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Strong evidence for the low-temperature formation of an axially positionegl (RR= H, CHz) adduct of an

“open” cage GB7Hg structure is obtained via comparison of the experimentally obtdif@and!'B NMR data

(R = CHj3) with that obtained from ab initio/IGLO/NMR and ab initio/GIAO/NMR approachesR4, CH).

The amine is positioned at a boron surrounded by the two carborane carbon atoms along a chair arrangement of
a six-atom CBCB open face belonging to a cluster that can be formally derived by removing a triangular set of
three adjacent vertices from a 12-vertex icosahedral unit. Rapid equilibration of the addi€LBHRIg with
dissociated NRandcloseC,B7Hg is proposed to explain the NMR chemical shift observations.

tion.”8 The next higheclosacarborane, 1,7-8B¢Hsg, initially

) ) forms a very weak adduct with M but gives rise to substantial

the subject of numerous studies over many decades; of coursemixture to stand at ambient temperature for 1 or 2 days.

the strong adduct between trimethylamine andsBHe source  the two solvents tetrahydrofuran and benzene, this latter adduct
of BH3 often obtained via BHg) has been extensively studiéd. s in slow equilibrium with the dissociated materials 1,7BeHs

The adducts obtained from reaction of trimethylamine and and MegN, with adduct formation favored to a degree of about
polyboranes such as pentaborane(9) have also received consic2.5:1 in THF (at ambient temperatures) and the dissociated
erable attentioA. For parent polyborane cage compounds materials favored to the extent of about 6:1 in benZeieither
known as carboranes, it has been noted that trimethylaminetheclosocarborane 1,10-BgH10 nor the thre&losoCsB1oH12
reacts very readily with the smallesloso cage system (1,5-  isomers (1,2-, 1,7-, and 1,12-) appear to react with trimethyl-
C,B3Hs) to form an adduct, the structure of which has proven amine under reasonable thermal conditibfsThe closc2,3-
very elusive? 4 The next larger carboranel¢so1,6-G,B4Hg) C:BgH11 carborane reacts with trimethylamifi¢o afford what
cage reacts slowly, but quantitatively, with Mé to form is believed to be 3-M¢N-nido-7,9-GBgHi..
5-MesN-nido-2,4-GB,4Hg which, in turn, slowly but quantita- ~ NO |rjformat|on is available, to our knowlgdgg, on the
tively rearranges to the 3-M-nido-2,4-GB4Hg isomer356 The interaction of theclosocarborane 1,6-,€B7I-_|911 with trimeth-
parentcloso2,4-GBsH; does not appear to react with g3 ylamine. Another Lewis base, the fon, is known to react
whereas this same tertiary amine will react under ambient With 1,6-GB7Hs to yield a carborane anion that is the result of
conditions with halogenated derivatives of this same five-boron partial cage de_gradatlon_of the starting matéfialn the present
carborane to yield 1:1 adducts which, in turn, can be converted study, we provide experimental data and calculational informa-

Introduction

) ) i 1 . ~ tion which strongly indicates that a measurable degree of adduct
to [B-MesN-close2,4-GBsHg] ™ ions by way of halide extrac formation takes place between 1,685Hs and (CH)sN and

also points to a very reasonable structure for this adduct. This
study was initiated when W carried out ab initio geometry
optimizations at the STO-3G, 3-21G, and 6-31G* levels of
theory on both symmetry-constrained and -unconstrained 1,6-
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C,B7Hg and found essentially the same results concerning the gies for those molecules which are a part of this study are given

close energy competition between an “opamti(?) vs “closed”
(closg structure, as has been more recently repéftadthe

in Table 2. Depicted in Figure 1 are the pertinent carborane
molecules that were optimized at the HF/6-31G* level. The

literature. This motivated us to explore the possibility that energy-optimized structures were used to calculate the chemical
C,B7Hg, most probably as the “open” cage form, might welcome shieldings (Tables-36), using the IGLO/NMRS-18 and GIAO/
an extra pair of electrons from a Lewis base such as trimethy- NMR1® methods. All IGLO calculations were performed with
lamine. a doubleg set (DZ) in the contractions (21) for H and (4111/

) _ ) 21) for first row-elementd? Additionally, GIAO(6-31G*)/
Experimental Section and Data Presentation NMR?® calculations were carried out on the HF/6-31G*

