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A practical procedure for the enzymatic resolution of 2-alkyl-2-aryl-disubstituted epoxides using the Codex HHDH P2E2 enzyme and sodium
azide is reported. This method allowed the synthesis of novel regio- and enantioselective 1-azido-2-arylpropan-2-ols in excellent yields.
Furthermore, these intermediates were used for the preparation of enantiomerically enriched amino alcohols and aziridines containing a

tertiary center.

The growing importance of optically active azido acohols
as intermediates toward the synthesis of aziridines' and
amino acohols? in organic synthesis and their presence in
bioactive molecules has created a need for synthesizing these
molecules. Over the past severa years, important advances
have been made toward these targeted chiral intermediates.
Generally, they are synthesized by asymmetric reduction of
azido ketones,® conversion of chiral diolsviacyclic sulfates
or sulfites,* and asymmetric ring-opening of oxiranes by the
azide anion.® During the course of our investigations, we
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became interested in the synthesis of 1-azido-2-arylpropan-
2-ols. Although ring-opening of epoxides with azide nucleo-
philes is among the most frequently used reactions for the
formation of azido alcohols, none of the methods describe
examples with a 2-alkyl-2-aryl substituent.®’ Herein, we

(5) (8 Guy, A.; Doussot, J.; Dalamaggiore, A.; Garreau, R. Can.
J. Chem. 1995, 73, 599. (b) Archelas, A.; Furstoss, R. Annu. Rev. Microbiol.
1997, 51, 491. (c) Lutje Spelberg, J. H.; van Hylckama Vlieg, J. E. T.;
Tang, L.; Janssen, D. B.; Kellogg, R. M. Org. Lett. 2001, 3, 41. (d) Lutje
Spelberg, J. H.; Tang, L.; van Gelder, M.; Kellogg, R. M.; Janssen, D. B.
Tetrahedon: Asymmetry 2002, 13, 1083. (e) Faber, K. Biotransformations
in Organic Chemistry: Springer: New Y ork, 2004. (f) Pastor, I. M.; Yus,
M. Curr. Org. Chem. 2005, 9, 1. (g) Janssen, D. B.; Majeric-Elenkov, M.;
Hasnaoui, G.; Hauer, B.; Lutje Spelberg, J. H. Biocatalysis 2006, 291. (h)
Schneider, C. Synthesis 2006, 3919. (i) Hasnaoui-Dijoux, G.; Majeric
Elenkov, M.; Lutje Spelberg, J. H.; Hauer, B.; Janssen, D. B. ChemBioChem
2008, 9, 1048.

(6) (a) Farrow, J. F.; Schaus, S. E.; Jacobsen, E. N. J. Am. Chem. Soc.
1996, 118, 7420. (b) Lebel, H.; Jacobsen, E. N. Tetrahedron Lett. 1999,
40, 7303. (c) Mgjeric Elenkov, M.; Hoeffken, H. W.; Tang, L.; Hauer, B.;
Janssen, D. B. Adv. Synth. Catal. 2007, 349, 2279.

(7) For examples of selective reactions with 2-alkyl-2-aryl epoxides,
see: Hydrolysis:(a) Lutje Spelberg, J. H.; Rink, R.; Kellogg, R. M.; Janssen,
D. B. Tetrahedron: Asymmetry 1998, 9, 459. (b) Arand, M.; Archelas, A.;
Baratti, J.; Furstoss, R. Epoxide hydrolases of aspergillus origin. WO 00/
68394, Nov 16, 2000. Oxetanes Synthesis: (c) Sone, T.; Lu, G.; Matsunaga,
S.; Shibasaki, M. Angew. Chem., Int. Ed. 2009, 48, 1677.



Table 1. Uncatalyzed and Enzyme Catalyzed Azidolysis: Substrate Scope

Rz iti R, OH Ra Ny Rz
0 conditions 2, e
R1)<1 R]A/ N, + R1></OH + R_I)\,
1 2 3 4
entry R: Ry  epoxidel conditions® ratio 2: 8%  yield® % ee2? azidoalcohol 2 % ee 47  epoxide 4

