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Attempted Resolution of Citalopram Using (—)-0,0-Di-p-toluoyl-(R, B)-tartaric Acid,
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Abstract:

A recent article by Elati et al. (Elati, C. R.; Kolla, N.; Vankawala,
P. J.; Gangula, S.; Chalamala, S.; Sundaram, V.; Bhattacharya,
A.; Vurimidi, H.; Mathad, V. T. Org. Process Res. Dev. 2007, 11,
289—292) describes the synthesis of escitalopram by means of a
three-step process: (i) an alkylation reaction to provide dides-
methylcitalopram, (ii) resolution of didesmethylcitalopram by
classcal resolution using (—)-O-O'-di-p-toluoyl-(R,R)-tartaric acid
(DTT) as the chiral acid, and (jii) dimethylation of the resolved
product to give ecitalopram. However, they also mention resolu-
tion of citalopram itself by classical resolution, again using DTT
as the chiral acid. We have been unable to reproduce their
resolution of citalopram, obtaining only racemic or nearly racemic
material. In order to better understand the system, we constructed
two ternary solubility diagrams from solubility data at different
temperatures. Theresultant isotherms show the presence of a solid
solution across the majority of the diagram in the temperature
range 0—25 °C. This finding was in agreement with data from
X-ray diffractograms. In addition, the solubility of the desired (S)-
citalopram+DTT salt was found to be a factor of 5 higher than
that of the corresponding R/S double addition salt. Furthermore,
kinetics studies have indicated that the formation/crystal growth
of the RIS double addition salt is preferred/faster than that of the
desred (S)-citalopram-DTT salt. Taken asa whole, our findings
show that resolution is not possiblein any practical sensein the
system described by Elati et al. Furthermore, we believe that
detailed examination of their alkylation procedures casts doubt
on their reproducibility.

Introduction

A recent article by Elati et al.! describes the synthesis of
escitalopram by means of athree-step process: (i) an alkylation
reaction to provide didesmethylcitalopram (2), (ii) resolution
of didesmethylcitalopram by classical resolution using (—)-O-
O'-di-p-toluoyl-(RR)-tartaric acid (DTT) asthe chird acid, and
(iii) dimethylation of the resolved product to give escitalopram
(4) (Scheme 1).! However, they aso mention (and provide
experimental details for) a resolution of citalopram itself by
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Scheme 1. Alkylation of phthalane (1)2 to give racemic
didesmethylcitalopram (2), followed by classical resolution
using DTT to give (S)-didesmethylcitalopram (3), with
subsequent dimethylation to give escitalopram (4)
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aThis alkylation reaction was not described in detail in the paper by Elati et
al.! but was instead described in a patent referred to in Elati et a.* There are
three examples cited in the patent. In two examples DM SO was used as solvent,
and in the other example acetone was used as solvent.

classical resolution, again using DTT as the chira acid, abeit
in low yield (36 %, calculated relative to theoretical, which is
half racemate) and after multiple recrystallizations (Scheme 2).
This latter finding was of particular interest to us, as we have
attempted many resolutions of citalopram using DTT in the past
without success, and were both surprised and interested in their
report. We describe herein our efforts to repeat the reported
process. In addition, we would like to comment on the akylation
reaction which is the first step in their reported synthesis of
escitalopram. Although alkylation reactions on such phthalanes
are well-known, there are elements of the reported reaction that
we believe give cause for closer inspection and concern.

The following manuscript is therefore divided into two
sections. The first deals with our attempts to repeat the reported
resolution of citalopram, and the second discusses certain aspects
of the reported akylation reaction.

Attempted Resolution of Citalopram: Background and
Initial Experiments. According to the procedure of Elati et
a..! acetonitrile solutions of citdopram and DTT (as the
monohydrate) were mixed and heated to 70—75 °C, whereupon
methanol was added in order to give a clear solution, and the
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Scheme 2. Resolution of citalopram (5) using DTT (6) to
give the diastereomeric salts (7) ((S)-DTT) and (8)
((R)-DTT) according to Elati et al.t

acetonitrile/MeOH

DTT

solution was cooled first to room temperature, and thento 0—5
°C. After 1-1.5 h this durry was filtered to give a solid.
According to their procedure, thisrecrystalization/crystdlization
was repeated two more timesin order to give ayield (calculated
relative to theoretical, which is half of the starting racemate) of
36% (i.e. 18 % yield relative to starting racemic citalopram),
with an “optical purity” of the free base of 98.4% (correspond-
ing to an ee of 98.4 % or 96.8 %, depending on the definition
of “optica purity”). It should be emphasized here that the yield
obtained by Elati et a.! in grams and percent implies that the
citalopram-DTT sat wasformed in amolar ratio of 1:1, which
is consistent with the stoichiometry implied in the formula in
the Experimental Section. There was no mention of solvates,
S0 the assumption was that it was not present as a solvate. In
our hands, working on precisaly the same scale (and using DTT
as the monohydrate), the ratio between the two citalopram
isomers after the first crystalization was approximately 54.4:
45.6, and after this crystalization procedure was repested two
more times (after their procedure), we obtained a yield
(calculated in the same manner as used by Elati et d.! i.e
calculated relative to theoretical, which is half of the starting
racemate) of approximately 120 % (i.e. 60 % yield relative to
starting racemate), with the (§- and (R)-isomers of citalopram
present in aratio of ~56:44 (ratios for the first, second, and
third crystallizations thereby approximately 54.4:45.6, 55.7:44.3,
and 56.2:43.8, respectively, corresponding to ee values of 8.8,
11.4, and 12.4 %, respectively). This demonstrates both that a
single crystallization was not effective and that a number of
subsequent crystallizationsdid not lead toadramaticimprovement.

We attempted aso anumber of single crystallizations where
the hot solutions were seeded with either (§-citalopram+-DTT
(7, (9-DTT) or (R)-citalopram-DTT (8, (R)-DTT). For these
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experiments, seed crystals (also present in a stoichiometry of
1:1, and were not solvates, as determined by *H NMR) were
first produced from pure (S-citalopram and (R)-citalopram,
which in turn had been obtained using other methods. In the
seeding experiments, the hot acetonitrile/methanol solutions
were alowed to cool dowly, with heavy seeding with every
drop in temperature of 5 °C until it was apparent that solid
remained in the flasks. No significant differences were observed
between the experiments with and without seeding (the highest
isomeric ratios observed were ~55:45). *H NMR analysis of
all of the samples (both of the seed crystals and products of
the crystallizations) indicated that the salts were formed with
1:1 stoichiometries between citalopram isomers.DTT, and were
not present as solvates.

