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In the presence of elemental mercury, diboron tetrachloride, B2C14. is generated from the radio frequency discharge of BCI, at 
the rate of 250-350 mg/h. The disproportionation of undiluted B2C14 has been examined at a variety of temperatures and found 
to occur in five stages. The amounts of the polyhedral diamagnetic products, B8Cls, BgCI9, BloCIl0, BllClll, B12CI12, and (B9C18)2, 
formed during the reaction are highly dependent upon the thermal history of the sample. In undiluted B2C1, the maximum yield 
of BgCl9 (29%) occurs at elevated temperatures, 400-450 "C, whereas the most B&Is (38%) is produced at  100 OC. At 
temperatures below 100 OC, more BI2Cll2 than Bl&l,o is observed whereas the reverse is true above 100 OC. At ambient 
temperature the IlB NMR resonances of the polyhedral boron chlorides B,CI, ( n  = 8-12) are all deshielded singlets, 58-78 ppm 
from BF,.0Et2. The relative thermal stabilities of these compounds, BgCl9 > BloCllo > BIlCIl1 > Bl2CIl2 > B8Cls, do not correspond 
to the relative thermal stabilities of 2n + 2 framework electron clusters, such as the borane dianions. 

Introduction 
Diboron tetrachloride was first synthesized by Alfred Stock and 

his students in 1925.' This group was also the first to report that 
B$14 is thermally unstable, slowly decomposing at  ambient 
temperature to give a substance more volatile than B2CI4 while 
a brown material is precipitated from solution. After 12 h at 200 
OC, tetrachlorodiborane was stated to yield boron trichloride along 
with a yellowish deposit of "chlorine-poor boron chloride". The 
precipitate was found to be less reactive than either BC13 or B2Cl4.I 

During the 60 years since the initial study, the thermal de- 
composition of neat B2Cl4 has been reexamined several times with 
conflicting results. The first product that was reportedly isolated 
from the disproportionation of B2C1, was tetrachlorotetraborane, 
B4C14,2 although this finding was later d i ~ p u t e d . ~  The second 
product suggested, primarily on the basis of isopiestic molecular 
weight determinations and elemental analyses, was formulated 
as BI2CI1, a paramagnetic  specie^.^ However, after BI2Cl1, had 
been recrystallized from (or had reacted with) BC13, X-ray dif- 
fraction data indicated that two distinct forms of BsCls, a dia- 
magnetic compound, were then p r e ~ e n t . ~  The products arising 
from the decomposition of neat BzCl4 were again restudied; no 
B&lg was observed.6 The presence of a paramagnetic species 
in the earlier study has been attributed to an inadvertent hy- 
d r o l y s i ~ . ~ ~ ~  

More contemporary studies of the thermal reaction of unidiluted 
B2C4 have been confined to mass spectrometric investigations. 
These studies indicate that the polyhedral boron chlorides, neutral 
cluster compounds of the formula B,Cl,, where n = 8-1 1 and 
possibly 12, are formed during the course of the disproportionation 
of B2CI4.* However, many questions remain unanswered. For 
example, the yields of the diamagnetic products arising from the 
thermal decomposition of BzCl4 have not been revealed; the only 
indication now available is that the amounts formed are very l0w.~3~ 
The IlB N M R  spectrum of BgC19 has been reported to contain 
two resonances in an intensity ratio of 8:l; chemical shift data 
were not ~uppl ied .~  However, in the IlB N M R  spectra of B9CI9 
synthesized by an alternative route (the thermal decomposition 
of BloCllo2- salts), the resonances were singlets as is the resonance 
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of B9Br9.'&12 Whether Bl2CIl2, which might be one of the most 
interesting of the neutral halides, was formed in reasonable 
amounts during the thermal disproportionation of B2C14 was 
unclear. 

The polynuclear boron chlorides B,CI, are currently of interest 
because the framework electron count for each of these cluster 
compounds is only 2n, two fewer than the 2n + 2 count that is 
most frequently observed in deltahedral main-group clusters and 
their transition-metal-containing ana10gues.I~ Two specific in- 
terests result from the low electron density within the framework. 
First, it seems eminently reasonable that these compounds will 
prove to have a rich and diverse chemistry of their own, one which 
is very different in nature than that of the reduced B,Cl>- cages. 
For example, the molecular clusters might be expected to be much 
more electrophilic than the anionic species. Second, again because 
of the 2n framework electron count, some of the neutral clusters, 
e.g. BloCllo and BI2Cll2, should have structures of unusual interest 
because in these diamagnetic compounds the 2n framework 
electron count cannot be accommodated by the n + 1 bonding 
framework molecular orbitals that are formed in the usual closo 
geometries.13 If one presumes the absence of ligand effects, B,,ClIo 
and B12Cl12 must adopt alternative structures, structures related 
to the so called iso-closo or hyper-closo geometries.I4 

Clearly any systematic attempt to study the structures or the 
reactivity of the perhaloboranes is contingent upon an adequate 
supply of the reagents. As noted above, however, there is very 
little concrete information available about the yields, or even the 
identities, of some of the products formed during the thermal 
decomposition of diboron tetrachloride. 

The major objectives of the present study were threefold: first, 
to examine the thermal decomposition of undiluted B2C14 in order 
to determine the identities and approximate yields of the dia- 
magnetic clusters that result; second, to obtain the IlB N M R  
chemical shifts and multiplicities of these compounds for com- 
parison with the more electron-rich dianions; third, to determine 
the relative thermal stabilities of the polyhedral boron chlorides 
for the purpose of comparing the order of stability with that 
previously obtained for species that do have 2n + 2 framework 
electrons, clusters like the borane dianions and the carboranes. 
Experimental Section 

General Considerations. Diboron tetrachloride was synthesized, pu- 
rified, characterized, and thermally decomposed under anerobic condi- 
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Thermal Decompositions of B2C4. Typically, ca. 0.25 g (1.53 mmol) 
of B2CI4 was encapsulated in a 5-mm Pyrex tube, which was then placed 
into a tube furnace that had been preheated to the temperature indicated 
below. The thermal decomposition of the sample was periodically mon- 
itored by IlB N M R  and by ESR. Because typical isolation techniques 
such as sublimations may result in isolated yields that are not reflective 
of the amounts of the various products originally present (see B&l9 
below), unless otherwise stated, the reported yields of the products rely 
upon N M R  integrations of intact samples and are based upon the 
amounts of BCI, simultaneously formed. At the conclusion of the ex- 
periments the ampules were opened, and the identity of the components 
was confirmed by mass spectrometry. 

