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Reexamination of the co-pyrolysis reactions of B2Cl4 with C2Cl4
at 350 °C and of B2Br4 with CBr4 at 300 °C in vacuo confirmed
the carboranes C2B5Cl7 (1), C2B7Cl9 (2), and C2B5Br7 (3) as low-
yield products. While 1 only could be concentrated by repeated
vacuum fractionation, 2 and 3 could now be isolated from the
conglomerate mixtures for a full spectroscopic characterization
and the compounds were verified in their geometries by
detailed DFT computations. Surprisingly, the perhalogenated
carboranes do not adopt the expected “all-endo”-geometries
with cluster sizes derived by the sum of the n boron and two
carbon atoms (n+2) as known from the syntheses of the
parent closo-carboranes C2BnHn+2. Instead, DFT/GIAO(ZORA)/

NMR (GIAO for X=Cl, ZORA for X=Br) computations revealed
that the perhalogenated carboranes favor structures with BX2

groups as exo-skeletal ligands attached to both cage-carbon
atoms yielding the five-vertex closo-1,5-(CBX2)2B3X3 (1: X=Cl; 3:
X=Br) and the seven-vertex closo-2,4-(CBCl2)2B5Cl5 for 2. In
contrast to these perhalogenated carboranes, analogous
computations on the hydrogen substituted carboranes C2BnHn+

2, silaboranes Si2BnHn+2 and Si2BnXn+2 (n=5, 7) show in all cases
a thermodynamic favorization of structures where all boron
atoms of the formula are endo-skeletally incorporated into the
cluster frameworks.

Introduction

The starting point of the fascinating chemistry of the carbor-
anes was set in 1962 by the pioneering report on the low-yield
preparation of three compounds with the compositions C2B3H5,
C2B4H6 and C2B5H7 in a silent electric discharge reaction of
pentaborane(9) with acetylene.[1] Although classical structures
with localized 2c–2e bonds could be suggested,[2] evaluation of
spectroscopic data, structural analyses, electron density distri-
bution, and ab initio calculations later proved closed deltahe-
dral geometries with multicenter bonds for these compounds.[3]

Until today, they represent the smallest experimentally proven
members within the neutral closo-carborane family C2BnHn+2,
since a hypothetically smaller tetrahedral closo-C2B2R4 is
unknown which is rather found in a butterfly-type structure.[4]

In search of alternative routes to carboranes from small
precursory molecules, we studied the vacuum pyrolysis of
suitable alkyldichloro-boranes and obtained hexachloro-hexa-
bora-adamantane C4H4B6Cl6.

[5] In this molecule, we could not

replace the carbon bound H atoms by Cl ligands to study the
effect of electron-withdrawing substituents on the molecular
cohesion. One might expect the transformation to non-classical
structures by a decrease of electron density. In a preliminary
communication in 1989,[6] we reported on the preparation of
mixtures of carboranes with the molecular formula C2B5X7 (1:
X=Cl, 3: X=Br) and C2B7Cl9 (2) by co-pyrolyzing B2X4 with
halogenated hydrocarbons in vacuo at temperatures around
300 °C. On the basis of mass spectral and one-dimensional 11B
NMR data and our empirical experience with other heterobor-
anes prepared correspondingly, such as e.g. the phosphabor-
ane closo-1,2-P2B4Cl4,

[7] where each boron and heteroatom of
the respective formula was endo-skeletally incorporated into
the cluster frameworks, we assumed “all-endo” closo-structures
with geometries as derived by Wade’s rules[8] for the respective
parent carboranes C2BnHn+2. However, these assignments were
suggestive due to the lack of sufficient spectroscopic data. In
particular, 11BNMR chemical shifts – one for each carborane –
in the low field between 50 and 60 ppm found in the 11BNMR
spectra of carboranes 1–3 were actually too low fielded for
endo-polyhedral boron atoms of carboranes and rather support
a classical 2c–2e bonding situation for these boron atoms.
These ambiguities prompted our extensive reinvestigations of
the co-pyrolysis reactions of B2X4 with halogenated hydro-
carbons to obtain more evaluable data for structural elucida-
tion.
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Results and Discussion

Generation of the reactive species

The thermal disproportionation of diboron tetrahalides B2X4 to
the boron(I)- and B(III)-halides (Equation 1) starts already at
� 20 °C and completes at temperatures above 300 °C to the
most stable boronsubhalide B9X9.

