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Catalytic Hydrogen-Mediated Cross-Coupling of Enones and Carbonyl
Compounds: Aldol Condensation by Hydrogenation
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Catalytic hydrogenation of enones and enals in the presence  alkyl-hydrogen reductive elimination pathways are disabled.
of aldehyde and ketone partners results in the formation of Here, a concise overview of catalytic hydrogen-mediated
aldol products. A key feature of such hydrogen-mediated aldol condensation is presented.

C-C bond formations relates to the heterolytic activation of

elemental hydrogen by cationic rhodium(1) complexes, that (© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
enables monohydride-based catalytic cycles for which direct =~ Germany, 2004)

1. Introduction

several hydrogen-mediated reductive couplings: (1) the in-
tra- and intermolecular reductive coupling of enone and
enal pronucleophiles with aldehyde and ketone partners,!©]
(2) the intermolecular reductive coupling of 1,3-cyclohexa-
diene with a-oxo aldehydes,”! (3) the intermolecular re-
for —example alkene hydroformylation and related  qyuctive coupling of 1,3-enynes and 1,3-diynes with a-oxo
Fischer—Tropsch-type reactions.”! With the ultimate ob- aldehydes,® and (4) the reductive cyclization of 1,6-diynes
jective of developing catalytic hydrogenation as a general ,,,q 1,6-enynes (Scheme 1).)

cross-coupling methodology, the capture of hydrogenation
intermediates has been the topic of intensive investigation
in our group. These studies have led to the discovery of

Although catalytic hydrogenation has been practiced
routinely for over a century,!! 3! hydrogen-mediated C—C
bond formation is presently restricted to catalytic processes
involving migratory insertion of carbon monoxide,

Here, an overview of catalytic hydrogen-mediated enone-
aldehyde and enone-ketone couplings is presented. Related
studies pertaining to the catalytic hydrometallative re-
ductive coupling of alkenes,'% alkynes,!'!l enones,®'? and
[l Department of Chemistry and Biochemistry, University of dienes!'> to C?.l"bOIlyl P artners with S.i lanes, alanes, and

Texas at Austin, boranes as terminal reductants is not discussed. These re-

1 University Station A5300, Austin, Texas 78712, USA sults represent the first examples of enolate generation by

Eiﬁa(iil?ﬁ?r?;gh:@lrf;ilzﬁzgjsge?u enone hydrogenation, as well as the first use of elemental
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Scheme 1. New catalytic hydrogen-mediated C—C bond formations

hydrogen as a terminal reductant in metal-catalyzed cross
coupling (that do not involve insertion of carbon monox-
ide).

2. Heterolytic Activation of Hydrogen — The
Key to Atom-Economical Cross-Coupling

It was recognized that use of elemental hydrogen as a
terminal reductant in catalytic C—C bond formation would
enable completely atom-economical transformations.[!>]
However, the use of hydrogen in this capacity would require
that conventional hydrogenation pathways be rendered in-
operative. It was speculated that such “non-C—C bond-for-
ming” hydrogenation manifolds would be attenuated
through heterolytic activation of elemental hydrogen (H, +
M—-X — M—-H + HX),[' enabling monohydride-based
catalytic cycles for which direct alkyl-hydrogen reductive
elimination pathways are disabled. Here, the lifetime of the
organometallic intermediates initially obtained upon hydro-
metallation should be extended, which, in turn, should
facilitate their capture (Scheme 2).

Homolytic activation of H; to

form a high-valent dihydride
Hn+2 H H C-H reductive H
H-M"(X)L,) ML, | elimination )\rH Conventional
RlJ\/ % " R reduction
R? M™-X R?
RSN H (1 aum)
R? M"-X (cat) X H
R Y X ccon
ML -C bon
- R! " RIJ\/kR3 formation
H-M'L, R? R
(H-X, base) H, M"-H

Heterolytic activation of H to
form a low-valent monohydride

Scheme 2. Disabling of direct alkyl-hydrogen reductive elimination
pathways through heterolytic activation of hydrogen

The partitioning of homolytic and heterolytic hydrogen
activation pathways using rhodium-based catalysts is es-
pecially well studied. In general, homolytic activation of hy-
drogen is achieved through the use of neutral Rh' com-