Physicochemical Characterization of the Resolution
System. With such a dramatic difference between the reported
findings and our own experiments, we initiated a more detailed
physicochemical characterization of the crystallization process.
First, we prepared a sample containing racemic citalopram and
DTT in a ratio of 1:1 ((rac)-DTT). For this we dissolved
equimolar amounts of racemic citalopram and DTT in isopro-
panol at reflux, and then allowed the solution to cool. A heavy
precipitation occurred. The solution was evaporated under
reduced pressure to dryness and dried under vacuum. *H NMR
analysis of this solid salt indicated that it, too, was present in a
1:1 stoichiometry and that it was not a solvate.

X-ray powder diffractograms were then acquired for the
(9+DTT, (R)-DTT, and (rac)-DTT samples (Figure 1). These
indicated clearly that the (rac)-DTT sample was not smply a
physical mixture of (§+DTT and (R)-DTT but rather appeared
to beisostructural with (R)-DTT.? Thisindicates strongly that
in this crystallization process, the (§+DTT and (R):DTT exist
as a double sdt or solid solution.

The solubilities of these three salts were measured in the
acetonitrile/methanol solvent mixture used for these “resolu-
tions” as described in Elati et a.! The measured solubilities
were 101 mg/mL for (§-DTT, 103 mg/mL for (R)-DTT, and
18 mg/mL for (rac)-DTT (Table 1). This clearly demonstrates
that in such a crystallization process, the (rac)-DTT sat will
precipitate out much earlier than the other two sdlts, and thus
gives an explanation for the failure of this resolution process.

However, we were intrigued by the apparent similarity in
the crystd sructures of (rac):DTT and (R)-DTT, so we
performed a further set of solubility experiments over arange
of different ratios of (S)- and (R)-citalopram (SR 90:10, 75:25,

(2) That (rac)-DTT and (R)-DTT can be isostructural is because that,
athough the (S§)- and (R)-citalopram enantiomers are quite distinct
structurally, significant overlap of gross structural featuresis possible.
As an illustration of this point, it has been observed that the single-
crystal X-ray structures of (racemic) citalopram oxaate and (S)-
citalopram oxalate are extremely similar (isostructural). Examination
of the racemic structure reveals that the (S)- and (R)-isomers are
symmetrically placed around the oxalate. Comparison with the (S)-
citalopram structure reveals that the overall structureis essentially the
same, but with the (R)-citalopram molecules replaced by rotated (S)-
citalopram molecules. More specifically, the fluorophenyl group of
one isomer is mapped onto the isobenzofuran aromatic ring of the
other isomer, but the isobenzofuran oxygen atoms and the basic
nitrogen atoms are situated more or less in the same positions in the
two enantiomers. (Lopez de Diego, H. et a., manuscript in prepara-
tion). Comparison of these findings to the current case of resolution
of citalopram may offer a deeper explanation as to why the resolution
is not effective.
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Figure 1. X-ray diffractographs of the salts 7 ((S)-DTT), (rac)-DTT, and 8 ((R)-DTT). (rac)-DTT and 8 ((R)-DTT) appear to be

isostuctural, whereas 7 ((S)-DTT) is distinctly different.

Table 1. Solubilities of salts formed between citalopram and
enantiomers with DTT in acetonitrile/methanol (93:7 v/v)

solution ratio (w/w %)

entry salt solubility (mg/mL) S R solvent
1 (9-DTT 101 128 00 87.2
2 (rac)-DTT 18 - - -
3 (R-DTT 103 00 130 87.0

50:50, 25:75, 10:90). For each of these experiments, the
appropriate mixture of citalopram isomers (1 g) was dissolved
in a mixture of acetonitrile (9.3 mL) and methanol (0.7 mL).
DTT monohydrate (1.0 equiv) was added as a solid to each
solution, and the solid was dissolved. The reaction vessels were
sealed tightly and were alowed to stir for 6 days at 25 °C in
order to obtain thermodynamic equilibrium. After 24 h, it was
observed that a precipitate had formed in al of the reactions.
After 6 days, stirring was stopped, and the precipitates were
alowed to settle. A sample of each of the clear solutions was
removed for concentration determination and SR ratio deter-
mination. The remainder of each of the samples was filtered,
and yields and SR ratios were obtained from them. From these
data (Table 2) and the solubilities of the pure diastereomeric
sdts, aternary phase diagram was congtructed (Figure 2).
This phase diagram illustrates a number of interesting points.
First, the shape of the solubility curve shows that the eutectics
are very close to the lateras of the diagram. Second, the tie-
line for the (rac)-DTT ends so close to 50% composition that
resolution is effectively impossible for the first crystallization.
Findly, thefivetie-linesindicate the presence of asolid solution
over the vast mgjority of the phase diagram, which may be
explained by the isostructurality between the (rac)-DTT and
(R)-DTT. X-ray powder diffractograms of these five solids, as
well as of the pure diastereomeric sdts are displayed in Figure
3. They show that the only precipitate among the five, with
content of crystalline (S +DTT detectable with XRPD, is from

Table 2. Thermodynamic partitioning of (3) ((S)-DTT) and
(4) (R)-DTT) between solid and solution for different
starting ratios of (S)-citalopram and (R)-citalopram at 25 °C,
using acetonitrile/methanol (93:7 v/v) as solvent

initial (§-DTT:(R)-DTT fina solid final solution
ratio (w/w %) ratio (w/w %) ratio (w/w %)

entry S R S R S R solvent
1 90 10 84 16 128 03 869
2 75 25 68 32 91 03 906
3 50 50 51 49 14 14 972
4 25 75 40 60 02 118 880
5 10 90 36 64 04 180 816

a|n the overall composition, the solvent is 77.9 wiw %.

theinitial 90:10 mixture. Even the precipitate with composition
68:32 shows no sign of crystaline (§+DTT. This further
substantiates the formation of solid solutions in the major part
of the (9-DTT—(R)-DTT range.

Effect of variation of other parameters. What isthe origin
of the enormous disparity between our results and those of Elati
et al? It is known that the transformation of an addition
compound double salt to a resolvable eutectic type salt pair can
occur with a variation in temperature.® The phase diagram in
Figure 2 was constructed from solubility data collected at 25
°C, and since the final stirring and filtration described by Elati
et d.! was conducted a 0—5 °C, there exists the possibility
that the phase diagram in Figure 2 does not accurately reflect
the composition of the attempted resolution. In addition, it could
be expected that the conditions of the resolution could be quite
sengitive to the presence or absence of water. In order to
investigate these questions, we conducted a set of six experi-
ments, varying both filtration temperature and water content of
the solvents.

