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Photolysis of CpRe(CO); in the presence of H;BNEt; yields
the trans-CpRe(CO),(H), complex. This preliminary finding
presents a rare example of transition metal mediated
dehydrogenation of a tertiary amine-borane and suggests that
the abstracted hydrogens may be stored in the form of metal
hydride complexes.

Amine-boranes (H;BNH,R;.,; R=H, alkyl, aryl) are widely
used as reducing and hydroboration reagents.! Due to their
high volumetric and gravimetric hydrogen content, these
molecules have been extensively explored as portable hydrogen
source and storage materials.? In this context, B—H activation
by transition metals is an area of active research as it provides
an appealing method to release not only hydrogen from amine-
boranes (dehydrogenation) but also obtain useful B-N
polymeric materials at moderate temperatures and reasonable
rates.?®2"3

Early work by Shimoi et al. demonstrated the binding of
amine-boranes to electrophilic metal centers through an n* M-
H-B interaction.®** Unlike the analogous weak M-H-C
interactions with alkanes, these bonds were found to be
surprisingly stable and several such complexes have been
isolated and characterized.> Complexes of this type have been
implicated in a variety of transition metal catalyzed
dehydrocoupling reactions of amine-boranes. Pioneering
studies by Manners,® Weller,” Alcaraz,® and Sabo-Etienne® have
led to the identification of a number of catalytic systems for
dehydrogenation of boranes. Several important intermediate
species have been identified and isolated to assist in the
determination of the dehydrocoupling mechanism. It is to be
noted however that transition metal assisted dehydrogenation
reactions, whether through hydrogen release or the formation of
metal hydride complexes have been reported mostly in the case
of primary or secondary amine-boranes. That is, the presence
of hydrogen on the nitrogen atom appears to be important for
this type of reactivity.

This journal is © The Royal Society of Chemistry 2012
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Figure 1. Photolysis of CpM(CO); (M=Mn, Re) in the presence of amine-boranes
H3BNH,R3., (R=Me, Et).

Building on recent studies®°*%10 \we were interested in

using fast time resolved FTIR spectroscopy to identify
intermediates in the photoinduced dehydrogenative coupling of
amine-boranes by transition metal complexes. Previously, we
determined the M-H-B binding enthalpy in the BzCr(CO),(n-
H3;BNEt;) [Bz = 1n°-CgHg] and TpMn(CO),(n -H3BNEL,) [Tp =
trispyrazolylborate] complexes which form upon photolysis of
the parent tricarbonyls in the presence of H3;BNEt;.'? As
described in the present work, we were surprised to find that
while photolysis of CpMn(CO); in the presence of H3;BNEt;
formed only CpMn(CO),(n*-H;BNEt;), the analogous reaction
with CpRe(CO); yielded facile generation of the rhenium
dihydride complex at room temperature. To our knowledge,
this study presents a rare example’® of the dehydrogenation of a
tertiary amine-borane by a non-hydride containing transition
metal complex. Herein we report preliminary findings of the
reactions following photolysis of CpMn(CO); and CpRe(CO);
in the presence H;BNEt; and H;BNHMe, (Figure 1).

Single shot photolysis of CpMn(CO); with 355 nm light
from a Nd:YAG laser in the presence of H;BNEt; results in CO
loss and vyields the previously observed CpMn(CO),(n'-
H3BNEt;) (1) complex absorbing at 1931 cm™ and 1863 cm’
14a10d congsistent with DFT calculations? which predict a 24.7
kcal/mol Mn-H-B bond dissociation enthalpy (BDE) (Table
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S1), the IR signatures of this complex persist for several
minutes at room temperature with no further reaction being
observed (Table S2). Photolysis of CoMn(CO); in the presence
of the secondary amine-borane, H;BNHMe,, also results in the
initial formation of the analogous Mn-H-B complex,
CpMn(CO),(n*-H;BNHMe,) (2) absorbing at 1927 cm™ and
1854 cm™.2% However, unlike 1, it decays after a short
induction period and a new dicarbonyl species with CO bands
at 1985 cm™ and 1924 cm™ grows in at the same rate (Figure
2). Based on the identical CO band positions, this complex is
assigned as the dihydrogen complex, CpMn(CO),(n*H,) (3)
which has been observed before upon photolysis of
CpMn(CO); in the presence of H,'? These spectroscopic
results, along with visual observation of gas bubbles following
photolysis of a methylcyclohexane solution of CpMn(CO);
with added H3;BNHMe, provide clear evidence of metal
catalyzed dehydrogenation of an amine-borane.® It is likely
that the Mn center catalyzes H, production and residual
CpMn(CO), generated during the course of the reaction acts as
an H, trap to yield 3. By comparison with existing data,'% the
boron containing products identified by !B NMR are shown in
Figure 1. As mentioned earlier, these results are not surprising
since several other instances are known where H, evolution is
observed upon either thermal or photochemical activation of
primary or secondary amine-boranes by organometallic
complexes.ea* 6d, 79, 9b, 9c, 10d
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Figure 2. Difference FTIR spectra obtained upon photolysis of a

