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The use of soluble, transition metal nanoclusters and colloids as Table 1. Tandem Catalytic Dehydrocoupling of _
highly active catalysts has been the focus of considerable researct€2NH:BHs—Hydrogenation of Various Substrates with
. . . Pre)catalysts at 25 °C
efforts in the last 15 yeafsWhile nanoclusters and colloids can -
be formed by a variety of methods, which include electrochemical dehydro.  hydrog.  fime

reductio’ and metal vapor depositiGrthe chemical reduction of substrate (prejcatalyst (oF cor ()
transition metal salts in the presence of stabilizing agents is an 1> cyclohexene  {Rh(cod)(-Ch}s] 100 65 24
efficient and facile routéS This method can also provide some 2 cyclohexene  {[Rh(cod)f-Ch}2] 2 38 8
. . N . 3 cyclohexene {Rh(cod){-Cl)} 2] 100 100 24
degrge of control over partlcle size, Wh.ICh.IS important for high 4 cyclohexene RhGI 100 100 24
activity and selectivity in catalytic applicatiofisThis field has 5  cyclohexene Rh/AD;3 (5 wt %) 98 98 24
benefitted from recent kinetic and mechanistic studies that show 6  cyclohexene Rf3inoia/ [OctN]CI 99 81 24
slow, continuous nucleation is followed by rapid autocatalytic ~/  cyclohexene — Pd/C (10 wt %) 95 10 72
. . . . 8 1-octene {Rh(cod){-Cl)} ] 100 99 24
surface growth, which results in either soluble monodisperse g 1, cod K Rh(cod)ge-Cl)} 2 0 0 o4
nanoclusters or insoluble bulk metal formatio@ver the past 10 %, cod RhC} 100 100 24
decade, nanoclusters and colloids have been utilized as catalysts11® 2 cyclohexene {[Rh(cod)f-Cl)}2] 73 68 72
in alkene and arene hydrogenatfoHeck and Suzuki® coupling 120 cyclohexene  {Rh(cod)(:-Cl)} 7] 99 97 24

andh§llaester|flcgtldf_# reactlorr:s, and .rll.ng_o?fnrl]llqg poly merlzaﬂén: 2% Dehydro(coupling) and hydrog(enation) were determined via integra-

In this communication, we have uti ized highly active ?nd IN SIU  {ion of IH NMR spectra® Reaction performed in aopenvessel under an

generated Rh colloids as a heterogeneous catalyst in a tandenN, atmosphereS Using MeNH+BHa. 9 Using (1,4-GHg)NH-BHs.

dehydrocoupling-hydrogenation reaction that operates at room

temperature. method, stoichiometric reactions were performed using com-
Our group has shown that phosphitteorane adducts RRH- mercially available MgNH-BH3 and cyclohexene in the presence

BH; undergo Rh-catalyzed dehydrocoupling to afford phosphi- Of colloidal Rh as a catalyst (egs 3 and 4).

noborane rings, chains, and high-molecular weight polymers

[RR'P—BH], (eq 1)1 We have recently extended this work to Me,NH—BHg Rhcotoid Me?'['_'laH2 + Hy @)
the catalytic dehydrocoupling of amin®orane adducts RRH- 25°C HoB—NMe,

BHj3, which provides a mild and convenient route to cycloami-
noboranes [RAI—BH,], and borazines [RNBH]; (eq 2)4%In

the latter case, we provided some evidence for the operation of a + Hp M (4)
heterogeneous mechanism involving colloidal Rh(0) mitH. 25°C
[Rh] RRPH—BH, —PRR—8H, In a typical experiment, M@&H-BH; (1 equiv), cyclohexene (1
RRPH—BH; —— or U equiv) and { Rh(cod)f-Cl)} ] (ca. 2 mol % Rh) were dissolved in
90 - 130°C, - Hy +RPR-—BH2—]- CsDs in anopenvessel under N The mixture was stirred for 24
n h at 25°C, and the contents were analyzed ¥y, 1B and 13C
E NMR spectroscopy. Integration of thid NMR resonances indicated
[Rh] RRN—BH, RN-—JNR complete conversion of MBIH-BH3 to [Me;N—BHj],, but only
RRNH—BH3 | or | Q | @ 65% conversion of cyclohexene to cyclohexane, presumably due
25_':500 HoB—NRF’ HB\N/BH to partial H; loss (Table 1). When the reaction was performed in a
2 R closedvessel, afte8 h the dehydrocoupling reaction had reached
[Rh] = Rh (pre)catalyst 72% conversion and the hydrogenation reaction had reached 38%

