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CONSPECTUS

O ver the past few decades, researchers have made substan- Z) LLn'V'(Nobl
tial progress in the development of transition metal com- & H )) cloetrophile (€) _RLEH
plexes that activate and functionalize C—H bonds. For the most I vimlicoH RIR3
part, chemists have focused on aliphatic and aromatic C—H bonds RZTOR? functionalization
and have put less effort into complexes that activate and function-
alize vinylic C—H bonds. Our groups have recently developed a L M/"o
novel method to functionalize vinylic C—H bonds that takes “NO :Iy‘fe'?]zdg'rt]';% L‘iggﬁg'r‘;?::s'i""’
advantage of the unique /igand-based reactivity of a rare class of Metal-
.. . Dinitrosyl

metal dinitrosyl complexes. In this Account, we compare and Complex
discuss the chemistry of cobalt and ruthenium dinitrosyl complexes, 0 g
emphasizing alkene binding, C—H functionalization, and catalysis. ‘.N? R H a)base “‘r'\'j EH

Initially discovered in the early 19705 by Brunner and studied | w?" m@ “May -
more extensively in the 1980s by the Bergman group, the g 'R unetionatizaton 6 R2

. .. 2
cyclopentadienylcobalt dinitrosyl complex CpCo(NO); reacts rever- R C-H functionalized
dinitrosoalkane complex dinitrosoalkane complex

sibly with alkenes to give, in many cases, stable and isolable cobalt
dinitrosoalkane complexes. More recently, we found that treatment with strong bases, such as lithium hexamethyldisilazide,
Verkade's base, and phosphazene bases, deprotonates these complexes and renders them nudeophilic at the carbon o to the
nitroso group. This conjugate anion of metal dinitrosoalkanes can participate in conjugate addition to Michael acceptors to form
new carbon—carbon bonds. These functionalized cobalt complexes can further react through alkene exchange to furnish the
overall vinylic C—H functionalized organic product. This stepwise sequence of alkene binding, functionalization, and
retrocycloaddition represents an overall vinylic C—H functionalization reaction of simple alkenes and does not require
directing groups. We have also developed an asymmetric variant of this reaction sequence and have used this method to
synthesize G- and G-symmetric diene ligands with high enantioinduction. Building upon these stepwise reactions, we
eventually developed a simple one-pot procedure that uses stoichiometric amounts of a cobalt dinitrosoalkane complex for
both inter- and intramolecular C—H functionalization. We can achieve catalysis in one-pot intramolecular reactions with a
limited range of substrates.

Our groups have also reported an analogous ruthenium dinitrosyl complex. In analogy to the cobalt complex, this ruthenium
complex reacts with alkenes in the presence of neutral bidentate ligands, such as TMEDA, to give octahedral dinitrosoalkane
complexes. Intramolecular functionalization or cydlization of numerous ruthenium dinitrosoalkane complexes proceeds under mild
reaction conditions to give the functionalized organic products in excellent yields. However, despite extensive efforts, so far we
have not been able to carry out intermolecular reactions of these complexes with a variety of electrophiles or C—H functionalization
reactions.

Although additional work is necessary to further boost the catalytic capabilities of both cobalt and ruthenium dinitrosyl
complexes for vinylic C—H functionalization of simple alkenes, we believe this ligand-based vinylic C—H functionalization reaction
has provided chemists with a useful set of tools for organic synthesis.
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Introduction
In recent years, the field of transition metal-catalyzed C—H
bond activation has undergone intensive development.’' ~'°
The ability to selectively activate and functionalize inert C—H
bonds has provided powerful new methods for the synthesis
of complex molecules."'~'* Of paramount importance to
this synthetic revolution has been the work of a number of
groups to elucidate the intimate mechanisms of catalysts
capable of C—H activation and functionalization.'>~23
Despite the fast growth of this field, the activation of
vinylic C—H bonds to generate metal—vinyl complexes
directly from the corresponding alkene is underexplored.
In 1995, the Trost and Murai groups independently reported
the ruthenium catalyzed alkylation of enones and enals via a
directed vinylic C—H bond activation.***> More recently, the
vinylic C—H activation of alkenes conjugated with imine and
ketoxime directing groups catalyzed by Rh(l) has been reported
by the Bergman and Ellman groups®®3° and the Cheng
group.3’ Nevertheless, methods to activate sp> C—H bonds of
alkenes in the absence of a directing group are sparse,>~3*
possible due to the high concentration of olefin present, espe-
cially under catalytic conditions, which favors z-coordination
of the olefin over oxidative addition of the C—H bond.

