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Intramolecular electronic interactions were investigated in five series of 12-, 10-, and
6-vertex closo-boranes and hydrocarbons (benzene, acetylene, bicyclo[2.2.2]octane, and
cubane) substituted with triple-bonded groups Y=Z (C=CR, C=N, C=0, and N=N). Structural
data (single crystal X-ray crystallography), spectroscopic properties (UV, IR, and NMR),
chemical behavior (dediazoniation reactions), and electronic structure calculations (hybrid-
ization and 1t bond order) are all in agreement that the degree of electronic conjugation be-
tween the cluster and the Y=Z substituent is lowest for the 12-vertex closo-borane and
highest for the 6-vertex analog.
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The geometrical and electronic properties of closo-boranes continue to at-
tract attention in the context of design and construction of molecular and
supramolecular materials. Of particular interest are electronic interactions
between 12-vertex (1), 10-vertex (2) and 6-vertex (3) clusters and Tt substitu-
ents and through-cage electron transmission effects (Fig. 1).

closo-Boranes are considered to be three-dimensional aromatic species?,
possessing a set of molecular orbitals with T symmetry?. For this reason,
there has been a substantial effort to study electronic interactions in deriva-
tives of the 12-vertex® and, to a lesser extent, 10-vertex clusters. Other clus-
ters, including the 6-vertex closo-borane, received very little attention in
this context®. Early studies established that 12-vertex p-carborane has a
small positive Hammett sigma value (o, = +0.14), which was ascribed solely
to the inductive effect®®. Similar studies for the 10-vertex carborane gave a
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1062 Kaszynski, Pakhomov, Young:

Hammett value of o, = +0.05 (ref.5). Spectroscopic studies demonstrated a
rather moderate effect of the 12-vertex closo-borane on aromatic substitu-
ents®>7:8, Only in the case of inner salts of 12-vertex closo-borates substi-
tuted with a tropylium ion, a strong charge-transfer band®1° and a
significant first hyperpolarizability B were observed!®. In contrast, experi-
ments demonstrated that 12-vertex carborane is completely ineffective as a
structural element of NLO materials’-*!. Recent calculations showed, how-
ever, that when substituted with a powerful donor and acceptor, 12-vertex
acts as an electron conduit!2. Another recent study of the electron transmis-
sion properties of 12-vertex p-carborane were inconclusive, but suggested
that the iron centers are weakly coupled at best'S.

The few studies concerning the 10-vertex closo-boranes showed signifi-
cantly stronger electronic interactions between the cluster and Tt substitu-
ents that those observed in the 12-vertex analogs. This is evident from
intense and relatively low energy absorption bands observed for aryl**-16,
azol”18 diazo'* and other'®2° derivatives of 10-vertex boranes. Limited
data for 6-vertex cluster derivatives suggest similar strong electronic interac-
tions?L.

Several years ago we began a concerted effort to better understand the ex-
tent of such electronic interactions in the context of designing molecular
materials with controllable electronic and photophysical properties?2-24,
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Fic. 1
Derivatives of 12-, 10-, and 6-vertex closo-boranes (1, 2, and 3, respectively), benzene (4), acet-
ylene (5), bicyclo[2.2.2]octane (6) and cubane (7). In structures 1-3 each unsubstituted vertex
corresponds to a BH fragment
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Our studies have shown that aryl derivatives of the 10-vertex cluster exhibit
strong absorption bands of lower energy than those in the corresponding
12-vertex analogs?®. Calculations also suggest that 10-vertex and 6-vertex
clusters are significantly more effective structural elements for NLO materi-
als than 12-vertex boranes®®. A full account of these results will be pre-
sented elsewhere. In this paper we focus on triple-bonded substituents.
Specifically, we consider closo-boranes symmetrically disubstituted in the
antipodal positions (Fig. 1), which are readily experimentally available. We
recently reported that dinitrile and diacetylene derivatives of 10-vertex
carborane, 2b and 2f, exhibit electronic absorption bands similar to those
in benzene analogs?*. In other studies, we discussed structural and spectro-
scopic properties of acetylene derivatives of 10- and 12-vertex carboranes?®.
To our knowledge, the bonding between the clusters and the Y=Z
substituent has been discussed only for 1¢c 27?8 and 2d 2°, and, aside from
our limited studies?*25, no systematic comparison has appeared.

Here we report the synthesis, and molecular and electronic structures of
two derivatives of 1,12-dicarba-closo-dodecaborane, diacetylene 1f, a simple
derivative of la, and dinitrile 1b. We provide an extensive analysis and
comparison of bonding between 12-, 10- and 6-vertex boron clusters and
triple-bonded substituents C=CR, C=N, C=0 and N=N. The results for the
clusters are compared with those for analogs of three hydrocarbon bench-
marks: benzene (4), acetylene (5), and bicyclo[2.2.2]octane (6). We also in-
clude cubane analogs (7) in the comparison because the hybridization of
the carbon exocyclic bond is similar to that in benzene. Finally, we discuss
the relative magnitude of electronic interactions in the clusters and hydro-
carbons and its manifestation in structural, chemical, and spectroscopic
properties.

