J = 6.5, 9 H). Anal. Caled for C,3H,30;5: C, 68.54; H,
8.63. Found: C, 68.75; H, 8.85.

Preparation of the Stereoisomer Mixture of a,o’,a”’-Tri-
methyl-1,3,5-benzenetrimethanol Triacetates. To a 250-mL
flask was added 4.0 g (19.0 mmol) of the stereoisomer mixture
of triols 7 mixed with 50 mL of CH,Cl,. The solution was stirred,
and to it were added 8.74 g (85.6 mmol) of acetic anhydride, 8.67
g (85.7 mmol) of triethylamine, and 0.25 g (2.0 mmol) of 4-(N,-
N-dimethylamino)pyridine (DMAP). The partially soluble triol
was completely dissolved after about 0.5 h, and after 2 h, TLC
analysis showed only one spot at an R; much higher than that
of the triol. The reaction was quenched by cooling the flask in
an ice-water bath and then slowly adding 50 mL of water. The
phases were separated, and the organic phase was extracted with



Separation of Remote Diol and Triol Sterecisomers

3 X 50 mL of aqueous citric acid solution then 3 X 50 mL of
saturated aqueous NaHCOj; solution, and finally, with 2 X 100
mL of water. After drying, the solvent was evaporated to yield
a dark yellow oil which was passed through a 4-in. bed of silica
gel eluted with 1:1 hexane/ethyl acetate to provide 5.88 g (92%)
of a light yellow oil: 'H NMR (CDCl,) 6 7.26 (s, 3 H), 5.89 (q,
J = 6.6, 3 H), 2.09 (s, 9 H), 1.53 (d, J = 6.6, 9 H). The oil was
used in the next step without additional characterization.

Separation of the Stereoisomers of a,o’,a’-Trimethyl-
1,3,5-benzenetrimethanol, 7. To a 500-mL flask fitted with a
stirrer and a pH electrode was added 5.86 g (17.42 mmol) of the
stereoisomer mixture of a,a’,a”-trimethyl-1,3,5-benzenetri-
methanol triacetate dissolved in 20 mL of benzene. To this was
added 100 mL of a 0.1 M potassium phosphate buffer that had
been adjusted to pH 7.8 followed by 0.600 g of unsupported
Amano P lipase catalyst. The yellow reaction mixture was stirred
at room temperature for 672 h (28 days) while maintaining the
pH between 7.5 and 8.2 by daily additions of 1.0 M aqueous NaOH
solution. After 672 h, 25.7 mL of the theoretical 26.1 mL of base
had been added and the pH ceased to change over the next 24
h. The mixture was diluted with 300 mL of CH,Cl, and then
stirred rapidly. The resulting emulsion was broken by gravity
filtration through a glass fiber filter. The phases were separated,
and the organic phase was dried and then the solvent removed
and the resulting light yellow oil subjected to flash chromatography
on a 15-cm bed of 60/60 Angstrom silica gel eluted with 1:2
hexane/ethyl acetate to give three fractions.

Isolation of (S,S,8)-a,a’,a”’-Trimethyl-1,3,5-benzenetri-
methanol Triacetate. The first fraction (highest R,) comprised
0.91 g of a colorless oil accounting for 15.5% of the starting
triacetate. It was shown to be the triacetate of (S,S,5)-7: [o]*=Py
-173.25° (¢ = 2, acetone). The !H NMR spectrum was identical
with that described above for the stereoisomer mixture of tri-
acetates. Anal. Caled for C;sH,,0q: C, 64.28; H, 7.19. Found:
C, 64.64; H, 7.38.

Isolation of (R,S,S)-a,«/,a”’-Trimethyl-1,3,5-benzenetri-
methanol Diacetate. The second fraction comprised 1.33 g of
a colorless oil accounting for 25.9% of the starting triacetate. It
was shown to be the diacetate of (R,S,S)-T: [a]®®Pp -114.75° (¢
= 2, acetone); 'H NMR (CD4COCD;) 6 7.29 (d, J = 1.5 Hz, 2 H),
7.22 (d,J = 1.5 Hz, 1 H), 5.87 (q,J = 6.6 Hz, 2 H), 4.87 (q, J =
6.4 Hz, 1 H), 2.55-2.70 (br m, 1 H), 2.06 (s, 6 H), 1.52 (d, J = 6.6
Hz, 6 H), 1.48 (d, J = 6.4 Hz, 3 H). Anal. Calcd for C;gHy,05:
C, 65.28; H, 7.53. Found: C, 65.27; H, 7.64.

