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The ab initio/IGLO/NMR method has been successfully applied to establish the structures of the three known
isomers ofnido-C4B7H11. The method confirms the previously proposed structure,nido-7,8,9,10-C4B7H11, 1a, as
one of the three known isomers. Of four candidates considered for the second isomer, one of the previously
proposed structures,nido-1,7,8,10-C4B7H11, 2b, is selected. Of four candidates considered for the third isomer,
structurenido-2,7,9,10-C4B7H11, 3b, which had not been previously proposed, is established. The relative order
of stability is1a> 2b > 3b. A comparison of the relative energies of the nine cage structures considered in this
study shows that, in complete agreement with previous empirically determined patterns, the most stable structures
are those in which the carbons occupy low coordinate sites. This preference is more important than avoiding
carbon-carbon connections.

Introduction

In this paper we demonstrate that the ab initio/IGLO/NMR
method can be used to correctly establish the structures of the
three knownnido-C4B7H11 carboranes. Furthermore, the relative
energies of these and other possible cage structures are compared
to predictions using empirical patterns governing carbon place-
ment. The nido 11-vertex cage is ideally suited for the testing
of these empirical rules as it contains only three kinds of vertices,
and no complications are expected due to the lack of structural
vertex homogeneity.
In the early 1980s Kutzelnigg and Schindler developed an

ab initio based method for the calculation of NMR chemical
shifts based upon the individual gauge for localized orbitals
(IGLO).1 The Schleyer group recognized the potential of the
IGLO method to distinguish between structural alternatives for
a variety of polyboranes and carboranesproVided that accurate
structures are employed as input for the IGLO calculations.2

They found that ab initio optimized geometries at a high level
of theory usually give better results than the best available
experimental structures. They called this technique the ab initio/
IGLO/NMR method.
The three-step ab initio/IGLO/NMR computational method

can be summarized as follows: (1) the ab initio geometries are
optimized for all candidate structures potentially compatible with
the experimental NMR data, (2) the NMR chemical shifts are
calculated using the IGLO method for each of the various ab
initio optimized geometries, and (3) the IGLO calculated

chemical shifts for the various candidate structures are compared
with the experimentally observed NMR chemical shift values.
Ideally, the calculated NMR shifts ofone, and only one, of the
candidate structures correlate with the observed experimental
data and it is thus determined to be the correct structure in
solution. The method has been successful in the structural
elucidation of a number of boranes, carboranes, and related
systems.3

Computational Section

The various candidate structures were fully optimized within the
specified symmetry constraints employing the GAUSSIAN92 program4

(using the standard Pople basis sets included) on either an IBM RS6000
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1991, 2, 499-506. (f) Bühl, M.; Schleyer, P. v. R.; Havlas, Z.; Hnyk,
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Model 580 workstation or a Silicon Graphics International IRIS 4D/
440VGX computer. A vibrational frequency analysis was also carried
out on each optimized geometry to determine the nature of the stationary
point. A true minimum was found for all nine structures considered
(i.e. one that possesses no imaginary frequencies).
The input structure for a geometry optimization at the HF/STO-3G

level of theory was a monocapped pentagonal antiprism (an icosahedron
with one vertex removed) containing B-B, B-C, and C-C bond
lengths of 1.7 Å and exo-polyhedral B-H and C-H bonds of 1.1 Å.
For all but one isomer (3a), an optimized geometry closely resembling
the input structure was found, and the optimized geometry served as
the input for higher level geometry optimizations. EachC1 symmetry
isomer was optimized up to the HF/6-31G* level of theory, and each
Cs symmetry isomer was optimized up to the electron-correlated level
MP2(FULL)/6-31G*. For the relative energy determination, a single
point calculation at MP2(FULL)/6-31G* using the HF/6-31G* opti-
mized geometry was carried out for each structure. Cartesian coordi-
nates of the optimized geometries at the highest level of theory
employed are available in the supplementary material.
The NMR chemical shifts were calculated using the IGLO program