[9] There is photolytic,[9] ESR[9]

and PE[10] spectroscopic evidence that the reaction rather
proceeds via [:BX] intermediates which aggregate to BnXn (for
X=Cl: n=8–12, Equation 2)[9] than via homolytic cleavage into
two [.BX2] units. As potential carbon sources for a co-pyrolysis,
perhalogenated aliphatic compounds are known to thermally
dehalogenate into various short-lived molecules and radical
species (Equation 3) which can recombine to larger binary
molecules as e.g. tetrahaloethene (Equation 4) or hexahaloben-
zene (Equation 5).[11] In accordance with the lower bond
dissociation energy of C� Br compared to C� Cl, brominated
hydrocarbons dehalogenate easier than chlorinated analogues.
Suitable halogenated aliphates supply reactive carbon species
at temperatures as low as possible without the abstraction of
hydrogenhalides HX which could decompose potential halo-
borane products. Elemental halogen evolving in these decom-
position processes can be trapped by B2X4 moieties (Equa-
tion 6), thereby providing a series of different molecules and
molecular fragments for reactions and recombinations to
binary (Equations 2, 4 and 5) or ternary (Equations 7–9)
products:

B2X4 ! BX3 þ ½BX� (1)

n ½BX� ! BnXn (2)

CX4 ! ½CX3�=½CX2�=½CX� þ X2 (3)

2 ½CX2� ! C2X4 (4)

6 ½CX� ! C6X6 (5)

X2 þ B2X4 ! 2 BX3 (6)

n ½BX� þ 2 ½CX� ! C2BnXnþ2 (7)

6 B2Cl4 þ C2Cl4 ! C2B5Cl7 þ 7 BCl3 (8)

8 B2Cl4 þ C2Cl4 ! C2B7Cl9 þ 9 BCl3 (9)

Studied co-pyrolysis reactions

The co-pyrolysis reactions of B2X4 with halogenated hydro-
carbons confirmed our initially reported results. Pyrolyses were
performed in vacuo with mixtures of a) B2Cl4/CCl4 at 420 °C and
340 °C, b) B2Cl4/C2Cl4 at 300 °C to 350 °C, and c) B2Cl4/CH(BCl2)3
at 450 °C, the product mixtures were separated into more and
less volatile fractions, and their NMR and MS spectra were
recorded. Similarly, we investigated the reactions d) B2Br4/CBr4
at 300 °C and e) B2Br4/C2Br4 at 220 °C. In experiments a), only
the binary compounds C6Cl6, B9Cl9 and B10Cl10 could be

detected in addition to volatile molecules such as BCl3 or Cl2. In
order to get some insight into the mode of reaction, it seemed
reasonable, to subject the reactants to milder conditions. When
tetrachloroethene is used (experiment b), lower temperatures
are sufficient for conversion. In this case, mass spectrometry
reveals compounds with the closo-carborane compositions
C2B5Cl7 (1) and C2B7Cl9 (2) in the more volatile fraction, and
B9Cl9 and B10Cl10 in the less volatile fraction. The conversion
mentioned in experiment c) leads to the bora-adamantane
C4H4B6Cl6. During the co-pyrolysis with brominated synthons at
300 °C (experiment d), the carborane C2B5Br7 (3) is formed,
while under milder conditions at 220 °C (experiment e)
tribromovinyl-dibromoborane, Br2C=CBr� BBr2 (4) is formed in
addition to 3 and BnBrn (n=7–10). The formation of 4 can be
understood as the product of either the addition of B2Br4 to
tetrabromoethene with subsequent BBr3 elimination or as the
insertion of the most readily formed [BBr] species into a C� Br
bond. This molecule could function as an intermediate in the
formation of the brominated carborane products, as depicted
in Scheme 1, variation b).