RESULTS AND DISCUSSION

Synthesis

Diacetylene 1f was prepared from 1,12-dicopper-1,12-dicarba-closo-dodeca-
borane and 1-bromo-2-trimethylsilylacetylene according to a modified liter-
ature procedure3®3l, Dinitrile 1b was obtained by dehydration of
1,12-dicarba-closo-dodecaborane-1,12-dicarboxamide (8) with poly(tri-
methylsilyl phosphate) using a general procedure®? (Scheme 1).
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Colorless crystals of compounds were obtained by slow sublimation under
atmospheric (1b) or reduced pressure (1f), and their solid state structures
were determined by X-ray analysis. The experimental details are presented
in Table 1, and selected bond lengths and angles for the two compounds are
shown in Tables Il and II1.

The molecules of silane 1f shown in Fig. 2 lie on an inversion center. The
C=C distance is 1.193(3) A and is longer than that reported for the parent
diacetylene 1a (1.180(3) A)3L. This presumably reflects the influence of the

SCHEME 1 TMSPP = (Me3 SiOPO2),

Molecular and Crystal Structures

A
C1A C2A C3A SilA .‘O

Fic. 2
Thermal ellipsoid diagram of 1,12-bis[(trimethylsilyl)ethynyl]-1,12-dicarba-closo-dodecaborane
(1f) drawn at 50% probability. Selected molecular dimensions are listed in Table 11
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electron-donating silicon substituent. Other molecular dimensions are very
close to those reported for 1a 3! and are well reproduced by ab initio calcula-
tions (Table II).

In the dinitrile 1b shown in Fig. 3, the average C=N and C-C bond
lengths for two independent molecules are 1.1433(18) and 1.452(18) A. The
calculated (HF/6-31G*) C-C distance of 1.451 A compares well to the exper-
imental value, while the C=N distance is predicted to be about 0.01 A
shorter than the observed value (Table I1l). The presence of the strong
electron withdrawing CN substituent has a noticeable effect on the cage
geometry. The C---C distance in 1b (3.056 A) is shorter than that found in
la (3.104(2) A)3! and similar to that reported for parent p-carborane
(3.056(4) A33 and 3.05 A34). At the same time, the B-C distance in 1la and
1b (1.726(3) and 1.720(2) A) is significantly longer than that in the parent
p-carborane (1.704(5) A33 and 1.710(11) A34). These trends are well repro-

TABLE |
Crystallographic data®

Parameter 1f 1b
Chemical formula C,HygB oS, C4H0B1oN,
Formula weight 336.62 194.24
Space group C2/m P1

a, A 21.739(3) 7.108(1)
b, A 7.5588(9) 7.401(1)
cA 7.0071(8) 10.766(2)
a,”° 90 82.554(3)
B, ° 107.836(2) 75.372(3)
Y, ° 90 77.139(3)
v, A3 1096.1(2) 532.6(2)
z 2 2

Do 9/cm® 1.020 1.211

g, mm* 0.154 0.059

R® (observed) 0.0407 0.0436
R,  (observed) 0.1117 0.1181

@ Temperature 173(2) K and A = 0.71073 A. ® R = 3||F,| - |FI/Z |F |- ¢ R, = {S[wW(F? - F)?)/
SIw(R)Y>.
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TasLE 1l
A comparison of selected values of bond distances (in A) and angles (in °) for 1f with
diacetylene 1a experimental and calculated values

la

Atoms 1f

experimental® calculated®
C(3)-Si(1) 1.857(2) - -
C(3)-C(2) 1.193(3) 1.180(3) 1.185
C(2)-C(1) 1.452(2) 1.451(2) 1.449
C(1)-B (average) 1.726(2) 1.726(3) 1.723
B-B belt (average) 1.789(2) 1.793(3) 1.796
B-B inter-belt (average) 1.765(2) 1.761(3) 1.769
C(1)-C(2)-C(3) 179.1(2) 179.18 180
B-C(1)-C(2) (average) 118.15(15) 117.91 117.55
B-B-C(1) (average) 104.71(12) 104.86 104.18
C-B-B-C (average) 59.77(14) 59.61 59.16

3 Average values for two independent molecules: ref.%*. ® The HF/6-31G* level of theory.

TasLE 11
Selected average bond distances (in A) and angles (in °) for two independent molecules of
dinitrile 1b in the unit cell

Atoms Molecule | Molecule |1 Calculated?
C-N 1.1442(18) 1.1423(19) 1.134

c-C 1.4546(19) 1.4505(19) 1.451

C-B (average) 1.720(2) 1.719(2) 1.722

B-B belt (average) 1.797(2) 1.799(2) 1.804

B-B inter-belt (average) 1.758(2) 1.760(2) 1.768
N-C-C (average) 178.18(15) 179.29(15) 180

C-C-B (average) 117.28(11) 117.12(11) 117.00
C-B-B (average) 103.83(11) 103.69(11) 103.62
C-B-B-C (average) 58.89(13) 58.98(13) 58.69

@ The HF/6-31G* level of theory.
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duced by ab initio calculations, and are consistent with computational re-
sults®® for 12 disubstituted p-carboranes, including 1b, obtained at the MP2
level of theory.

Comparison of 1 with Other Clusters

A comparison of 1f with the 10-vertex analog shows that the C-C bond
is longer and the C=C distance is shorter in 1f than in 2f (Table V). Simi-
larly, the experimental C-C and C=N distances are longer and shorter, re-
spectively, in the 12-vertex dinitrile 1b than in the 10-vertex analog 2b
(Table V). Although these differences are crystallographically insignificant
(within 30), the trend is well reproduced computationally, and appears to
be general for all derivatives 1 and 2 (Tables IV-VIIIl). Computational results
show that the observed distortion of the X-Y=Z bonds towards the
allene-type structure X=Y=Z is even more pronounced in the 6-vertex deriv-
atives 3.