Through the employment of a high-vacuum apparatus, a sample of geometry-optimized structures.
1,6-GB7Hy (ca. 0.16 mmol) was sublimed into a 5-mm NMR tube. All calculated!!B shielding values were referenced toBle
The tube was subsequently sealed after adding trimethylamine (1.0(the latter geometry optimized at 6-31G* for the purposes of
mmol). The tube contents were subjected to variable temperature NMR the GIAO calculations) as a secondary reference point and then
measurements (Table 1). At temperatures betd% °C, the mixture converted to the standardB-OEt, scale (Tables 36). This
is assisted by the experimental knowledge th(@&;sB-OEL) is

Table 1. *C and™B NMR Chemical Shifts (ppm) of &B7Hs in 16.6 ppm upfield fromd(B2Hg).2! Thus, for the IGLO calcula-

Trimethylaminé

type of atom o(rt) 4(=35°C) 0(—=35°C) — o(rt) (16) The IGLO method employed here was designed by the following:

1 _ (a) Kutzelnigg, W.Isr. J. Chem.198Q 19, 193. (b) Schindler, M.;

1i§(area 1) i;ig iggg _2‘21 Kutzelnigg, W.J. Chem. Phys1982 76, 1919. (c) Schindler, M.;

i rea >3 oS o2 Kutzelnigg, W. J. Am. Chem. Socl983 105 1360-1370. (d)

| Blarea2) - -5 +1 Schindler, M.; Kutzelnigg, WJ. Am. Chem. Sod 987, 109, 1020
B(area 4) 121 -7.0 +5.1 1033. (e) Kutzelnigg, W.; Fleischer, U.; Schindler, M. NMR,

a13C NMR shifts are relative to tetramethylsilariéB NMR shifts
are relative to BED-BF;; negative values are to high field. To within
0.4 ppm, thej(rt) chemical shift values of B7Hg in trimethylamine
are the same as those in either ¢ ®kxane, Freon-12 (CgH,), or in
Freon-22 (HCCIp).1%2

formed two phases, a solid layer and liquid layer. Variable temperature
NMR spectra were recorded both on a Bruker AM-400 instrument (for
1B) and a Bruker AC-300 (for'®C) instrument. The data and
assignments are given in Table 1. TH®& and °C spectra were
recorded both coupled arith decoupled. Below-35 °C all of the
resonances in the carborane/trimethylamine sample broadened and the
carborane peaks became significantly weaker which, along with the
visual observations of precipitate formation, suggested a combination
of partial carboraneamine adduct (see discussion section) precipitation
and viscosity effects on the spectrum.

A mixture of 1,6-GB+Hg (ca. 0.6 mmol) and Freon-12 (GE}) (4.8
mmol) was sealed into a 5-mm NMR tube, a mixture of 18Ely
(ca. 0.21 mmol) and Freon-22 (HgH) (5.4 mmol) was sealed into a
second 5-mm NMR tube, and in still another tube was sealed a molar
ratio of approximately 1:2:8 of 1,6487H¢/(CHs)sN/CCLF.. All
samples were subjected to variable temperature NMR experiments.

Calculational Methods for Geometry Optimizations and
for IGLO/NMR Chemical Shift Determinations

Energy-optimized structures for all molecules were carried
out using the ab initio Gaussian 92 and Gaussian 94 édees
the HF/3-21G and HF/6-31G* levels of theory. Single-point
energies were calculated at the MP2/6-31G*//6-31G* and
(DFT)BLYP/6-31G*//6-31G* levels of theory. The total ener-
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116, 9395-9396.

(15) (a) Frisch,M. J.; Trucks, G. W.; Head-Gordon, M.; Gil,P. M. W;
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Wiley-Interscience: New York, 1986.

17

(18)

Principles and ProgressSpringer-Verlag: Berlin, 1990; Vol. 23, pp
165-262.

For examples of the application of IGLO to boron compounds, see:
(a) Schleyer, P. v. R.; BY, M.; Fleischer, U.; Koch, WInorg. Chem.
199Q 29, 153-155. (b) Bihl, M.; Schleyer, P. v. RAngew. Chem.,
Int. Ed. Engl.199Q 29, 886-888. (c) Bihl, M.; Schleyer, P. v. R. In
Electron Deficient Boron and Carbon Cluste@lah, G. A., Wade,
K., Williams, R. E., Eds.; Wiley: New York, 1991; Chapter 4, p 113.
(d) Williams, R. E. inElectron Deficient Boron and Carbon Clusters
Olah, G. A., Wade, K., Williams, R. E., Eds.; Wiley: New York,
1991; Chapter 4, p 91 (see footnote 83). (EnBM.; Schleyer, P. v.
R.; McKee, M. L.Heteroat. Chem1991], 2, 499-506. (f) Bihl, M.;
Schleyer, P. v. R.; Havlas, Z.; Hnyk, D.; Hermanek|r&rg. Chem.
1991 30, 31073111. (g) Binl, M.; Steinke, T.; Schleyer, P. v. R;;
Boese, RAngew. Chem., Int. Ed. Engl99], 30, 1160-1161. (h)
Buhl, M.; Schleyer, P. v. RJ. Am. Chem. S0d 992 114, 477-491.