SCHEME 1. Metal Dinitrosyl-Mediated Direct Vinylic C—H Bond
Functionalization
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In 2009, in a joint study, our groups documented a novel
approach for the direct activation and functionalization of
vinylic C—H bonds using the ligand-based reactivity of a metal
dinitrosyl complex.>~38 The reaction proceeds via reversible
alkene binding to the nitrosyl ligands of the complex to form a
metal dinitrosoalkane complex in which the sp*> C—H bonds
proximal to the metal nitroso moiety are acidified (Scheme 1).
Under basic conditions, one of these C—H bonds may be
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deprotonated, and the resulting carbanion may act as a nucleo-
phile toward Michael acceptors (and other electrophiles). The
net reaction is a direct vinylic C—H functionalization of alkenes
in the absence of a directing group.

In this Account, we present a comprehensive comparison
and discussion of the chemistry of cobalt and ruthenium
dinitrosyl complexes and their suitability for the C—H func-
tionalization of alkenes.

Metal Dinitrosyl Complexes

Cobalt Dinitrosyls. Initially reported in the -early
1970s,2°*! the cyclopentadienylcobalt dinitrosyl complex
[CpCo(NO),] (1) is a reactive intermediate that has been
studied by in situ spectroscopic techniques**~** and compu-
tational chemistry.*> As depicted in Scheme 2, four different
synthetic methods have been developed for the generation
of [CpCo(NO)] (1). These include (i) the reaction of CpCo(CO),
with nitric oxide (NO) gas,>*~*' (ii) the reversible reaction of
the cobalt dimer 2 with NO,*?>~#4 (iii) the salt metathesis of
[(«*TMEDA)Co(NO)|[BPh,] (3) with group 1 cyclopentadienyl
salts,*® and (iv) the thermal or UV-light promoted retrocycload-
dition of alkenes from cobalt dinitrosoalkane complexes.

Although it has been detected spectroscopically, attempts
to isolate the reactive cobalt dinitrosyl complex by tuning
both the electronic and steric properties of the Cp ligand
have to date proved unsuccessful.3*~414>4€ |n the absence
of a suitable alkene trap, [CpCo(NO),] decomposes to a
complex mixture including 2. In related studies, we have
shown that replacing the cyclopentadienyl ligand with the
tris(pyrazolyl)borate, Tp*, allowed the isolation of the mono-
nitrosyl complex [Tp*CoNO].*>® In line with expectations
furnished by the Cp system, this paramagnetic species gave
an intermediate believed to be Tp*Co(NO), upon exposure
to an atmosphere of NO. Although attempts to isolate the
cobalt dinitrosyl again failed, Tp*Co(NO), could be trapped
with strained alkenes such as norbornadiene to yield the
corresponding metal dinitrosoalkane complexes.

SCHEME 2. Synthetic Entry Points to [CpCo(NO),]

)
NO MCp \ / BPh
€O +2NO / M =Na, Li N NO ¢
—_— Co, - A
o No ¢ No
co N
/\
1 3
o}
Q R, _ Rl -2NO N
/N Ry A RA upon isolation 12 @—Co—Co
Co, N
N Rj Ri_Rs
I R + +2NO (¢]
o ™ Ry Ry

heat or hv



Ruthenium Dinitrosyl. In 2011, we reported the synthe-
sis of the ruthenium dinitrosyl complex 4 from the reaction
of NO and dichloro-(p-cymene)ruthenium(ll) dimer in 88%
yield (Scheme 3).*” Unlike 1, ruthenium complex 4 is an
isolable compound. A single-crystal X-ray diffraction study
demonstrated that 4 is a five-coordinate complex possess-
ing a linear nitrosyl ligand in the basal plane of square-
based pyramidal geometry and a bent nitrosyl occupying
the apical position. Hence complex 4 may be described as a
neutral, 16-electron complex with a vacant coordination site
opposite the apical nitrosyl. A related ruthenium complex,
[RuCI(NO),(PPhs),|PFs, bearing both a linear and bent NO

ligand, was reported by Eisenberg and co-workers in 1970.8~3°

SCHEME 3. Synthesis of Ruthenium Dinitrosyl Complex 4

N
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Alkene Binding and Exchange Reactions of
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Reactions of Alkenes with [Cp,Co(NO),] (1). A variety of
alkenes have been shown to bind to cobalt complex 1,
forming the corresponding cobalt dinitrosoalkane complexes

SCHEME 4. Synthesis of Cobalt Dinitrosoalkane Complexes from
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(Scheme 4).2>~%* The binding event represents a rare example
of areaction of a metal dinitrosyl complex with an alkene to
directly form two new carbon—nitrogen bonds. In general,
electron-rich and strained alkenes bind to 1 much more
readily than electron-poor and unstrained alkenes. Under
the conditions we have examined, other unsaturated func-
tional groups, such as alkynes, allenes, carbonyls, and o,5-
unsaturated enones and ynones, do not react with 1 to form
isolable dinitrosoalkane complexes.