The calculated and experimental X-Y distances in boron clusters 1-3 fall
in a middle range between those found in bicyclo[2.2.2]octane3¢-38 (6) and
acetylene®%40 (5) derivatives and are generally close to those found in ben-
zene*l=*3 (4) and cubane** (7). For instance, the calculated C-CN distances
for carborane nitriles 1b-3b are between 1.452 and 1.435 A which is ap-
proximately in the middle of a range defined by the longest and the short-
est C-CN distances among the nitriles found in 6b (calculated 1.476 A,
experimental®® 1.471(4) A) and dicyanoacetylene, 5b (calculated 1.390 A,
experimental?® 1.37 A), respectively. A similar trend is observed in the acet-
ylene derivatives and also in the bisdiazonium cations. In the latter series
(Table VIII), the C-NN distances in the carborane, benzene and cubane de-

Fic. 3
Thermal ellipsoid diagram of 1,12-dicarba-closo-dodecaborane-1,12-dicarbonitrile (1b) drawn
at 50% probability. Selected molecular dimensions are listed in Table 111
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rivatives are about 1.43 A and fall in the middle range between extremes
defined by 6e (1.570 A) and 5e (1.340 A).

The results suggest that the tendency towards the “allenic distortion” is
consistent in all series of compounds and increasing in the following order:
12-vertex < 10-vertex < 6-vertex.

Analysis of the structural data in Tables IV-VIII shows excellent agree-
ment between calculated and experimental values for the X-Y=Z groups.
The overall correlation is high (R? = 0.994) with std for the calculated differ-
ences of 0.013 A. The largest deviation from the experiment (0.027 A) is ob-
served for 5a and can be ascribed to the low precision of the experiment?©.

TaBLE IV
Comparison of bonding in diacetylenes (HC=C-A-C=CH)

Bond length?® Hybridization® 1 Bond order®
Com-
A
pound
c-C c=C Ceage—  —C= c-Cc c=C
la 1,12-C,ByoH,, 1.4493  1.1847 sp??®  gp'8 0.055  1.936
1.452(2)¢ 1.193(2)¢
1.451(2)° 1.180(3)°
2a 1,10-C,BgHg  1.4390  1.1853 sp?t’ sptt? 0.058  1.935
1.436(2)"  1.199(2)f
3a 1,6-C,B,H, 1.4325  1.1858 spt®  sphib 0.067  1.928
4a 1,4-CgH, 1.4414  1.1881 sp?30  gptt 0.069  1.929
1.4449 1.188¢
5a 1,2-C=C 1.3848 1.1880 sptts sptt® 0.115 1.883
1.375(16)" 1.199(17)"
6a 1,4-BCO 1.4739 1.1877 sp27 sptt? 0.036 1.960
1.468' 1.189'
1.187
7a 1,4-cubane 1.4465 1.1885 sp?1® spti4 0.054 1.944

1.438K 1.181K

& The HF/6-31G* level of theory. b The exo-cage bond hybrid obtained from NBO 3.1.
° MNDO//HF/6-31G* calculations. ¢ Experimental value for the trimethylsilyl derivative 1f:
This work. ¢ Average value for two independent molecules: ref3 f Average experimental
value for the trimethylsilyl derivative 2f: ref.?. 9 Ref.*?. " Experimental value for the
dimethyl derivative (Z = C-Me): ref.3%. | Experimental value for a diaryl derivative (Z =
C-Ar): ref.%8. 1 Found in a terminal alkyne: ref.%”. X Average value for two independent mole-
cules: ref.*4
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TABLE V
Comparison of bonding in dinitriles (N=C-A-C=N)

Bond length? Hybridization® T Bond order®
Com-
A
pound
c-c C=N Ceage-  —C= c-Cc C=N
1b 1,12-C,ByoH,, 14515  1.1338 sp?°®  p093 0.042  1.950
1.453(2)¢ 1.143(2)¢
2b 1,10-C,BgHg  1.4403  1.1342 sp?4?  sp093 0.045  1.946
1.438(2)° 1.146(2)°
3b 1,6-C,B,H, 1.4349  1.1344 sp?%  sp0%d 0.051  1.942
4b 1,4-CgH, 1.4454 1.1358 sp24° spoot 0.052 1.939
1.441(2)" 1.133(2)f
5b 1,2-C=C 1.3895 1.1357 sptt® spo-%8 0.084 1.911
1.37¢ 1.149
6b 1,4-BCO 1.4759 1.1355 sp324 spo-88 0.031 1.957
1.471(4)" 1.133(4)"
7b 1,4-cubane 1.4483 1.1363 sp238 sp0-ot 0.044 1.946

& The HF/6-31G* level of theory. b The exo-cage bond hybrid obtained from NBO 3.1.
¢ MNDO//HF/6-31G* calculations. ¢ Average experimental value for two independent mole-
cules: This work. ¢ Ref.?. f Ref.#2. 9 Ref.4%. " Experimental value for 1,4-dicyanocyclohexane:
ref.38

TABLE VI
Comparison of bonding in diacarbonyl derivatives (O=C-A-C=0)

Bond length?® Hybridization® 1t Bond order®
Com-
A
pound
B-C c=0 B- —C= B-C Cc=0
lc 1,12-B;,H;, 15678  1.1049 sp>9%  gp0s2 0.072  1.540
1.543(2)% 1.119(2)¢
2.67 0.53
2c 1,10-BoHg 1.5254  1.1082 sp sp 0.109  1.490
3c 1,6-BgH, 1.5285  1.1094 sp?®?  sp033 0.118  1.470
c=0 - 1.1138 - - - 1.542

8 The HF/6-31G* level of theory. b The exo-cage bond hybrid obtained from NBO 3.1.
¢ MNDO//HF/6-31G* calculations. 9 Ref.?8
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Other significant differences are observed for the carbonyl and diazo deriv-
atives 1c and 2d. With those removed from the correlation, the R2 factor
increases to 0.997, and the standard deviation for the difference is 0.009 A.