1 CeH; Me la A 1.6:1 100 0 2a

2 CeHs Me la F >25:1 45 98 2a

3 4-Cl-CgHy Me 1b A 2.4:1 100 0 2b

4 4-Cl-C¢Hy Me 1b F >25:1 41 99 2b 99 4b

5 4-F-CgH, Me lc A 14:1 95 0 2¢

6 4-F-CgHy Me lc F >25:1 38 >97 2c

7 3,5-diF-C¢Hs  Me 1d A 3:1 95 0 2d

8 3,5-diF-C¢gHs;  Me 1d F >25:1 45 99 2d

9 4-BrCgHy Me le A 2.8:1 95 0 2e
10 4-BrCeHy Me le B 0 0 0 2e
11 4-BrCgHy Me le C >25:1 40 31 2e
12 4-BrCgHy Me le D >25:1 40 35 2e
13 4-BrCeHy Me le E >25:1 40 45 2e
14 4-BrCgHy Me le F >25:1 43 99 2e
15 4-BrCgHy Et 1f A 12.5:1 96 0 2f
16 4-BrCeHy Et 1f F >25:1 26 98 2f
17 4-BrCgHy iPr 1g A >20:1 90 0 2g
18 4-BrC¢Hy iPr 1g F n.a. no rx n.a. 2g
19 4-BrCeHy CF; 1h A >20:1 87 0 2h
20 4-BrCgHy CF3 1h C >25:1 22 88 2h
21 4-BrCgHy CF; 1h F >25:1 n.d. 34 2h
22 2-naphthyl Me 1i A 1.4:1 93 0 2i
23 2-naphthyl Me 1i C >25:1 19 96 2i
24 2-naphthyl Me 1i F >25:1 n.d. 71 2i
25 PhCH,CH, Me 1j A 1.6:1 90 0 2j
26 PhCH,CH, Me 1j F >25:1 39 98 2j 99 4j

@ Condition A: To a solution of the epoxide in methanol were added ammonium chloride (3 equiv) and sodium azide (3 equiv). The reaction mixture was
heated to 60 °C for 1—4 h. General conditions for B—F: To a solution of the enzyme in agueous K,HPO, (pH = 7) at rt were added the NaN3 (0.55 equiv)
and a solution of the epoxide in DM SO. Reaction time: 16 h. Condition B: no enzyme. Condition C: enzyme P1H2. Condition D: enzyme P2A12. Condition

E: enzyme P2H4. Condition F: enzyme P2E2. ® Determined by 'H NMR. ¢ Isolated yield of 2 + 3. ¢ Determined by HPLC or SFC.

report our findings toward the regio- and enantioselective
preparation of synthetically useful 1-azido-2-arylpropan-2-
ols through the azidolysis of 2-alkyl-2-aryl-disubstituted
epoxides using Codex halohydrin dehalogenase® (HHDH)
enzymes’ and show an application toward the preparation
of enantiomerically enriched amino acohols and aziridines
containing atertiary center.

We first investigated the efficiency of different Codex
HHDH enzymes™ for the azidolysis of 2,2-disubstituted
epoxides. For this purpose, racemic 2-(4-bromophenyl)-2-
methyloxirane (1€)** was used as a model substrate and
treated at rt with sodium azide (0.55 equiv) and the enzyme
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polypeptides. W0O/2010/080635, July 15, 2010.

(9) Codex Haohydrin dehalogenase enzymes were purchased from
CODEXIS, Inc. (Redwood City, CA).

(10) For halohydrin dehalogenase reaction mechanisms, see: (a) van
Hylckama Vlieg, J. E. T.; Tang, L.; Lutje Spelberg, J. H.; Smilda, T,;
Poelarends, G. J.; Bosma, T.; van Merode, A. E. J.;; Fraaije, M. W.; Janssen,
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under a K,HPO,-buffered agueous medium at neutral pH
(Table 1 entries 10—14). Our control experiment indicated
that in the absence of any enzyme, no product was observed
(entry 10). Also, out of a screen of over 96 Codex HHDH
enzymes only four enzymes (P1H2, P2A12, P2H4, and P2E2)
showed complete regiosel ectivity (>25:1) for preparation of
isomer 2 with P2E2, in this case giving the highest
enantiosel ectivities (99% ee) (entries 11—14).*% As a com-
parison, under standard uncatalyzed azidolysis a 2.8:1 ratio
of 2 vs 3 was observed for this substrate (entry 9). We were
pleased to note that the complete regio- and enantiosel ectivity
observed was aresult of the substrate match with the enzyme
active site (entry 14).