Mechanistic studies demonstrated that alkene binding to
1 is reversible and stereospecific (Scheme 5), allowing olefin
exchange of one cobalt dinitrosoalkane complex with an
external alkene to form a different complex under either
thermal or photochemical conditions.** 44

SCHEME 5. Reversible and Stereospecific Alkene Binding to Cobalt
|| Me
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Reactions of Alkenes with [RuCl>(NO)>THF] (4). Ruthe-
nium complex 4 has been shown to bind alkenes in a
fashion similar to that of complex 1. When 4 and 5 equiv
of norbornadiene were combined in either CD5CN or THF-dg,
a putative bis solvent coordinated ruthenium dinitrosoalk-
ane complex 7 was observed by NMR spectroscopy but
could not be isolated (Scheme 6). Addition of a bidendate
ligand, such as TMEDA, to the reaction mixture containing 7
led to the formation of the octahedral complex 8, which was
purified and isolated by silica-gel chromatography in 61%
yield.*” Furthermore, ruthenium dinitrosoalkane complexes
8 and 9 can also be synthesized directly from commercially
available [(;7°-cymene)RuCl(u-Cl)l, in the presence of an
alkene, TMEDA, and NO in one pot (Scheme 7).

SCHEME 6. Alkene Binding Reaction of Complex 4, Norbornadiene,
and TMEDA
Lb af TMEDA  \/ ¢ ¢
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. ) J_> ,RIU~ —_— [ ,Ru‘
CI’ ‘NO solvent, sov® & "N rt, 10 min N CI‘,I N
4 rt, 30 min o) /\ IOI

solv = THF-dg or CD;CN
7 - observed only in situ

8, 61% yield

SCHEME 7. One-Pot Synthesis of Ruthenium Dinitrosoalkane Complex 9
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The scope of the reaction between 4 and simple alkenes
has been surveyed and reported.*” Under unoptimized
reaction conditions, 10—30 equiv of alkene and 10—20 equiv
of TMEDA were required to obtain the octahedral complexes
in good yields (Scheme 8). Reactions of nonstrained al-
Kenes containing at least one vinylic C—H bond, including
1,1-disubstituted and 1,1,2-trisubstituted alkenes, resulted
in the isolation of mono-oxime ruthenium complexes such
as 10d—j upon work-up. Attempts to convert 10d to the
dinitroso complex thermally, with and without tertiary
amine bases, gave the isomerized cis-isomer 11 as the
major product. Methylation of 10d gave the O-alkylated
complex 12 as the major product, and no dinitroso com-
plex was observed; prolonged heating (6 days at 80 °C)
only led to decomposition of 12 (Scheme 9).

SCHEME 8. Scope of Binding Reaction between 4 and Simple Alkenes
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SCHEME 9. Isomerization and O-Alkylation of Oxime Complex 10d
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In contrast to the cobalt system, alkene exchange be-
tween norbornadiene and ruthenium complex 9 did not pro-
ceed cleanly under thermal conditions, and only proceeded
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photochemically (Scheme 10). The scope of this reaction is
currently limited to norbornadiene and norbornene. Further-
more, the retention of stereochemistry upon alkene ex-
change seen with the analogous cobalt complexes has not
been proven in the ruthenium system.

SCHEME 10. Alkene Exchange Reactions between Complex 9 and
Norbornene
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Selective Alkene Binding of Complex Substrates. In
both the cobalt and ruthenium systems, selective binding
of electron-rich alkenes in the presence of Michael acceptors
has been achieved. Cobalt dinitrosoalkane complexes
15a—c were synthesized by the alkene exchange method
with complex 14 and the corresponding alkenes (13a—c)
(Scheme 11).3857 Although 10 equiv of 13a—cwas generally
required to obtain good yields, the mild reaction conditions
allowed for recovery of the unreacted organic substrates.

SCHEME 11. Selective Alkene Binding of Complex Substrates with
Cobalt Dinitrosyl Complex
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Ruthenium complex 4 also selectively binds electron-rich
alkenes in the presence of other conjugated z-systems,
and substrates 13a and 13d—h reacted with 4 to give
the corresponding dinitrosoalkane complexes 16a—f
(Scheme 12).>" In order to prevent isomerization of the
dinitrosoalkane complexes to the oxime isomers, a mod-
ified procedure was developed where the reaction was
initially carried out at —78 °C with only slight excess of
TMEDA, and the reaction mixture was allowed to slowly
warm to room temperature over 14 h. This protocol allowed
for the isolation of dinitrosoalkane complexes 16a—f, and
purification was achieved by silica gel chromatography

SCHEME 12. Selective Alkene Binding of Complex Substrates with
Ruthenium Dinitrosyl Complex
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to give the desired products in moderate to good vyields.
The order of addition proved vital for a successful reaction
outcome; hence when TMEDA and complex 4 were first
mixed for 1 h at room temperature, followed by addition
of norbornadiene or tetramethylethylene, no desired com-
plex was formed and only decomposition of 4 was ob-
served. Screening of a variety of bidendate ligands for
“delayed” alkene binding under these experimental condi-
tions gave either no cycloaddition or only trace amounts of
the desired complex.