The series of mass spectra are very typical due to the
isotopic combinations and the low fragmentation which
facilitates the unambiguous recognition of the elemental
composition of the compounds, and the one- and two-dimen-
sional 11BNMR spectra help to provide initial information on
the structures of the molecules.

The yields of carboranes formed during the pyrolyses
obviously depends on the reaction temperature and molar
ratio of the reactants. The recombination of n [BX] units and 2
[CX] fragments in Equation 7 describes the overall conversion,
but not the course of molecular formation. Based on the
idealized Equation 9, the yield of 2 was approximately 7%, that
of 1 approximately one third thereof.

A conceivable route (see Scheme 1) could be a) the reaction
of [BX] with the carbene [CX2] to give X2C=BX; dimerization and
halogen cleavage may give a cyclic carbon-carbon bridged
tetraborane (XCBX)2 intermediate which provides the first
building block containing two carbon atoms. Such (RCBR’)2
molecules with both classical and non-classical structures have
been synthesized many years ago.[4b,c] Subsequently in this
process, intermediate (XCBX)2 rearranges to
bis(dihaloboryl)ethyne X2B� C�C� BX2 which is enlarged by [BX]
units leading to the stable perhalogenated carborane end
products.

An alternative route b) could be the successive insertion of
2 [BX] units into tetrahaloethene to give trihalovinyl-dihalobor-
ane X2C=CX(BX2) and 1,2-dihalo-bis(dihaloboryl)ethene
(BX2)XC=CX(BX2) which by elimination of X2 gives
bis(dihaloboryl)ethyne X2B� C�C� BX2 and finally adds more [BX]
units to the stable perhalogenated carborane end products.

NMR spectra

The compound with the formula C2B5Cl7 (1) shows one broad
13CNMR signal at 107.5 ppm upon heteronuclear {11B} decou-
pling and two 11BNMR signals in a 3 :2 ratio at 28 ppm and
52 ppm. In the 11B11B COSYNMR spectrum there is no cross-
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peak-correlation detected (a technique which was not available
at the time before our first short note in 1989, in addition to
the poorer resolution of the available NMR spectrometers at
that time). Therefore, our former assumption of a pentagonal-
bipyramidal 2,4-C2B5Cl7 carborane structure for 1 can be ruled
out, since such a geometry should show two cross-peaks
between three 11B signals. 11BNMR chemical shifts computed
for alternative classical organoborane structures including a
C2B5Cl7 norbornane- and a dimeric (C2B5Cl7)2 adamantane-type
geometry also do not fit the experimental values (see computa-
tional results). However, very good agreement was achieved for
closo-1,5-(CBCl2)2B3Cl3 (1), a carborane structure with 2 exo-
skeletal BCl2 groups “classically” bonded at both C-atoms, as
depicted in Figure 1: calculated values of 27.0 ppm (exp.:
28 ppm) for basal B(2–4) and 54.7 ppm (exp.: 52 ppm) for the
exo-polyhedral BCl2-groups. Analogous to 1, the compound
with the formula C2B5Br7 (3) exhibits two 11BNMR signals in a
3 :2 ratio with calculated values of 20.3 ppm (exp.: 21.5 ppm)
and 57.9 ppm (exp.: 53.3 ppm) in accordance with B(2-4) and
the two exo-skeletal (BBr2) groups of closo-1,5-(CBBr2)2B3Br3,
respectively.

One of the few alternative routes to five-vertex closo-
carboranes was reported 2002 by Siebert et al. with the
synthesis and X-ray structure of 1,5-dineopentyl-2,3,4-trichloro-
1,5-dicarba-closo-pentaborane(5) by pyrolysis of a bulky
tris(dichloroboryl)alkane.[12] Both the 11B (δ=22.1 ppm) and 13C
(δ=94 ppm) chemical shifts are in good agreement with the
signals found for 1 and 3.

