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The deuterium-exchange reactions of (3)-1,2-BsCzH12-, (3)-1,7-B&zHlz-, and (3)-1,2-B~CzH13 have been studied using 
IlB nmr and infrared spectroscopy. On the basis of these measurements and 13C nmr spectral measurements probable struc- 
tures for these compounds are proposed. It has been found that some terminal hydrogen exchange takes place under acidic 
but not basic conditions. A total assignment of the llB nmr spectrum (80.5 MHz) of (3)-1,2-B9CzHu- is proposed on the 
basis of the deuteration studies and llB nmr data obtained from ~ - C ~ H ~ ~ - ( ~ ) - ~ , ~ - B Q C Z H I I -  and 9,12-Br~-(3)-1,2-ByC~HIo-. 
An assignment of the IIB nmr spectrum of (3)-1,2-B&zHls is also proposed. 

The monoanions (3)-1,2-dicarba-nido-dodecahydro- 
undecaborate(1 - ) , 3  (3)-1,2-BgC~H1~-, and (3)-1,7-di- 
carba-nido-dodecahydroundecaborate(l-))3 (3)-1)7- 
BgCzH12-, are the products of the base degradation of 
1,2-B&H12 and 1,7-B&H12, r e s p e ~ t i v e l y . ~ ~ ~  Both (3)- 
1,2-B9C2H12- and (3)-1,7-BgCzH1~- have one acidic hydro- 
gen atom (Ha) which can be reversibly removed with 
strong base.6 In addition (3)-1,2-BgCzH12- can be re- 
versibly protonated to yield (3)-1,2-dicarba-nido-undeca- 
borane(l3)) (3)-112-B9C~H13.4 These three compounds, 
(3) -1 ,2BgCzHle-, (3)- 1,7-B ~ C Z H ~ Z - ,  and (3) - 1,2-B 9C2H13, 
are the stable precursors to a large number of smaller 
carborane~, '-~ metal-substituted carboranes,'O-13 and 
transition metal c ~ m p l e x e s . ~ ~ ~ ~ ~ ~ ~  Despite the impor- 
tance of these compounds, there are a number of un- 
answered questions concerning details of their struc- 
tures. 

It is reasonably well established that these species are 
1 I-particle, icosahedral fragments with one terminal 
hydrogen on each of the 11 heavy atoms. (Figure 1 
shows the proposed basic heavy-atom structure of these 
compounds along with the numbering system.) The 
exact nature of the acidic hydrogen (Ha) has, however, 
been the subject of considerable d i sc~ss ion .~ '~  The only 
spectral evidence, which has so far been r e p ~ r t e d , ~  for 
Ha in (3)-1,2-B9C2H12- is found in the 60-MHz llB nmr 
spectrum of this compound (Figure 2). In this spec- 
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trum the doublet centered a t  +32.1 ppmI6 is observed 
to have fine structure which has been attribute@ to 
coupling between Ha and the unique boron atom in the 
open face of the molecule [B(8)]. In addition, the in- 
frared spectrum of (3)-1,2-BgC~H13 shows a weak band 
a t  1965 cm-l which was tentatively assigned to a 
B-H-B stretching mode by Hawthorne and Weis- 
b ~ e c k . ~  However, no detailed spectroscopic studies 
have been carried out on these compounds. We wish 
to report the results of deuteration studies and addi- 
tional spectroscopic data which permit more definite 
conclusions to be drawn as to the exact nature of the 
acidic hydrogen atoms in these three compounds. 

Deuteration Studies on (3)-1,2-BgCzHlZ-.-The prep- 
aration of monodeuterated (3)-1,2-BgC~H1~- was 
achieved by reaction of (3)-1,2-BgC~H11~- with DzO 
to give (3)-1,2-B9CzHllD- which was isolated as its 
tetramethylammonium salt. The llB nmr spectrum of 
this compound (Figure 3b) is quite similar to  that of 
the undeuterated material (Figure 3a). However, the 
fine structure on the resonance of area 1 centered a t  
+32.4 ppm has been removed by deuteration, thus es- 
tablishing that this fine structure is indeed due to Ha. 
There is no evidence from these spectra that any of the 
terminal hydrogens have been exchanged with deute- 
rium during the reaction. Figures 3c, 3d and 3e show 
the effect, on the IlB nmr spectrum of (3)-1,2-BgCaHlz-, 
of substituting terminal hydrogens in known positions. 
These results will be discussed in detail later (vide 
infra).  

In order to investigate further the hydrogen-ex- 
change reactions of (3)-1,2-B9CnHlz-, llB nmr spectra 
of solutions of the potassium salt in D20, D 2 0  2 M in 
K2C03, and D20 5 Ad in DC1 were recorded. The spec- 
tra of solutions in DzO and DzO 2 M in KzC03 showed 
that Ha could be exchanged under basic conditions, 
since the addition of KzCOa resulted in the collapse of 
the fine structure in the resonance centered a t  +32.8 
ppm in D20 solution. Also, there was no evidence for 
the exchange of terminal hydrogen with deuterium un- 
der these conditions. Under acidic conditions, however, 
the spectrum showed that not only was Ha exchanged 
for deuterium but the terminal hydrogen had also ex- 
changed (Figure 4). The resonances a t  +32.8 (area I ) ,  

(16) All '1B nmr chemical shifts are in ppm relative to  an external refer- 
Coupling constants are in Hz and, unless ence sample of BFI .  O ( C ~ H S ) ~ .  

otherwise stated, t he  spectra were recorded at  80.53 MHz. 
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Figure 1.-The proposed heavy-atom structure of the BsCzHll 
fragment and the numbering system used in this paper. 

