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One drawback of conventional kinetic resolution of racemic epoxides by epoxide hydrolase (EH) is that the theoretical yield

can never exceed 50%.

This 50% limitation can be overcome by using enantioconvergent process,

in which both

enantiomers of the racemic epoxide are transformed via stereochemically matching pathways into a single enantiopure diol
as the sole product in 100% theoretical yield. In order to make a single enantiopure vicinal diol, the two enantiomers of the
racemic epoxide must be hydrolyzed with retention and inversion of configuration each other. The EHs should be enantio-

and regiospecific at the same time. The enantioconvergent hydrolysis with EHs and relevant biotransformation for preparing
enantiopure epoxides and vicinal diols with a high yield are reviewed.
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3L8HA] o ZAlolt T viediol A FEEA oUtE, &
% d 758 AF FAE SHAR EE AREEHI QT
Bt A FAfe| =9t viediol2 dFAbolE VhrEdlda
2 (epoxide hydrolase, EH)E A& 2 o] 83l tAg o
ZAlol =g R AXE F AT, 3). dFA|= VhrE
ade JAAHY JheEs A4S ol&std HAlY

) RAA 5 BA ol 4ANRE AEHs AR
W AR ATAlEE AT 5+ AT, 5). EF, 7}

FEH AEQ] viediols FA R £33 HHE IS
.).'[‘_.

ATt

AZol= AAgEalase GARY 75ie) B4
o] g3t BEHA AFAlC|EE A|Xd= AF, F A
ol A F 54 o|AEAE HAF 7iFEalsted A AsH
&0 o] F£& AAL 50%E EE & gtk @yl 3
th6) (Fig. 1). o]l FAHE F5E & v YHo=EE,
monooxygenase, peroxidase 55 ©|83}l9 prochiral 7]Z ]

t)dle] B A SHA (asymmetric synthesis)-S £3] #3184
4L Azt W, 7138 Al B ol HEAE
Ao 7 A3l HhE (racemization) S A|7|HA F Ao
@l Hadlg-S F8YA|7| = dynamic kinetic resolution
H, M2 A5 2a8¢ A" R HALAEAES 1A
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= T8 845 o|&3l= FstH S (enantioconvergent
hydrolysis) So] SITH3, 79) (Fig. 2). ol2ld F4We te
ol HAAE st ¥IES 954, BAY AR AL
E8S =Y »l-l—, Zii 7‘1]‘5-4 &3 FHNE F 3
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Figure 1. Reaction schemes of the kinetic resolution of racemic
epoxides using epoxide hydrolases(2).
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Figure 2. Biocatalytic preparation of enantiopure epoxides,
halohydrins and vicinal diols. Nu represents nucleophiles other than
water(2).
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gt AZUE olgstel BRBY o EAlojus)
vic-diol-& AT & JATHFig. 3). AR E, Monooxygenasel}
peroxidase S o] &-3ke] 27l 7149} o|E AT BepHel=
08 JEAeE HE EYAA FEEAY g FAo=E
Az 4 Y. EAZ, Halohydrin dehalogenaseE o] &3}
haloalcohol®]  halide2} alcohol”] A}o]¢)| intramolecular
dehalogenation ¥H-g-2 F3} o|ZEALo|=& A|ZY 4 Q).
AR Z, gAY o FAloj=e] 54 o] dHAHE YAAY
Ho g 7hFEdAA AAFOEZN FEFAY o FAlol=
F AZZ 5 ok o] vkg9 WA EL vie-diolo] B, ¥HE-
21 2L 573 =2 FEEEE JHA viediol g Az
FE AT

Aol AAE AESHE o] &3t FTFA dEAo|=
R vie-diol& A Zdte WS YA o]ESFEE 100%
7MA Folw Wl uid Al &3] AgEHz .
A HA WY ZE prochial 7]Fe] tiste AR o Z A
SH-3-& X5t BT o FALo|=E o] E2FE 100%
2 AZ3= v A A (asymmetric synthesis)o] T}
(Fig. 2). & WA Wio2s, 7|1&E9 5883 ETH

