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Dehydrogenation of amine—boranes with a frustrated Lewis pair
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Bulky tertiary phosphine/borane Lewis pairs P'Bus/B(C¢Fs)3
react with amine—boranes to afford dehydrocoupling products
and phosphonium borohydride salts.

Amine—boranes are the subject of intense interest due to their
potential application in hydrogen storage schemes.!? A
number of fast and efficient transition metal dehydrocoupling
catalysts have been discovered,®” and various coordination
compounds relevant to the catalytic pathways have been
isolated.®1° Progress has also been made in the challenging
area of regeneration of spent ammonia—borane fuel.''™!?
Theoretical studies'*'® of one amine—borane dehydrocoupling
system employing N-heterocyclic carbenes (NHCs) as ligands®
suggested that the free NHC could heterolytically dehydrogenate
NH;-BHj;, yielding (NH,BH,),, and NHC-H,, similar to the
H> cleavage reactivity of Bertrand’s carbenes.'® Because the
reactivity of these NHC species has been compared to that of
bulky phosphine/borane “frustrated Lewis pairs” (FLPs), it
occurred to us that FLPs might also be able to dehydrogenate
amine-boranes.

FLPs—combinations of particularly bulky Lewis acids and
bases that are unable to form traditional Lewis acid/base
pairs' —exhibit a number of unusual reactions,'®2° in particular
the heterolytic cleavage of H,,2'** which has been utilized for
metal-free catalytic hydrogenation of bulky imines.”*** Amine
activation reactions have also been reported.’**” To our
knowledge, however, no dehydrogenation reactions have been
reported using these systems,” although calculations suggest
such reactions should be possible.?’ Herein we report that the
simple frustrated Lewis pair P'Bus/B(C4Fs); rapidly and cleanly
dehydrogenates amine-boranes at room temperature, with con-
comitant formation of the phosphonium borohydride salt
['BusPH][HB(C¢Fs);] (Scheme 1).

Initial experiments were carried out with Me,NH-BH;, a
common model for NH3-BH; which has desirable solubility
properties and generally releases only 1 equivalent of H,. The
frustrated Lewis pair P’'Bus/B(C¢Fs); was formed according to

CgDsCl
P'Bug + B(CgFs)s + RoNHBH; —————— 3 [BuzPH][HB(C4Fs)s] + (R;NBH,),
25°C
R=Me,x=2
R=H,x=n

Scheme 1
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literature procedures in C¢DsCl,%* and no discernable reaction
was observed by NMR. The pre-formed FLP was added to a
C¢DsCl solution of Me,NH-BH; at 25 °C, giving a clear
colorless solution.*® 'H, *'P (Fig. 1), 'F, and ''B (Fig. 2) NMR
experiments confirmed that >95% of the FLP-derived pro-
duct was ['BusPH][HB(C¢Fs);].2* The major dehydrocoupling
product was dimeric (Me,NBH,),, assigned by a diagnostic
"'B NMR resonance at & 5.2 (t, Jgy = 112 Hz), and by signals
in the "H NMR spectrum at & 2.28 (s, Me,N) and § 2.83
(1:1:1:1q,Jgu = 112 Hz, BH,). Minor side products,
including monomeric Me,N—BH, ("B & 376, t, Jug =
127 Hz) and HB(NMe,), (!'B 6 28.5, d, Juyg = 124 Hz),
dissipated over time, leaving ~97% dimeric (Me;NBH,), along
with traces of (BH,),NMey(u-H) (A) and H3;B-NMe,BH,-
NHMe, (B).*!' This product distribution is similar to that observed
in metal-catalyzed dehydrocoupling of Me,NH-BH;;*>*? thermo-
lysis of a Me,NH-BH; melt at 150 °C also affords (Me,NBH,),,
along with trace impurities including HB(NMe,),.3***

