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Abstract

A wide variety of substrates , incl uding carboranes, ruetallocarboranes ,

and boron hydrides , were found to undergo catalytic isotopic exchange of

terminal hydrogen wi th deuterium gas in the presence of various transition

meta l complexes. Wi th (PPh3)3RuHC1 as catalyst , exchange was found to pro-

ceed with stereoselectivity indicative of nucleoph ilic attack at boron ; ~~j .,

the order of rates for deuterium incorporation at chemi call y nonequivalent sites

in l ,2—C 2B10H12 was B(3,6) > B(4,5,7,ll ) > ~(~,io)  > B(9,12). Other catalysts ,

most notably the series of hydridometallocarboranes , (PPh 3)2HMC2B9H11 (M = Rh ,

Ir), showed littl e or no stereoselectivity during deuterium exchange . Inter-

mediate stereoselectivity was found with (PPh3)2(CO)IrCl and (PPh3)2IrCl

species as catalysts , while exchange catalyzed by (AsPh3)2IrCl exhibited the

stereoselectivity found wi th (PPh3)3RuHC1 . A mechanism is postulated which

rationalizes the varied results and which involves oxidative addition of

boron-hydrogen bonds to catalytic species .



Introduction

The first example of oxidative addition of a boron-hydrogen bond with a

transition metal complex has been recently reported .4 This intramolecular re-

action is best described as an ortho metallation of an L3IrC1 complex (L is the

Figure 1

carboranylphosphine 1—P(CH3)2-l ,2-C2B10H11 (I)) and is analogous to well-known

ortho metallations in aryiphosphine complexes .5 This similarity led us to in-

quire if other reactions involving activation of aromatic C-H bonds , particular-

ly the ortho deuteration reactions discovered by Parshall , Knoth and Schunn ,6

might also take place in boron hydride chemistry .

The catalytic effectiveness of ‘PPh 3)3RuHC1 for the deuteration of I was

first studied. Wilkinson and coworkers reported that this transition metal com-

plex can exchange all ortho hydrogen atoms for deuterium in the presence of

and Parshall , et al . found it to be an effective catalyst for the specific ortho

deutera tion of excess PP h3.6 The results of these experiments and the extensive

study of catalysis to which it led are described herein.

Al though deuterium exchange on organic substra tes often lends i tself to

quanti tative study by either nmr or mass spectroscopy , deuterium exchange in

boron hydrides is much more difficult to quantify . The inherently broad line

widths of the proton resonances in boron hydrides arising from complex spin-spin

coupling interactions make nrnr valueless for the study of hydrogen-deuterium

exchange . In addition , the compl ex isotope pa tterns and unreliable fragmenta-

tion schemes exhibited by boron hydrides in mass spectroscopy makes this tech-

nique generally unsuitable for exchange studies also. However , deuteriuni ex-

change Is conveniently detected by both ir and nmr spectroscopy . The latter

is a particularly useful probe as it readily distinguishes the sites at which

exchange occurs . Most resonances are doublets due to spin -spin coupling of the
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boron atom with its terminal hydrogen atom. The coupling of terminal deuterium

to boron is essentially negligible in comparison to the broadness of the boron

res onance , and the chemical shift upon substitution of deuterium for hydrogen

is only barely detectable (Ca . 0.05 ppm upfield). Thus , the exchange of hydro-

gen for deuteri um at those sites represented by a given resonance may be followed

by observing the smooth replacement of the doublet by a singlet wi th increasing

incorporation of deuterium at those sites.

The present study was essentially explora tory in na ture and although quan-

titative measurements of exchange were not obtained , qualitative estimates of

the extent of exchange were made from examination of the ir , nmr , and mass

spectra. The mechanistic deductions discussed herein are baced on these obser-

vations and especially on analysis of the nmr spectra of deuterated species .

The conclusions presented are well supported by the available data and by analogy

to the proposed mechanism for catalytic exchange of aromatic C-H with D2.
8

Resu lts

Preparation and Characteri zation of (PPh3)[l-P (CH3)2-l ,2-C2B10H11 ]2RuHC 1 (II).

Treatment of a purple suspension of (PPh3)3RuHC1 in toluene with excess

l-P(CH3)2-1 ,2-C2B10H11 (I) caused no immediate reaction. Upon warming to 800,

however, a red-orange solution formed. From the solution , a yellow-orange

powder could be isolated whose elemental analysis agreed with that expected for

(PP h3) [ P ( CH 3)2C2B10H11 j2RuHC1 (II). In agreement with the analysis, the 1 H nmr

spectrum (CD2C12) showed resonances in the T 1 .8-3.0 region (area 15), assigned

to coordinated PPh3; a broad singlet at T 4.47 (area 2), assigned to carboranyl

C—H; and two area 6 triplets (1:2:1) at t 8.35 [JPH (apparent) = 2.5 Hz] and

t 9.24 [JPH(apparent) = 2.5 Hz] assigned to the methyl groups . The hydride was

not located in the proton nmr , presumably because of the low solubi lity of the

complex and the high multiplicit y expected of the hydride resonance; however,
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the ir spectrum clearly showed VRuH at 2020 cm~ (compare to 2020 cm~ for

(PP h3)3RuHC1 ) . 9

These spectral data are consistent with II being a comp l ex formed by sim-

ple ligand exchange of two equivalents of I for two of the three triphenylphos-

phines in the trigonal plane of trigonal bipyramida l (PPh 3)3RuHC1 (eq. 1).

For a molecule of this structure the carborane C-H resonances would be equiva-

lent and the two methy l groups on each ligand would be chemically nonequivalent

(P P h3)3RuHC1 + 2 P (C H 3)2C2B10H11 ( I)

(PP h3) [P(C H 3)2C2B10H11 ]2Ru HC 1 ( I I )  ( 1 )

to each other. However, each methyl group on a given ligand would be chemically

equivalent to one of the methyls on the other carboranyiphosph i ne, giving rise

to two pairs of equivalent methyl groups . The ‘H nmr resonances for these groups

appear as triplets due to virtual coupling. Virtua l triplets are observed for

methyl resonances in transition metal complexes with two equivalent methyiphos-

phine ligands when I~PP’I>>II~PcH3I~l~p’cH3I I 
10 

The correlation of multipli-

cities of methyl resonances with the stereochemistry of octahedra l complexes of

methyiphosphines has been widely studied J~ but to our knowledge no reports have

appeared concerning trigona l bipyramida l complexes . Thus , the observed methyl

triplets in the nmr spectrum of II could be due to such virtua l coupling effects,

but the presence of a third phosphorus ligand and of the unobserved hydride res-

onance do not permit an unequivocal interpretation of the spin system from these

data.

Exchange of Deuterium Gas with l-P(CH3)2-l,2-C2B10H11 (I) Catalyzed by II.

Deuterium gas was bubbled through a tol uene solution of II containing ex-

cess I for 3 days at 100°. The phosphine then isolated from the solution was

found to have been partially deuterated at boron by the presence of both VBH
(2600 cm~~) and vbD (1950 cm~~) bands in its ir spectrum (melt on NaC1). The
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same spectrum lacked any bands which could be assigned to UCDn implying no deu-

teration had occurred at C-H bonds . The relative absorbances of the and

vBD bands indicated ca. 40% deuteration or an average of four deuterium atoms
per molecule. The low energy mass spectrum of the product confirmed the esti-

mated average of four deuterium atoms per molecule, but revea l ed the presence

of species with up to six deuterium atoms per molecule.

A mechanism i ncorporating deuterium into the ligand via ortho metallated

intermediates , ana logous to the mechanism proposed for ortho deuteration of tn-

phenyl phosphine by (PPh3)3RuHC 1 ,6 could introduce a m aximum of four deutenium

atoms into the carborane cage of the phosphine , at positions 3,4,5, and 6 (cf.