The Mechanism(s) of Alkene Binding to Metal—
Dinitrosyl Complexes

A Concerted [3 + 2] Addition Mechanism for Alkene
Binding? In simple terms, nitrosyl ligands may be described
by conformations either possessing a linear (three-electron)
or bent (one-electron) mode upon coordination to transition
metals. If the five-coordinate intermediates [CpCo(NO),| or
[Tp*Co(NO),] possessed linear nitrosyl ligands, they could be
described as 20-electron complexes (Figure 1), while the
one-linear, one-bent nitrosyl and both-bent nitrosyl iso-
mers are described as 18- and 16-electron complexes,
respectively.

The ligand-based reaction between metal dinitrosyl com-
plexes and alkenes resembles that between osmium tetr-
oxide and alkenes. The substrates interact with the ligands
but not the metal center to form two covalent carbon—
heteroatom bonds. In 1986, Hoffmann and co-workers
reported a comparative study of the reactions of 1 and
0s04 with alkenes. Using extended Hiickel computational
methods, Hoffmann rationalized the reaction of cobalt com-
plex 1 with alkenes in terms of a symmetry-allowed, con-
certed [3 + 2] cycloaddition of the metal fragment with the
alkene, in which both 16- and 18-electron conformations of
complex 1 (Figure 1) possess a HOMO and LUMO of the
correct orbital symmetry to overlap with the LUMO and
HOMO of ethylene, respectively.>?

N N ('1311
@-Co’f @—Cof 0 G -Co{
N, N, N
O
20-electron 18-electron  16-electron
complex complex complex

FIGURE 1. Possible isomers of [CpCo(NO),].

Is Alkene Binding Ligand-Accelerated? Several thermo-
dynamically stable four-coordinate cobalt dinitrosyl com-
plexes, such as complex 3, have been synthesized, but
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these complexes have yet to be shown to bind alkenes.*® In
contrast, five-coordinate analogues, such as complex 1, react
readily with alkenes at and below room temperature. In the
ruthenium system, alkene binding to the five-coordinate
complex 4 in hydrocarbon or chlorinated solvents is not
observed. However, in the presence of exogenous ligands,
alkene binding is observed to give the six-coordinate dinitro-
soalkane complexes.

A Comparison of Alkene Binding Reactions with Cobalt
and Ruthenium Dinitrosyl Complexes. It has been found
experimentally that electron-rich and strained alkenes bind
complex 1 readily to give stable cobalt dinitrosoalkane
complexes. Complexes of styrene, cyclohexenes, and
mono- and disubstituted alkenes have only been generated
in situ, and attempts at isolation under ambient conditions
failed. In contrast, these substrates bind with 4 to give the
mono-oxime ruthenium complexes (Scheme 8). These com-
plexes do not isomerize back to the dinitrosoalkane com-
plexes or alkylate at the carbon atom, suggesting that they
are thermodynamically stable (Scheme 9).

We propose that the difference in reactivity of the two
systems is due to the coupling of the alkene binding and
tautomerization steps. The binding of alkenes to both 1 and
4 results in rehybridization of the sp>-carbon of the alkene
to sp3-carbon centers. In the case of strained alkenes, this
rehybridization process is accompanied by the loss of ring
strain, which accounts for the high selectivity of complex 1
binding to norbornene over styrene. The instability of cobalt
complexes of unstrained alkenes may then be rationalized
in terms of the equilibrium between the products and re-
actants lying further toward the side of the reactants than with
strained alkenes. In the ruthenium system, facile tautomeriza-
tion stabilizes the alkene bound products and prevents alkene
decoordination. Although the pKj's of the a-hitroso C—H bond
in the cobalt and ruthenium dinitrosoalkane complexes have
not been measured, strong bases, such as LIHMDS and
Verkade's base, are required for deprotonation of cobalt com-
plexes, while neutral amines are sufficient bases for deprotona-
tion of ruthenium complexes (vide infra).

Synthesis of 1,2-Diamines by Reduction of
Cobalt Dinitrosoalkane Complexes

Metal hydride (LiAlH,) reduction of the cobalt dinitrosoalk-
ane complexes, such as 17, has also been demonstrated to
afford the desired 1,2-diamine product 18 in 80% yield
(Scheme 13).%2~%* Interestingly, a mixture of ds and trans
isomers of 18 was obtained with the cis-exo diamine as the
major diastereomer. The product distribution suggested
522 = ACCOUNTS OF CHEMICAL RESEARCH
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epimerization at the carbon adjacent to the nitroso ligand
during the reduction, which was hypothesized to proceed
through a nitroso-oxime tautomerization catalyzed by de-
protonation of the C—H bond by LiAIH,.

