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The formation of the polyhedral B,H;,~2 ion from By H,.(ligand), compounds has been examined kinet-
In each reaction studied, triethylamine was employed as the required base.

Regardless of the identity of the ligand present in the B,gH((ligand), compound, the over-all reaction was observed
to be first order in B,gH,((ligand), and independent of triethylamine concentration at high triethylamine concen-

trations.

Addition of ligand to the reaction suppressed the rate of B;oH,,~2 formation.

These and other experi-

mental observations suggest that the mechanism of B,H,,~2 formation involves the initial reversible dissociation of
B,oH,,(ligand); to form a ByyHjy(ligand) intermediate which is converted to B,oH,,~2% by subsequent reaction with
triethylamine and expulsion of the remaining ligand molecule.

Since the first report? of the formation of the un-
usually interesting By Hjo™2 ion, a large effort has
been devoted to the elucidation of its chemical proper-
ties® and the bonding* responsible for its high kinetic
stability and aromatic character.»* The B;H;;2
ion has thus attained a position of importance in chem-
istry, and we describe here the details of a previously
reported® study which was concerned with the mecha-
nism of its formation from B;Hs(ligand), compounds®?’
and the representative base, triethylamine. To date,
reactions of this type provide the only useful route to
BioHio™% and a variety of BjHy(ligand), compounds
and bases have been explored in a preparative sense.

BioHis(ligand), + 2base —> BigHio"? + 2H*base + 2ligand

Among the reported variations of this reaction sequence
one finds ammonia,® amines,? and triphenylphosphor-
ane® employed as bases, and dialkyl sulfides,® amines,?
and alkyl nitriles? as ligands. High yields of BjHjo?2
have been obtained in all cases thus far examined, but
the reaction of triethylamine with B, H[N(C:Hj5)s)e
has proved?® to be quantitative and extremely con-
venient. It should be pointed out, however, that the
preparation of the BjH;,~? ion is sometimes compli-
cated by a competing reaction, the ligand displacement
reaction.®®¢

BioHis(ligand); + 2Ligand — ByH»(Ligand), + 2ligand

The relationship of this reaction to the mechanism of
BioHio~2 formation is presented in the following paper.!°
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The structure of BjH;o™2 is a bicapped Archimedian
antiprism!! (D,q), while the boron atom configuration
of BisHis(ligand), compounds is recognized? as an ico-
sahedral fragment which resembles BjoH;s. The un-
usual change in structure which occurs during the for-
mation of B H;;~2 from B Hp(ligand), compounds
was the subject of an earlier study!? which traced the
course of the rearrangement through the use of deu-
terium atom labeling in the 1, 2, 3, and 4 positions of the
BioHix(ligand), reactant. The results of that investiga-
tion were confirmed!® by use of a bromine atom label.
The course of the rearrangement is depicted in Figure 1.

The work described in this paper was undertaken in an
effort to extend further our knowledge of the mechanism
of ByyHip~? formation by the use of reaction kinetics.
As an aside, it is worthy of note that very few reactions
of the higher boron hydrides and their derivatives have
been examined by this means.

Results

The kinetic methods employed in this investigation
were made possible by the discovery of an accurate
spectrophotometric method for the quantitative de-
termination of ByoH;,~2 at extremely low concentrations.
The basis of this method rests upon the reaction of the
BioHio~? ion with benzenediazonium tetrafluoroborate
in acetonitrile solution and in the presence of trifluoro-
acetic acid. Under these conditions the previously re-
ported!* coupling reaction occurs to produce the highly
colored Bi)HNH=NC:H; (¢ 19,400 at 520 mu) anion.

B;oHio~2 + CsH;No™ —— B (H;NH=NCH;~

This analytical method was sufficiently sensitive to allow
kinetic measurements to be made during the initial
portion of each rate run. In this manner it was pos-
sible, where necessary, to collect pseudo-zero-order rate
data which were not complicated by competing side
reactions. Only two of the B;oH.(Jigand), substrates
employed in this study gave essentially quantitative con-
versions to BjoHio? under the conditions of the kinetic
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Figure 1. Geometrical change which converts B Hi(ligand).
derivatives to B;gH;q 2

experiments. The BjHp(ligand). compounds which
were examined with triethylamine serving as the base
were selected to provide a spectrum of ligand donor
strengths ranging from weakly bound dialkyl sulfides to
more tightly bound triethylamine.

The Reaction of B;oHio[(C:H;);N]; with Triethylamine.
The reaction of BioHjs[(C:H;)sN]? with triethylamine in
acetonitrile solution at 100° was selected for initial
study. Preparative experiments® had previously il-
lustrated that these reactants produced BjHj™? in
virtually quantitative yield. The fact that the expelled
ligand, triethylamine, is identical with the basic reagent
provided a system in which the rather generally observed
ligand displacement reaction®®¢ would not complicate
the observed reaction kinetics by forming a second
unsymmetrical substrate, BioHo[(C.H);N](ligand), dur-
ing the course of the reaction. In addition, previous
work had shown that the displacement of triethyl-
amine by acetonitrile solvent was thermodynamically

BmHu(ligand)g + (C2H5)3N —_— Blole[(Csz)aN](ligand) + llgand

unfavorable and that B;oHo[(CoH;)sNJ(CH3;CN) would
not enter the system as BioHio™? was produced. Fi-
nally, the identity of the expelled ligand and the base
reagent required the concentration of triethylamine to
remain equal to the initial triethylamine concentration
throughout the reaction.

B1oHio{(C:H:)sN): + 2N(CoH;;); —> BioHio™? +
2HNHCH;); + 2N(C:H;)s

Table I presents the results obtained with this system
using a wide range of initial triethylamine concentra-

Table I. The Rates of Reaction of 0.01 M B;;H;j[(C:Hs);N],
with Triethylamine at 100° in Acetonitrile Solution

First-order

rate

constant,

[(C:H;):N], ki, sec™!