TasLE VII
Comparison of bonding in bisdiazo derivatives (N=N-A-N=N)

Bond length? Hybridization® 1t Bond order®
Com-
A
pound
B-N N=N B- -N= B-N N=N
1d 1,12-B;,H,, 15808  1.0740 sp”?7  spPe4 0.049  1.926
2d 1,10-B,4Hg 15241  1.0757 spt0t gpt3d 0.079  1.886
1.499(2)¢ 1.091(2)¢
3d 1,6-BgH, 15219  1.0767 sp?10  spt0 0.088  1.873
N=N - 1.0784 - - - 2.000

& The HF/6-31G* level of theory. b The exo-cage bond hybrid obtained from NBO 3.1.
¢ MNDO//HF/6-31G* calculations. ¢ Ref.?°

TasLE VIII
Comparison of bonding in bisdiazo dication derivatives ((N=N-A-N=N)?")

Bond length?® Hybridization® 1t Bond order®
Com-
A
pound
C-N N=N Ceagem  —N= C-N N=N
le 1,12-C,ByoH,, 1.4455  1.0743 sp>0t  5p083 0.049  1.892
2e 1,10-C,BgHg  1.4216  1.0743 sp*®  spPB 0.056  1.886
3e 1,6-C,B,H, 1.4106  1.0750 sp>4  spP8e 0.061  1.877
4e 1,4-CgH, 1.4391 1.0756 sp-86 sp0-8° 0.062 1.882
1.416(4)° 1.086(3)
5e 1,2-C=C 1.3397 1.0799 spt0 sp%-o7 0.115 1.809
6e 1,4-BCO 1.5695 1.0742 sp&7° sp0-80 0.021 1.932
7e 1,4-cubane 1.4498 1.0753 sp>80 spo-84 0.052 1.896
N=N - 1.0784 - - - 2.000

& The HF/6-31G* level of theory. b The exo-cage bond hybrid obtained from NBO 3.1.
¢ MNDO//HF/6-31G* calculations. @ Values for 4-nitrobenzenediazonium salt: ref.*3
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Hybridization and 1t Bond Order

Results from Natural Bond Order analyses provide insight into hybridiza-
tion of the X-Y=Z atoms. The s-character of the exocyclic bond to the sub-
stituent formed by the apical atoms X in boron clusters appears to be
generally highest in the 6-vertex derivatives and lowest in the 12-vertex de-
rivatives. For instance, the apical carbon in the 6-vertex derivative 3a uses a
sp!85> hybridized orbital to bond to the substituent, while in the 12-vertex
analog 1a the same orbital is sp%2® hybridized. These values are comparable
to those calculated for benzene and cubane (sp?°° for 4a and sp?*° for 7a),
and are approximately in the middle of a range defined by bicyclo[2.2.2]oc-
tane 6a (sp??’) and acetylene 5a (sp''®). The highest contribution of the
s orbital to the bond hybrid is observed in the acetylenes, lower in the
nitriles, and lowest in the diazo derivatives. An exception from these trends
is observed in the neutral bisdiazo derivatives 1d-3d. The bond of the api-
cal boron atom to the N, group in 10-vertex derivative 2d has a much
higher s-character (sp'®!) than that in the 6-vertex analog (sp?19). It is also
noticeable that the orbital forming the exocyclic bond in 12-vertex car-
bonyl and diazo derivatives has almost pure p-character (e.g. sp’%’ in 1d
and sp>% in 1e), which parallels the calculated hybrid for bicyclo[2.2.2]oc-
tane derivative 6e (sp®7%. This, combined with the long X-Y bonds and
low dediazoniation energy, suggests a loose character of the bond.

Analysis of bond order and especially the 1 component for the X-Y=Z
fragment is useful for better understanding of the electronic interactions
between the ring and the substituent*®. Trends in 1 bond orders in the
series of compounds parallel those in hybridization as shown for the
acetylenes in Fig. 4. The highest tbond order of the C-C bond is calculated
for acetylene derivatives 5 (e.g. 0.115 for 5a) and the smallest for bicyclo-
[2.2.2]octane compounds 6 (e.g. 0.036 for 6a). The values for clusters 1-3
fall in the middle of this range, and those for the 6-vertex cluster are largest
among the three boranes. The overall correlation factor R? in Fig. 4 is only
0.86. It appears however, that good correlation exists for three boranes
la-3a (R? = 0.999), and also for hydrocarbons excluding cubane 7 (R? =
0.997). Exceptionally large mbond orders are observed for B-C bonds in the
carbonyl derivatives in which the value of 0.118 has been calculated for the
6-vertex derivative 3d.

