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A new mechanism involving a diimine intermediate is proposed for vicinal diamine-catalyzed synthesis of warfarin. Decreasing the NCCN
dihedral angle by varying the diamine results in an increase in the enantioselectivity of warfarin synthesis.

There has been much recent interest in developing stereo-However, the mechanism provided in the stutiads one

selective organocatalysts for making new carboarbon
bonds!™3 In an elegant and innovative stuéiya chiral

to predict the sense of stereoselectivity for the reaction that
is opposite to the one observe@ur interest in finding the

imidazolidine () was used as a catalyst for stereoselective correct mechanism and the origin of stereoselectivity led us

coupling of 4-hydroxycoumarin2j andtrans-4-phenyl-3-
buten-2-one (3) to make warfarid)( a widely prescribed

anticoagulant used for treating thrombosis (Scheme 1).
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to investigate chiral vicinal diamine5¢8) catalyzed completion within 24 h at ambient temperature as shown by
synthesis of warfarin. Compoundsand 8 were synthe- IH NMR (Supporting Information}? When 2 (Figure 1;
sized in enantiomerically pure form using our general

method for making chiral diamines (see the Supporting _

Information).
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Coumarin dimersq) can be prepared from the reaction Figure 1. H NMR spectra of the reaction mixture &f-3 taken

of 4-hydroxycoumarin with a variety of alkyl and aryl in THF-ds. Time-dependent change in signals due to compounds
aldehydes including glyoxylic acid (Scheme 2a)e find 3,9, 2, and4. CH,CI, (*) as reference.

Scheme 2. Formation of Coumarin Dimer C—H next to carbonyl) an@ (Figure 1; vinyl C-H next 'Fo
on  COOHop the carbonyl group) are added together t(10 mol %) in

OH THF-cs (1 mL), warfarin (4; G-H at the chirality center)
m . ?K . O = Z O (@) synthesis lags considerably behind the formation of the
o X0 COCH o0 o 070 coumarin dimerg; alkyl C—H). These data provide interest-
9

ing insights into the mechanism and the origin of stereose-
lectivity in vicinal diamine-catalyzed synthesis of warfarin

Ph N Pha_NH, (4) as shown in Figure 2.
©\)1 + \[ COOH —— + 9 (b Although the imidazolidineX) breaks down t® and9
0o N
1

PR NH, rapidly during the catalytic synthesis of warfarin (Figure 1,

6 Scheme 2b), the stereoselectivity is significantly lower (50%
vs 78% ee) when the diamine (6) is used instead of the
imidazolidine (1) to make the drug. We reasoned that the
that imidazolidines (including) formed from diphenyleth-  carboxylic acid group ir®@ may be acting as a cocatalyst
ylenediamine (dpen 06) and aldehydes also react with and enhancing the stereoselectivity of the diamine (6)
4-hydroxycoumarin (2) to give coumarin dimers abd catalyzed synthesis of warfarin. Indeed, acetic acid not only
(Scheme 2b). Thusl may not be the actual catalyst for increases the rate but also dramatically increases the stereo-
making warfarin fron2 and3 as previously thought. It may  selectivity for 6-catalyzed synthesis of warfarin (Table 1,
be that dpen (6) formed from the reaction2&nd1 is the entries 3 and 4). In contrast, acetic acid does not increase

true catalyst for making warfarin. Indeed,and 5 (1,2- the rate or the stereoselectivity bfcatalyzed synthesis of
diaminocyclohexane) have already been shown to be catalystsvarfarin (entries 1 and 2). The more basic alkyl diamibe (
for making warfarir® is more reactive than the less basic aryl diamines (6—8) and

When2 is added tal (20 mol %) dissolved in THF, the  does not require the cocataly$tThe effect of acetic acid
coumarin dimer ) and dpen@) are formed cleanly and to  has not been reported in the previous study invohNangnd
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Studnicki, L.; Koprianiuk, A.; Lough, A. J.; Suh, J.; Chin,JJ.Am. Chem. oncel is used up to form®. Compound6 does not accumulate to an
Soc.2005 127, 16370-16371. (b) Kim, H.-J.; Kim, W.; Lough, A. J.; Kim, observable extent during the catalytic reaction. Reactidhafd?2 to give
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Figure 2. (a) Global energy minimum structure d®. (b) Crystal
structure of11 (50% thermal ellipsoid).