The compound with the formula C2B7Cl9 (2) shows one
broad 13CNMR signal at 91.0 ppm upon heteronuclear {11B}
decoupling and consists of four 11BNMR signals with 2 :2 :1 : 2-
intensities at � 15.6 ppm, 8.8 ppm, 10.0 ppm and 54.8 ppm. In
the 11B11B COSYNMR spectrum there are only two cross-peaks
between the signal at the highest field and the signals at 8.8
and 10.0 ppm which is in contradiction to the formerly
proposed “all-boron-endo” structure for 2 as closo-4,5-C2B7Cl9.
11BNMR chemical shifts computed for such a geometry as well
as alternative classical organoborane structures including
bicyclo[3.2.2] and bicyclo[3.3.1]-type geometries give no good
agreement with the experimental values (see computational
results) – again in contrast to a carborane isomer with 2 exo-
skeletal BCl2 groups of the formula “classically” bonded at both

Scheme 1. Possible pathways for the formation of the perhalogenated carboranes 1 (X=Cl, n=3), 2 (X=Cl, n=5) and 3 (X=Br, n=3).
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C-atoms (see Figure 1). This suggests the most stable seven-
vertex pentagonal-bipyramidal carborane geometry closo-2,4-
(CBCl2)2B5Cl5 (2) with the 11BNMR signal at � 15.6 ppm (calcd.:
� 16.5 ppm) assigned to the apical B-atoms B(1,7), the signal at
8.8 ppm (calcd.: 7.9 ppm) to B(5,6), the intensity-one signal at
10 ppm (calcd.: 7.7 ppm) to B(3) and the signal at 54.8 ppm
(calcd.: 58.1 ppm) to both exo-polyhedral BCl2-groups. By cool-
ing a sample of 2 in CDCl3 to temperatures as low as � 55 °C,
the 11BNMR signal of exo-skeletal BCl2 at 54.8 ppm broadens in
contrast to those of the cage B atoms which are not affected.
The different temperature dependency of the 11BNMR signals
in 2 can be explained by dynamic phenomena of the more
flexible exo-skeletal BCl2 groups compared to the cage B-atoms
and support the assignments in the above geometry.

In order to improve the resolution of 13CNMR spectra and
eventually to get more structural information about the
positions of the C-atoms within the clusters, the carboranes 1
and 2 were subjected to detailed heteronuclear 13C{11B}
decoupling experiments to simplify the complex spin systems.
Once recorded 11B undecoupled, the 13CNMR signals of both 1
and 2 are hardly detectable. Upon selective boron decoupling
of a sample of 2 in CDCl3 the 13CNMR signal resolves to a
singlet at 90.27 ppm. Best resolution enhancement of the
13CNMR signal could be obtained by 11B broadband-decoupling
at +20 ppm as well as at +54.8 ppm (see Figures S5 and S6).
In a 1 :1 mixture of the carboranes 1 and 2, the 13C signal of 1
at 107.5 ppm sharpens upon 11B broadband-decoupling at
+40 ppm which is midway between +52 ppm (exo-skeletal
BCl2 group) and +28 ppm (B2-4), whereas upon selective
decoupling at +28 ppm or +52 ppm only the resolution is
improved.

The 11BNMR spectrum of Br2C=CBr� BBr2 (4) consists of one
broad signal at 52.0 ppm (h1/2 � 150 Hz) which is in very good
agreement with the calculated value of 55.0 ppm (see Fig-
ure S19 of Supporting Information). The mass spectral fragmen-
tation of 4 is shown in Figure S12.

Mass spectra

The mass spectra of compounds 1–3 exhibit the isotopic
patterns for the molecular ion and the main fragments
indicating the stepwise abstraction of Cl, BCl2, and mainly BCl3
fragments whose intensity patterns are consistent with the
computed spectra based on natural isotopic abundances.

Unfortunately, we could not obtain the carboranes in
crystalline form, however, on the basis of simple skeletal
electron counting rules,[8] 1, 2 and 3 should adopt the
geometries derived from the 11BNMR spectra with each X2B� C
group contributing 3 electrons and each BX unit 2 electrons to
the cluster bonding.

