ORGANIC
LETTERS

Diastereoselective Cobalt-Catalyzed ol 28
Reductive Aldol Cyclizations Using 37293732
Diethylzinc as the Stoichiometric

Reductant

Hon Wai Lam,* T Pekka M. Joensuu, T Gordon J. Murray, T Euan A. F. Fordyce,
Oscar Prieto, T and Thomas Luebbers *

School of Chemistry, University of Edinburgh, The King's Buildings, West Mains

Road, Edinburgh, EH9 3JJ, United Kingdom, and F. Hoffmann-La Roche Ltd.,
Grenzacherstrasse 124, CH-4070 Basel, Switzerland

h.lam@ed.ac.uk

Received May 31, 2006

ABSTRACT

Cobalt catalysis enables a new method for the generation of zinc enolates using diethylzinc to reduce o B-unsaturated amides. This method
has been applied to a high-yielding diastereoselective reductive aldol cyclization.

The trapping of aldehydes and ketones with enolates gener- )

L . . . R o] bisphosphine (cat.)
ated in situ via metal-catalyzed conjugate reduction. g )\/U\ RS Cu(OAQ)yH,0 (cat)_ g
unsaturated carbonyl compounds has emerged as a powerfuR’ X/Hfﬁf TMDS. THF 1t M
method for accessing aldol produé®espite the tremendous §= %An =12 0
=NArn=

progress that has been made in this dréze continued
development of new methods that exhibit high stereocontrol
for an increased range of substrates remains an important Although the products were obtained with generally high
goal. Recent contributions to this field from our laboratory levels of diastereoselectivity (and with moderate enantiose-
have detailed copper(l)-bisphosphine-catalyzed reductive€ctivities’ in the case of3-hydroxylactones when suitable
aldol cyclizations using TMDS (1,1,3,3-tetramethylhydrosi- chiral bisphosphines were employ8dthe process suffered
loxane) as the stoichiometric reductant that could be appliedfrom a number of limitations. First, the yields of these

to the synthesis g8-hydroxylactone® and-hydroxylactam@ reactions were moderate at best (typically in the range 60
(eq 1). 70%) due to competing side reactichSecond, the attenu-

ated electrophilicity ofa,-unsaturated amides compared
t University of Edinburgh. with the corresponding esters meant that productive cycliza-
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or Me (with R = H).?® Therefore, a search for improved

cyclizations®c also proved ineffective, providing complex

reaction conditions was initiated, and we describe herein amixtures (entries 4 and 5). In light of recent reports of
new cobalt-based catalyst system that exhibits broader scop@rganometallic reagents with-hydrogen-containing alkyl
for amide-tethered substrates and allows products to begroups being utilized as stoichiometric reductants for a

isolated with higher yields.

Initial investigations began with the cyclization of cin-
namic amidela (Table 1). Application of our previously

Table 1. Survey of Reaction Conditions

ligand (5 mol %)
metal salt (5 mol %)

OH

| Me reductant, solvent
PMP /\)J\ /\/k
Ph N Me

1a |
PMP
3
temp conv
entry reagents solvent  (°C) (%) 2a/32
1  Cu(OAc)2'H:O, DPPF, THF rt 77 34:66
TMDS (1 equiv)
2 Cu(OAc)2°H30, rac- THF rt 87 39:61
BINAP, TMDS (1 equiv)
3  Cu(OAc)y*H2O, DPPF, THF rt <5 na
PhSiH; (1 equiv)
4  Co(dpm)y, CHyCly rt ca. 90 na’
PhSiH; (1 equiv)
5  Co(dpm)y, DCE rtto50 ca. 80 na®
PhSiHj; (1 equiv)
6  Co(acac)2'2H20, THF/ Otort <5 na
EtsB (2 equiv) hexane
7 Co(acac)q-2H30, THF/ Otort =>95 >95:5¢
EteZn (2 equiv) hexane

apDetermined by!H NMR analysis of the unpurified reaction mixture.
b A complex mixture containing unidentified side products was obtained,
with only a trace £10%) of 2a present’ Product2a was isolated in 89%
yield. PMP= para-methoxyphenyl, DPPE 1,1-bis(diphenylphosphino)-
ferrocene, TMDS= 1,1,3,3-tetramethylhydrosiloxane, BINAR 2,2'-
bis(diphenylphosphino)-1'/binaphthyl, dpm= dipivaloylmethane, acae
acetonylacetonate.