methylcyclohexane solution of 0.6 mM CpMn(CO); with 30 mM H3BNHMe, at
293 K. The peak marked with an asterisk has not been assigned. Inset shows the
temporal behaviour of species 2 and 3.

Photolysis of a heptane solution of CpRe(CO); with 266 nm
light from a Nd:YAG laser in the presence of the tertiary
amine-borane, H3BNEt; initially results in the formation of the
CpRe(CO),(heptane) complex.™® This solvated species with CO
stretching absorbances at 1949 cm™ and 1884 cm™ reacts with
borane to form a dicarbonyl complex with CO bands at 1925
cm™ and 1856 cm™ (Figure S1). By comparison with the Mn
system, this initial species is identified as the CpRe(CO),(n*-
H3;BNEt;) complex (4). DFT calculations (Figure S2) predict
that the borane binds strongly to the Re center with a Re-H-B

2| J. Name., 2012, 00, 1-3

BDE of 36.1 kcal/mol, almost 10 kcal/mol stronger than for the
analogous Mn complex (Table S1). In dramatic contrast to the
Mn system however, this initially formed complex decays
within 30 seconds at room temperature to generate an
intermediate dicarbonyl species (5-cis) absorbing at 2008 and =
1940 cm™ which converts to a final dicarbonyl complex (5-
trans) with CO bands at 2024 cm™ and 1956 cm™ (Figure 3 and

Figure S3).1
L10
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Figure 3. Spectral changes observed at 298 K upon 266 nm photolysis of a 5 mM
solution of CpRe(CO); in heptane with 40 mM H3BNEt; added. Peak marked * is
the second CO band of 5-cis but is obscured by the parent CpRe(CO)s
absorbance. The spectra are consistent with the chemical reaction: 4 — 5-cis —
5-trans.

By comparison with the position of the CO stretching bands
of the previously characterized rhenium dihydride complexes
(Table S2), intermediate 5-cis is identified as cis-
CpRe(CO),(H), while the final complex 5-trans as trans-
CpRe(CO),(H),.12® The presence of rhenium hydrides and the
conversion of the cis to the trans isomer was also confirmed by
NMR spectroscopy. The H NMR spectrum in toluene-dg
following photolysis of CpRe(CO); in the presence of H;BNEt;
showed metal-hydride resonances at & -8.28 and & -9.50 for 5-
cis and 5-trans, respectively.”® The initial isomeric mixture
yielded an equilibrium cis:trans distribution of 5:95 at 293 K
(Figure S4). Previously, Casey et al.'® have also reported a
similar equilibrium distribution of the isomers and DFT
calculations find that the trans isomer is favored over the cis
form by only AG®,ggx = 2.9 kcal/mol (Figure S5).