M X 105

0.005 5.26
0.010 5.63
0.020 5.89
0.050 5.8
0.100 5.73
0.100 5.36

tionsand 1 X 10—2 M By Hi[(CsH;)sN].. Rate data were
collected to at least 8097 conversion to ByyHio™2, and
the data were correlated using the integrated first-order
rate expression (method 1). These results indicated
that the rate-determining step of the over-all reaction
was zero order in triethylamine. The fact that the same
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Figure 2. Dependence of k, upon triethylamine concentration
with the B, Hy[(C-H;);NJ(CH;CN) system in acetonitrile solution.

first-order rate constant based upon the instantaneous

concentration of BjHp[(CoH;)sN]: was observed with

5 X 10—% M triethylamine eliminated the possibiiity of

prior complexation of the amine with substrate followed

by the rate-determining decomposition of the complex

to produce BjoH;;® An alternative, and seemingly
fast

BioHio[(CoH;)sN]: + (C:H)sN —>
slow
B1oH12[(C:H;)sN]; —> products
k;

correct, explanation of the experimental data suggests
that ByoH,o? is formed by the partitioning of BjoHie-
[(C:H;);N] formed in a reversible dissociation of B, H j.-
[(CsH;);N]; as shown in the following equation.

k ka
BuHul(CHO)oNL: == — ByoHus[(CoH )N + N(CH ), —>
! BioHi? + 2HN*(C:Hu)s

The instantaneous rate of B;Hj,~2 formation would
then be given by the following expression, based upon
the usual steady-state assumption, where the observed

d[BioHi072] kiks
dt Tk ks [BioH[(CoH5)3N]e]

first-order rate constant, k;, is equal to kiks/(ki + ko).

The Reaction of B10H12[(C2H5)3N](CH3CN) with
Triethylamine. The unsymmetrical substrate, BigHio-
[(C:H;);NJ(CH,CN), was prepared by a previously
established route?® and its reaction with triethylamine
examined in acetonitrile solution at 0.0, 20.0, and
29.9°. This particular substrate was selected for study
since it contains a weakly bound acetonitrile ligand and
a strongly bound triethylamine ligand.®>¢ In view of
the results obtained with BioH[(CoH;)sN]e, which indi-
cated that one ligand molecule dissociates in an equi-
librium prior to the formation of ByyHj~? at 100°,
the unsymmetrical substrate would be expected to
dissociate to yield acetonitrile and BioHp[(CeH;)sN]
at a much greater rate. Finally, the B;oHup[(C:H;):N]
intermediate, if formed, would be common to both
systems.

Table II presents the rate data collected at 0.0, 20.0,
and 29.9° with the unsymmetrical system, and Figure
2 indicates the profiles of the observed first-order rate
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constant, k; vs. triethylamine concentration. Mean-
ingful data could not be obtained at 0.0° with triethyl-
amine concentrations below 2.5 X 10—% M owing to the
very low reaction rate. At 20.0 and 29.9° the hyper-
bolic shapes of the rate-profile curves were established,
and a series of 29.9° runs with varying initial substrate
concentrations established the first-order dependence of
k; upon substrate concentration at all initial triethyl-
amine concentrations. Plots of k! vs. [(C:H;);N]!
were linear in accordance with the equation k! =
A[(C:H;);NT~! + B. The values of 4 and B deter-
mined at 20.0 and 29.9° and the value of B estimated
from the 0.0° data are presented in Table V.

Table II. The Rates of Reaction of BygHi[(C:H;);NJ(CH;CN)
with Triethylamine at 0, 20, and 29.9° in Acetonitrile Solution

Pseudo-
first-
order
[BioH 2 rate
[(C:H;);NJ- constant,
Temp, (CH;CN), [(Csz)aN], ki, sec™! Method
°C M x 103 M X 103 X 108 of calen
0.0 10.0 2.5 0.98 2
10.0 5.0 0.97 2
10.0 10.0 1.00 2
10.0 20.0 0.98 2
10.0 40.0 1.03 2
10.0 80.0 1.01 2
20.0 10.0 0.40 1.48 4
10.0 1.00 2.18 4
10.0 2.00 2.97 4
10.0 2.50 3.10 2
10.2 5.00 3.18 2
10.0 10.0 3.28 2
10.0 20.0 3.32 2
29.9 9.83 0.236 3.05 3
10.1 0.512 3.42 3
9.95 0.473 3.81 3
5.20 0.965 6.00 2
10.1 1.00 6.35 4
10.1 1.02 6.79 3
9.86 0.946 7.11 3
20.8 2.41 10.3 2
10.0 2.00 11.0 4
10.0 4.00 13.7 4
10.0 5.00 13.4 4
5.00 9.65 16.3 2
10.0 10.0 16.2 4
10.0 20.0 18.7 2
10.0 40.0 18.7 2
10.0 60.0 18.7 2
5.20 80.0 18.8 2
10.0 80.0 18.7 2
20.8 80.0 18.7 2
29.9 80.0 18.8 2
29.9 100 18.7 2

In a separate series of experiments, the yield of
B10H10—2 from 1 X 10 M B10H12[(C2H5)3N](CH3CN)
was determined as a function of initial triethylamine
concentration. Below 1.5 X 102 M triethylamine the
yields obtained were of the order of 90-10097. Initial
amine concentrations greater than 1.5 X 1072 M re-
sulted in a steady decrease in BioHio™2 yield to a value
of approximately 6597 of the theoretical at 8 X 102
M amine. Although this change in By Hi;™? yield
with changing initial triethylamine concentration was
apparent in infinite time runs, the clean correlation of
k; values obtained from initial reaction rates indicates