reported copper conditiohproved ineffective, providing the
desired produc2a but contaminated with significant quanti-
ties of the uncyclized side produ8talong with the starting
material (entry 1). The formation & may be attributed to
conjugate reduction of the,5-unsaturated amide being slow,
allowing prior reduction of the ketone to become competitive.
Replacement of DPPF witfac-BINAP led to a similar result
(entry 2), whereas use of PhSilh place of TMDS led to
minimal reaction (entry 3). Having obtained no success with

variety of transition-metal-catalyzed reductive couplifg®
examined EB% ¢ and E$Znf2® in our reaction. In the
presence of 5 mol % of Co(acachydrate (degree of
hydration~ 2), EgB resulted in no reaction (entry 6), but
we were delighted to observe that the more reactivgrit
led to the formation oRa in 89% yield with none of the
side producB being observed (entry 7). No reaction occurs
in the absence of Co(aca@H;0.

With effective conditions identified, the scope of the
process was next explored (Table 2). Substrates containing
a wide range of substitution at both thej-unsaturated
amide and the ketoAainderwent cyclization to give 4-hy-
droxypiperidin-2-one products in generally excellent yields
and high diastereoselectivitfe@ntries +12). It should be
noted that the copper conditions (as in Table 1, entry 1)
proved ineffective in the majority of these examples. In a
number of reactions, incomplete conversions were observed
using Co(acag)2H,O (method A), but the combination of
CoCh and the electron-rich phosphine £&Ph (method B)
was found to provide good results in these cases (entries
10—12). The reaction could also be applied to the formation
of pyrrolidin-2-ones (entries 1315), though with somewhat
lower yields and diastereoselectivities. Although 5 mol %
of the cobalt source was employed for convenience in these
experiments, the reaction is tolerant of lower catalyst
loadings. For example, on a 5 mmol scale, substiate
underwent cyclization using 0.5 mol % of Co(aca2i,O
to provide2ain 79% yield (entry 2).

Difficulties were encountered when substrad@sb con-
taining phenyl ketones were employed; in contrast to methyl
ketonesll—n (Table 2, entries 1:315), the desired pyrro-
lidin-2-ones were obtained in<20% vyield along with
numerous other side products. However, replacementof Et

(4) (a) v. Matt, P.; Pfaltz, ATetrahedron: Asymmetr$991,2, 691—
700. (b) Gieger, C.; Kreitmeier, P.; Reiser, 8dv. Synth. Catal2005,
347, 249—-254. (c) Yamada, T.; Ohtsuka, Y.; lkenoChem. Lett1998,
1129-1130. (d) Ohtsuka, Y.; Ikeno, T.; Yamada,Tetrahedron: Asym-
metry 2003,14, 967—970.

(5) (a) Isayama, S.; Mukaiyama, Them. Lett1989, 2005—2008. (b)
Baik, T.-G.; Luis, A.-L. Wang, L.-C.; Krische, M. JI. Am. Chem. Soc.
2001,123,5112-5113. (c) Wang, L.-C.; Jang, H.-Y.; Roh, Y.; Lynch, V.;
Schultz, A. J.; Wang, X.; Krische, M. J. Am. Chem. So2002,124,
9448—9453.