8 =  + I6  3 
J 140 

Figure 2.-The 60-MHz llB nmr spectrum of 
(CH8)sNH-(3)-1,2-B~C~H1~ in acetone. 

+18.7 (area 3), and + 12.2 (area 2) ppm in DzO all col- 
lapse, indicating that the terminal hydi-ogen on the 
boron atoms responsible for these signals exchanges 
with deuterium under acidic conditions. The llB nmr 
spectra of a solution of K-(3)-1,2-BgCzH12 in aqueous 
HC1 showed no changes. Exchange, even of Ha, was 
found to be slow in the absence of acid or base since 
spectra of DzO solutions of the monoanion showed little 
change even after a period of weeks. 

Infrared spectral studies also provide evidence for 
the exchange of terminal hydrogen under acidic condi- 
tions. The infrared spectra of (3)-1,2-B&!zHlz- which 
had been treated with 1 M DC1 in DzO for extended 
periods of time exhibited a band a t  1880 cm-l which in- 
creased in relative intensity with time (Figure 5). 
Bands in this region of the infrared spectrum have been 
assigned to terminal B-D stretching vibration~. '~ The 
infrared spectrum of material treated with aqueous 
HC1, on the other hand, showed no changes. No bands 
attributable to B-H-B bridge vibrations were ob- 
~ e r v e d . ~  

Structure of (3)-1,2-B9CzH~2-.-The coupling con- 
stant of ca. 40 Hz observed in the spectrum of (3)-1,2- 
BgCzHl2- and assigned to coupling between Ha and 
B (8) is inconsistent with the presence of a BHz group in 
the monoanion (terminal B-H coupling constants are 

(17) W. J. Lehmann, C. 0 Wilson, J F. Ditter, and I. Shapiro, Adven. 
Chem Ser., No. 82, 139-150 (1961). 

I 

Figure 3.-The 80.5-MHz llB nmr spectra of (3)-1,2-BpCzHiz- 
and substituted analogs in CH3CN: (a) (CH3)3NH-(3)-1,2- 

( ~ ) - ~ , ~ - B o C ~ H ~ ~ ;  (d) (CH3)aN-9,12-Brz-(3)-1,2-BaCzHl~; (e) 
deuterated (CH3)aN-(3)-lr2-B&2H1z from the hydrolysis of 
deuterated (3)-1,2-B&Hl3. 

BgCZHlz; (b) (CH3)4N-(3)-112-BpCzHllD; (c) ( C H ~ ) ~ N - ~ - C ~ H G -  
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Figure 4.-The 80.5 MHz LIB nmr spectra of I(-(3)-1,2-BoCzH12 
in (a) neutral DzO, (b) DzO 2 M in KzC03, and (c) DzO 5 M in 
DCI. 

typically of the order of 140 Hz). Also, the infrared 
spectrum of (3)-1,2-B&2HllD- shows no absorption 
bands which could be attributed to a terminal B-D 
stretching vibration. Consequently Ha is assumed to 
occupy a bridging position. 

Three types of static B-H-B bridges are conceivable. 
First, the bridge may be either between B(4) and B(8) 
or between B(7) and B(8); in either case the plane of 
symmetry of the 1,2-BgCzHl~ unit would be destroyed.18 
Such a structure seems unlikely since the llB nmr spec- 
trum' of ~-COHS-(~)-~,~-B~CZH~~--, which also has no 
plane of symmetry, is complex and quite unlike that of 

The second and third types of bridging structure in- 
(3)- 1,2-B 9C2H12-. 

(18) The structure showii in Figure 1 has a plane of symmetry passing 
through B(6), B(8), and B(10) and bisecting the C(l)-C(Z) bond This 
gives rise to  six types of boron atoms in the ratio 2: 2: 2 : 1 : 1 : 1, z e , B(4), 
B(7) : B(5), B(11) : B(9), B(12) : B(6) : B (8) : B(10) 

HOWE, JONES, WIERSEMA, AND HAWTHORNE 
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Figure 5.-Changes in the infrared spectra (Nujol mulls) of 
(CH3)aN-(3)-1,2-BgCzHln during the Dz0-DC1 exchange experi- 
ments. 

volve either a three-center bridge between B(4), B(8), 
and B(7) or a five-center bridge between all five atoms 
in the pentagonal face. The lac nmr spectrum of 
K-(3)-1,2-BgCzHl~ in HzO consists of a doublet a t  f145 
ppm,lg J C H  = 160 Hz, which shows no evidence of cou- 
pling between Ha and the carbon atoms (proton decou- 
pling of this spectrum effected the collapse of this dou- 
blet to a singlet). Since no coupling was observed be- 
tween Ha and the carbon atoms, the five-center bridge 
structure would seem unlikely. An asymmetric three- 
center bridge in which Ha is more closely associated 
with B (8) than with B (4) and B (7) would be consistent 
with the observed spectrum if the Ha-B(4) or -B(7) 
coupling were too small to be observed. 

