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ABSTRACT

Ru3(CO)q, (2 mol %)
Pc;y3 (12 mol %)

T =

(100 mol %)

PhMe (2.0M),110°C

(1 00 mol %)

gg*v%

77% yield, >20:1 (E:2)

no premetallated reagents
no stoichiometric byproducts

The direct conversion of secondary to tertiary alcohols via ruthenium(0) catalyzed C—C coupling of substituted 3-hydroxy-2-oxindoles with
various dienes is described. Coupling occurs in a completely regioselective manner in the absence of stoichiometric byproducts.

In the course of exploring hydrogen-mediated C—C coupl-
ings outside of hydroformylation," our laboratory has
developed metal catalysts that promote the transfer of
hydrogen from primary alcohols to various sr-unsaturated
compounds resulting in generation of aldehyde—
organometallic nucleophile—electrophile pairs that com-
bine to form products of aldehyde addition. These pro-
cesses merge redox and C—C bond construction events,’
bypassing both discrete alcohol-to-aldehyde oxidation and
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the stoichiometric use of premetalated reagents. Although
conditions for the C—C coupling of primary alcohols
to dienes® > and other z-unsaturated reactants (allenes,
enynes, alkynes and allylic acetates)' have been developed,
corresponding couplings of secondary alcohols have pro-
ven more challenging.
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Recently, it was found that ruthenium(0) complexes
derived from Ru;(CO);, and phosphine ligands catalyze
C—C coupling of mandelic esters with 2-substituted dienes
at the C4-position to form prenylated and geranylated
compounds from isoprene and myrcene, respectively.*
As corroborated by mechanistic studies, this regioselec-
tivity is a consequence of a catalytic mechanism wherein
alcohol dehydrogenation drives oxidative coupling between
the diene and a transient a-oxoester.® To our knowledge,
such C4 regioselectivity is unique for intermolecular
reductive couplings of 2-substituted dienes to carbonyl
partners.””® Given the structural homology of substituted
mandelic esters and 3-hydroxy-2-oxindoles, which repre-
sent important natural product substructures, the latter
compounds were explored as partners for redox triggered
C—C coupling with dienes.'” Here, we report that exposure
of 3-hydroxy-2-oxindoles to isoprene or myrcene and
the ruthenium(0) catalyst derived from Ru;(CO);, and
tricyclohexylphosphine, PCys, results in direct, secondary
carbinol C—H prenylation and geranylation, respectively,
in the absence of stoichiometric byproducts. Further, we
find that dienes beyond isoprene or myrcene participate in
such secondary alcohol C—C couplings.

Table 1. Selected Optimization Experiments in the Ruthenium
Catalyzed C—C Coupling of 3-Hydroxy-2-oxindole 1a and
Isoprene 2a“

OH Ru5(CO): (2 mol %) o J°
©\/g: \)]\ PCys (12 mol %) Me
(o] S Me _— Q
N PhMe (2.0 M) N
Bn temp (°C), time (h) Bn
1a 2a 3a
(100 mol %)
entry 2a (mol %) temp time (h) yield %
1 500 130 72 71
2 500 130 48 76
3 500 130 24 73
4 300 130 24 74
5 100 130 24 76
|:> 6 100 110 24 83
7 100 90 24 57

“Yields are of material isolated by silica gel chromatography.
See Supporting Information for further details.

To probe the feasibility of isatin prenylation from the
alcohol oxidation level, 3-hydroxy-2-oxindole 1la was
exposed to conditions optimized for the prenylation of ethyl
mandelate.* Gratifyingly, upon exposure of 1a (100 mol %)
to isoprene 2a (500 mol %), Ru3(CO);, (2 mol %) and
PCys; (12 mol %) at 130 °C in toluene (2.0 M) for 48 h, the
product of prenylation 3a was generated in 76% isolated

(8) For rhodium catalyzed intermolecular diene-aldehyde reductive
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M.; Oi, S.; Sonoda, Y.; Inoue, Y. Org. Lett. 2009, 11, 3794.
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coupling, see: Bareille, L.; Le Gendre, P.; Moise, C. Chem. Commun.
2005, 775.