employing the DZ basis set contracted as follows: B and C 7s3p
{4111,21}, H 3s{21}. For structures2a, 2b, and2d, basis set II (as
denoted by the Bochum group1f) was employed and is contracted as
follows: B and C 9s5p1d{51111,2111,1}, d exponents 0.5 (B), 1.0
(C); H 5s1p{311,1}, p exponent 0.65. B2H6 is the primary reference
for the 11B NMR chemical shifts, and theδ values were converted to
the experimental BF3‚O(C2H5)2 scale using the experimental value of
δ(B2H6) ) 16.6 ppm.5 Due to the lack of unambiguous 2D11B-11B
NMR spectra for compoundsII and III , the experimental11B NMR
data was assigned (with intensities correct) in order to obtain the best
agreement with the calculated shifts. A comparison of the calculated
and available experimental1H NMR data for compoundsI , II , andIII
has not been included because1H shifts are difficult to accurately
calculate.3c Experimental 13C shifts have only been reported for
compoundII ; therefore, direct comparison with theory for compounds
I and III is not possible. The IGLO calculated13C NMR data for all
structures have been included in Supporting Table 1 although previous
studies2,6 indicate the level of theory employed in this study may not
be suitable for the accurate calculation of cage carbons in carboranes.7

Results and Discussion

Three compounds (I ,8 II ,9 and III 8) of molecular formula
nido-C4B7H11 have been synthesized by the following methods:

On the basis of skeletal electron counting rules,10 all three
compounds were proposed to have an open-cage structure
consisting of a monocapped pentagonal antiprism. The three
initially proposed structures,Ia, IIa , and IIIa for compounds
I , II , andIII , respectively, are shown in Figure 1, along with a
recently proposed11 alternative structure,IIb , for compoundII .
Isomer I. CompoundI was proposed to have the structure

nido-7,8,9,10-C4B7H11, Ia (Figure 1), on the basis of 1D11B
and 2D COSY11B-11B NMR experiments. StructureIa is also
that originally predicted by geometrical systematics10a to have
the most stable arrangement of carbons. Of the eighteen
arrangements of four carbons over the nido 11-vertex icosahedral
fragment withCs symmetry, only six of these would give the
2:2:1:1:1 ratios of boron resonances experimentally observed.
On the basis of this fact combined with the 2D NMR spectra,
the method of synthesis, and the geometrical preferences of
carbon, the proposed structure,Ia, appeared secure.
Structure Ia was subjected to the ab initio/IGLO/NMR

method. The ab initio optimized geometry fornido-7,8,9,10-
C4B7H11, 1a, is given in Figure 2 along with the calculated11B
NMR chemical shifts which are compared with the experimental
values for I . The agreement between the calculated and
experimental values is excellent, thus the proposed isomer,Ia,
is reconfirmed as correct by the ab initio/IGLO/NMR method.
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Figure 1. Four previously proposed structures for the three known
isomers of thenido-C4B7H11 carboranes:Ia, IIa and IIb , and IIIa .
Borons are white and carbons are shaded circles; hydrogens have been
omitted for clarity.
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Isomer II. CompoundII was first proposed9 to be nido-
1,2,8,10-C4B7H11, IIa , and later11 to have the structurenido-
1,7,8,10-C4B7H11, IIb (Figure 1). There are 12 arrangements
of four carbons over the 11-vertex icosahedral fragment with
Cs symmetry that would be compatible with the multiplicities
observed in the11B NMR spectrum (2:2:2:1 ratios). Both
proposed structures (IIa and IIb ) contain a mirror plane and
were initially selected on the basis of two conflicting empirical
viewpoints. StructureIIa was originally proposed9 primarily
on empirical line-width patterns in its 1D11B NMR spectrum,
the 1D13C NMR spectrum (2:1:1 ratios), and the absence of a
boron atom in the “apex” position. Additional support came
from the fact that this structure maximizes boron-carbon
interactions in the cage, but it was acknowledged at the time
that alternative structures such as the 1,7,8,10 isomer (IIb ) could
not be ruled out. Subsequently it was proposed11 that IIb
should, in fact, be the favored geometry, based upon carbon’s
preference for occupying low coordination sites in carborane
structures.
In order to conclusively assign the structure of compound