L7 A& o2 wE racemization W& T Ao 213

t
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AFA o]|BFEE 100%E YL+ dynamic kinetic resolution
(DKR)o| it o] WRdAx= Ed&EET7 @2 oj44d
AE N&EHoZ AN A TEHTGH B9 ol
&S 100%2 Fol= Wio|th(9, 10) (Fig. 2). Al WA
Hoge MZ FEAQ YAFIAH R AAFo|ES Tt
A AEWES o)&sd F /9 Aol ddA ZFE
NS BREY BHE ABANE BREY ¥
(enantioconvergent process)©] I THFig. 2). Monooxygenase
o] &3 vlthA FAYL BREUXR] NADPHY A &3
A o] BIEA] Basty, 45 are 72 B

(o]

T 5
£ BT % wEA 0101‘40][ e, B 2AF TF5F
Zm)E o] &3} racemization ¥F&S R3P3ic) o]z d H
e B8 Fohrd WEe MR FRAA ALY

2 ARG S AR VRS ASHES AHSEH ol
B2 10028 ¢S & Jo8F, RS0 Fagle
M FE% FWE AMESHA @eEz Hug f73315HA<
dolgty & 5 Ut

Enartiocomnvergent
hydrolysis
E poxide
“*~ hydrotase
H,0 H;0 7Y
N o OH
R Monooxygenase, D"L R it Epoxide Insdrolase . R H
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Figure 3. Three possible ways to obtain a 100% theoretical yield(9).

T Z29 OIZAIE JSEASLSS MBS B
%F-',‘:,Egt,l_loe o|2sl &A3tErM vie-diol A ZHHH
A2 HERHA YATIY 2 AARIAE A
= 289 AEAE ASEAELE ol§aH, Al
fZAtolz 71AZRY I %%?'r vic-diol& o|E4-&
100%, #3<E 100%2 AZT 4 ATHI0) (Fig. 4(a). &
Bo 49 AN HrRHELE ol$T Fehs
dh29] Az A AL E+=, Aspergillus niger$t Beauveria
sulfurescens el 9] A ZAlo|= JlFEREA SAHS o]
sld 2HAl Y styrene oxideZ25-E| (R)-phenyl-1,2-ethanediol-&-
AZS A7 dF37F Y1), A nigerd] A FAle|= Tt
BT (R-o]lJEA oFAleln He ©E B-ghaf
Aoz 7MgEAA  dAZE FAT  AEidA
(R)-diolS AAAZAT}E. vbHo| B sulfurescens?] o EAlo]=
HFERELEE (5)-0)82AY a-BAL HANA THFES)
S-S APt YA HAF (inversion)o] FoiHFOoEH A
HO = ( R) d101°l AREUT. o] 3 whe7|2E T oF
2A17Fe] HEL-L AX 89% enantiomeric excess (ee) G+ 9
(R)-phenyl-1,2-ethanediol S A ZE ¢ YAk A niger I
9] o EAtelr JIFEHPELE AHET OE dEE, A
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niger?} 7HAQ1 Solanum tuberosum ¥ 2] | ZAlolr 7l
BIaAE AR W27 A  (neuroprotective
agent)?!  (R)-Eliprodil &/d¢] AME&-EHE  (R)-p-chlorostyrene
oxideE A X3+ A7t Ui12). S. tuberosum o FAlo| =
TFrRANEA S A niger A FALOIE VS EIFPEAE ALE
sl 02 Mol APl p-chlorostyrene oxideZ5¥ (R)-p-
chlorostyrene oxideS 96%ee] =& Feow 9l 93%9] =
e ez AZSHUG. A2 4uH YASe|4H IA
20148 e 279 ABAOIS ALERALES
ZYAHE-8l B-adrenergic receptor agonist $HAjo] AFRE =
B8EA 2., 3-, 4-pyridyloxiraneE A X3 AT RIHG
TH(13). 1%y, soybean (Glycine max), S. tuberosum 2
Arabidopsis thaliana 38 o EALo|= JIFRELES
S)»-old2A e diaf YA A pgEs) &Ago] e uk
™, A. niger, Mortierella isabellina, Cunninghamella elegans
F2le] o FAlol= ANFRHALELS (R-olAZA A sl
UALH A s 84S 7L YUTH o8 F 2F

o olZAlE AFEARATS EFAA  AETHY
(R)-pyridyldiolS- AT 4 AUt
o EH1 K0 OH OH . EH2, K0 0
Retention =, Iaversion
N OM® "rzR H oHe R
(R) (R} (S)
100% yield
(a)
(R)
O :
i ‘: Retention
"-OHé”‘fr,rR
OH OH
EH1 . e
H:O ”ZR
(S)
o
v (R)
OH® 1 R Inversion 100% yield

(b)
Figure 4. Reaction schemes of the enantioconvergent hydrolysis of
racemic epoxides using two enantiocomplementary epoxide hydrolases (a)
and single epoxide hydrolase. Given yields are theoretical values (2).