1069

Table III. The Rates of Reaction of By Hi[(CH3).S]; with
Triethylamine at 0, 20, and 29.9° in Toluene Solution with
Added (CHjs).S

Pseudo-
first-
order
rate
[BioHio- constant,
Temp, [(CHa)Sk], [(C:H:)sNl, [(CHi)Sl, ki, sec™!
°C M X102 MX10® M X 10® X 105
0.0 11.8 4.87 0.084
11.7 9.5 0.12
47.5 24.4 0,139
11.8 36.2 0.14
47.5 47.6 0.145
20.0 15.7 4.87 2.53
7.85 4.87 2.57
3.92 4.87 2.53
10.0 4.87 2.24
9.75 9.52 3.32
9.95 24.4 4.34
9.72 47.7 4.66
9.84 36.2 4.37
8.54 167 4.87
9.12 11.1 4.83 1.7
9.12 16.6 4.83 2.12
9.15 22.2 4.83 2.36
9.12 33.2 4.83 2.80
9.15 55.6 4.83 3.36
9.15 111 4,83 3.87
9.12 11.1 9.66 1.22
9.16 16.6 9.66 1.65
9.12 22.2 9.66 1.98
9.16 33.2 9.66 2.47
9.12 55.6 9.66 2.91
9.16 111 9.66 3.52
9.15 11.1 38.6 0.47
9.24 16.6 38.6 0.68
9.15 22.2 38.6 0.90
9.24 33.2 38.6 1.20
9.15 55.6 38.6 1.66
9.24 111 38.6 2.47
29.9 9.7 4.8 4.17
9.6 9.5 7.81
9.1 18.2 11.9
9.9 24.4 13.1
9.7 36.2 13.9
9.4 47.6 13.8

that the diminution of BjH;o™? yields was a result of
side reactions between amine and substrate which only
become important at high amine concentrations. An
over-all second-order reaction of amine with substrate
to give an unidentified product is suggested.

The Reaction of BmHm[(CHg)gS]g and B10H12[(C2H5)2S]2
Substrates with Triethylamine. The reaction of By Hs-
[(CHj3)sS]!¢ with triethylamine was examined in toluene
solution at 0.0, 20.0, and 29.9°. The similar reaction
of BioHu[(CsH:)sS]:!7 was restricted to a study at 0.0°
due to the great rapidity of B;oHi¢ 2 formation at higher
temperatures. The rate data collected for these systems
are presented in Tables IIl and IV. Asin the case of the
BiHio[(C.H;)sNJ(CH,CN) substrate, the dialkyl sul-
fide systems were examined using the initial rate method
(method 2). This was necessary owing to the less than
quantitative yields of B,(H;o~2 obtained.

At 20.0°, the maximum yield of Bi¢Hio™2 from ByoH s-
[(CH3)2S] (1 X 10—2 M solution in toluene in all cases)

(16) W. H, Knoth and E. L. Muetterties, J. Inorg. Nucl. Chem., 20,
71 (1961).

(17) B. M. Graybill, J. K. Ruff, and M. F. Hawthorne, J. Am. Chem,
Soc., 83, 2669 (1961).
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Figure 3. Plot of k7! vs. [(C3H;):NJ™! for the BioHio[(CHy):S)

system at 20,0° in toluene solution with added dimethy! sulfide.

was 8097 when the initial triethylamine concentration
was 8 X 10-2 M. At lower initial amine concentra-
tions the yield based upon available amine fell to 50%]
at | X 10~? M amine. At initial amine concentrations
greater than 8 X 1072 M, the yield of BjoHio2 slowly

Table IV, The Rates of Reaction of BigHo[(C;Hs)S]: with
Triethylamine at 0° in Toluene Solution with Added (CzHj).S

First-order

[{BioHiz- rate
[(CyH5).S]:], [(C:H;)sN], [(C2H35).S), constant, ki,
M X 103 M X 10° M X 103 sec™! X 108
50.0 5.0 1.72
50.0 10.0 2.22
50.0 20.0 2.33
50.0 40.0 2.34
50.0 40.0 2.32
50.0 120 2.37
25.0 40.0 2.32
25.0 80.0 2.33
100.0 40.0 2.25
100.0 80.0 2.33
50.0 5.0 50.0 0.57
50.0 10.0 50.0 1.10
50.0 20.0 50.0 1.49
50.0 40.0 50.0 1.95
50.0 80.0 50.0 2.24
50.0 160 50.0 2.31
50.0 10.0 100 0.70
50.0 20.0 100 1.10
50.0 40.0 100 1.63
50.0 80.0 100 2.10
50.0 160 100 2.34
50.0 250 100 2.34
50.0 20 160 0.90
50.0 40 160 1.42
50.0 80 160 1.87
50.0 20 200 0.75
50.0 40 200 1.25
50.0 80 200 1.69
50.0 20 400 0.45
50.0 40 400 0.81
50.0 80 400 1.25
50.0 160 400 1.72

24
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Figure 4. Plot of ki"l Us., [(C2H5)3N]—1 for the B10H12[(C2H5)QS]2
system at 0.0° in toluene solution with added diethy! sulfide.

decreased to 7097 at 0.20 M. Preparative-scale prod-
uct studies were carried out with the dimethyl sulfide
substrate at 20°. After 4.5 days, 0.02 M B;Hj-
W(CH;).S): and 0.15 M triethylamine had produced
70% BuwHi2, 15% ByHp[(C:H;);N], and 159 un-
identified oil.