With the increasing 1 bond order for the X-Y bond, the Y=Z is propor-
tionally depopulated. This is consistent with the “allenic distortion” of the
triple-bonded substituent.
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The observed and calculated interatomic distances reflect the electronic
properties of the bonds. Not surprisingly, the hybridization and bond order
correlate well with the X-Y distances graphically presented for the nitriles
in Fig. 5.
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Relative Stability

The strength of intramolecular electronic interactions can be assessed from
analysis of the relative thermodynamic stability in a series of compounds.
The energies for the acetylenes and nitriles relative to the respective
bicyclo[2.2.2]octane derivatives 6a and 6b were obtained using isodesmic
reactions*®. The computational results collected in Table I1X demonstrate
that carborane derivatives are generally less stable than the hydrocarbon
analogs. The order of stability is similar in both series of compounds and
shows that the derivatives of 12-vertex p-carborane (1) are the least stable
compounds, while the most stable appear to be hexatriyne (5a) and
cubane-1,4-dinitrile (7b). Among the carboranes, 6-vertex cluster deriva-
tives are generally more stable than those of 10-vertex carborane by about
4 kcal/mol, which, in turn, are more stable than those of 12-vertex cluster
by about 6 kcal/mol.

The energies of isodesmic reactions reflect the differences in conjugation
and electronegativity effects of the ring and the substituent. For instance,
the significantly larger electron withdrawing character of the cyano group

TaBLE IX
Isodesmic reactions for diacetylenes (HC=C-A-C=CH) and dinitriles (N=C-A-C=N)?

zzv@vzz + H-A-H
H@H + ZEY-A-Y=Z

Com- HC=C-A-C=CH N=C-A-C=N
pound A a b

1 1,12-C,B,4H;q +9.2 +19.3

2 1,10-C,BgHg +3.5 +12.5

3 1,6-C,B,H, -1.8 +9.0

4 1,4-CgH, 7.4 -2.0

5 1,2-C=C -21.6 -3.8

6 1,4-BCO 0 0

7 1,4-cubane -9.8 -7.4

& The B3LYP/6-31G*//HF/6-31G* level of theory. Energy in kcal/mol.
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relative to that of the acetylene substituent generally results in lower stabil-
ity of the nitriles than acetylenes relative to bicyclo[2.2.2]octane deriva-
tives. The most dramatic difference is observed for acetylene derivatives in
which the strong conjugation and polar effect of the CN group destabilizes
5b by about 18 kcal/mol relative to 5a. The same effect is responsible for
the lower stability of terephthalonitrile (4b) relative to 1,4-diethynyl-
benzene (4a) by about 5 kcal/mol. The relatively large decrease in the stabil-
ity of the cyano carboranes relative to the acetylene analogs by about
10 kcal/mol can be attributed mainly to the unfavorable interactions
between the electron deficient carborane cages and the electronegative
cyano substituent. The largest effect is observed for the 6-vertex derivative
(11 kcal/mol), followed by the 12-vertex (10 kcal/mol), and the least
destabilizing effect of the cyano group is calculated for the 10-vertex
carborane derivatives (9 kcal/mol).

The higher stability of the cubane derivatives 7 vs bicyclo[2.2.2]octane
analogs 6 can be attributed to the more favorable hybridization of the
bridgehead carbon atoms and lower hydrogen-substituent steric interac-
tions in 7 compared with 6.

Dediazoniation Reactions

The chemical stability of the diazo inner salts 1d-3d offers another insight
into the electronic interactions between boron clusters and 1 substituents.
Computational results collected in Table X show that the heterolytic cleav-
age of the B-N bond and loss of N, has a similar endotherm for the
10-vertex, 2d (26.2 kcal/mol) and 6-vertex, 3d (23.7 kcal/mol) derivatives,
close to the calculated (22.5 kcal/mol) and observed (23.4 kcal/mol)*’
values for benzenediazonium cation. In contrast, the 12-vertex derivative

TasLE X
Heterolytic dissociation energies for bisdiazo derivatives (N=N-A-N=N - N=N-A + N=N)?

Com- A AH AG,gg
pound kcal/mol kcal/mol
1d 1,12-B;,Hq, 23.6 12.5
2d 1,10-B;4Hg 375 26.2
3d 1,6-BgH, 35.0 23.7

8 The B3LYP/6-31G* level of theory.
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1d is predicted to be much less stable, with an endothermicity of only
12.5 kcal/mol.

Computational results are supported by experimental data. Like many
benzenediazonium salts, 1,10-bis(diazo)decaborane (2d) is a stable com-
pound®* that can be sublimed below 100 °C in vacuum*2°, Similarly, di-
azotization of l-amino-1-carbadecaborate yields an apparently persistent
inner diazonium salt*®. In contrast, diazotization of diaminododecaborate
or 1-amino-1-carbadodecaborate appears to lead to an immediate loss of ni-
trogen and generation of highly reactive coordinatively unsaturated boron
species that reacts with any nucleophile, including methylene chloride:50.
Although the 6-vertex analog 3d is still experimentally unknown, the isola-
tion of the stable BgHs—N=N-BzH; dianion?* strongly suggests the relatively
high stability of such a B-N=N link in 6-vertex cluster derivatives.

A comparison of homolytic dissociation energies in series 1e-7e is not as
informative since the very strong polar effect of the two positively charged
diazonium groups plays a very significant role in energetics of the reaction.
Nevertheless, calculations show that 12-vertex carboranebisdiazonium 1e
has the lowest change of free energy among the clusters upon loss of N,
but higher than that calculated for cubane and bicyclo[2.2.2]octane deriva-
tives.

