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Dynamic kinetic resolution of allylic alcohols to allylic acetates followed by copper-catalyzed allylic substitution gave alkenes in high yields
and high optical purity. Subsequent oxidative C ~ —C double bond cleavage afforded pharmaceutically important o-methyl substituted carboxylic
acids in high ee.

Dynamic kinetic resolution (DKR) has become an active area Ph Ph
of research and is of importance in organic synthesis as a Ph
powerful tool to prepare enantiomerically enriched com- P \Ru—ol
pounds in high yield$Recently, a highly efficient ruthenium oc o
catalyst () for room-temperature racemization of secondary 1

alcohols was developed in our laboratofd€Rhis catalyst,

combined with R)- and §)-selective enzymes, successfully ~ We report on a strategy to prepare enantiomerically pure
provided an efficient chemoenzymatic catalytic system for o-methyl-substituted carboxylic acid$V{, starting from

the preparation of both possible enantiomerically pure alcohol readily availablex-methyl-substituted allylic alcohols (1) as
esters in high yield at ambient temperature in short reaction substrates. A ruthenium- and enzyme-catalyzed DKR in

times2.c3 tandem with a highly stereoselective copper-catalyzed allylic
(1) (a) Huerta, F. F.: Minidis, A. B. E.. Backvall, J-Ehem. Soc. Re o-substitution afforded alkenefl§, which upon OX|dat|_ve
2001, 30, 321. (b) Pamies, O.; Béckvall, J.-Ehem. Re. 2003 103 3247. C—C double bond cleavage gave the target acid$ i
(,\;) Ea?;?s, \(().;lffickk\%, J.-E(F).re_ndsB _Blotehchr}glgggﬁg, é?g- (Ed) flm. high ee (Scheme 1). By employing eitf@andida antarctica
RN e n, Y., Park, urr. Opin. Biotechnol y , . erratum: . e . .
Kim, M.-J.: Ahn, Y.; Park, JCurr. Opin. Biotechnol2003,14, 131. e)  iPase B (CALB) or Subtilisin Carlsberg in the DKR step,
Pellissier, H.Tetrahedron2003,59, 8291. the R)- or (S-ester ofll , respectively, can be obtained, (only

(2) (a) Csjernyik, G.; Bogar, K.; Backvall, J.-Eetrahedron Lett2004,
45, 6799. (b) Martin-Matute, B.; Edin, M.; Bogar, K.; Backvall, JABgew.
Chem., Int. Ed2004,43, 6535. (c) Martin-Matute, B.; Edin, M.; Boga

the (R)-ester ofl is shown in Scheme 1). In this way, both

K.; Kaynak, F. B.; Backvall, J.-E]. Am. Chem. So@005,127, 8817. (d) (3) (a) Borén, L.; Martin-Matute, B.; Xu, Y.; Cordova, A.; Béckvall,
Martin-Matute, B.; Aberg, J. B.; Edin, M.; Backvall, J.-Ehem. Eur. J. J.-E.Chem. Eur. J2006 12, 225. (b) Bogar, K.; Hoyos Vidal, P.; Alcantara
2007,13, 6063. Leon, A. R.; Backvall, J.-EOrg. Lett.2007,9, 3401.

10.1021/01702261t CCC: $37.00  © 2007 American Chemical Society
Published on Web 10/23/2007



Scheme 1. Enantioselective Synthesis afMethyl Carboxylic
Acids via Metal and Enzyme Catalysis
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enantiomers of the final product can be prepared with high

optical purity.

to copper in g/-selective manner and witmnti stereochem-
istry, giving o-allyl complex2 (Scheme 2}:2 A fast reductive
elimination from intermediat® would lead to producs.

However, if conversion o to 4 is faster than reductive

Ph = Ph - . Ph. ~ W
Ph OAc Ph OCOPr OAc OAc
(R)-8 (S)-8' (R)-9 (R)-10

Figure 1. Substrates investigated in the copper-catalyzed allylic
substitution.

There are several examples of copper(l)-mediated substitu-elimination of 2 to 3, selective formation of produd is
tions of enantiomerically pure allylic substrates that occur expected, provided that the equilibration between rotamers

with high 1,3-chirality transfer in amnti-Sy2'manner (y-

Scheme 2. Isomerization of the Allyl Intermediates, Leading
to Different Products
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selective)t On the other hand, the formation afproduct
(anti-Sy2 reaction) with conserved chiral information is less
studied. To the best of our knowledge, only cyclic allylic
substrates have been employedxcept for one cadevhere

2 and2' is slow.