Figure 1). The presence of species containing more than four deutenium atoms

per molecule ruled out intramolecular exchange of this type as the sole mechanism

for deuterium incorporation .

Exploratory Deuterium Exchange Reactions.

To determine if noncoordinating carboranes would undergo isotopic exchange

with deuterium gas as had been observed for the carboranyiphosphine I , 1 ,2-

C2B10H12 and a catalytic amount of (PPh3)3RuHC1 were treated with excess deu-

terium gas at 1000 in toluene solution for 3 days (system !, Table I). The ir

spectrum of the carborane product showed extensive deuteration at boron, but

none at carbon . The relative absorbances of VBH and VBD indica ted an average

of six deuterium atoms per molecule.

Subsequently, a wide variety of noncoordinating substra tes possessing ter-

minal B-H bonds were found to undergo similar isotopic exchange in the presence

of a number of group V III transition metal catalysts . The conditions employed

and the results obtained for a selected number of exploratory catalytic deutera-

tion reactions are given in Tables I-Ill . Details pertinent to individual sub-

strates and catalysts are discussed below .

Tables I-Ill
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Exchange with Carborane Substrates Catalyzed by (PPh3)3RuHC 1.

Table I gives the gross extent of exchange for the reactions catalyzed

by (PPh3)3RuHC1 . The catalyst could be recovered (usually in 40-60% yields )

from the exchange reactions with carborane substrates and was found to be un-

changed except for self-deuteration , rapidly forming the perorthodeuterated

complex [(2,6—D2C6H3)3P] 3RuDC1 .6 The exchange reactions catalyzed by this

complex were found to exhibit stereoselectivity at nonequivalent sites in the

substrates and no deuteni um was introduced at carborane C-H by this catalyst

(no VCD in in spectra of deuterated products).

1 ,2—C2B10H12. The structure of l ,2-C2B10H12 is shown in Figure 2. Sym-

metry requires the presence of four chemi cally nonequivalent sets of chemi cally

equivalent boron atoms. The 80.53 MHz nmr spectrum of this carborane

(Figure 2a) reflects this symmetry by exhibiting four resonances wi th relative

areas (from low field) of 2:2:4:2, assigned12 to 6(9,12), 6(8,10), 6(4,5,7,11),

and 6(3,6), respectively (all 11 B chemical shifts reported herein are relative

to BF3 0(C2H5)2) .

Figure 2

Figure 2 illustrates how the 11 B nmr spectrum of l ,2-C2B10H12 changes with

increasing deuteration when the exchange is catalyzed by (PPh3)3RuHC 1 . I t i s cl e ar
that this catalyst introduces deuterium with definite stereoselectivity since the

observed rates for incorporation at the four sets of sites are in the order

B(3,6)>B(4,5,7,ll)>B(8,l0)>B(9,12). This order is precisely the reverse

of that established for electroph ilic substitutions on l ,2-C2B10H12,
13 which

occur most readily at thq boron atoms farthest removed from the relatively elec-

tropositive carbon atoms)4 Nucleophi lic substitution reactions have not, to
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our knowledge , been previously observed at boron-hydrogen bonds on l ,2-C2B10H12,

but they would be expected to follow the sequence observed in the present case.

Base degradation of the closo carborane to a nido species (eq. 2) is known to pro-

l ,2-C2B10H12 
KOH, C2H5OH 

~7,8-C2B9H12 (2)

ceed by attack at those sites closest to the carbon atoms, B(3,6).~
3 A l so , work

by Klabunde and Parshall 8 implicates nucleophi lic attack in the oxidative ad-

dition of aromatic C-H bonds in the course of deuteri um exchange on substi tuted

benzenes catalyzed by polyhydri de transition metal complexes . The mechanism

of catalytic deuteration will be discussed later in more detail.

l ,7-C2B10H12. Figure 3 reveals that deuteration of l ,7-C2B10H12 as cata-

lyzed by (PPh3)3RuHC1 is also highly stereoselective . Rates of deuteri um in-

corporation are in the order 8(2,3)>8(4,6,8,lfl>B (5,12)>5(9,JO), based on
the latest assignment of the nmr spectrum presented by Hart and Lipscomb .15

The previous analysis of this spectrum , by Stanko , et al., 16 differed by as-

signment of the lowest field resonance to B(9,lO) and the one at next lowest

fiel d to B(5,12). Since electrophi lic substi tution is well established as

occurri ng first at B(9,IO),~
7 these should be the sites least susceptible to

nucleophilic attack. Hence, the nucleophil ic character of the deuterium ex-

change reaction and the observed order of exchange clearly support the 11 B nmr

assignment of Hart and Lipscomb . Further support comes from recent work by

Aufderheide and Sprecher18 on 11 B nmr shifts observed with halogenated carboranes .

Figure 3

l ,12—C2B10H12. Since all boron sites are equivalent in this species , no

stereoselectivity Is possible. However, the initial rate of deuteration
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was considerably slower for this carborane than for any other studied .

l ,6—C 2B8H10. 
Only two of the resonances in the nmr spectrum of this

carborane have been assigned . The low field resonance of area 1 in the partially

resolved 19.3 MHz spectrum of the 1 ,6-dimethyl derivative was assigned to the

low coordina te boron atom , B(lO).’9 Therefore the remaining resonance of area 1

in the 80.53 MHz spectrum (Figure 4a) must be B(8). As the only boron atom in

the carborane cage not adjacent to a carbon atom , B(8) might be expected to be

the site least susceptible to nucleophilic attack. This was confirmed by the

series of spectra in Figure 4. The remaining sites [B(2,3), B(4,5), B(7,9)] are

deuterated at nondisti nguishable rates under these conditions , but this may be

due to a change in the rate determining step for exchange at these much more sus-

ceptible sites (vide infra ).

Figure 4

Exchange with Carborane Substrates Catalyzed by Hudridometa llocarboranes.

During the course of our investiga tion of (PPh3)3RuHC1-catalyzed deuterium

exchange , a number of hydridometallocar boranes were synthesized . These com-

plexes proved to be active catalysts for the hydrogenation , hydrosilylation ,

and the isomerization of olefins.20 Examination of the effectiveness of 2,2-

(PP h3)2—2-H-2,l ,7-RhC 2B9H11 , 3,3-(PPh3)2-3-H-3,1 ,2-RhC 2B9H11 and their iridium

congeners as catalysts for deuterium exchange at B-H bonds revealed that they

were much more active than (PPh3)3RuHC1 . Tabl e II gives the results for a

series of exploratory deuteration reactions catalyzed by these species.

The catalysts recovered from these reactions had undergone deuterium ex-

change at B—H bonds as indica ted by both their ir and nmr spectra . Unlike

(PP h3)3RuHC 1 , these complexes do not undergo ortho meta llation and hence , the
ir spectra did not show bands for ortho deuterated triphenylphosphine ligands .



Al so unl ike (PP h3)3RuHC 1 , the catalysts , when recovered at intermediate stages

of exchange with the substrates , were not perdeuterated ~t available sites on

the catalyst. Instead , the extent of exchange at both B-H and M-H bonds in the

catalyst was similar to that found for B-H bonds in the substrates as judged

from the intensities of 
~MH’ 

VMD~ ~BH’ 
and VBD absorptions in the ir spectra .

The spectra in Figures 5 and 6 illustra te another difference in deuterium

exchange when catalyzed by hydridometallocarboranes . Little stereoselectivity

was shown for incorporation of deuterium in l ,7—C2B10H12, and the small stereo-

selectivity observed appears to be in reverse order from that shown when the

exchange was catalyzed by (PPh3)3RuHC 1.