Decomposition at  450 O C .  After 3 min at 450 OC, B2C14, 0.3685 g 
(2.255 mmol), yielded an orange solution containing yellow solids. "B 
N M R  spectra of this mixture contained two resonances located at  46.7 
and 58.4 ppm. Removal and analysis of the material volatile a t  ambient 
temperature indicated the presence of BCI,, 0.2887 g (2.464 mmol), only. 
Sublimation of the residual solid at 60 OC yielded the second molecular 
component of the solution, B9C19 (6 = 58.4, singlet). Mass spectrum of 
B9C19, m / e ,  ion (intensity): 416, B9C19+ (30%); 381, B9CI8' (1%); 299, 
B8C16' (100%); 264, B8CIS' (2%). Integration of the N M R  spectrum 
obtained immediately subsequent to the thermal decomposition indicated 
a 29% yield of B9CI9 in the reaction, based upon the amount of B2Clp 
originally taken. As in all cases presented below, small amounts of a tan, 
insoluble, and nonvolatile material remained after the sublimation. 

Decomposition at  400 OC. Diboron tetrachloride decomposes within 
minutes a t  400 OC, yielding a mixture in which yellow solids are sus- 
pended in an orange solution. IlB N M R  spectra of these samples contain 
three resonances, one at  63.3 ppm, one at  58.4 ppm, and one at  46.7 
ppm. After 45 min at 400 OC, the three are present in the relative 
intensities 3:lO:lOO. While ESR spectra did indicate the presence of a 
very small amount of a paramagnetic material, the concentration was too 
low to determine the g value. The most volatile component of the mix- 
ture, 6 = 46.7, was removed and identified as BCI, by infrared spectro- 
photometry. 

Mass spectra of the material less volatile than BCI, contained ions at 
m / e  416 (B9CI9+, 30%), 381 (B9C18', 9.8%), 299 (B&&', loo%), and 
264 (BsC15+, 18.3%). The solid was placed into a sublimation apparatus, 
which was evacuated and then heated to 60 OC. "B N M R  spectra of 
the yellow-orange sublimate, in pentane, contained only one resonance, 
at 58.4 ppm. Mass spectrometry confirmed that the sublimate was B9CI9 
(see Table I). IlB N M R  spectra of the residual material, in pentane, 
were characterized by two resonances centered at 58.4 and 63.3 ppm. 
After removal of the solvent, mass spectra contained B9CI9 and B9C18 ions 
in the intensity ratio 67:lOO. No ions of higher mass were observed. 

Decomposition at  350 O C .  After a sample of B2C1, was held at  350 
OC for 60 min, l lB  N M R  and mass spectrometry again indicated the 
presence of BCI,, B9CI9, and the substance for which the chemical shift 
is 63.3 ppm, (B9CI8)? After the removal of the BCl3, the ratio of the ions 
B9CI9+ ( m / e  416) to B9C18' ( m / e  381) was 50:lOO in the mass spectrum. 
Thus after 1 h at  350 OC or higher, five diamagnetic products were 
observed in the thermal decomposition of B2C14: BCI,, B9CI9, *(B9C18)2", 
the yellow solid, and the tan, intractable polymeric material. Repeated 
efforts to sublime (B9C18), were unsuccessful as the substance decomposes 
to yield, in part, B9CI9. 

Decomposition at 300 O C .  After 30 min at 300 OC, B2CI4 yields a red 
solution containing brown solids. "B N M R  absorptions at  46.7, 58.4, 
63.5,17 and 69.5 ppm were present in the intensity ratio 100:7:5:1. After 
the vessel was opened and the BCI, removed, the molecular ion region 
of the mass spectrum contained contributions from B9CI9', m / e  416 
(loo%), BloCllot, m / e  463 (45%), B9C18+, m / e  381 (45%), and BllCIll+, 
m / e  509 (16%); see Tables I and 11. 

Decomposition at 200 O C .  After a period of 30 min at 200 OC samples 
of B2CI4 contain brown solids suspended in a reddish solution. IlB N M R  
spectra (Figure 2) indicated and mass spectra confirmed the presence of 
the compounds observed above: BCI,, B9CI9, (B&18)2, BloCllo and 
BllCIl l .  Additionally, two new resonances, at 65.2 and 77.7 ppm, were 
present. Mass spectrometry demonstrated that the two previously 
unobserved species were B&&', m / e  370, and Bl2CIl2+, m / e  555; see 
Table I. 

Because of the breadth of the individual resonances and their overlap 
(at 28.9 MHz) it was not possible to reliably integrate the resonances due 
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Figure 1. Schematic diagram of the radio frequency discharge apparatus. 
In operation BCI,, 40 g/h, flows from the reservoir a t  the right into the 
discharge chamber. B2CI4 and B4C14 are recovered from the traps a t  the 
left. B9CI9 is found in a yellow deposit formed throughout the apparatus. 

Table I. Approximate Thermal Stability, Chemical Shift, and 70-eV 
Mass Spectrometry Data for the Boron Halides 

dec 
compd temp, OC 6' mass spectrum, m / e  (ion, intensity) 

B8Cl8 200 65.1 370 (BsCls', 26%); 253 (B7CI5', 100%) 
BaCla 450 58.4 416 (BaCla'. 30%): 299 (BnCL', 100%) 
B;oCilo -350 63.5b 463 (B;oCi,o', 20%); 345 (B,Cl,', 100%) 
BllCIll 300 69.5 509 (BllCIII', 15%); 392 (Bloc&+, 

100%) 
Bl2C112 200 77.7 555 (BI~CII~ ' ,  8%); 438 (BIIC19', 100%) 
(B9Cls)2 63.3b 381 (B9C18', 50%); 264 (BsClS', 100%) 
BClJ 46.7 
B2C14 100 62.4 

Positive values deshielded vs. external BF,.OEt,. All resonances 
singlets a t  ambient temperature. Resonances of BloCllo and (B9C18)2 
coincident a t  the available field strength17. 

tions by using standard vacuum line techniques. Samples of the less 
volatile polyhedral boron chlorides that arise from the disproportionation 
of B2CI4 were prepared for analysis by means of the usual glovebox 
technology. Radio frequency discharges were maintained by a modified 
Lepel 2.5-kW generator, which operates a t  a frequency of ca. 8.6 
M H Z . ~ ~ , ~ ~  The X-band ESR spectra were obtained with a reflection-type 
instrument whose properties have k e n  previously descriW.l6 Gas-phase 
infrared spectra are from a PE-521 spectrophotometer. Boron-1 1 N M R  
data were obtained at  28.9 MHz (Bruker HFX-90) while 70-eV mass 
spectra (AEI MS-30) were recorded with the source at  ambient tem- 
perature. All solvents were dried over P205 and then vacuum distilled. 

Preparation of B 2 Q .  The synthesis of diboron tetrachloride occurred 
in the radio frequency discharge apparatus depicted schematically in 
Figure 1 .  The boron trichloride flow through the load coils of the 
generator was controlled by the stopcocks and/or by surrounding the 
BCIJ reservoir with low-temperature (-64 "C) baths. 

Immediately after the initiation of the discharge, yellow deposits began 
to form on the walls of the reactor and on the surface of the mercury pool. 
During the course of the experiment, typically 2-3 days, the amount of 
solid material steadily increased and the color of the deposit darkened 
until yellow and brown solids were found throughout the vacuum line. 
Extraction of the solids with methylene chloride yielded yellow B9CI9, 
which was identified by llB N M R  (6 = 58.4) and mass spectrometry; see 
below and Table I. 