SCHEME 13. Reduction of Cobalt Dinitrosoalkane Complex 17
ﬂ _ LAH, H,N
\ﬂb THF,-78°C HoN

18 - 80% yield
9:1 cis: trans

Metal—Dinitrosyl Mediated Vinylic C—H
Functionalization

Stepwise C—H Functionalization of Alkenes Mediated
by 1 and 4. Intermolecular C—H functionalization of a
variety of cobalt dinitrosoalkane complexes with Michael
acceptors has been achieved.>> While in our initial report,

SCHEME 14. Cobalt—Dinitrosyl Mediated Intermolecular C—H
Functionalization
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2 equiv of base and 1 equiv of Lewis acid were needed
to obtain the functionalized complexes in good vyields
(Scheme 14), we have recently found that Verkade's base
can catalyze the reaction between 5a and cyclohexenone to
give 19b in 78% yield. Subsequent alkene exchange reac-
tions were used to liberate the C—H functionalized products.
For example, complex 19b reacted with norbornene to give
cobalt complex 5a and the desired organic product 20
(Scheme 15).

SCHEME 15. Intermolecular C—H Functionalization of Complex 5a
Catalyzed by Verkade's Base and Alkene Exchange of Functionalized

Complex 19b
'c’) E 2 C (10/equiv )
‘CQ’N equw J .
N Verkades base O’

o’ (20 mol%)
5a THF, rt, 1 2 h

CeDg, 90 °C

19b, 78%, > 9:1 dr

\N’P N /ﬂc N
L lb

Verkade's B
erkade's Base 20, 95%, NMR yield

Cobalt dinitrosoalkane complexes can also participate in
a[3 + 2] annulation reaction with enones.3® Hence, complex
5i reacted with cyclohexenone in the presence of Sc(OTf)3
and LiHMDS to give complex 21 in 58% vyield (Scheme 16).
Complex 21 could be reduced with LiAlH,4 to give the bicyclic
diamine 22 in 79%. Lastly, alkene exchange between 21
and norbornadiene furnished the bicyclic product 23 in 72%
yield. Molecules containing this bicyclic moiety have also
been synthesized by other processes, although in low yields
with long reaction sequences.>*>*

SCHEME 16. Cobalt-Mediated [3 + 2] Annulation Reaction of Alkene
with Cyclohexenone

H,N OH
LiAlH, o(j@

Hon O %o
CQ’ 22, 79%
M e o e

THF, %
. it 21, 58% —— o\/:@
i
23, 72%
Inspired by the discovery of this double C—H function-
alization reaction, we hypothesized that an intramolecular
C—H functionalization could also be achieved.3®>" Indeed,

complex 15a underwent a 6-exo-trig cyclization in the
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presence of catalytic amount of base at room temperature
(Scheme 17). Unexpectedly, both cyclized complex 24 and
the desired organic product 25 were present following work-
up of the reaction mixture (entry 2). While repeating the
cyclization of 15a at —78 °C had no effect on this product
distribution (entry 1), heating of 15a with base gave the
organic product 25 in much improved yields (entry 3 and 4).
We believe that the labile cyclohexene moiety of compound
25 facilitates its retrocycloaddition from the [CpCo(NO),]
fragment.

SCHEME 17. Temperature Effect on the Cyclization of Complex 15a

o]

base (10 mol%)

THF temp, 1h
15a
entry base temp ('C)  yield of 24 yield of 25 \ P -N
N’
1 Verkade's -78 25% 26% Ny ]
2 Verkade's 25 25% 25% Verkade's Base
3 Verkade's 75 0% 80%
4 tBuOK 75 0% 81%

In contrast, the 5-exo-trig cyclization of 15b in the pre-
sence of Verkade's base (20 mol %) gave only complex
26 in 59% vyield, and subsequent alkene exchange with
norbornene gave the desired organic product 27 in 95%
yield (Scheme 18).

SCHEME 18. 5-exo-trig Cyclization of Cobalt Complex 15b
O n
N—fiurr Ph
@'Co
N
II

Verkade's
base (20 mol%)

e
N THF, tt, 1h

(o}
15b 26, 59% yield
Ph
) A
o
(10 equiv.)
toluene
75°C,1h

27, 95% yield

The scope of this intramolecular vinylic C—H functionali-
zation has been expanded to ruthenium dinitroso com-
plexes in our laboratories.>’ A much milder base could be
employed and treatment of 16a with 20 mol % of TMEDA in
CDsCN at room temperature gave complex 28ain 93% yield
(Scheme 19). When the reaction was performed in THF,
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however, quantitative conversion to the oxime complex
29a was observed and 28a was not detected. Further heat-
ing of 29a with and without the addition of strong bases,
such as NaH, Verkade's base, or P-tBu phosphazene, led to
only decomposition. Similarly, treatment of complex 16b with
TMEDA in either THF or acetonittile gave only the analogous
oxime complex 29b as observed by NMR spectroscopy.