Spectroscopic Evidence

Electron spectroscopy provides a convenient tool for studying intra-
molecular electronic effects. Except for benzene, all other rings and clusters
show no appreciable UV absorption above 200 nm %-53, This UV transpar-
ency results from relatively low lying HOMOs and large HOMO-LUMO
gaps in the clusters. For instance, the calculated (B3LYP/6-31G*) HOMO en-
ergy is lower than that in benzene (-6.70 eV) by 0.64 eV for 6-vertex
carborane, 0.77 eV for the 10-vertex, and 1.95 eV for 12-vertex carborane.
The corresponding HOMO-LUMO energy gaps are 8.14, 7.40 and 8.60 eV
for 6-, 10- and 12-vertex p-carboranes, respectively, which compares to the
calculated 6.80 eV in benzene and 9.10 eV in acetylene. Consequently,
ZINDO calculations show that the 10- and 6-vertex carboranes exhibit
moderate intensity absorption bands at about 198 nm involving symme-
try-allowed HOMO-LUMO (10-vertex, f = 0.35) or HOMO-LUMO+1
(6-vertex, f = 0.48) excitations with transverse transition moments. The
same calculations for 12-vertex p-carborane show a weak band at 195 (f =
0.007) originating mainly from the HOMO-1-LUMO transition with a trans-
verse transition moment. A significantly stronger absorption band is calcu-
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lated for p-carborane at 167 nm. This is consistent with the observed
absorption band at 200 nm (log € = 4.6) for a 10-vertex bicarborane deriva-
tive. The analogous 12-vertex bicarborane has an absorption maximum be-
low 195 nm 25,

Experimental data show that substitution of acetylene or cyano groups
onto 12-vertex carborane has practically no effect on the absorption spec-
trum above 190 nm. In contrast, the acetylene and cyano derivatives of
10-vertex carborane, 2f and 2b, show a significant bathochromic shift rela-
tive to the parent cluster similar to that observed in the analogous benzene
derivatives 4a and 4b 2426, These results are well reproduced by ZINDO cal-
culations, which also predict a similar bathochromic shift in the derivatives
of 6-vertex carborane 3. For instance, diacetylene 2f shows a strong transi-
tion at 233 nm 24 (calculated at 236 nm for 2a) and nitrile 2b exhibits a
shoulder band at 219 nm (calculated at 211 nm)?4. According to ZINDO cal-
culations, these absorptions involve a transition from the HOMO,
delocalized over the cluster and the substituent, to the LUMO, localized on
the cage boron atoms, with a longitudinal transition moment (Fig. 6a).
Analogous transitions in 3a involve excitation from the HOMO to the
LUMO+1 shown in Fig. 6b.

The observed significant batochromic shift in 10-vertex carboranes 2 and
its absence in the 12-vertex analogs appear to be general and has been re-
ported for other pairs of compounds 1 and 2. Thus, the 1,10-dicyano-closo-

a b
-—
' LUMO+1 >

v
LUMO tb"

edie sac

HOMO HOMO

Fic. 6
A graphical representation of selected ZINDO//HF/6-31G* MOs for a 1,10-diethynyl-1,10-di-
carba-closo-decaborane (2a) and b 1,6-diethynyl-1,6-dicarba-closo-hexaborane (3a)
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decaborate dianion (X-Y=Z is B-C=N) absorbs at 250 nm (¢ = 838) and 217
(¢ = 54,800), while the 12-vertex analog show no maximum of absorption
above 200 nm 54, Also the dicarbonyl derivative of 10-vertex borane, 2c,
shows two intense absorption bands at 317 nm (sh, € = 1,270) and 246 (¢ =
62,000)4.

IR spectroscopy gives insight into the bonding of functional groups.
Analysis of experimental data for 1b, 2b, 4b, 5b %%, 6b %6, and 7b 5" in Table
X1 shows that the nitrile stretching frequency is similar for both 10- and
12-vertex dinitriles, 2b and 1b, and about 2 260 cm™. This is well repro-
duced by calculations, which predict very similar vy frequencies for all
three carborane nitriles. In contrast, the vcy energy in a series of cyano-
closo-borate dianions (X-Y=Z is B-C=N) decreases from highest for 12-vertex
dinitrile ([1,12-B;,H;o(CN),]>", 2 200 cm™), to lower for the 10-vertex ana-
log ([1,10-B;oHg(CN),]?-, 2 175 cm™)%, to lowest for the 6-vertex mono-
nitrile ([BgHsCN]?-, 2149 cm™)%8, The calculated values scaled by 0.960
are 2 203, 2 182 and 2 132 cm™ for the 12-, 10- and 6-vertex cyano-closo-
borates, respectively. The same trend is observed for two carbonyl deriva-
tives 1c and 2c, for which the experimental v are 2 210 and 2 147 cm™,
respectively?0.