The yields of BjH;;? obtained with 5 X 10 M
BioHi[(CoH:).S]» and triethylamine in toluene at 0.0°
were of the order of 50-65 % and independent of amine
concentration. A preparative-scale experiment which
employed these reagents at 25° produced 88 97 BoHo*
and 9% BiH[(C.H;);N]s after 2 days with initial
reactant concentrations of 0.17 M B Hi[(CoH;).S):
and 0.50 M triethylamine.

The rate data collected for the dialkyl sulfide systems
are of two types. The first type of data was obtained
by conducting a series of rate runs in the absence of
added dialkyl sulfide ligand and with varying initial
concentrations of substrate and amine. The k; values
obtained in these runs were successfully correlated with
the corresponding triethylamine concentration by the
use of the equation k;~! = A[(C.H;)sN]~! 4 B, where
A and B are constants which correspond to the similar
constants obtained with the B Ho[(C:H;);NJCH;CN)
system in acetonitrile solution. The values of 4 and B
are presented in Table V. The second type of data
presented in Tables III and IV were obtained by adding
known initial concentrations of the corresponding di-
alkyl sulfide ligand to the dimethyl sulfide system at
20.0° and to the diethyl sulfide system at 0.0°. Thus, a
group of runs was made at each fixed dialkyl sulfide
ligand concentration with substrate and amine con-
centrations as variables. The k; values obtained were
correlated as before at each dialkyl sulfide concentra-
tion. In this manner it was apparent that 4 was de-
pendent upon added ligand concentration and given by
A = C([ligand] + D. Representative plots of k!
vs. [(CoH3);NT! are presented in Figures 3 and 4 for
the dimethyl sulfide system at 20.0° and the diethyl
sulfide system at 0.0°, respectively. Figures 5 and 6
present plots of the A values obtained from Figures 3

Journal of the American Chemical Society [ 89:5 [ March 1, 1967



Table V. Kinetic Analysis of Reaction Rate Data
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4= B =
Concn of added (k-a[L] + ko (ks + k)f
Temp, ligand, [L], kiks, sec kiks,
Substrate °C Solvent M X 102 mole 1.1 sec X 1074
Blole[(CgHs)QN](CHacN) 0 . 0 CHsCN 19 . 1 X 108 9 . 9
20.0 CH;CN 19.1 X 103 15.9 2.80
29.9 CH;CN 19.1 X 10¢ 10.9 0.49
B1oHyo{(CH;).S). 0.0 C¢H;CH; 2660 61.5
20.0 C¢H;CH; 121 1.89
20.0 C¢H;:;CH, 4.83 40220 2.30
20.0 C¢H;CH; 9.66 659¢.b 2.14
20.0 CsH:;CH; 38.6 2120ab 2,01
29.9 C¢H;CH; 93.5 0.413
BioHi1o{(C.H:):S]. 0.0 C¢H;CH; 749 41.1
0.0 C¢H;CH, 50.0 76452 34.5
0.0 C¢H;CH; 100 10810a:b 37.6
0.0 C¢H;CH;, 160 1528020 34.0
0.0 C¢H;CH;, 200 196602 b 33.7
0.0 C¢H:CH;, 400 37220¢b 34.5

e C = k-1/kik: = 5.15 X 10*and 9.00 X 104 sec in the dimethyl sulfide and diethyl sulfide systems, respectively, b D = k,/kik: = 145
and 1500 sec mole L.~ in the dimethyl sulfide and diethyl sulfide systems, respectively.

and 4, respectively, plotted vs. ligand concentration.
Figures 5 and 6 thus provide the values of C and D
for the dimethyl sulfide system at 20.0° and the diethyl-
sulfide system at 0.0°.

N
[e)
I

SEC. MOLES/LITER x 1072
a
T

}

kq
ki k2
o

+

k_,[(CHy), 5]
ki kg
w

1 1
0.00 0.0l 0.02 0.03 0.04
l(CHy),S] MOLES/LITER

Figure 5. Slopes of lines from Figure 3 plotted vs. corresponding
dimethyl sulfide concentrations.

Discussion

Two features of the kinetic results presented above
point to a mechaiism for BycH;~? formation which
requires a reversible ligand dissociation step followed
by a reaction of the BiHi(ligand) intermediate with
triethylamine. These features are (1) the zero-order
depencence of BjH;¢™? formation upon triethylamine
concentration at high amine concentrations or, in the
special case of BigHp[(CeHs)sN]» substrate, at all amine
concentrations; and (2) the depression of the rate of

By oHi2 formation which accompanies the addition of
ligand to the reaction mixture. Product analysis and
many examples in the literature®* require the concur-
rent operation of ligand displacement reactions, and the
intercepts which are distinctly seen in Figures 5 and 6

SEC. MOLES /LITER x 10~3

ke
ki ka

ko

k., [{CaHg), S
Ky

{

1 1 il 1
000 0.0 0.20 030 040 0.50
[(CoHs)2 S] MOLES/LITER

Figure 6. Slopes of lines from Figure 4 plotted vs. corresponding
diethyl sulfide concentrations.

require the loss of the BiHs(ligand) intermediate by a
pathway which does not involve the ligand or triethyl-
amine. These observations may be combined to pro-
duce the following set of reactions (where L = ligand)
which appear to describe the sequence of events when
BioHis(ligand). substrates are allowed to react with bases
such as triethylamine., The B,Hy~ intermediate could
well be an edge-protonated By H;o™? ion in which an
apex-equatorial edge bears a proton. A steady-state