SCHEME 19. Ruthenium-Mediated Intramolecular Addition of Alkene
to Enone Group

o)
o R
II CI n
N TMEDA (20 mo%) EN WN
« 1 ~N TCOCN L 16h Ly ~N
) )
16a, R =Ph 28a, R = Ph, 93%
16b, R = OFt o 28b, R = OEt, 0%
TMEDA (20 mol%) Q
THF, tt,1h N, . I N
f I \'I\l

29a, R = Ph, >95% NMR yield
29b, R = OEt, >95% NMR yield
Thermal alkene exchange of 28a with 5 equiv of norbor-

nadiene at 80 °C for 1 h gave 25 and 8 in 93% and 95%
isolated yields, respectively (Scheme 20). This observation
provides another demonstration of the lability of the metal
dinitrosyl fragment in dinitrosoalkane complexes of cyclo-
hexene and its derivatives. This stepwise sequence of sub-
strate binding, cyclization and retrocycloaddition represents
the first example of a ruthenium dinitrosyl mediated intra-
molecular vinylic C—H functionalization.

SCHEME 20. Thermal Alkene Exchange of Complex 28a with
Norbornadiene

o o
\ el Q E Ph
E ”'R’Iu"\N 7 5 equiv. ‘O 4 complex 8
v T
N CrN THF, 80°C, 1.5 h
6
28a 25-93%yield  95% yield

Cydlization of ynone containing ruthenium complexes
16c—f also proceeded in the presence of TMEDA in acetoni-
trile (Scheme 21).°" In contrast to 16a, complexes 16¢—f
cyclized to give only the corresponding organic products
30a—d, and no organometallic products were observed
under these conditions. Following isolation, compound
30d was obtained as a mixture of E and Z isomers; however,
over 5 days at room temperature in CD>Cl,, it isomerized to
exclusively the Z isomer.
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SCHEME 21. Ruthenium-Mediated Intramolecular Addition of Alkenes
to Ynone Groups

EWG EWG
0
\/ n \\
[N':,R?J‘\\N . TvEDA (20 mol%) l
y ——— )
N7 & NI,  CHsCN, 1, 1-2h A
/N
16c-f, 0.1 M 30a-d
g o
N">"tBu
l Ph
h H Ph |
| | I
D 1 1 :
E
E= COzEt
30a - 98% 30b - 95% 30c - 92% 30d - 98%
1.3:1 E:Z ratio

Enantioselective C—H Functionalization of Strained
Alkenes with a Cobalt Complex. The enantioselective inter-
molecular C—H functionalization of alkenes with enones
could also be achieved with a stoichiometric amount of a
chiral base.3” Hence, when 31 was treated with a premixed
solution containing NaHDMS and cinchona alkaloid salt 33
at —58 °C in THF, alkylation followed by alkene exchange
proceeded to give 20 in good yield with excellent diaster-
oselectivity (99% de) and enantioselectivity (83% ee)
(Scheme 22). The order of reagent addition proved critical
for an enantioselective reaction since NaHMDS is capable of
promoting a racemic background reaction.

SCHEME 22. Enantioselective Synthesis of 20

\ ,tBu
—Si
tBu [e]
= O ras {
o 4 equiv. ‘CQ’
1 —_— ’
~co-N NaHMDS (1 equiv.) N
N R*4NCI (1.2 equiv.)
’ THF, - 58 °C, 15h
o]
31 32, 73% yield
> A
*NCI © .
4 Ho. AN&/ ¢ 120°C
CF, ;
MeO Y |
33 SN CF, 20
> 99% de
O 83% ee

This methodology was applied to the synthesis of G- and
C;-symmetric dienes, which have been shown to be effective
ligands for asymmetric organic transformations mediated
by transition metals,”® via two sequential enantioselective
C—H activation/Michael addition events (Scheme 23).37
Following the first alkylation of 34, complexes 35a—c
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SCHEME 23. Asymmetric Synthesis of C3- and C;-Dienes

\ ,tBu
=Si i%o
g [ n  4equiv.

‘Co’N _—
l\\l NaHMDS (1 equiv.)
o’ R*4NCI (1.2 equiv.)
34 THF, - 58 C, 15h

35a,n=1,85% o
35b,n=2,78%
35¢c, n=3,88% n-0

tBu
tBu \/
_\Si' o) Si
O Ul
Ul N\C
‘Co’N toluene N—L0
_N 120-140 °C

O
36a,n=1,80%
36b, n =2, 92%
36¢, n =3, 93%

i/
anti/syn ( +
n ol

3.7:1 0 )n
20:1 o] o
111 anti-37a,n = 1 anti-37a

anti-37b, n =2

anti-37c,n=3

can undergo a thermally promoted isomerization of the
cobalt dinitroso fragment to produce complexes 36a—c.
Following a second iteration of the sequence of C—H functio-
nalization and alkene exchange, G;-symmetric chiral dienes
37a—c were obtained in moderate to good yields over the
two steps with high enantiomeric excess (90—96% ee).