Isolation of (R,R,S)-a,o/,a”’-Trimethyl-1,3,5-benzenetri-
methanol Monoacetate. The third fraction comprised 1.41 g
of a very pale yellow oil accounting for 32.0% of the starting
triacetate. It was shown to be the monoacetate of (R,R,S)-T:
[a]a=by, +14.50° (¢ = 2.2, acetone); 'H NMR (CD;COCD;) 7.28
d,J=14Hz 1H), 723 (d,J =14 Hz, 2 H), 584 (q,J =6.6
Hz, 1 H), 4.84 (q, J = 6.4 Hz, 2 H), 2.55-2.70 (br m, 3 H), 2.04
(s,3H),1.52(d,J = 6.6 Hz, 3 H), 1.46 (d, J = 6.4 Hz, 6 H). Anal.
Caled for C,,HyO4: C, 66.64; H, 7.99. Found: C, 66.57; H, 8.10.

Isolation of (R,R,R)-a,o,a”-Trimethyl-1,3,5-benzenetri-
methanol, (R,R,R)-7. The aqueous phase was reduced to near
dryness by evaporation of the water and then was extracted with
3 X 50 mL of acetone. The acetone was evaporated to provide
0.605 g of an off-white solid that accounted for 21.4% of the
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starting triacetate. Recrystallization from 3:1 hexane/ethyl acetate
yielded 0.51 g of rectangular plate crystals which were shown to
be (R,R,R)-7: [a]®p +95.50° (c = 2, acetone). The 'H NMR
spectrum was identical with that described above for the triol
stereoisomer mixture. Anal. Caled for C,,H,40;5: C, 68.54; H,
8.63. Found: C, 68.75; H, 8.85.

(R,R,S)-a,a’,a”’-Trimethyl-1,3,5-benzenetrimethanol,
(R,R,S)-7. The monoacetate of (R,R,S)-7 was hydrolyzed by
treatment with NaOH in absolute methanol as described for the
mono- and diacetates of a,o’-dimethyl-1,3-benzenedimethanol,
4, above. The (R,R,S)-triol was isolated as a white microcrystalline
powder, 0.45 g (90%): mp 123-125 °C; [a]*®by +32.31° (¢ = 2,
acetone). The 'H NMR spectrum was identical with that of the
reaction of triol stereoisomers. Anal. Caled for C;;H;403: C, 68.54;
H, 8.63. Found: C, 68.69; H, 8.78.

(R,S,8)-a,0,a’’-Trimethyl-1,3,5-benzenetrimethanol,
(R,S,S)-7. The diacetate of (R,S,5)-7 was hydrolyzed with NaOH
in anhydrous methanol as described for the mono- and diacetates
of 4 above. The (R,S,S)-triol was isolated as a white, micro-
crystalline powder, 0.47 g (87%): mp 123-124 °C; [«]%, -32.10°
(c = 2, acetone). The 'H NMR spectrum was identical with that
of the mixture of triol stereoisomers. Anal. Caled for C;;H,304:
C, 68.54; H, 8.63. Found: C, 68.39; H, 8.71.

(S,S,8)-a,a,a”-Trimethyl-1,3,5-benzenetrimethanol,
(§,8,8)-7. The triacetate of (S,S,S)-7, was hydrolyzed with
NaOH in anhydrous methanol as described for the mono- and
diacetates of 4 above. The (8,S,5)-triol was isolated as
plates, 0.384 g (87%): mp 128-129 °C; [a]*=b, —94.10° (¢ = 2,
acetone). The TH NMR spectrum was identical with that of the
mixture of triol stereocisomers. Anal. Caled for C,,H,0q: C, 68.54;
H, 8.63. Found: C, 68.57; H, 8.45.

Synthesis of the Bis-(R)-MTPA Esters of the Diol and
Triol Stereoisomers.?® To an oven-dried 12 X 75-mm test tube
were added a few crystals of (N,N-dimethylamino)pyridine
(DMAP) and the vial sealed with a rubber septum. The tube was
then purged with dry nitrogen, and 300 uL of pyridine and 50
uL (0.27 mmol) of (R)-a-methoxy-a-(trifluoromethyl)phenylacetyl
chloride were added by syringe. A solution of 15 mg (0.18 mmol)
of a diol sterecisomer in 300 uL of pyridine was added to the tube
and it was then shaken over night at ~35 °C. Complete con-
version of the starting diol to the bis ester was confirmed by TLC,
eluting with 1:1 ethyl acetate/hexane. To the reaction mixture
was added 66 uL (0.54 mmol) of 3-(dimethylamino)propylamine,
and after 5 min, the solution was diluted with 20 mL of ether and
washed succesively with 5% HCl and saturated aqueous Na,COs.
(In the case of diols 5, the ether solution was washed only with
saturated NaHCO; solution that had been adjusted to pH 8 with
HCL) The organic phase was dried, the solvent evaporated, and
the residue purified by flash chromatography using 30% ethyl
acetate/hexane as eluent. The solvent was evaporated from the
ester-containing fractions with the last traces being removed under
high vacuum over night. The required NMR samples were
prepared by dissolving the resulting residues in CDCl;.
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