Similar results were obtained with the boranes H;BNMe;
and H3;BPMe; and use of the Cp*Re(CO); [Cp* = 1°-CsMeg]
and (n’-indenyl)Re(CO); (indenyl = CgH;) complexes also
yielded comparable spectroscopic features and rates. Taken
together, these results indicate that photolytic dehydrogenation
of H3;BNEt; is mediated by the rhenium center and it is
reasonable to conclude that the borane is the hydrogen source
for the formation of the rhenium hydride complexes. A key
issue is whether H, gas is generated in the reaction mixture
which then reacts with the Re complex to form the dihydride or
whether the dihydride forms from a metal mediated mechanism
that does not involve prior H, formation. We favor the latter
scenario for the following reasons. There is strong precedence
that a H on the nitrogen atom of the amine-borane is required
for H, gas evolution in transition metal -catalyzed
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dehydrogenations.626¢.79:905¢.106.100 ndeed there is clear visual
evidence for gas generation upon photolysis of CpRe(CO); in
the presence of H3;BNHMe, whereas no gas bubbles are
observed with H;BNEt;. In both cases however, the rhenium
dihydride species forms. Furthermore, with H;BNHMe,, the
major boron containing species identified by B NMR are
identical to those observed in the case of the manganese system
which clearly proceeds by H, gas evolution (Figure S6). By
contrast, dehydrogenation of H;BNEt; by CpRe(CO)3; does not
yield any boron complexes that could be identified by *B NMR
spectroscopy.® This observation suggests that compared to the
secondary amine-borane, the mechanism of borane activation is
quite different in the case of H;BNEts. It is therefore likely the
metal dihydride is formed from H;BNEt; by a metal mediated
mechanism that does not involve H, gas generation. Finally,
while H, gas was identified in the 'H NMR spectrum of the
solution after photolysis of CoM(CO); (M = Mn and Re) with
H3;BNHMe,, it was not detected when the rhenium complex
was photolyzed with H;BNEts."”

Elucidation of the reaction mechanism presents a challenge.
The decay of 4 exhibits biphasic exponential behavior with a
fast component followed by a slower decay. This temporal
behavior provides clear evidence that the reaction does not
proceed by a first order mechanism. The reaction rate also
appears to be inhibited by [H;BNEt;]. For example, increasing
the concentration of amine-borane from 0.04 M to 0.14 M
results in an almost four fold decrease in the decay rate constant
of 4 (Figure S7). This observation may suggest that free
H3;BNELt; stabilizes or removes a reactive intermediate in the
reaction thereby slowing down the rate. Based upon the
temperature dependence of the decay rates at 285 K and 298 K,
we estimate an activation enthalpy of = 20 kcal/mol for the
formation of 5-trans from 4. Similar to the experimental
activation enthalpy, DFT calculations predict an enthalpic
barrier of 24 kcal/mol for the cis — trans isomerization (Figure
S5) indicating that the mechanistic steps leading to the
formation of the cis dihydride proceed with activation barriers
less than 20-24 kcal/mol. Since DFT calculations predict that
the Re-H-B BDE in 4 is 36.1 kcal/mol, the reaction mechanism
does not involve the dissociation of the Re-H-B bond once it
forms.
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Scheme 1. Tentatively proposed early steps in the reaction

Several attempts were made to ascertain the complete
mechanism of the reaction, yet they were unsuccessful since
DFT calculations always yielded barrier heights greater than 20
kcal/mol for the elementary steps. However, with prior
precedence supported by DFT modeling, early steps in the

This journal is © The Royal Society of Chemistry 2012

ChemComm

reaction may be tentatively proposed. Borane triethylamine in
its reaction with electrophiles can act as a hydride donor.®
Thus, after initial formation of 4, the first step may be hydride
abstraction from the borane to form [CpRe(CO),H] and the
borenium cation [H,B-NEt;]*. Of the two ions, the Re species
has been isolated and characterized whereas strong evidence
exists for the intermediacy of the borenium species in a number
of hydride transfer reactions.’®**° |t has been further reported
that [H,B-NEt;]" may be stabilized by free H3;BNEt; to form
the hydro-bridged dimer [Et;NBH,-H-BH,NEt;]* which has
been observed by NMR at 253 K in CD,CI, solution.'®® This
initial sequence of reactions (Scheme 1) is supported by DFT
modeling which predicts that the ion pair
[CpRe(CO),H][H(BH,NEts),] lies only 10.5 kcal/mol higher in
enthalpy than 4 (Figure S8). The inverse dependence on
[H:BNEt;] may then be explained since dimerization would
effectively trap the borenium cation and prevent further
reaction. The steps leading to the transfer of a second hydrogen
to the Re center to form 5-cis remain unidentified and we are
working towards determining the complete mechanism of the
reaction.

The results described in this study suggest that transition
metal promoted dehydrogenation of tertiary amine boranes is
possible and that the abstracted hydrogens may be stored in the
form of metal hydride complexes. Additionally, since metal
hydrides have been used as synthons in several significant
catalytic and stoichiometric reactions,®?° the current findings
demonstrate a method to generate metal hydrides without the
use of H,.
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