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ABSTRACT

Ar?B(OH), (1.5 equiv)

2
[RhCI(C5H,)ol» (3 mol % Rh) Ar fh J\
Ar /\KCOzMe (R.R)-Ph-bod* (3.3 mol %) Arv'\(COzMe Me\©\)\/\,\,
CN KOH (20 mol %), H,0 (1 equiv to B) CN OH )\
h

dioxane, 20 °C, 1 i
>90% vield 96~99% ee (R)-Tolterodine

Asymmetric 1,4-addition of arylboronic acids to ( E)-methyl 2-cyano-3-arylpropenoates proceeded in the presence of a rhodium catalyst (3 mol
%) coordinated with a chiral diene ligand, (  R,R)-Ph-bod*, to give high yields of the corresponding methyl 3,3-diaryl-2-cyanopropanoates with
high enantioselectivity (up to 99% ee). This catalytic asymmetric transformation was applied to the asymmetric synthesis of ( R)-tolterodine.

Rhodium-catalyzed asymmetric 1,4-addition of organoboron N-sulfonylimineso,5-unsaturated ketones, aldehydes, esters,
reagents has rapidly developed into a powerful tool for the and amided.”

stereoselective formation of carbenarbon bond$2 Aryl The enantioselective construction of stereogenic carbon
and alkenyl groups have been successfully introduced intocenters substituted with two aryl groups and one alkyl group
electron-deficient olefins with high enantioselectivity by this is a subject of importance, because this structural motif is
rhodium catalysi§.One of the most exciting advances in often found in pharmaceuticals (e.qg., sertrdliaed toltero-

the transition-metal-catalyzed asymmetric reactions is dis- . .

covery of chiral diene ligands; which have been demon- ¢ off_l)z(é"c))aHiyz%Shl"lTr,Béj.e{t‘?)m?c‘,fu'%ZSZ?”S?&;’?&%?T'WKé&“an?cﬂif“k_;

strated to be highly effective especially in rhodium-catalyzed ueyama, K.; Shintani, R.; Hayashi, . Am. Chem. So€004 126, 13584.
aryl transfer reactions. The chiral diengnodium complexes ~ (¢) Otomaru, Y.; Tokunaga, N.; Shintani, R.; HayashiOFg. Lett. 2005
displaved catalvti tivit d i lectivity higher th 7, 307. (d) Otomaru, Y.; Okamoto, K.; Shmtam, R.;'Hayashl,JTOrg. _
played catalytic activity and enantioselectivity higher than chem 2005 70, 2503. () Otomaru, Y.; Kina, A.: Shintani, R.: Hayashi,
that of chiral phosphine complexes for the aryl transfer to T. Tetrahedron: Asymmetr005 16, 1673. (f) Shintani, R.; Kimura, T.;
Hayashi, T.Chem. Commur2005 3213. (g) Shintani, R.; Okamoto, K;
Hayashi, T.Org. Lett. 2005 7, 4757. (h) Shintani, R.; Okamoto, K.;
(1) For the first example of the rhodium-catalyzed 1,4-addition, see: Otomaru, Y.; Ueyama, K.; Hayashi, 3. Am. Chem. So005 127, 54.
Sakai, M.; Hayashi, H.; Miyaura, NOrganometallics1997, 16, 4229. (i) Shintani, R.; Tsurusaki, A.; Okamoto, K.; Hayashi, Angew. Chem.,
(2) For reviews, see: (a) Miyaura, N. @rganoboranes in Syntheses Int. Ed. 2005 44, 3909. (j) Kina, A.; Ueyama, K.; Hayashi, Drg. Lett.
Ramachandran, P. V., Brown, H. C., Eds.; ACS Symposium Series 783; 2005 7, 5889. (k) Chen, F.-X.; Kina, A.; Hayashi, Org. Lett.2006 8,
American Chemical Society: Washington, 2001; Chapter 7, pp19%. 341. (I) Nishimura, T.; Yasuhara, Y.; Hayashi, @rg. Lett.2006 8, 979.
(b) Hayashi, T.Synlett2001, 879. (c) Bolm, C.; Hildebrand, J. P.; NMim (m) Shintani, R.; Duan, W.-L.; Hayashi, T. Am. Chem. So2006 128
K.; Hermanns, NAngew. Chem., Int. EQ001, 40, 3284. (d) Fagnou, K.; 5628. (n) Berthon-Gelloz, G.; Hayashi, J. Org. Chem2006 71, 8957.
Lautens, M.Chem. Re. 2003 103 169. (e) Hayashi, T.; Yamasaki, K. (o) Tokunaga, N.; Hayashi, TAdv. Synth. Catal.2007, 349, 513. (p)