The order of reagent addition is important in the dehydro-
coupling reaction. If B(CgFs); and Me,NH-BH; are dissolved
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Fig. 1 'H NMR spectrum after FLP-mediated dehydrocoupling of
Me,NH-BH;. Left inset is a blow-up of the borohydride 'H NMR
resonances; right inset is the *'P NMR spectrum.
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Fig.2 "B NMR spectrum shortly after FLP-mediated dehydrocoupling
of Me,NH-BHj3. The underlying broad feature arises from borosilicate
glass in the probe construction.
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in C¢DsCl a few minutes prior to addition of P'Bus, several
products including only ~50% (Me,NBH,), are produced. On
the other hand, combining P‘Bu; and Me>NH-BHj; in C¢DsCl,
followed by addition of B(C¢Fs); led to near-quantitative
formation of ['Bu;PH][HB(C¢Fs)s] and (Me,NBHS,),.>

To explore the possibility of H, release and amine—borane
regeneration, the mixture of [‘BusPH][HB(C¢Fs);] and
(Me,NBH,), was heated between 90 and 130 °C. Complete
decomposition of the dimer to a variety of species was
observed; only BH;3-P'Bus and [HB(C4Fs);]~ were readily
identified by "B NMR,>® leaving this experiment inconclusive.
In isolation, (Me,NBH,), is stable up to 450 °C in the gas
phase®* and 130 °C in a melt.** Similarly, it has been reported
that ["‘BusPH][HB(C4F5)s] is stable to H, loss up to 150 °C.?

The FLP system can dehydrogenate NH;-BH; as well
(Scheme 1). Treatment of NH3-BH; with P‘Bus/B(CgFs)3
afforded once again [‘BusPH][HB(C¢Fs)i;] as a principal
product (85%, *'P NMR; ~80%, '"F NMR). The major
dehydrocoupling product is consistent with branched-chain
polyaminoborane ((NH,BH,),, broad "B NMR, § —7.7,
—14.4, —27.2) as observed upon thermolysis of NH3-BHj3 in
ionic liquids.*”*® The other ''B signals correspond to
[HB(C4Fs);]™ and two smaller peaks which could be Lewis
adducts between P'Bu; and boranes; two broad resonances in
the 3'P NMR spectrum are consistent with this formulation.
Apparently dehydrocoupling is more favorable than forming
stable Lewis pairs, although in this case some of that competing
pathway is observed.* Some insoluble colorless material was
extracted with pyridine and shown to be unreacted NH;-BHj;,
consistent with some amount of deactivation of the FLP
before quantitative dehydrocoupling could take place.
Neither the insoluble cyclic pentamer (NH>BH,)s*'* nor long
linear polymers*® were detected, in contrast to a number of
metal-catalyzed reactions. Treatment of NH3;-BH; with
excess FLP did not lead to detectable amounts of borazine,
suggesting that only 1 equiv. of H, could be released using this
method.

B(C4Fs); by itself can catalytically dehydrogenate NH;-BH3,*!
but only at elevated temperatures; no significant amounts of
product are observed under the present conditions without
P'Bu;. Importantly, B(C¢Fs); by itself is unable to dehydro-
couple MezNH~BH3,33 leading us to conclude that the FLP is
essential for rapid, ambient-condition dehydrocoupling.

The mechanism of heterolytic cleavage of H, by FLPs has
not been fully elucidated, although a number of theoretical
studies have been performed.'®**** DFT calculations suggest
that a weak interaction holds the borane and phosphine in
proximity; a molecule of H, approaches the pair and is cleaved
in a concerted fashion. Since the heterolytic dehydrogenation
of amine—boranes constitutes a net transfer of H, and gives a
similar product, one could invoke a similar mechanism. We
prefer an alternative, stepwise mechanism in which B(C¢Fs);
first abstracts a hydride from Me,NH-BHj3, followed by fast
deprotonation of the resulting [Me,NHBH,] ", affording the
Me,N=—BH, unit that dimerizes to the final product
(Scheme 2). In the absence of P‘Bus, oligomerization of the
cationic intermediate might take place (as suggested by Baker
for the reaction of acid with NH;-BH;*') accounting for the
multiple side products observed.

.
H\N B'H B(CsFs)z H\N B’H P'Bu; H3C\N 5 M

HsC™ ~H . |HsC™ \ / \
He W Bl [TUR L SH | - HPBu  HeC H
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Scheme 2 Proposed mechanism for FLP-mediated dehydrocoupling.

