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The use of soluble, transition metal nanoclusters and colloids as
highly active catalysts has been the focus of considerable research
efforts in the last 15 years.1 While nanoclusters and colloids can
be formed by a variety of methods, which include electrochemical
reduction2 and metal vapor deposition,3 the chemical reduction of
transition metal salts in the presence of stabilizing agents is an
efficient and facile route.4,5 This method can also provide some
degree of control over particle size, which is important for high
activity and selectivity in catalytic applications.6 This field has
benefitted from recent kinetic and mechanistic studies that show
slow, continuous nucleation is followed by rapid autocatalytic
surface growth, which results in either soluble monodisperse
nanoclusters or insoluble bulk metal formation.7 Over the past
decade, nanoclusters and colloids have been utilized as catalysts
in alkene and arene hydrogenation,8 Heck9 and Suzuki10 coupling
and silaesterification11 reactions, and ring-opening polymerization.12
In this communication, we have utilized highly active and in situ
generated Rh colloids as a heterogeneous catalyst in a tandem
dehydrocoupling-hydrogenation reaction that operates at room
temperature.
Our group has shown that phosphine-borane adducts RR′PH‚
BH3 undergo Rh-catalyzed dehydrocoupling to afford phosphinoborane rings, chains, and high-molecular weight polymers
[RR′P-BH2]n (eq 1).13 We have recently extended this work to
the catalytic dehydrocoupling of amine-borane adducts RR′NH‚
BH3, which provides a mild and convenient route to cycloaminoboranes [RR′N-BH2]2 and borazines [RN-BH]3 (eq 2).14,15 In
the latter case, we provided some evidence for the operation of a
heterogeneous mechanism involving colloidal Rh(0) metal.15,16

During the course of our studies on the catalytic dehydrocoupling
of Me2NH‚BH3 with the precatalyst [{Rh(cod)(µ-Cl)}2], the formation of small quantities of cyclooctane was consistently observed
in the reaction mixtures. This presumably resulted from the catalytic
hydrogenation of cod (1,5-cyclooctadiene), which was present in
solution upon reduction of the precatalyst to Rh colloids. Thus, it
was apparent that the active catalyst for the dehydrocoupling
reaction also acted as an active catalyst for alkene hydrogenation,
without the need for an external H2 source (e.g., an atmosphere of
H2). To test for quantitative hydrogenation of alkenes via this
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Table 1. Tandem Catalytic Dehydrocoupling of
Me2NH‚BH3-Hydrogenation of Various Substrates with
(Pre)catalysts at 25 °C

1b
2
3
4
5
6
7
8
9
10
11c
12d

substrate

(pre)catalyst

dehydro.
(%)a

hydrog.
(%)a

time
(h)

cyclohexene
cyclohexene
cyclohexene
cyclohexene
cyclohexene
cyclohexene
cyclohexene
1-octene
1/ cod
2
1/ cod
2
2 cyclohexene
cyclohexene

[{Rh(cod)(µ-Cl)}2]
[{Rh(cod)(µ-Cl)}2]
[{Rh(cod)(µ-Cl)}2]
RhCl3
Rh/Al2O3 (5 wt %)
Rhcolloid/[Oct4N]Cl
Pd/C (10 wt %)
[{Rh(cod)(µ-Cl)}2]
[{Rh(cod)(µ-Cl)}2]
RhCl3
[{Rh(cod)(µ-Cl)}2]
[{Rh(cod)(µ-Cl)}2]

100
72
100
100
98
99
95
100
0
100
73
99

65
38
100
100
98
81
10
99
0
100
68
97

24
8
24
24
24
24
72
24
24
24
72
24

a % Dehydro(coupling) and hydrog(enation) were determined via integration of 1H NMR spectra. b Reaction performed in an open vessel under an
N2 atmosphere. c Using MeNH2‚BH3. d Using (1,4-C4H8)NH‚BH3.

method, stoichiometric reactions were performed using commercially available Me2NH‚BH3 and cyclohexene in the presence
of colloidal Rh as a catalyst (eqs 3 and 4).

