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Many classes of chemical transformations exist for which
catalytic variants have not been devised or require further
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we report the first examples of catalytic aldol and Michael
cycloreductions (egs 1 and 2). These reactions exhibit high levels
of syn andanti-diastereoselectivity, respectively, and are viable
for both five- and six-membered ring formations.

O o} O OH

R)HKMJ)‘\ Co(dpm),, 5 mol%

H R

Eqn. 1
PhSiH;, DCE
la-;a (dpm = dipivaloylmethane) lb-;b
o} Q
[} [ R, o E)k Ry

Rl)k’ As above Ry Eqn.2

LH X X

n o

development. The aldol and Michael reactions represent classical
methods of carboncarbon bond formation that have found
extensive use in synthesis, yet the selectivity issues posed by these
transformations have been answered only in part. In the case of Catalytic aldol cycloreductions were first examined. The
the aldol reaction, the vast majority of catalytic asymmetric intermolecular reductive aldol reaction catalyzed by Co(dpm)
variants involve the utilization of latent enolates, which must be (dpm = dipivaloylmethane), which utilizes phenylsilane as the
preformed. More recently, direct catalytic asymmetric aldol terminal reductant, exhibits poor diastereoselect®¥itp. the case
condensations of unmodified aldehyde and ketone partners haveof an intramolecularprocess, the geometrical requirements for
been describetiAlthough a tremendous advance, current catalytic bond formation would be more stringent, and hence, enhanced
systems for the direct aldol reaction exhibit suboptimal diastereo- diastereoselectivities would be anticipated. Initial attempts at aldol
selectivity and are restricted to symmetric ketone partners or thosecycloreduction bore out this notion. Addition 2ato a preformed
possessing a single set of acidic hydrogens. Methodologies forsolution containing 5 mol% Co(dpmand 120 mol% of phenyl-
catalytic asymmetric Michael reaction are similarly restricted to silane in dichloroethane at 2& yielded the cyclization product
the use of preformed enol derivatives @dicarbonyl nucleo- 2b in 87% yield with asyn:antiratio of >99:1 as determined by
philes3# HPLC analysis (Table 1, entry 2). These conditions proved quite

Catalytic enone hydrometallation represents a promising strat- general for five-, six- and seven-membered ring formation, albeit
egy for enolate generation, circumventing the utilization of the latter in reduced yield (Table 1, entries). The heteroaro-
preformed enol or enolate derivatives. Indeed, the metal-catalyzedmatic enone$a and 7a also underwent cycloreduction in good
reductive condensation ef,5-unsaturated carbonyl compounds vyield (Table 1, entry 4). Aliphatic enone partners, however, gave
with aldehydes in the presence of a hydride donor, that is, a diminished yields of the corresponding cyclized products (Table
“reductive aldol” reaction, has been describe@here are, 1, entry 3). In all cases, irrespective of yield, only then
however, no accounts of analogous catalytic reductive Michael diastereomers of productd—8b were observed. The capability
reactions. Additionally, despite a wealth of research on catalytic of both five- and six-membered ring formations is significant, as
aldol and Michael processesjtramolecular transition metal- related Ti-catalyzed cycloreductions of enals and enones only are
catalyzed variants have not been forthconfiddn this account, viable for five-membered ring formatich.

Analogous Michael cycloreductions serve to illustrate the scope
of this process with respect to variability of the electrophilic
partner. Symmetrical bis-enones were initially examined. Upon
exposure of bis-enon&0a to similar conditions employed for
the catalytic reductive aldol cyclization process, formation of the
anticipated reductive Michael cyclization produtbb was
observed (Table 1, entry 7). Whereas products obtained from the
reductive aldol cyclization exhibitedynstereochemistryanti-
stereochemistry was observed exclusively for products obtained
via reductive Michael cyclization. The formation of five- and six-
membered rings occurs in good yield under these conditions
(Table 1, entries 612). As evidenced by ether-linked substrate
11a heteroatoms are tolerated in the tether-connecting enones
(Table 1, entry 8). Heteroaromatic enones, including 3-indolyl
substituted bis-enonE5aand 2-furyl substituted bis-enorida,
underwent cycloreduction in moderate yield. Michael cyclo-
reductions of unsymmetrical bis-enont®a and13areveal the
capability of the catalyst to distinguish electronic differences
between enones in the hydrometallation event. Thus, mixed bis-
enonel2a, containing phenyl- and methyl-substituents, exhibits
a preference for hydrometalation of the phenyl-substituted enone
over the methyl-substituted enone. The isomeric prodli2ts
andl12care obtained in a 3:1 ratio. In contrast, mixed enb8a,
which contains phenyl- and 2-furyl-substituted enone moieties,
yields a 1:1 mixture of isomeric produci8b and 13c. These
results suggest that higher levels of chemoselectivity may be
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Table 1. Cobalt-Catalyzed Aldol and Michael Cycloreductidns

Entry Substrate Product Temperature  PhSiH; (eq.) Isolated Yield (%)
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representing a “formal-bond metathesis. Mechanisms involving
o-bond metathesis have been proposed for the related titanium-
catalyzed cycloreductions of 1,5-enones and 1,5-enals conducted
in the presence of silarfeAlthough we have not yet engaged in
detailed mechanistic studies, a plausible pathway for the catalytic
aldol cycloreduction is depicted in Scheme 1. Thus, exposure of
Co(dpm) to phenylsilane generates hydrido-cobalt spedies
which, upon hydrometallation of the enone, yields cobalt enolate
II. Subsequent addition to the appendant aldehyde, results in the
formation of cobalt-alkoxiddll . o-Bond metathesis liberates the
product to regenerate the hydrido-cobalt spetiaad complete

the catalytic cycle (Scheme 1, top). An analogous catalytic cycle
is postulated for the related Michael cycloreduction (Scheme 1,
bottom). Notably, the use of catalytic Co(acacnder these
conditions gives a complex distribution of products, suggesting
that at least one dpm ligand remains bound to the metal throughout
the catalytic cycle.