(6) For selected examples, see: (a) Kimura, M.; Miyachi, A.; Kojima,
K.; Tanaka, S.; Tamaru, YJ. Am. Chem. So004,126, 14360—14361.
(b) Kimura, M.; Ezoe, A.; Shibata, K.; Tamaru, ¥.Am. Chem. So998
120, 4033—4034. (c) Molinaro, C.; Jamison, T.Angew. ChemInt. Ed.

copper-based catalyst systems, our attention turned to the2004,44, 129-132. (d) Molinaro, C.; Jamison, T. &.Am. Chem. Soc.

use of other metals. In conjunction with an appropriate chiral
ligand, the combination of Cogland NaBH has proven
useful for the asymmetric conjugate reduction @f3-
unsaturated amidésUnsurprisingly, conditions employing
NaBH, led to rapid reduction of the ketone & Conditions
employing cobalt salts that were developed for intermolecular
reductive aldol reactios and later extended to aldol

3730

2003,125, 8076—8077. (e) Miller, K. M.; Huang, W.-S.; Jamison, TJF.
Am. Chem. So@003,125, 3442-3443. For a review, see: (f) Montgomery,
J. Angew. Chemlnt. Ed.2004,43, 3890—3908.

(7) Aldehydes do not serve as competent electrophiles under these
conditions, as they undergo reduction and ethylation instead.

(8) The relative stereochemistries 2ff 2i, and2m were confirmed by
X-ray crystallography and matched those of products obtained previously
using copper catalysis (see ref 2). The stereochemistries of the remaining
products were assigned by analogy. See Supporting Information for further
details.
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Table 2. Cobalt-Catalyzed Reductive Aldol Cyclizatiéns

Co (cat.)
ligand (cat.)
/\)J\ R EtZZn @equiv) o
X‘)\n/ THF hexane
O0°Ctort
1a-n
Method A: Co(acac), 2H,0O (6 mol %)
Method B: CoCl, (5 mol %), Cy,PPh (5.5 mol %)
entry substrate method product dr? yield (%)°
1 ) 0 R=Me 1a A 2a 12:1 89
_ _d .
2 Ph/\)LN/\/U\R R=Me 1a 2a 12:1 79
3 [ R=Et 1b A 2b 9:1 88
PMP
4 o o R=H 1¢ A 2¢ 9:1 88
5 AN AN R=iPrd A 2d >19:1 >99
6 RN Me R=Pph 1e A 2e >19:1 97
7 Bn R = 2-furyl 1f A 2f >19:1 >99
A~ A
8 R=Me 1g A 24 >19:1 94
g RO Ph R=7Bu 1h A 2h >19:1 94
B
(o]
10 coEt R=H1i B 2i 9:1° 56
11 R/\)J\nll R =Me 1j B 2j >19:1° 80
12 PMP R=Ph 1k B 2k >19:1° 88
o CO4Et
13 9 R=H1I A i 21 9:1 47
- _PMP :
14 R/\)’\N/\n/”'e R=Ph 1m A R N 2m 8:1 56
15 AP O R=OMP 1n B e 2n 14:1 74

aUnless otherwise stated, reactions were conducted using 0.2 mmol of substrate in THF (1.5 mL) and hexane (0.4-r2i) io? Determined by‘H
NMR analysis of the unpurified reaction mixturédsolated yield of the major diastereoméiReaction conducted using 5 mmol bd using 0.5 mol % of
Co(acacy2H,0 in THF (10 mL) and hexane (10 mLjHere, dr= (major isomer):(Zother isomers). OMP= ortho-methoxyphenyl.

Zn with EAl allowed isolation of5a,bin modest yield (eq

2)2 Analogues ofta,b containing substituted, 8-unsaturated Scheme 1. Plausible Catalytic Cycle

0 S GRNPNP A
o) Et:Al (2 equiv) 78 0 R’ NTR
\)J\ Ph Co(acac);2H,0 (5 mal %)  M® N 8 L §
'}l/\ﬂ/ THF, hexane @ Et:Zn
R o} 0°Ctort Ph** Et,Zn OZnEt
HO Coly ——= L,Co-H RS
4a R=PMP 5a (57% yield, >19:1 dr) 6 R! /10 N/H”j]/
4b R=PMB 5b (53% yield, 8:1 dr) L,Co-Et | R
9
CH,=CH,

amides did not cyclize under any conditions examined.