Encouraged by these results and to establish the general
scope and applicability of this method, we applied the
optimized reaction conditions™** to a series of 2-alkyl-2-
aryl-substituted epoxides (Table 1).** When R, = Me,

(11) All of the 2,2-disubstituted epoxides (except for 2-methyl-2-
phenyloxirane) needed for this study were prepared in >85% yield using
the Corey—Chaykovsky epoxidation methodology: (a) Corey, E. J.; Chayk-
ovsky, M. J. Am. Chem. Soc. 1962, 84, 3782. (b) Corey, E. J.; Chaykovsky,
M. J. Am. Chem. Soc. 1965, 87, 1353.

(12) For a complete description of all of the HHDH variants used in
the Codex HHDH panel, see: ref 8b.
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substrates with electron-withdrawing groups on the aryl
group were well tolerated as yields of approximately 40%
(out of a theoretical maximum of 50%), >25:1 ratios of
isomers 2 vs 3, and >97% enantiomeric excess were observed
(entries 2, 4, 6, 8, and 14). The increase in steric bulk at the
R, position caused a decrease in yields presumably due to a
negative interaction with the enzyme catalytic site (entry 14
vs 16, 18, and 20'). A lower solubility substrate such as
2-methyl-2-(naphthal en-2-yl)oxirane gave >25:1 regiosel ec-
tivity and 98% ee albeit in low yield (entry 23). For epoxides
1h and 1i, Codex HHDH P1H2 was a better match for the
substrate, giving higher enantioselectivities of the corre-
sponding 1-azido-2-arylpropan-2-ols (entries 20 vs 21 and
23 vs 24). Finally, the scope of the reaction was al so extended
to 2-methyl-2-phenethyloxirane, a 2,2-dialkyl-disubstituted
epoxide; excellent yields and selectivities were observed
(entry 26).*"

A direct comparison of the biocatalytic azidolysis of 2,2-
disubstituted epoxides was made with a standard uncatalyzed
azidolysis for all substrates tested (Table 1).'® Contrary to
literature precedents that suggest preferential opening at the
terminal position of monosubstituted epoxides,™® the uncata-
lyzed azidolysis of the 2,2-disubstituted epoxides described
in this paper produces a mixture of regioisomers 2 and 3
where the ratios varied between 1.4:1 to 3:1 for most
substrates (entries 1, 3, 5, 7, 9, and 22) and only in strongly
sterically or electronically biased systems such as 1f, 1g, and
1h were the ratios of 2 vs 3 >12:1 (entries 15, 17, and 19).
These results demonstrate that the HHDH P2E2 enzyme
controls both the regiosel ectivity and enantiosel ectivities of
the azide opening.

Because all of the 1-azido-2-arylpropan-2-ols prepared in
this paper are new compounds not previously reported in
the literature, we determined the stereochemistry of the
residual unreacted enantiomerically enriched epoxide for two

(13) Other azide sources were tested (LiN3, MesSiN3, MesSnN3, and
BusNN3) which had no influence on the azidolysis: see ref 5a.

(14) The enzyme loading was optimized to 50 wt % or ~2.5 x 1073
mol % of enzyme.

(15) Representative Procedure: (R)-1-Azido-2-phenylpropan-2-ol [(R)-
2a]. To asolution of the enzyme (HHDH P2E2, 250 mg) in 0.1 M K,HPO,
(buffered at pH = 7) (70 mL) at room temperature was added a solution of
sodium azide (133 mg, 2.05 mmol) in 0.1 M K;HPO, (25 mL) followed by
a solution of the epoxide 1a (500 mg, 3.73 mmol) in DMSO (5 mL) and
the mixture stirred overnight. The reaction mixture was diluted with EtOAc
and water, and the layers were separated by centrifugation. The organic
layer was dried over Na,SO,. The solvent was removed under reduced
pressure and the crude mixture purified by column chromatography on silica
gel using hexane/EtOAc (gradient: 0—100% EtOAcC) to provide 300 mg
(45%) of (R)-2a. [a]p = —27.50 (c 1.04, CHCly); *H NMR (400 MHz,
CDCly) 6 7.52—7.47 (m, 2H), 7.45—7.38 (m, 2H), 7.37—7.31 (m, 1H),
3.65(d, J = 12.1 Hz, 1H), 3.49 (d, J = 12.3 Hz, 1H), 2.33 (s, 1H), 1.64 (s,
3H). The enantiomeric excess was determined by SFC (Chiralcel-OJ, 2 mL/
min, 5—40% MeOH at 4%MeOH/min, tg (major) 6.64min, tg(minor) 6.37
min (98% ee). SFC (supercritical fluid chromatography) where mobile
phases are carbon dioxide and a polar modifier, methanol.