After the tdrm'ination of the discharge, the volatile material in the 
traps downstream from the reactor (see Figure 1) was found to be a 
mixture most easily separated by a combination of fractionation and 
distillation. First the majority, ca. 90%, of the unreacted BCIJ was 
recovered by fractionation through a trap held at  -78 "C. (B2CI4 does 
pass through a trap maintained at  -78 OC but only very slowly.) After 
the bulk of the BCI, had been removed, the material retained in the -78 
"C trap was carefully fractionated at  -96 OC, to separate any residual 
BC13, and then a t  -64 "C, to isolate the B4CI4, which was also formed 
in the discharge. Finally, with the head temperature of the column at  
-80 OC, SiCI4, bp 5 8  OC, was removed from B2C14, bp 65 OC, by low- 
temperature vacuum distillation. 

The amount of B2CI4 recovered is dependent upon the flow rate of the 
BCl3 through the reaction zone. When the BCI, flow is sufficiently high, 
40-50 g/h, diboron tetrachloride is formed at  a rate of 250-350 mg/h. 
Prior to use, the purity of the B2C14 was routinely assessed by infrared, 
mass, and N M R  spectra (6 = 62.4). No contaminants were observed. 
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species. For example, B,oCllo is unobserved in the reactions in which 
the temperatures were in excess of 300 OC whereas (B9C1& is unob- 
served in the products of reactions carried out near ambient tempera- 
ture; cf. BI2Clll resynthesis. 
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Table 11. Diamagnetic Cage Compounds from the B,CI, Thermal Reaction 

Davan and Morrison 

obsd Droducts." % 

BlOChO + 
temp, OC time total B,CI, BIZC1,Z BIICIII (B9C18)2b B9C19 BECIS 

450 0.05 h 29 0 0 0 0 29 0 
400 
300 
200 
100 
80 
80 
25 
25 

0.75 h 13 
0.50 h 13 
0.50 h 53 
16 h 81 
1 2  h 75 
336 h 58 
5 Y  3OC 
48 h 

0 
0 
6 
5.5 

11 
8 
4.5 
0.4 

0 
1 

14 
12.5 
24 
21 
11 
0.4 

0 3 10 0 
2.5 2.5 7 0 

I O  4 6 13 
20 5 38 
I O  2 28 
6 1 22 

1 1 1 12 
0.0 

"Approximate yields obtained by integrations of "B N M R  spectra. bChemical shifts of BloCl,o and (B9C18)2 coincident at 28.9 MHz; yields 
apportioned by mass spectrometry. Reaction still in progress. 

f 
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Figure 2. IlB N M R  spectrum of the products arising from the thermal 
reaction of B2CI4 after 30 min at 200 OC. The chemical shifts from left 
to right are 6 (a) 77.7 (BI2CIl2), (b) 69.5 ( B l l c ~ ~ l ) ,  (c) 65.2 (B~clg),  (d) 
63.5 (BloClIo + (Bgc18)z), (e) 58.4 (B9CI9), and (0 46.7 (BCI,). Note 
that the resonances due to BloCllo and (B9C18)2 are unresolved at 28.9 
MHz. The combined yield of the cluster compounds in this reaction is 
53% of the amount of BCI3 formed simultaneously. 

to all of the cage compounds individually; see Figure 2. The ratio of the 
intensity of the BC13 absorption to the sum of the intensities of the cluster 
compounds, however, is 1.0:0.53. The approximate yields, based upon 
BCI,, are contained in Table 11. 

Decompositions at 25-120 OC. Numerous samples of B2C14 were 
exposed to temperatures in the 25-120 OC range. At ambient temper- 
atures B2CI4 turns yellow within a few minutes, becoming red after 36 
h. Over the course of 2 weeks, the solutions became very dark brown, 
with brown solids suspended in the liquid. IlB N M R  spectra obtained 
during the first 24 h contain only the resonances due to BCI3 and B2CI4. 
ESR experiments indicate that the sample is diamagnetic during this 
period. After 48 h the sample becomes paramagnetic (see below), and 
the resonances due to B,IC1,, and BI2CIl2 are first observed. After 48 
h the relative amounts of B2C14, BC13, BllCIl , ,  and Bl2Cll2 are approx- 
imately 100:18:0.08:0.07. 

In one experiment B2CI, was maintained at ambient temperature for 
5 years. IlB N M R  of the solution, which contained brown solids, indi- 
cated the presence of the polyhedral boron chlorides in the following 
relative molar amounts: B8C18, 100% B,,CI,,, 92; Bl2CIl2, 37; B,oCllo 
[+(B9CI8),]," 19; B9CI9, 9. The combined intensities of the cage com- 
pound resonances totaled 30% of that due to the BCI, formed. Diboron 
tetrachloride was still present in the mixture. 

If B2CI4 is held at slightly elevated temperatures, at 100 OC for 16 h, 
for example, the sample becomes dark brown in color. On the basis of 
the integration of the N M R  spectrum, the combined yield of the poly- 
nuclear boron chlorides in this reaction was 81% of the BC13 simulta- 
neously formed; see Table 11. Diboron tetrachloride was not observed. 

At moderate temperatures (-100 "C) and reaction times of a few 
days, both IlB N M R  and mass spectrometry indicate that B8Cls is 
formed in the largest yields followed closely by BllClll  and that the yields 
of BloCllo are greater than those of Bl2CIIZ. At ambient, or nearly 
ambient temperatures, however, typically more B, ,C1, I than BsCls and 
more BlzCIlz than B,,CIl0 are formed: see Figures 2-4. 

00 70 60 50 40 

h " .  

I I I  I I I I I I I I I 

ppm 
90 80 70 60 50 40 

Figure 3. llB N M R  spectrum resulting from the attempted resynthesis 
of BI2Clll. The diamagnetic products are (a) BIZCIl2 (6 = 77.71, (b) 
BIICIII (6 = 69.5), (c) B8Cls (6 = 65.1), and (d) BloCllo (6 = 63.5) along 
with a small amount of (e) BC13 (6 = 46.7). Note that B9CIg (6 = 58.4) 
is unobserved. 

b 
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90 ao 70 60 50 

PPm 
Figure 4. IIB N M R  spectrum of sublimed sample from 24-h thermal 
decomposition of B2CI4 at 60 OC (see text). Approximate molar ratios: 
(a) BI2CI,,, 0.58; (b) Bl,CI1,, 1.00; (c) BloCIl0, 0.16. 

During the initial stages of the thermal decomposition of B2CI4, neither 
B9CI9 nor (B9C18)2 are observed. Unless the reaction times are exceed- 
ingly long, trace amounts, at most, of B9CI9 are formed when the de- 
composition temperature is below 80 "C; see below. Thus near 100 OC 
the relative amounts of the cage compounds generated are typically in 
the following order: B8Cls > BlICIlI  > BloCIl0 BIZCIl2 > B9CI9. At 
ambient temperature BllClll  > B8CIE > B12CI12 > 1 3 1 0 ~ ~ l o .  In this 
temperature regime, in the absence of added solvent, yields of B8C18 and 
Bl lCl l l  are ca. 20-40% each, while the yields of BloCllo and Bl2CII2 are 
usually ca. 5-20% each. 