We believe that this selective C—H functionalization
reaction sequence benefits from double stereodifferentia-
tion where desymmetrization of the nucleophile controls
enantioselectivity while the approach of the electrophile
controls diastereoselectivity, as illustrated in Figure 2. As a
result, the two orthogonal stereoselection events provide
near perfect control during the formation of the two pairs of
noncontiguous stereocenters. The anti-regioisomer was ob-
tained as the major product.

,n=1,36% yield, 90% ee
anti-37b, n = 2, 64% yield, 96% ee
anti-37¢c, n = 3, 76% yield, 91% ee

“y, (0]

1) o
n 4 equiv.

base, THF, - 57 'C

A

2.) norbornadiene
140 °C, toluene

The enantioselective cyclization of cobalt complex
15b was also achieved in the presence of the chiral
base mixture, and alkene exchange gave 27 in 57% ee
(Scheme 24). When the enantio-enriched complex 26 was
treated with the chiral base mixture for extended reaction
times at higher temperatures, however, 27 wasisolated ina
low 3% ee. This control experiment suggests that the C—C
bond forming step may be reversible, with racemization
of the product occurring at longer reaction times. While
attempts to trap the intermediate enolate to prevent
the racemization process have not been successful, the
cobalt—dinitrosyl mediated vinylic C—H functionalization
has been shown to proceed enantioselectively in the pres-
ence of a chiral base mixture in both inter- and intra-
molecular fashions.

approach of enone

controls

diastereoselectivity

~ \ ,tBu
desymmetrization of i
meso-dinitrosoalkane

(o]

Ul
complex controls ﬂ\c o N
enantioselectivity \

\ B \
u / )

=Si
(0] o

€] I
0" gH o} H

I [TBDMSCpCo(NO),]

H

©

favored

FIGURE 2. Proposed origin of enantioselectivity.

U U
~Co” ] H g\Co’ ] H - disfavored
N —_ N= B tBu
N4 N=£4 \\s"

(0]
Ui
\C?/N E H
O/N\ I
(o}

double

(RR,R,R) - 35b

up to 83% ee o)
major diastereomer
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SCHEME 24. Enantioselective Cyclization of Complex 15b

o Ph
Co *

26, 57% yield

Ph
\ . ( Ab

(10 equiv.)

R*4NCI 31 (1.2 equiv.)
NaHMDS (1.1 equnv)

THF,-10°C,1h

toluene

27, 95% yield 75C1h

57% ee

One-Pot C—H Functionalization of Alkenes. A one-pot
procedure for the cobalt—dinitrosyl mediated vinylic C—H
functionalization was also achieved.>® As shown in Scheme 25,
substrate 13a cydized in the presence of a stoichiometric
amount of cobalt complex 14 and a catalytic amount of
P+-tBu to give 25 in 85% yield. A relatively high concentration
(0.33 M) of substrate was required for this one-pot procedure
since the initial alkene binding step proceeded more efficiently
under these conditions. The scope of this reaction proved to be
general and tolerant of a variety of Michael acceptors. Inter-
molecular C—H functionalization of norbornene with cyclic
enones also proceeded in the presence of a stoichiometric

amount of 14 and 10 mol % of P;-tBu in a one-pot fashion
(Scheme 26). In this case, attempts to replace P;-tBu with other
strong and neutral bases, such as Verkade's base and P>-Et
phosphazene, gave lower yields of the desired products due to
Baylis—Hillman-type dimerization of the electrophiles.

We also attempted to carry out a one-step intramolecular
C—H functionalization reaction with the ruthenium complex
4. As shown in Scheme 27, when 13a and 4 were mixed in
the presence of TMEDA at 75 °C for 48 h, 25 was obtained in
17% vyield. Similarly, ynone substrate 13e reacted with 4 in
the presence of TMEDA to give 30a in 15% isolated yield
at room temperature. Despite extensive screening of reaction
parameters, we have yet to find optimized conditions for
ruthenium complex 4 mediated one-pot vinylic C—H functiona-
lization in high yields. In addition, attempts to effect the inter-
molecular functionalization of C—H bonds with ruthenium
nitroso intermediates have yet to give promising results.

SCHEME 26. Cobalt Complex 14 Mediated Intermolecular One-Pot
C—H Functionalization

complex 14 (1.2 equiv.)
A

enone (2 equiv.)
P4-tBu (10 mol%) 0
0.33 M

95 °C, benzene, 4h

)n
=1, 39a -74%, 92:8 dr
=2,39b - 79%, 93:7 dr

SCHEME 25. Cobalt Complex 14 Mediated Intramolecular One-Pot
C—H Functionalization

N
EWG @00‘ P4-tBu
H N N-tBu
Il 14 O 1.2 equiv. SN-B-N
j\/x P 1Bu 20 mol%) TN
benzene, 75 °C, 24 h -~
Reaction Scope
products? yield®? products? yield?
EWG Y
- 25 - 85%
*pPh ° n=1,38f -91%¢
(@]
=2,38g-19%
oy 38a-75%° 0.‘ " 9- 1%
0,0  38b-83%°
EWG S (61%)°
0 38h - 77%
_S.,. 38c-83%
e 31dr
> Ph
'31;N02 38d - 68% 30a - 78%¢
(46%)?
%CN  38e - 74%¢