(i) Kutzelnigg, W.; Fleischer, U.; Schindler, M. INMR, Principles
and ProgressSpringer-Verlag: Berlin, 1990; Vol. 23, pp 23@12.

() Koster, R.; Seidel, G.; Wrackmeyer, B.; Blaeser, D.; Boese, R.;
Buhl, M.; Schleyer, P. v. RChem. Ber.1992 125 663; 1991, 24,
2715-2724. (k) Kang, S. O.; Bausch, J. W.; Carroll, P. J.; Sneddon,
L. G.J. Am. Chem. Sod992 114 6248-6249. (I) Bausch, J. W.;
Prakash, G. K. S.; Bul, M.; Schleyer, P. v. R.; Williams, R. Enorg.
Chem.1992 31, 3060-3062. (m) Bausch, J. W.; Prakash, G. K. S.;
Williams, R. E.Inorg. Chem.1992 31, 3763-3768. (n) Binl, M.;
Mebel, A. M.; Charkin, O. P.; Schleyer, P. v. Rorg. Chem.1992

31, 3769-3775. (0) Onak, T.; Tseng, J.; Tran, D.; Herrera, S.; Chan,
B.; Arias, J.; Diaz, MInorg. Chem1992 31, 3910-3913. (p) Onak,
T.; Tseng, J.; Diaz, M.; Tran, D.; Arias, J.; Herrera, S.; Brown, D.
Inorg. Chem.1993 32, 487-489. (q) Mebel, A. M.; Charkin, O. P.;
Buhl, M.; Schleyer, P. v. RInorg. Chem.1993 32, 463-468. (r)
Mebel, A. M.; Charkin, O. P.; Schleyer, P. v. Rorg. Chem.1993

32, 469-473. (s) McKee, M. L.; Bul, M.; Schleyer, P. v. Rinorg.
Chem.1993 32, 1712-1715. (t) Onak, T.; Tran, D.; Tseng, J.; Diaz,
M.; Arias, J.; Herrera, SJ. Am. Chem. Sod993 115 9210-9215.
(u) Onak, T.; Diaz, M.; Tseng, J.; Herrera, S.; CorreaM&in Group
Met. Chem.1993 16, 271-289. (v) Keller, W.; Barnum, G. A;
Bausch, J. W.; Sneddon, L. Gorg. Chem.1993 32, 5058-5066.
(w) Onak, T.; Williams, R. Elnorg. Chem, 1994 33, 5471-5476.
(x) Hnyk, D.; Brain, P. T.; Rankin, D. W. H.; Robertson, H. E.;
Greatrex, R.; Greenwood, N. N.; Kirk, M.;"By M.; Schleyer, P. v.
R. Inorg. Chem.1994 33, 2572-2578. (y) Brain, P. T.; Rankin, D.
W. H.; Robertson, H. E.; Alberts, I. L.; Hofmann, M.; Schleyer, P. v.
R.Inorg. Chem1994 33, 2565-2571. (z) Onak, T.; Tran, D.; Tseng,
J.; Diaz, M.; Herrera, S.; Arias, $pec. Publ. R. Soc. Chet094
143 236-241. (aa) Bausch, J. W.; Carroll, P. J.; Sneddon, LSfec.
Publ. R. Soc. Chem1994 143 224-227. (bb) Godfroid, R. A.; Hill,

T. G.; Onak, T.; Shore, S. G. Am. Chem. S0d.994 116, 12107
12108. (cc) Onak, T.; Tran, D.; Diaz, M.; Barfield, M. Am. Chem.
Soc 1995 117, 1403-1410.

Barfield, M.J. Am. Chem. S0d.995 117, 2862-2876. Barfield, M.