Scheme 1.Top: Postulated Mechanism for the
Cobalt-Catalyzed Aldol Cycloreduction; Bottom: Postulated
Mechanism for the Cobalt-Catalyzed Michael Cycloreduction
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In summary, we have developed highly diastereoselective aldol
and Michael cycloreductions. A remarkable aspect of this
hydrometallative approach to enolate generation lies in the ability
to selectively direct the formation of ketone enolates in the
presence of aliphatic aldehydes, which are more acidic, while at
the same time circumventing competitive alkene and aldehyde
hydrosilation processes. The parallel development of both catalytic
aldol and Michael cycloreductions serves to illustrate the broad
scope of this hydrometallative approach to enolate generation.

phenylsilane in dichloroethane (0.45 M with respect to substrate) at From a practical standpoint, the catalyst precursor, Co(glpray
room temperature. After 30 min, the substrate was added as a 0.45 Mprepared in large scale, is easily isolated in pure form via
solution in dichloroethane, and the reaction was allowed to stir at the gyplimation, and may be handled in air. Further work is in

indicated temperature until complete.

achieved in the Michael cycloreduction of unsymmetrical bis-
enones, provided a sufficient electronic bias.

The Chalk-Harrod process is the widely accepted mechanism
for olefin hydrosilation where, after oxidative addition of the silane
to the metal, hydride-olefin insertion occurs followed by alkyl-
silicon reductive elimination to afford the produ€tFor metal
diketonate complexes, it is likely that any silyl-metal species
formed via oxidative addition of silane would reductively
eliminate to give the silyl enol ether of the diketonate ligand,

(9) (a) Chalk, A. J.; Harrod, J. B. Am. Chem. S0d.965 87, 16. (b) This
mechanism is the subject of debate: BosnichABc. Chem. Red.998 31,
667.

progress to utilize this and related systems for other functional
group interconversions including the development of enantio-
selective variants of the processes described herein.
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Enolate chemistry represents a methodological cornerstone of Scheme 1. Optimization of the Diastereoselective
organic synthesis, encompassing numerous classical transformation<;arbometallative Aldol Cycloreduction of 2a# Licand I Yield
including the aldol reactioh.Owing to the fundamental role of [RH(COD)CI] (2.5 moi%) Fgm
enolate chemistry, considerable effort has been devoted to the Nt 0 Ligand (7.5 mol%) j Ho§ on  biphep 24%
development of increasingly effective protocols for the generation Ph)Hl\/H\ CHs  phB(OH), (200 mot%) T R
and utilization of enolate nucleophilé&Recently, catalytic methods 2 H20 (500 mol%) P dppb  72%
for the reductive generation of enolates from enones have been Dioxane (0.1 M), 95°C ik
introduced, Whic_h' thr_OUQh Variati_on of the_ elec”qph”ic partn(_er, a(a) All reactions were performed on a 0.5 mmol scale. (b) Reactions
have led to the inception of a rapidly growing family of catalytic  were stopped after 18 h or upon complete consumptictaoc) Addition
transformationd.Such hydrometallative methods would be comple- of TEA (1000 mol %). (d) Addition of KOH (10 mol %).
mented by related catalytic carbometallative transformations.
However, true carbometallative variants are uncommas, the
majority of methods for catalytic conjugate additieenolate-

Table 1. Catalytic Diastereoselective Carbometallative Aldol
Cycloreduction?

trapping require introduction of the electrophilic parteabsequent Entry Substrate Product "ﬂ:.‘fd
to carbometallative enolate generatfdnAs part of a program i i Haf

. ) 1 N Q. _CHy e |.OH
focused on the use of enones as latent enolates in catéalyesisl |, .
inspired by recent accounts of highly enantioselective Rh-catalyzed o P n
inspired by rece 0 ghly ly anet b %
enone conjugate additid¥?,we herewith report a carbometallative Zan=2 2 8%
variant of the catalytic aldol cycloreduction methodology previously o o he
reported from our laBacdthat is, a catalytic tandem conjugate 2 Hsc"“\-l %[.—% e
addition—aldol cyclization. This methodology enables the formation ~4n S L
of five- and six-membered ring products from aromatic and aliphatic pogiies] > o

mono-enone mono-ketone precursors. Notably, in a single manipu- o o ohe
lation, three contiguous stereogenic centers are created with high KA A YoH
levels of relative and absolute stereochemical control (eq 1).