Chem. Re. 2003 103 2829. (f) T. HayashBull. Chem. Soc. Jpr2004 Nishimura, T.; Katoh, T.; Hayashi, TAngew. Chem., Int. EQR007, 46,
77, 13. (g) Christoffers, J.; Koripelly, G.; Rosiak, A.;"Bsle, M.Synthesis 4937. (q) Nakao, Y.; Chen, J.; Imanaka, H.; Hiyama, T.; Ichikawa, Y.;
2007, 1279. Duan, W.-L.; Shintani, R.; Hayashi, 3. Am. Chem. So2007, 129, 9137.

(3) For selected examples, see: (a) Takaya, Y.; Ogasawara, M.; Hayashi,(r) Shintani, R.; Sannohe, Y.; Tsuji, T.; Hayashi, Angew. Chem., Int.
T.; Sakai, M.; Miyaura, NJ. Am. Chem. So&998 120, 5579. (b) Hayashi, Ed. 2007, 46, 7277. (s) Shintani, R.; Ichikawa, Y.; Hayashi, T.; Chen, J.;
T.; Takahashi, M.; Takaya, Y.; Ogasawara. M.Am. Chem. So2002 Nakao, Y.; Hiyama, TOrg. Lett 2007, 9, 4643. (t) Duan, W.-L.; Imazaki,
124, 5052. Y.; Shintani, R.; Hayashi, TTetrahedron2007, 63, 8529.
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dine®) and natural products (e.g., podophyllotd®n Their

asymmetric synthesis has be(_—:‘n reporte(_j_by the chiral die,ne‘tl'able 1. Rhodium-Catalyzed Asymmetric 1,4-Addition of
rhodium-catalyzed asymmetric 1,4-addition of arylboronic ppenyihoronic Acid Zm) to Aryimethylene Cyanoacetatia

acids top-aryl-substituteda,-unsaturated aldehydes and

. . . RhCI(C,oH
estershscd which gave the corresponding,-diaryl- o el 2o e i oo
substituted products in 9693% eél12(Scheme 1). Herein m 27" ligand (3.3 mol %) 2
CN KOH (20 mol %) CN
MeO + 12 1,0 (1equivioB) MO sam
PhB(OH), 2m dioxane, 20 °C, 1 h on
1.5 i NaCN, Lil
Scheme 1 (1.5 equiv) S cN
Phoo 120°C, 15h
0 h [’I:‘z]_ * "7 MeO
ph/\)l\pf MeOOB(OH)a chiral diene R 4am
MeO , R , PPh,
, . A Ph PPh,
Ph Ph Ph OO
_ R = Ph: (R,R)-Ph-bod*
(R,R)-Bn-bod* (S,S)-diene R = CH,Ph: (R,R)-Bn-bod* (S,S)-diene (R)-binap
R=H: 90%ee (R) R =H, OtBu: 92-93% ee (S)
f. 4h f. 50.d
fref. 4l fref. Sc.dl entry ligand vield® (%) eeb (%)
1 (R,R)-Ph-bod* 99 99 (R)
. _Bn-bod*
we wish to report that arylmethylene cyanoacetatesre g Eg’g)) zzn:"d gg ?i g;)
suitable substrates for the rhodium/chiral diene-catalyzed 4 (R)-binap 33¢ 46(S)

asymmetric 1,4-addition of arylboronic acidswhich gave

the corresponding 3,3-diaryl-2-cyanopropano&esup to
99% ee. This methodology was used for the asymmetric
synthesis of R)-tolterodine, an important urological drdg.