An alternative structure, which also agrees with the 
observed spectrum, involves a dynamic B-H-B bridge in 
which Ha is rapidly tautomerizing between a B (4)-B (8) 
and a B(7)-B(8) bridging position. Such a structure 

(19) The 13C nmr spectra were recorded a t  63 1 MHz using a computer 
accumulation of 2000 scans for K - ( ~ ) - ~ , ~ - B Q C ~ H ~ P  and K-(3)-117-BnC2H12 
and of 500 scans for (3) l,Z-BnC?Hn Shifts are quoted relative to carbon 
disulfide 



DICARB A-nidO-DODECAHYDROUNDECABORATES Inorganic Chemistry, VoZ, 10, No. 11, 1971 2519 

7 3 1  I /  N 

N 
I I I I I I  I I 1  I I 1  I I I I I& 

3100 2500 2000 1500 1100 700 

FREQUENCY ( CM-' ) 

Figure 7.-The infrared spectra (Nujol mulls) of (a) Cs-(3)-1,7- 
B&!zHla and (b) Cs-(3)-1,7-BsCzHllD. 

Figure 6.-The 80.5-MHz IlB nmr spectra (CHaCN solution) of 
(a) (CH3)8NH-(3)-1,7-B~CzH~z and (b) (CH3)rN-(3)-1,7-B&HnD. 

would account for the observation of coupling between 
Ha and B(8) and the unobserved coupling between Ha 
and B(4) and B(7) since Ha is bonded to B(8) a t  all 
times but is only transiently bonded to B (4) and B(7). 

Deuteration Studies on (3)-1,7-BgCzHl2-.-The 
preparation of monodeuterated (3)-1,7-BgC*Hlz- was 
achieved by reaction of Naz-(3)-1,7-BgCzHl16 with DzO 
to give (3)-1,7-BgC2HllD- which was isolated as its 
tetramethylammonium salt. The "B nmr spectrum 
of the corresponding undeuterated material (Figure 6a) 
consisted of three signals of which the resonance of area 
2, a t  +22.4 ppm, exhibits a splitting of ca. 40 Hz attrib- 
utable to coupling with Ha. In the spectrum of the 
deuterated compound (Figure 6b) the fine structure is 
no longer present and this signal appears as a doublet 
which overlaps with another doublet a t  +21.2 ppm to 
give a signal whose overall appearance is that of a trip- 
let. As was the case with (3)-1,2-BgCzH12-, there are 
no other significant differences between the spectra of 
the undeuterated and monodeuterated materials. 

The infrared spectrum of (3)-1,7-BgCzH12- contains 
a number of weak bands in the region generally assigned 
to B-H-B bridge hydrogen stretching modes]' (Le . ,  
1600-1900 cm -l) (Figure 7a). The infrared spectrum 
of (3)-1,7-BgCzHllD- by comparison shows no bands in 
this region but instead bands are present a t  1305, 1250, 
and 1205 cm-l (Figure 7b) which are not present in the 
spectrum of the undeuterated material. These bands 
may be assigned to B-D-B bridging deuterium vibra- 
tions which have previously been observed in the region 
1100-1500 cm-i l7 

To study the deuterium-exchange reactions of (3)- 
1,7-BgCzH12- further, llB nmr spectra of K-(3)-1,7-Bg- 
C2H12 dissolved in D20, DzO 2 M in KzCOa, and DzO 5 111 
in DC1 were recorded. As was found with (3)-1,2-Bg- 

*59 1 0  'F.6 

Figure &--The 80.5-MHz IlB spectra of K-(3)-1,7-B&tH12 in 
(a) neutral DzO, (b) DzO 2 M in KzCOa, and (c) DzO 5 A4 in DCI. 

C2H12-, Ha exchanged with deuterium under basic con- 
ditions resulting in the collapse of the fine structure on 
the resonance centered a t  23.9 ppm in DzO. The re- 
sulting signal in D*O-K2COs solution appeared as a 
quartet due to the overlap of two doublets centered a t  
$23.3 and +24.2 ppm (Figure 8). Again there was no 
evidence of terminal hydrogen exchange under basic 
conditions. 

Under acidic conditions the llB nmr spectrum of (3)- 
~ , ~ - B ~ C ~ H I Z -  shows evidence of terminal hydrogen ex- 
change. The resonance of area 1 a t  +36.8 ppm in 
DzO was collapsed to a singlet as was the resonance of 
area 1 a t  +7.2 ppm. However, the resonance a t  +23.9 
ppm shows no significant change showing that the ter- 
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minal hydrogen on the boron atoms coupled with Ha 
does not exchange under acidic conditions. Further, 
there does not appear to  be any change in this resonance 
which could be due to exchange of Ha under these con- 
ditions 

Structure of (3)-1,7-B9CzH12-.-The IlB nmr spec- 
trum of (3)-1,7-BgCzHl2- (Figure 6a) can be rational- 
ized in terms of a symmetric structure for this mole- 

The low-field signal comprised of a doublet of 
area 2 a t  +4.4 ppm and a doublet of area 1 a t  +6.2 
ppm. The central signal arises from the overlap of 
two resonances of area 2 a t  f21.2 and $22.4 ppm 
of which the latter exhibits coupling with Ha The 
remaining signal results from the overlap of two 
doublets of area 1 at $33.4 and +34.8 ppm. Thus Ha 
occupies a time-averaged position which does not de- 
stroy the plane of symmetry of the 1,7-BgC~Hll unit. In  
addition, the deuteration studies (Figure 6b) establish 
that Ha is bonded to the pair of equivalent boron atoms 
which give rise to the signal a t  $22.4 ppm. The pres- 
ence of bands attributed to B-H-B stretching vibra- 
tions” in the infrared spectrum of (3)-1,7-B9C2Hl2- 
(Figure 7) also suggests that Ha occupies a bridging 
position between two boron atoms. 