If substituents A and B are identical, intermediadesnd
6 will be enantiomers. Thus, fast equilibration of these
reaction intermediates (vi@ and 2') prior to product
formation would lead to formation of a racenueproduct,
(i.e., 5 + 7)2 If substituents A and B are different,
intermediates} and 6 are diastereoisomers and under full
equilibration betweed and6 (via 2 and2’) a Curtin-Hammet
situation would be at hand. The reactivity of these diaste-
reoisomers as well as their stability would determine the ratio
between5 and7.

The substrates investigated for allylic substitution are
depicted in Figure 1. Substrat@&and 8' have identical
substituents in the-position and for this reason loss of chiral
information according to Scheme 2 may occur. In a previous
study we found that loss of chiral information indeed takes
place in the copper-catalyzed cross-couplin@ afith alkyl
Grignard reagents at low temperat@rdowever, with aryl
Grignard reagents high conservation of chiral information
was obtained. Since the efficiency of the reactior efith
aliphatic Grignard reagents was moderate, we also investi-
gated 9 and 10 as possible substrates for a selective
o-substitution with retained chiral information in the copper-
catalyzed allylic substitution reaction.

DKR of alcohol 11 was carried out using ruthenium

thea-substitution of an acyclic substrate proceeded with 88% complex1 and CALB to afford (R)-8. An elevated temper-

conservation of chiral information. However, no further

ature was required to obtain an acceptable rate of product

studies or synthetic applications of this reaction have beenformation, and at 80C product (R)-8vas obtained in 97%

reported.
Oxidative addition of allylic esters to copper(l) is assumed
to occur with high stereoselectivity® The substrate adds

(4) (a) Trost, B. M.; Klun, T. PJ. Org. Chem198Q 45, 4256. (b) Ibuka,
T.; Akimoto, N.; Tanaka, M.; Nishii, S.; Yamamoto, ¥. Org. Chem1989
54, 4055. (c) Belelie, J. L.; Chong, J. M..Org. Chem2001,66, 5552. (d)
Breit, B.; Demel, P.; Studte, @ngew. Chem., Int. E@004,43, 3786. (e)
Calaza, M. I.; Yang, X.; Soorukram, D.; Knochel, ®rg. Lett.2004,6,
529. (f) Harrington-Frost, N.; Leuser, H.; Calaza, M. |.; Kneisel, F. F.;
Knochel, P.Org. Lett.2003,5, 2111.

(5) Goering, L. H.; Tseng, C. Q. Org. Chem1983,48, 3986.

(6) (a) Goering, L. H.; Singleton, V. D., Jd. Org. Chem.1983, 48,
1531. (b) Goering, L. H.; Kantner, S. $. Org. Chem1983,48, 721. (c)
Goering, L. H.; Kantner, S. S. Org. Chem1981,46, 2144. (d) Goering,
L. H.; Singleton, V. D., JrJ. Am. Chem. Sod976 98, 7854. (e) Backvall,
J.-E.; Persson, E. S. M.; Bombrun, A. Org. Chem1994,59, 4126.

5096

yield and>99% ee (Scheme 3}.Isomerization of similar
allylic alcohols in the presence of ruthenium complexes such
aslis known to occut? however, the formation of a ketone
from the isomerization o1 was not observed. The ester
with the opposite configuration at carbon$){8', was
obtained in 83% yield and 95% ee in aB){selective
DKR3211of 11 using the protease Subtilisin Carlsberg and

(7) (a) Backvall, J.-E.; Sellén, M.; Grant, B. Am. Chem. Sod.990,
112, 6615. (b) Backvall, J.-E.; SéfieM. J. Chem. Soc., Chem. Commun.
1987, 827.

(8) Corey, E. J.; Boaz, N. Wretrahedron Lett1984,25, 3063.

(9) Norinder, J.; Backvall, J.-EChem. Eur. J2007,13, 4094.