(3) Jacques, J.; Collet, A.; Wilen, S. H. Enantiomers, Racemates and
Resolutions; Wiley: New York, 1981.
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Figure 2. Ternary phase diagram for crystallizations of
citalopram and enantiomers as DTT salts from a mixture of
acetonitrile and methanol (93:7 v/v) as solvent at 25 °C. The
tie-linesindicate formation of solid solutions. Thisdiagram was
compiled from the data in Tables 1 and 2.

In al experiments, dry (water content < 0.1 % V)
acetonitrile and methanol were used, but to some experiments
additiond water (0.5 % v/v and 2 % v/v) was added. Anhydrous
DTT was used in order to better observe differences between
relatively wet and relatively dry conditions (for comparison,
the use of DTT as the monohydrate in otherwise dry solvents
is equivaent to ~0.5 % v/v water). All reactions were carried
out as described by Elati et al.* up to the point of cooling. All
experiments were alowed to cool to 25 °C overnight, after
which haf of the experiments were filtered immediately,
whereas the other haf were cooled to 0—5 °C for 1-1.5 h.

The results of these experiments (Table 3) indicate that,
although variations in temperature and water content gave rise
to small variationsin yield, the observed (negligible) resolution
is essentidly unchanged. In order to examine the effect of
variation in filtration temperature more closely, we measured
the solubilities of (§-DTT, (R)-DTT, (rac):DTT and various
mixtures a 0—5 °C in a manner anaogous to that used
previoudly. The results are displayed in tabular form in Table
4, and in the form of aternary phase diagram in Figure 4. X-ray
powder diffractograms of the thus-obtained seven solids are
displayed in Figure 5. None of the solids were present as
solvates, as determined by TGA. The X-ray powder diffraction
patterns show a number of new interesting features. The first
is the emergence of a solid form of (R):DTT which is distinct
from (rac)-DTT. The other is of another solid form incorporat-
ing mostly (9-DTT, but with some (R)-DTT, but which is
still quite distinct from pure (S)-DTT. However, the isotherms
for 25 °C and 0—5 °C are very Similar (gpart from the expected
lower solubilities generally). Again, thetie-linesindicate that a
solid solution was observed over the mgjority of the phase
diagram, with the eutectics very close to the laterals in the
diagram. These results indicate that thermodynamic resolution
in the temperature range 0—5 °C is ill not a practica
possihility.

This does not rule out kinetic effects, athough our earlier
experiments using seeding with (§-DTT, (R)-DTT, or
(rac)-DTT did not show any significant variation with seeding
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method. However, there remains the possibility that other, more
sengtive kinetic factors are important. To that end we examined
the different time intervals involved in the crystallization
experiment.

According to the experimental detailsin Elati et a.,* aclear
solution is obtained after the addition of methanol at 70—75
°C. Thiswas aso consistent with our observations and implies
that time intervals up to this point are not important, as at this
point everything was completely in solution. There follow three
distinct time periods: (@) “dow” cooling from 70—75 °C to
room temperature, (b) cooling from room temperature to 0—5
°C over an undefined time, and (c) 1.0—1.5h a 0—5°C. The
last time interval is well-defined, and although time interval
(b) isnot precisely defined, we believe that areasonable reading
of thetext “ After cooling theflask to 0—5 °C” isthat the mixture
was cooled relatively quickly using an ice—water bath or
smilar. However, the first time period, (a), is somewhat
undefined. The term “dowly” will, of course, be somewhat
dependant on scale (and on what scale one is used to working
on). However, with atotal working volume of ~300 mL (asis
the case in this example), it is probably reasonable to interpret
“dowly” as being somewhere between 1—4 h. In the set of six
experiments designed to probe the effect of temperature and
water content (Table 3), the solutions were alowed to cool to
25 °C overnight (an effective cooling time of approximately
10 h). It is conceivable that if the cooling time is critical, then
this time period could be too long. With that in mind, we
performed a set of 4 experiments, where this cooling temper-
ature was varied (using cooling times of 10 min, 45 min, 2 h,
and 6 h). With all samples, the time and temperature at which
precipitation occurred was noted. In al cases the mixtures were
stirred at 0—5 °C for 1.5 h and then filtered cold. The mono-
hydrate of DTT was used for these experiments. The results
from this set of experiments are summarized in Table 5.

Kinetic Investigations. The principal result from this set
of experiments was that the ratios between the citalopram
enantiomersin the diasteromeric sats are essentialy unchanged
with varigtion in final temperature and moisture content (i.e.
~SR55:45). However, it is a so noteworthy that there was dso
observed a very large variation in yield (25—44 g) following
no obvious trend. This indicates that under these conditions,
kinetic factors have far more control over the outcome of the
precipitation than purely thermodynamic factors. The maximum
expected yield with gtirring at 0 °C (derived from the solubility
datain Table 4) would be expected to be around 51 g, so it is
clear that equilibrium has not yet been established in this time
frame (i.e. up to approximately 7 h). In comparison, the much
longer gtirring times used for the experiments shown in Table
3 (entries 1—3; approximately 15 hin total) gave higher yields
(45.6—50.7 g). On the basis of this data, it appears likely that
the rates of nucleation and crystal growth are also important
factors determining the outcome of this precipitation. Therefore,
despite the considerable differences in solubilities between
(9-DTT and (rac)-DTT, there remains the possibility that
heavy seeding with (S)-DTT may dlow preferentia nucleation
and growth of (§+DTT over (rac):DTT.

To this end, we conducted a further set of seeding experi-
ments (again, using the monohydrate of DTT). Three portions
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Figure 3. X-ray diffractograms of the solids from entries 1-5 in Table 2, with (S)-DTT and (R)-DTT for comparison. It is clear
that the (R)-DTT/(rac)-DTT structure pervades the majority of the diagram, and it isonly in entry 1 where there is any sign of

(S):DTT in the formed solids.

Table 3. Effect of varying filtration temperature and solvent water content on the course of the resolution

SR ratio of
water content the citalopram enantiomers
entry in solvent (v/v%) filtration temperature (°C) yield (g) yield (%)2 in the filtered salts?
1 <0.1 0 50.7 180 52:48
2 0.5 0 45.6 162 52:48
3 2 0 49.0 173 52:48
4 <0.1 20 48.4 171 51:49
5 0.5 20 48.3 171 51:49
6 2 20 46.2 164 51:49

a Calculated relative to theoretical, which is half of the starting racemate. ® As measured by analytical chiral HPLC.