While the nature of the paramagnetic species formed during this 
reaction is the subject of a separate study, each sample c~i' B2CI4 is dia- 
magnetic when prepared. Strong paramagnetism is alwa)!, observed after 
thermal decompositions in the temperature range 25-12.; OC are initi- 
ated. In each instance the measured g value is 2.01. FL: example, the 
aliquot maintained at ambient temperature for 5 years was very strongly 
paramagnetic; the gvalue was 2.01, and the breadth of the resonance was 
25 G. Macroscopic amounts of B4C14. 6 = 85, have not been observed 
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to form in any of the reactions reported above. 
Attempted Resynthesis of "BIZCII1". Diboron tetrachloride, 1.19 g 

(7.28 mmol), was vacuum distilled into a vessel, which was then sealed. 
The contents of the vessel were maintained at 60 OC for 24 h, following 
which the material that was volatile at ambient temperature was re- 
moved, separated, and identified. Boron trichloride, 0.22 g (1.88 mmol), 
diboron tetrachloride, 0.88 g (5.02 mmol), and a very small amount of 
a dark green solid that mass spectrometry indicated was B8C18 were 
recovered. 

Under vacuum, cyclohexane, ca. 2 mL, was condensed into the reac- 
tion vessel and the resulting slurry was filtered through a fritted glass 
disk. The cyclohexane was removed and then the filtrate was held at 45 
OC for 24 h. Although a small amount of BCI, was formed, no volatile 
paramagnetic species was observed. 

Spectroscopic examination of the reddish material resulting from this 
reaction clearly established that it is a mixture. The IiB NMR of the 
residue (in C C 4 )  (see Figure 3) indicates the presence of Bl2CIl2, 6 = 
77.7, BllCll l r  6 = 69.5, and B8C18, 6 = 65.1, along with small amounts 
of BloCllo, 6 = 63.4, and BCI,, 6 = 46.7. The approximately relative 
concentrations are as follows: Bl2CIi2, 0.38; BlICIli ,  1.00; B8Cl8, 0.73; 
Bl0Cllo, 0.1 1. The mass spectra contain large molecular ion envelopes 
corresponding to Bl2CIl2, BllCIl,, and BsCls along with a much smaller 
envelope corresponding to BloCllo. Nonachlorononaborane is not ob- 
served. 

The ESR spectra obtained from a sample of this material contain a 
single, very strong, and almost featureless resonance, which is 25 G from 
peak to trough; the g value is 2.0172. The resonance is exceptionally 
intense with a density of spins that corresponds to an effective concen- 
tration of several tenths of a mole per liter. This resonance could not be 
saturated at the highest available signal strength. 

Relative Thermal Stabilities of the Polynuclear Boron Chlorides. In 
order to ascertain the relative thermal stabilities of the three largest 
clusters, BloCllo, Bl lCIi l ,  and Bl2CIl2, 2 g of B2CI4 was held at 60 OC 
for 48 h. The vessel was opened, and the material that was volatile at 
ambient temperature was removed. The solid residue was placed into a 
vacuum sublimator, and green-black BsCle was removed at 40 OC. In- 
creasing the temperature to 80 OC resulted in the sublimation of a mix- 
ture that consisted of Bl2CIl2, BiiCIil ,  and BloCllo; see Figure 4. 

One sample of this mixture, in pentane, was sealed under vacuum and 
heated to 200 OC. After 2 h at 200 OC, the resonance due to BI2Cli2 
(77.7 ppm) was absent while those due to BllClll  and BloCllo remained. 
New absorptions at 46.7 ppm (BCI,) and 58.4 ppm (B9C19) were evident 
along with a yellow solid. Mass spectrometry (see Table I) demonstrated 
the presence of B l lC l l l ,  BloCl,o, and B9C19 and the absence of Bl2CIl2. 

The temperature of a second sample of the mixture, also in pentane, 
was elevated to 200 'C for 70 min and then to 300 OC for 30 min. NMR 
spectra of this sample then contained BCI,, B9CI9, and BloCIl0 resonances 
but not those expected for BIICIIi  or Bi2CIl2. After removal of the 
pentane and BCI,, mass spectra confirmed the presence of B&l9 and 
BloClio; BIICIII and Bl2CIl2 were unobserved. 

When B9C19 is dissolved in BCI, and then exposed to 400 OC for 85 
h, the resonance due to B9CI9 does diminish but it is still clearly evident 
at the end of that time. The relative thermal stability of B8C18 in BCI, 
was assessed by following one of the thermal decompositions of B2CI4 at 
200 OC. After 30 min the intensities of the BsC18, BliC1li, and B1+ 
resonances were in the ratio 71:10046. After 2.5 h the relative intensities 
were found to be 0100:38. In CCI,, however, B8C18 persists for at least 
18 h at 200 OC. 

Results and Discussion 
Formation of B2CI4. Diboron tetrachloride is readily generated 

by the radio frequency discharge of BC13 in the presence of ele- 
mental mercury. The amount of B2Cl4 obtained is linearly de- 
pendent upon the BC13 flow ratel5, a dependence which is anal- 
ogous to that previously observed in the preparation of B2Br4 from 
BBr, in a similar system." When the BCl, flux is sufficiently 
high, ca. 40 g/h, the rate of formation of B2CI4 is 300 mg/h. 
Under these conditions the conversion of BC13 to B2Cl4 is 1 . I%,  
based upon the reaction 2BC1, + 2Hg - B2C14 + Hg2CI2. 

Overall, especially in terms of operator time, the rf discharge 
method is the most effective B2Cl4 synthesis of which we are aware 
since the amounts formed are greater than those that are typically 
obtained from electrical (ozonizer) or dc or the 
amounts (1 g/4 h run)I9 that we have been able to isolate when 
a conventional (Klabunde type) metal atom reactor has been 
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employed for the reaction between copper atoms and BC13.20 
The most difficult step in the purification procedure is the 

separation of B2Cl4 from the SiC14 that is generated simultane- 
ously. The latter presumably arises from the interaction of the 
chlorine formed in the discharge with the Pyrex walls of the 
r e a ~ t 0 r . l ~  Although very careful fractionation can be employed 
to separate B2Cl4 from SiC14, the most effective separations occur 
when low-temperature distillation techniques are utilized. 