(10) Martin-Matute, B.; Bogar, K.; Edin, M.; Kaynak, F. B.; Backvall,
J.-E.Chem. Eur. J2005,11, 5832.
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Scheme 3
Ph =
)\ Ph  QOH CFs
Ohe " OCOPr
+
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o uoene, 5 mol % t-BuOK THF, 36 °C, 24 h
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Table 2. Reactions with Substrat&Rj-1G

10 mol % CuBr-SMe,

W RMgBr W + W
OhAc THF, 0 °C R R
(R)-10 (5-13a:R=Ph  14a:R=Ph
(R)-13b: R = Hept b: R =Hept
entry R time (h) 13+ 14 (%)® o/y ratio® ee (%)°
1 Ph 14.5 >99 92:8 98
2 Hept 14.5 91 93:7 97

a8 Reaction conditions: allylic acetate (0.5 mmol) and CG@Bde, were
mixed in THF. After cooling, Grignard reagent (0.75 mmol) was added.
b Determined by GC using decane as internal standddetermined by
GC analysis of the corresponding carboxylic acid obtained by Sharpless
oxidation3

merically pure form by kinetic resolution of the correspond-
ing alcohol®

When aryl Grignard reagents were used in the copper-
catalyzed substitution of substraté®{8and (S)-8in THF,
the a-products (S)-12a,c,dnd (R)-12a,d,avere formed in
high yields and in excellent ee (Table 1, entries 1,274

catalystl. The enantiomeric purity was subsequently en- and 9). When aliphatic Grignard reagents were used under
hanced by enzymatic hydrolysis of the undesired enantiomerthe same reaction conditions with (R)-8, products (R)-12b
to give §)-8'in >99% ee and 93% yield (77% overall yield and (R)-12fwere obtained in moderate stereoselectivity (69

from 11) (Scheme 3). CompounB)9 was obtained in 89%
yield and >99% ee in an analogous DKR usirlg and
CALB.?¢ Allylic acetate (R)-10was obtained in enantio-

Table 1. Reactions with SubstrateR)-8 and (S)-8

Ph =

Ph  OAc
(R)-8 (>99% ee)

Ph_~

Ph  OCOPr

(S)-8' (>99% ee)

20 mol % CuCl Ph

RMgBr -
> Ph R

S)}-12a: R=Ph

R)-12b: R =Bu

S)-12d: R = 3-F-4-PhPh

(
ES)-1 2c¢: R = 4-MeO-Ph
ER)-12f: R = Hept

20 mol % CuBr-SMe, Ph
RMgBr =
Ph R
(R)-12a: R=Ph

(R)}-12d: R = 3-F-4-PhPh
(R)-12e: R = 6-MeO-2-Na

and 80% ee, respectively) (Table 1, entries 3 and 10).
Changing the solvent from THF to ether resulted in a
dramatic improvement of the stereoselectivity, aRg-{2b
was obtained irr 99% ee although in moderate yield (48%)
(Table 1, entry 4). All reactions were highlyselective, and
the y-product was not observéd.

Substratel 0 is similar to substrat8 in the sense that the
y-carbon is not a prochiral center. Thus, loss of chiral
information as described in Scheme 2 may occur. However,
no significant loss of chiral information was observed in the
formation ofa-productsi3aand13b (Table 2, entries 1 and
2). In both experiments the desiregproduct was produced
in high yields, accompanied by small amountsg/gfroduct
14. The reaction temperature was decrease&40 °C in

Table 3. Reactions with Substrat&Rj-&

rxn yield ee Ph\/\‘/ gz?\nn;$l % oue Ph A~ . PhaXo~
entry substr R time (h)  prod. (%)Y (%) Shc § é
1 (R-8 Ph 45 (S-12a 91  >99
2 (S8 Ph 18 (R-12a 88 >99 (RS (A 186 R = B 16a-c
3 (R)-8 Bu 1.8 (R)-12b 67 69 (R)-15¢: R = Hept
4 (R-8 Bu 18 (R)-12b 48 >99
5 (R)-8  4-MeO—Ph 12 ($)-12¢ 79  >99 time temp 15+16 oy  ee
6 (R)-8  3-F-4-PhPh 16 (S-12d 95  >99 entry RMgY (h) solvent (°C) (%)® ratio® (%)
7 (S)-8  3-F-4-PhPh 16 (R-12d 89  >99
8 (rac)-8 6-MeO-2-Na 45 12e 74 1 PhMgBr 6 THF 0 =9 100:0 >99°
9 (S-8  6-MeO-2-Na 18 (R)-12e 175 95 2 BuMgCl 24 THF  -20 59 89:11 904
10 (R-8 Hept 2 (R)-12f 74 80 3 HeptMgBr 16 Et;0 0 65  90:10 969

aUnless otherwise noted, the Grignard reagent (0.75 mmol) was added
to a mixture of the substrate (0.5 mmol) and copper salt in THF 4.0
bIsolated yields, except for entry 4Determined by HPLCY Reaction run
at —20°C in EtO. ¢ Determined by*H NMR using 2-decanol as internal
standardf Racemic substrate was used.