The observed B-Ha coupling coqstant of 40 Hz is 
similar to that observed in (3)-1,2-B&zH12- suggesting 
that Ha is bonded to the same pair of boron atoms a t  all 
times, as is thought to be the case for Ha and B(8) in 
(3)-1,2-BgCzHlz-. Also, the 13C nmr spectrum of 
K-(3)-1,7-BgCzH1z consists of a doublet at +164 ppm,lg 
J C H  = 150 Hz, which shows no evidence of coupling 
between Ha and the carbon atoms. Proton decoupling 
of the spectrum effects the collapse of this doublet to a 
singlet. 

On the basis of the above data the most plausible 
structure for (3)-1,7-B&H12- is one in which Ha occu- 
pies a static bridging position between B(4) and B(8) 
(Figure 1) 

Deuteration Studies on (3)-1,2-B&2H13 -A sample 
of (3)-lj2-BgC2H13 may be conveniently prepared by the 
reaction of K-(3)-1,2-BgCzH12 with 85% aqueous phos- 
phoric acid.13 The IIB nmr spectrum of material pre- 
pared by this method exhibited four resonances of rel- 
ative area 2 : 2 : 2 : 3 (Figure sa).  

This spectrum can be rationalized in terms of a sym- 
metric structure for (3)-1,2-B~C2H13.~* The two dou- 
blets of area 2 a t  -3.0 and + 5  3 ppm can be assigned to 
two pairs of equivalent boron atoms The asymmetric 
doublet of area 2 a t  +17.6 ppm is then assigned to the 
overlap of two resonances of area 1, due to two unique 
boron atoms The remaining signal at +ZS.l ppm, of 
area 3, is assigned to the overlap of resonances due to 
the remaining unique boron and pair of equivalent bo- 
rons. 

The llB nmr spectrum of deuterated (3)-l12-B9C2H13 
prepared using D3P04 (85% solution in DzO) confirms 
this rationalization. In this spectrum (Figure 9b) one 
of the resonances a t  $17 6 ppm has collapsed to a sin- 
glet while the other has remained unchanged, thus es- 
tablishing that this signal is due to two overlapping res- 
onances Also, the signal a t  +28.1 ppm has collapsed 
and appears to consist of a singlet of area 2 overlapping 

( 2 0 )  The basic 1 7  BoCiHii unit contain., a plane of symmetry passing 
through B(2), B(9), and B(10j and bisecting the B(4)-B(8) bond (Figqre 1) 
Thus the molecule contains six types of boron atoms in the ratlo 2: 2:  2:  1 : 1: 1 ,  
(2 e B(4), B8) :B(5 ) ,  B(12j B(B),B(ll):B(Z):B,9):B(lOj 

Figure 9.-The 80.5-MHz llB nmr spectra (benzene solution) of 
(a) (3)-1,2-B1C*Hla and (b) (3)-1,2-BoCzHi3 deuterated using 
D8P04. 

a doublet of area 1 a t  slightly lower field. The reso- 
nance a t  -3.0 ppm remains unchanged but the doublet 
a t  +5.3 ppm is partially collapsed, showing that the 
terminal hydrogens on the boron atoms producing this 
signal have been partially exchanged with deuterium 

A sample of deuterated (3)-1,2-B9C2H1$ was also pre- 
pared by the reaction of K-(3)-1,2-BgCzH12 with a large 
excess of DC1 in diethyl ether. In the IlB nmr spec- 
trum (32.1 MHz) of this material all the signals except 
one appear as singlets (Figure lob). The resonance of 
area 1 a t  $17.1 ppm is the only doublet observed in 
this spectrum, indicating that all but one of the terminal 
B-H hydrogens have exchanged with deuterium. 

The infrared spectrum of this material confirms that 
there has been extensive exchange of the terminal hy- 
drogens on boron A very intense, complex band, 
which can be assigned to terminal B-D stretching vi- 
b ra t ion~, ’~  is present a t  1923 cm-’. Also, the band a t  
2580 an-’, which has been assigned to terminal B-H 
stretching vibrations in the spectrum of the undeu- 
terated material, is of much lower relative intensity in the 
spectrum of the deuterated material. No bands attrib- 
utable to B-H-B bridge vibrations were ~ b s e r v e d . ~  

Structure of (3)-1,2-BOC2H13.-The IlB nmr spectrum 
of (3)-1,2-BSC2H13 exhibits no signals which could be as- 
signed to a BH2 group. Further, this spectrum is con- 
sistent with the presence of a plane of symmetry in the 
(3)-1,2-BgC2Hl3 molecule (vide s u @ ~ ~ ) .  The l3C nmr 
spectrum of this compound in benzene solution consists 
of a doublet at f126 ppm,lg JCEI  = 170 Hz, which 
shows no evidence of coupling between the labile hydro- 
gen atoms and the carbon atoms Proton decoupling 
of the spectrum effects the collapse of this doublet to a 
singlet. In the light of these data the most reasonable 
structure for (3)-1,2-B9C2H13 is one in which the labile 
hydrogen atoms occupy two equivalent, static bridging 
positions: one between B(4) and B(8) and the other 
between B (7) and B (8). 