Hawthorne, Pilling, Grimes | BioH1~* Formation from BioH:(ligand),
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k1
BioHisLe ‘k—'_—: BjoHiL + L

k
BioHi:L -+ base -'—‘2'> BioHu™ + Ht*base + L

very fast

BiHu™ + base ———> B;yH;;~? + H*base
k
B HiL + base =5 BiH;;L(base)

k4
By H;:L. —> unidentified products

approximation for [ByoH;oL] gives the following rate
expression

klkg[base][B10H12L2]
(ks + ks)[base] + k_[L] + ki

d[BloHlo—?]/dt = (1)
since the experimentally observed pseudo-first-order
rate constant, k;, is given by (d[BiocHio~2]/d?)/[BioHi2Ls],
eq | may be rearranged to yield

1 fko[L] + kal | (ks + ki)
L o R

In the case of the B, Hu[(C.H;);N], substrate, very
high yields of BysH;i? were obtained, and the k4 term
would appear to be relatively insignificant. The identity
of the base and ligand in this system requires k—; =
ks, and the over-all rate equation (1) reduces to the
observed rate expression with k; = kike/(k—1 + k).

The unsymmetrical substrate, B;oHp[(CoH;)sN]-
(CH;CN), was examined in acetonitrile solution, and
assuming that the weakly bound acetonitrile ligand
dissociates in the k; step, [L] = [CH;CN] = 19.1 M.
Equation 2 then provides the observed linear plot of
ki~! vs. [base]~! with the slope, 4 = (k—[CH,CN] +
ky)/kik, and the intercept B = (ky 4 ks3)/kiks.

Figures 3 and 4 are plots of k! vs. [base]™! taken
from the data obtained with the ByHo[(CHj3).S) and
BioHo[(CeH:):S): systems, respectively. In addition,
the corresponding dialkyl sulfide ligand was initially
present in these runs, and the dependence of the A4
term upon added ligand concentration is clearly illus-
trated. Plots of the values of 4 obtained from Figures
3 and 4 vs. the concentration of the added dialkyl sul-
fide Jigand are shown in Figures 5 and 6 for dimethyl
sulfide and diethyl sulfide, respectively. The linearity of
these plots firmly supports eq 2 and allows the slope, C,
and the intercept, D, to be identified as k—/kik, and
kufkiks, respectively. Table V summarizes all values
of 4, B, C, and D available from this study.

Enthalpies and Entropies of Activation. The tem-
perature dependence of kiko/(k: + k3;) = B~! was ob-
tained with the By Hp[(CsH;)sNJ(CH3;CN) and BygHise-
[(CH;):S]. substrates in acetonitrile and toluene sol-
vents, respectively. The AH* values obtained from
these data were, within experimental error, independent
of temperature, and virtually identical values of AH* and
AS* were obtained for the two systems (AH* = 28=%
1 and 27 = 1 kecal/mole for B,oH[(C:H;);NJ(CH,CN)
and B Hp[(CH;).S]. systems, respectively, while AS*
was 14 £ 3 eu for both systems). Since each of these
substrates formed By¢H;o~? in high yield, it appears that
ks >> ks, and the activation parameters may be taken
as those of the &k, process. The positive AS* values
which were observed are in agreement with the pro-
posed inclusion of a dissociation step in the rate-de-
termining process.

Effect of Leaving Group Identity. Comparison of the
available rate data suggests that diethyl sulfide is a more
facile leaving group than the sterically less encumbered
dimethyl sulfide, This effect could be attributed to the
larger release of B strain which accompanies the dissocia-
tion of a diethyl sulfide molecule during the &, process.
This is not a large effect and amounts to a factor of
about 1.8 in the kiko/(ks + k3) terms of the two reac-
tions at 0°.

Using the available AH* and AS* values obtained
Wlth the B10H12[(C2H3)3N](CH3CN) SyStem, a klkg/
(ks + k3) value was calculated for the reaction of this sub-
strate with triethylamine in acetonitrile solution at
100°. Assuming no great dependence of the activation
parameters upon temperature, one obtains a kjksf
(ks 4 k;) value of 1.8 sec=!. Since the k; process of the
B1oHw[(C.H;)sNJ(CH;CN) reaction is identical with the
k—y process in the By Hpo[(CsH;):N], reaction, a direct
comparison of this value with the kiko/(k— -+ k») value
of the latter system is possible. Such a comparison
indicates that acetonitrile is approximately 3 X 104
more efficient as a leaving group than is triethylamine.
This conclusion is in qualitative agreement with pre-
viously reported studies®®© of the related ligand dis-
placement reaction (k; process).

Attempts were made to block the formation of
BioH,i~? by slowing the k. process. Accordingly, the
unsymmetrical substrate, B H[(n-CiHg);PJ(CH;CN)
was prepared by a known method!® and examined in its
reaction with 0.15 M triethylamine at 100° in acetoni-
trile solution. After 1000 min only 5.5% of the sub-
strate had been converted to BioH;;~* This result
suggests that the k, process was diminished in rate ow-
ing to the strong bonding of the tri-n-butylphosphine
in the BioH[(n-C.H,)sP] intermediate which would arise
from the dissociation of acetonitrile in the k, process.

The k, Process and the Nature of By H;.L Intermediates.
The existence of a process which consumes the B, H;;L
intermediate without producing B,Hii* and without
dependence upon triethylamine concentration is
suggested by the intercepts of Figures 5 and 6. Such a
process would account for the decrease in B H;;?
yield commonly observed at very low amine concentra-
tions with the bis(dialkyl sulfide) substrates. Using the
values of ky/kike, k—1/kiks, and (ks + k3)/kik, terms avail-
able for both bis(dialkyl sulfide) substrates (Table V),
the relative importance of the k; process may be eval-
uated with respect to the k- and k: + k; processes.
In addition, similar manipulations yield the ratio of the
k-, process to the sum of the k. and k; processes. These
ratios are presented in Table VI.