R 2N
4a,R=CH, 4 40%
CH, 22,R=Ph 2 0%

o] o]
R OxCHa Rh(I)Ln, ArB(OH), R)Lu, WwOH
J\Hj/ _ ) o o OHEC
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The design of a catalytic tandem conjugate additiatulol Mo L
cyclization reaction required consideration of several factors. As 5a 5 84%
Rh-catalyzed conjugate addition is performed in aqueous organic
media, trapping of the nascent Rh-enolate via carbonyl addition 2Procedure: See Supporting Information for a detailed experimental
must be faster than enolate protonation. Furthermore, Rh-catalyzedProcedure.
addition of arylboronic acids to aldehydes is known to occur with tigated. This set of conditions, which makes use of phenylboronic
great facility® suggesting the chemoselectivity of aryl transfer could acid, is effective for the formation of five- and six-membered ring
be problematic were aldehydes used as aldol partners. To addresgroducts derived from aromatic and aliphatic mono-enone mono-
the former concern, reactions were performed with a minimum ketone precursors (Table 1, entries 1 and 2). 2-Naphthylboronic
amount of water (5 equiv with respect to substrate). To address acid also participates in the reaction (Table 1, entry 3). Finally, the
the latter concern, methyl ketones were utilized as the electrophilic high yielding carbometallative aldol cycloreduction5# demon-
aldol partner. strates the viability of substrates possessing heteroatoms in the tether

Initial efforts focused on establishing optimal conditions for the connecting the aldol partners (Table 1, entry et)3-Unsaturated
diastereoselective catalytic carbometallative aldol cycloreduction esters undergo conjugate addition when triethylamine is used as
of mono-enone mono-keto@a. Gratifyingly, upon an initial screen  additive, but cyclization does not occur. All carbometallative aldol
of achiral ligands, dppb was found to provide a 72% yield of the cycloreduction products were obtained with complete control of
carbometallative cycloreduction prod@ti as a single diastereomer.  relative stereochemistry, as determined by HPLC analysis. The
Epimeric materials could not be detected by HPLC analysis. It was stereochemical assignment of both five- and six-membered ring
found that the yield ob could be increased to 87% when the products was corroborated by single-crystal X-ray diffraction
reactions were performed using triethylamine or potassium hy- analysis oflb and2b.
droxide as additives (Scheme 1). Having devised a general protocol for the diastereoselective

Using these optimized conditions, the scope of the diastereose-carbometallative aldol cycloreduction of aromatic and aliphatic
lective catalytic carbometallative aldol cycloreduction was inves- mono-enone mono-ketone precursors, we focused our efforts on

1110 = J. AM. CHEM. SOC. 2003, 125,1110—1111 10.1021/ja0211095 CCC: $25.00 © 2003 American Chemical Society
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Scheme 2. Optimization of the Enantioselective Carbometallative
Cycloreduction of 2a2

Ligand Yield (ee %)
(R,S)-Josiphos  57% (0)
(R,R)-MeDuphos 67% (0)
(R)-Phanephos  79% (5)

[Rh(COD)CI], (2.5 mol%)

Ligand (7.6 mol%) j HGC\\\OH
Ph CH; PhT
PhB(OH), (200 mol%)
Ph

(R)-TOl-BINAP  94% (62)
H20 (500 mol%) . (R)-BINAP 90% (77)
Dioxane (0.1 M), 95°C (R)-BINAP® 80% (87)

(R)IBINAPY®  88% (88)

a(a) All reactions were performed on a 0.5 mmol scale. (b) Reactions
were stopped after 18 h or upon complete consumptidaofc) Addition
of TEA (1000 mol %). (d) Addition of KOH (10 mol %). (e) Rh{Ba)(acac)
was used as catalyst precursor.

Table 2. Catalytic Enantioselective Carbometallative Aldol
Cycloreduction?

Entry Substrate Product Isolated
o Yield {ee%)
o HC
|
1 Ph"/L‘ Q‘TCHS FhJ !OH
~Aln p'.)\»i’ 'n
1a,n=1 1b 78% (T7)
2a,n=2 2b 88% (88)
o]
2 e A O-.j.cHg
ot n
3a,n=1 88% (94)
4a,n=2 69% (95)

aProcedure: See Supporting Information for a detailed experimental
procedure.

Scheme 3. Proposed Catalytic Cycle and Stereochemical Model
LnRA'CI
1KOH

Rj:dc‘“m
Ar In
LnRh'OH
s
R)l;d <ORh'L
A

AB(OH),
B(OH)

LnRh'Ar

establishing optimal conditions for the enantioselective catalytic
carbometallative aldol cycloreduction of substrage A range of

chiral ligands were screened (Scheme 2). In accordance with the

results of Miyaura and Hayas®WiBINAP was found to be the ligand

of choice. Using the RABINAP catalyst system, mono-enone
mono-ketone2a was converted to the corresponding cyclized
product2b in 88% chemical yield>99% diastereomeric excess,

and 88% enantiomeric excess as determined by chiral stationary

phase HPLC analysis.

Using these optimized conditions, the scope of the enantiose-

lective catalytic carbometallative aldol cycloreduction was inves-

tigated. This set of conditions, which makes use of phenylboronic

acid, proved general for the formation of five- and six-membered

ring products derived from aromatic and aliphatic mono-enone
mono-ketone precursors (Table 2). The highest enantioselectivities

are observed for methyl-substituted enone precur3arand 4a,
which provide the cyclized produc®b and 4b in 94 and 95%
enantiomeric excess, respectively (Table 2, entry 2).

