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exchange of terminal {BH} groups in boranes, car-
boranes, and metalloboranes,!® as well as the hydro-
silylation of ketones.? In THF solution (55°, 102
M 1orIl), 1.6 mmol of acetophenone was quantitatively
hydrosilylated (2.0 mmol of diphenylsilane used) in
~17 hr as determined by 'H nmr spectroscopy of the
hydrolyzed product.

We have successfully expanded this chemistry to in-
clude the iridium congeners and are presently exploring
the catalytic capabilities of these complexes. Several
rhodium complexes from aryl- and alkyl-substituted
[C:BsHi.]~ anions have been synthesized and have also
proved to be hydrogenation catalysts. Intriguing reac-
tions of ruthenium complexes with carborane anions
have also been discovered, and the characterization
and catalytic properties of the products are currently
under investigation in these laboratories.
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Transition Metal Catalyzed Exchange of Deuterium Gas
with Terminal Boron-Hydrogen Bonds in Carboranes,
Metallocarboranes, and Other Boron Compounds

Sir:

Deuterated boron hydrides may be prepared by syn-
thesis from B,D¢!~% or by deuterium exchange on a
boron hydride employing B;D¢, 22 D.O,Y* DCI cat-
alyzed by AlCl;,5 or DCI catalyzed by dioxane® as the
deuterium sources. Deuterated carboranes and met-
allocarboranes have only been prepared from deu-
terated decaboranes.®” We wish to report that a
number of group VIII hydrogenation catalysts will
effect the exchange of deuterium gas with terminal B-H
bonds in a wide variety of boron compounds, including
carboranes, metallocarboranes, and boron hydrides.

We recently reported the first example of oxidative
addition of a B-H bond to a transition metal.” The
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reaction was an ‘‘ortho” metallation in an L;IrCl com-
plex where L was the carboranylphosphine 1-(PMe,)-
1,2-C;B;Hyy (I), a reaction analogous to well-known
ortho metallations in arylphosphine complexes.®

In the presence of catalytic amounts of (PPhs),-
RuHCI, an effective catalyst for the specific ortho
deuteration of triphenylphosphine,® I has been found to
exchange hydrogen atoms for deuterium gas at boron
atoms but not at carbon atoms. A mechanism in-
volving exchange only via an ‘‘ortho” metallated, com-
plexed carboranylphosphine could introduce a max-
imum of four deuterium atoms into I. However, mass
spectral analysis of the product revealed species with
more than four deuterium atoms per molecule, ruling
out intramolecular exchange on the carboranylphos-
phine as the sole mechanism of deuterium incorpora-
tion. Subsequent experiments have revealed that a
wide variety of noncomplexing boron compounds
undergo similar catalytic exchange.

In a typical procedure, 1 mmol of the substrate and
0.05 mmol of the catalyst were stirred under N; in 20 ml
of toluene at temperatures from 65 to 100° while deu-
terium gas was bubbled through the solution at a rate
of about 3 ml/min. Table I lists the results for a

Table I. Preliminary Results of Selected Catalytic Deuterations
Condi-  Av no.
tions® of Din

Substrate Catalyst (days) product

1,2-C2B10H12 (PPha)sRUHCl 3 8

111 1(65°) 10

1,7-C2B10H12 (PPha)aRUHCl 3 8

1,12-C;B,H;; i 1 10

1,6-C2B3H10 (PPha)sRUHCI 1 8

3-(n-C;H;)-3,1,2- (PPh;);RuHCl 3 5

COC2B9H11 111 1 6

1-(3-C;H3)-1,2,4- (PPh;);RuHCI 1 (80°) 6

COCQBsHlo
B;oH, 4 (PPh;);RuHCle 3 3
111¢ 1 6
(Me;NH):1[B1oHy]?~ (PPh;)s(CH;CN)RuHC] 3 2
(80° in
CH;CN)
MCaNBHa (PPha)aRUHClC 1 3

« Except where noted, reactions were at 100° with 1 mmo] of sub-
strate + 0.05 mmol of catalyst in 20 ml of toluene with D, bub-
bling at ~3 ml/min. °® Estimated from ir, !'B nmr, and mass
spectra. < Reaction with catalyst was noted.

number of substrates with two of the more effective
catalysts found. The preliminary results of a com-
parison of different catalysts with 1,2-C,B;Hi. as the
constant substrate are presented in Table II.

Examples of both homogeneous and heterogeneous
active catalysts have been found, although the homo-
geneous catalysts are much more effective and selective.
The most active catalysts are two metallocarboranes dis-
covered in these laboratories,® 3,3-(PPh;),-3-H-3,1,2-
RhC2B9H11 (II) and 2,2'(PPh3)2'2'H'2,1,7'RhC2B9H11
(II1), solutions of which have also been found to catalyze
homogeneous hydrogenation, hydrosilylation, and al-
kene isomerization.® Compounds II and III effect

(8) (&) M. A. Bennett and D. L. Milner, J. Amer. Chem. Soc,, 91,
6983 (1969); (b) G. W. Parshall, Accounts Chem. Res., 3,139 (1970).