Figures 5 and 6

Among these hydridome tallocarborane catalysts , the 2,1 ,7-MC2
21 isomers were

much more active than the 3,l ,2-MC2,
21 but the identity of the meta l atom ap-

parently made little difference . The activity of 3,l ,2-IrC2 was essentially

the same as that of 3,l ,2-RhC2, and 2,l ,7-IrC2 was slightly more active than

2,1 ,7-RhC2.

Exchange with Carborane Substrates Catalyzed by Other Species.

Table III lists the results of deuterium exchange catalyzed by other species.

While (PPh3)3RhCl is less active than (PPh3)3RuHC 1 and also unstable under the

reaction conditions , it showed the same stereoselectivity as (PPh 3)3RuHC1 . No

stereoselectivity was shown by 10% Pd on C , which was also less active than

(PPh 3)3RuHC1 . The products of systems 
~! 

and 32 showed no trace of exchange

at B-H but did exhibit deuterium exchange at carborany l C-H.
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(PP h3)2(CO)IrCl. Vask&s complex was found to be more active than (PPh3)3-

RuHC1 for exchange with l ,7-C2B10H12 (systems 33 and 34). The 11 B nmr spectra

shown in Figure 7 revealed that the stereoselectivity of exchange catalyzed

by this complex was intermediate between that of (PPh3)3RuHC1 and that of the

hydridometallocarborane catalysts . Little preference between B(2,3), B(4,6,8,ll ),

and B(5,J2) sites was observed , but the exchange was distinctly slower at the

B(9,lOj sites .

Figure 7

The iridi um—containing species isolated was identified as (PPh3)2(CO)-

IrD2C1 by comparison of its ir spectrum with that of authentic ma terial pre-

pared from (PPh 3)2(CO)IrCl and D2.

L2IrC1. We recently reported the synthesis of a number of stable B-cc-

carboranyl iridium complexes by direct oxidative addition of carboranyl B-H

bonds to L2IrCl species prepared in situ according to eq. 3•22 One of these

B-o-carborany l iridium complexes , 2—[(PPh 3)2IrHCl]-l ,7-C2810H11 , was tested

[ I r (C 8H14)2Cl]2 + 4L t[2L2IrC1] C B ~~H~~ 
2 L2IrHC1 (C2610H11 ) ( 3)

(L = PP h3, AsPh 3)

for catalytic activity in system 35. The activity of this complex was the great-

est shown of all species tested; complete exchange of B-H for B-D in l ,7-C2B10H12
was obta i ned in less than 24 hr at 65°. The stereoselectivity of this exchange

was similar to that found with (PPh 3)2(CO)IrCl; the B(9,lO) sites were the

slowest to exchange and the others exchanged at nondistingu ishable rates .

Equiva l ent results were obtained with (PPh3)2IrCl , prepared in situ as de-

scribed above . Figure 8 shows that complete deuteration could be achieved
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even within 20 hrs at 400 . Figure 8 also shows that when AsPh 3 
was use d as

the ligand exchange was slightly less rapid than that observed wi th PPh 3 and

that the stereoselectivity became similar to that found with (PPh 3)3RuHC1 .

Figure 8

The catalyst residues from these reactions exhibited V IrD but not VBH or

VBD bands and were not further characteri zed. It appears that the L2IrCl species

or hydrogen adducts thereof are probably the act ive catalysts and not the B-cc-

carborany l ir idium complexes themselves.

Exchange w ith Other Substra tes.

3-(~
5-C5H5)-3,l ,2-CoC2B9H11 . The low energy mass spectrum of 3-(n5-C5H5)-

3,l ,2-CoC2B9H11, unlike that of carboranes ,23 fi ts the theoretical distribution24of

m~lecu1ar ions very closely, implying little hydrogen loss from the mol ecular ions

under these conditions . This situation makes it possible to directly determine the

average number of deuterium atoms per molecule by taking th~ difference between the

mass average of the mo lecular ions of the product and that of the starting mate-

rial , assuming equal ionization of all isotopic species . Table IV lists the mass

Table IV

spectrum of the undeuterated metal locarborane and of severa l deuterated prod-

ucts. From this data , the average number of deuterium atoms in the product of

system !9 was estimated to be 6.8. However , further examination of the 70 eV

mass spectrum revealed that isotopic exchange had also occurred in the cyclopen-

tadieny l ligand. The intensities of the CSH5 xDxC0~ 
ions are also given in

Table IV and , when corrected for the isotopic distribution of 13C , they indicate
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that the product of system 10 was 11% d0, 37% d1, and 52% d2 in the cyclopenta-

dienyl ligand (again assumi ng equal ionizations for all isotopic species). This

is an average of 1.4 D per molecule not resident at boron , leaving an average of

5.4 D per molecule on the carborane cage. The relative absorbances of the grossly

non-Lorentzian vBH and v60 absorptions implied 4.7 D per molec ule , pointing out

the error which may be inherent in the ir analysis of non-Lorentzian absorptions .

In an identica l manner , the product of system 27b was found to have an

average deuteri um content of 6.2 D per molecule of which 0.12 D was present in

the cyclopentadieny l ligand (89% d0, 9% d1, 1% d2) leaving an average of 6.1 D

per molecule at boron.

Figure 9 illustrates the stereoselectivi ty of exchange wi th this substrate .

Figure 9

The assignment of the 11 B nmr resonances is based on that for the nearly identi-

cal spectrum of the bis complex [3,3’—Co( l ,2-C2B9H11 )2] . 25 The B(4,7) and

B(9,l2) resonances overlap and are not definitely assigned. However, electro-

philic bromination of [3,3’-Co(l ,2-C2B9H11 )2] has been shown by X-ray crystal-

lography to yield the 8,8’,9,9’,l2 ,12’ -hexabromo-complex. 26 Thus , for nucleo-

philic attack as postulated here for (PPh3)3RuHC 1 catalyzed exchange , the B(8)

and B(9,12) sites would be expected to be the last deuterated . The spectra

in Figure 9, therefore , imply the following order for rates of deuteri um ex-

change: B(6)>8(5,1l)>8(4,7),8(1O)>B(8),8(9,12). Al though the magnitude of

the rates differ , their relative order is close to that observed for the parent

carborane, l ,2—C 2B10H12 (vide supra ). The sites adjacent to the metal atom ,

which replaced B(3), are slightly inhibited relative to the sites which

were symmetrically related in l ,2-C2B10H12. This inhibi tion may be due

either to an electronic effect or to steric hindrance by the cyclopentadieny l
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ligand . The small magnitude of the effect implies that replacement of a

B-H vertex in the icosahedron by a (n 5-C5H5)Co ve rtex causes no lar ge change

in the relative electron distribution in the cage . This observation is in

accord wi th certain empirica l and theoretical concepts of polyhedral bonding .27 31

System 27 revealed a new characteristi c in the catalytic behavior of the

hydridoinetallocarborane 2,2-(PPh3)2-2-H—2 ,1 ,7-RhC2B9H11 . Although the more

active sites of the metallocarborane substrate were rapidly deuterated at nearly

identical rates (as was found with the carborane substrates) the rather inactive

sites B(8) and B(9,12) were deuterated much more slowly. Thus , for sufficiently

inactive sites , the hydridometallocarborane catalyst also effects stereoselective

deuteration (cf. Figure 9e).

l-(ri5-C5H5)-l ,2,4-CoC2B8H10. The product of system 12 was analyzed by mass

spectroscopy in the manner described for 3-(ri5-C5H5)-3,l ,2-C0C2B9H11 . The results

indicated an average of 6.1 deuterium atoms per molecule of wh i ch 0.08 0 was pre-

sent in the cyclopentadieny l ligand (93% d0, 6% d1, 1% d2). The 11 8 nmr spectrum

consisted only of singlets , implying little if any stereoselectivity at this

stage of deuteration. Al though it might appear at earlier stages of exchange

or at l ower temperatures , the lack of stereoselectivity could reflect a change

in the rate determining step for this highly susceptible substrate (vide infra ).