(10) For related allylations of isatins under the conditions of iridium
catalyzed transfer hydrogenation, see: Itoh, J.; Han, S. B.; Krische, M. J.
Angew. Chem., Int. Ed. 2009, 48, 6313.
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Table 2. Ruthenium Catalyzed C—C Coupling of 3-Hydroxy-
2-oxindoles 1la—1f and Isoprene 2a To Form Products of
Prenylation 3a—3f"

OH Rus(COz (2 mol %) o I°
N PCys (12 mol %) N Me
R 0 e T RE 0
Z~N € PhMe (2.0 M) FN
Bn 110 °C, 24 h Bn
1a-1f 2a 3a-3f
(100mol %) (100 mol %)
1a,R=H 1b, R = 5-Me 1¢, R =5-OMe
1d, R =6-Cl 1e,R=7-F 1f,R=

Me Me
HO HQ HO
Me Me Me MeO. Me
e} ¢} o}
N N N
Bn Bn

83% vyield, 3a 90% yield, 3b 89% yield, 3¢

Me

Me Me
HO HQ HQ
Me Me Me
o} o} o}
N N N
a Bn £ Bn o

Bn

85% yield, 3d 82% yield, 3e 90% yield, 3f

“Yields are of material isolated by silica gel chromatography.
See Supporting Information for further details.

yield (Table 1, entry 2). Extended reaction times (72 h) did
not enhance the isolated yield of 3a (Table 1, entry 1), and
for reactions conducted over a 24 h period comparable
isolated yields of 3a were obtained (Table 1, entry 3).
The isolated yield of 3a was not adversely effected at
lower loadings of isoprene (300 mol %) (Table 1,
entry 4) even when equimolar quantities of 3-hydro-
xy-2-oxindole la and isoprene 2a were employed
(Table 1, entry 5). When the reaction was conducted
at 110 °C the isolated yield of 3a improved (Table 1,
entry 6); however, any further decrease in reaction
temperature led to a significant decrease in conversion
(Table 1, entry 7).

Optimal conditions identified for the n-prenylation of
3-hydroxy-2-oxindole 1a (Table 1, entry 6) were applied to
substituted 3-hydroxy-2-oxindoles 1b—1f. The desired
products of prenylation 3b-3f were obtained in excellent
isolated yields and in each case single regioisomers were
obtained (Table 2). Similarly, exposure of 3-hydroxy-
2-oxindoles 1a—1f to myrcene 2b provides the products
of n-geranylation as single regioisomers with complete
control of olefin geometry (Table 3). Thus, direct prenyla-
tion and geranylation of secondary carbinol C—H bonds is
achieved in the absence of stoichiometric byproducts or
premetalated reagents.

To further evaluate scope, the redox triggered C—C
coupling of N-benzyl 3-hydroxy-2-oxindole 1a with dienes
2¢—2f was investigated. The coupling of 1a with butadiene
2¢ provided the product of (Z)-2-butenylation 5a as
a single geometrical isomer. As will be discussed, the
(Z)-olefin geometry of Sais indicative of a catalytic mecha-
nism involving diene-carbonyl oxidative coupling.*® As
illustrated in the conversion of 1,3-cyclohexadiene 2d to
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Table 3. Ruthenium Catalyzed Coupling of 3-Hydroxy-
2-oxindoles 1a—1f and Myrcene 2b To Form Products of
Geranylation 4a—4f*

Scheme 1. Ruthenium Catalyzed C—C Coupling of 2-Hydroxy-
3-oxindoles 1a and Dienes 2¢—2f"

OH Rug(CO)s5 (2 ol %) o e
N PCy3 (12 mol %) B
R o} R¥ o
F N PhMe (2.0 M) Z
Bn Me 110°C, 48 h Bn
Me” "Me
1a-1f 4a-4f
(100 mol %) (100 mol %)
1a,R=H 1b, R = 5-Me 1c, R = 5-OMe
1d,R=6-Cl 1e,R=7-F 1f,R=
Me Me Me Me
HQ HQ
Me Me Me
lo} 0
N N
Bn Bn
76% vield, 4a 94% yield, 4b
>20:1(E:2) >20:1 (E:Z)
Me Me Me Me
HO HQ
MeO. Me Me
lo} o
N N
Bn c Bn
97% yield, 4c 83% vield, 4d
> 201 (E:2) >20:1 (E:Z)
Me Me Me Me
HQ HQ
Me Me
le} o
N N
Bn o Bn
F ¥
Me’
88% yield, 4e Me  779% yield, 4f
>20:1(E:2) >20:1 (E:2)

OH Ruy(CO)+z (2 mol %) no  °
| PCys (12 mol %)
0 X — s o
N PhMe (2.0 M) N
Bn 110°C, 24 h Bn
1a 2c 75% yield, 5a
(100 mol %) (100 mol %) > 2011 (Z:E)
OH Rus(CO);5 (2 mol %)
@Eg': @ PCys (12 mol %)
O —_—
N PhMe (2.0 M)
Bn 110 °C, 24 h
1a 2d 76% yield, 5b
(100 mol %) (200 mol %)
OH Rug(CO)+2 (2 mol %) Ho _ 1°
PCy, (12 mol %) SiMe,Ph
0 Ny ———> o
N PhMe (2.0 M) N
Bn 120°C, 24 h Bn
12 2e R=SMe,Ph 71% yield, 5c
(100 mol %) (300 mol %) > 2011 (£:2)
Ru(CO) 2 (2 mol %) HO /Me -
m \)L _PCys(12mol %) f
0
PhMe (2 oM) N
110°C, 24 h Bn

1a
(100 mol %)

2f, R = (CH,),Ph

(100 mol %)

81% yield, 5d
>20:1(E:Z)

“Yields are of material isolated by silica gel chromatography.
See Supporting Information for further details.