II , both candidate structures,nido-1,2,8,10-C4B7H11, IIa , and
nido-1,7,8,10-C4B7H11, IIb , (Figure 1) were subjected to the
ab initio/IGLO/NMR method. The ab initio optimized struc-
tures,2a and2b, and the calculated11B NMR chemical shifts
together with the experimental data for compoundII are
included in Figure 3. The correlation between the experimental
data for compoundII and the calculated11B NMR chemical
shifts for structure2b is significantly better than with2a. For
example, the calculated shift (in ppm) for the unique boron

in structure 2b (B3, -15.2) agrees quite well with the
experimental value (-15.6), while the calculated value for the
unique boron in structure2a (B9,-10.0) is at over 5 ppm lower
field from the experimental value (-15.6). Thus, the IGLO
11B NMR chemical shift calculations favor2b over2a for the
structure of compoundII ; the relative energies also favor2b
by a substantial 32.4 kcal/mol (see Table 1).
Two other candidate configurations withCs symmetry (2c

and2d in Figure 4) that are predicted to be energetically less
favorable than2b, but more favorable than2abased upon carbon
location preferences,10a were also subjected to the ab initio/
IGLO/NMR method. The 2,8,9,10 isomer,2c, gives good
agreement of the calculated shifts with the experimental data
for three of the11B resonances, but the calculated shift for B1
(-50.7) is at over 36 ppm lower field than the experimental
value (-15.6). Thus,2c is ruled out as the structure for
compound II . The 1,7,8,9 isomer,2d, gives fairly good
correlation of the IGLO calculated11B NMR chemical shifts
with the experimental data for compoundII , with only B6
(-10.8) differing appreciably from the experimental value
(-15.6). However, the agreement between the calculated and
experimental11B NMR data for 2b is better than2d. In
addition, isomer2b is calculated to be 19.5 kcal/mol more stable
than2d (see Table 1).
The IGLO calculated13C NMR data for2a, 2b, 2c, and2d

are given in Supporting Table 1. As mentioned earlier, the

(11) (a) Reference 9f. (b) Williams, R. E. InAdVances in Organometallic
Chemistry; Stone, F. G. A., West, R., Eds.; Academic Press: New
York, 1994; Vol. 36, pp 1-55.

Figure 2. Ab initio optimized geometry and IGLO calculated11B NMR
chemical shifts fornido-7,8,9,10-C4B7H11, 1a.

Figure 3. Ab initio optimized geometries and IGLO calculated11B
NMR chemical shifts for the proposednido-1,2,8,10-C4B7H11, 2a, and
the alternative isomernido-1,7,8,10-C4B7H11, 2b.

Table 1. Absolute (-au) and Relative (kcal/mol) Energies of
nido-C4B7H11 Structuresa

isomer structure
6-31G*//
6-31G* ZPEb Erelc

MP2/6-31G*//
6-31G* Ereld

7,8,9,10 1a 330.67890 99.32 0.8 331.92467 0.0
1,7,8,10 2b 330.67927 98.75 0.0 331.91905 3.0
2,7,9,10 3b 330.66312 98.65 10.0 331.90826 9.7
2,7,8,10 3c 330.66339 98.53 9.7 331.90432 12.0
2,8,9,10 2c 330.65407 98.75 15.8 331.90117 14.2
1,7,8,9 2d 330.64183 98.62 23.4 331.88766 22.5
2,7,8,9 3d 330.62898 98.52 31.3 331.87933 27.7
1,2,8,10 2a 330.62927 97.70 30.3 331.86574 35.4
2,7,8,11 3a 330.59742 97.61 50.2 331.84489 48.4