A simplified mechanism for the carbometallative aldol cyclore-

duction of mono-enone mono-ketones, which is based on detailed
mechanistic studies performed by Hayashi on the related Rh-cata-

lyzed enone conjugate additi@hjs proposed above. A model

accounting for the observed relative stereochemistry invokes the

intermediacy of &-enolate and a ZimmermatT raxler-type trans-
ition state (Scheme 3).

Motivated by the paucity of methods for catalytic aldol cycliza-
tion, diastereoselective catalytic hydrometallative aldol cyclore-
ductions were developed by our I&$:9In this account, we report

a simple and effective method for the diastereo- and enantioselective
catalytic carbometallative aldol cycloreduction of aromatic and
aliphatic mono-enone mono-ketone precursors to yield five- and
six-membered ring products. An attractive feature of this methodol-
ogy resides in the ability to create three contiguous stereogenic
centers, including a quaternary center, in a single manipulation with
high levels of relative and absolute stereochemical control. Through
variation of the electrophilic partner, it is our anticipation that this
carbometallative methodology will stimulate further contributions
to the rapidly growing family of catalytic reactions predicated on
the use of enones as latent enolates.
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Copper-Catalyzed Tandem Conjugate Addition  —Electrophilic Trapping:
Ketones, Esters, and Nitriles as Terminal Electrophiles
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Tandem G-C bond formations are attractive methodological Table 1. Cu-Catalyzed Tandem Conjugate Addition—Aldol
targets, as they enable rapid increases in molecular compléxity. Cyclization?
Recently, we have explored conjugate additi@rectrophilic trap- Entry Substrate Product’ Yield (%) (dr)
ping as a modular platform for catalytic reaction developnieht.
Through variation of the nucleophilic initiator and electrophilic trap, 3
a variety of catalytic conjugate additieicyclizations are enabled:

9 oH
CH,
Ph

o

. . . Rk 1b, R = CH, 83% (>95:1)

Co- and Rh-catalyzed conjugate reducti@dol cyclizations’* 1c,R = CH,CH, 81% (>95:1)
. . . 1d, R = CH(CHy), 76%° (>95:1)

related Co- and phosphine-catalyzed Michael cyclizatiérastwo- 1e, R = (CH,),CH, 91% (>95:1)

component catalyst system for enone cycloallylafiamd finally,
a diastereo- and enantioselective Rh-catalyzed conjugate addlition 2
aldol cyclization have been develop€tio extend the latter reaction

o
kS
-, o
=2
o
ot

o
Ph)l\"\oj’CH’
1a
o o
Ph)HI\/I)LC'“
2a
o
H“Cjﬁl\ojfcm
3a
o o
H’C)HI\))LCH
4a

2b 98% >95:1
type, a study of Cu-catalyzed conjugate additi@fectrophilic o e
trapping was undertaken. Here, we report that exposure of enone . HCJOKE%}-(‘:HZ
substratesla—18a which possess appendant ketone, ester, and -
nitrile moieties, to organozinc reagents in the presence of catalytic &, 3 7% @1
Cu(OTf)/P(OEty provides the cyclized products in good to o oH
excellent yields and diastereoselectiviti#bese results represent 4 X H,C%CH“
the first use of ketones, esters and nitriles as terminal electrophiles -
in Cu-catalyzed conjugate additierelectrophilic trapping CH, 40 so% @20
i o] Ph ¢ OH
; wome [ e R %R
R)Kl : _ R HC o ne HC O
ZnEt, (150 mol%) ® 09% (-95:1)

n=12 n=1,2 5a

Ph. 0O
. T,
Enolate o] OH (0]
I

9 o NH,
Trappin wCHj
pping R*Q R R HC O HC ©
n=12 l\\“ n=12 w n=12 6a 6b 99% (10:1)?

|
o
CH3 CH3 CH3 . " CJkl 0. H,C OH
E* = Ketone E* = Ester E* = Nitrile : o
HC © HC

DCM CHg

o
Q
\
s R
=2
92
I

I
O
(o]

Cu-catalyzed addition of organozinc reagents f&-unsaturated

3

carbonyl compounds has been the subject of intensive investi§ation. s o e % @n
Enantioselective variants of the parent transformation now encom- 2 o ph— OH
pass diverse,-unsaturated substraté®oreover, trapping of the : P”)HA\W ,szé?
intermediate Zn-enolates has been achieved using aldeHds, HC © VIS
m-allyls,t21thalides and tosylaté8,and oxocarbenium iof%(by ga & 84% @&
way of acetal decomposition). While ketone aldols are observed Php0 Ph O
as homocondensation side products in Cu-catalyzed conjugate ° N @ Hac/"»é)%D
addition1%d the deliberate use of ketones as electrophilic traps is S D
reported to fail in the absence of strong Lewis acidic additives. o @ 4% (>95:1)
To our knowledge, the use of esters and nitriles as terminal o
electrophiles in Cu-catalyzed conjugate addition remains unex- 1 Hac)'\[ R ”’CﬁiﬁD
plored. wd

It was recognized that the limitations inherent to the use of such 10':“3 ° ”1; © . o

recalcitrant electrophilesis-a-vis intermolecular condensation
might be overcome in the case of the analogous intramolecular
processes, because of a reduced entropy of activation. To assess asee Supporting Information for detailed experimental procedfifEise

the veracity of this analysis, keto-enor®a was subjected to structural assignment &b, 8b—10bis based on X-ray diffraction analysis.

conditions for Cu-catalyzed conjugate addition ¢ Compoundld was prepared via Cu-catalyzed addition of the Grignard
o . . reagent as described in the Supporting InformatidReflects ratio ofyn

Gratifyingly, it was found that exposure of keto-eno2e to aldol to anti-aldol producte Reflects ratio of cis-fused to trans-fused

Et,Zn in the presence of Cu(OEfand triethyl phosphite gave the  hydrindane.