Further support for this proposed structure is pro- 
vided by IlB nmr and X-ray diffraction studies with 
4,5-dicarba-nido-hexaborane(8) The structure of this 
compound has been shown to consist of a pentagonal 
pyramid with two adjacent carbon atoms in the pentag- 
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Figure 10.-The 32.1-MHz llB nmr spectra (benzene so1ution)of 
(a) (3)-1,2-B&zHI3 and (b) (3)-1,2-B&zH13 deuterated using DC1 
in diethyl ether. 

onal base.21 Each of the heavy atoms carries a terminal 
hydrogen atom ; the remaining two hydrogen atoms oc- 
cupy equivalent B-H-B bridging positions in the pen- 
tagonal face, in exactly the same manner as postulated 
for (3)-1,2-BgC~H1~. The IlB nmr spectrum (32.1 
MHz) of 4,5-B&!zHs22p23 contains a signal which is very 
similar in appearance to that observed in the spectrum 
of (3)-ll2-B&2H13 a t  +28.1 ppm (Figure lob). In  the 
case of 4,5-B4CzHs this signal is assignedz2 to the pair of 
equivalent boron atoms in the pentagonal face, and the 
larger coupling of 154 Hz is attributed to terminal B-H 
coupling. The fine splitting of 44 Hz, which is effec- 
tively the same as the fine coupling observed in the 
spectrum of (3)-1,2-BgC2H13, is attributed to coupling 
between the pair of boron atoms and the bridging hy- 
drogens. In addition, the infrared spectrum of 4,5-B4- 
C2HB contains bands a t  1940 and 1520 cm-l which have 
been assigned to B-H-B stretching vibrations.22 Bands 
a t  1965 and 1520 cm-' are also observed in the infrared 
spectrum of (3)-1,2-BgC2Hl3 and may be similarly as- 
signed to B-H-B stretching vibrations. 

The fine splitting of 45 Hz observed in the signal a t  
i 4 8 . l  ppm in the IlB nmr spectrum of (3)-1,2-BgC~H13 

(21) F. P. Boer, W. E. Streib, and W. N. Lipscomb, Inorg.  Chem., 8, 

(22) R. E. Williams and T. Onak, J .  Amev. Chem. SOC., 88, 3159 (1964). 
(23) T. Onak and G. B. Dunks, Inovg. Chem., 5,439 (1966). 

1666 (1964). 

(Figure 9a) can be attributed to couplingz4 between the 
bridging hydrogen and the pair of equivalent boron 
atoms in the open face [i.e., B(4) and B(7)]. 

If this splitting were due to coupling between the 
bridging hydrogen atoms and B(8), a triplet would be 
expected instead of the observed doublet since B(8) 
would be coupled with two bridging hydrogen atoms. 
Thus the resonance of area 2 ,  which comprises part of 
the signal a t  +28.l ppm, can be assigned to B(4) and 

The spectrum of deuterated (3)-1,2-B9C2Hls (Figure 
9b) shows that, of the pairs of equivalent boron atoms, 
B(4) and B(7) exchange terminal hydrogen most read- 
ily. (The signal assigned to B(4) and B(7) a t  +28.l 
ppm is completely collapsed, whereas, of the other res- 
onances of area 2 ,  one has only partially collapsed and 
the other remains unchanged after deuteration.) 

Assignment of the 80.5-MHz Spectrum of (3)- 
1 ,Z-B9C2H12-.-Using the information obtained in the 
deuteration experiments described earlier, along with 
IlB nmr spectral data for (3)-1,2-BgCzH12- substituted 
in known positions, i t  has been possible to assign all the 
resonances in the 80.5-MHz llB nmr spectrum of (3)- 

The signal of area 1 a t  +32.4 ppm can be assigned to 
the unique boron atom in the open pentagonal face, 
B(8), since this signal exhibits fine coupling with Ha 
(Figure 3a). 

Comparison of the llB nmr spectrum of the previ- 
ously reportedz5 compound 6-C~H~-(3)-1,2-BgCzH1~- 
with that of (3)-lJ2-BgC2H12- allows the resonance due 
to B(6) to be assigned (Figure 3c) .  In the spectrum of 
the substituted material the doublet of area 1 , which ap- 
peared a t  +16.8 ppm in the spectrum of (3)-1,2-B9- 
C2H12-, has collapsed to a singlet and moved downfield 
to +9.7 ppm. The rest of the spectrum remains 
largely unchanged on substitution, establishing that the 
resonance of area 1 a t  +l6.8 ppm in the spectrum of 
(3)-1,2-BgC~H12- is due to the unique boron atom B(6). 
The doublet of area 1 a t  +37.0 ppm must, therefore, 
be due to the remaining unique boron atom B (10). l8 

