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Abstract

Under the conditions of ruthenium-catalyzed transfer hydroge-
nation employing isopropyl alcohol as terminal reductant, 77-un-
saturated compounds (1,3-dienes, allenes, 1,3-enynes, and al-
kynes) reductively couple to aldehydes to furnish products of
carbonyl addition. In the absence of isopropyl alcohol, T-unsat-
urated compounds couple directly from the alcohol oxidation
level to form identical products of carbonyl addition. Such “al-
cohol-unsaturate C—C couplings” enable carbonyl allylation,
propargylation and vinylation from the alcohol oxidation level
in the absence of stoichiometric organometallic reagents or me-
tallic reductants. Thus, direct catalytic C—H functionalization of
alcohols at the carbinol carbon is achieved.

¢ Introduction

We have found that hydrogenation of unsaturates in the
presence of carbonyl compounds and imines enables reductive
C-C bond formation.'~>% More recently, under the conditions
of iridium*®%®7 or ruthenium-catalyzed® transfer hydrogenation,
C—C coupling between unsaturates and carbonyl partners was
observed. In such “transfer hydrogenative C—C couplings,” hy-
drogen embedded within a donor alcohol, typically isopropyl
alcohol, mediates unsaturate-carbonyl reductive coupling. Of
greater significance, an alcoholic reactant may serve a dual role:
as hydrogen donor and precursor to the carbonyl electrophile.
Thus, by exploiting alcohols and unsaturates as redox partners,
carbonyl addition may be conducted from the alcohol oxidation
level.

Transfer hydrogenative carbonyl addition adds significantly
to the evolution of carbonyl addition chemistry. First, C—-C bond
formation from the alcohol oxidation level enhances step econ-
omy by avoiding the redox manipulations typically required to
convert alcohols to aldehydes. Secondly, the use of unsaturates
as nonstabilized carbanion equivalents circumvents the use of
preformed organometallic reagents and, hence, the generation
of stoichiometric metallic by-products. In this account, the
formation of C—C bonds under the conditions of ruthenium-
catalyzed transfer hydrogenation is reviewed (Scheme 1).

¢ Diene—Carbonyl Coupling from the
Alcohol or Aldehyde Oxidation Level

Under the conditions of ruthenium-catalyzed transfer hydro-
genation employing RuHCI(CO)(PPh3); as the precatalyst, di-
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Scheme 1. Catalytic C—C bond formation under the conditions
of hydrogenation and transfer hydrogenation.

rect coupling of acyclic dienes to carbonyl partners is achieved
with complete regiocontrol from the alcohol or aldehyde oxida-
tion level.® Butadiene, isoprene, and 2,3-dimethylbutadiene
couple to benzylic alcohols to provide products of carbonyl
crotylation, isoprenylation, and reverse 2-methyl-prenylation,
respectively. The presence of an acid cocatalyst (m-NO,BzOH)
is essential as only trace quantities of product are observed oth-
erwise. Additionally, added acetone (2.5 mol %) and phosphine
ligand have a beneficial effect upon the reaction efficiency.
Using this first generation catalytic system, simple unactivated
aliphatic alcohols engage in C—C coupling, as demonstrated by
the union of isoprene and 1-nonanol (Scheme 2). For diene—alde-
hyde coupling, m-NO,BzOH and acetone are not needed, though
larger loadings of diene are required. Isopropyl alcohol or formic
acid may serve as terminal reductant. The observed branched re-
gioselectivity complements the linear regioselectivity observed
in related Ni-catalyzed diene—aldehyde reductive couplings.®!®
A limitation of this first-generation catalytic system involves
control of relative and absolute stereochemistry (Table 1).

The coupling of isoprene to d,-benzyl alcohol results in
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Scheme 2. Ruthenium-catalyzed transfer hydrogenative cou-
pling of isoprene to an unactivated aliphatic alcohol.