Thermal Disproportionation of B2CI4. In principle, the thermal 
reaction of B$14 is a simple disproportionation in which the 
formally divalent boron atoms of B2CI4 form equivalent amounts 
of monovalent (B,Cl,) and trivalent (BCl,) products. The overall 
reaction can be most generally expressed as 

(1) 

The objective of this first portion of the study was to identify 
the diamagnetic products arising from the thermal reaction of 
undiluted B2Cl4 and to determine the approximate yields of these 
species as a function of the temperatures utilized, thereby eval- 
uating the type of thermal conditions that might be required to 
maximize the yield of the various compounds. The approximate 
yields of the polyhedral boron halides obtained directly from the 
thermal decompositon of B2Cl4 are contained in Table XI. For 
B8Cls (n = 8), for example, the maximum yield clearly occurs 
near 100 OC. Once this thermal parameter had been obtained, 
the yield of BsCl8 at 100 OC could be readily increased from 38% 
to 88% by the introduction of an alternative solvent, CC14.21 

At elevated temperatures (450 "C) the only molecular cluster 
compound present in macroscopic amounts is the nine-atom cage 
compound B9CI9, which is directly obtained in 29% yield, again 
based upon the foregoing reaction, with n = 9. At slightly lower 
temperatures, the nonvolatile species with the chemical shift of 
63.3 ppm and the mass spectrum containing the B9C18+ ions, which 
we believe is due to the linked cluster (B9C18)2, is also observed. 
The amount of B9CI9 initially present a t  the lower temperature 
is reduced, only 10% at  400 OC. At the present time the prep- 
arative procedure of choice for BgC19 involves the thermal de- 
composition of B2C14 in the 300-450 OC temperature range, 
followed by the removal of the BCI, generated and then gentle 
heating at  70-100 "C under vacuum. In a standard vacuum 
sublimation apparatus the yellow solid described above slowly 
decomposes to generate substantial amounts of BgC19. Although 
variable, typical overall yields of B9C19 are 50-75%, based upon 
eq 1.19 

At intermediate temperatures, 16 h at  100 O C ,  for example, 
all of the polynuclear boron monochlorides B,Cl, (n = 8-12) are 
formed and the combined yields of these species are quite high, 
81%, again based upon eq 1 above. The available data, Table 
XI, indicate that improved yields of BloCllo and B,,CllI are most 
likely be encountered at  temperatures between 80 and 200 "C 
whereas the most effective syntheses of BI2Cll2 may well involve 
slightly subambient temperatures. 

Three of the most surprising findings of this part of the study 
came from the reactions that were carried out near ambient 
temperature. The first was that while the evolution of BCl, and 
the coloration of the solution are apparent almost immediately, 
neither the radical species nor the polyhedral boron clusters are 
evident for a t  least 24 h. The second interesting feature is that 
B2C14 is still found in solution 5 years after the initiation of the 
thermal decomposition. Since the initial rate of the reaction is 
approximately 7% per day, it seems most probable that B2Cl4 is 
regenerated during the course of the reaction.22 The third curious 
fact is that a t  or near ambient temperature B9C19, by far the most 

nB2Cl4 - nBC13 + B,Cl, 

(20) Using similar apparatus, Timms reports yields of 10 g/h from this 
reaction: Timms, P. L. J .  Chem. SOC., Dalton Tram. 1972, 830. In our 
hands the two methods generate comparable am0unt.s of B2C14 per hour 
of reaction, but the separation procedures are much less time consuming 
with the discharge apparatus. 

(21) Emery, S. L.; Morrison, J. A. J .  Am. Chem. SOC. 1982, 104, 6790. 
(22) The longest B2C14 decomposition of which we are aware has been in 

progress at Penn State for over 10 years: Wartik, T., personal com- 
munication, 1985. 

(18) Brennan, J. P. Inorg. Chem. 1974, 13, 490. 
(19) Emery, S. L. Ph.D. Thesis, University of Illinois at Chicago, 1985. 
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stable of all of the cage compounds examined here, is not obtained 
during the same time frame in which BI2Cll2, BllClll,  and BsCls, 
the radical species, and very small amounts of BloCllo are observed; 
see Figure 3. Alternatively stated, the thermal dependence of the 
BgC19 yield is much different than that of e.g., BI,Cll2; this is most 
clearly evident from Table 11. The implications of these results 
are further discussed below. 

Thermal Stability of the Polyhedral Boron Chlorides. The most 
thermally stable of the boron monochlorides is BgC19, which is 
observed for at least 85 h at  400 OC. The relative thermal sta- 
bilities of the three largest cluster compounds in pentane were 
established by means of competative experiments, which dem- 
onstrate that in this medium the order of stability is BloCIlo > 
B1lC1ll > B12Cl12, which is the same order as indicated in BC13. 
Thus the stability of the four largest cages studied here decreases 
as the cage size increases. The smallest of these compounds, BsCls, 
however, is also the least stable in both pentane and BCl,. 

The overall stability order found for the polyhedral boron 
chlorides, > BIoCllo > Bl1ClIl > BI2Cll2 > BsCls, may well 
be typical of 2n framework electron clusters since the same order 
has been previously observed for the boron monobromides, B,Br, 
(n  = 7-10).11 The thermal stabilities of the polyhedral boron 
chlorides is dependent upon the medium employed; B8C18, for 
example, survives more than 18 h at 200 OC in CC14 but is com- 
pletely decomposed after 2.5 h at  that temperature in BCl,. 

The relative stability order for more reduced deltahedral 
clusters, those containing 2n + 2 framework electrons, is much 
different. Previous experimental results have clearly established 
that the most stable of the borane dianions is the 12-atom cluster, 
Bl2H1?-, which is followed by the 10-atom cage. The B6H6’-, 
BsHsZ-, and B9Hg2- ions appear to be comparable to the BloHIo2- 
ion in terms of thermal stability, while the Bl ,HI l2-  and B,Hi2- 
ions are the least stable.23 Lipscomb’s calculations, which result 
in an average energy/BH unit, are generally reflective of this 
stability order: B12Hl,Z- > BloHloZ- > BllHIl2-  > BgH;- > B8Hs2- 
> BiH72-.24 

IlB Nuclear Magnetic Resonance Spectra. In 2n + 2 framework 
electron clusters like the borane dianions, B,H?-, fluxionality is 
generally observed in the 8- and 11-atom systems but not in the 
12, 10, or 9 framework atom species.25 The IIB N M R  data for 
B9Clg2- and BloCllo2-, for example, are indicative of static 
structures for both of these anions in s o l ~ t i o n . ~ ~ , ~ ~  In contrast, 
a t  ambient temperature the IlB N M R  resonances of all of the 
polyhedral boron chlorides B,CI, ( n  = 8-12) are singlets in the 
solvents employed. Thus one general difference between the 2n 
framework electron cages and the 2n + 2 electron species is that 
collectively the former appear to be more plastic in solution than 
the latter. 