Table 4. Thermodynamic partitioning of (3) ((S)-DTT) and
(4) (R)-DTT) between solid and solution for different
starting ratios of (S)-citalopram and (R)-citalopram at
0—5 °C, using acetonitrile/methanol (93:7 v/v) as solvent
initial (§-DTT:(R)-DTT  find solid final solution
ratio (w/w %)?2 ratio (W/w %) ratio (w/w %)

entry S R S R S R solvent
1 100 0 100 0 1050 895
2 90 10 89 11 129 04 867
3 75 25 68 32 7902 919
4 50 50 52 48 06 05 989
5 25 75 30 70 02 46 952
6 10 90 13 87 02 46 952
7 0.6 99.4 0 100 06 84 910

a|n the overall composition, the solvent is 77.9 w/w %.

were cooled from 70—75 °C to 25 °C over 4 h. For the first
portion, seeding with (§-DTT commenced a 70 °C, for the
second at 40 °C, and for the third no seeding was performed at
all. Although in both of the first two cases seeding was begun
at a temperature where dl (§-DTT should dissolve (and
therefore not logical from a purely thermodynamic point of
view), we chose to seed aggressively so as to be sure that in
both cases the predominant seed crystals available when the
solution approached the metastable zone were (§-DTT.

S(

Figure 4. Ternary phase diagram for crystallizations of
citalopram and enantiomers as DTT salts from a mixture of
acetonitrile and methanol (93:7 v/v) as solvent at 0—5 °C. The
tie-linesindicate formation of solid solutions. Thisdiagram was
compiled from the data in Table 4.

Therefore, in each of thefirst two cases, seeding was continued
until precipitation began. The results are summarized in
Table 6.
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Figure 5. X-ray diffractograms of the solids from entries 1—7 in Table 4. It is clear that the (rac)-DTT structure pervades the

majority of the diagram.

Table 5. Effect of variation of cooling time (from 70 °C to 25 °C) on the course of the resolution using acetonitrile/methanol

(93:7 vlv) as solvent?

onset of crystallization?

cooling time SR ratio of the citalopram
entry (70 °C to 25 °C, min) temperature (°C) time (min)c  yieldd (g) yield (%) enantiomers in the filtered salts
1 10 1 30 44 156 53:47
2 45 1 70 25 89 55:45
3 120 30 90 43 153 55:45
4 240 32 310 32 114 55:45

aAll experiments were performed using 25 g citalopram, and DTT was used as the monohydrate. ® After cooling to 25 °C, al experiments were cooled to 0—5 °C, and
stirred at that temperature for 85 min. ¢ The time is taken from the commencement of cooling from 70 °C. 9 The experiments were filtered at 1 °C and dried under vacuum.
e Calculated relative to theoretical, which is half of the starting racemate.  As measured by anaytical chiral HPLC.

Table 6. Effect of variation of seeding temperatures during cooling on the course of the resolution using acetonitrile/methanol

(93:7 v/v) as solvent?

onset of crystallization?

seeding temperatures during

SR ratio of the citalopram

entry cooling to 25 °C (°C) temperature (°C)  time (min)¢ vyieldd (g) vyield (%)¢ enantiomers in the filtered salts'
1 70-56-41-36-33-30 30 40 142 54:46
2 40-36-33-30-29-27 27 113 31 110 55:45
3 not seeded 30 a2 149 54:46

a All experiments were performed using 25 g citalopram, and DTT was used as the monohydrate. Solutions were cooled to 25 °C over 4 h. ° After cooling to 25 °C, al
experiments were cooled to 0—5 °C, and stirred at that temperature for 85 min. ¢ The time is taken from the commencement of cooling from 70 °C. @ The experiments were
filtered at 1 °C and dried under vacuum. © Calculated relative to theoretical, which is haf of the starting racemate. f As measured by analytical chiral HPLC.

The same pattern as from the previous set of experiments
was observed. Although the yields varied, the ratios between
the diasteromeric salts were essentialy the same. Thisindicates
that it was extremely unlikely that seeding with (§+DTT was
capable of having a positive effect on the resolution.

There remains the possibility that the crystalization kinetics
of (9-DTT, (R)*DTT, and (rac)-DTT are such that there exists
acritical timewindow where (§+DTT hasbegun to crystallize,
but before (R)-DTT or (rac)-DTT crystallize. This would not
necessarily have been detected by our previous experiments.
To this end, we conducted a series of experiments monitoring
the time-course of the crystallization. For these experiments,
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solutions were prepared at 70—75 °C as described previoudly.
A sample of the clear solution was then removed, diluted, and
analyzed by both achiral and chird HPLC. The solution was
then alowed to cool to 25 °C, and theresfter to 0—5 °C, at
which temperature it was dirred for ~1 h. Throughout the
cooling process, samples of the solution phase were removed,
filtered rapidly (using a small filter fitted to a syringe; both
syringe and filter were pre-warmed or -cooled to approximately
the same temperature as the solution), diluted, and again
analyzed by both chiral and achiral HPLC. From these data it
was possible to construct plots of quantities of (S-citalopram
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Figure 6. Timecoursefor crystallization using anhydrousDTT,
and with cooling from 70 °C to 25 °C over 100 min.

Time-course of resolution using DTT as monohydrate
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Figure 7. Time course for crystallization using DTT as the
monohydrate, and with cooling from 70 °C to 25 °C over 80
min.

and (R)-citalopram in solution and, by difference, quantities of
precipitated (§+-DTT and (R)-DTT.#

In the first experiment, DTT was used anhydrous, and the
solution was cooled to 25 °C over 100 min. The solution was
then cooled to 2—3 °C and was stirred at that temperature for
1 h. Theresults can be seenin graphical formin Figure 6. There
is some noise in the signal up to 40 min (arising from the
technical/practical difficultiesinvolving removing, filtering, and
diluting samples at elevated temperatures without precipitation
of solids or evaporation of liquids), but otherwise the trends
are clear. Precipitation begins around cooling from 25 °C to
2—3°C, and theratio between (9-citalopram and (R)-citalopram
in the precipitated material is fairly constant, i.e. there are no
time intervals in the graph where a significant precipitation of
reasonably pure (§-DTT occurs. The second experiment was
essentially performed in a manner identical to that of the first,
with the single exception being that DTT was used as the
monohydrate. The results can be seenin Figure 7. In this case,
precipitation began in the temperature interval 35—29 °C, but
apart from this, the results from the two experiments were
extremely similar. It is aso interesting to note that, despite the
differences in temperature of onset of precipitation between
these two experiments, the fina ratios of enantiomers in the
solids were very similar.