Z o) directed evolution ¥}H-& o] 83} JAAHAS
FQ AFAo)= TR ELE 083 vie-diole] HEF
Foe E 9 dA9%7F EnEdth4, 15). Saturation
mutagenesis W Z ©|&-3tHq (R-o|F@AA tig YA
B A& 5<% Agrobacterium radiobacter AD1 §-2]¢] o ZA}
ol JVFESE A} S tuberosum o ZAlo|E FHS5HE-E) A
AE AFE-3te A9 styrene oxide 7] Z X E] (R)-phenyl-
1,2-ethanediol-§- 4.7 umol/min/mg protein ~£2] HFL& wH&
&2 ARG HF AE2 (R)-phenyl-1,2-ethanediol €]
BIATTE B %eeZ FE 5 ANoH, Ao 100% S+
o] &2 AXdGT. o] A o ZAlolE JlFREH A
2 o0& BEFHE WY FYs e S RodE A

HE PG 5 o, ¢ 7hA diE 27 V)R E et
S mM AT 2 Yo} volumetric productivityZ7} HTh= % o]
th ¥ 7d = E AL olf+ S tuberosum o EA}
o|= J}FESE AT viediold] 23F AHE AE NI
Wok7] wiolnh wheF BRI S o]Este A=AINE
k2] k= S tuberosum | FAlolE AFEIFELE NS

= A% Ao K4l Fobd Aol
3 Z5o oEAl0|= JISEHSAS 0|83 FuE
2 ot

% ot 0lo O

B £ 54 AFA0|S SR RLY
B3t A vie-diolS A 2T F Utk 9
79 o ZExole IR B AT (B)- E (5)-°0] A AA L
Zabol= & kAo diste] ME & A Eo|gE T}
A3 Aepsigoss Feed wgo
4(b)). vIAE oFAlo|E VIR ELE oEF HRY
A7 28, SAAZAF) Nocardia EHI AEE @Y A
Zulg ALE-SE BIeERES B8 (2R3R)-heptane-2,3-
diolS 91%eeo] BT 79% FE2 AFS AF4xy
o]TH16). “OH 7} labellng® 7]A& A}&-3 AFHS E3,
Nocardia | ZALol= 7hpEsfE A (5)-o| 8 A A & (R)-9]
AAA N g3 44 AR OdE GaAX A Tyl
S0l AP = Ao HIHAL

Rhodococcus ruber SM 1789, R ruber CBS 717,
Streptomyces  lavendulae  ATCC 55200, Mycobacterium
paraffinicun NCIMB 10420 5 wtg|gjo} 2ol o FAlol=
NralEaE AHESe] 2 dialkyl SZ Aol = 7)o
e BAFANGS Bo) %heed] BE FHEES 7H
(R)-2-methylnonane-2,3-diol-& | %3+ A7} B = ATH1T).
BOabelling® 712 & AHE3 HPS 53, ALEE ©Y o
ZAole ArRsELTe] Azke ol4AA e el A
2 Oe AR89 AT ARES 1ee AP
WHE F o). o] = Rhodococcus sp. B Streptomyces sp.&
A}8-8le] 2hAf| 9l trisubstituted terpenoid o} FAlo| =2 RE 3
s WSS B8l 97%ee BETEE 7H7 diols A XFH
A HIHJTHIS). Azxd BSHEAY diold (R)-(+)-
marming 95%ee F+EL.2 A Fs=dl AMEEATH