“9Reaction conditions: 1.2 equiv of 14, P1 tBu (20 mol %), 75 °C, 24 h, benzene
(0.33 M).bYields were determined by "H NMR spectroscopy with trimethoxy-
benzene as an internal standard.“P,-tBu (100 mol %), second eguw of 14 added
after 12 h of heating, followed by additional heatmg for 24 h.“Isolated yields.
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SCHEME 27. Ruthenium-Mediated One-Pot Intramolecular C—H

Functionalization
Qe
0.1 «Cl o}
"Ru

o
Phi | cI”NO Ph
I 0

4 (1 equiv.)
TMEDA (1.2 equiv.) | ‘O
CD3CN, 75°C, 48 h
13a, 2 equiv. 25, 17% isolated yield
b.) C(|3,, TO‘\\CI Q
cI” N Ph |

-Ru.
Ph
TMEDA (1.2 equiv.)r
30a, 15% NMR yield

4 (1 equiv.)
CD;CN or THF-dg
13e, 2 equiv. 1, 48 h

Catalytic C—H Functionalization of Alkenes with Com-
plexes 1 and 4. Although the stepwise chemistry of both
cobalt and ruthenium dinitrosyl systems has been devel-
oped and investigated thoroughly, catalytic variants remain
challenging. Nevertheless, catalysis has been demonstrated
with the cobalt complex 14 in the cyclization and C—H
functionalization of substrate 40 (Scheme 28).3® Despite
considerable effort, we have yet to find general experimental



conditions for expanding the scope of this reaction. When
tetramethylethylene was used as an additive in either catal-
ytic or stoichiometric amounts or as a solvent, no improved
catalytic turnover was obtained. As an attempt to prevent
buildup of cobalt dimer 2, when the reaction was carried out
under an atmosphere of nitric oxide, decomposition of the
organic substrate was observed and no catalytic enhance-
ment was achieved. We believe that the instability of com-
plex 1 in the presence of strong bases at high temperature,
as well as its propensity to lose NO ligand and dimetrize to
form complex 2, have thus far limited catalysis.

SCHEME 28. Cobalt—Dinitrosyl Catalyzed C—H Functionalization

14 "
(20 mol%
Py- tBu (10 mol%)

benzene, 75 'C, 24 h 38f, 60% yield

40,0.33 M
Proposed Catalytic Cycle
Q o]
N N
GCo’ - >=< 112 GCO’—‘Co-@
\ s
14 O -2NO 2 O

o) 1 i
Ph
Ph | O
38f 40
i 0 Ph o
o Ph -
n L /N —
N~ @'CO\
Co, D N7Z
1] “
h )
o)

Catalytic reactions of complex 4 with the enone or the
ynone substrates gave low yields of the desired products.
For example, the reaction between substrate 13e and

SCHEME 29. Attempted Catalytic C—H Functionalization with Ruthe-
nium Complex 16a

Ph

N CI \\ o
0 N | \
Ph . Ph |
R

| 16a 20 mol%

TMEDA (20 mol%)
CDCN, 1t, 24 h

13e,0.5M 30a, 18%

Ligand-Based Carbon—Nitrogen Bond Forming Reactions Zhao et al.

20 mol % of complex 16a (substrate-bound, ruthenium
dinitrosoalkane complex of 13e) and a catalytic amount of
TMEDA vyielded only 18% of 30a (Scheme 29).

Conclusions

Over the past few years, our laboratories have developed a
novel method for the functionalization of nonactivated
vinylic C—H bonds using metal—dinitrosyl complexes. The
reaction proceeds via reversible alkene binding to the metal
dinitrosyl to give a dinitrosoalkane complexes, followed
by in situ deprotonation of the formal vinyl C—H bond
to generate a carbanion that participates in the C—C bond
forming reaction with a variety of Michael acceptors.
Along with the chemistry of the cobalt—dinitrosyl system,
the ruthenium—dinitrosyl mediated reaction represents a
rare class of ligand-based reactivity that allows for the
stepwise, chemoselective generation of carbon nucleo-
philes directly from vinyl C—H bonds. While catalysis with
[(TMEDA)RUCI>(NO)s] remains elusive, the reaction has
been rendered catalytic with [CpCo(NO),]. The catalytic
reaction scope remains highly limited and requires im-
provement. If a reactive metal—dinitrosyl fragment could
be discovered that effected catalytic, vinylic C—H activation
with a broader substrate scope, it would not only represent
a significant breakthrough in ligand-based catalysis of
transition metal complexes but also in the field of C—H
functionalization.
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Director, Office of Science, of the U.S. Department of Energy under
Contract No. DE-AC02-05CH11231. We are grateful to our current
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