(16) Where R, = CF3, a major byproduct for this particular substrate
was hydolysis of the epoxide providing the corresponding diol.

(17) In ref 6b, 90% ee was observed for this substrate.

(18) (a) Mosher, C. W.; Acton, E. M.; Crews, O. P.; Goodman, L. J.
Org. Chem. 1967, 32, 1452. (b) Audier, H. E.; Dupin, J. F.; Jullien, J. Bull.
Soc. Chim. Fr. 1968, 3844. (c) Boaz, N. W. Tetrahedron: Asymmetry 1995,
6, 15. (d) Boruwa, J.; Borah, J. C.; Kalita, B.; Barva, N. C. Tetrahedron
Lett. 2004, 45, 7355. () Haak, R. M.; Tarabiono, C.; Janssen, D. B.;
Minnaard, A. J.; de Vries, J. G.; Feringa, B. L. Org. Biomol. Chem. 2007,
5, 318. (f) Hopmann, K. H.; Himo, F. Biochemistry 2008, 47, 4973. (Q)
Hopmann, K.; Himo, F. J. Chem. Theor. Comput. 2008, 4, 1129.
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reactions (entries 4 and 26). The absolute configuration of
the residual enantiomerically enriched epoxides 4b and 4j
was determined to be (S by comparing the sign of optical
rotation with the literature data'®® and was of high optical
purity 99% ee as determined by SFC (Table 4).%° Therefore,
the azidolysis occurred selectively on the (R) epoxide
providing the (R)-azido alcohol.

The novel regioselective and enantiomerically enriched
2,2-disubstituted azido alcohols reported in this paper are
synthetically valuable chiral building blocks. They can be
converted into enantiomerically enriched 2,2-disubstituted
unprotected aziridines®® through a Staudinger reaction in
>94% ee and regio- and enantioselective 2,2-disubstituted
amino alcohols? through simple reduction of the azide as
demonstrated by two examples in Scheme 1.

Scheme 1. Novel Enantiomerically Enriched 2,2-Disubstituted
Aziridines and 1,2-Disubstituted Amino Alcohols

PPh;
R o
2_\\NH CH4CN, 60 °C

94%, 94% ee 98%, 97% ee

Me Me, OH

NH
NH,
6j 5j
60%, 97% ee 98%, 98% ee

In conclusion, we have developed a method for the
enzymatic resolution of 2-alkyl-2-aryl-disubstituted epoxides

(19) (a) Sone, T.; Yamaguchi, A.; Matsunaga, S.; Shibasaki, M. J. Am.
Chem. Soc. 2008, 130, 10078. (b) Matsumoto, K.; Kubo, T.; Katsuki, T.
Chem.—Eur. J. 2009, 15, 6573.

(20) See the experimental details in the Supporting Information.