A rhodium complex coordinated with chiral diene ligand
(RR)-Ph-bod*#¢€ which is aCy-symmetric bicyclic diene
bearing two phenyl groups on the double bonds, was found
to be highly catalytically active and enantioselective for the
addition of phenylboronic acid2() to 4-methoxyphenyl-
methylene cyanoacetatgd) (entry 1 in Table 1). Thus, the
reaction was completed il h at 20°C in the presence of 3
mol % of the rhodium catalyst to give 99% yield of 3,3-

(5) (a) Fischer, C.; Defieber, C.; Suzuki, T.; Carreira, EJMAmM. Chem.
So0c.2004 126, 1628. (b) Defieber, C.; Paquin, J.-F.; Serna, S.; Carreira,
E. M. Org. Lett.2004 6, 3873. (c) Paquin, J.-F.; Defieber, C.; Stephenson,
C. R. J,; Carreira, E. MJ. Am. Chem. So2005 127, 10850. (d) Paquin,
J.-F.; Stephenson, C. R. J.; Defieber, C.; Carreira, EOkf. Lett.2005
7, 3821. (e) Fessard, T. C.; Andrews, S. P.; Motoyoshi, H.: Carreira, E.
M. Angew. Chem., Int. EQ007, 46, 9331.

(6) (a) Lang, F.; Breher, F.; Stein, D.; Glzmacher, HOrganometallics
2005 24, 2997. (b) Grundl, M. A.; Kennedy-Smith, J. J.; Trauner, D.
Organometallics2005 24, 2831. (c) Wang, Z.-Q.; Feng, C.-G.; Xu, M.-
H.; Lin, G.-C.J. Am. Chem. So@007, 129, 5336. (d) Helbig, S.; Sauer,
S.; Cramer, N.; Laschat, S.; Baro, A.; Frey, Wdv. Synth. Catal2007,

349, 2331.

(7) One of the reviewers kindly suggested that the following report should
be cited as an early example of the chiral diene ligand: Sato, Y.; Takimoto,
M.; Mori, M. Tetrahedron Lett1996 37, 887.

(8) McRae, A. L.; Brady, K. TExpert Opin. Pharmacothe2001, 2,

883.

(9) (a) Hills, C. J.; Winter, S. A.; Balfour, J. ADrugs 1998 55, 813.

(b) Wefer, J.; Truss, M. C.; Jonas, World J. Urol 2001, 19, 312. (c)
Rovner, E. S.; Wein, A. Xur. Urol. 2002 41, 6.

(10) Gordaliza, M.; Gara, P. A.; Miguel del Corral, J. M.; Castro, M.
A.; Gomez-Zurita, M. A.Toxicon2004 44, 441.

(11) Higher enantioselectivity (99% ee) has been reported in the reaction
of ArzZnCI/CISiMes with 3-arylpropenals calyzed by a rhodium-binap
complex: Tokunaga, N.; Hayashi, Tetrahedron: Asymmetr006 17,

607.
(12) The catalytic asymmetric synthesigigf-diaryl-substituted carbonyl

compounds has been also reported by use of chiral phosphine-palladium

catalysts: (a) Nishikata, T.; Yamamoto, Y.; Gridnev, |. D.; Miyaura, N.
Organometallic005 24, 5025. (b) Nishikata, T.; Yamamoto, Y.; Miyaura,
N. Tetrahedron Lett2007, 48, 4007.
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alsolated yield of a 1:1 mixture of diastereoméet®etermined after
the deesterification givingam. ¢ 60% la recovered.

diayl-2-cyanopropanoatgam. Its enantiomeric purity was
determined to be 99%=j by HPLC analysis (Chiralcel OD-
H) of 3,3-diarylpropanenitrildam, which is readily obtained
in a high yield by decarbomethoxylation &am. Other
rhodium/diene complexes, where the dienes &&){Bn-
bod**¢¢ and Carreira’s $,9-diene® were as catalytically
active as the RhR,R)-Ph-bod*, but the enantioselectivity
was lower (entries 2 and 3). Rhodium/phosphine complexes
were much less catalytically active. For exampi®;lginag?
catalyst gave8am in 33% yield under otherwise the same
reaction conditions (entry 4).