A final set of experiments was conducted in order to assess
the effect of seeding on the crystallization. DTT was used as
the monohydrate for all of these experiments. Three almost
identical experiments were performed, one seeding with
(9-DTT, onewith (R)+DTT, and onewith (rac)DTT. Seeding
was started at 70 °C, and was continued at regular intervals
until it was clear that precipitation had begun. In each case the
mixtures were allowed to cool to 25 °C over 200 min. The
mixtures were then cooled to 1 °C and were allowed to stir at
that temperature for 1 h. The results of these experiments can

Time-course of resolution, seeding with (S).DTT
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Figure 8. Time course for crystallization using DTT as the
monohydrate, seeding with (S)-DTT and with cooling from 70
°C to 25 °C over 200 min.

Time-course of resolution, seeding with (R).DTT
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Figure 9. Time course for crystallization using DTT as the
monohydr ate, seeding with (R)-DTT and with cooling from 70
°C to 25 °C over 200 min.

Time-course of resolution, seeding with (rac).DTT
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Figure 10. Time course for crystallization using DTT as the
monohydrate, seeding with (rac)-DTT and with cooling from
70 °C to 25 °C over 200 min.

be seen in Figures 8, 9, and 10, for seeding with (§-DTT,
(R)-DTT and (rac)-DTT, respectively. All three graphs are
remarkably similar in that there are no time intervals during
the crystalizations where a significant precipitation of pure or
mostly pure (S +-DTT occurs and that the products in all cases
are close to racemic. However, there is a significant difference
between the graphs for seeding with (S)-DTT on the one hand
and seeding with (R):DTT or (rac)-DTT on the other. In the
caseof (§+DTT, the bulk (>70%) of the precipitation occured
in the time interval 120—140 min (temperature 25—23 °C),

(4) Itisof course not possible in this manner to distinguish between the
double addition sat (rac)-DTT and a physica mixture containing
equimolar quantities of (S)-DTT and (R)-DTT. For that matter, it
would not be possible to distinguish between a solid solution containing
(for example) 55 % (S)-citalopram and 45 % (R)-citalopram on the
one hand, and a conglomerate containing approximately 10 % (S)-DTT
and 90 % (rac)-DTT on the other. However, the purpose of the
experiment was to try to detect time intervals in the precipitation
process where (S)-DTT has precipitated out to a significant degreein
asignificant purity. Therefore, in this context, the precise composition
of solid forms containing almost equimolar quantities of (S- and (R)-
citalopram is not relevant.
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whereas in the other two cases the bulk of the precipitation
occured earlier (timeinterval 80—100 min, temperature 35—27
°C). Given that thereexist isostructura (R)-DTT and (rac)-DTT
forms, it is not surprising that the curves for (R)-DTT and
(rac)-DTT are essentidly identical. These results therefore
imply that (rac)-DTT was both the thermodynamic and
kinetically favored product and that the only influence that
seeding with (§+-DTT has on the precipitation wasto dow the
onset of crystalization of (rac)-DTT. Therefore, dl of our
results indicate that resolution of citalopram under the conditions
described by Elati et al. is not feasible (both due to thermo-
dynamic and kinetic factors) in any meaningful, practical sense.

Discussion of the Alkylation Procedur e Reported by Elati
et al. Taken in perspective, it is aso of interest to examine the
synthesis of one of the key intermediates that this paper
discusses, didesmethylcitalopram (2) (Scheme 1). The first
mention of this compound is in a medicina chemistry paper
(Bigler et d.),> comparing the activities of over 50 related
compounds, but apart from the statement that it was prepared
via a method analogous to that of another compound, no
experimental details or physical characterization was given
(apart from the melting point of an oxaate salt). According to
asearch in Scifinder, the only published syntheses of compound
2 (up to the time of submission of the Elati et a.* paper) were
(8) aprocess patent by essentially the same authors as in Elti
et a.,! covering essentidly the same subject matter as their
article currently under discussion,® and (b) a group of other
process patents using different synthetic routes®>® In this
context, it is perhaps surprising that the paper of Elati et a.
contains neither details of the synthesis of compound 2, nor
characterization of this (apparently) important intermediate (and
particularly so in a journa dedicated to process research and
development). Instead, they refer to their patent for experimental
details.

There are three examples for this reaction step in the patent,
and &l deserve closer inspection. They al involve metallation
of phthalane (1) with potassium tert-butoxide, with subsequent
alkylation by 3-chloropropyl amine. The reaction in example 1
is performed in DM SO. A solution of potassium tert-butoxide
(1.6 equiv) in DM SO was prepared a 60—65 °C, and then after
cooling to 25—30 °C a solution of the phthalane (1) (1.0 equiv)
is added. After 15—20 min asolution of 3-chloropropyl amine
(12 g, 3.0 equiv) in DMSO (2.5 mL) was added, and the

(5) Bigler, A. J.; Bagesg, K. P.; Toft, A.; Hansen, V. Eur. J. Med. Chem.
1977, 12, 289-295.

(6) Sundaram, V.; Mathad, V. T.; Venkavaa, P. J.; Elati, C. R.; Kolla,
N.; Govindan, S.; Chalamaa, S. R.; Gangula, S. Preparation of
Escitalopram. (Dr. Reddy’s Laboratories, Inc.). WO 2005/047274 A1;
Chem. Abstr. 2005, 142, 451372.

(7) Rock, M. H.; Ahmadian, H. Preparation of citalopram from 1-(4-
fluorophenyl)-1,3-dihydroisobenzofuran-5-carbonitrile. (H. Lundbeck
A/S). WO 2001/043525, 2001; Chem. Abstr. 2001, 134, 452790.

(8) Petersen, H.; Ahmadian, H. Stepwise alkylation of 5-substituted 1-(4-
fluorophenyl)-1,3-dihydroisobenzofurans (citalopram intermediates).
(H. Lundbeck A/S). WO 2001/068629, 2001; Chem. Abstr. 2001, 134,
693303.

(9) Petersen, H. Method for the preparation of citalopram. (H. Lundbeck
A/S). WO 2001/068631, 2001; Chem. Abstr. 2001, 134, 693305.