4528 m J. AM. CHEM. SOC. 2004, 126, 4528—4529 10.1021/ja030603| CCC: $27.50 © 2004 American Chemical Society
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Table 2. Cu-Catalyzed Tandem Conjugate Addition—Dieckmann
and Blaise Condensation?

Entry Substrate Product®

o
Ph)KLOj/OCHa
1a
o 0
PthCHS
12a

Yield (%)

T
X

B o
o

11b, R = CH,
11¢, R = CH,CH,
11d, R = (CH,);,CH,

93%
88%
88%

o O

o
B

ot

N
o

87%

o
&

o o o)
;
13a CH, 13b 90%
o o o o
4 HachCHz mc%
"

[e]
I
=
3

93%

3

Ph._O Ph O Ph O
\( Cu(OT; (2.5mol%) oH
0. . N o, . .
Feringa Ligand (5 mol%) H3C/ 4y H3C/ 1,
ZnEt, (150 mol%) z
HiC O PhCH3, -40 °C HsC O HyC O
6a 99% Yield 6b . iso-6b
80% ee. (231dN)  ggyee

philic trapping has been demonstrated. Future studies will focus
on the development of related catalytic tandem@bond forming
transformations with attendant applications toward the total syn-
thesis of complex natural products.
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(o]
4
I

]
=

e

15b, R = CH,
15¢, R = CH,CH,
15d, R = (CH,);,CH,

84%
91%
87%

o X

h
=

16a CH, 16b, X = NH, 73%°
12b, X = OH
o 9 h
7 H@M' Hsc)%
.
17a CH, 17b 98%
(¢} (o] NH,
N :
8 HCTY H,C
[
18a CH, 18b 85%

aSee Supporting Information for detailed experimental procedfrEse
structural assignment df5b is based on X-ray diffraction analysisThe
vinylogous amidel 6b spontaneously hydrolyzes in situ to affgtdliketone
12b.

desired cyclization produ@b in nearly quantitative yield and as a
single diastereomer. Under these optimized conditions, Cu-catalyzed
tandem conjugate additieraldolization of keto-enone substrates
la—10awas demonstrated (Table 1). Inspired by these results and
the established ability of zinc-enolates to condense with recalcitrant
electrophiles such as nitrilé$related catalytic tandem conjugate
addition—Dieckmann and Blaise cyclizations were explored. Upon
application of standard reaction conditions to mono-enone mono-
esters1la—14a and mono-enone mono-nitrilet5a—18a the
corresponding cyclized products were obtained in excellent yield
(Table 2). Finally, to demonstrate the feasibility of developing
enantioselective variants of these tandemCCbond formations,
enone-dion&awas subjected to standard reaction conditions using
Feringa’'s phosphoramidite ligafél. While diastereoselectivity
suffered, high levels of asymmetric induction were observed.

In summation, the use of ketones, esters, and nitriles as terminal
electrophiles in Cu-catalyzed tandem conjugate additelactro-
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ABSTRACT

Rh(COD),OTf (10 mol%) o HO
(Ph)sP (24 mol%) wCHs  68.83% Aldol Product

)I\I Chs —> Ar (8-24% 1,4-Reduction)
d.e. >95:5

cho3 (80 mol%)

n="1 2 DCE, 25°C or 80°C o
HO R
As Above 65-88% Aldol Product
n( (0-15% 1,4-Reduction)
25 °C m d.e. >95:5
o CHy' M o CHs
n=12;m=1,2

Formal heterolytic activation of elemental hydrogen under Rh catalysis enables the reductive generation of enolates from enones under
hydrogenation conditions. Enolates generated in this fashion participate in catalytic C—C bond formation via carbonyl addition to aldehyde
and, as demonstrated in this account, ketone partners. Notably, the use of appendant dione partners enables diastereoselective formation of
cycloaldol products possessing 3-stereogenic centers, including 2-contiguous quaternary centers.