The proposed By Hp.L intermediate formally re-
sembles the BiyHi;~ ion for which two topological struc-
tures have been suggested.’®* In addition, Knoth and
Muetterties!® have reported the preparation of Bic-
H2(CH3),S, which was formed by the dissociation of di-
methyl sulfide from BioHj{(CH;).S]; at high tempera-
ture. That the compound of Knoth and Muectterties
is not the ByoHp.L intermediate involved in BjoH ™2
formation was shown by the fact that this monoligand
derivative formed B;oH; 2 at a rate which was slower
by a factor of more than 103 than the reaction of BygHie-
[(CH:)sS}. under the same conditions. The slow for-
mation of By¢H~? from the B;yHw:(CH3).S of Knoth

(18) W. N. Lipscomb, J., Nucl. Inorg. Chem., 11, 1 (1939).
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Table VI. Rate Constant Ratios Obtained with B;gH2(R.S): Substrates
Substrate Temp,
in toluene °C kafk—1[L] kof(ke + ko)[(CH:)sN] k—y[L)/(ks + ka)l(CH;)3N]
By oH[(CH;).S] 20.0 2.8 X 1073/[(CHJ).S] 7 X 1073/[(C,H;)sN] 2. 5[(CH;)sS)/[(C:H:)sN]
B1oHi{(C:H;).S]. 0.0 1.7 X 10~¥[(C:H:).S] 5 X 107%/[(C;H;)3N} 0.27[(C,H;).S)/[(C:H;)sN]

and Muetterties may involve the tautomerization of
this more stable isomer to the reactive intermediate
suggested by this study. Conversely, the ks process
may involve the first-order rearrangement of the ByoH.L
reaction intermediate to the more stable isomer which
cannot produce By¢Hi¢? by a direct pathway.

At the present time it is impossible to propose a pre-
cise structure for the B; H.L intermediate or to define
the exact mechanistic role of the base molecule. It is
apparent, however, that the dissociation of a ligand
molecule from B;Hj:L: would generate a highly reac-
tive species which contains an unfilled orbital at the 6-
boron atom. Abstraction of a proton from a 7-§
B-H-B bridge would generate an electron pair which,
in turn, could be shared with the empty orbital in a
“twist-collapse” process!? which initiates polyhedron
formation. This overly simplified proposal ignores the
possible motion of hydrogen atoms during the dissocia-
tion reaction.

Experimental Section

Materials. Technical grade acetonitrile was purified and dried
as follows. The solvent was passed through a 60-cm Dowex 50
ion-exchange column in the acid form, shaken with silica gel,
distilled from benzenediazonium tetrafluoroborate, dried by shaking
with P,O;, and distilled under reduced pressure from fresh P.O,.

Reagent grade benzene and toluene were refluxed for 30 min over
calcium hydride and distilled from calcium hydride using a 50-cm
Vigreux fractionation column.

Reagent grade triethylamine was distilled from benzoyl chloride
to remove primary and secondary amines, distilled from calcium
hydride, and finally distilled under reduced pressure on a 100-cm
spinning-band column.

Reagent grade dimethyl sulfide and diethyl sulfide were redis-
tilled using a 100-cm spinning-band column,

Compounds of the type B;¢Hi.Ls, where L is (C:H:);N or (CH;).S,
were prepared using a method previously described!® for BjHi.-
[(C.H;).S]:.

Compounds of the type B;Hi,L'L’/, where L’ and L'/ =
CH,CN, (C.H;);N, (n-CH.);P, were prepared from the appro-
priate BioHis(ligand) anions!® as described below.

By Ho[(CH3):S)).. In a 250-ml, three-necked, round-bottom
flask, equipped with a condenser, were placed 10 g of sublimed
decaborane (0.082 mole), 20 ml of dry benzene, and 20 g of dimethyl
sulfide (0.322 mole). The mixture was refluxed under nitrogen for
5 hr with stirring, during which time, hydrogen was evolved. The
solution was cooled to room temperature and the product precipi-
tated from solution by the addition of 50 ml of pentane, The pale
yellow solid was filtered and recrystallized twice. The first re-
crystallization was carried out by dissolving the compound in a
minimum volume of acetonitrile at 0° and adding an ice-cold meth-
anol-water mixture dropwise to the solution. The compound
was recrystallized a second time from a benzene-pentane mixture.
There was obtained 16.9 g (84%;) of white crystals, mp 124~126°
(lit, 18 122-124°%),

BieH 2[(C:H;).S)]s.
described.

B1oH1[(C-H;):N).. The preparation of this compound has been
previously described by Pace, er al.t¢

BisHi( CH;CN)[(C:H:)sN].  The compound BioH;o(CH;CN)-
[(C.H:);N] was prepared from the previously described s compound
[(CH3):N]IByoH;{(C;H;);N]. A slow stream of dry hydrogen chlo-
ride was passed over a stirred solution containing 16.8 g (56.8
mmoles) of [(CH3) NIB;H1:[(C;H:);N] in 300 ml of dry acetonitrile
vnder nitracen  The ~~letign developed a yellow color, hydrogen

This compound was prepared as previously

was evolved, and white crystals were deposited. After 4 hr the
solution was filtered and the solvent was removed under reduced
pressure to obtain a second crop of solid. The two crops of solid
were combined, dissolved in methylene chloride, and filtered. On
adding pentane to the filtrate, an off-white solid was precipitated.
The solid was recrystallized five times by dissolving it in acetonitrile
at 0°, filtering, and adding water dropwise at 0° to the rapidly stirred
acetonitrile solution. There was obtained 3.6 g (13.7 mmoles) of a
white crystalline solid melting with decomposition at 142-143°
(24% yield). Anal. Caled for BiHi(CH;CN)[(C.H:);N]: B,
41.21; C, 36.60; N, 10.67; H, 11.52. Found: B, 41.05; C,
35.61; N, 10.02; H, 11.53.