Table 1. Ruthenium-catalyzed transfer hydrogenative coupling
of conjguated dienes to alcohols and aldehydes to furnish homo-
allylic alcohols®

Ry OH  RUHCICO)PPh)s(Bmol%) g oy
}WTRZ k Ligand (Cond. A, B, C)*
R;  m-NO,BzOH (2.5 mol%) R3
Acetone (2.5 mol%) Me R,

(250 mol%)
THF (2.0 M), 95-110 °C

Isolated Yield, Diastereoselectivity

Diene Product
R, = p-NO,Ph, 84% Yield, 2:1 dr (B)
R3 = Ph, 61% Yield, 2:1 dr (B)

OH
/ﬁ A)\Rs
‘ Me R; = p-MeOPh, 76% Yield, 2:1 dr (C)
Me Me OH
R; = p-NO,Ph, 84% Yield, 2:1 dr (A)
R; Ry =Ph, 93% Yield, 2:1 dr (C)
‘ Me R; = p-MeOPh, 84% Yield, 2:1 dr (C)

Me Me OH

Me R, = p-NO,Ph, 89% Yield, 2:1 dr (B)
Ry Ry =Ph, 91% Yield, 2:1 dr (B)
Me Me R; = p-MeOPh, 67% Yield, 2:1 dr (B)
Me RUHCICO)(PPhy); (5Mol%) o on

Ligand (Cond. A, B, C)*

-~ L

(2000 mol%)

Terminal Reductant NRa

THF (2.0 M), 90 °C Me

Terminal Reductant: HCO,H (200 mol%) or i-PrOH (400 mol%)

R; = p-NO,Ph, 89% Yield, 2:1 dr (A, IPA); 84% Yield, 2:1 dr (A, HCO,H)
R, = Ph, 64% Yield, 2:1 dr (C, IPA); 82% Yield, 2:1 dr (C, HCO,H)

R; = p-MeOPh, 68% Yield, 2:1 dr (C); 68% Yield, 2:1 dr (C, HCO,H)

2Conditions A employ no added ligand: Conditions B
employ (p-MeOPh);P (15 mol %) as ligand; Condi-
tions C employ rac-BINAP (5 mol %) as ligand.

transfer of a benzylic deuteride to the allylic methyl (19% *H)
and allylic methine (32% 2H). These data are consistent with
reversible hydrometallation of the less substituted olefin to form
a secondary o-allyl. Conversion to the more stable primary
o-allyl haptomer occurs in advance of carbonyl addition, which
proceeds through a closed six-centered transition state with
allylic inversion to deliver the branched product of carbonyl al-
lylation. In related aldehyde couplings employing dg-isopropyl
alcohol as the terminal reductant, incorporation of deuterium is
observed at the allylic methyl (19% 2H) and allylic methine
(10% *H) (Scheme 3).

Based on the hypothesis that coordinative unsaturation
should promote oxidation of the initially formed homoallylic
alcohol, a ruthenium complex possessing a counter ion less
strongly coordinating than chloride was sought. Exposure of
RuH,(CO)(PPh3); to acids HX is known to generate RuHX-
(CO)(PPh3)3 or RuX,(CO)(PPh3),.!! Through an assay of acidic
additives, it was found that diene—alcohol couplings performed
using a catalyst generated in situ from RuH,(CO)(PPhs);
(5 mol %) and trifluoroacetic acid (TFA) (5 mol %) produce the
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Scheme 3. Isotopic labeling experiments in ruthenium-cata-
lyzed transfer hydrogenative couplings of isoprene to benzyl
alcohol and benzaldehyde.

Table 2. Ruthenium-catalyzed transfer hydrogenative coupling
of conjugated dienes to alcohols and aldehydes to furnish §,y-
unsaturated ketones®

R
* OH R, O
R, L RUH,(CO)(PPhy); (5 mol%)
PN
Rs CF4CO,H (5 mol%) Ry
PhMe (2.0 M), 110 °C Me R,
Diene Product Isolated Yield

R3 =p-MeOPh, 96% Yield
R3 =m-MeOPh, 75% Yield

) MF@

Me R; =p-BrPh, 62% Yield”
Me Me (o]