seelol olSlolE FF 2 A% 499 B oIZAl
= A4RAELE AR FH4E WS ARE Rud
21t}. Rabbit liver25-E A& microsomal o] FALo]= 7)<
B gAiAs A2 ALl (+)-9,10-epoxystearic acid,
cis-(+)-5,6-epoxyhexadecane, cis-(+)-11,12-epoxyhexadecan-1-ol
9} meso cis-9,10-epoxyoctadecane 7] &l gt A i
2S5 F33t A, N%ee oo BT E 7HR threo-
(1R2R) diol& AZE F AJTH19, 20). cis-p-Ethyl, B
-n-propyl, B-n-butyl @ B-n-hexyl7]7} X S¥ styrene oxideol)
AAAE B WHE AHEs W% ool BUAELE
7}2 (R.R)-threo-diols A X3 A3= HIFHATHZL). 4=
K249 S, tuberosum N\ FAlo)|= JgEIE AT BT T
Ao gisted MZE AsHAHI JALEAL F HALH
AL 7HA L dLo] WA, G EATE ALESiE A
o} styrene oxide 7123 86%ee®| (R)-phenyl-1,2- ethanediol
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2 100% AgAF 4 AT 22). WE71ZE AHEH,
(R-o] & A A tsix= dFAlo|E o T gl o3
TfrdieS FAHCE JUPSAL, (5)- O]”‘“‘iﬂ"ﬂ EH
3|4 benzylic Ao W8l FHFHCE JhpREfREES X
&8} (R)-phenyl-1,2-ethanediol 7+o] Z’H%’:}gi AAdE Ao
Th 9%)9) W 54 W8S Fo) 24 mechlorostyrenc
oxide 2 8- ¥ (R)-m-chlorostyrene diolS 97%ee 2 88% &=
Az 4 JA

2 ZwoA AREH, @ EFY NEAp|E s
BAEAE o83 ForUNSIN 4B Bene
%0|7] A= enantiomeric ratio (E, E = (k/Kn)s/(k/Km)r)
ol e o|ZAO|E JFRAALT AL B E
kol Yo F o|JEAAV} HEE= SR vt A H
ug, 29803 HA #sey w93 A& 2dgE ¢
AT =2 59 R-AHEo] AAEHY] e R-712
o] C2 AN A4 retention WFHSETAFS (ko)7} inversion
HSEELTF k)BT w5 Folokstn, (5)-o] & A Cl
QAN A9 inversion WHEET A (k)7 retention WHS-4:
E}‘c}"}'!t: ()BTt )5 Folof Jtri(10) (Fig. 5). o|# gt 7]

Fol| graof MWl Streptomyces lavendulae ATCC 55209+
B gko] o 42 HEZ 2e Hols) TA9) 22l 0|47
Aol vg AAHHo] S5d HAE AWK S
lavendulaes AW =2 AbE-ste] MY (2)-2-methyl-2,3-
epoxynonane 0. 2 28 97%ee?] w2 BT E 7R (3R)-
2-methyl-nonane-2,3-diol & 60%2) F& 2 X & AT
o]#H 3+ AL directed evolution 5 ¥Ex}Z8tH2A ZZS

ANA kil HAE wildtypes] HEAE AL AT FL
2o P A diold AZRY & AL BoFE AHRE
o] T}
retention
Subgr ks = Prodg
ko
inversion
k3
k
Subg - » Prods
retention

Figure 5. Strategies for obtaining an enhanced enantiopurity of the
chiral product through enantioconvergent process(10).

OlZAto|= Jir-Eoll 40 2|5l cascade reaction2
o|8st sty olZAlo|= H=E
Domino ¥hg-o]|g}11% 3}+ cascade HF

o ‘ﬂg"‘éol %% FH=Eo] HA T

Alol = 7]--’1"—-,‘?_‘—3]]:@'.5:7} Z4HA) 7] cascade
b A9 2,3-disubstituted haloalkyl o} ZAlol= 7]A 2 HE 3
§t8tA o|EAlo]= K= tetrahydrofuran (THF) =42 A
st & 2 9IrkFig 6). ¥ 7]2S A B, haloalkyl”]