3954 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

plexes (for example Wilkinson’s catalyst),[!7-!8] while hetero-
lytic activation of hydrogen is achieved through the use of
cationic Rh' complexes in conjunction with basic addi-
tives.') The ability of cationic rhodium complexes to pro-
mote heterolytic activation of hydrogen is due to the en-
hanced acidity of the dihydrides, that result upon oxidative
addition.?) Thus, heterolytic activation of hydrogen is
believed to occur through a two-stage process involving hy-
drogen oxidative addition, followed by base-assisted H—X
reductive elimination.?!! This latter event is likely to pro-
ceed through deprotonation of the cationic dihydridorhod-
ium intermediate (Figure 1).

® ©
H HX (8
LR 22|t | X BB | piH 4 HX (Baso)
. H

Figure 1. Heterolytic activation of hydrogen

3. Catalytic Hydrogen-Mediated Reductive Aldol
Condensation

This mechanistic analysis is supported by optimization
studies that involve the aldol cycloreduction of the indi-
cated enone-aldehyde under hydrogenation conditions.
Here, catalytic hydrogenation with the neutral rhodium
complex [Rh(PPh;);Cl], i.e. Wilkinson’s catalyst, provides
only trace quantities of the aldol product, along with sub-
stantial quantities of simple 1,4-reduction products. How-
ever, rhodium salts that have increased cationic character,
such as [Rh!(COD),OTT], provide nearly equal proportions
of aldol and 1,4-reduction products. Finally, when [Rh(C-
OD),OT{] is used in conjunction with substoichiometric
quantities of the mildly basic additive potassium acetate,
the proportion of aldol product is increased such that sim-
ple 1,4-reduction products are almost completely sup-
pressed (Table 1).

Table 1. Partitioning of aldolization and 1,4-reduction pathwaysl®!

RS

catalyst (10 mol%)
ligand (24 mol%)

O OH 0 0
H, (1 atm), additive Ph*@ Ph)i/HLH
DCE, 25°C

Catalyst Ligand Additive (mol%) Yield aldol (syn/an#) Yield 1,4-reduction
Rh(PPh;);Cl1 - 1% (99:1) 95%
Rh(COD),0Tf Ph;P - 21% (99:1) 25%
Rh(COD),0Tf Ph;P KOAc (30%) 59% (58:1) 21%

Rh(COD),0TE (p-F3CCeHly)sP -
Rh(COD),0Tf (p-F,CCH,)P KOAc (30%)

57% (14:1) 22%
89% (10:1) 0.1%

BlAs product ratios were found to vary with surface area to volume ratio of the reaction
mixture, all transformations were conducted on a 1.48-mmol scale in 50-mL round-bottomed
flasks.

Stercochemical model
I
O7Rhan ngh L,
() Ph
L o
H

(2Z)-enolate, Zimmerman-Traxler-type transition state

The pronounced effect of basic additives on the partition-
ing of the aldolization and 1,4-reduction routes is consistent
with the hypothesis that enolate-hydrogen reductive elimin-
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ation pathways are disabled through deprotonation of the
hydridometal intermediates, [LnRh™X(H),] or [(enola-
to)Rh™X(H)Ln]. Thus, as observed by Osborn,['”! depro-
tonation changes the catalytic mechanism from a dihydride-
based cycle to a monohydride-based cycle. In the former
case, 1,4-reduction products are expected to predominate,
while in the latter case aldolization should be promoted due
to the absence of (alkyl)(hydrido)metal intermediates
(Scheme 3). To corroborate the proposed mechanism, a
series of control experiments were performed. Exposure of
the simple 1,4-reduction product to the reaction conditions
does not lead to aldolization. Conversely, re-exposure of the
aldol product to the reaction conditions does not lead to
retro-aldolization. Finally, exposure of the substrate to
standard reaction conditions in the absence of hydrogen
does not afford Morita—Baylis—Hillman cyclization prod-
ucts.