R; = p-MeOPh, 81% Yield
R3 R3 = m-MeOPh, 70% Yield

‘ Me R3 = p-BrPh, 80% Yield

Me Me O

Me R3 = p-MeOPh, 80% Yield
R3 R3 = m-MeOPh, 93% Yield

Me Me Ry = p-BrPh, 91% Yield

o

R3 = p-MeOPh, 96% Yield
Me | e R R, = m-MeOPh, 91% Yield

M NS e Me R3 = p-BrPh, 85% Yield

€ Me
Me
o) Me O
‘ L RUH,(CO)(PPhy); (5 molos)
UPREDNT Na)s © MO
| R;  CF4CO,H (5 molo) Rs
PhMe (2.0 M), 110 °C Me

(250 mol%)
R3= p-NO,Ph, 92% Yield
Ry= Ph, 98% Yield
R3= p-MeOPh, 96% Yield

4Butadiene (800 mol %), isoprene (250 mol %), 2,3-
dimethylbutadiene (300 mol %), myrcene (300
mol %). °The reaction product was contaminated
with approximately 10% of the o,B-unsaturated
ketone.

B.,y-unsaturated ketones in good to excellent isolated yields.3
Butadiene, isoprene, 2,3-dimethylbutadiene, and myrcene may
serve as nucleophilic partners. In each case, complete branch
regioselectivity is observed. Under identical conditions, isoprene
couples to aldehydes to provide f,y-unsaturated ketones in good
to excellent isolated yields (Table 2).8d.12

Coupling of isoprene to d,-benzyl alcohol under standard
conditions employing the catalyst generated in situ from
RuH,(CO)(PPh3); (5mol %) and trifluoroacetic acid (TFA)
(5 mol %) provides the indicated 3, y-unsaturated ketone, which
incorporates deuterium primarily at the allylic methyl (34%),
and the allylic methine (12%). This pattern of deuterium incor-
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PhMe (2 M
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110°C CH, (34% 2H)
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Scheme 4. Ruthenium-catalyzed transfer hydrogenative cou-
pling of isoprene to d,-benzyl alcohol under oxidative condi-
tions.

poration closely matches that obtained in the analogous coupling
reaction of isoprene to d,-benzyl alcohol to provide the homoal-
lylic alcohol. Hence, a similar mechanism appears operative:
hydrometallation of the less substituted olefin of isoprene to
deliver the secondary o-allyl metal haptomer, followed by
carbonyl addition from the more stable primary o-allyl haptomer
through a six-centered transition structure with B-hydride
elimination of the resulting alkoxide to deliver the ketone
(Scheme 4).

Our collective studies of ruthenium-catalyzed diene—alcohol
and diene—aldehyde transfer hydrogenative C-C coupling
demonstrate that carbonyl addition may be achieved from the
alcohol or aldehyde oxidation level to deliver either the
homoallylic alcohol or the ,B,y—unsaturated ketone. Thus, all
oxidations levels of substrate (alcohol or aldehyde) and product
(homoallyl alcohol or B,y-unsaturated ketone) are accessible
(Scheme 5).

Just as diene hydrometallation enables generation of
transient allyl metal species, so should allene hydrometallation.
Consequently, allenes were explored as nucleophilic partners in
ruthenium-catalyzed transfer hydrogenative carbonyl addition.
To our delight, upon exposure of 1,1-disubstituted allenes
to paraformaldehyde and higher aldehydes in the presence of
[RuBr(CO)3(173-C3Hs)] (5mol %), +-BuPPh, (15mol %), and
isopropyl alcohol (400 mol %), branched products of carbonyl
allylation bearing all-carbon quaternary centers are formed as
single regioisomers.® Related ruthenium-catalyzed allene—alco-
hol transfer hydrogenative couplings are currently under investi-
gation. Again, a limitation of this first-generation catalytic sys-
tem involves control of relative and absolute stereochemistry
(Table 3).

¢ Enyne-Carbonyl Coupling from the
Alcohol or Aldehyde Oxidation Level

Carbonyl propargylation based on C—C bond forming trans-
fer hydrogenation is potentially achieved using conjugated
enynes as surrogates to preformed allenyl metal reagents. The

| RUHCI(CO)(PPhy) (5 mol%)

Ry R (p-MeOPh),P (15 mol%)
}w 2 or rac-BINAP (5 mol%)
or
‘ m-NO,BzOH (2.5 mol%)
OH Acetone (2.5 mol%) Ry
R, THF, 95 °C
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Table 3. Ruthenium-catalyzed transfer hydrogenative coupling
of allenes to paraformaldehyde and higher aldehydes to furnish
homoallylic alcohols?