While the significance of metalloenolates as reactive inter- established.The outcome of related condensations employ-
mediates in organic chemistry is universally appreciated, ing ketonepartners was rendered uncertain, as competitive
preparatively useful protocols for enolate generation are conjugate reduction in response to reduced reactivity of the
largely restricted to the deprotonation and derivatization of electrophilic partner was anticipated. In this account, we
carbonyl compoundsRecently, a method for the production report that catalytic intramolecular aldol cycloreduction under
and catalytic transformation of transition metal enolates via hydrogenative conditions proceeds readily with ketone
enone hydrogenation was disclosed by our?l@his method partners to provide the corresponding five- and six-membered
effects regioselective enolate formation under mild conditions ring products. Through the use of dione acceptors, 3-stereo-
(ambient temperatures and pressures) and has led to the firsjenic centers, including 2-contiguous quaternary centers, are
completely atom economical catalytic reductive aldol proc-
ess3* Applicability of this methodology vis-is intra- and (3) For related catalytic reductive aldol processes, see: (a) Revis, A.;

ilty, T. K. Tetrahedron Lett1987 28, 4809. (b) Matsuda, |.; Takahashi,
intermolecular condensation with aldehyde partners has beerﬂ Sato, S Tetrahedron Lett1990 31 5331, (¢) Isayama. S.. Mukalyama,
T. Chem. Lett.1989 2005. (d) Kiyooka, S.; Shimizu, A Torii, S.
(1) For selected reviews on the generation and utilization of enolates, Tetrahedron Lett1998 39, 5237. (e) Ooi, T.; Doda, K.; Sakai, D.; Maruoka,
see: (a) Arya, P.; Qin, Hletrahedror200Q 56, 917. (b) Hughes, D. L. In K. Tetrahedron Lett1999 40, 2133. (f) Taylor, S. J.; Morken, J. B. Am.
Comprehensie Asymmetric Catalysistacobsen, E. N., Pfaltz, A., Yama-  Chem. Soc1999 121, 12202. (g) Taylor, S. J.; Duffey, M. O.; Morken, J.
moto, H., Eds.; Springer: Berlin, 1999; Vol. lll, p 1273. (c) Evans, D. A. P.J. Am. Chem. SoQ00Q 122, 4528. (h) Zhao, C.-X.; Duffey, M. O;
Asymmetric Synti984 3, 1. (d) Jackman, L. M.; Lange, B. Cetrahedron Taylor, S. J.; Morken, J. FOrg. Lett.2001, 3, 1829. (i) Baik, T.-G.; Luiz,

1977, 33, 2737. (e) Mekelburger, H. B.; Wilcox, C. S. Bomprehensie A. L.; Wang, L.-C.; Krische, M. JJ. Am. Chem. So2001, 123 5112. (j)
Organic SynthesisTrost, B. M., Ed.; Permagon: New York, 1991; Vol. Emiabata-Smith, D.; McKillop, A.; Mills, C.; Motherwell, W. B.; White-
11, p 99. head, A. JSynlett2001, 1302.

(2) Jang, H.-Y.; Huddleston, R. R.; Krische, M.Jl.Am. Chem. Soc. (4) For a review on the use of enones as latent enolates in catalysis, see:
2002 124, 15156. Huddleston, R. R.; Krische, M. &ynlett2003 12.
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Scheme 1. Formal Heterolytic Activation of Elemental Hydrogen Mitigates Competitive Conjugate Reduction Manifolds by Enabling
Monohydride-Based Catalytic Cycles.

LnRh"OTf Reductive e}
Oxidative Elimination R |‘_nl
Addition o O, _~Rh
™ Enone o -LnRh® CHs @
) Rh'Ln (e] CH3 Ox _CHsz
Hydrometallation k Ln H R R
LoRh"H), ——— R, i \ Ln
- |
L b e femn R
KoAc — R1)H| KOAc . )J\)\R LnRh"H tn B oH CHs
R,CHO 1 2 1]
HOAc _/ C HOAc 2 CH PN R
KOTf Enone KOTf 3 0 HO ., 3/_& o0 ch ) n
Hydrometallation R ) R \ %\
LnRh'-H Reductive 4 ) @
o Elimination n n
o Manifold 1b-12b
1 | Disabled

formed with control of the relative stereochemistry in a under hydrogenation conditions was studied using (GOD)
completely atom economical fashion. RH(OTf) as a precatalyst. A mechanism was envisioned
The principal challenge in using elemental hydrogen for whereby enolate-hydrogen reductive elimination pathways
reductive enolate generation involves circumventing 1,4- are disabled through deprotonation of the (hydrido)metal
reduction® To overcome this pitfall, it was speculated that intermediates LnRi(H), or (enolato)RH (H)Ln (Scheme 1).

hydrogenative enolate generation might be achieved upon To probe the viability of ketones as electrophilic partners,
formal heterolytic activation of elemental hydrogen to yield the cycloreduction of monoenone monoketoha was
(monohydrido)metal intermediatédzormal heterolytic ac-  explored. Exposure ofa to conditions related to those
tivation of hydrogen may occur through tandem oxidative employed for intra- and intermolecular condensation with
addition of hydrogen, followed by reductive elimination of aldehyde partners resulted in formation of the desired aldol
HX, which may be assisted by base. Unlike the mechanism product, accompanied by substantial quantities of conjugate
for alkene hydrogenation involving Wilkinson’s catalyst,  reduction producic. While these reactions proceed readily
cationic rhodium complexes appear to operate through formalat room temperature, decreased variation in the ratio of
heterolytic hydrogen activation pathwa¥:** This is likely cycloreduction to conjugate reduction products was observed
due to the enhanced acidity of cationic rhodium hydrides at higher temperatures, presumably due to an attendant
with respect to their neutral counterpaft®redicated on this  decrease in the concentration of hydrogen in solution. Under
analysis, and given the established efficiency of aldol these conditionssyn1b was obtained in 72% isolated yield
additions involving rhodium enolaté%aldol cycloreduction as a single diastereomer as determine@b)MR analysis,