TaBLE XI
Asymmetric stretching frequency for dinitriles (N=C-A-C=N)

Veps €Mt
pound A
experimental® calculated®

1b 1,12-C,B,oHqq 2 255 2257.6
2b 1,10-C,BgHg 2 259 2 258.6
3b 1,6-C,B,H, c 22585
4b 1,4-CgH, 2233 2236.4
5b 1,2-C=C 2 2491 2240.2
6b 1,4-BCO 2 246 .5° 2240.9
7b 1,4-cubane 2 224f 22273

& Recorded in Nujol. b Calculated using the B3LYP/6-31G* method and scaled by 0.9505.
Overall correlation between the two sets of data is R? = 0.90 using the y = a-x function. ® Not
available. ¢ Gas phase spectrum: ref.%°. ¢ Ref.>®. f Reported for 1-(N-tert-butyl-N-methyl-
carbamoyl)-4-cyanocubane in KBr: ref.%’
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Analysis of the IR data shows no correlation between the vy frequency
and bond order, hybridization or bond length (Table V). A plausible expla-
nation for the lack of a clear trend in the series b is that the v stretching
frequency is affected by two competing effects. One effect is the bond order:
the lower the bond order, the lower the wavenumber of the stretching vi-
bration. The opposite trend is observed for polar substituents exerting in-
ductive and field effects. This effect for a CN group in bicyclo[2.2.2]octane
6b can be estimated at about +6 cm™ (ref.56). Thus the polar effect of the
CN group is presumably responsible for shifting the vy frequency in 5b to
significantly higher wavenumber than that in terephthalonitrile (4b). Simi-
larly, the lack of trend for vy in the carboranenitriles can be explained by
the balanced effect of decreasing bond order in the series 1b-3b on one
hand, and increasing the trans-cage polar effect of the CN group on the
other. When the polar effects and electronegativity are dominated by the
cage double negative charge in the closo-borate nitriles or carbonyls, the ex-
perimental vy or v correlate well with the calculated bond order.

Significant differences in electronic interactions between rings and 1t sub-
stituents are also manifested in NMR spectra. A comparison of the effect of
carboranes on the acetylene 3C chemical shifts in 1-hexyne®® with other
substituents is shown in Table XII. While the effect of the 12-vertex

TasLE XII
Chemical shifts & and chemical shift increments Ad for selected derivatives of 1-hexyne
(A-C(1)=C(2)-C4Ho)

3 AS

A

c(1) c(2) c(1) c()
H2 68.2 84.6 0 0
C,BioH " 75.9 83.0 +7.7 -1.6
C,BgHg’ 77.0 87.6 +8.8 +3.0
Me? 75.3 79.4 +7.1 -5.2
Ph 80.6 90.6 +12.4 +6.0
MeCO* 81.6 91.2 +13.4 +6.6

2 Ref.%9. P Chemical shifts for 1,1'-bis(12-hept-1-ynyl-1,12-dicarba-closo-dodecaborane). The
effect of the second cage and the chain length difference is neglected: Ref.?8. ¢ Chemical
shifts for 1'-bis(10-hept-1-ynyl-1,10-dicarba-closo-decaborane). The effect of the second cage
and the chain length difference is neglected: ref.?%. ¢ Ref.%°. ¢ Ref 5%
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carborane on acetylene is comparable to that of the methyl®® substituent,
the effect of the 10-vertex cage is more reminiscent of that of a phenyl®° or
acetyl®? group.

CONCLUSIONS

Structural data, spectroscopic properties, chemical behavior, and electronic
structure calculations are all in agreement that the degree of electronic con-
jugations between the cluster and triple-bonded substituent is lowest for
the 12-vertex closo-borane and highest for the 6-vertex analogs. This is evi-
dent from the degree of “allenic distortion” of the X-Y=Z fragment, the Tt
bond order, and stability of the diazo compounds. For the considered series
of compounds, the magnitude of electronic interactions in 6- and 10-vertex
derivatives can be compared with that in benzene derivatives, while for the
12-vertex analogs the interactions are weaker, closer to those in cubane.

It appears that structural and electronic features of closo-boranes comple-
ment rather than duplicate those found among organic compounds. This
provides an attractive alternative to control the type and degree of elec-
tronic interactions in molecular materials. Thus, 12-vertex carborane with
its high symmetry and weak electronic interactions is of particular interest
for designing photochemically and thermally stable liquid crystals. The
more strongly interacting 6- and 10-vertex closo-boranes appear to be well
suited for the design of NLO chromophores. The highest degree of conjuga-
tion and trans-cage interactions (e.g. electron transfer, spin-spin communi-
cation) is expected for the 6-vertex closo-borane derivatives.

Further progress in structural chemistry, spectroscopic characterization,
and theoretical analysis of closo-borane derivatives is necessary for better
understanding of the benefits and limitations of the electronic interactions
offered by these fascinating inorganic ring systems.

EXPERIMENTAL

Melting points were taken in a capillary and are uncorrected. *H, 3C and !B NMR spectra
were obtained in CDCI; on Bruker instruments operating at 400, 100 and 128.4 MHz, re-
spectively and referenced to the solvent (*H and *3C) or externally to B(OMe), (+18.1 ppm).
Chemical shifts (d) are given in ppm, coupling constants (J) in Hz. IR spectra (wavenumbers
in cm™) were recorded in Nujol using an ATl Mattson Genesis FT-IR. Elemental analysis was
provided by Atlantic Microlab, Norcross (GE).