conversion. However, when the mixture was left to stir for 24 h in

During the course of our studies on the catalytic dehydrocoupling a closed vessel, the dehydrocoupling and hydrogenation conversions
of Me;NH-BH3 with the precatalysf{[Rh(cod)-Cl)} ], the forma- were both guantitativé’. A blank reaction between MNH-BH3
tion of small quantities of cyclooctane was consistently observed and cyclohexene in the absence of precatalyst indicated no evidence
in the reaction mixtures. This presumably resulted from the catalytic of dehydrocoupling-hydrogenation reactivity. In addition, no
hydrogenation of cod (1,5-cyclooctadiene), which was present in evidence for hydroboration of the alkene was observegBNMR.
solution upon reduction of the precatalyst to Rh colloids. Thus, it ~ This tandem reaction is not limited tRh(cod)f-Cl)} ;] as the
was apparent that the active catalyst for the dehydrocoupling precatalyst. For example, RRORh/AlLO; (5 wt % Rh) and [OGN]-
reaction also acted as an active catalyst for alkene hydrogenation,Cl (Oct = n-octyl) stabilized Rh colloidsare all effective (pre)-
without the need for an externakidource (e.g., an atmosphere of catalysts for the dehydrocoupling of M¢H-BH;. For RhC} and
H). To test for quantitative hydrogenation of alkenes via this Rh/Al,Os, the catalytic hydrogenations of cyclohexene were both
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quantitative after 24 h. However, for [Qb]Cl-stabilized Rh In summary, we have demonstrated that,Mid-BH3 acts as
colloids the hydrogenation reached only 81% after 24 h. This may both a reducing agent to generate catalytically active Rh colloids
be due to the Rh colloids having a lower activity due to increased and as a stoichiometric hydrogen source (via catalytic dehydro-
aggregation, thereby increasing the reaction time beyond 24 h. Pd/Ccoupling) for the hydrogenation of alkenes in a one-pot procedure
can also be used as a dehydrocoupling catalyst but was found toat 25°C. This is a promising new method, as a variety of readily
be a poor hydrogenation catalyst in this study. available amine-borane adducts, substrates, and (pre)catalysts can
Acyclic substrates can also be hydrogenated via this method. pe ysed to tailor these transformations. Future work will involve

For example, 1-octene was quantitatively converted to octane afterype expansion of this method to the catalytic hydrogenation of
24 h. However, no dehydrocoupling was observed when a near species with polar multiple bonds.

stoichiometric quantity of cod (0.5 equiv) was tested as a substrate
using f Rh(cod)f-Cl)},] as a precatalyst. This is probably due to
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reactions. The possibility of selective hydrogenation of cod to
cyclooctene was also partially realized, with the formation of 80%
cyclooctene using 1 equiv of MdH-BH3; and Rh/AbO; or Rhgjioig/
[OctN]CI as catalysts.

Other amine-borane adducts can also be utilized for this tandem
reaction. For example, the primary adduct MeNBH3; has been
shown to undergo Rh-catalyzed dehydrocoupling to afford the
borazine [MeN-BH]; via a two-step dehydrocoupling process, with
the formation of [MeNH-BH,]; as an intermediate speci¥s®
Thus, reaction of MeNKHBH; with 2 equiv of cyclohexene and
the precatalyst{[Rh(cod)f-Cl)},] was found to result in 73%
dehydrocoupling (73% [MeNBH]s, 27% [MeNH-BH]3) and
68% hydrogenation afte3 d at 25°C. The secondary adduct (1,4-
C4Hg)NH-BH3 also underwent dehydrocoup-
ling to give the dimer [(1,4-GHg)N—BH],, 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'® 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 fo3 d in solution followed by removal of
the solvent to give a black powder. Addition of fresh Méi-BH;
and cyclohexene was found to result in nearly quantitative dehy-
drocoupling (98%) and hydrogenation conversion (96%) after 24
h. Thus, bulk Rh metal is also a competent catalyst for hydrogena-
tion.18

Although catalytic transfer hydrogenatidhsre well-known,
relatively few operate at room temperature with a stoichiometric
hydrogen source. This new method, therefore, offers potential
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where selective reductions are desirable. In addition, asNMe
BH;], does not react with hydrogen to re-form pi#H-BHs, the
hydrogenation reaction is not reversible, solving a problem which
is encountered in some systeMisIsolation of the hydrogenated
products can also be facilitated by the choice of aminerane
adduct and catalyst used. For example, {NteBH,], can be easily
removed under vacuum at 2& (bp 76-77 °C at 760 mmHg),
whereas [(1,4-¢Hg)N—BH,], can be left as an involatile solid.
Thus, for involatile hydrogenated products, the use ofWt¢BH;

and Rh/A}O; would allow removal of [MeN—BH], by vacuum
and the catalyst by filtration. For volatile products, the use of (1,4-
C4Hg)NH—BH3; and any catalyst would allow removal of the desired
product directly by distillation.

(17) Atypical experiment was performed as follows: In afiNed glovebox,
Me;NH-BH3; (0.105 g, 1.78 mmol), cyclohexene (0.146 g, 1.78 mmol)
and a catalytic amount of [Rh(1,5-cod)Cl)], (0.008 g, 0.02 mmol, ca.
2 mol % Rh) were dissolved indDs (1 mL) in a screw-cap vial. The vial
was sealed, and the mixture was rapidly stirred for 24 h. The contents of
the vial were analyzed biH, 1B, and*C NMR spectroscopy. From the
IH NMR spectrum, conversion of MRH-BH;3; to [Me,N—BH,], and
cyclohexene to cyclohexane were both 100%.
A reviewer suggested the possibility for size reduction of large particles
to smaller particles upon the addition of fNH-BH3. However, a TEM
study of the heterogeneous Rh catalyst before and after the tandem
dehydrocoupling-hydrogenation reaction showed no apparent change in
the particle size or morphology. Only large, extensively aggregated
particles were observed in both instances.
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