X-Ray diffraction studiesz6 have established that 
bromination of 1,2-B&H12 with 2 equiv of bromine re- 
sults in the formation of 9,12-Brz-1,2-BloC2H10. Base 
degradation of this compound results in the formation 
of the monoanion 9,12-Brz-(3)-1,2-BgC~H1o- (irrespec- 
tive of whether B (3) or B (6) is removed during the deg- 
radation the stereochemistry of the final product is the 
same). Comparison of the spectrum of this material 
(Figure 3d) with that of the unsubstituted material 
shows that bromination of B(9) and B(12) has caused 
the resonance of area 2 ,  which comprises part of the sig- 
nal a t  + 16.8 ppm in the spectrum of the unsubstituted 
compound, to collapse to a singlet and move downfield 
to +10.8 ppm. The remainder of the spectrum re- 
mains largely unchanged except for small chemical 
shift changes in some of the signals. Consequently, 
the resonance of area 2 a t  +16.8 ppm in the spectrum 
of (3)-1,2-B~C2Hl2- can be assigned to the pair of equiv- 
alent boron atoms B (9) and B (12). 

B (7) .  

1,2-B gC2H12-. 

(24) Comparison of spectra a t  32.1 and 80.5 MHz establishes that  this 
splitting is due to  genuine spin-spin coupling and not due t o  the overlap of 
signals of slightly different chemical shift. 

(25 )  M. F. Hawthorne and P. A. Wegner, J .  Amer. Chem. SOL. ,  90, 896 
(1968). 
(26) J. A. Potenza and W. N. Lipscomb, I n o v g .  C h e w ,  5, 1471 (1966). 
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Earlier, i t  was established that the terminal hydro- 
gens on the pair of boron atoms in the pentagonal face 
of (3)-1,2-BgCzH~ could be exchanged for deuterium, 
while the other pairs of boron atoms, a t  most, only par- 
tially exchanged terminal hydrogen (vide supra) .  Hy- 
drolysis of deuterated (3)-1,2-B9CzH13 with DzO af- 
fords (3)-1,2-BgCzH~- in which some of the terminal 
hydrogen atoms have been exchanged with deuterium. 
The IlB nmr spectrum of this compound (Figure 3e) 
shows that, of the doublets of area 2 observed in the 
spectrum of the undeuterated monoanion, that  a t  + 11.1 ppm has collapsed to a singlet in the spectrum of 
the deuterated compound. The signal a t  +16.8 ppm 
has partially collapsed and that a t  +21.8 ppm remains 
unchanged. Since the resonance a t  +16.8 ppm in the 
spectrum of (3)-1,2-BsCzH12- has already been assigned 
to B(6), B(9), and B(12), the signal a t  +11.1 ppm 
must be due to the pair of equivalent boron atoms in the 
pentagonal face of the molecule, ;.e., B(4) and B(7). 
The doublet of area 2 a t  +21.8 ppm must, therefore, be 
due to the remaining pair of equivalent boron atoms, 
B(5) and B(11) (Figure 1). 

Assignment of the 80.5-MHz Spectrum of (3)- 
1,2-BsC2H13.-Using the above assignments in con- 
junction with the results of the deuteration studies i t  is 
possible to tentatively asign the 80.5-MHz llB nmr 
spectrum of (3)-1,2-BgC~H13, It was established earlier, 
on the basis of coupling with the labile protons, that  the 
resonance of area 2 a t  $28.1 ppm is due to B(4) and 
B (7 ) .  Of the remaining two pairs of equivalent boron 
atoms, that giving rise to the signal a t  - 3 .O ppm shows 
no evidence of deuterium exchange (Figure 9). In the 
spectrum of the hydrolyzed material (Figure 3e) the 
resonance assigned to B ( 5 )  and B(11) remains as a dou- 
blet due to terminal B-H coupling and establishes that 
the doublet a t  -3.0 ppm in the spectrum of (3)-B& 
HI3 is due to B(5) and B(11). The doublet of area 2 
a t  $ 5 . 3  ppm must therefore be due to the unassigned 
pair of equivalent borons B(9) and B(12). 

The IIB nmr spectrum of ~ - C G H ~ - ( ~ ) - ~ , ~ - B ~ C ~ H I Z ,  
prepared by reaction of Cs-6-C&- (3)-1,2-BgCzHll with 
H3POI (Figure ll), is similar to that of (3)-ll2-B9CzHla 
(Figure sa) except that  one of the resonances of area 1 
a t  +17.6 ppm has collapsed to a singlet and moved 
downfield to +S.l  ppm. This establishes that one of 
the resonances of area 1 a t  +17.6 ppm in the spectrum 
of (3)-1,2-BgC2Hl3 is due to the unique boron atom 

In  order to assign the signals due to the remaining 
unique boron atoms in (3)-1,2-B9C~H13, a sample of deu- 
terated 6-CsHj-(3)-1,2-B&zH12 was prepared by the re- 
action between D3P04 and (CHS)IN-6-C~H~-(3)-1,2-B~- 
CzHll. The IlB nmr spectrum of this compound was 
similar to that of the undeuterated material (Figure 11) 
except that the signals a t  +4.5 and +27.3 ppm had par- 
tially collapsed and the resonance of area 1 a t  i-19.6 
ppm had completely collapsed to a singlet. Since the 
resonance of area 1 a t  + 19.6 ppm collapses to a singlet 
on deuteration, the doublet of area 1 a t  +17.6 ppm in 
the spectrum of deuterated (3)-1,2-BgCzH~ (Figure 9b) 
can be assigned to B (6). The spectrum of deuterated 
(3)-1,2-BgCzHI2- obtained by hydrolysis of deuterated 
(3)-l12-BgC2Hl3 (Figure 3e) shows that, of the unique 
boron atoms B(8) and B(10), B(8) exchanges terminal 
hydrogen for deuterium whereas B (10) does not. Thus 

€3 (6). 
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Figure 11.-The 80.5-MHz IlB nmr spectrum (benzene solution) 
of 6-CsHj-(3)-1,2-B9C~H12. 

the resonance of area 1 a t  + 17.6 ppm in the spectrum of 
(3)-1,2-BgCzH13 which collapses to a singlet on deutera- 
tion can be assigned to B (8). The resonance of area 1 
a t  +28.l ppm can therefore be assigned to the remain- 
ing unique boron atom B (10). 