a Absolute (-au) energies ofCs symmetry structures optimized at
MP2(FULL)/6-31G* are the following: 331.92649 (1a), 331.87126 (2a),
331.92092 (2b), 331.90520 (2c), and 331.88966 (2d). b Zero point
energy at the HF/6-31G* level.c Relative energy at the 6-31G*//6-
31G*+ ZPE (6-31G*) level; the zero point energies have been scaled
by 0.89 as recommended.13 dRelative energy at the MP2/6-31G*//6-
31G*+ ZPE (6-31G*) level; the zero point energies have been scaled
by 0.89 as recommended.13

Figure 4. Ab initio optimized geometries and IGLO calculated11B
NMR chemical shifts fornido-2,8,9,10-C4B7H11, 2c, andnido-1,7,8,9-
C4B7H11, 2d.
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levels of theory employed in this study may not be suitable for
the accurate calculation of cage carbon chemical shifts in
carboranes, and neither2a, 2b, 2c, nor2d IGLO calculated13C
shifts agree satisfactorily with the experimental data. However,
the IGLO13C data for2b, the structure favored by the11B NMR
chemical shift calculations, is shifted upfield by 12-14 ppm
for all three carbons [-19.2 (C1), 14.0 (C10), 17.2 (C7,8)]
compared to the experimental values (-4.7, 28.6, and 29.5
ppm).9 Schleyer et al. found that IGLO13C shifts in carboranes
are usually too far upfield from the experimental values.2

Isomer III. CompoundIII , withC1 symmetry, was originally
assigned the 2,7,8,11-structure,IIIa (Figure 1), on the basis of
1D 11B and 2D COSY11B-11B NMR studies.8 A number of
the resonances in the11B spectrum are closely spaced, however,
making an unambiguous assignment difficult. Empirical carbon-
location preferences10a do not favor the 2,7,8,11 isomer,IIIa ,
as it contains far too many adjacent carbon-carbon connections,
an unprecedented arrangement, and would not be expected to
be stable. There are a number of alternativeC1 symmetry
isomers possible for compoundIII ; thus, the ab initio/IGLO/
NMR method appeared ideally suited for solving this structural
dilemma.
An effort to determine the ab initio optimized geometry for

the proposed 2,7,8,11 isomer of C4B7H11, IIIa (Figure 1) gave
an unexpected structure3a (Figure 5). Structure3a is unusual
in that it contains a 4-membered square face (C2-C7-C11-
B6) in addition to the anticipated 5-membered open face, with
several bond distances not within normal B-B and B-C bond
ranges. Apparently incorporating a triangular face of carbon
atoms is disfavored, as carbon-preference systematics predicts.10a

The calculated11B NMR chemical shifts of3a are shown in
Figure 5 and there is poor correlation with the experimental
data. Thus, the proposed structureIIIa may be ruled out as
the structure of compoundIII .
An alternative structure,nido-2,7,9,10-C4B7H11, appeared to

be the most logical candidate for compoundIII and the ab initio
optimized geometry,3b, is given in Figure 5. Carbon-location
preferences10a predict configuration3b to be the most stable
C1 symmetrynido-C4B7H11 structure. Structure3b contains
three of the four carbon atoms on the open face in an
“as-nonadjacent-as-possible” configuration to enhance charge
smoothing. There are only two other locations available for
the fourth carbon, and the 2,7,9,10 configuration,3b, also

appears most logical based upon the synthesis from two “carbons
adjacent” precursors:arachno-4,5-C2B7H13 and acetylene. The
calculated11B NMR chemical shifts of3b correlate well with
the experimental data for compoundIII (Figure 5); thus,nido-
2,7,9,10-C4B7H11, 3b, is favored as the revised structure for
compoundIII .
Two other possible candidate configurations withC1 sym-