As illustrated in Table 2, the present catalytic asymmetric
1,4-addition is applicable to a broad range of arylboronic
acids and arylmethylene cyanoacetates. The 1,4-addition
proceeded in high yield>90%) with excellent enantio-
selectivity (96-99% ee) for all of the substrate combinations
we examined. Arylmethylene cyanoacetates substituted with
a methoxy group at the 4-, 3-, and 2-positions on the phenyl
are all good substrates, giving the corresponding arylation
products3 with over 96% ee in the reaction with phenyl-,
4- or 3-methylphenyl-, and 4-bromophenyl boronic acids.
The enantioselectivities are also very high for arylmethylene
cyanoacetates where the aryl groups are 2-methylphenyl,
2-naphthyl, and 4-chlorophenyl.

The presence of both cyano and ester groups at the
o-position of the reaction substrates is essential for the high
reactivity and enantioselectivity in the present reaction, which
is demonstrated by the results summarized in Table 3.
Arylmethylene malononitrilba and malonat&b, which are

(13) Takaya, H.; Mashima, K.; Koyano, K.; Yagi, M.; Kumobayashi,
H.; Taketomi, T.; Akutagawa, S.; Noyori, RB. Org. Chem1986 51, 629.
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Table 2. Asymmetric 1,4-Addition of Arylboronic Acid® to Scheme 2
Arylmethylene CyanoacetatdsCatalyzed by RhR,R-Ph-bod* MemCOZMe [?3hCI(FoZ/Hﬁ)ﬁ;2 N
[RhCI(CoHy)2] CN mol % Rh)
(3 mol % A)’ e OR (RAYPI00" e COMe
COMe (R.R)-Ph-bod* r 8a:R=Bn L b A CN
AM\( . AR (3.3 mol %) ; CO,Me 8b: R = MOM KOH (20 mol %) OR
(OH)y —————— = Ar "
CN (1.5 equiv) KOH (20 mol %) CN + I-_IQO (1 equ to B)
: H,0 (1 equivto B) PhB(OH), dioxane, 30 °C, 2h 9a:R =Bn, 97%
1 2 dioxane, 20 °C, 1 h 3 (1.5 equiv) 9b: R = MOM, 96%
entry Ar? Ar? yield® (%) eeb (%) 1) DIBAL, CHCly,
_ Ph —40°C,6h
1 4-MeOCgH, (1a)  Ph (2m) 99 (3am) 99 (R) Nag'\'jl,F bh ve CN 2) ﬂ%qlé n
2 3-MeOCg¢H4 (1b) Ph (2m) 99 (3bm) 98 (R) P — —~>
3 2-MeOCeH, (1¢) Ph(2m) 94 (3cm) 99 (R) 120°C,15h OR 3) NH,Cl, rt, 30 min
4 2-MeCgH4 (1d) Ph (2m) 92 (8dm) 96 (R) 10a: R = B, 92%, 98% ee
5 2-naphthyl (1e)  Ph (2m) 91 (3em) 98 (R) 10b: R = MOM, 91%, 98% ee
6 4-MeOC¢H4 (1a) 4-MeCegH4 (2n) 96 (3an) 97 (R) oh oh
7 4-MeOCgH4 (1a) 3-MeCgH4 (20) 95 (3a0) 96 (S) Mo cHO  NaBH(OAG): e J\
8 4-MeOCgH, (1a) 4-BrCeHs (2p) 92 (3ap) 98 (S) HN'Pr, N
9 Ph (1f) 4-MeCaH4 (2n) 95 (3fn) 97 (S) OR CICH,CH,CI OR /\
10 Ph (1f) 4-BrC¢Hy4 (2p) 96 (3fp) 98 (S) . 15h
] B 11a:R=Bn, 79% 12a:R = Bn, 86%
11 4-ClCeH, (1g) 4-BrCeHy (2p) 90 (3gp)  96(S) 11b: R = MOM, 72% 12b: R = MOM, 83%
alsolated yield of a 1:1 mixture of diastereomet®etermined after
the deesterification giving. ¢ The reaction was carried out at 3G. Ph
for R = Bn, Pd/C, Me J\
H,, MeOH, rt N
. . _ . . for R = MOM, HCI (2 N), OH AN
substituted with two nitriles and esters, respectively, in place  ProH, 50 °C (R)-tolterodine (7)

of the one-each combination, are much less reactive than
the cyanoacetatta, giving the corresponding phenylation