In  the spectrum of B - C G H ~ - ( ~ ) - ~ , ~ - B ~ C ~ H ~ ~  (Figure 
11) the signal of area 1 a t  4-19.6 ppm is broadened, 
Since the other signals in the spectrum are well resolved, 
this broadening would appear to be the result of unre- 
solved coupling and not the conditions under which the 
spectrum was recorded. Such a coupling is consistent 
with the previous assignment of this signal to B(8) 
which might be expected to exhibit coupling with the 
two bridging hydrogen atoms. 

Experimental Section 
Physical Measurements.-The IIB nmr spectra a t  80.5 MHz and 

13C nmr spectra a t  63.1 MHz were recorded using an instrument 
designed and constructed by Professor F. A .  L. Anet and Dr. 
C. H. Bradley. The IIB nmr spectra a t  32.1 MHz were recorded 
using a Varian HA-100 spectrometer. Infrared spectra were 
obtained using a Perkin-Elmer Model 421 infrared spectro- 
photometer. 

Materials.-Deuterium oxide (99.8%) isotopic purity) was 
obtained from Bio-Rad Laboratories. Deuterium chloride (38% 
solution in D20, 99% isotopic purity) and deuteriophosphoric 
acid (85yc solution in D20, 997, isotopic purity) were obtained 
from Research Orgaiiic/Inorganic Chemical Corp. Anhydrous 
deuterium chloride was prepared by treating benzoyl chloride 
with DzO and purified by fractional condensation in ~ a c u o .  Di- 
ethyl ether and tetrahydrofuran were redistilled from lithium 
aluminum hydride; benzene and acetonitrile were redistilled 
from calcium hydride. The compounds (3)-1,2-BgCzH11~-,~ 
(3)-1,7-BsC3H112-,5 6-CsHi-(3)-1,2-BoC~H1~-,*~ and 9,12-Brz- 
1 ,2-BloC~Hlozi were prepared by previously reported methods. 
Tetramethylammonium chloride used t o  precipitate deuterated 
anions was dried in vacuo over P z O ~  before use. 

Preparation of Monodeuterated Tetramethylammonium (3)-  
1,2-Dicarba-nido-undecahydroundecaborate( 1 - ) .-.4 solution of 
Sa2-(3)-1,2-BsCnHII (13 mmol) in  tetrahydrofuran was prepared 
by the method of Hawthorne, e l  d . , 5  and filtered under an at- 
mosphere of nitrogen. The solution was then treated with Ds0 
(25 ml) and stirred under nitrogen for 15 min. After this time 

(27) H. D. Smith,  T.  A. Knowles, and H. Schroeder, Inovg. Chem., 4, 107 
(1965). 
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the bulk of the tetrahydrofuran was evaporated under reduced 
pressure and tetramethylammonium chloride (2.2 g, 20 mmol) 
dissolved in D20 (20 ml) was added to the residual solution. 
The white precipitate of (CHl)rN-(3)- 1,2-BsCzH11D was isolated 
by filtration, washed with DzO, and recrystallized from acetone- 
D20  to give 2.4 g (89%) of product. 

Preparation of Monodeuterated Tetramethylammonium 
(3)-1,7-Dicarba-nido-undecahydroundecaborate(l- ).-This com- 
pound was prepared in exactly the same manner as (CH3)4N- 
(3)-1,2-BgCzH11D using Naz-(3)-1,7-B9C~H~lS in place of Naz- 
(3)-1,2-B&Hll. The yield of (CHs)aN-(3)-1,7-B&0HllD was 

Infrared Study on the Acid-Catalyzed Exchange Reactions of 
Potassium (3)-1,2-Dicarba-nido-dodecahydroundecaborate( 1 - ). 
-K-(3)-l,2-BoCzH12 (2.0 g, 11.6 mmol) was dissolved in 1 M 
DCl in DzO (15 ml). Samples (0.5 ml) of this solution were re- 
moved after 0.1, 0.3, 1.3, 4.0, 7.0, 24, 48, and 120 hr, diluted to 
ca. 5 ml with D20, and treated with excess tetramethylammonium 
chloride dissolved in DzO. The resulting precipitates were iso- 
lated by filtration, washed with DzO, and dried in vacuo at  70'. 
The infrared spectra (Nujol mulls) of these samples were then 
recorded. 

Preparation of Deuterated (3)-1,2-Dicarba-nido-undecabo- 
rane( 13).-Samples of this material were prepared by two different 
methods which, on the basis of the IlB nmr data, displayed 
different degrees of deuteration. 