a Reaction conditions: allylic acetate (0.5 mmol) and G@de, were
mixed in THF. After cooling, Grignard reagent (0.75 mmol) was added.
b Determined byH NMR using 2-decanol as internal standér®etermined
by HPLC.d Determined by GC analysis of the corresponding carboxylic
acid obtained by Sharpless oxidatitn.
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Table 4. Oxidation of Olefins to Carboxylic Acids

RUCl; (cat.) OH
Ph™ NalO, o
= z
Ph R —’rt &
(S)12a R=Ph (R)-17a
(S)-12d R = 3-F-4-PhPh (R)17d
(R-12f R = Hept (RYATE

RuCl; {cat.) OH
Ph 3
W Nalo, O%‘\‘/
Ph >
R rt R
(R)-12a R=Ph (S)>-17a
(R)-12d R = 3-F-4-PhPh (S)-17d

entry substrate (% ee) R product yield (%) ee (%)
1 (S)-12a (>99) Ph (R)-17a 84 >97b
2 (R)-12a (>99) Ph (S)-17a 90 >97b
3 (S)-12d (>99) 3-F-4PhPh (R)-17d 88 >97¢
4 (R)-12d (>99) 3-F-4PhPh (S)-17d 88 >97b
5 (R)-12f (80) Hept (R)-17F 71 800

aReactions were run on a 6-9.6 mmol scale® Determined by GC.
¢ Determined by HPLC analysis of the corresponding anilide.

an attempt to favor the formation afproductl3; however,
no product formation was observed.

Cross-coupling of (R)-Qvith PhMgBr in THF led to a
quantitative yield ofa-product (S)-15an >99% ee (Table
3, entry 1). In order to obtain a high chirality transfer in the
cross-coupling with an aliphatic Grignard reagent(Eivas
found to be the better solvent, and in this wayproduct
(R)-15cwas obtained in high optical purity (Table 3, entry
3).

(11) Kim, M.-J.; Chung, Y. I; Choi, Y. K.; Lee, H. K.; Kim, D.; Park,
J.J. Am. Chem. So@003,125, 11494.
(12) The use of either 20 mol % CuCl, 10 mol % CuCl, or 20 mol %

Some of the olefins obtained as described in Scheme 1
were oxidized according to the Sharpless procedure (Table
4) 2 1n this way both enantiomers ofphenylpropionic acid,
17a, and flurbiprofen17d, were obtained in good to high
yields and with high optical purities©7% ee). Flurbiprofen
is an important anti-inflammatory drug. Oxidation of olefin
(R)-12aand (R)-12dto to their corresponding acids con-
firmed that the absolute configurations of the acids wé&e (
(+)-17a and (S)-(+)-17dby comparison with literature
datal4

In conclusion, a straightforward route tomethyl car-
boxylic acids via metal and enzyme catalysis has been
developed. DKR of allylic alcohol1l proceeded with an
excellent yield and optical purity to produce (R)87%,
>99% ee), and no isomerization to the corresponding ketone
was observed. Likewise, DKR dfl followed by enzymatic
hydrolysis afforded $)-8'in high yield and optical purity
(77%,>99% ee). Copper-catalyzed, Bsubstitution of the
allylic esters was accomplished in high yield and high
enantioselectivity, and subsequent ruthenium-catalyzed oxi-
dation proceeded with conservation of chiral information,
to give pharmaceutically importarm-methyl arylacetic
acids.
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(13) Carlsen, P. H. J.; Katsuki, T.; Martin, V. S.; Sharpless, KJB.

CuBr-SMe gave essentially the same stereo- and regioselectivity as well Org. Chem.1981,46, 3936.

as yields.
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