“Yields are of material isolated by silica gel chromatography.
See Supporting Information for further details.

the product of 2-cyclohexenylation 5b, cyclic dienes also
participate in efficient coupling. In a similar manner, the
2-silyl substituted butadiene 2e and pentadiene 2f are
converted to adducts 5c and 5d, respectively, as single
olefin geometrical isomers (Scheme 1).

A plausible catalytic mechanism accounting for the
linear regioselectivity of diene C—C coupling and
(Z)-stereoselectivity observed in the formation of the
butadiene adduct 5a is as follows (Scheme 2). Exposure
of Ru3(CO)y, to chelating phosphine ligands provides
complexes of the type Ru(CO)s(diphosphine).'! Although
the present catalytic system employs a nonchelating
monophosphine ligand, intervention of a discrete, mono-
metallic catalyst is anticipated based on this precedent.
As implicated in related Pauson—Khand type reactions
of 1,2-diones,® along with subsequent studies from our
laboratory,*® ruthenium(0) mediated diene-carbonyl oxi-
dative coupling delivers the ruthenium(II) oxametallacycle I,
which isomerizes to oxametallacycle I1, the presumably
more stable primary o-allyl haptomer. The (Z)-stereo-
selectivity observed in the formation of adduct 5a
ultimately is defined by the olefin geometry evident in
oxametallacycle II. Oxindole 1a protonates oxametal-
lacycle II to form the ruthenium(II) alkoxide III, which

(11) For example, exposure of Ru;(CO);, to dppe in benzene solvent
provides Ru(CO)s(dppe): Sanchez-Delgado, R. A.; Bradley, J. S.;
Wilkinson, G. J. Chem. Soc., Dalton Trans. 1976, 399.
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upon S-hydride elimination delivers the isatin oxo-la and
the allylruthenium(II) hydride IV. Related S-hydride elim-
inations of o-hydroxy amides employing catalysts derived
from Rus(CO);, have been reported.'? Reductive elimina-
tion of the allylruthenium hydride IV delivers the pro
duct 5a and returns ruthenium to its zerovalent form.
The reductive elimination event must occur at a faster
rate than z-facial interconversion of the allyl moiety, which
would otherwise erode the control of olefin geometry
(Scheme 2).

In summary, the present ruthenium(0) catalyst system
has proven unique in its ability to mechanistically link
alcohol dehydrogenation to diene—carbonyl oxidative
C—C coupling. On the basis of this novel pattern of
reactivity, a new transformation of the ubiquitous
hydroxyl functional group has been availed: the direct
prenylation and geranylation of secondary carbinol
C—H bonds in the absence of stoichiometric bypro-
ducts employing isoprene 2a and myrcene 2b as prenyl
and geranyl donors, respectively. Whereas in prior
work, secondary alcohols in the form of mandelic
esters were shown to participate in such C—C bond

(12) For mechanistically related Ru;(CO);, catalyzed secondary
alcohol amination via alcohol mediated hydrogen transfer, see: (a) Baehn,
S.; Tillack, A.; Imm, S.; Mevius, K.; Michalik, D.; Hollmann, D.; Neubert,
L.; Beller, M. ChemSusChem 2009, 2, 551. (b) Pingen, D.; Miiller, C.; Vogt,
D. Angew. Chem., Int. Ed. 2010, 49, 8130. (c) Zhang, M.; Imm, S.; Bahn, S.;
Neumann, H.; Beller, M. Angew. Chem., Int. Ed. 2011, 50, 11197.
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Scheme 2. Plausible Catalytic Mechanism for the Redox Triggered C—C Coupling of Oxindole-1a and Butadiene 2¢ Accounting for the

Observed Olefin (Z)-Stereoselectivity

Ln |
Ru"
o) | o}
Ol ¢ 0
N | N
Bn Bn
oxo-1a 2c 1
LnRu® H
LnRL"
Me I
HO P HQ,
(0] (o]
N N
Bn Bn
75% yield, 5a v
> 20:1 (Z:E)

LnRIu”
Q,

Bn OH
" Crfe
Bn B
M

j LnRu'"

HQ,

forming transfer hydrogenations,* the present study
demonstrates that oxindoles 1a—1f readily engage in
analogous transformations. These studies contribute to
a departure from the stoichiometric use of premeta-
lated reagents in organic synthesis.
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