DFT/GIAO(ZORA)/NMR computations

Generally nonrelativistic computations were performed at the
B3LYP/6-311+G(d,p)+ZPE DFT level.[13,14] For bromine substi-
tuted boron atoms, however, satisfactory agreement can only
be expected when spin-orbit (SO) coupling is taken into
account.[15a,b] This was done using the ZORA formalism[16] as
implemented in the ADF program[17] (see Computational De-
tails). Such SO-corrections were recently also found necessary
even for such perchlorinated heteroboranes, in which heavy-
chalcogen tellurium is part of the cluster.[15c]

Only cluster structures with dihaloboryl substituted carbon
atoms give computed 11BNMR chemical shifts that satisfactorily
match the experimental values (see Figures S13, S14 and S15 of
Supporting Information).

These “non-classical” polyhedral structures are unexpected
for products from such pyrolysis reactions since it is empirically
known in experimental carborane chemistry, that high-energy
reaction conditions during synthesis favor the formation of “all-
endo” closo-carboranes such as C in Figures 2 and 3 with the
most stable positional isomers having the carbon atoms in
positions 2,4 for pentagonal-bipyramidal C2B5X7 and 4,5 for
tricapped trigonal-prismatic C2B7X9, while low-energy condi-
tions favor alkylboranes and nido-carboranes. Nevertheless,

Figure 1. Experimental and computed 11BNMR chemical shifts of C2B5Cl7 (1), C2B7Cl9 (2) and C2B5Br7 (3).
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computations show that they are thermodynamically more
stable than the expected cluster structures (type C) and
classical cyclic or bicyclic structures such as types D, E and F
when they are perhalogenated. For the parent carboranes with

H substituents the expected closo-cluster with all boron atoms
of the formula endo-skeletally incorporated into the cluster
framework is thermodynamically favored. Relative energy
values are listed in Table 1 and Table 2 for C2B5X7 and C2B7X9

Figure 2. Various C2B5X7 isomers A–F, I as well as the dimeric C4B10X14 with adamantane structure, H (X=H, Cl, Br). C, B and X are shown in grey, pink and green,
respectively.

Figure 3. Various C2B7X9 isomers A–I (X=H, Cl, Br). C, B and X are shown in grey, pink and green, respectively.
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isomers (X=H, Cl, Br), respectively. Only the dimeric adaman-
tane framework H is slightly more stable (by 6.8 kcal for one
mol of C2B5Cl7).

The medium sized cluster with only one boryl substituted
carbon atom (type B) is also more stable than the expected
type C, but a second dihalogenboryl carbon moiety brings a
larger stability gain than the first one (i. e. A vs. B in comparison
to B vs. C). Boryl groups are only energetically advantageous
when they are bound to carbon atoms: Structure type I with
two boryl groups as boron rather than carbon substituents as
in A has always a higher energy even than the Wade type
cluster C without boryl groups. We also computed correspond-
ing disilaboranes and found that among both the hydrogen as
well as the chlorine compounds Wade type closo-clusters are
thermodynamically more stable than isomers with boryl groups
attached to the silicon atoms.

The stability order of different carbon atom placements in
the cluster is unchanged by the presence of boryl substituents.
Although relative energy values differ somewhat, they increase
in the order 1,5-<1,2-<2,3- for the five vertex clusters (see
Figure S17) and 2,4-<2,3-<1,2-<1,7- for the seven vertex
clusters (see Figure S18) for both dichloroboryl and chlorine
substituted carbon atoms.

Conclusions

The herein presented pyrolytic route to trigonal- and pentago-
nal-bipyramidal carboranes 1, 2 and 3 from simple, electron-
precise synthons diboron tetrahalides and halocarbons pro-
vides a new, rare alternative access to the smallest carborane
motif. The experimentally observed and computationally con-

firmed exo-endo isomerism of perhalogenated carboranes to
assemble in unusual structures with exo-skeletal BHal2 groups
attached to both carbon atoms is unprecedented within the
family of the closo-dicarboranes C2BnXn+2. The thermodynamic
stabilization of 1, 2, and 3 stands in sharp contrast to the
classical (endo) Wade type parent compounds with X=H as well
as with the corresponding isoelectronic closo-disilaboranes
either with hydrogen or with chlorine ligands. Only the limited
yields of 1, 2 and 3 in low mg-scales prevented us so far from
exploring their reactivities, in particular attempts of full hydro-
genations to the parent compounds with expected rearrange-
ments to classical Wade type closo-dicarboranes.