. - along with a 20% isolated yield of conjugate reduction
e pf?tfc?r{i‘;‘%}T??;’Eteﬁui'éjfé'sfgﬁ'OFT"F??E)QU%ﬁe",eS)_'eFr_‘f’QﬁicvﬁZ? ,{;ﬂcim'y productlc. The structural assignment bb was corroborated
Org. Chem2003 68, 11. by single-crystal X-ray diffraction analystsFor this and

(6) For selected reviews on the conjugate reduction of enones via catalytic gther transformations, a series of control experiments were
hydrogenation, see: (a) Keinan, E.; Greenspoon, N. Partial Reduction of

Enones, Styrenes and Related SystemsComprehensie Organic Syn- routinely performed to ensure the cycloreductions proceed

thesis Trost, B.gll., Ed.; Phermagon: Newc\‘(oak, 1991; Vol. Il pl523. S(b) in accordance with the postulated mechanism. Exposure of
House, H. OModern Synthetic Reaction2nd ed.; Benjamin: Menlo Park, : : ; -

CA, 1972. (c) James. B. Rdomogeneous HydrogenatiokViley-Inter- conjugate reduction produttto the reaction conditions does
science: New York, 1973. (d) Rylander, P. Nydrogenation Methods not producelb. Conversely, aldol productb does not
Academic Press: London, 1985. (e) Rylander, PChitalytic Hydrogena- undergo retro-aldolization upon exposure to the reaction
tion in Organic Synthesj#cademic Press: New York, 1979. (f) Freifelder, . g .. P . P .

M. Catalytic Hydrogenation in Organic Synthesiiley-Interscience: New conditions. Additionally 3-substituted enones are unreactive

YOE% ;1:978- _ the heterolviic activation of el ol hd toward triarylphosphine addition, thus excluding tandem
Or a review on the heterolytc activation ofr elemental nyarogen, A e Ll . . . .
see: Brothers, P. Prog. Inorg. Chem1981, 28, 1. Morita—Baylis—Hillman cyclization—conjugate reduction

(8) () Tolman, C. A.; Meakin, P. Z.; Lindner, D. L.; Jesson, JJP.  pathways. These conditions proved to be general for the syn
Am. Chem. Sod 974 96, 2762. (b) Halpern, J.; Okamoto, T.; Zakhariev,
A. J. Mol. Catal.1976 2, 65.

(9) For a review, see: Marko, [Pure Appl. Chem1979 51, 2211. (13) For a review, see: Burkhardt, E. R.; Doney, J. J.; Slough, G. A,;

(10) Monohydride formation by deprotonation of a dihydride intermediate Stack, J. M.; Heathcock, C. H.; Bergman, R. Rure Appl. Chem1988
is known for cationic Rh complexes: (a) Schrock, R. R.; Osborn, J. A. 60, 1.

Am. Chem. Sod 976 98, 2134. (b) Schrock, R. R.; Osborn, J. A.Am. (14) Procedure: To a 18 100 mm test tube charged with Rh(CQDYf
Chem. Socl976 98, 2143. (c) Schrock, R. R.; Osborn, J. A.Am. Chem. (0.0462 mmol, 10 mol %) and BR (0.111 mmol, 24 mol %) was added
Soc.1976 98, 4450. DCE (0.185 M, 2.5 mL). The mixture was stirred for 10 min under an

(11) Direct heterolytic activation of hydrogen by RhCI(CO)(BRhas argon atmosphere, at which point the substrate (0.462 mmol, 100 mol %)
been suggested, but the mechanism likely involves an intermediate and KxCOs (0.37 mmol, 80 mol %) were added. The system was purged
dihydride: Evans, D.; Osborn, J. A.; Wilkinson, &.Chem. Soc., A968 with hydrogen gas for 3 min, and the reaction was allowed to stir &30
3133. under 1 atm of hydrogen until complete consumption of the substrate. Yields

(12) For a review, see: Norton, J. R. Trransition Metal Hydrides represent averages of three runs. Cycloreductions to produce compounds
Dedieu, A. Ed.; New York, 1992, Chapter 9. 6b, 12b, and13b—18b were conducted at 25C.
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selective aldol cycloreduction of aromatic and heteroaromatic The structural assignment ©bb was corroborated by single-
enone substrates to form six-membered ring products. In allcrystal X-ray diffraction analysis. With the exception of
cases, formation of the cycloreduction product was ac- substratel8a which affords strainedis-decalonel8b, 1,4-
companied by 820% isolated yield of the corresponding reduction products were not produced. This method enables
conjugate reduction product. As product ratios were found diastereoselective formation of 3-contiguous stereogenic
to vary with surface/volume ratio of the reaction mixture, centers, including 2-contiguous quaternary centers (Scheme
all transformations were conducted on 1.48 mmol scale in 2).

13 x 100 mm sealed test tubes (Figure 1).