B10H14. Decaborane(l4) reacted with (PPh3)3RuHC1 under the conditions of

system j~ with evolution of H2 and formation of a brown precipitate (not charac-

terized). The resulting mixture was still active for the partial catalytic deu—

teration of B10H14 as shown by the ir and 
11 8 nmr spectra of the product of

system 13. Wi th the more active catalyst 2,2-(PPh3)2-2-H-2,l ,7-RhC2B9H11 under

the conditions of system 30, more extensive deuteration occurred. Catalyst de-

composition also accompanied this reaction , albeit more slowly than with (PPh3)3-

RuHC1. Exchange apparently does not occur with the bridge hydrogens since the ir

spectra of these products showed no evidence for v606, expected in the 1300-
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1400 cm~ region.32

Figure 10 shows the 11B nmr s pectra of B10H14 and the deuterated products .

Figure 10

The assignment of the resonances is based on those reviewed by Eaton and Lipscomb .33

From these spectra it is clear that the order of rates for deuteri um exchange

at sites in B10H14 is B(6,9)>B(5,7,8,lO)>B(2 ,4)>B(l ,3). The order predicted for

nucleophilic substi tution from theoretical studies of B10H14 differed by predict-

ing B(1 ,3)>B(2,4).34 The partial order B(6,9)>B(5,7,8,lO) has been experimental-

ly confi rmed,35 but to our knowledge , no nucleophilic substi tution has heretofore

been reported to have occurred at B(l ,3) or B(2,4). Although electrophilic halo-

genation showed the substi tution order B(2,4)>B(l ,3),36 the preference was slight

and electrophilic deuteration showed no discernable preference between these two

sites .37 Thus , either the theoreti cal predictions for nucleophilic substi tution

of B
10

H
14 

need further refinement or some electronic effect peculiar to the tran-

sition state for trans ition metal catalyzed deuteration has reversed the normal

reactivity for these sites .

(CH 3)3NBH 3. The 11 B nmr spectrum of (CH3)3NBH 3 is a 1:3:3:1 quartet. The

product of system 14 had an 11 8 nmr spectrum exhibiting only a singlet, implying

complete exchange for the hydrogen atoms on boron. The ir spectrum confi rmed

that there had been >90% deuteration at boron and gave no evidence for exchange

in the methyl groups.

Comparison of Reactivities in Icosahedral Substrates.

A qual i tati ve comparison of the reactivity of various sites for exchange

under i dentical conditions is shown in Figure 11 . These ~~ nmr spectra clearly

Figure 11
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show that the B(3 ,6) sites in l,2-C 2B
10

H
12 

are the most susceptible of any in

the four substrates displayed. The other sites adjacent to two carbon atoms ,

B(6) in 3-(~
5-C5H5 )-3 ,l,2-CoC 2B9H

11 
and 8(2 ,3) in l,7-C 2B

10
H12 , also show high

reactivity . The B(6) site in the meta llocarborane is apparently deactivated

with respect to the equivalent site in parent l,2-C 2B
10

H12, but the B(5 ,ll) sites

are apparently acti vated. All  of the sites adjacen t to only one carbon atom

show moderate reactivity , the 8(5,12) sites in l,7-C 2B
10

H
12 

and B(2- l l )  sites

in 1 ,12-C2810H12 showing about equal reactivity . None of the sites nonadjacent

to carbon atoms showed any reactivity under these conditions .

Effect of Oxygen on Hydridometal locarborane Catalys ts.

When this work was firs t communicated ,2 the results of severa l exchange re-

actions , including systems 15 and 16 , showing very rapid and complete deutera-

tion of carboranes at 650, were reported . Subsequent ly, it was learned tha t these

rapid deuteration reactions depended upon the residua l oxygen found in the deuteri um

gas which had been used as received. Thereafter , all deuteri um gas was deoxygenated

before use and tables I- Ill indicate which reactions were carried out wit h puri-

fied deuteri um . The rate enhancement caused by minute quantities of oxygen is

apparent in the greatly reduced conversions with these same catalysts and 1 ,7-

C2B10H12 in the absence of 02 and also by the subsequent rate enhancement ob-

served in systems 20, 21 , and 24 upon exposure to air (cf. Table II and Figures

5 and 6). The removal of oxygen from the deuteri um gas supply did not have any

noticeable effect on exchange reactions catalyzed by (PPh 3 ) 3RuHC1.

Effect of Excess Tripheny lphosphine on Various Catalysts.

In an experiment identical to that described by system 2!, except for the

addition of 0.05 mmol PPh 3 to the reaction mixture , the deuteration of 1 ,7-

C2B
10

H12 ca talyzed by 2,2—(PPh 3) 2-2-H-2 ,l,7-RhC 2B9H11 
was completely inhibited .

Both catalyst and substra te were recovered unchanged .
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Deuteri um exchange ca talyzed by (PPh 3 )2 (CO) IrCl was almost as completely

inhibited by 0.05 mol PPh3 in an experiment otherwise identical to system 39.

After 48 hrs at 100~, deuteration was only barely detectable and much less ex-

change had occurred than after only 1 hr without the excess phosphin e .

Deuterium exchange catalyzed by (PPh 3)3RuHC 1 was apparently unaffected by

excess PPh 3. Similar insensitivity to added phosphine was found for the ortho

deuteration reaction of this ca talyst.6

Deuterium Scrambling Exp~~j~ent

Figure 12 il lustrates the relative ra tes of deuterium exchange and deuterium

Figure 12

scrambling of 1 ,7-C2B
10

H
12 

as catalyzed by 2,2-(PPh3)2-2-H-2,l ,7-IrC2B9H11 . Spe~-

trum a is that of undeutera ted l,7-C 2 B
10H12 and spectrum e is that of 1 ,7-C 2B

10H12
selectively deuterated at the B(2,3) positions (approx. dl). The spectra below

a (b-d) show deuterium uptake in the presence of 02 while the spectra below e

(f-h) show the scrambling of deuterium from 8(2 ,3) to othe r positions in the cage

in the absence of D2 . These data imply tha t under equivalent experimental con-

ditions , scrambling of deuterium occurs at least as fast as deuterium incorporation .

Discussion

Perhaps the most noteworthy resul t of the catalytic exchange experiments

is the striking difference in stereoselectiv ity between various catalysts . Some,

most notably (PPh 3)3RuHC 1 , show a well—defined stereoselectivity implying nucleo-

phi lic character for the attacking metal species , while others , especially the

hydridometal)ocarborane catalys ts, show almost no stereoselectivit y with some

substrates . Other catalys ts, such as (PPh3)2( C0) I rC l and L2IrC1 species , show

intermediate stereoselectivit ies. Any proposed general mechanism for transition

metal catalyzed deuterium exchange at boron-hydrogen bonds must be capable of
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• 
explaining these diverse reactivities .

To simplify discussion , the genera l scheme proposed be low is based on a

metal hydride species as the acti ve catalyst. Most of the complexes studied

were metal hydrides to begin with , while those that were not readi ly form such

species in the presence of hydrogen . The specific nature of the active catalys t

forme d from those complexes which were studied wi l l  be discussed in the appro-

priate section for each catalyst.

General Mechanism

The oxidati ve addition and reductive elimination scheme given in eqs .

4 and 5 are adequate to explain the results reported above with the exception

k 1 k_2
M H + D 2 ~ k MHD2 ~~MD + HD (4)

k3 k 4
MD + BH - MDBH k MH + BD (5)k_ 3 4

that , depending on the nature of the active catalyst , dissociation or associa-

tion of neutra l ligands may occur in addition to the oxidative addition or re-

ducti ve elimination steps (this point will be discussed further in later sec-

tions). Reactions involving oxidative addition of H2 or HD need not be con-

sidered as these species were present only in very low concentrations relative

to D2.