B oH:(CH3CN)[(7-CH o)sP]. Starting from decaborane the
compound B;Hi:(CH3;CN)[(#n-C,H);P] was prepared as follows.
To a stirred suspension of 4.40 g (0.185 mole) of sodium hydride in
50 ml of dry ether under nitrogen was added dropwise a solution of
10 g (0.082 mole) of decaborane in 80 ml of ether. After stirring
for 1 hr at room temperature, during which time hydrogen was
evolved, 16.4 g (0.081 mole) of tri-n-butylphosphine was added.
After stirring for a further 3.5 hr, 350 ml of acetonitrile was added
and dry hydrogen chloride gas was passed over the solution. Hy-
drogen gas was evolved and the reaction mixture developed an
orange-yellow color. The acetonitrile solution was treated with a
two-phase mixture of 500 ml of water and 100 ml of ether at 0°.
The aqueous layer was discarded and the ether layer was washed
twice with water. The washings were discarded. The red ethereal
solution was dried with anhydrous sodium sulfate, and the solvent
was removed under reduced pressure at room temperature to give
a viscous red oil. Extraction of the oil with ethanol gave a red
solution and a pale yellow solid. The solid was purified by four
recrystallizations; each was carried out by dissolving the com-
pound in acetonitrile at 0° and adding an ice-cold 50:50 mixture
of methanol-water to the solution. After washing with methanol
and drying at room temperature under vacuum, well-formed white
crystals melting at 139-140° were obtained. A4nal. Caled for
B:oHi:(CH:CN)[(n-C,Ho)sP]: B, 29.75; C, 46.24; H, 11.65; N,
3.85; P, 8.51. Found: B, 3007, C, 46.37, H, 11.68; N, 4.09;
P, 8.39.

Determination of B;Hj,~? Yields. Yields of B;,Hj,~? obtained
under the experimental conditions of the kinetic runs were deter-
mined by continuing individual runs and sampling at time intervals
of 6-12 hr until the concentration of B;H;;~? (determined
using the spectrophotometric method) was constant.  The yield
was then calculated from the known initial concentrations of re-
actants and the final B;oH;,™2 concentration,

In the case of B, Hi:[(CH;).S]. and By Hj[(C:H;).S)., the deter-
mined yields were checked by carrying out the reaction on a larger
scale and isolating the products as described below.

Product Isolation for B H»(R:S):. (a) BiHi[(CH3):S).. A
solution, 0.0206 M in B, H;,[(CH;).S]; and 0.15 M in triethylamine,
was prepared by dissolving 5.05 g of By H,[(CH;).S), and 15.25
g of triethylamine in 1 1. of dry toluene. The solution was main-
tained at 20° for 108 hr. During this time a white precipitate was
formed. The precipitate was separated by filtration, washed with
hot benzene, and air-dried to give 5.35 g of white solid. The filtrate
and washings were evaporated to dryness at room temperature
and gave 1.25 g of white solid. The 'B nmr and infrared spectra
of the toluene-insoluble portion identified the material as [(C:H;)s-
NH]:B;Hio with a small percentage of impurity. The single !B
resonance at —18.5 ppm due to the impurity suggested that it could
be boric acid or ester. The purity of the [(C.H.);NHI]:B;oHio
was estimated using the standard analytical method, and it was
found to be 87.5%; BioHy %™ salt. Thus the total yield of [(C:Hs)s-
NH]:B:Hio was 4.68 gor 70.5%;, with0.67 g of impurity. Thetol-
uene-soluble portion was recrystallized from a benzene—pentane
mixture to give 1.16 g of a material identified as B Hio[(C:H;);N],
from its infrared spectrum. This represents 15.3% of the initial
BioH15[(CH3).S): and a further 0.09 g of impurity.

The products of the reaction under the above conditions are
therefore 705% B10H10—2 salt, 153% covalent BmHm[(CzHa)aN]z,
and 14.2 9 unidentified impurity.

Hawthorne, Pilling, Grimes | BH~* Formation from By Hyp(ligand),
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(b) ByHu[(C:H:):S].. Product isolation for BiHi[(C.H;).S)
was carried out in the same manner as for B;oHi[(CHg).Sl,. A
solution of 5.0 (16.6 mmoles) of By Hi,[(C:H;).S]: and 5.1 g (50
mmoles) of triethylamine in 100 ml of toluene was kept at 25°
for 24 hr. The concentrations of the reagents were B;,H[(Cr
H:).S):, 0.166 M, and triethylamine, 0.50 M. After 24 hr the white
precipitate which formed was removed by filtration, washed with
hot benzene, and air dried. There was obtained 5.12 g of white
solid which was identified as [(C;H;);NH]:BiHy, from its charac-
teristic 1'B nmr and infrared spectra. The material was estimated
to be 929 pure by using the standard analytical technique for
BjoHie?". Thus 4.70 g of the white solid was [(C;H;);NH],B,,Hi,
(14.6 mmoles), or 88 7, of the substrate was converted to the B;oH;o%~
salt. The toluene filtrate and the benzene washings were com-
bined and evaporated to dryness at room temperature. The re-
sulting solid was recrystallized from a minimum amount of a mixed
benzene-pentane solvent. After drying, 0.48 g (1.49 mmoles) of
the covalent material B;His[(C.H;);N]. was obtained. The com-
pound was identified by its infrared spectrum.

The products of the reaction under the above conditions were
88¢7 [(CoHs)sNH]:B1oH1o, 95 BicH1o[(C:Hs)NJ:, and 37 unidenti-
fied impurity.