Experimental Section
Instrumentation. 11BNMR spectra were partly recorded on Bruker
instruments WM-250 (11B 80.25 MHz), AVANCE III 500 (11B
160.388 MHz) and AVANCE III HD 600 (11B 192.552 MHz) at 293 K if
not stated otherwise. 13C{11B} NMR spectra were recorded on a
Bruker AVANCE III HD 300 spectrometer (13C 75.48 MHz). Chemical
shifts were referenced to external BF3

.OEt2 and TMS. Negative signs
indicate an upfield shift. The NMR spectra were processed using
SpinWorks 4 (v 4.2.3.0 Kirk Marat, University of Manitoba, Canada)
software. High- and low-resolution mass spectra were obtained on
a Finnigan Varian MAT 95 with electron ionization at 70 eV.

General Procedures and Materials. All manipulations were con-
ducted in a standard high vacuum-line or by using inert
atmosphere techniques with glassware equipped with PTFE valves
(J. Young Scientific Glassware, Acton, London) and O-ring seals for
greaseless connection to the vacuum-line as described by
Shriver.[18] Inert gas N2 and solvents were reagent grade, dried and
purified according to standard procedures. BCl3 was purified by

Table 1. Relative energies in kcalmol� 1 computed for E2B5X7 isomers at B3LYP/6-311+G(d,p)+ZPE.

E X A B C D E F H [a] I

C H 0.0 � 11.6 � 38.9 58.5 [b] 8.0 20.0 � 3.4 14.9
Cl 0.0 49.9 69.9 46.2 [b] 40.4 80.8 � 6.8 80.0
Br 0.0 41.8 57.1 42.9 [b] 35.8 71.4 2.0 69.1

Si H 0.0 � 47.9 � 67.5 10.5 [b] � 11.2 [c] 20.0 � 4.5 � 8.0
Cl 0,0 � 24.1 � 38.0 � 10.0 [b] � 6.2 � 9.1 � 29.9 � 10.1

[a] Type H corresponds to E4B10X14 with an adamantane structure. The energy values given refer to one half of this molecule relative to one A. [b] Two
imaginary frequencies in C2v. Optimizations in lower symmetry point groups lead to different structures. [c] Optimized geometry is strongly distorted.

Table 2. Relative energies in kcalmol� 1 computed for E2B7X9 isomers at B3LYP/6-311+G(d,p)+ZPE.

E X A B C D E F G I

C H 0.0 � 7.2 � 27.7 59.1 –[a] –[a] 70.5[b] 22.0
Cl 0.0 38.6 68.7 25.7 63.2 108.1 112.3 76.2
Br 0.0 33.9 57.7 30.9 61.2 98.7 104.7 66.4

Si H 0.0[c] � 37.8 � 37.0 90.2[d] –[a] –[a] 47.1 � 0.3
Cl 0.0[e] � 24.6 � 10.0 31.7 27.4 28.6 26.1 � 11.6

[a] Rearranged upon optimization. [b] Two imaginary frequencies in C2v. Optimizations in lower symmetry point groups lead to different structures. [c] The
1,7-(H2BSi)2B5H5 isomer is more stable by 19.7 kcalmol� 1 than the 2,4-isomer. For direct comparison with the carbon analogs the 2,4-isomer was nevertheless
chosen as the reference point. [d] Two imaginary frequencies in Cs. Without symmetry constrains geometry optimization lead to the closo-2,4-(H2BSi)2B5H5

structure. [e] The 1,7-(Cl2BSi)2B5Cl5 isomer is more stable by 21.6 kcalmol� 1 than the 2,4-isomer. For direct comparison with the carbon analogs the 2,4-
isomer was nevertheless chosen as the reference point.
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vacuum fractionation until a vapor pressure of 4 Torr at � 78 °C was
obtained. BBr3 was stirred over mercury, degassed, and condensed
into a trap of � 78 °C prior to use. The diboron tetrahalides B2Cl4
and B2Br4 were prepared by co-condensation of BCl3 or BBr3 with
copper-vapor onto cooled walls (� 196 °C) of a metal-vapor reactor
similar to that described by Timms.[19] After reaction, B2Hal4 was
separated from excess BHal3 by repeated fractionation until the
condensate exhibited a vapor pressure at 0 °C of 44 Torr (B2Cl4) or
less than 1 Torr (B2Br4).