products in only about 10% yield (entries 2 and 3). The 1,4- that involves, as a key step, the asymmetric addition of
addition of phenylboronic acid took place readily for the phenylboronic acid to a methylene cyanoacetate bearing a
olefinic substrate$c and5d bearing either a single cyano protected 2-hydroxy-5-methylphenyl group. The phenolic
or ester functionality (entries 4 and 5), but the enantio- hydroxyl group was protected by either benzyl (Bn) or
selectivity was much lower thgn _that observed for the methoxymethyl (MOM). Both of the two substratga and
cyanoacetatda Thus, the combination of a cyano and an g, \vere readily accessible in few steps and in high yields
ester group realizes both high yield and high enantloselec-starting from inexpensive 4-methylpheril.
tivity. The rhodium-catalyzed asymmetric 1,4-addition of phenyl-
The present asymmetric arylation catalyzed byReRl- boronic acid proceeded smoothly at 3€ with high
Ph-bod*/rhodium complex was applied to the synthesis of enantioselectivity for boti8a and8b using the chiral diene
(R)-tolterodine 7).14 Scheme 2 illustrates the reaction scheme |igand, R,R)_Ph_bod*, to give the Corresponding pheny|ation
products9a and 9b in 97% and 96% yields, respectively.
Removal of the carbomethoxy group by treatment with
NaCN and Lil in DMF gave high yields of nitriles0aand
10b, both of which are 98% enantiomerically pure. The
AGICoto remaining synthesis was completed in a three-step sequence.
(3 mol % Rb) oh The cyano group in nitrile40 was successfully reduced to

Table 3. Effects of Electron-Withdrawing Substituents on the
Rhodium-Catalyzed Asymmetric Addition

Rt (Héﬁg-Phl-b/od* R the corresponding aldehydéd4, and subsequent reductive
.3 mol % . . . o . . .
m + PhB(OH), _B3mal%) T2 amination with diisopropylamine and sodium triacetoxy-
MeO S e O R reta &) MeO borohydridé® gave high yields of the protected tolterodine
1a, Sa-d 2m  dioxane, 20°C, 1h 3am, 6a-d precursord 2. Deprotection, applying hydrogenolysis ft2a
- - : - (Bn) or acidic hydrolysis fol2b (MOM), resulted in smooth
entry substrate R R®  product yield” (%) ee” (%) formation of R)-tolterodine ) in a quantitative yield. The
1 la COsMe CN 3am 99 99° (R) R configuration was confirmed by comparison of the optical
2 5a CN CN 6a 9  nd rotations, §]%% +24 (c 0.33, MeOH) for7 from the Bn route
3 5b CO;Me CO;Me 6b 114 n.d.
4 5¢ CN H 6c 74 52 (R) (14) Rhodium-catalyzed asymmetric 1,4-addition to a coumarin derivative
5 5d COsMe H 6d 99 57 (R) has been applied to the asymmetric synthesi®Rptdlterodine: Chen, G.;
] ] ] Tokunaga, N.; Hayashi, TOrg. Lett 200§ 7, 2285.
a|solated yield.? Determined by HPLC on a Chiralcel OD-H column (15) For details on the synthesis & and8b, see Supporting Informa-
with hexane/2-propanol (4:1y.Determined after the deesterification giving  tion.
4am (6¢). 9 Determined by*H NMR. (16) Abdel-Magid, A. F.; Carson, K. G.; Harris, B. D.; Maryanoff, C.

A.; Shah, R. DJ. Org. Chem1996 61, 3849.
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and []®% +22 (c 0.32, MeOH) for7 from the MOM route, high enantioselectivity (3699% ee) in high yields%90%)
with that reported for §-tolterodine{[a]?% —23.0 € 1.5, by use of 3 mol % of a chiral dierghodium catalyst.
MeOH)}.*” Thus, using our new methodology as a key step,
(R)-tolterodine was synthesized through a five-step sequenc
from cyanoacetat8a in an overall yield of 61%.

In summary, catalytic asymmetric construction of diaryl-
methine stereogenic centers was realized by the rhodium- Supporting Information Available: Detailed description
catalyzed asymmetric 1,4-addition of arylboronic acids to of representative experimental procedures and characteriza-
arylmethylene cyanoacetates. The reaction proceeded withtion data for all new compounds. This material is available
free of charge via the Internet at http:/pubs.acs.org.
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