In Nuclear Magnetic Shieldings and Molecular Structufessell, J.
A., Ed.; Kluwer: Boston, 1993; pp 52337. Jiao, D.; Barfield, M.;
Hruby, V. J.J. Am. Chem. Sod 993 115 10883-10887. Barfield,
M. J. Am. Chem. Sod993 115 6916-6928. Jiao, D.; Barfield, M.;
Hruby, V. J.Mag. Reson. Chem. Chert©93 31, 75—79. Barfield,
M.; Yamamura, SJ. Am. Chem. Sod99Q 112 4747-4758.



4538 Inorganic Chemistry, Vol. 35, No. 16, 1996 Diaz et al.

Table 2. Energies (hartrees) for NRC,B7Hg, and the Stable N{RC,B;Hg Adduct

level of theory

compound 3-21G//3-21G 6-31G*//6-31G* MP2/6-31G*//6-31G* BLYP/6-31G*//6-31G*
NHs —55.87220 —56.18436 —56.35371 —56.51696
NMes —172.31027 —173.26930 —173.82758 —174.36023
C2B7Hs (closg (1) —252.78242 —253.78242 —254.68112 —255.46961
C,B7Hs (open) (11) —252.34242 —253.78468 —254.67758 —255.46935
NHs+C,B7Hs (111) —308.23831 —309.96418 —311.04111 —311.99025
NMes+C,B-Hs (1l —424.66968 —427.03894 —428.51904 —429.82224

Table 3. 3C and'B NMR Chemical Shift Changes, Experimental Vs Calculated (IGLO; DZ//6-31G*) &8, in NR; (R = CH; for exptl
and R= H for calcd)

IGLO calcd (DZ//6-31G*} exptk
type of atom o(c) o(ny o(n) — o(c) 0.24p(n) — o(c)]¢ 0(—35°C) — o(rt)
BC +64.6 +25.8 —38.8 -9.3 -9.4
1B(area 1) +32.8 +6.9 —25.9 -6.2 —6.2
1B(area 2) —-4.0 -34 +0.6 +0.1 +1.2
1B(area 4) —10.1 +6.8 +16.9 +4.1 +5.1

a13C NMR chemical shifts are in ppm relative to tetramethylsilafg;NMR shifts are in ppm relative to ED-BFs; negative values are to high
field. The DZ//6-31G*= IGLO calculations are performed at the doufjléevel on the 6-31G*-optimized geometryi(c) = chemical shifts of
the closostructure;d(n) = chemical shifts of the adduct, with the nitrogen of NH an axial position attached to one of the two borons with two
adjacent cage carbon atonis’he boron to which the nitrogen is bonded (lIl, Figure 1) was moved 15 ppm downfield from the calculated value
as per discussion in the experimental section. Fast equilibration of two equivalent forms of the adduct demands the averaging here of the two
boron chemical shifts associated with the two boron atoms containing two adjacent cage carbon atoms each. Also, the chemical shifts of the four
borons containing one adjacent cage carbon atom each are also averaged here for the samé rgzsamncomparison between 0.24p) — 6(c)]
and exptl p(—35 °C) — 4(rt)] results in a relationshipd\IGLO = 0.91Aexptl — 0.71 with the linear correlation coefficient= 0.999.

tions,6(*B of compd)= o(*'B of B,Hg) — o(*'B of compd)+
16.6 ppm. The shielding for Bls [0(*'B of BzHg)] is 115.5
ppm at the doubl&//6-31G* level, which then implies that the
shielding ¢) for FsB-OEt is 132.1 ppm. For the (6-31G*)
GIAO calculations, the shielding for the 6-31G*-optimizegHs
[o(*'B of B;Hg)] is 106.8 ppm, which then implies that the
shielding for RB-OEt is 123.4 ppm. Thé3C NMR chemical
shifts 6 are referenced to TMS. For the GIAO calculations,
the shielding for the 6-31G*-optimized TMS3C of TMS)]

is 201.7 ppm at the 6-31G* level of theory. Thu¥!3C) =
201.7— o(*%C).