Analytical Method for B H,—2 The analytical method used
for the determination of B;oH;,% was based on the coupling reaction
of BioHy;m? with diazel.. - izt to .. lace a highly colored
product. Compounds which couple with diazonium ion interfere
with the method, and for the estimation of By,Hio™2 in the presence
of free amine it was essential to neutralize the amine with excess
acid. Dry glassware and solvents were used throughout.

A stock solution of benzenediazonium tetrafluoroborate was
prepared by dissolving 50 mg of the compound in 10 ml of dry
acetonitrile. This solution was stored at 0° for 30 min before use
and was kept at 0° during use.

The analysis was carried out as follows. A sample of the react-
ing solution containing approximately 5 X 1072 mmole of B;oH;,~?
was quenched by adding it to 2 ml of 0.1 N trifluoroacetic acid in
dry acetonitrile contained in a 5-ml volumetric flask withthe 0.1 ¥
trifluoroacetic acid solution. In a second 5-ml volumetric flask
50 ul of the stock benzenediazonium tetrafluoroborate solution
(representing 1-3 X 102 mmole of compound) was added to 2
ml of 0.1 N trifluoroacetic acid in dry acetonitrile, 500 nl of the
quenched solution was then added, and the volume was made up
to 5 ml with the 0.1 N trifluoroacetic acid solution. With the
addition of the quenched solution a color rapidly developed, the
intensity of which was determined spectrophotometrically in solu-
tion. A Beckman DB spectrophotometer was used. The azo
coupling product has € 19,400 at 520 my.

This analytical method has been used with slight modification
for the estimation of B;oH;,™? in concentrations as low as 1 X
1073 M.

Kinetic Procedures. Kinetic runs have been carried out at 0,
20, 29.9, and 100°. At 0 and 100°, temperature control was pro-
vided by means of ice-water or water-steam baths, respectively.
At 20 and 29.9° a Sargent Thermonitor controlled water bath was
used to maintain the temperature within 4=0.02°,

Runs at 100° were carried out in evacuated sealed tubes. To
start the reaction a set of tubes was plunged into the steam bath.
Single tubes were withdrawn at timed intervals and the reaction
quenched by rapidly cooling the tube to 0°. The contents of the
tubes were analyzed for ByH1o™2 (vide supra).

Runs at 0, 20, and 29.9° were carried out in volumetric flasks
immersed in the thermostat or ice-water baths. The reaction was
started by adding a known amount of triethylamine solution to a
flask containing the other reactants. The flask was shaken and
rapidly made up to volume. At measured time intervals samples
of solution were withdrawn using a micropipet. The samples were
quenched by adding them to a solution of trifluoroacetic acid in
acetonitrile and analyzed for B;oH;,~2

_Data Treatment for Obtaining k;. The experimentally deter-
mined quantities ki and k;.ousa are defined by the relationships

— 9
<dtB~TIjJ> = Ki,onsq and k; =

ki, obsd
[substratej;

(subscript “i”” indicates values at time zero)

In all kinetic runs the experimental results gave values of
[BioHio7?] at known times. These results were treated by one of the
four methods outlined below to give k; or k;,onst.  The choice of
method depended on such factors as the yield of the reaction under
the experimental conditions and the limiting reagent.

Method 1. For the reaction of B;oH[(C:H;);N], with triethyl-
amine the displaced ligand is identical with the consumed base,
and the concentration of triethylamine thus remains constant within
any one run. Individual runs were found to be first order with
respect to ByoHif(C:H:);N]: and proceeded to give [BioH;0~% in
high yield. Under these conditions the experimental values of
[BioHio™% at known time were converted to [BioHo[(C:H:)sNJs]
at known time, t, using the expression

[BioHif(CoH;)sN]], = [BioHupo[(CoH5)sN)] —
[BioH1w2 7],

The data were then correlated with the integrated first-order rate
expression

—In [BioHul(GH:)NL], = kit + ¢

Method 2. For the substrates B Hp[(CHg).S]: and By Hj-
[(C,H;).S),, where part of the active intermediate is consumed by
the competing ligand displacement reaction, the effect of the com-
peting reaction was minimized by using the initial rate method.
Reactions were followed until about 5% of the substrate had been
converted to BjoHj—2.  Plots of [B;oH;0™2] ©s. time were constructed
and found to be linear. The slopes of these plots gave ki ousa
directly.

This method was also used for runs with B;Hi(CH;CN)-
[(C;H:):N] as substrate, especially at high concentrations of tri-
ethylamine when the yields of B;oH,,~2 fell below 90 7.

Method 3. At low concentrations of triethylamine with the
asymmetric substrate B;oH2(CH;CN)[(C,H;);N], the base was the
limiting reagent, and quantitative yields of B;oH;,™2 were obtained.
Under these conditions the experimental values of [B;oH;,™?] at
known time were converted to values of [(C;H;);N] at known time
using the expression

[(C2H5)3N]z = [(C2H3)3N]; — [BioHio* ],

Values of k; were obtained from the initial slopes of plots of In
[(C:H;):N] ©s. time using the relationship

_d(n [(C:H5)sN]) [(CH)sN;
- dt [substrate];

—k;

Method 4. As an alternative to method 3, where quantitative
yields were obtained with the substrate ByoHi(CH;CN)[(C:H;)3N],
plots of [BioHio™; vs. time were made for data up to 50 7 reaction.

Normals to the resulting curves were drawn at different values of
[BioHio~ %, and the instantaneous rates of reaction at the known
values of [BoHio"%, were estimated from the normals. These
instantaneous rates were plotted vs. [BioH;0™%; and ki,o1sa Obtained
by extrapolation to [BioHio™%: = 0.
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