In a typical experiment, Me2NH‚BH3 (1 equiv), cyclohexene (1
equiv) and [{Rh(cod)(µ-Cl)}2] (ca. 2 mol % Rh) were dissolved in
C6D6 in an open vessel under N2. The mixture was stirred for 24
h at 25 °C, and the contents were analyzed by 1H, 11B and 13C
NMR spectroscopy. Integration of the 1H NMR resonances indicated
complete conversion of Me2NH‚BH3 to [Me2N-BH2]2, but only
65% conversion of cyclohexene to cyclohexane, presumably due
to partial H2 loss (Table 1). When the reaction was performed in a
closed vessel, after 8 h the dehydrocoupling reaction had reached
72% conversion and the hydrogenation reaction had reached 38%
conversion. However, when the mixture was left to stir for 24 h in
a closed vessel, the dehydrocoupling and hydrogenation conversions
were both quantitative.17 A blank reaction between Me2NH‚BH3
and cyclohexene in the absence of precatalyst indicated no evidence
of dehydrocoupling-hydrogenation reactivity. In addition, no
evidence for hydroboration of the alkene was observed by 11B NMR.
This tandem reaction is not limited to [{Rh(cod)(µ-Cl)}2] as the
precatalyst. For example, RhCl3, Rh/Al2O3 (5 wt % Rh) and [Oct4N]Cl (Oct ) n-octyl) stabilized Rh colloids4 are all effective (pre)catalysts for the dehydrocoupling of Me2NH‚BH3. For RhCl3 and
Rh/Al2O3, the catalytic hydrogenations of cyclohexene were both
10.1021/ja039696x CCC: $27.50 © 2004 American Chemical Society
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quantitative after 24 h. However, for [Oct4N]Cl-stabilized Rh
colloids the hydrogenation reached only 81% after 24 h. This may
be due to the Rh colloids having a lower activity due to increased
aggregation, thereby increasing the reaction time beyond 24 h. Pd/C
can also be used as a dehydrocoupling catalyst but was found to
be a poor hydrogenation catalyst in this study.
Acyclic substrates can also be hydrogenated via this method.
For example, 1-octene was quantitatively converted to octane after
24 h. However, no dehydrocoupling was observed when a near
stoichiometric quantity of cod (0.5 equiv) was tested as a substrate
using [{Rh(cod)(µ-Cl)}2] as a precatalyst. This is probably due to
inhibited dissociation of the bound cod ligand in the precatalyst,
which consequently prevents reduction to form catalytically active
Rh colloids. However, the use of RhCl3 as a precatalyst resulted in
quantitative conversion for both dehydrocoupling and hydrogenation
reactions. The possibility of selective hydrogenation of cod to
cyclooctene was also partially realized, with the formation of 80%
cyclooctene using 1 equiv of Me2NH‚BH3 and Rh/Al2O3 or Rhcolloid/
[Oct4N]Cl as catalysts.
Other amine-borane adducts can also be utilized for this tandem
reaction. For example, the primary adduct MeNH2‚BH3 has been
shown to undergo Rh-catalyzed dehydrocoupling to afford the
borazine [MeN-BH]3 via a two-step dehydrocoupling process, with
the formation of [MeNH-BH2]3 as an intermediate species.14,15
Thus, reaction of MeNH2‚BH3 with 2 equiv of cyclohexene and
the precatalyst [{Rh(cod)(µ-Cl)}2] was found to result in 73%
dehydrocoupling (73% [MeN-BH]3, 27% [MeNH-BH2]3) and
68% hydrogenation after 3 d at 25 °C. The secondary adduct (1,4C4H8)NH‚BH3
also
underwent
dehydrocoupling to give the dimer [(1,4-C4H8)N-BH2]2, while cyclohexene was
hydrogenated in high yield (97%) after 24 h.
We have found that the initially formed Rh colloids used in
amine-borane dehydrocoupling reactions eventually aggregate and
form bulk metal.16 However, this bulk metal is still catalytically
active toward dehydrocoupling, albeit with slightly reduced activity
presumably due to decreased surface area. A potential concern for
the aforementioned tandem reactions is the activity of bulk metal
for catalytic hydrogenation. To test this, bulk Rh metal was formed
by aging the colloids for 3 d in solution followed by removal of
the solvent to give a black powder. Addition of fresh Me2NH‚BH3
and cyclohexene was found to result in nearly quantitative dehydrocoupling (98%) and hydrogenation conversion (96%) after 24
h. Thus, bulk Rh metal is also a competent catalyst for hydrogenation.18
Although catalytic transfer hydrogenations19 are well-known,
relatively few operate at room temperature with a stoichiometric
hydrogen source. This new method, therefore, offers potential
advantages for cases involving thermally sensitive substrates or
where selective reductions are desirable. In addition, as [Me2NBH2]2 does not react with hydrogen to re-form Me2NH‚BH3, the
hydrogenation reaction is not reversible, solving a problem which
is encountered in some systems.19c Isolation of the hydrogenated
products can also be facilitated by the choice of amine-borane
adduct and catalyst used. For example, [Me2N-BH2]2 can be easily
removed under vacuum at 25 °C (bp 76-77 °C at 760 mmHg),
whereas [(1,4-C4H8)N-BH2]2 can be left as an involatile solid.
Thus, for involatile hydrogenated products, the use of Me2NH‚BH3
and Rh/Al2O3 would allow removal of [Me2N-BH2]2 by vacuum
and the catalyst by filtration. For volatile products, the use of (1,4C4H8)NH-BH3 and any catalyst would allow removal of the desired
product directly by distillation.

In summary, we have demonstrated that Me2NH‚BH3 acts as
both a reducing agent to generate catalytically active Rh colloids
and as a stoichiometric hydrogen source (via catalytic dehydrocoupling) for the hydrogenation of alkenes in a one-pot procedure
at 25 °C. This is a promising new method, as a variety of readily
available amine-borane adducts, substrates, and (pre)catalysts can
be used to tailor these transformations. Future work will involve
the expansion of this method to the catalytic hydrogenation of
species with polar multiple bonds.
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