We have shown that frustrated Lewis pairs consisting of
bulky tertiary phosphines and B(C¢Fs); are capable of rapidly
dehydrocoupling Me,NH-BH; and NH;-BHj;. While the
current FLP systems could serve as H, storage compounds
themselves,?! their weight % capacity is far from ideal. Using
FLPs as a H, shuttle with lighter, non-frustrated amine—
boranes as the terminal H, storage medium is perhaps more
attractive. Recent advances in H, release from FLPs***> may
open the door to catalytic dehydrocoupling, and indeed
perhaps dehydrogenation of a wider variety of substrates.

The authors gratefully acknowledge BP (MC? program) and
the Moore Foundation for funding. Dr Jay Labinger provided
insightful discussion.

Notes and references

1 F. H. Stephens, V. Pons and R. T. Baker, Dalton Trans., 2007,
2613-2626.

2 C. W. Hamilton, R. T. Baker, A. Staubitz and 1. Manners, Chem.
Soc. Rev., 2009, 38, 279-293.

3 R.J.Keaton, J. M. Blacquiere and R. T. Baker, J. Am. Chem. Soc.,
2007, 129, 1844-1845.

4 M. C. Denney, V. Pons, T. J. Hebden, D. M. Heinekey and
K. I. Goldberg, J. Am. Chem. Soc., 2006, 128, 12048—12049.

5 N. Blaquiere, S. Diallo-Garcia, S. 1. Gorelsky, D. A. Black and
K. Fagnou, J. Am. Chem. Soc., 2008, 130, 14034-14035.

6 T.J. Clark, C. A. Russell and I. Manners, J. Am. Chem. Soc., 2006,
128, 9582-9583.

7 Y. Jiang and H. Berke, Chem. Commun., 2007, 3571-3573.

8 T. M. Douglas, A. B. Chaplin and A. S. Weller, J. Am. Chem. Soc.,
2008, 130, 14432-14433.

9 R. Dallanegra, A. B. Chaplin and A. S. Weller, Angew. Chem., Int.
Ed., 2009, 48, 6875-6878.

10 V. Pons, R. T. Baker, N. K. Szymczak, D. J. Heldebrant,
J. C. Linehan, M. H. Matus, D. J. Grant and D. A. Dixon, Chem.
Commun., 2008, 6597-6599.

11 P. V. Ramachandran and P. D. Gagare, Inorg. Chem., 2007, 46,
7810-7817.

12 B. L. Davis, D. A. Dixon, E. B. Garner, J. C. Gordon,
M. H. Matus, B. Scott and F. H. Stephens, Angew. Chem., Int.
Ed., 2009, 48, 6812-6816.

13 M. T. Mock, R. G. Potter, D. M. Camaioni, J. Li,
W. G. Dougherty, W. S. Kassel, B. Twamley and D. L. DuBois,
J. Am. Chem. Soc., 2009, 131, 14454-14465.

14 P. M. Zimmerman, A. Paul, Z. Y. Zhang and C. B. Musgrave,
Angew. Chem., Int. Ed., 2009, 48, 2201-2205.

15 P. M. Zimmerman, A. Paul and C. B. Musgrave, Inorg. Chem.,
2009, 48, 5418-5433.

16 G. D. Frey, V. Lavallo, B. Donnadieu, W. W. Schoeller and
G. Bertrand, Science, 2007, 316, 439-441.

17 H. C. Brown, H. I. Schlesinger and S. Z. Cardon, J. Am. Chem.
Soc., 1942, 64, 325-329.

18 D. W. Stephan and G. Erker, Angew. Chem., Int. Ed., 2010, 49,
46-76.

19 D. W. Stephan, Dalton Trans., 2009, 3129-3136.

20 D. W. Stephan, Org. Biomol. Chem., 2008, 6, 1535-1539.

21 G. C. Welch, R. R. S. Juan, J. D. Masuda and D. W. Stephan,
Science, 2006, 314, 1124-1126.

22 G. C. Welch and D. W. Stephan, J. Am. Chem. Soc., 2007, 129,
1880-1881.

1710 | Chem. Commun., 2010, 46, 1709-1711

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/b925659h

Published on 02 February 2010. Downloaded by Clarkson University on 10/10/2013 07:54:19.