K - ( ~ ) - ~ , ~ - B & z H I z  (0.5 g, 3 mmol) was added to DaPOa 
(5 ml of an 85% solution in DzO) and the mixture stirred under 
nitrogen in a sealed flask for 2 hr a t  room temperature. A t  
the end of this time the reaction mixture was extracted with 
four 10-ml portions of benzene. The combined benzene ex- 
tracts were then evaporated to dryness under reduced pressure 
a t  30°, and the product was obtained by sublimation of the 
residual solid a t  40' under high vacuum onto a Dry Ice-acetone 
cooled probe. To obtain a sample for llB nmr spectral measure- 
ments the product was washed directly off the probe with a small 
quantity of benzene under a stream of nitrogen. The resulting 
solution was collected, under nitrogen, in a clean, dry flask and 
was suitable for nmr measurements. This method of prepara- 
tion affords a material in which the terminal hydrogens on only 
four of the boron atoms have been completely exchanged with 
deuterium. 

(The operations described in this preparation were carried 
out using standard vacuum techniques or under an atmosphere of 
nitrogen). K-(3)-1,2-B&H12 (1 .O g, 5.5 mmol) suspended in 
diethyl ether (30 ml) was stirred with DCl (12 mmol) a t  room 
temperature for 2 hr in vacuo. The solvent was then distilled 
off in vacuo at  -40' and the product was sublimed a t  35' onto a 
-77' cold finger condenser. This product was dissolved in di- 
ethyl ether (30 ml) and stirred with DCl (12 mmol) a t  room tem- 
perature for 12 hr in Z ~ U C Z I U .  The DC1, HC1, and solvent were 
then distilled off in vacuo a t  -40'. This process was repeated 
three additional times. The final product was sublimed under 
high vacuum at  35' onto a - 77' cold finger condenser to give a 
white solid which melted to an oil a t  room temperature. This 
material was resublimed three times in aacuo at  25" in a closed 
system onto a 0' cold finger condenser. The sublimation ap- 

2.4 g (89%). 

a .  

b. 
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paratus was occasionally reevacuated to remove any more vola- 
tile impurities. The yield of colorless, crystalline deuterated (3)- 
1,2-B&zH13 was 0.2 g (1.4 mmol, 25%). The llB nmr spectrum 
of this compound showed that all but one of the terminal hydro- 
gens had exchanged with deuterium. 

Preparation of Tetramethylammonium 9,12-Dibromo-(3)-1,2- 
dicarba-nido-decahydroundecaborate( 1 - ) .-1 , ~ - B I o C Z H ~ O B ~ ~  (5.8 
g, 19 mmol) was dissolved in a solution of potassium hydroxide 
(2.0 g, 36 mmol) in absolute ethanol (30 ml) under a nitrogen 
atmosphere. The mixture was stirred at room temperature for 
3 hr then refluxed for 0.5 hr. After this time the solution was 
allowed to cool and a stream of carbon dioxide was passed through 
the reaction mixture to precipitate the excess potassium hydrox- 
ide as potassium carbonate. The mixture was then filtered and 
the residue washed with two 5 0 4  portions of ethanol. The 
combined filtrate and washings were evaporated to dryness under 
reduced pressure. The residue was dissolved in water and added 
to a solution of tetramethylammonium chloride (3.0 g, 27 mmol) 
in water. The precipitated product was isolated by filtration, 
washed with water, and recrystallized from either ethanol or 
ethanol-water. The yield of (CH~)~N-~,~Z-B~Z-(~)-~,~-B&~H~~ 
was 5.5 g (88%). 

Hydrolysis of Deuterated (3)-1,2-Dicarba-nido-undecaborane- 
(13).-A sample of deuterated (3)-1,2-B&zH13 was prepared 
from K-(3)-1,2-BgCzH13 and D&'Oa as described previously (v ide  
supra). The material obtained by sublimation was dissolved in 
DzO and treated with a solution of tetramethylammonium chlo- 
ride in DzO. The resulting precipitate was isolated by filtration, 
washed with DzO, and recrystallized from acetone-DzO. 

Preparation of a Benzene Solution of 6-C&I&)-1 ,2-B9C~Hl2. 
-Cs-6-CeHr-(3)-1,2-BgCzHl1 (0.5 g, 1.5 mmol) was stirred under 
nitrogen in a sealed flask with HsPOa (5 ml of an 85% aqueous 
solution) for 2 hr at  room temperature. After this time the mix- 
ture was extracted with three 10-ml portions of benzene. The 
benzene extracts were combined, filtered through magnesium 
sulfate, and evaporated to ca. 1 ml at  30" under reduced pressure. 
The concentrated solution obtained by this means was suitable 
for IlB nmr measurements. 

Preparation of a Benzene Solution of Deuterated 6-CsHS-(3)- 
1 ,~-BDCZH~Z.-(CH~)~N-~-C~H -(3)-1,2-BoCzHll (0.5 g) was stirred 
with DsPO4 (5 ml of an 85% solution in DzO) and benzene (10 
ml) for 10 hr in a sealed flask containing a nitrogen atmosphere. 
The benzene layer was separated and the residue extracted with 
two 10-ml portions of benzene. The combined benzene extracts 
were then filtered through dry magnesium sulfate powder. The 
benzene solution so obtained was evaporated to ca. 1 ml at  30" 
under reduced pressure and was suitable for IIB nmr spectral 
measurements. 
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