The structures of Bl2ClI2, B,,Cll1, and BloCllo are currently 
unknown, but the crystallographic data for BSCls and BgClg in- 
dicate that each of these compounds has two structurally distinct 
boron  site^.^,^^ Thus the observed magnetic equivalence of the 
atoms in these compounds most probably arises from fluxionality 
(accidental overlap of their resonances at  the available field 
strength appears less 

Muetterties “points on a sphere” calculations have shown that 
for the nine-atom system the lowest energy rearrangment pathway 
correponds to the D3* - C,, (diamond-square-diamond) transit 
and that the barrier for this transformation should be relatively 

Davan and Morrison 

(23) Middaugh, R. L. In Boron Hydride Chemistry; Muetterties, E. L., Ed.; 
Academic: New York. 1975: o 273. ~ I r ~  ~ 

Dixon, D. A.; Kleier, D: A.; Halgren, T. A.; Hall, J. H.; Lipscomb. W. 
N. J .  Am. Chem. SOC. 1977, 99, 6226. 
Muetterties, E. L.; Hoel, E. L.; Salentine, C. G.; Hawthorne, M. F. 
Inorg. Chem. 1975, 14, 950. 
Knoth, W. H.; Miller, H. C.; Sauer, J. C.; Balthis, J. H.; Chia, Y. T.; 
Muetterties, E. L. Inorg. Chem. 1964, 2, 159. 
Wong, E .  H.; Kabbani, R. M. Inorg. Chem. 1980, 19, 451. 
Hursthouse, M. B.; Kane, J.; Massey, A. G. Nature (London) 1970, 228, 
659 
Preliminary experiments have shown that for B9CI,, magnetic equivalent 
is 1,etained at -90 OC as well as at higher resonance frequencies (1 15 
MHz). 

Table 111. Chemical Shift Data for Polyhedral Boranes and 
Dianions“ 

compd (fec) n = 12 n = 11 n = 10 n =  9 n = 8 
- 

BnCL ( 2 4  77.7 69.5 63.5 58.4 65.2 
E,C1,2- (2n + 2) -12.9b -9.Sb -4.1‘ 
B,H?- (2n + 2) -16.gd -17.0d -23.2d -15.gd -6.0d 
A(B,,Cl,,- B,H,,-) 94.6 86.5 86.7 74.2 71.2 
A(B,CI, - B,,CI:-) 90.6 73.0 62.5 

“All chemical shifts vs. BF3.0Et2; Weighted chemical shifts em- 
ployed for static species. bReference 26. ‘Reference 27. dReference 
34. 

King’s topological approach indicates that the tricapped 
trigonal prism should be inherently fluxional, and he concludes 
that the structural rigidity of, e.g., B&1g2- is most difficult to 
explain.31 Similarly, Kepert’s analysis of the structure and 
bonding in the borane dianions (where the strength of the bond 
between any two boron atoms is expressed as a bireciprocal 
function of the distance between the two atoms) suggests that there 
are no barriers in the potential surface between the two lowest 
energy topomers, the tricapped trigonal prism and the monocapped 
square an t ipr i~m. ,~  

The explanation for the difference in solution state behavior 
of the nine-atom compounds BgC19 and B9CIg2-, both of which 
have tricapped-trigonal-prismatic ground-state structures, can be 
traced to the degeneracies of the highest occupied molecular 
orbitals. Extended-Huckel calculations have shown that for the 
B9Hg2- ion, which is diamagnetic in the D3h ground state, the 
rearrangement to the C, intermediate would result in a species 
in which the highest occupied molecular orbitals, the 5e orbitals, 
would be doubly degenerate, but only half-filled, resulting in a 
triplet ground state for the B9Hg2- ion in the C, geometry.32 Thus 
what should be the lowest energy rearrangement pathway in this 
ion is accompanied by a spin-crossing process. To the extent that 
the calculations on B9Hg2- are reflective of the molecular orbitals 
of BgC1g2-, a relatively high barrier to rearrangement would also 
be expected in B9CIg2-. For neutral B9C19, however, the HOMO 
orbitals in both the D3h and C4, structures are filled, doubly 
degenerate orbitals; the diamondsquare-diamond rearrangement 
process proceeds r e a d i l ~ . ~ ~ . ~ ~  

The second major difference between the llB N M R  spectra 
of the B,Cl, and B,Cl?- species is also a result of the decrease 
in the electron density found in the neutral compounds. Relative 
to the dianions, the chemical shifts of the neutral species are 
extensively deshielded as shown in Table 111, which presents the 
boron chemical shifts of the boron halides along with the chemical 
shifts of related polyhedral species as a function of cage size and 
electron count. These data indicate that the resonances of all of 
the 2n framework electron clusters are deshielded by 70-95 ppm 
relative to the analogous borane dianions and by 63-91 ppm 
relative to the perchlorinated dianions. 

The effect of chloride for hydride substitution in the largest 
of the borane dianions, B12H122-, is a 4 ppm deshielding of the 
resonance from -17 to -1 3 ppm. The net effect of removing two 
electrons from BIzC1,~-  to generate the uncharged BI2Cll2 cluster 
is much larger, 91 ppm. This difference in chemical shifts arises 

(30) Guggenberger, L. J.; Muetterties, E. L. J .  Am. Chem. SOC. 1976, 98, 
7221. 

(31) King, R. B. Inorg. Chem. Acta 1981, 49, 237. 
(32) Fuller, D. J.; Kepert, D. L. Inorg. Chem. 1982, 21, 163. 
(33) Guggenberger, L. J. Inorg. Chem. 1968, 7, 2260. 
(34) Interconversion of the boron atoms in the 2n + 2 framework electron 

compound B9H7(SMe2)2 occurs only near 130 O C .  The 2n + 4 
framework electron species Sn9,-, for which the C,, structure is the 
ground state and for which the  calculation^^^ indicate no electronic 
barrier to isomerization is fluxional down to at least -40 OC: Wong, 
E. H.; Gatter, M. G.; Kabbani, R. M. Inorg. Chem. 1982, 21, 4022. 
Rudolph, R. W.; Wilson, W. L.; Parker, F.; Taylor, R. C.; Young, D. 
C. J .  Am. Chem. SOC. 1978, 100, 4629. 

(35) Eaton, G. R.; Lipscomb, W. N. NMR Studies of Boron Hydrides and 
Related Compounds; W. A. Benjamin: New York, 1969. Tolpin, E. 
I.; Lipscomb, W. N. J .  Am. Chem. SOC. 1973, 95, 2384. 
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from a t  least three separate sources. The first is the effect of 
decreasing the electron density near the boron nuclei upon 
"oxidation" of the cluster, the second is any effect upon the 
chemical shift that might accompany a change in the ground-state 
structure of the cluster upon the loss of the two electrons, and 
the third is the net result of any differences between the solvation 
of the neutral and anionic species. The directions and the mag- 
nitude of the individual contributions to the differences in chemical 
shift between the B,Cl, and B,Cl?- species are unknown at present; 
however, for B9C19, a cluster in which only the first and the third 
components operate, the difference in chemical shift between BgClg 
and the B9Clg2- dianion is 63 ppm. 

Stages of the Diboron Tetrachloride Thermal Reaction. The 
mechanistic details of the B2Cl4 reaction are under further study; 
however, the currently available evidence clearly demonstrates 
that this reaction occurs via five discrete stages. Each stage results 
in different products. 