(10) Bush, L. R.; Currie, M. G.; Senanayake, C. H.; Fang, K. Q. Methods
for treating depression and other CNS disorders using enantiomerically
enriched desmethyl- and didesmethyl-metabolites of citalopram.
(Sepracor, Inc.). WO 2003/040121 A1, 2003; Chem. Abstr. 2003, 138,
376842.
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reaction proceeded. A yield of 80 % was reported. We would
like to draw attention to the fact that 3-chloropropyl amine was
explicitly added as the free base (and cannot be as the
hydrochloride sdlt, as (a) there is insufficient base present to
neutralize such an amount of a sat (12 g is equivaent to 2.2
equiv HCI sdt, and 1.6 equiv base is added), and (b) the
solubility of the hydrochloride salt is not nearly sufficient to
alow the dissolution of 12 g in 2.5 mL of DMSO). According
to asearch in Scifinder, thereis no published (patent or journal)
procedure for the isolation of 3-chloropropyl amine as the free
base. On the other hand, it would be expected that such a
compound would be rather unstable as the free base. Indeed,
the earliest report of this compound in the literature states that,
athough the 2- and 3-regiona isomers of (diethylamino)propyl
chloride could be separated by ditillation (in order to analyze
product distribution), “A smilar separation of the addition
products Il and 1V of allylamine and hydrogen chloride
appeared hopeless, because of the instability of the chloropro-
pylamines.” (They resolved the problem of analysis through
acidic hydrolysis of the hydrochloride salts)™ Again, in this
context it is perhaps surprising that there was neither mention
nor discussion of the isolation procedures for the handling of
the free base of 3-chloropropyl amine in Elati et d.!

The second example of the akylation reaction is particularly
interesting. Whereas the first example describes subsequent
metallation and akylation of phthalane (1) in DMSO, the second
example describes an ddmost identical procedure using acetone
as solvent. More precisdly, the first line of the procedure reads
“A solution was prepared by adding 7.5 grams of potassum
tertiary butoxide to acetone (40 ml) at 60—65°C under a
nitrogen atmosphere.” First, acetone has a boiling point of
approximately 56 °C. Second, it would be expected thet acetone
would undergo aldol-type condensations in the presence of a
strong base. Third, Bretherick's Handbook of Reactive Chemi-
cals, 6th ed., cites the reaction of potassium tert-butoxide with
acetone as hazardous.’? Nonetheless, we attempted to repeat
this example (on the same scale as reported in the patent). Upon
addition of potassum tert-butoxide to acetone at reflux, a
vigorous/violent reaction occurred, with the formation of a
quantity of awhite solid. Relatively little liquid remained. The
phthalane (1) was added as described in the patent, but no sign
of theintense red color typica of the metallated phthalane was
observed (such adeep red color is seen clearly when DMSO is
employed as solvent). When 3-aminopropy! chloride was added
as a solution in dichloromethane,’® no akylation product was
observed by HPL C athough some akylation is observed under
these conditions when DM SO is used instead of acetone. A
yield of 64 % is reported in the patent.

(11) Kharasch, M. S;; Fuchs, C. F. J. Org. Chem. 1945, 10, 159-1609.

(12) Urben, P. G., Ed. Pitt, M. J,, Compiler. Bretherick's Handbook of
Reactive Chemical Hazards, 6th ed.; Butterworth-Heinemann (Reed
Elsevier plc group): Oxford, 1999; Vol. 1, pp 430, 551.

(13) In one of many attempts to obtain pure 3-aminopropy! chloride, we
were able to extract some pure 3-aminopropy! chloride from a basic
aqueous solution into dichloromethane. Attempts to remove the
dichloromethane completely were unsuccessful (due to decomposition
of the 3-aminopropyl chloride); however, useable (and at least
transiently stable) solutions containing around 50 % w/w 3-amino-
propyl chloride in dichloromethane could be isolated and used (w/w
% was determined by 'H NMR).



The first line of this procedure was repeated. After the
vigorous reaction had subsided and the reaction mixture was
allowed to cool to 25 °C, asample of the remaining moist white
solid was removed. It had an odor of higher ketones/alkenes,
and analysis by NMR indicated that it was a complex mixture
of products, with peaks consistent with condensation products
of acetone.

The third example of akylation in the patent (example 13)
involves a two-step process. The first step describes the
preparation of a toluene solution of 3-chloropropylamine via
freeing the base from (gpparently) the HCI st by using a
mixture of water, toluene, and sodium hydroxide (although it
was stated in the example that the free base is used, it islikely
that it was actually the HCl sdlt). A DMSO solution of the
metallated phthalane was then prepared in a manner analogous
to that of thefirst example, and then the toluene solution of the
free base was added to this. It should be noted that (a) no attempt
is made to dry the toluene solution prior to addition to the
metallated phthalane and (b) no yields, purities, or product
characterigtics are reported for this example whatsoever.

Conclusions

In conclusion, in the cited article, the authors do not describe
in detail the synthesis of one of the key intermediates (alkylation
of phthalane (1) to give didesmethylcitalopram (2)) nor char-
acterize the product, despite the dearth of experimenta details
in the published literature. Instead, the authors refer to a patent
written by essentialy the same authors, covering essentially the
same subject matter (but still with no product characterization).
This patent has three examples of this adkylation. The first
example contains some serious issues of handling and safety
(which are not mentioned in the article nor in the patent), the
second example failed completely in our hands (we instead
isolated as expected starting materials plus material consistent
with condensation of acetone), and the in the third, no yields
or purities were reported whatsoever.

More importantly, we have been unable to repeat the
resolution of racemic citalopram (5) through the use of DTT
(6) reported by Elati et . Physico—chemical analysis of the
crystallization conditions they describe show the presence of a
solid solution over the vast mgjority of the phase diagrams at
both 25 °C and 0—5 °C. Variation of moisture content in the
resolution solvents does not have a useful effect on the course
of the resolution. Furthermore, time-course experimentsindicate
strongly thet formation of asolid solution is preferred kinetically
over formation of (S)-DTT. Taken together, these results show
that resolution is not possiblein any practica sensein the system
reported by Elati et a.