AE A e A FAIEE qEFALO|E FEEEEA
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= 7} Malw S E = vie-diole] AAHT}E o] vic-diol
o <ok7ke] ¢zhy] pH ZANAME A ¢l ring closure HE
go] AW epoxyalcohol E= THEZF A4 EE Rolth
@3, 24). o] W A 7A B4o] Utk AAZ, NEA}
o]z 7]&o] dEAZ JlFEFaLY s & FFY
vic-diol2 7}453] gde Holth EAZ &, haloalkyl X
g7)9] Aojd met HFHoE AAHE 9 =AUVt 4
AEttE  Ao|th. Halomethyl 2 5B epoxy alcohol o]
haloethylZ 28]+ THF $-=A7F §AAE &3, 98 &
of % 709l chiral center7} YAAHHAAALE ]6}““1 Sn2
cyclization §+%-0] AgPHo FIFHoZ HFL& YRS
7FA  epoxyalcohole] AAHTE g AL E AHEMW,
Mycobacterium paraffinicum NCIMB 10420 2] &) ol Z-A}o]
E RN ELE AFET AR, R2%eed] HS FYERE
7}21 epoxyalcoholS 76%2] &% YT Rhodococcus sp.
SM 1788 F &9 o ZAlo|= sl EAE AME-SHE, 2
M haloethyl of] ZAlo]=2 KB five-membered ring?l THF

r-\u:

Z 86%eed] BT 9% FEE AXT £ AU
n=1 (R e
H ) 0
o =0\ _ R/;LW
Epoxide z X n=1 HO
R ,Aw/x Hydrolase R W spont HO o
" “J = AP
R f n-alkyl
X=8Br,CCl R\\\«“t R) o

Figure 6. Epoxide hydrolase-triggered enantioconvergent hydrolysis
and spontaneous cyclization of haloalkyl epoxides(23, 24).

-
=

R.ruber OH % 40
)J\/ + KOH, pH ~3 /'\/CI /<|
} CgH
CeHi3 CgHq3 gH13
e.e.>99%

Figure 7. Alcohol dehydrogenase-catalyzed asymmetric reduction of a
~chloroketone to the corresponding epoxide(25).

ANEAlol= FhpRad olejo & AEFE &8I
cyclization #t-3-& 1% }04 BEEY AFAEE AxT
= 91t} 2-PropanolS G4 FAA (reducing agent)Z Al F
3l11, alcohol dehydrogenase (ADH)E ©]-83}ed prochiral
ketone 7]&d< hydroxy’| 2 4 ¥H&-E A7 o&, AAEH
halohydrino] 7] Zz71o)A ALH<Ql cyclization WH5-0] <
oju} F&TAY o ZAtol=g ABE= Aol Ky
ATH25) (Fig. 7). R ruber DSM 44541& AZvjz AL4-3)
o pH 12 o]Fe] A 9 ¥he-5 T A+, benzyl
chloroketone 7| A ZXE] 99%eed] =& FeEnFE 71A

L=

styrene oxide® A|XT

M=ojje} 55ty S ALSS 2HA FSITEES

NEAol= H4Ea LY HABAUL AAT 28
Fofergureg o8t BoBA viediold AxF F

ATl Nocardia {9 o Z Aol 7tBslasE AHRS
o MY (2)-2,2-disubstituted 01] ZAlol =714 9] (8)-0]48A
AE (S-diolz AFTAF3, & (R-o]ddA e dioxane/
H.07} 9732 Q& Z7dA HS0s 2 ZulE ALE-31S
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inversionA| A (§)-diol2 AZA|ZTH26, 27) (Fig. 8(a)). ©]

B8-S E3) 99%eed] BT E 71z (R)-diolE 98%<)
e O A
FEE IS F AT
0 OH
AN HO OH
R [OH]] R OH \‘J |
Nocardia EH1 N
¥ catag. o+ hsoucst g
1y, Or\H" (S)
B f"”fx.._( N\ / H,0
(8]
rac chemocat inversion e.e. 92~99%

yield 94~98%

R = alkyl, aryl, alkenyl, haloalkyl

(a)

1) NaH/THF

2)PPhy/CCly
Cl
F | OH
A niger EH Q )_\
mn water \Qfmﬁﬁ + | \\ m
E 5% DMSO
£ y

F F

(b)

Figure 8. Chemoenzymatic preparation of various enantiopure
epoxides and vic-diols(26-28). (a) Preparation of 2,2-disubstituted
($)-diol, (b) preparation of an azole antifungal key synthon.

A niger NENOIE AFRATLG HAENE A3
of 25 MO nFZo)A azole AEY FATA FAol A
SH= dEFA|E FUAE A2 Azyl HnHEAT
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E 7 el st A okFig. 8(b). (R)-diolS THA] NaH/THF H
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