— HX (Base)

/—\

Rh'
Oy R? .
R! Dihydride L’;h" - HX (Base) Lyl Mornohydride o Qg
catalytic cycle (H), HX " catalytic cycle R‘/\Q
n
)
J\/-Hz
L,Rh'X >
[0} HO R2

Scheme 3. Proposed catalytic mechanism for hydrogen-mediated
reductive aldol condensation

n

Lt m

L

These conditions proved to be general for the cyclore-
duction of aromatic, heteroaromatic, and aliphatic enone
substrates to form five- and six-membered ring products.
The cycloreduction of aromatic enone substrates yields syn-
aldol products with good levels of diastereoselectivity. The
observed syn diastereoselectivity suggests intermediacy of a
(Z)-enolate and a Zimmerman—Traxler-type transition
state. These results are consistent with the generally ac-
cepted notion that large acyl substituents preferentially give
rise to (Z)-enolates due to A, z-strain (Table 1). Interest-
ingly, a,B-unsaturated esters exclusively afford products of
simple conjugate reduction, suggesting that for more
electron-rich Rh!-enolate intermediates, hydrogenolytic
cleavage is faster than aldolization (Table 2).

Due to competitive conjugate reduction, the outcome of
related intermolecular condensations is uncertain. To assess
the feasibility of an intermolecular variant, the hydrogen-
mediated reductive condensation of phenyl vinyl ketone and
p-nitrobenzaldehyde was explored. Remarkably, addition of
10 mol % catalyst and 50 mol % KOAc to an equimolar
solution of enone/aldehyde in dichloroethane (0.5 M) under
1 atm of hydrogen affords a 53% yield of the aldol product
(Table 3, Entry 1). As competitive enone conjugate re-
duction accounts for the mass balance, the reaction was re-
peated using 1.5 equiv. of the enone; here, a 75% yield of

Eur. J. Org. Chem. 2004, 3953—3958 wWWww.eurjoc.org

Table 2. Catalytic hydrogen-mediated aldol cycloreduction of en-

one-aldehydes!!

Rh(COD),0Tf (10 mol%)
(p-F3CCgH,)3P (24 mol%)

)HLHJ/ H, (1 atm), KOAc (30 mol%)
n

DCE (0.1 M), 25°C

Substrate Aldol (syn/anti) 1,4-Reduction

n=2,R=Ph 89% (10:1) 0.1%
n=2 R pMeOCH, 74% (5:1) 3%
n =2, R =2-naphthyl 90% 10:1; 1%
n=2R=2- thloﬁ)henyl 76% (19:1 Z/g
n=2R=2 70% (6:1) 10%
n=1.R=Ph 71% (24:1) 1%
n=2,R=Me 65% (1:5) -

[2lAs product ratios were found to vary with surface area to volume ratio
of the reaction mixture, all transformations were conducted on a 1.48-mmol
scale in 50-mL round-bottomed flasks.

Table 3. Catalytic intermolecular hydrogen-mediated reductive al-
dol condensation®

Rh(COD),0Tf (5 mol%)
(o] 2
Q PhP (12 mol%) g o
H
Q/H J@ H, (1 atm), KOAc (50 mol%) O i O
NO, DCE, 25°C : NO,

Entry  Enone (mol%) Catalyst (mol%) Conc. (mol/L) KOAc (mol%) Yield

1 100 10 05 50 53%
2 150 10 0.5 50 75%
3 150 10 0.1 50 85%
4 150 5 0.1 50 92%
5 150 5 0.1 - 79%

[ As product ratios were found to vary with surface area to volume ratio of the reaction
mixture, all transformations were conducted on a 1.48-mmol scale in 50-mL round-
bottomed flasks.

the aldol product is obtained (Table 3, Entry 2). Under
more dilute conditions (0.1 M), the yield increases to 85%
(Table 3, Entry 3). When the amount of catalyst is reduced
to 5 mol-%, the yield increases further to 92% (Table 3, En-
try 4). Notably, the addition of potassium acetate signifi-
cantly increases the yield of the aldol product, lending
further credence to the notion that productive monohydride
pathways are assisted through the use of mild basic addi-
tives (Table 3).

Under the optimum conditions identified for conden-
sation of phenyl vinyl ketone and p-nitrobenzaldehyde, con-
densation with diverse electrophilic partners was explored.
Aromatic and heteroaromatic aldehydes give good yields of
the aldol product. Aliphatic aldehydes participate in the re-
action, but their reduced electrophilicity exacerbates the
problem of competitive conjugate reduction, leading to
somewhat diminished yields (Table 4).