(9) G. W. Parshall, W. H. Knoth, and R. A. Schunn, J. 4ner. Chem.

Soc., 91, 4990 (1969).
(10) T. E. Paxson and M. F. Hawthorne, J. Amer. Chem. Soc., 96,

4674 (1974).

Journal of the American Chemical Society | 96:14 | July 10, 1974



Table II. Comparison of Selected Catalysts with
1,2-C;ByoH;; as Substrate
Av no. of
Din

System Catalyst Conditions® product?

1 107 Pdon C(1 g) 3 days, 100° 2

2 (PPh;);RhCle 18 hr, 80° 2

3 (PPh3);RuHCI 18 hr, 80° 5

4 (PPh3);RuHCl 3 days, 100° 8

5 11 1 day, 65° 10

6 111 1 day, 65° 10

@ Except where noted, reactions were with 1 mmol of 1,2-C;B;(H;;
and 0.05 mmol of catalyst in 20 ml of toluene with D; bubbling at
~3 ml/min. ° Estimated from ir, !B nmr, and mass spectra.
¢ Formed nearly insoluble dimer and slowly decomposed under these
conditions.

deuteration of 1,2-C;B;¢H,, at least one order of mag-
nitude faster than any other catalyst so far examined.

The results obtained with the catalytic systems de-
scribed in Table II provide an example of the relative
activity and selectivity exhibited by these catalysts with
a variety of substrates. The order of rates of deu-
terium incorporation at the four chemically nonequiv-
alent sets of sites in 1,2-C,B;(H;, was followed by 80.5-
MHz !B nmr spectroscopy. With increasing deu-
terium exchange at a site represented by a given reso-
nance, the doublet due to hydrogen coupling collapsed
smoothly to a singlet.

The deuterated carboranes produced by system 1 in
Table II had a *B nmr spectrum which showed a small
degree of collapse at all four resonances, indicating
little if any selectivity with this catalyst. System 2 pro-
duced a deuterated carborane with a 1'B nmr spectrum
which exhibited considerable collapse of the resonance
assigned to B(3,6),'! slight collapse of that assigned to
B(4,5,7,11), and no significant change in the B(8,10)
and B(9,12) resonances. The !B nmr spectrum of the
product of system 3 consisted of an unsymmetrical
singlet for B(3,6) and B(4,5,7,11), and slightly collapsed
doublets for B(8,10) and B(9,12). Under the more
vigorous conditions of system 4, (PPh;);RuHCI pro-
duced deuterated carborane with a B nmr spectrum
consisting of a sharp singlet for B(3,6) and B(4,5,7,11), a
broad singlet for B(8,10), and a poorly resolved doublet
for B(9,12). Systems 5 and 6 produced carboranes
which were more than 95 97 deuterated.

None of these catalysts caused exchange at the carbon
atoms of 1,2-C;B;cH1: 12 (no C-D stretching absorptions
in the ir spectra of the deuterated carboranes) and no ex-
change was observed for the bridge hydrogens of
BioHis (no B-D bridge absorptions in the ir spectrum
of deuterated decaboranes). Although (PPh;);RhCl
rapidly forms the nearly insoluble dimer!? at the re-
quired temperatures, and slowly decomposes, (PPhs)s-
RuHCI, 11, and III can all be recovered from some of
the catalytic solutions, 14
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the metallocarboranes are extensively deuterated in the cage and hydride
but not in the triphenylphosphine ligands.
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The observed order of rates of deuteration at available
sites on 1,2-C,B,,H,s, B(3,6) > B(4,5,7,11) > B(8§,10) > B-
(9,12), is the reverse of that established for electrophilic
substitution!® and is therefore the order which might be
expected for nucleophilic substitution. The pattern of
substitution found for 1,7-C,B;¢Hi. [B(2,3), B(5,12),
B(4,6,8,11) > B(9,10)]*¢ and B;Hi; [B(6,9) > B(5,7,-
8,10) > B(2,4), B(1,3)] is also in accord with expected
patterns of nucleophilic substitution, 1519

The correlation of the pattern of reactivity for these
deuterations with patterns of nucleophilic substitution
is in accord with a mechanism involving oxidative
addition of a transition metal complex to a terminal
B-H bond.?® The nucleophilic character of transition
metal complexes in ortho metallation and other oxida-
tive additions has been discussed.®?! Further studies
with other substrates and catalysts, including detailed
kinetic and mechanistic investigations, are in progress.
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Electronic Excitation Transfer in Polymers. 1.
Demonstration of Singlet-Singlet, Triplet—Singlet,
and Triplet-Triplet Transfer in a Polystyrene Matrix
Studied by a Chemiexcitation Method. Evidence for
Forbidden and for Allowed Long Range Mechanisms

Sir:

Energy transfer processes which occur in solid poly-
meric systems are of interest from the standpoint of
elucidation of energy transfer mechanisms! and design
of strategies both to inhibit polymer photodegradation

and to control the biodegradation of polymers.?3
During the last decade, a number of reports concerning
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