metry (3c and3d in Figure 6) ofnido-C4B7H11 that would be
predicted by empirical carbon location preferences10a to be
energetically less favorable than3b, but more favorable than
3a, were also subjected to the ab initio/IGLO/NMR method.
The 2,7,8,10 isomer,3c, gives poor correlation of the calculated
11B NMR chemical shifts with the experimental data for
compoundIII . For example, the calculated chemical shifts (in
ppm) for B11 (-10.8) and B5 (-18.1) are at over 7 ppm lower
field from the experimental values (-17.5 and-25.0, respec-
tively).
The 2,7,8,9 isomer,3d, gives fairly good correlation between

the calculated11B NMR chemical shifts and the experimental
values for III , but the 2,7,9,10 isomer,3b, gives better
correlation. In particular, the calculated shift (in ppm) for B6
(-5.7) in 3d is located about 8 ppm lower field than the
experimental value (-13.6). Thus the ab initio/IGLO/NMR
method selects3b in favor of 3c or 3d as the correct structure
for the asymmetrical C4B7H11 carborane. There is also a
substantial difference in the relative energies of3b and3d, with
3b 18.0 kcal/mol more stable than3d (see Table 1). Note also
that the 2D11B NMR spectrum obtained for compoundIII could
be compatible with the 2,7,9,10 isomer,3b, due to the closely
spaced resonances.
General Comments about Cage Carbon Site Preferences.

The relative energies of all thenido-C4B7H11 isomers considered
in this study were determined at MP2/6-31G*//6-31G*+ ZPE
(6-31G*) and are included in Table 1. It is satisfying to find
that the three isomers (1a, 2b, 3b) favored by the NMR chemical
shift calculations are also the three most stable of those
examined computationally. These results completely agree with
the previously existing empirical carbon location preferences.10a

It is also satisfying to find that the 2,7,8,11 isomer,3a, is
calculated to be much higher in energy than all of the other
isomers calculated in this study, in agreement with the prediction
from carbon-location preferences that indicates any proposed
structure (IIIa , Figure 1) containing a triangular face of three
carbons should be energetically disfavored. The fact that the

Figure 5. Ab initio optimized geometries and IGLO calculated11B
NMR chemical shifts for the proposednido-2,7,8,11-C4B7H11, 3a, and
the favored alternative isomernido-2,7,9,10-C4B7H11, 3b.

Figure 6. Ab initio optimized geometries and IGLO calculated11B
NMR chemical shifts fornido-2,7,8,10-C4B7H11, 3c, andnido-2,7,8,9-
C4B7H11, 3d.
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optimized geometry (Figure 5) contains a square open face
supports this proposition.12

A comparison of the relative energies of thenido-C4B7H11

carboranes calculated in this study also enables us to address a
residual question concerning the relative importance of the
previously mentioned carbon-location preferences10afor (a) low
coordinated sites vs (b) nonadjacent locations when both are
available. The first seven isomers ofnido-C4B7H11, in terms
of estimated relative stability based upon empirical geometrical
systematics, are the first seven structures illustrated in Figure
7b, drawn in a fashion (as illustrated in Figure 7a) to facilitate
easy determination of vertex connectivity (the vertices on the
open face are 4-coordinate and the rest are 5-coordinate) and
number of carbon-carbon contacts. The order chosen assumes
that the preference for carbons to occupy low coordination sites
is significantly more important than the preference for carbons
to occupy non-adjacent locations. The ab initio determined
relative energies (from Table 1) are given in parentheses. That
the top seven configurations displayed in Figure 7b match the
top entries in Table 1 confirms this assumption. Prior to this
study some residual uncertainty remained regarding low coor-
dination versus adjacent carbon preferences. For example,
structure1a, which is 3.0 kcal/mol more stable than2b (see