[RUBF(CO)5(173-C3Hs)] (5 mol %)

OH
Ry (CHO), t-BuPPh, (15 mol %)
or _—
R R4CHO i-PrOH (400 mol %) = Rs
PhMe (1.0 M), 75 °C Ry R,
(100 mol%)
Allene Product Isolated Yield

Ph OH

R; = H, 86% Yield
Me> = R Ry =p-NO,Ph, 87% Yield, 2:1 dr

me Ph Ry = CH,OBn, 71% Yield, 1:1 dr

p-MeOPh OH

R3 = H, 74% Yield
MeO = R; Rz =p-NO,Ph, 76% Yield, 1:1 dr
© p-MeOPh OMe Rz =CH,0Bn, 72% Yield, 2:1 dr

n-Bu OH
>:: R3=H, 77% Yield
. = R3 Rz =p-NO,Ph, 82% Yield, 1:1 dr

n-Bu Et R3 = CH,0Bn, 70% Yield, 1:1 dr

#For couplings to paraformaldehyde: allene (100 mol
%), paraformaldehyde (400 mol %). For couplings to
higher aldehydes: allene (200 mol %), paraformalde-
hyde (200 mol %).

outcome of such couplings was uncertain, as enynes engage in
C—C bond formation at the acetylenic terminus under the condi-
tions of rhodium?*??2¢22 and nickel'? catalysis. Nevertheless, it
was found that exposure of 1,3-enynes to alcohols in the pres-
ence of catalyst prepared in situ from RuHCI(CO)(PPh3); and
DPPF provides the desired products of carbonyl propargylation
as single regioisomers.®® Iridium complexes also catalyze
enyne-mediated propargylation, but ruthenium catalysts were
found to be superior.

This carbonyl propargylation protocol exhibits remarkably
broad substrate scope. Benzylic alcohols, allylic alcohols and
unactivated aliphatic alcohols participate in enyne-mediated
carbonyl propargylation in good to excellent yield and with ex-
ceptional regiocontrol. Additionally, a variety of 1,3-enynes are
tolerated (Table 4, top). Under related transfer hydrogenation
conditions employing isopropyl alcohol as the terminal reduc-
tant, carbonyl propargylation is achieved from the aldehyde ox-
idation level, although in certain cases the coupling product is
contaminated by small quantities (<10%) of alkyne reduction
to form the cis-alkene (Table 4, bottom). Thus, through rutheni-
um-catalyzed transfer hydrogenative coupling, carbonyl propar-
gylation can be achieved in the absence of preformed allenyl
metal reagents from the alcohol or aldehyde oxidation level.

" RUH,(CO)(PPhs); (5 mol%) . )‘ Ry
2 CF,CO,H (5 mol%) d
or
PhMe (2-4 M) ‘
110°C OH
R, Ry

All Oxidation Levels of Substrate and Product are Accessible

Scheme 5. Transcending oxidation level via ruthenium-catalyzed diene—alcohol and diene—aldehyde transfer hydrogenative C—-C

coupling.
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Table 4. Carbonyl propargylation via ruthenium-catalyzed
transfer hydrogenative coupling of 1,3-enynes to alcohols and

aldehydes
Ry RUHCI(CO)(PPh,)
OH 33
A (5 mol%) \/L
I e A
\ Ry DPPF (5 mol%)
(200 mol%) THF (2.0 M), 95 °C
Ph OH Ph OH
M
Me
94% Yield 75% Yield
1:1dr 2:1dr
Ph OH Ph OH
N Sl
(CHy)4Me Me
Me Me
72% Yield 72% Yield
2:1dr 2:1dr
OH OH
TBSO
X N
Ph Ph
Me Me
78% Yield 70% Yield®
1.5:1dr 1:1dr