Collect. Czech. Chem. Commun. (Vol. 67) (2002)



1080 Kaszynski, Pakhomov, Young:

1,12-Dicarba-closo-dodecaborane-1,12-dicarbonitrile (1b)

A suspension of p-carborane-1,12-dicarboxylic acid®? (348 mg, 1.5 mmol) and PCl; (660 mg,
3 mmol) in dry benzene (10 ml) was gently refluxed for 2 h, giving a homogeneous solu-
tion. Benzene and volatiles were removed in vacuum leaving a solid residue of the acid chlo-
ride. The crude chloride was dissolved in benzene (10 ml), the solution was cooled in an ice
bath, and concentrated solution of ammonia (2 ml) was added. The biphasic mixture was
vigorously stirred for 1 h and the resulting white suspension of the diamide 8 was filtered
and dried. The crude amide and poly(trimethylsilyl phosphate) (TMSPP, 5 ml) were stirred at
at 120 °C for several days, while the dinitrile was subliming into a vertical Liebig condenser
fitted with a drying tube. The crystals were dissolved in CH,CI,, the solution was passed
through a short silica plug, and the aliquot was carefully evaporated leaving 155 mg (53%
yield) of white crystals. Continued sublimation of the reaction mixture gave ca 90% overall
yield. The dinitrile was resublimed in a sealed tube under atmospheric pressure; m.p.
155-155.5 °C. 3C NMR: 60.06, 112.66. 'B NMR: -13.4 (d, Jz, = 176). MS, m/z: 184-197
(max. at 194, 100%, M), 146-158 (max. at 152, 8%). IR (Nujol): 2 628, 2 255. For
C,4H;oB1oN, calculated: 24.73% C, 5.19% H, 14.42% N; found: 24.99% C, 5.12% H, 14.25% N.

1,12-Bis[(trimethylsilyl)ethynyl]-1,12-dicarba-closo-dodecaborane! (1f)

BuLi (1.35 ml, 2.5 m in hexanes) was added dropwise to a stirred solution of p-carborane
(231 mg, 1.60 mmol) in dry ether (5 ml) at =78 °C. The mixture was stirred at room temper-
ature for 15 min and refluxed for 20 min. After the mixture was cooled down to -78 °C, dry
CuBr (576 mg, 4.00 mmol) was added in one portion. After stirring for a further 1 h at am-
bient temperature a solution of 1-bromo-2-(trimethylsilyl)acetylene®® (545 mg, 3.08 mmol)
in THF (10 ml) was added. The resulting mixture was stirred at room temperature for 1 h
and refluxed for 2 h. Hexane (10 ml) was added and the mixture was passed through a silica
gel plug eluted with hexanes and CH,CI,. The filtrate was evaporated to yield 350 mg of yel-
low oil which was distilled in vacuo collecting the fraction at 140 °C/1 torr. Gradient subli-
mation at 140 °C/1 torr gave the product as white crystals (55 mg, 10%); m.p. 143 °C (ref.3!
140-141 °C). *H NMR: 0.08 (s, 18 H); 1.6-3.4 (bm, 10 H). ¥C NMR: -0.57, 66.01, 85.69,
100.28. B NMR: -12.60 (d, Jg, = 169) (ref.3! +11.9 ppm). MS, m/z: 333-339 (max. at 336,
8%), 317-325 (max. at 321, 100%).

X-Ray Crystallography

A crystal (approximate dimensions 0.15 x 0.12 x 0.01 mm for 1b and 0.338 x 0.296 x 0.177 mm
for 1f) was placed onto the tip of a 0.1 mm diameter glass capillary and mounted on a
Bruker SMART system for a data collection at 173(2) K. A preliminary set of cell constants
was calculated from reflections harvested from three sets of 20 frames. These initial sets of
frames were oriented such that orthogonal wedges of reciprocal space were surveyed. This
produced initial orientation matrices determined from 27 and 87 reflections for 1b and 1f,
respectively. The data collection was carried out using MoKa radiation (A = 0.71073 A,
graphite monochromator) with a frame time of 8 s and a detector distance of 4.91 cm.

The space groups P-1 for 1b and C2/m for 1f were determined based on systematic ab-
sences and intensity statistics. A direct-methods solution was calculated which provided all
non-hydrogen atoms from the E-map. Full-matrix least squares/difference Fourier cycles were
performed which located hydrogen atoms and refined the structure. All non-hydrogen
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atoms were refined with anisotropic displacement parameters. Hydrogen atoms of the
methyl groups in 1f were placed in ideal positions and refined as riding atoms with individ-
ual isotropic displacement parameters.

CCDC 187880 (for 1b) and CCDC 187881 (for 1f) contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge
via ww.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; fax: +44 1223 336033; or
deposit@ccdc.cam.ac.uk).

Computational Methods

Quantum-mechanical calculations were carried out using the Gaussian98 suite of programs
on an SGI R8000 workstation®*. Geometry optimizations were undertaken at the HF/6-31G*
or B3LYP/6-31G* level theory using appropriate symmetry constraints and default conver-
gence criteria. IR frequencies, zero-point vibrational energies (ZPE) and thermodynamic
properties at 298 K and 1 atm were calculated using the DFT method and a scaling factor of
0.9804 (ref.%).

Hybridization was obtained from Natural Population Analysis using the NBO 3.1 subrou-
tine in the Gaussian suite of programs using the ab initio wavefunctions. 1 bond orders were
obtained from MNDO ®® calculations, which were performed for ab initio-optimized geome-
tries using the MOPAC93 suite of programs. The parametrization of the boron atom in the
AM1 method is inadequate for calculations involving boron clusters.

Electronic spectra were calculated using ZINDO (INDO/2, all electrons, no symmetry) in
the Cerius2 suite of programs using HF/6-31G*-optimized geometries.

This project has been supported in part by a NSF CAREER grant (DMR-9703002).
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