Table 1), incorporatesthreeC-C carbons-adjacent situations
(which is associated with instability) while structure2b incor-
porates onlyone C-C carbons-adjacent situation but does
containsone carbon in a higher coordinated location (also
indicative of instability). Apparently, as previously proposed
based upon empirical observations, the occupation of one
additional low coordinated site (a positive effect) more than
offsets the destabilizing effects of adding two additional carbons-
adjacent situations.
Further examination of the structures in Figure 7b confirms

these trends. Decreasing stability results as the single carbon
not on the open face in2bmoves adjacent to the lone peripheral
carbon in3b, then adjacent to one of the pair of peripheral
carbons in3c. An analogous trend is found upon examining
structures2c, 2d, 3d, and3a, each having three adjacent carbons
on the open face. As the lone carbon not on the open face in
2cmigrates closer to the open face carbons in2d and3d, the
result is decreased stability. When this carbon makes contact
with two peripheral carbons, a highly unstable situation occurs
and the cage instead adopts the arachno geometry3a.
It was originally noted9 (1983) that compoundII , shown in

this study to be structure2b, undergoes isomerization via
thermolysis at 330°C to give an unisolated material with11B
NMR resonances of-13.0,-14.0,-22.9, and-45.5 ppm.
These chemical shifts are similar to those reported for compound
I (isolated in 1988), shown in this study to be structure1a, and
reexamination of the original (1983)11B NMR spectrum of the
material from the isomerization confirms this assignment. This
isomerization is consistent with the relative energies of1a and
2b with 2b being only 3 kcal/mol higher in energy (see Table
1).

Conclusion

The ab initio/IGLO/NMR method has been successfully
applied to establish the structures of the three isomers ofnido-
C4B7H11. The method confirms compoundI to benido-7,8,9,-
10-C4B7H11, 1a, and compoundII to benido-1,7,8,10-C4B7H11,
2b (rather than structures2a, 2c, or 2d), and determines
compoundIII to benido-2,7,9,10-C4B7H11, 3b (rather than3a,
3c, and3d).
The relative eneriges obtained from the ab initio optimized

geometries indicate the thermodynamically most stable arrange-
ment of carbon atoms in these 11-vertex nido clusters has all
four carbon atoms in adjacent, low coordinate positions about
the open face, structure1a. Thus, in complete agreement with
the empirically determined trends, carbon occupation of low
coordinated sites appears to be a more important factor than
avoiding carbon-carbon connections in the cage. However,
moving adjacent carbons from the open face to nonadjacent
higher coordination vertices remains of secondary importance.
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(12) Several years ago when structureIIIa (Figure 1) was first proposed
in the literature8 there was no reason to believe that the NMR data
had been misinterpreted to suggest the wrong set of connectivities.
Rather, it was thought10f,11b that the connectivities were correct but
one connection in the triangle of three carbons “should disappear”
with the result that an electron precise HC-group would be formed
which would be connected via three 2-center 2-electron bonds to an
electron deficientarachno-C3B7H10 cluster. It was predicted that the
C2-C7 connection would be “broken” (see Figure 25, ref 11b), but
the calculations indicate the C2-C11 connection is in fact “broken”
to give the four-membered open face. It should be noted that3d is
high in energy compared to the othernido-C4B7H11 clusters calculated
in this study and contains some C-C and B-C bond lengths and
various bond angles not within values normally found in carboranes.

(13) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; DeFrees, D.; Binkley, J.
S.; Frisch, M. J.; Whiteside, R. F.; Hout, R. F.; Hehre, W. J.Int. J.
Quantum Chem., Symp. 1981, 15, 269-278.

Figure 7. (a) Graphic to illustrate two views of a nido 11-vertex
cluster: “side” view and “top” view. (b) Stability order among the
nido-C4B7H11 isomers (viewed from top of 5-membered open face as
diagrammed in part a, with dark circles representing carbons and open
circles representing borons).
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