In the absence of detailed studies, discussion of the
mechanism of the reaction can only be speculative at this
stage. We believe that a zinc enolate is the species that
undergoes aldol cyclization, but the precise details leading
to the formation of this enolate are not known. One possible
catalytic cycle is presented in Scheme 1. Treatment of Co- the substrat& with 6 generates a cobalt enol&e that reacts
(acac)-2H,0 (or CoC}) with Et,Zn results in the formation ~ with EtZn to give an ethylzinc enolaté0''? and an
of a cobalt hydride specie&!® presumably via a transmeta-  ethylcobalt specie8. Enolatel0then undergoes cyclization
lation/B-hydride elimination sequence. Hydrometalation of to give the zinc alkoxidé1, whereas the ethylcobalt species

— . - 9 undergoeg-hydride elimination to regenerafealong with
o ot sy e €thYlene. This mechanism bears similaries to those proposed
from EAI followed by aldol cyclization. for catalytic variants of the Reformatsky reaction employing
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a-bromocarbonyl compounds and dialkylzinc reagents medi-

ated by rhodiurtf2 and nickelt3bc

Another scenario that we do not rule out involves the
participation of E{Zn at an earlier stage of the mechanism.
Binding of EbZn to thea,S-unsaturated carbonyl in Lewis
acidic fashion, along with Lewis basic interaction with the
cobalt hydride via three-center, two-electron bridging of a
zinc—ethyl bond (as in2, eq 3), would lead to zinc enolate
10 without the intermediacy of a cobalt enolate. Although

Et .
Et“_:lzﬂ/ an; Et
H—Col, O . OZnEt
R NR R R1/\/\’F/H“\[(R3(3)
12RO R O

to our knowledge this type of bridging interaction has not

been invoked for a cobalt-catalyzed reaction, it has been

proposed for a number of related Ni(0)-catalyzed alkylative

couplings to explain the accelerating effect of organozinc

reagentd?2b Furthermore, it has been observed crystallo-
graphically for cobalt*c and nickel*d¢complexes involving
Grignard“cd and organoaluminutff reagents.

Yet another possibility that was initially considered
involves the EfZn-assisted oxidative cyclizatiéfiof a low-
valent cobalt species with substr&te form the cobaltacycle
13 (eq 4).

O
/\)Ol\ )
R® L,Co, EtyZn CoL, N—R?
R NX\)Y’\“/ ;» Bt i @
7 1, oxidative \ZI W07 )
R® O cyclization |” R®

Et 13

Metallacycles have been implicated as intermediates in a

number of cobalt® and nickel-catalyzei reductive coup-

(10) The oxidation state of cobalt speci@gs not known, though we

lings; in the present case, the final product would be formed
from 13 by a sequence involving transmetalatigrhydride
elimination, and reductive elimination. However, a number
of observations led us to conclude that this pathway is not
operative. First, reaction in the presence of catalytic quantities
of a variety of chiral ligand$ led to racemic products in all
cases, providing circumstantial evidence that cobalt is not
involved in the stereochemical-determining step. Second, the
simple o,f-unsaturated amidel4 underwent conjugate
reduction to givel5 in 73% yield under these conditions
(eq 5), demonstrating that a second electrophiicompo-
nent is not required for the reaction to proceed.

0 Etp,Zn Q
/\)J\ Co(acac), 2H,0 /\)J\
Ph” X" “NBn; “THF, hexane . Ph Nen,
14 0°Ctort 15
73% yield

In conclusion, we have developed an efficient and highly
diastereoselective cobalt-catalyzed reductive aldol cyclization
that utilizes EfZn as the stoichiometric reductant. This study
has highlighted two important features: (i) conjugate reduc-
tion of o,f-unsaturated amides using.Bt, which to our
knowledge has not been developed as a general synthetic
method!” and (ii) a mild new approach to access zinc
enolates that does not require the prior formation of an alkali
metal enolate (for transmetalation with a zinc halide) or the
use ofa-halocarbonyl compounds (which can be difficult
to prepare for complex substrates). We anticipate this method
of zinc enolate generation will find application in a range of
other reactions. Further studies in this area will be reported
in due course.
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