Al though the reactions in eq. 6 are also a poss ible process for the intro-

-H 02 
______MH + BH , MH B 2 MB ; MD2B ., ~MD + BD (6)2 +H2 -D2

duction of deuterium into the catalytic system , experiments with (PPh3)3RuHC1

and the hydridome tallocarborane catalysts have shown that no MB species accumu-

late in the absence of D2. Such accumula tion might be expected based on eq. 6.



-17-

For these particular catalys ts, with which most of th~ mechanism studies have

been carried out , this is not a viable exchange process. For other catalysts ,

the possible role of reactions such as eq. 6 wi l l  be discussed in the appropriate

section .

Catalysis by (PPh3)3RuHC 1.

The most significant result of exchange catalyzed by (PPh 3) 3RuHC1 was the

stereoselectivity shown for deuteri um incorporation at chemically nonequivalent

sites within the substrates . However , before the requirements for this stereo-

selectivity can be discussed , it is necessary to explore the nature of the in-

termediates in eqs . 4 and 5.

As mentioned earlier , (PPh3) 3RuHC1 is known to exchange 19 hydrogen a toms
for deuteri um when heated with D2. The genera l mechanism postulated 6 

for

ortho phenyl C-H exchange (shown below) allowed two possible processes for the

H2
L M H  L M H 3

H2
I I I  IV

11
H\~~~

Lfl l M 
_ _ _ _ _ _  

L i

introduction of deuterium, III~ 1V and V~ V- I . However , the s ta-

bility of (PP h3)3RuHC1 solutions in the absence of hydrogen or deuterium

rules Ou t V~ ~~V I as a viable path for this particular catalyst . Ortho metal-

lated species such as VI or decomposition products thereof would be expected to
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accumulate if that path were available. The remaining process , III~ :IV ,

is the equivalen t of eq. 4. Since the addition of excess PPh3 did not inhibit

ortho deuteration of PPh3 or deuteri um exchange with carbo ranes , ligand dis-

sociation is not a part of the exchange process. Hence , for this catalys t,

MH in the scheme is most probably (PPh 3 ) 3RuHC1 itself.

Since the catalyst is recovered unchanged except for self-deuterat ion ,

the equilibria must favor this species and not MH3 or MH2B type species. Thus

the steady-state approximation may be applied to the concr-ntration of MH3 and

MH2B for initial rate calculations .

To rationalize the stereochemistry of the exchange reactions , two assump-

tions must be made . The first is that the attack of ca talyst at a B-H bond (k3)

is nucleophilic in character. From this it follows that the magnitude of 1c3 for

attack at various sites in the substrate wil l  vary with the susceptibility of

each site towards such nuc leophilic attack. If k3(l) is defined as the particular

k3 for attack at the most susceptible set of sites , BH(l), while k3(2) as that

for attack at the next susceptible set, BH(2), etc., then k3(l)>k 3(2)>.. .k3( n ) .

The second general requirement for stereoselectivity is that k1>k4(l).

This follows from inspection of the relevant equilibria in the scheme . In the

case where this requirement is not met , eq. 5 provides a path for atta i nment

of the thermodynamic distribution of deuterium among all those sites for which

oxidative addition of a B-D bond is more facile than oxidative addition of deu-

terium to the catalyst , i.e. , for wh i ch k4>k1.
If k1>>k 4 (i)>>k 4 (2) , the simplest case , the ra te-determining step wi l l  be

the reaction whose rate constant is k3( l ) .  In this case , after a short period

of rapid exchange , during which almos t all MH is converted to MD , the initial
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rate equation for deuteration of the most active site will become

d[BD(lfl 
- = k 3 ( 1)  

~ ]
[MD][B H l ]  (7)

Since no dependence of the rate on PPh 3 concentration was found , ligand dis-

sociation is not involved and it is permissible to assume [MD] = [RU]tOtai •

The observed initial rate equation would be

d[BD( l)] = kobs [BH(l)] (8)

where

I k~~(l)1
k
obs 

= k 3(l) L k 3(l)j 
[Ru] t0t81 (9)

The other simple case for stereoselective exchange , k4(l)>>k 1 >>k4(2),

would have the reaction whose rate constant is k1 as the rate-determining step

for deuteration of BH( l).  For this situation , the equilibria in eq. 5 are fast

relati ve to the rate—determining step and maintain the following equilibrium

between MH and MD:

MH + BD(l) .~ ~~MD + BH( l) (10)

The equilibrium constant for eq. 10 should be near 1. In this case there is

no rapid prior exchange with catalyst , so the initial rate equation would

have the form

dUBD(lfl + IMDJ.L = k 1 [ ~ J [Ru]
~0~8i P02 

(11)
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The fraction exchange at the hydride (and ortho phenyl hydrogens) of the

catalyst would parallel , acco rding to eq. 10 , that at the active site of the

substrate .

Preliminary kinetic experiments 1 
w i th  (PPh 3 ) 3RuHC1 as cata lyst in-

dicate that the correct ordering of rates for this catalyst is

at least for substrates wi th sites no more active than B(3,6) on l ,2-C2B10H12.

This conclusion follows from the observation of an init ial , rapid exchange of

the 19 exchangeable sites of the catalys t before a significant fraction of the

substrate had undergone exchange . If this proposed mechanism is correct , the

initial rate should be found to depend on catalyst and substrate concentrations

but not on P0 (except during the catalyst self-exchange period), and the ob-

served initial rate should have the form of eq. 8 after the catalys t self-

exchange period.

Catalysis by Hydri dometal locarboranes.

The ste reochemical results of deuterium exchange catalyzed by the hydrido-

metallocarboranes , which are greatly at variance with those for (PPh3)3RuHC 1 ,

may also be rationalized by the scheme in eqs . 4 and 5 if certain requirements

are met. The nature of the MN active catalysts for these species is not com-

pletely defined , but they are probably not the parent hydridome tallocarb orane .

Since one equivalent of excess PPh 3 completely inhibits exchange at both the

metal hydride and substrate B-H bonds , it is mos t likely tha t MN is formed wi th

accompanying ligand dissociation:

k5
(PPh 3 ) 2HMC2B9H

11 ‘ k 
(PPh 3) HMC 2B9H

11 
+ PPh 3 (12)

-5

It has been suggested that (PPh 3)HMC 2B9H
J1 

has undergute an internal redox

reaction from a formal M(III) to a formal M (I) species more accura tely repre-

sented as (PPh 3)MC 2B9H12.
38 Oxidative addition reactions k1 and k3 are easier
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to rationalize for low coordinate Rh ’ or I r’ than for Ph ’11 or

species ,51~’
39 41 although irV species have been postul ated in homogeneous

hydrogenation mechanisms ~~~~~

The tremendous enhancement of rate for hydrido rnetallocarborane catalysts

when treated with minute amounts of oxygen may reflect the unfavorable nature

of the 1(5 equilibrium in eq. 12. If the oxygen used to niake Ph 3PO , the

equilibri um shifts towards the presumed MH active catal yst .  If dissociation

is very unfavorable in the absence of oxygen then even very small quantities of

oxygen could result in huge relative increases in the concentration of MH active

catalyst. A similar effect of oxygen in (PPh 3)3RhCl catalyzed homogenous hydro-

genation has also been discussed in these terms , but an oxidized catalyst was

not ruled out41 and cannot be excl uded in the present study . Indeed , a purple

metallocarborane complex could be isolated from oxidized catalytic solutions of

3,3-(PPh 3)2-3-I1-3,l ,2-RhC 2B9H11 , but it has not been fully characterized. It

is clear that further study is needed to define more precisely the role of oxygen

in rate enhancement.