HO O HO O HO

2 CH3 wCH3 s wCH3
@*@ QU 4
1b, 72% (1c, 20%)

2b, 78% (2c, 18%) 3b, 78% (3c, 8%)
d.e. >95:5 d.e. >95:5 d.e. >95:5
O HO

HC O HO O HO
o oCHs °F <CHy
W \_J e

.«CH3
4b, 83% (4c, 8%) 5b, 82% (5¢, 12%) 6b, 72% (6c, 17%)
d.e. >95:5 d.e. >95:5 d.e. >95:5

Figure 1. Catalytic hydrogenative cycloreduction of keto-enones:
six-membered ring formatioH.

The formation of five-membered rings also proceeds

smoothly for both aromatic and heteroaromatic enone
substrates under these conditions. Cycloreduction products
7b—12b were obtained as single diastereomers, as deter-

mined by M NMR analysis. Again, due to the reduced
electrophilicity of the ketone acceptor, the formation of each
cycloreduction product was accompanied by28% isolated
yield of the corresponding conjugate reduction product
(Figure 2).

d\éq“é

7b, 75% (7c, 8%) 8b, 74% (8¢, 18%) 9b, 66% (9c, 24%)

d.e. >95:5 d.e. >95:5 d.e. >95:5
HO
10b,70% (10c, 24%) 11b, 75% (11c, 11%) 12b, 74% (12c, 8%)
d.e. >95:5 d.e. >95:5 d.e. >95:5

Figure 2. Catalytic hydrogenative cycloreduction of keto-enones:
five-membered ring formatio.

The cycloreduction of monoenone monoketohas12a
was accompanied by significant quantities of conjugation
reduction (8-24%). Conjugate reduction pathways should

be attenuated in the case of more reactive ketone electro-

philes. Dione-containing substrate3a—18ashould be more
reactive by virtue of inductive effects and relief of dipele
dipole interactions. Indeed, exposure of enone-didress-
18ato catalytic hydrogenation conditions at ambient tem-
perature led to formation of the corresponding bicyclic aldol
productsl3b—18bin >95:5 d.e. as determined Byl NMR.
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Scheme 2. Catalytic Hydrogenative Cycloreduction of
Dione-enone's

o)
o Rh(COD),0Tf (10 mol%) Ho YR
o HLR (Ph)3P (24 mol%)
H, (1 atm) m
o CHym K,COj3 (80 mol%) 0 CHs
DCE, 25°C

13a,n=1,m=1,R=Ph
14a,n=1,m=1,R=CH3
15a,n=1,m=2,R=Ph

13b, R = Ph, 84%
|14b R =CH3, 88%

16a,n=2,m=1,R=Ph
17a,n=2,m=1,R=CHj;
18a,n=2,m=2,R=Ph

15b, 86% 16b, R =Ph, 81%

17b, R = CH3, 73%

18b, 65% (15%)

No Conjugate Reduction
d.e. >95:5

To corroborate the mechanism proposed in Scheme 1 and
further explore the effect of ketone electronics on the extent
of conjugate reduction, the aldol cycloreduction of ether-
containing substratel9a was explored under catalytic
hydrogenation conditions employing molecular deuterium
(98% isotopic purity). Theynaldol cycloreduction product
19b was obtained in 83% vyield. Conjugate reduction was
not observed. Fot9b, deuterium was exclusively incorpo-
rated at thef-position. In addition to monodeuterated
material (81% composition), doubly deuterated (8% com-
position) and nondeuterated materials (11% composition)
were also observed. These data suggest that enone hydro-
metalation is reversible, i.e4-hydride elimination of the
Rh-enolate occurs.

In summary, elemental hydrogen represents a clean and
cost-effective reductant for the catalytic generation and
transformation of rhodium-enolates. Unlike reductive ©
bond formations employing silane, borane, alane, and stan-

Scheme 3. Catalytic Cycloreduction Employing Elemental
Deuterium

Rh(COD),0Tf (10mol%) o Ho
(Ph)3P (24 mol%)

2CH3
3o
K2CO3 (80 mol%) R

D5 (1 atm)
1
R;
DCE, 80°C 2 )
19b, 83% Isolated Yield
No Conjugate Reduction

o) o)
Ph)l\l HJ\CHg
k/o
19a

Ry =Ry =H, 11% +/- 5%
Ry =D, Ry = H, 81% +/- 5%
Ry =Ry =D, 8% +/- 5%
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nane as terminal reductants, the use of elemental hydrogerprogram (CHE0090441), the Herman Frasch Foundation
circumvents formation of stoichiometric byproducts. Enolate (535-HF02), the NIH (RO1 GM65149-01), donors of the
nucleophiles generated under hydrogenation conditions readilyPetroleum Research Fund, administered by the American
participate in catalytic €C bond formation via carbonyl  Chemical Society (34974-G1), the Research Corporation
addition to aldehyde and, as demonstrated in this account,Cottrell Scholar Award (CS0927), the Alfred P. Sloan
ketone partners. Notably, the use of appendant dione partnergoundation and Eli Lilly for partial support of this research.
enables diastereoselective formation of cycloaldol products

possessing 3-stereogenic centers, including 2-contiguous  gypporting Information Available: Spectral data for all
quaternary centers. Future studies will be devoted to the q,, compounds’d NMR, 13C NMR, IR, HRMS) and X-ray
development of related €C bond formations induced  ytqiiographic data fat5b. This material is available free
through catalytic hydrogenation of alkene pronucleophiles. of charge via the Internet at http:/pubs.acs.org.
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