Experimental Section

General Methods. Acetonitrile (HPLC grade) and methanol
(Anhydroscan) were purchased from LAB-Scan and were used
without purification. DTT (both monohydrate and anhydrous)
were purchased and were used without further purification.
Chiral HPLC analyses were performed using a Chiralcel OD
column (4.6 mm i.d., 250 mm) using a mixture of heptane/
ethanol/diethylamine (98.4:1.5:0.1) as eluent. A flow rate of 1
mL/minwas used at 30 °C with UV detection a 240 nm. Non-

chirdl HPLC analyses of reaction mixtures were performed
using a Lichrosphere 100 RP-8e (5 um) column (4 mm i.d.,
250 mm) using a 50:50 (v/v) mixture of acetonitrile/water
buffered to pH 3 with a triethylammonium phosphate buffer
as mobile phase. A flow rate of 1 mL/min was used, with UV
detection at 220 nm. NMR spectra were acquired on a Bruker
Avance AV-500 spectrometer operating at 500.13 MHz for *H
spectraand 125.77 MHz for 13C spectra. Selected NMR spectra
are available in the Supporting Information.

The concentrations of the saturated solutions were deter-
mined by HPL C using UV-detection at 235 nm. The solutions
were diluted 500 or 1000 times and analyzed by RP-HPLC
using aXbridge C18, 3.5 um, 4.6 mm x 150 mm column, and
25 mM phosphate buffer pH 6.0/acetonitrile (50:50) as mobile
phase with column temperature of 45 °C and a flow of 1 mL/
min. In this system, the citalopram top is found with retention
time 2.4 min. The concentration was caculated againgt a
standard solution of 0.1 mg/mL of the free base. The density
of the solutions was determined at 0.79 g/mL, and from this
value and the molar weight of the salt relative to the free base
the concentration of the salt was calculated in wiw %.

X-Ray Powder Diffractograms. These were measured on
aPANaytica X’ Pert PRO X-Ray Diffractometer using Cu Kay
radiation. The samples were measured in reflection mode in
the 26 range 5—40° using an X’ celerator detector.

Attempted Resolution of Citalopram with DTT after
Elati et al. To a stirred mixture of citalopram (5) (25 g, 77
mmol) in acetonitrile (125 mL) was added a solution of DTT
as the monohydrate (31.4 g, 77.7 mmol, 1.0 equiv) in aceto-
nitrile (125 mL) dropwise. A homogeneous solution resulted.
After 20 min a precipitate began to form. After atota of 35
min the solution was hegated to 73 °C and theresfter methanol
(20 mL) was added dropwise, and after afurther 10 min aclear
solution was obtained. The source of heating was removed and
the solution was allowed to cool to 25 °C. After 1 h the mixture
was cooled in an ice/water bath, and after a further 70 min the
mixture was filtered, the residue was washed with acetonitrile
(2 x 25 mL) and dried by suction on the filter. Anaysis of a
sample of the residue by chiral HPLC indicated that the
citalopram enantiomers were present in a ratio of SR 54.4:
45.6. To this solid was added a mixture of acetonitrile (250
mL) and methanol (20 mL) and the mixture was heated to 73
°C. At this point al of the solid had dissolved. The solution
was allowed to coal to 25 °C. After 40 min (T = 25 °C) the
mixture was cooled in an ice/water bath, and after a further 60
min the mixture was filtered, and the residue was washed with
acetonitrile (2 x 25 mL) and dried by suction on the filter.
Analysis of a sample of the resdue by chiral HPLC indicated
that the citalopram enantiomers were present in aratio of SR
55.7:44.3. To this solid was added amixture of acetonitrile (250
mL) and methanol (20 mL) and the mixture was hested to 74
°C. At this point all of the solid had dissolved. The solution
was alowed to coadl to 23 °C. After 40 min (T = 23 °C) the
mixture was cooled in an ice/water bath, and held at that
temperature for a further 70 min. The mixture was filtered, the
residue was washed with acetonitrile (2 x 25 mL), and dried
by suction on the filter. The solid was dried under vacuum to
giveadry weight of 34.3 g (120 % based on maximum possible
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yield of the pure diastereomeric sat) Analysis of a sample of
the residue by chiral HPLC indicated that the citalopram
enantiomers were present in aratio of SR 56.2:43.8.

Preparation of (S):DTT and (R)-DTT. To a solution of
(9-citalopram (10.0 g, 30.8 mmoal) in ethanol (100 mL) was
added a solution of DTT as the monohydrate (11.9 g, 30.8
mmol) in ethanol (60 mL). The resultant solution was stirred
for 2 h. No precipitation was observed, so the volume of the
solution was reduced by evaporation under reduced pressure
and was stirred overnight. A heavy precipitate occurred. Ethanol
(20 mL) was added, and the mixture was filtered. The solid
was dried firgt on the filter and then under vacuum at 40 °C to
give (§-DTT (19.2 g, 88 %) as a white solid.

A similar procedure was used to produce (R)-DTT (19.1 g,
87 %) as a white solid.

Attempted Resolution of Citalopram with DTT after
Elati et al. A smilar protocol to the first example above was
used for the first crystallization, using citalopram (25 g, 77
mmol), DTT monohydrate (31.4 g, 77 mmol), acetonitrile (250
mL) and methanol (20 mL). Three experiments were conducted
(8) no seeding upon cooling, (b) seeding with (9+DTT at 68,
65, 55, 50, 45 and 40 °C during cooling after addition of
methanol, and (c) the same as (b) above but with seeding with
(R)-DTT ingtead. Theyields and SRratios of the products after
thefirgt crystdlizationswere asfollows: (a) 43 g (150 % relative
to maximum yield of the pure diastereomeric salt), 55:45; (b)
49 g (170 %), 53:47; 30.6 g (94 %; some product lost in
filtration), 52:48.

Preparation of (rac):DTT. To a mixture of racemic
citalopram (10 g, 30.8 mmol) and DTT monohydrate (11.9 g,
30.8 mmol) was added iso-propyl alcohol (50 mL) and the
mixture was heated to reflux. The solids were completely
dissolved shortly before reflux was obtained. Hesting was
discontinued and the resultant mixture was alowed to cool to
25 °C. The mixture was then evaporated under reduced pressure
and dried under vacuum (50 °C) to give (rac)-DTT asa salid
(21.9 g, 100 %).

Preparation of Samples (Solids and Liquids) for Solubil-
ity M easurements. Samples of citalopram enantiomers (1.0 g,
3.08 mmol; SR 90:10, 75:25, 50:50, 25:75, 10:90) and DTT
monohydrate (1.19 g, 3.08 mmol) were dissolved in a mixture
of acetonitrile (9.3 mL) and methanol (0.7 mL) and stirred. All
reaction tubes were sedled tightly with a septum, and a line
was drawn on the outside of the tube to indicate the level of
the solution. All of the samples generated a precipitate over
the course of 24 h. The samples were stirred for a further 5
days. No changein thelevel of the solvent was detected. Stirring
was stopped, and after the solutions were settled, small samples
of the supernatant phases were removed for concentration
determination. The remainder of the samples were then filtered,
and the solids were dried under vacuum (50 °C). The yields
obtained were 1.2 g, 1.4 g, 1.8 g, 1.2 g and 0.63 g respectively.
The SRratios of the citalopram enantiomers in the solids and
mother liquors were determined by chirad HPLC, and are
reported in Table 2.