The stereochemical results wi th this catalyst are easily rationalized if

k4(i)>k 1, where k4(i) is the rate constant appropriate to the least active

site in the substrate for which nonselective deuteration is observed . In this

case the equilibria in eq. 5 provide an effective path , similar ~.o eq. 10, for

atta inment of the thermodynamic rather than kinetic distribution of deuterium

among those sites for which k4>k 4 ( i ) .

The presence of fast equilib ria such as eq. 10 is also supported by the

previously noted observation that exchange of D on the metal parallels that

on boron , regardless of the relative quantities of catalyst and substrate ,

the nature of substrate , or of the time and temperature of exchange . More

direct evidence is given in Figure 12 where a partially, stereospecifically
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deuterated carborane is shown to undergo scrambling faster than exchange under

the same conditions.

Given that the equilibria in eq. 5 do establ ish the thermodynamic distri-

bution of deuteri um, the spectra in Figures 5 and 6 imply that the thermodynamic

preference is the opposite of the kinetic.

The greater effect of oxygen on the rate of 3,1 ,2-MC2 congeners suggests

that the large difference between their rates and those of the 2,l ,7-MC 2 isomers

may be due to differences in K5 rather than in k1.

An alternate mechanism for the hydri dometallocarborane catalysts , which

mi ght be proposed on the basis of the lack of stereoselectivi ty , is that the

k3 step for these catalysts is no longer a nucleophilic attack , but is perhaps

free radical in nature . This may be consistent wi th the results obta i ned with

carborane substrates , but does not explain the partial stereoselectivity ob-

tained wi th 3— (ri5—C 5H5)-3,1, 2-CoC 2B9U11 and 810H14 substrates . The mechanism

proposed herein , however , is still consistent since the sites which exchange

more slowly are the least susceptible to nucleophili c attack , and could show

selectivity because k3 for these sites is smaller than k1 .

Catalysis by (PPh3)2(CO)IrCl.

Exchange catalyzed by (PPh 3)2(CO)IrC l showed activit y similar to that of the

hydridometa llocarboranes; observed rates were faster than the 3,l ,2-MC2 congeners

(without oxygen) but slower than the 2,l ,7-MC 2 species . The stereoselectivity was

intermediate between that of (PPh3)3RuHC1 and the hydridometa llocarbo ranes , show-

ing selectivity only at the least active sites in l ,7-C2B10H 11 , B(8,lO). In

general terms , this stereoselect ivi ty requires the ac t ive  cata ly t ic  species to

oxidatively add BH faster than 02 for all sites except B(8 ,1O) , for which

oxidative addition of BH becomes rate-determining.
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The recovered ir idium-containing species was identified as (PPh3)2(C0)-

IrD2Cl . Al though this is an MD type species , it is al so a s ix -coord inate

complex to which further oxidative additions seem unlikely. However ,

the role of L2(C0)IrX complexes in homogeneous hydrogenation has been wid ely

stu d ied41 and both eight-coordinate irV an d l ower coordinat i ir V s peci es have

been postulated. The inhibito ry effect of added PPh 3 imp lic ites dissociation

of PPh3 in the fo rma tion o f the acti ve catal ys t. Thu s , (PP h3)(C0)IrD2C1 might

be a reasona b le can didate. A suitable scheme for deuterium exchange by this

catalys t could be based on the following equilibria:

(PPh3)2(C0)IrC l + D2. (PP h3)2(CO)IrD2Cl (13)

(PPh3)2(CO)IrD 2Cl ~—=±PPh3 
+ ( PPh 3 ) (CO) I rD 2C1 ( 14)

(PPh 3)(C0)IrD 2C1 
+ BH .~ ‘(PPh

3)(C0)IrBHD 2C1

(PPh3)(C0)IrHDC 1 + t30 (15)

However , since L2IrC l spec ies are also active catalysts for deuterium exchange ,

an equal ly suitable scheme could be based on eq. 16-19 w ith (PPh 3)(C0)IrC l as

the L2IrC 1 species . The evidence is insufficient for valid conclusions to be

made.

Catal ysis by L IrCl Species.2 
_ _

These complexes were by far the most active catalysts studied. The depen-

dence of stereoselectivity on the identity o~ L indi cates tnat the relative

facility of oxidative additions of D2 or BH depends on the environment of the

metal atom . A possible scheme for deuterium exchange catalyzed by these

species could be based on some or all of the following equilibria:

L2IrC 1 + D2~ t 2IrD2Cl (16)
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L2IrD 2C1 + BH ~~~~~ L2IrBHD2C1 L
2
1r~I~ Cl + BO (11)

L2IrC 1 + BH ~~~~~ L2IrBHC1 (18)

L2I rBHCI + D2~
, L2IrBHD2CJ .~ kL

2l rBDC l + HO (19)

The reaction in eq. 18 has been observed in the absence of deuterium 22 an d the

(L2IrHC1)C2B10H11 species used for systems 35 and 37 were prepared in this

manner. Eq. 19 is an equilibrium similar to eq. 6.

Conclusion

Ca talysis ~f deuterium exchange with terminal boron -hydrogen bonds by

transition metal containing species is apparently a facile and general reaction .

The evi dence presented herein implies that during oxida tive addition of the

B-H bond , the meta l attacks the boron in a nuc leophilic reaction. The observed

stereospecificity of deuteri um exchange may reflect the reactivity of the various

sites in the substrate towards nucle ophi lic attack . The stereoselect ivity may

also reflec t the thermodynamic distri bution a t those si tes if deu terium exc han ge

with the catalyst is slower than attack of the catalyst at some or all substra te

sites.

The most generally useful cata lysts for synthesis of deuterated boranes ,

car boranes , and metallocarboranes appear to be the readily available (PPh 3)3-

RuHC1 an d L2IrCl complexes . Partially, stereoselec tively deuterated species

can be prepared by use of either (PPh 3)3RuHC1 or (AsPh3)~ 1rC l as the catalyst.

Completely deuterated species are most easily prepared wi t h the most active

catalyst , (PPh3)2IrC l .

The stereo selecti ve deuteration promises to be use ful for ass ig nment of

nmr spectra when the resonances are suff iciently wel l  resolved and a pre-

d iction of relative reactivity for the various sites can be made on either

theoretical or empirical grounds . One empirical rule ~~,den t from this study
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is that boron atoms adjacent to two carbon atoms are ~~re react ive toward ’~
nucleophi lic substitution than those adjacent to only ne carbon a tom , and

those adjacent to no carbon a toms are the least reactive . Wi thin these groups

more subtle factors determine the relative reactivities .

Experimental

Unless otherwise noted , all reac ti ons were carr i ed ou t under an a tmo s phere

of dry , oxygen-free nitrogen and solvents were satura ted i~i~ h nitrogen prior

to use.

Phisical Measurements. Infrare d spectra of KBr pelle t s or Nujol mulls

were recorded on a Perkin-Elme r 137 sodium chloride spectc i photometer. Proton

nmr spectra were obtained at 251 MHz and 11 B nmr spec tra ~t 80.53 MHz on a

superconductin g, Fourier- trar’sform instrument designed a~d Lonstructed by

Professor F. A. L. Anet and coworkers of this department. lass spectra were

obta i ned with an Associa ted Electrical Industries MS-9 ~ trome ter . Elemen-

tal analyses were carried out by the Schwarzkopf Microanalytical Laborato ry,

Woods ide , N.Y.