RUHCI(CO)(PPhg);  Ph
(5 mol%)
‘ i-PrOH (300 mol%)
(200 mol%) THF (2.0 M), 90 °C
R = p-NO,Ph, 61% Yield, 1:1 dr®

R = Ph, 74% Yield, 2:1 dr°
R = p-MeOPh, 91% Yield, 2:1 dr

OH
\A
R
Me

am-NO,BzOH (5mol %) employed as additive.
"Product was accompanied by ca. 10% alkyne reduc-

tion.
Ph Ph OH
OH 2
\\ RuLn (cat.) \\ H (>95%)
5 4\ —— ) Ph
‘ H7, “Ph (24%) *H ,
H Me (56% 2H)

Scheme 6. Isotopic labeling experiments in ruthenium-cata-
lyzed transfer hydrogenative couplings of 1,3-enynes.

Stereocontrolled enyne-mediated propargylation represents an
important goal of ongoing research.

Enyne coupling to d,-benzyl alcohol results in transfer of
a benzylic deuteride to the allylic methyl (56% *H) and allylic
methine (24% 2H). Deuterium is completely retained at the
benzylic methine of the coupling product (Scheme 6). These
results are consistent with a catalytic cycle involving aldehyde
generation via alcohol dehydrogenation followed by reversible
alkene hydrometallation from the resulting ruthenium hydride
to furnish an allenylmetal species. Carbonyl addition with
propargylic transposition delivers the 2-propynyl alcohol.

¢ Alkyne—Carbonyl Coupling from the
Alcohol Oxidation Level

Allylic alcohols are important building blocks in organic
synthesis. One important strategy for their synthesis involves
the catalytic asymmetric addition of vinyl-metal reagents to
aldehydes.'* More recently, direct carbonyl vinylation has

1105
Me OH Ru(TF/(A;ZI:icll);()PPhQZ OH
o U Me/\)\R
Me R Cul (5 mol%)
THF (0.2M), 95 °C Me

(1000 mol%)
R =p-NO,Ph, 77% Yield
R = Ph, 59% Yield
R = CH,0Bn, 60% Yield

Scheme 7. Carbonyl vinylation via ruthenium-catalyzed trans-
fer hydrogenative coupling of butyne to alcohols.

HyC—CH,—OH H,C=CH,

H,0
Fuel S';f;.%
Gasoline and biogasoline | 32 MJ/L
Butanol fuel 29.2 MJL
Ethanol fuel 19.6 MJL
Methanol 16 MJL

Scheme 8. By-product-free conversion of ethanol and ethylene
to sec-butanol via ruthenium-catalyzed transfer hydrogenative
coupling.

been achieved via metal-catalyzed alkyne—aldehyde reductive
coupling. 2215 Transfer hydrogenative alkyne—alcohol cou-
pling would enable direct carbonyl vinylation in the absence
of any stoichiometric reductant. In a preliminary set of experi-
ments, it was found that exposure of alcohols to butyne in the
presence of Ru(TFA)(CO)(PPhj3), results in formation of the de-
sired allylic alcohols.®® Thus, carbonyl vinylation is achieved
from the alcohol oxidation level in absence of any stoichiometri-
cally preformed vinyl metal reagents (Scheme 7).

¢ Conclusion and Outlook

Under the conditions of ruthenium-catalyzed transfer
hydrogenation, one may perform carbonyl allylation, propargy-
lation and vinylation from the aldehyde or alcohol oxidation
level. These initial findings evoke numerous possibilities for
alcohol-unsaturate coupling. For example, transfer hydrogena-
tive coupling of ethylene and alcohols would enable carbonyl
ethylation from the alcohol oxidation level, eliminating the need
for diethylzinc—a pyrophoric liquid. Ethylene—ethanol coupling
would represent a by-product-free method for the preparation
of sec-butyl alcohol, an attractive biofuel (Scheme 8).

Many challenges remain. Activation of isolated olefins in
transfer hydrogenative C—C coupling is an especially important
objective. Additionally, the development of stereoselective
couplings and imine addition from the amine oxidation level
will be required for applications in the area of fine chemical
synthesis. It is the author’s hope that the work described in
this account will itself catalyze further progress toward these
goals.
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