In a similar manner, solubilities of samples of citalopram
enantiomers (SR 100:0, 90:10, 75:25, 50:50, 25:75, 10:90, 0.6:
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99.4) and DTT monohydrate were obtained for a temperature
range 0—5 °C. The results are reported in Table 4.

Attempted Resolution of Citalopram with Variation in
Temperature and Water Content. Six experiments were
performed varying filtration temperature and water content of
the solvents. Solvents were either dry (<0.1 % v/v as measured
by Karl-Fisher titration), or contained 0.5 % v/v or 2 % viv
water. The general procedure is as follows. To a solution/
suspension of citalopram (25 g, 77.1 mmoal) in acetonitrile (125
mL) was added a solution of anhydrous DTT (314 g, 81.3
mmol, 1.05 eq) in acetonitrile (125 mL), and the resulting
solution was dtirred a 25 °C. After 10—15 min a white
precipitate formed. The suspension was heated to 70 °C and
methanol (20 mL) was added dowly, affording aclear solution.
The solution was alowed to cool dowly to 25 °C overnight. 3
of the samples were then filtered at that temperature, whereas
the other 3 were cooled to 0—5 °C for 1.5 h prior to filtration.
The solids were dried under vacuum at 60 °C, and were not
solvates as measured by TGA. The results are listed in
Table 3.

Attempted Resolution of Citalopram with Variation in
Rate of Cooling. Four experiments were performed varying
the time taken to cool from 70 °C to 25 °C. The general
procedure was as follows. To solutions/'suspensions of citao-
pram (25 g, 77.1 mmol) in acetonitrile (125 mL) were added
solutions of DTT monohydrate (31.4 g, 77.6 mmol, 1.01 eq)
in acetonitrile (125 mL), and the resulting solutions were tirred
a 25 °C. After 10—15 min white precipitates formed. The
suspensions were heated to 70 °C and methanol (20 mL) was
added dowly, affording clear solutions. The solutions were
alowed to cool/cooled to 25 °C over either 10 min, 45 min,
2 h or 6 h. The samples were cooled to 0—5 °C for 75 min
prior to filtration. The solids were dried under vacuum at 60
°C, and were not solvates as measured by TGA. The results
are liged in Table 5.

Monitoring the Time Course of Precipitation. To a
solution/suspension of citalopram (25 g, 77.1 mmal) in aceto-
nitrile (125 mL) was added a solution of anhydrous DTT (31.4
g, 81.3 mmoal, 1.05 equiv) in acetontrile (125 mL), and the
resultant solution was stirred for 10—15 min. The resultant
sugpension was warmed to 70—75 °C, and methanol (20 mL)
was added, giving aclear solution. A sample was removed and
filtered, and than analyzed using both achiral and chiral HPLC.
The solution was alowed to cool to 25 °C over 100 min, and
thereafter to 2—3 °C. After 1 h the stirred suspension was
filtered. From the point at which the solution was a 70—75 °C
until filtration, small samples (~500 uL) were removed, filtered,
diluted, and andlyzed by achiral and chiral chromatography.
The results are displayed graphicaly in Figure 6.

The same procedure was repeated but with the use of DTT
monohydrate (31.4 g, 77.1 mmol, 1.01 equiv). The results are
displayed graphicaly in Figure 7.

Three additional similar experiments were conducted. They
used a procedure similar to that used above, usng DTT
monohydrate (31.4 g, 77.1 mmol, 1.01 equiv), with cooling from
70 °C to 25 °C over 200 min, with subsequent coolingto 1 °C,
and filtration of the stirred suspension after 1 h further. One
example was seeded with (§-DTT, one with (R)-DTT, and



one with (rac)-DTT. In each case, seeding was performed
regularly until it was clear that precipitation was occurring. The
results from these experiments are displayed graphicdly in
Figures 8, 9, and 10, respectively.

Attempted Alkylation of Phthalane (1) in Acetone Using
the Method of Example 2 from the Patent of Elati et al.*
Acetone (40 mL) was heated to reflux. Potassium tert-butoxide
(759, 66.9 mmol, 1.6 equiv) was added carefully portionwise.
A violent/vigorous reaction ensued with the addition of each
portion, and a strong odor of higher ketones/alkenes was noticed.
An amount of a white solid was produced. The mixture was
allowed to cool to 25 °C. A solution of phthalane (1) (10 g,
41.8 mmol, 1.0 equiv) in acetone (35 mL) was added dropwise
over 10—15 min, and the solution was then stirred for afurther
20 min. No sign of the characteristic deep red color of the
phthalane anion was observed. A solution of 3-chloropropyl
amine in dichloromethane (23 g of a 52 % w/w solution in
dichloromethane, 125 mmol, 3.0 equiv) and acetone (2.5 mL)
was added in one portion. No exotherm was observed. The
temperature was increased to 45 °C, and the reaction was stirred
at that temperature for 1 h. Analysis of the reaction mixture by
HPLC indicated that phthalane (1) remained essentially unre-
acted, and there was no sign of the reported didesmethylcit-
aopram (2).

The same procedure was repested up to and including the
addition of potassium tert-butoxide. At this point, the mixture
was alowed to cool to 25 °C, and water was added. The pH
was adjusted to 2 with an agueous solution of hydrogen chloride
(first 1 M, then 4 M). This water phase was extracted with
diethyl ether. This organic phase was then dried over magne-
sium sulfate, and then the solvent was removed under reduced
pressureto give an oil. NMR andlysis (*H, $3C, COSY, HMBC,
HSQC) of this ail indicated a complex mixture of products.

Supporting Information Available

Comparison of *H NMR spectra from the attempted resolu-
tion with those from standards of (§-DTT, (R)-DTT, and
(rac)-DTT; comparison of *H NMR spectra of the three
attempted resolutions with (8) no seeding, (b) seeding with
(9-DTT, and (c) seeding with (R)-DTT; *H and APT spectra
of the residueisolated after addition of potassium tert-butoxide
to hot acetone. This materid is available free of charge viathe
Internet at http://pubs.acs.org.
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