6-catalyzed synthesis of warfafinWwe compared5—8-

Table 1. Effect of Catalyst and Acetic Acid on Warfarin
Synthesis

OH OH Ph O
O 10mol % 58
S S
1.2 EEE——
(o e} 0" "0
HoN NH, HoN (NHZ HoN ’NHZ HzN NH2
(R,R)-5 (R,R)-6 (RR)-7 (R,R)-8
AcOH time yield® eeb angle¢
entry catalyst (equiv) (h) (%) (%) (deg)
1 (R,R)-5 12 98 54 (R)
2 (R,R)-5 10 24 98 47 (R) 69
3 (R,R)-6 48 88 50 (R)
4 (R,R)-6 10 48 94 86 (R) 52
5 R,R)-7 10 24 99 92 (R) 46
6 (R,R)-8 10 24 97 88 (R) 52

aYield of product isolated after flash chromatographetermined by
HPLC using a Chiralpak AD-H columi.NCCN dihedral angle obtained
by computatiort2

warfarin. Although we were not able to obtain the crystal
structure of the putative intermediate, the crystal structure
of the diimine (11) formed between the diamine (8) and
cinnamaldehyde was obtained as a model for the intermediate
(Figure 2b)!? There is excellent agreement between the
computed structure of the proposed intermediate and the
crystal structure of its model. Both compounds @11,
Figure 2a and b) show extended structures with the two imine

catalyzed synthesis of warfarin with added acetic acid. In a groups facing each other in a parallel fashion. In case of the

typical experiment, 10 mol % of the diamine was mixed with
2, 3, and acetic acid (10 fold excess) in 1 mL of THF and

diimine formed from theR,R)-diamine, the tw&ifaces of
the diimine (at the Michael attack position) are facing each

stirred at ambient temperature for 1 day. Chiral HPLC was giher with the twoRefaces exposed for nucleophilic attack
used to determine the enantiomeric excess of the productby 4-hydroxycoumarin. Thus-warfarin is expected to be

(Supporting Information). All of the diamines gave the same e major product in theR,R)-diamine-catalyzed reaction.
sense of stereoselectivity for the synthesis of warfarin albeit |ngeed we find that in the R(R)-8-catalyzed reaction,

with a range of selectivity (47% to 92% ee). Thus, a single

R-wafarin is the major product (88% ee, 97% yield). The

unified mechanism appears to be operating for the SymheSiSexplanation given in the original study fat-catalyzed

of warfarin by all of the diamines.

We propose that the mechanism of vicinal diamine-
catalyzed synthesis of warfarin involves the formation of the
diimine intermediateX0) from the diamine and the ketone
substrate (3)!H NMR and ESI show that addition of acetic
acid to3 and dpen€) dissolved in CDGresults in complete
conversion of the diamine to the corresponding diimine
(Supporting Information). In order to gain some insight into
the origin of stereoselectivity in the diamine-catalyzed

synthesis of warfarin leads one to predict tReR)-catalyst
to give the S-warfarin in contrast to th&®-warfarin ob-
served*® If (R,R)-1 was to be first converted to the
corresponding (R,R)-diamine (6) according to Scheme 2b,
the diamine is expected to catalyze the formation of
R-warfarin as observed.

In the proposed intermediat#q) for the diamine-catalyzed
synthesis of warfarin, the stereoselectivity is expected to be
at its greatest when there is maximum overlap between the

synthesis of warfarin, we determined the global energy o extended imines. In the diimine formed fros the

minimum structure (Figure 2a, DFT computation at the
B3LYP/6-31G* level}? of the diimine intermediatel1Q).
Michael addition of 4-hydroxycoumarir2) to 10followed
by hydrolysis of the imine moiety is expected to give

(12) Density functional theory (DFT) calculation was performed using
Spartan '04 Windows from Wavefunction, Inc. NCCN dihedral angles were
obtained by molecular mechanics computation using the same software.
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overlap between the two imines is expected to be poor as
the value of the computétINCCN dihedral angle (69 is
too large (Table 1, last column). Furthermore, the dihedral

(13) Crystal structure of1: CyoH3oNp, T = 150(2) K, monoclinicC2/
c,Z=28,a=36.957(3) Ab=9.8273(9) Ac = 16.7524(17) Ap. = 90°,
B =104.949(4)°y = 90°,V = 5878.3(9) B, R, = 0.0836, wR = 0.1979
for | > 20(l), GOF onF? = 1.019.
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angle is rigidly held apart by the cyclohexane ring. In diimine intermediateX0). The observed sense of stereose-
contrast, the values of the computed NCCN dihedral angleslectivity for the diamine catalyzed synthesis of warfarin can
in the aryl diimines formed fron6—8 are smaller (46:52°) be explained in terms of the computed structure of the
and more flexible. The smallest dihedral angle®§46 found diimine intermediate (10) and the crystal structure of an
for the diimine formed with7, which also gives the best analog of this intermediatéd {). These studies show that two
stereoselectivity for warfarin synthesis (92% ee Table 1). substrates bound to the diamine catalyst control the stereo-
In conclusion, we have shown thhis converted to dpen  selectivity of warfarin synthesis.
during the stereoselective synthesis of warfarin frdend
3. We suggest that dpef)(rather tharl is the stereoselective Acknowledgment. We thank the Natural Sciences and
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