The response of the reaction to different nucleophilic
partners was also briefly explored. Whereas ethyl acrylate
exclusively provides 1,4-reduction products, methyl vinyl ke-
tone reacts with p-nitrobenzaldehyde to give a 70% yield of
the aldol product (Scheme 4).

An especially challenging variation of the aldol reaction
involves the use of ketones as electrophilic partners. Aldoli-
zations involving ketone acceptors are inherently less exer-
gonic than corresponding aldehyde additions. As aldoliz-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3955
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Table 4. Intermolecular catalytic hydrogen-mediated reductive
aldol condensation of phenyl vinyl ketone

O OH 0O OH
TR0, OO,
92% (1.8:1) (syn/anti) 75% (1.7:1)

O OH
%0

61% (2.3:1)

O OH

O &

65% (2:1)

O OH
SRRE
CH,

44% (2:1)

O OH

m
CH; W

88% (2.5:1)

o Rh(COD),0Tf (5 mol%) o oH

g (Ph)3P (12 mol%)
ch)ﬁ, H H;C
H, (1 atm), KOAc (50 CH
NO, 3 NO,
70% (2:1) (syn/anti)

mol%)

1.5 equiv. DCE, 25°C

1.0 equiv.

Scheme 4. Intermolecular catalytic hydrogen-mediated reductive
aldol condensation of phenyl vinyl ketone

ation is driven by chelation,”>?3 intramolecular conden-
sation to form a robust transition-metal aldolate should fav-
orably bias the enolate-aldolate equilibria. Indeed, catalytic
hydrogenation of keto-enone substrates results in formation
of five- and six-membered ring aldol products with > 95:5
syn diastereoselectivity under exceptionally mild con-
ditions.®! As demonstrated by the catalytic aldol cyclore-
duction of indole-substituted keto-enones, the low basicity
of the transition-metal-complexed intermediates circum-
vents the need to protect acidic residues (Scheme 5).

RO(COD),OTf (10 mol%)
o (Ph);P (24 mol%) 9  on

RN, OxCHs
) n

H, (1 atm)
K,CO; (80 mol%)
DCE, 80°C
9 OI(IIH 9  oH o OI-éH
(CH; S ¢ CH3
) ) - )
n n n
n=1 75%(8%) 74% (18%) 66% (24%)
n=2 72% (20%) 78% (18%) 78% (8%)
O. ."CH; N ."CH; [-CH;
Vg TR W o o @ o g
n=1 70% (24%) 75% (11%) 74% (8%)
n=2 83% (8%) 82% (12%) 72% (17%)

lalas product ratios were found to vary with surface/volume ratio of the reaction mixture,
all transformations were conducted on 1.48-mmol scale in 13 x 100 mm sealed test tubes.
[blyields of 1,4-reduction products are indicated in parentheses.

Scheme 5. Catalytic h{drogen-mediated reductive aldol conden-
sation of keto-enones-°!

3956 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

To gain further insight into the reaction mechanism, re-
ductive aldolization of the indicated oxygen-tethered keto-
enone was performed using elemental deuterium. Deu-
terium incorporation occurs exclusively at the B-position.
In addition to monodeuterated material (81% compo-
sition), doubly deuterated (8% composition) and non-deut-
erated materials (11% composition) are observed. These
data suggest that hydrometallation is reversible in the case
of keto-enone substrates. Consistent with the mechanism
depicted in Scheme 3, deuterium is not incorporated at the
a-position of the aldol product (Scheme 6).

RI(COD),0TS (10 mol%)

)OH H?\ (Ph)s;P (24 mol%) O HO -y,
Ph CH, P
o D, (1 atm) m
K,CO» (80 mol%) R
DCE, 80°C

R!=R?=H, 11%+/-5%
R!=D,R?>=H, 81% +/~ 5%

83% isolated yield
(no conjugate reduction) !
R'=R*=D,8%+/-5%

Scheme 6. Catalytic aldol cycloreduction under 1 atm to D»(g)

For the cycloreduction of keto-enones, the competitive
1,4-reduction pathway, in response to the reduced reactivity
of the electrophilic partner, is generally observed. Diones
are more susceptible to addition due to inductive effects
and the relief of dipole—dipole interactions. Catalytic
hydrogenation of dione-containing substrates affords the
corresponding aldol products in good yield and with excel-
lent syn diastereoselectivity. Simple 1,4-reduction only ac-
companies formation of the strained cis-decalone ring sys-
tem (Scheme 7).[6V!