View Article Online

24

25

26

27

28

29

30

31

32

M. Ullrich, A. J. Lough and D. W. Stephan, J. Am. Chem. Soc.,
2009, 131, 52-53.

P. A. Chase, G. C. Welch, T. Jurca and D. W. Stephan, Angew.
Chem., Int. Ed., 2007, 46, 8050—-8053.

P. A. Chase, T. Jurca and D. W. Stephan, Chem. Commun., 2008,
1701-1703.

P. A. Chase and D. W. Stephan, Angew. Chem., Int. Ed., 2008, 47,
7433-7437.

V. Sumerin, F. Schulz, M. Nieger, M. Leskeld, T. Repo and
B. Rieger, Angew. Chem., Int. Ed., 2008, 47, 6001-6003.

After submission of this manuscript a related system, utilizing a
different FLP to catalyze imine reductions with NH;3-BH; as the
source of H,, was briefly mentioned in a review (ref. 18). To our
knowledge no primary report has yet been published.

T. Privalov, Chem.—Eur. J., 2009, 15, 1825-1829.

In our hands, concentrated solutions of P'Bus/B(C¢Fs); were
yellow. This yellow color bleached upon reaction with amine—
boranes. FLPs have been noted to have unusual colors in some
cases, but small amounts of impurity (not visible by NMR) in the
phosphine or borane cannot be ruled out.

The two B resonances of H;B-NMe,BH,-NHMe, are similar to
Me,NH-BHj; and the cyclic trimer (Me;NBH,);. The persistence of
the resonances rules out the possibility of the unstable trimer. The
absence of "H NMR resonances consistent with Me,NH-BH3, and
the ~1 : 1 ratio of the !'B NMR resonances lead to our assignment.
T. M. Douglas, A. B. Chaplin, A. S. Weller, X. Yang and
M. B. Hall, J. Am. Chem. Soc., 2009, 141, 15440-15456.

33

34

35

36

37

38

39

40

41

42

43

44

45

C. A.Jaska, K. Temple, A. J. Lough and 1. Manners, J. Am. Chem.
Soc., 2003, 125, 9424-9434.

A. B. Burg and C. L. Randolph, J. Am. Chem. Soc., 1949, 71,
3451-3455.

The product distribution was essentially the same as when the
pre-formed FLP was employed.

J. A. Baban and B. P. Roberts, J. Chem. Soc., Perkin Trans. 2,
1984, 1717-1722.

M. E. Bluhm, M. G. Bradley, R. Butterick, U. Kusari and
L. G. Sneddon, J. Am. Chem. Soc., 2006, 128, 7748-7749.

D. W. Himmelberger, L. R. Alden, M. E. Bluhm and
L. G. Sneddon, Inorg. Chem., 2009, 48, 9883-9889.

Lewis adduct formation has been observed when Me,NH-BH3 and
P'Pr; were heated to 85 °C for 1 hour. See ref. 7.

A. Staubitz, A. Presa Soto and I. Manners, Angew. Chem., Int. Ed.,
2008, 47, 6212-6215.

F. H. Stephens, R. T. Baker, M. H. Matus, D. J.
Grant and D. A. Dixon, A4ngew. Chem., Int. Ed., 2007, 46,
746-749.

T. A. Rokob, A. Hamza, A. Stirling, T. Soos and I. Papai, Angew.
Chem., Int. Ed., 2008, 47, 2435-2438.

A. Hamza, A. Stirling, T. A. Rokob and 1. Papai, Int. J. Quantum
Chem., 2009, 109, 2416-2425.

T. A. Rokob, A. Hamza and 1. Papai, J. Am. Chem. Soc., 2009,
131, 10701-10710.

H. Wang, R. Frohlich, G. Kehr and G. Erker, Chem. Commun.,
2008, 5966-5968.

This journal is © The Royal Society of Chemistry 2010

Chem. Commun., 2010, 46, 1709-1711 | 1711


http://dx.doi.org/10.1039/b925659h