Syntheses of C2B5Cl7 (1) and C2B7Cl9 (2). In a typical pyrolysis,
samples of B2Cl4 (3.3 g, 20.2 mmol) and C2Cl4 (5.7 g, 34.4 mmol)
were separately condensed in vacuo into a 250-mL round-
bottomed flask equipped with a seal-constriction and a break-seal
joint. After sealing, the flask was heated in an oven at 350 °C for
30 minutes, and slowly allowed to cool to room temperature over a
period of 20 h resulting in black precipitation (possibly graphite or
boroncarbide). After connecting to the vacuum-line, the break-seal
was opened under vacuum and ca. 15 mL BCl3 was condensed into
the flask to extract the products repeatedly 10 times into a separate
flask. The part which was insoluble in BCl3 was separated in vacuo
by a frit and washed out 5 times with the 15 mL BCl3. After
evaporation of the extractant BCl3 at temperatures below � 30 °C,
the residue was dissolved in ca. 1 mL CH2Cl2 and

11BNMR spectrum
indicated a proportion of the main products C2B5Cl7 : C2B7Cl9 : B9Cl9
of 1.25 :3.75 :1. After evaporation of CH2Cl2 at � 10 °C the residue
separated in vacuo (10� 3 mbar) into 4 fractions which were
analyzed by 11BNMR and MS: a) volatiles between � 10 °C and 10 °C:
contains only carboranes, mainly 1 and less 2, no B9Cl9; b) volatiles
between 10 °C and 40 °C: mainly 2, less 1 and B9Cl9. c) volatiles
between 40 °C and 90 °C: mainly 2 and B9Cl9, no 1; d) volatiles
between 90 °C and strong heating with the heat-gun (ca. 300 °C):
mainly B9Cl9, B10Cl10, very little 2. It was not possible to separate 1
and 2 from fraction a). A pure sample of 2 was obtained by
performing co-pyrolysis at 450 °C and trapping all volatiles between
0 °C and 300 °C which contained only 2 and C6Cl6, no B9Cl9 as well
as 1. C6Cl6 could be separated by vacuum-sublimation at T�40 °C.
The yield of purified 2 was averaged 75 mg (7% based on idealized
Equation 9) per co-pyrolysis. The yield of 1, which only could be
enriched, was based on the 11BNMR spectra only a third thereof.

Syntheses of C2B5Br7 (3) and Br2C=CBr-BBr2 (4).
[20] Samples of B2Br4

(1.5 g, 4.4 mmol) and CBr4 (0.5 g, 1.5 mmol) were separately
condensed in vacuo into a 250-mL round-bottomed flask equipped
with a seal-constriction and a break-seal joint. After sealing, the
flask was heated in an oven at 300 °C for 30 min, and slowly
allowed to cool to room temperature over a period of 20 h
resulting in black-shining solid (possibly graphite or boroncarbide).
After connecting to the vacuum-line, the break-seal was opened
under vacuum and ca. 15 mL BBr3 was condensed into the flask to
extract the products repeatedly 10 times into a separate flask. The
part which was insoluble in BBr3 was separated from the soluble
part in vacuo by a frit and the residue washed out 5 times again
with the 15 mL BBr3. After evaporation of the extractant BBr3 from
the soluble part at temperatures below 0 °C, the residue was
fractionated in vacuo to yield at Tsubl.�200 °C 10 mg of 3 as a white
solid. Other products, detected by MS and 11BNMR, were
tetrabromoethene C2Br4 in the more volatile fraction between
room temperature and 100 °C/HV, and the boronsubbromides BnBrn
(n=7–10) in the less volatile fractions between 100 °C and 200 °C.
Traces in the MS with a pattern at m/e=728 indicate the
generation of very small amounts of the next higher member
C2B6Br8.