O Rh(COD),0Tf (10 mol%) HOO R
( 0 ﬁL R (Ph)P (24 mol%)
n %AM H, (1 atm) n "
0 CH; K,CO; (80 mol%) 0 CHs
DCE, 25°C
o) O Ph o} Oy Ph
HO ; R Ho ] HO é R mo ]
0 CH; O CH; o CHs o CHs
R = Ph, 84% 86%  R=Ph,81%  65% (15%)
| R=CH,, 88% R=CH, 73% |

No conjugate reduction, de > 95:5

Scheme 7. Catalytic hydrogen-mediated reductive aldol conden-
sation of enone-diones

The use of metallo-aldehyde enolate nucleophiles in aldol
condensation typically leads to polyaldolization, product
dehydration, and competitive Tishchenko-type processes.*#
While catalytic cross-aldolization of aldehyde donors has
been achieved through amine catalysis and with the use of
aldehyde-derived silyl enol ethers,”” the actual use of
metallo-aldehyde enolates in this respect is unknown. Un-
der hydrogenation conditions, enals serve as metallo-alde-
hyde enolate precursors and participate in cross-aldoliz-
ation with a-oxo aldehydes.*? The resulting B-hydroxy-y-
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Rh(COD),0Tf (1-5 mol%)
PPh, (2.4-12 mol%)

o] o]
2
HJKIL HJHrR
R! 0

(500 mol%) (100 mol%)

H, (1 atm)
KOAc (100 mol%)
DCE, 25 °C

HiC CH,
o
\Y Y/
N

30%

O OH R!
gzl RNNH —
H \ R?

4
Rl 0 -3H,0 N-N
Exclusive cross-aldolization
30-62% yield of pyridazine
over two-step sequence
Iy O
O WY

31%

H,C H,C
- )
m Y

47%

50%

Scheme 8. Catalytic intermolecular addition of metallo-aldehyde enolates to a-oxo aldehydes

oxo aldehydes are highly unstable, but may be trapped in
situ through the addition of methanolic hydrazine to afford
3,5-disubstituted pyridazines (Scheme 8).

The addition of metallo-aldehyde enolates to ketones rep-
resents an even more challenging variation of the aldol reac-
tion. To the best of our knowledge, a single stoichiometric
variation of this transformation is reported.?®! Under cata-
lytic hydrogenation conditions, the intramolecular addition
of metallo-aldehyde enolates to ketones proceeds well, al-
though aldolization is accompanied by competitive 1,4-re-
duction.l®dl For such aldol reactions, a favorable enolate-
aldolate equilibrium is presumably driven by the formation
of a robust Rh—aldolate (Scheme 9).1?3!

O RH(COD),OTE (10mol%) 00 H
0 I)LH (2-furyl);P (24 mol%)
{ {
" g/‘ H, (1 atm) "

o CH; K,CO; (100 mol%) o0 CH;
THF, 40°C
n=1,72%, 2:1, syn/anti
(16% 1,4-reduction)
n=2,73%, 10:1, syn/anti
(21% 1,4-reduction)

Scheme 9. Catalytic addition of metallo-aldehyde enolates to ke-
tones

4. Conclusion

Since the discovery of catalytic hydrogenation over a cen-
tury ago, the interception of hydrogenation intermediates
has been restricted to processes involving migratory inser-
tion of carbon monoxide. The present results suggest that
rhodium monohydrides obtained through the heterolytic
activation of hydrogen give rise to organometallic inter-
mediates that can be captured through carbonyl addition,
allowing a range of complex organic fragments to be con-
densed under mild conditions. Future studies will be de-
voted to expanding the scope of this new reaction type
through the development of improved second generation

Eur. J. Org. Chem. 2004, 3953—3958 wWWww.eurjoc.org

catalyst systems — with the goal of achieving the catalytic
coupling of unactivated alkenes and alkynes to simple car-
bonyl partners.
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