Materials. Reagent gra de benzene and toluene were dis t illed from CaH2

and stored under nitrogen . Dichloromethane and carbon tr t rachloride were

reagent grade . Decaborane(l4), l ,2-C2B10H12 and l,7-C i3~0H12 were su b lime d

prior to use . l,12-C 2B10H12
42 was purified by chromatography with 30_600

petroleum ether on basic alumina according to the suggestion of Sieckhaus ,

et al.43 Analysis by glc showed the recr ystallized produc t to contain less

than 0.01% l ,7-C2B10F112. (CH3)3NBH 3 was used as rece i ved from Matheson ,

Colema n and Bell. l,6-C 288H10,
42 3-(n 5-C 5H5 )-3 ,l,2-CoC 2B9H11,

4
~ and

1 ,2 ,4-CoC 2B8H10
45 were prepared by literature methods .
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(PPh3)3
RuHCI C6H5CH3 was p repare d ~y the m ethod of Schunn and Wonchob a .9

The hydridometallocarborane cata l ys ts  3 ,3- (PPh 3 ) 2 -3 -H - 3 ,1 ,2-MC 2B9H11 (M = Rh ,

Ir) and 2,2-(PPh 3)2-2-H-2 ,l ,7-MC2B9H11 (M Rh , ir) were prepdred by methods

of Paxson and Hawthorne .20 ’38 (PPh 3)2(C0)IrC l was prepa red by treating a

benzene solu tion of PPh 3 an d [Ir(C 8H14)2Cl]2 ( : 1 ) wi th  excess CO and crystal-

lizing the product by addition of hexane . The prepa ration of 3-{(PPh3)2IrHCJ]-

1 ,7-C2B9H11 has been described .22

Deuterium gas (99.7~t) was obtained from Liquid Carbonic and was used as

received for the early work described herein. When it was discove red that the

resi dual oxygen in the gas was greatly enhancing the rate for the hydri do-

metal locar borane ca talys ts , the gas was thereafte r purified by passage through

a column of Dow BTS catalyst (prepared with 02) at 120° followed by passage

through a column of Drierite .

(PPh3)(l—P(CH3)2-l ,2-C2B10H11)2RuHC 1 (II). A mixture of (PPh 3)3RuHCl~C6H5CH 3
(0.5 g, 0.5 mmol) and I , l-P(CH 3)2-l ,2-C2B10H 11 (0.5 g, 2.5 rmiol), was heated to

reflux in 15 ml of toluene . The purple solution rapidly turned red-orange and

upon cooling a yellow-orange powder precipitated from the solution. This was

collecte d by filtration , was hed wi th ether an d vac u um dr i~ d to yield 0.192 g ~

II. Addition of 25 ml ether to the filtrate precipitated another 0.066 g. Total

yield was 64% of theoretical. The yellow-orange powde r is air stable in the

soli d state for hours , but solutions rapidly turn green in air. Mp 227—230°

(dec). Anal. Calcd for C26H50B20P3C1Ru : C , 38.63; H , 6.23; 8, 26.75; P , 11.49;

Cl , 4 .38; Ru , 12.50. Found: C , 38.28; H , 6.24; 8, 25.1 1 ; P , 11.59; Cl , 6.91;

Ru, 12.55.

Deuterium Exchan ge Technique. The reacto rs consisted of 25 nil 3-necked

flasks equipped with a refl ux condenser connected to a nitrogen atmosphere , a

magnetic stir bar , and a deuterium gas inlet tube which extended to near the

bottom of the flask. The reactor was evacua ted , fi lle d wi th ni trogen , and the
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substrate , catalyst an d solvent introduced in a counter urrr~nt of nitrogen .

The reactor was brought to the desired temperature in an oil bath controlled

to + 10 with a Therm-U-Watch regulator , and stirred at that temperature until

the catalyst and substrate dissolved. Deuterium gas was then bubbled through

the vigorously stirred solution at ca. 3 cc/mm . The reactions were sampled

at desired intervals by taking 1 or 2 ml aliquots by pipet in a countercurrent

of nitrogen and treating them as described below .

Isolation of Substrates. Isolation of deutera ted I was effected by chroma-

tography of the product solution on silica gel with hexane/CH 2C1 2 . The phos-

phmne containing fraction was stripped of solvent on a vacuum li ne .

The C2B
10

H
12 ca rboranes were isolated by transferring 2 ml al iquots to a

sublime r, removing the solvent in vacuo, and subliming the product to a 00 col d

finger. In late r experiments , a 1 ml a liquot was fi ltered directly into an nmr

tube through a 3 cm column of neutral alum i na in a dis posa b le p ipet. Suff i cien t

carborane for ir and mass spectra l analysis could then be obtained by washing

the column wi th 1 ml of CH 2C1 2 and evaporating the solvent .  Al l  catalysts were

reta i ned by the alumina under these conditions. At the end of the reaction ,

the solution was cooled and the carborane was collected by sublimation as before .

The catalyst resi due from the sublimation was examined by ir spectroscopy after

recrystallization from benzene/hexane .

Decaborane(14) and (CH3)3NBH3 substra tes were also isolated by the subli-

mation technique , but l ,6-C2B8H10 proved to be too volatile and was isola ted

by preparative glc of a solution fi l tered through silica gel to remove the

catalyst.

The metallocarborane substra tes were isolated by chromatography of aliquots

or of the product solution on silica gel with dichloromethane/hexane eluant.

Rotary evaporation of the solven t from the metallocarbo rane fraction gave crys-

talline products in high yields .
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4 Analysis for Deuterium Content. The metallocarbo rane substrates gave mass

spectra at 14-16 eV which exhibited distributions of molecular ions close (+ 10%)

to the calculated isotopic distri butions .24 Their deuterium content could be

calculated , therefore, from the difference between the mass average of the mo-

lecular ions before and after deuteration (Table IV). The deuteri um content

in the cyclopentadieny l ligand was readily determined from isotopic analysis of

the pattern of fC5H~~x
DxCof fragments in the 70 eV mass spectrum . This number

of deuteri um atoms was sub tracted from the total to give the average number of

deuteri um atoms bonded to boron atoms in the product. The estima ted error in

this method is + 0.2 0.

The mass spectra of carboranes , unfortuna tely, show extensive hydrogen loss

even at low eV.23 Therefore , the deuteri um content of all substrates but the

metallocarboranes was determi ned from infrared analysis. The relative amounts

of B-H and B-D in these compounds was determined from comparison of the relative

absorbances of VBH and VBD absorptions in their ir spectra (Nujol mull or KBr

pellet) with those in spectra of standard mixtures of l ,l2-C 2B10H12 and 1,12-

C2H2B10D10. The assumptions inherent in this analysis are that the relative

extinction coefficients of VBH and are the same for all substrates , for all

sites within a substrate, and at all degrees of deuteration of the su bstra te .

The error in this analysis is estima ted at + 1 0 but may be greate r or less

depending on the validity of the assump tions. The errors are greatest for

those substra tes with obviously non-Lorentzian absorptions , w hi ch i ncludes all

substrates but the carboranes .

The Infrared analysis was modi fied , if necessary, upon examina tion of the
118 nmr spectra. Where sufficientl y well resolved , the resonances could be

analyzed as overlapping singlets and doublets reflecting the relative concen-

tration of 0 and H at that boron atom.
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TABLE IV

Mass Spectral Data for 3-(ri5-C5H5)—3 ,l ,2-C0C2B9F111

and Deutera ted Derivatives

3- (ii -C5H5 ~~ 
- 

~~ 2 9 11 Deuterated Products C
Mass 

- a b ~~~~~~~~ System 27 b
Theoretical Found --

268 1.4
267 5 9  0.3
266 26.2 2.7
265 53 .7 20 .3
264 82.2 70 .3
263 100.0 100.0
262 62 .2 83 .9
261 39.6 53.4
260 0.12 17.2 19.5
259 3.85 2.0 7.8 6.3
258 49.88 47.1 2.5 2.5
257 100.00 100.0 1.0 1.1
256 94.58 91.1 0.3 0.7
255 52 .99 54 .1
254 19.20 17.9
253 4.56 3.5
252 0.75 0.8
251 0.08 

_____ ____

Mass average 256.32 256.31 263.13 262.5 1

127 4.8
126 0.12 100.0 2.1
125 5.48 5.5 69.5 16.1
124 100.00 100.0 21.5 100.0

Mass aver age 124.05 124.05 125.45 124.17

a. Calculated by ISOTOPE.24

b. Mass>250 : Average of four spectra at 14eV , range of intensities = t 4~ ;
Mass<128: 70eV.

c. Mass>250: 15eV; Mass<128: 70eV.