For preparation of Br2C=CBr-BBr2 (4) the co-pyrolysis of B2Br4 with
C2Br4 was performed at 220 °C. Work-up as described above yielded
4 as colorless liquid with a bp � 100 °C/HV.

Data for 1: MS m/z (rel. int.): 326 (93, M+); 291 (100, [M� Cl]+); 210
(95, [M-BCl3]

+); exact mass calcd for 12C2
11B5

35Cl7 324.8292; found
324.8285; 11BNMR (ppm, CDCl3) 28.0 (B2-4), 52.0 (exo-BCl2), no
cross-peak in 11B11B COSYNMR; 13C{11B} NMR (ppm, CDCl3) 107.5
(C1,5).

Data for 2: MS m/z (rel. int.): 418 (75, M+); 383 (3, [M� Cl]+); 337 (20,
[M-BCl2]

+); 302 (100, [M-BCl3]
+); 291 (33, [M-B2Cl3]

+); 219 (35, [M-
B2Cl5]

+); 185 (55, [M-2BCl3]
+); 150 (30, [B4Cl3]

+); 114 (36, [B4Cl2]
+);

103 (33, [B3Cl2]
+); 81 (170, [BCl2]

+); exact mass calcd for 12C2
11B7

35Cl9
418.7829; found 418.7825; 11BNMR (ppm, CDCl3) � 15.6 (B1,7), 8.8
(B5,6), 10.0 (B3), 54.8 (exo-BCl2) with cross-peaks of B(1,7) with B(5,6)
and B(3) in 11B11B COSYNMR; 13C{11B} NMR (ppm, CDCl3) 91.0 ppm
(C2,4).

Data for 3: MS m/z (rel. int.): 637 (58, M+); 558 (100, [M� Br]+); 365
(30, [M–CB2Br3]

+); 307 (30, [M-BBr4]
+); 228 (10, [C2B4Br2]

+); 205 (15,
[CB3Br2]

+); 194 (10, [CB2Br2]
+); 171 (90, [BBr2]

+);11BNMR (ppm, CDCl3)
21.5 (B2-4), 53.3 (exo-BBr2).

Data for Br2C=CBr-BBr2 (4): MS m/z (rel. int.): 434 (58, M+); 355 (100,
[M� Br]+); 275 (13, [M-2Br]+); 195 (45, [M-3Br]+); 171 (82, [BBr2]

+); 91
(10, [BBr]+); 11BNMR: 52.0 ppm (h1/2�150 Hz).

Computational Details. Geometries were optimized using the
Gaussian 16 program[21] employing the B3LYP hybrid density
functional[13] and the 6–311+G(d,p) basis set.[14] Subsequent
frequency calculations revealed the nature of the stationary points
and gave zero point vibrational energies (ZPE). Relative energies
reported correspond to the B3LYP/6-311+G(d,p) + ZPE level.
Magnetic shielding constants were computed at the same level
using the GIAO approach.[22] For brominated molecules the ADF
engine[17] of the Amsterdam Modeling Suite[23] was used to
compute shielding constants employing GIAOs and the B3LYP
hybrid functional together with the TZP (polarized triple zeta)
basis[24] including spin orbit coupling using the zeroth-order regular
approximation (ZORA)[16] for relativistic effects.[25] While computed
13C chemical shifts are directly referenced to tetra methyl silane, 11B
chemical shifts were initially calculated relative to diborane(6) and
converted to the experimental standard, BF3⋅O(C2H5)2, using the
chemical shift value of 16.6 ppm reported for B2H6.

[26]

Supporting Information Summary

The Supporting Information contains experimental 11B, 11B11B
COSY, 13C{11B} NMR, MS and HR-MS spectra, in addition,
calculated 11B and 13C NMR chemical shifts, computed with
GIAO(ZORA) at B3LYP/6-311+G(d,p), absolute and relative
energies as well as optimized Cartesian coordinates of all
relevant compounds included in this work.
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