Stage One. The first stage is characterized by the first ap- 
pearance of BC13 in the IlB N M R  and by the yellow color, which 
is apparent within minutes a t  ambient temperature. The boron 
monochlorides and the radical species, however, are not yet ob- 
served; a t  ambient temperatures they are not present in concen- 
trations sufficiently high for detection until the second day. The 
polyhedral boron halides and the radical must arise from a 
metastable precursor or series of precursors. 

Conceptually at least, the mast plausible first step of the reaction 
is the formation of B&, the chlorinated analogue of the well- 
known B3F5, by the reaction 2B2C14 = B3C15 + BCl,. Subsequent 
chain-growth reactions would result in unstable compounds such 
as B4C16, species with the general formulation B,C1,+2. Dimer- 
ization or even incorporation of a t r imrdinate  boron compound 
would form compounds of the type B,Cl,+,, compounds that in 
stoichiometry correspond to the well-known nido boron hydrides. 

Several lines of evidence are in accord with a reaction sequence 
of the general type postulated above. First, in both the BZCl4 and 
B2Br4I1 thermal reactions, the time delay between the appearance 
of the colored substance(s) and the appearance of the N M R  and 
ESR signals arising from the monohalides and the paramagnetic 
species mandates that some form of metastable species is formed. 
Second, the above sequence demands that the chlorine to boron 
molar ratio of the solid material obtained very early in the reaction 
be greater than unity, rather than less as has been previously 
 reported.'^^ During the attempted synthesis of BI2Cll described 
above, after 24 h at  60 OC, 31% of the B2Cl4 (2.26 mmol), which 
had been originally taken, decomposed with the liberation of 1.88 
mmol of BCl, (83% based upon the unrecovered BZCl,). Ele- 
mentary mass balance considerations indicate that the overall B:Cl 
ratio in the solid is 1 .OO: 1.29, which corresponds to an average 
emperical formula of B7C19. After the first stage of the reaction, 
the solid material thus contains more chlorine than boron. If these 
results are reflective of only one intermediate, B7C19, BI4Cll8, or 
B21C127 is implicated; the first and last of these seem unlikely. 
Perchlorinated nido-boranes like B14C118 are currently unknown; 
however, compounds of the type BloCl,HI+,, (n = 2-8) have been 
prepared. They are bright yellow, a color very much like that 
initially observed in the B2C14 reaction.36 

Several reviews have emphasized the differences between the 
polynuclear boron fluorides and the analogous chlorides. Typically, 
theoretical justifications based upon supposed differences in the 
back-bonding effects of the halides have been cited to rationalize 
the current lack of any compound of the type B,F,.8,37338 An 
alternative view is that these reported differences may well arise 
primarily from kinetic factors and not from any inherent dif- 
ferences in the course of the thermal reaction caused by the 
substitution of fluorine for chlorine or bromine. The polynuclear 
boron fluorides (like B2F4) are well-known to be more stable than 
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the analogous chlorides (such as B2C14), which in turn are more 
stable than the corresponding bromides (e.g, B2Br4). The course 
of the B2Br4 thermal reaction has previously been shown to be 
very similar to that of B2C14," and as a whole, the boron-fluoride 
chemistry reported by Timms is surprisingly supportive of the type 
of intermediate postulated above. Timms, who generated BF from 
the reaction of BF3 with boron, has shown (1) that BF readily 
inserts into B2F4 forming B3FS, (2) that B3F5 decomposes at ca. 
-50 OC according to the equation 4B3F5 - 2B2F4 + BgF12, (3) 
that at about -20 OC BBFI2 in turn decomposes to yield BF, and 
a product thought to be BI4Fl8, and (4) that isolation of Bl4FI8 
is difficult because it decomposes to other products with the further 
evolution of BF3. The intermediate BgF12 is the dimer of B(BF2)3 
which, like its hydrogen-containing analogoue BH3, can be trapped 
with Lewis bases such as C O  or PF,. The structure of Bl4FI8 is 
~ n d e t e i m i n e d . ~ ~ ~ ~  

The overall stoichiometry for the analogous reaction of B2C14 
is shown in eq 2. The experimental results are presented in eq 
3. 

12B2C14 - Bl4CIl8 + IOBCl, (2) 

12B2C14 - (l/n)(B1400ClI8.04)n + 9.9gBC13 (3) 

Stage Two. In the second stage of the B2Cl4 thermal reaction 
the loss of BC13 from the precursor(s) occurs, resulting in the 
formation of polyhedral boron halides and the radical species. In 
the thermal reaction of undiluted B2C14, the diamagnetic clusters 
formed in the largest amount during the very early parts of this 
stage are BI2Cll2, BllClll,  and B8C18; see Figure 3. The exper- 
imental evidence for this part of the sequence is again most easily 
seen from the results of the BI2Clll resynthesis when BC13 was 
evolved from the red solids maintained in cycylohexane for 24 h. 
A resonance due to small amounts of BCl,, which have been 
liberated from the red solid, can be seen in Figure 3. Schram and 
Urry have also reported the loss of small amounts of BCl, from 
their red solid a t  115 O C 4  

Disregarding for the moment the effects of the radical species 
upon the yields, if the reaction could be stopped at the end of the 
second stage, the amount of boron contained in BC13 and that 
contained in all of the polyhedral boron halides should be equal, 
as shown in eq 1. Experimentally, the amount of boron contained 
in the diamagnetic B,Cl, species present after 16 h at  100 OC is 
a t  least 81% of that in the BCl, present; see Table 11. 

There are clearly two distinct reaction channels available during 
this second stage of the reaction. The first pathway is favored 
by slightly elevated temperatures, ca. 100 "C, and inert solvents 
like CCl,. Under these conditions BgCl8 is isolated in 88% yield, 
the radical species is clearly observed, and the only other dia- 
magnetic compound present is B9C19 in small amounts, ca. 5%.21 
At ambient temperature, however, the formation of B12Cl12 and 
BIIClll predominates; see Table 11. Additionally, Massey has 
reported that a t  ambient temperature, in the presence of excess 
BC13, the only cluster compound that could be identified was 
BlIClI1; B8Cl8 and B9C19 were un~bserved .~  

The formation of B8Cl8 is thus favored by experimental con- 
ditions that are conducive to the formation of the carbene analogue 
BC1. In the absence of a BCl trap and in the presence of slightly 
elevated temperatures, a reaction sequence that is consistent with 
the currently available evidence for the second stage of the reaction 
is 

(4a) 

(4b) 

(4c) 

4B2C14 -P 4BC13 + 4BC1 

2B14C118 + 4BC1 - 2BgC18 + 2BgC112 

2BsCl12 ---* 2BC13 + B14ClIg 

(36) Emery, S. L.; Morrison, J. A. Inorg. Chem. 1985, 24, 1612. 
(37) Massey, A. G. Chem. Br. 1980, 16, 588. 
(38) Timms, P. L. Am.  Chem. Res. 1973, 6, 118. Timms, P. L. in Cryo- 

chemistry; Moskovits, M.; Ozin, G. A., Eds.; Wiley: New York, 1976; 
p 76. 