(21) For studies on catalytic asymmetric aziridination reactions, see: (a)
Evans, D. A.; Faul, M. M.; Bilodeau, M. T.; Anderson, B. A.; Barnes, D. M.
J. Am. Chem. Soc. 1993, 115, 5328. (b) Li, Z.; Conser, K. R.; Jacobsen,
E. N. J. Am. Chem. Soc. 1993, 115, 5326. (c) Tanner, D.; Andersson, P. G,;
Harden, A.; Somfai, P. Tetrahedron Lett. 1994, 35, 4631. (d) Omura, K.;
Murakami, M.; Uchida, T.; Irie, R.; Katsuki, T. Chem. Lett. 2003, 32, 354.
(e) Liang, J.-L.; Yuan, S.-X.; Chan, P. W. C.; Che, C.-M. Tetrahedron Lett.
2003, 44, 5917. (f) Xu, J;; Ma, L.; Jiao, P. Chem. Commun. 2004, 1616.
(g) Fioravanti, S.; Mascia, M. G.; Pellacani, L.; Tardella, P. A. Tetrahedron
2004, 60, 8073. (h) Kwong, H.-L.; Liu, D.; Chan, K.-Y ; Lee, C.-S.; Huang,
K.-H.; Che, C.-M. Tetrahedron Lett. 2004, 45, 3965. (i) Redlich, M;
Hossain, M. M. Tetrahedron Lett. 2004, 45, 8987. (j) Fruit, C.; Muller, P.
Tetrahedron: Asymmetry 2004, 15, 1019. (k) Ma, L.; Du, D.-M.; Xu, J. J.
Org. Chem. 2005, 70, 10155. (I) Murugan, E.; Siva, A. Synthesis 2005,
2022. (m) Ma, L.; Jiao, P.; Zhang, Q.; Xu, J. Tetrahedron: Asymmetry 2005,
16, 3718. (n) Kawabata, H.; Omura, K.; Katsuki, T. Tetrahedron Lett. 2006,
47, 1571. (0) Shen, Y.-M.; Zhao, M.-X.; Shi, Y. Angew. Chem., Int. Ed.
2006, 45, 8005. (p) Aziridines and Epoxides in Organic Synthesis; Yudin,
A. K., Eds.;; WILEY-VCH Verlag: Weinheim, 2006. (q) Armstrong, A.;
Baxter, C. A.; Lamont, S. G.; Pape, A. R.; Wincewicz, R. Org. Lett. 2007,
9, 351. (r) Lu, Z,; Zhang, Y.; Wulff, W. D. J. Am. Chem. Soc. 2007, 129,
7185. (s) Musio, B.; Clarkson, G. J.; Shipman, M.; Florio, S,; Luis, R.
Org. Lett. 2009, 11, 325-328.

Org. Lett, Vol. 12, No. 17, 2010



using the Codex HHDH P2E2 enzyme and sodium azide.
Ten examples of novel regio- and enantiosel ective 1-azido-

(22) For the synthesis of enantiomerically enriched amino acohals, see: (a)
Martinez, L. E.; Leighton, J. L.; Carsten, D. H.; Jacobsen, E. N. J. Am Chem
Soc. 1995, 117, 5897. (b) Reference.6a (c) Nikaido, T.; Kawada, N.;
Hamatani, T.; Ueda, Y. (Daicd Chemica Industries), World Patent WO 9523869,
1995; US Patent 5,731,175, 1998; US Patent 5,846,792, 1998; US Petent 5,874,613,
1999. (d) Schurmann, M.; Mink, D. WO2007/118682A12007. (e) Ito, S.;
Nikaido, T.; Matsuyama, A. (Daicd Chemicd Industries), Jepanese Patent JP
46076, 2001. (f) Bergmeier, S. C. Tetrahedron 2000, 56, 2561. (g) Trost,
B. M. Chem. Pharm Bull. 2002, 50, 1, and references cited therein. (h)
Hameda, T.; Torii, T.; Izawa, K.; Ikariya, T. Tetrahedron 2004, 60, 7411. (i)
Merten, J.; Froehlich, R.; Metz, P. Angew. Chem, Int. Ed. 2004, 43, 5991. (j)
Edin, M.; Steinreiber, J.; Backvall, J. E. Proc. Natl. Acad. Sti. U.SA. 2004,
101, 5761. (k) Reyes E.; Cordova, A. Tetrahedron Lett. 2005, 46, 6605. (1)
Purkarthofer, T.; Pabst, T.; Van den Broek, C.; Griengl, H.; Maurer, O;
Skranc, W. Org. Process Res. Dev. 2006, 10, 618. (m) Veum, L.; Pereira,
S. R. M.; van der Waal, J. C.; Hanefeld, U. Eur. J. Org. Chem 2006, 1664.
(n) Veum, L.; Hanefeld, U. Chem. Conmmun. 2006, 825. (0) Seinreiber, J.;
Schuermann, M.; Wolberg, M.; van Assema, F.; Reisinger, C.; Fesko, K.;
Mink, D.; Griengl, H. Angew. Chem, Int. Ed. 2007, 46, 1624. (p) Steinreiber,
J.; Schuermann, M.; van Assema, F.; Wolberg, M.; Fesko, K.; Reisinger,
C.; Mink, D.; Griengl, H. Adv. Snth. Catal. 2007, 349, 1379.
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2-arylpropan-2-ols were reported to give (R)-azido alcohols
in 19—45% yield and 88—99% ee material. Furthermore,
these intermediates were used for the preparation of enan-
tiomerically enriched amino alcohols and aziridines contain-
ing atertiary center.
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