Figure 1. The first reported oxidative addition involving a boron-

- 

hydrogen bond.4
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Figure 2. The 80.53 t’iHz 118 nrnr spec tra of 1,2-C2810H12 taken in

CH2C1 2 at various stages of deuterium exc hang2 catalyzed

by (Prh3) 3R~~C1: a) no exchang c ; b) ~yst~~ 4; c) syz-

tern 3; d) system 2; e) system th~ 
f) no exchange ,

proton decoupled .
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Figure 3. The 80.53 MHz 11B nmr spec tra of 1 ,7-C2R 10H19 at vari-

ous stages of deuter iurn exchange catalyzed by (PPh 3)3—

RuHC1 : a) no exchange , b) system 6, 2 hr; c) sys-

tern 6a; d) system 6a + 3 hr 1000 ; e) sys ieni Gb;

f) system 5. Spectra a and f’ taken in CH2C1 2 ; b-e

taken in C6H5CH3.
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Figure 4. The 80.53 flHz 
11 8 nmr spectra of l ,6-C288H10 at vari-

ous stages of deuteriwn exchange catalyzed by (PPh 3)3
.-

Rul-IC1 : a) no exchange; b) system 7, 2 hr; c) sys-

tellS 7, 4 hr; d) system 7, 20 hr; e) system 8; f) no

exchange, proton decoupled. Spectra a ,e.,f taken in

CC14; b-d taken in C51-15CH3.
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Figure 5. The 80.53 ~1z 11 8 nmr spectra of l ,7-C2810H.2 taken

in C6U5CH3 at various stages of deuterium exchange

catalyzed by 3~3- (PPh 3)2-3-H-3~l~ 2-MC2B~H11 (M =

Rh, Ir) . Spectra a-e are for M = Rh and the products

of the following systems : a) !2~ 
1 hr , 65~ ; b) i’~,

24 hr , 65° ; c) 19 , 24 hr , 65° , then 3 hr , 1000 ;

d) 20d (i l lustrating rate enhancement effect of oxy-

gen); e) 
~~ 

Spectra f-j are for N = Jr and the pro-

ducts of system 22 after: f) 1 hr , 65° ; g) 24 hr , 65° ;

h) 24 hr, 65° ., then 3 hr , 100° ; i) 24 hr , 650 , then 10

hr, 1000; j )  22b .
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Fi qul -e 6. The p0.53 MHz 11B nmr spectr a of l,7-C 2B1011 12 taken in

C6U5CH3 at various stages of deuterium exchang e ca:a-

lyzed by 2,2-(PPh3)2-2-H-2 ,l ,7-MC2B9H11 (M = Rh ,Jr) .

Spectra a-e are for !4 = Rh and the products of system

~1 after a) 1 hr; b) 4 hr; c) 8 hr; d) 20 hr ;

e) 2 1c . Spectra f-j are for N = Ir and the products

of system 24 after f) 1 hr; g) 4 hr; h) 8 hr;

1) 20 hr; j ) 24c.
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Figure 7. The 80.53 MHz nmr spectra of 1 ,7-C2810H12 taken

in C6U5CII~ at various sta ges of deuteriu~ exchange

catalyzed by (PPh 3)2 (CO) IrC l . Spect i-a are of the

products of system 33 after: a) 1 hr, 6~°; b) 8

hr, 65° ; c) 24 hr , 65°; d) 24 hr , 65°, then 3 hr ,

1000; e) 24 hr , 65~, then 10 hr , 100°; f) 24 hr ,

65°, then 20 hr , 100°.

4-
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Figure 8. The 80.53 ~-i9z nrnr spectra of 1,7-C 2810F!
12 

taken

in C6H5CU3 at various stages of deuteri u~i exchange

- catalyzed by (PPh 3)2IrCl (a-c) and 2- [(1sf ’h~ )2 1r—

HC1 )—l ,7-C2B1 ~~ 1 ( f — g) .  Conditions for exchange

were those of systems 36 and 37.
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Figure 9. The 80.53 MHz 11 8 nmr spectra of 3-(ti5-C5H5)—3,1 ,2-

CoC2B9H11 at various stagesof deuterium exchange cata—

1.yzed by (PPh3)2RuHC1 (b-d) and 2,2-(PPh 3)2-2-H-2,1 ,7-

RhC2B9I{11 (a): a) no exchange; b) system !! , 1 hr;

c) system ii , 2 hr; d) system !9~ 
e) system 27b ;

• 1’) no exchange, proton decoupled. Spectra b and c

taken In C6H5CH3, others -in CH2C12.

S
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FIgure 10. The 80.53 MHz nmr spectra of B10H14 taken in

C61t5CH3 at various stages of deuterium exchange

• 
• cat~1yzed by (PPh3) 3RuHC1 (D) and 2,2-(PPh3)2-2-

H—2,1,7-RhC2B9H11 (c): a) no exchange; b) sys-

tern 
~~ 

c) system 27b; d) system 27b , proton 
-

- 
decoupled.

S .
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FIgure 11. The 80.53 MHz nmr spectra of the products of

- 
deuterium exchange on the Lcosahedral substrates,

as catalyzed by (PPh 3)3RuUC1 , under identical con—

ditlons (those of system 4).
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Figure 12. The 80.53 MHz nmr spectra of 1 ,7-C2810H12

~a—d) and 2,3-D2.-l ,7-C2810
H10(d 1) (e—h) at vari-

ous stages of deuterium exchange and deuterium

scrambling, respect~ve 1y, catalyzed by 2 ,2- (PPh~ ) 2 —

2—H—2 ,l ,7-IrC2B9H11. Condi t ions  used we re those

of system 24 bu t without 02 introduction for the

scrambling.
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20. Abstract

~A wide variety of substrates , including carboranes , meta l loca rboranes ,
• arid boron hydrides , were found to undergo cata l ytic isotopic exchange of

terminal hydrogen wi th deuterium gas in  the presence of var i ous trans iti on
metal com p lexes .~ With (PPh3)3RuHC1 as catalyst , exc han ge was found to pro-
ceed with sterep?electivity indicative of nucleophi li c attack at boron;
~~~~~~~~~~~ the ord~r of ra tes for deu ter ium i ncor pora tion a t chemica l l y non-
equivalent sites in l,2-C 2B10H12 was B(3,6) > B(4,5,7,ll) > B(8,l O)  .-

B(9,12). Other catalysts , mos t nota b ly the ser ies of hydr i dometal l ocar bor-
aries , (PPh 3)2HMC 2B9F111 (M = Rh ,Ir ), showed l i t t le  or no s tereoselect iv i ty

“ during deuterium exchange. Intermediate stereoselectivi ty was found wi th
(PP h3)2 (CO)IrC ] and (PPh3)2 IrC l species as ca talysts , whi le exchange cata-
lyzed by (AsPh 3)~ IrCl exhibited the stereose lect iv i ty  found wi th (PPh 3) 3 -

~~~~~~~~~~~~~~ mechanism is postulated which rat ional izes the varied results
and which involves ox idative addition of boron-hy drogen bonds to cata ly t ic
species .
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