(39) Hartman, J. S.; Timms, P. L. J .  Chem. Soc., Dalton Trans. 1975, 1373. 
(40) Kirk, R. W.; Smith, D. L.; Airey, W.; Timms, P. L. J. Chem. SOC., 

Dalton Trans. 1972, 1392. 
(41) Timms, P. L. J .  Am. Chem. SOC. 1967,89, 1629. 
(42) The seven-atom compound, B7C17, which might be expected to arise 

from the reaction B14C118 + BC1- B7C17 + B8Cll2, is yet to be ob- 
served; however, the corresponding bromide, B7Br7, is well-known." 
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Combined with the first stage, the overall stoichiometry of this 

(2) 

(4a) 

(4b) + (4c) 

net: l6BzCl4 - 16BC13 + 2B8C18 (5) 

or nB2CI4 - nBCI3 + B,Cl, n = 8 (1) 

reaction can be expressed as 
12B2C14 - lOBCl, + Bl4CIl8 

4B2CI4 - 4BC13 + 4BC1 

4BC1 + 2Bl4CIl8 - 2B8C18 + BI4Cll8 + 2BC13 

At lower temperatures and especially in the presence of excess 
BC13, the reaction channel to B8Cls is quenched7 and BI2Cll2 and 
BllCll l  are initially observed in equivalent amounts; see Table 
11. Reactions consistent with the high dilution data are 

(6a) 

(6b) 

Thus Bl2ClI2, which is one of the least stable of the boron 
monochlorides, decomposes with the extrusion of BCl, the latter 
reacting with BCI3 to regenerate B2Cl4. This is one source of the 
B2C14 that is observed at  least 5 years after the initiation of the 
ambient-temperature decomposition of B2Cl4. This mode of 
decomposition, the ejection of a BX unit, has been previously 
reported for both the borane dianions and the ~ a r b o r a n e s . ~ ~  In 
the presence of a BCl trap and in the absence of elevated tem- 
peratures, the overall reaction stoichiometry through the second 
stage can be expressed as follows: 

(2) 

(6a) 

Bl2CII2 + BC13 BIICIll + B2Cl4 (6b) 

or nB2CI4 - nBC13 + B,Cl, n = 11, 12 (1) 

Bl4C118 - B12C112 + 2BC13 

Bl2Cll2 + BCl, - BIICll l  + B2Cl4 

24B2C14 - 20BC13 + 2B14Cl18 

2BIdC118 - 2B12C112 + 4BC13 

net: 23B2C1, - 23BCI3 + BI2Cll2 + BllC1ll (7) 

Again the chemistry of the polynuclear boron fluorides is 
reminiscent in that while B8FI2 is diamagnetic, samples of B8Flz 
become paramagnetically upon standing.@ Additionally, BI4Fl8 
is reported to decompose with the liberation of BF3 and a series 
of other products one of which has a strong BI2Fl2+ ion in its mass 
~ p e c t r u m . ~ . ~ * ~ ~  

Stage Three. The third observed stage of the reaction is the 
stepwise decomposition of the cage compounds BI2Cll2, BlICll 
and BsCl8 and the radical species, as well as BloCllo, the last 
presumably arising from loss of BCI from BIICll l ,  to generate 
BCI3 and the yellow solid, which appears to be a cross-linked 
polymeric material; it is not soluble in the solvent, BC13. This 
phase of the reaction is responsible for the overall decline in the 
combined yields of the polyhedral boron halides, which is observed 
as the thermal conditions become more rigorous. Although B9CI9 
is formed during this stage, this is not the major source of B9C19, 
as shown by the reactions at  80 O C  in Table 11. It is during this 
stage that the solid@) become boron For example, after 
B2Cl4 had been held at  450 OC for 3 min, the amount of BCI, 
recovered corresponded to 109% of that expected from reaction 
1. 

Stage Four. The fourth stage of the reaction is the formation 
of B9Cl9 from the yellow polymeric substance. This reaction, which 
in solution may also involve BCI,, presumably yields first (B9C18)* 
and then BgC19. Both the decomposition of the clusters B,CI, (n 
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= 8, 10-12) to yield yellow insoluble solids (along with B9Cl9) 
and the formation of BgC19 from the yellow solid during the 
attempted sublimation of (B9Cl8)2 have been independently ob- 
served; see above. The yield of B9CI9 at  elevated temperatures 
only is a t  least as high as SO%, based upon the same equation, 
which gave an 81% yield of largely different products after 16 
h at  100 OC. 

Stage Eve. The final stage of the reaction is the decomposition 
of B9C19 to yield the white to tan involatile material, which is 
insoluble in all common solvents. This stage requires 4-6 days 
at 450 0C.44 

Summary. Although the thermal decomposition of B2C14 in 
the absence of solvent is in principle a very simple reaction, in 
practice the answers to even the most basic questions such as 
whether radical species are formed or whether B8CI8 or Bl2CIl2 
are observed depend upon the thermal history of the sample. It 
should be emphasized that although the various stages discussed 
above have been conceptually separated, typically several or indeed 
all may occur contemporaneously. Unless special precautions have 
been taken, such as not utilizing temperatures above 80 OC, all 
of the products derived from all of the stages may be found 
together. The thermal reaction of B2Br4 is completely analogous 
to that of B2C14. At ambient temperature BBr3 is observed within 
5 min; however, the radical species is not detected for 8 h, again 
an indication that metastable species are also present in that 
reaction. I 

The results obtained above do answer several of the questions 
that were of interest at the outset of the investigation. The yields 
of the individual clusters obtainable range from reasonable to good 
(1040%). The red material, previously described as B12CIll, both 
looks and acts like a single compound, yet this substance is in fact 
a mixture that contains, among others, B8C18. The intensity of 
the ESR signal obtained from the samples is astonishing, indicating 
an effective spin density that corresponds to at least several tenths 
of a mole/liter. The signal breadth and the fact that this signal 
could not be saturated is indicative of an electron that is located 
such that relaxation processes are exceptionally efficient, e.g. an 
electron located in a cavity comprised of nuclei with large 
quadrupole moments. The paramagnetic species does not arise 
from hydrolysis. It has been observed in each and every sample 
that we have studied provided that the appropriate thermal history 
has been maintained. 

The results obtained above also raise several questions that are 
currently under study. Some are related to the postulated chlo- 
rine-rich precursor (BI4Cll8). Direct spectroscopic observation 
of this species by the available instrumentation has been precluded 
by the low concentration in solution. The synthesis of this com- 
pound by an alternative route is in progress. Another question 
is related to the compound previously described as B8C18, which 
was stated to be red in color and stable to moist air.5 The B8Cls 
that we (and others7) have obtained is a very dark green-purple, 
almost black substance. It is exceptionally reactive with air 
resulting in a violet product. Finally, the composition of the radical 
species is still under investigation. 
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