Computational resources limited our initial calculations to
the NH; rather than the NMgadduct of the carborane; in this
regard, the observetyB chemical shifts for the monoboron
adduct analogues #B-NH3; and HB-NMez?? indicate that
substitution of the ammonia for trimethylamine in this adduct
shifts (experimentally) the boron chemical shift of this monobo-
ron complex upfield by approximately 15 ppm. Therefore, in
Tables 3 and 5 we made a 15 ppm “correction” to the IGLO
and GIAO values of the ammonia complex of the carborane in
this study in order to convert the chemical shift of the ;NH
attached boron to one expected of a trimethylamine adduct. Figure 1. Depiction of 6-31G*-optimized structures for theoso

All calculations were carried out, variously, on Multiflow  structure of GB-Hy (I, upper left), the open structure of@Hs (Il
Trace minisupercomputers, SUN 4/280, and SUN SPARC lower left), and the Calcglationally most stable N[R = H) B-bonded
station model 10 computers. Gaussian 94 calculations were2dduct of GBzH (lll, middle right).
carried out on the Cray C90 available at the San Diego
Supercomputer Facility.

13C—1H doublet in the'*C region) and trimethylamine (molar
ratio of 6:1 for trimethylamine:1,6-4B-;Hy) are essentially
Results and Discussion identical to those of 1,6-4B7Hg when dissolved in freons such

as CChF, and HCCIR. When the freon/&B7Hg mixtures were
cooled to—35°C and even further to ca-100°C, no significant
changes in thé3C and''B NMR patterns or in their chemical
shifts were observed. However, upon cooling theM€&,B7Hg
mixture, some dramatic chemical shift changes are observed in

At ambient temperature thE€B and3C NMR spectra of a
homogeneous liquid mixture of 1,6;B7Hg (a 1:2:4 area ratio
of three 1:1"B—!H doublets in the!'B region and one 1:1

(19) Wolinski, K.; Hinton, J. F.; Pulay, Rl. Am. Chem. Sod.99Q 112,

8251. Ditchfield, RMol. Phys 1974 27, 789 both the!B and13C NMR spectra. Also, a small degree of
(20) Huzinaga, S.Gaussian Basis Sets for Molecular Calculatipns P€ak broadening is observed in the temperature region just below
Elsevier: New York, 1984. —35 °C where solids begin to form. The carboraft€

(21) Onak, T.; Landesman, H. L.; Williams, R. E.; Shapiro,)..Phys. i i ; ;
Chem. 1959 63, 1533, resonance shifts a little over 9 ppm upfield upon lowering the

(22) Neth, H.; Wrackmeyer, BNuclear Magnetic Resonance Spectroscopy t€mperature from ambient t635 ?C; although the ppsitiop Pf
of Boron CompoundsSpringer-Verlag: Berlin, 1978; pp 28485. the area-2!1B resonance remains not far from its original
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Table 4. 3C and*'B NMR Chemical Shift Changes, Experimental Vs Calculated (IGLO; DZ//6-31G*) £,85 in NR; (R = CHjs for exptl
and for calcd)

IGLO calcd (DZ//6-31G*} expth
type of atom o(c) o(n)P do(n) — 6(c) 0.26p(n) — o(c)]¢ 0(—35°C) — 4(rt)
5C +64.6 +29.4 —35.2 -9.2 —-9.4
1B(area 1) +32.8 +6.5 —26.3 —6.8 —6.2
1B(area 2) —4.0 —4.2 -0.2 —0.05 +1.2
1B(area 4) —10.1 +7.9 +18.0 +4.7 +5.1

a13C NMR chemical shifts are in ppm relative to tetramethylsildf®;NMR shifts are in ppm relative to ED-BFs; negative values are to high
field. The DZ//6-31G*= IGLO calculations are performed at the douBléevel on the 6-31G*-optimized geometryi(c) = chemical shifts of
the closostructure;d(n) = chemical shifts of the adduct, with the nitrogen of NR an axial position attached to one of the two borons with two
adjacent cage carbon atoniszast equilibration of two equivalent forms of the adduct demands the averaging here of the two boron chemical shifts
associated with the two boron atoms containing two adjacent cage carbon atoms each. Also, the chemical shifts of the four borons containing one
adjacent cage carbon atom each are also averaged here for the same‘radis@ar comparison between 0.26f) — o(c)] and exptl p(—35°C)
— (rt)] results in a relationshipdIGLO = 0.9%Aexptl — 0.62 with the linear correlation coefficient = 0.994.

Table 5. 3C and''B NMR Chemical Shift Changes, Experimental Vs Calculated (GIAO; 6-31G*//6-31G*).Bfld; in NR; (R = CH; for
exptl and R= H for calcd)

GIAO calc (6-31G*//6-31G*) exptP

type ofatom o(c) o(n)P d(n) — 4(c) 0.26p(n) — o(c)]° 0(—35°C) — o(rt)
BC +61.7 +25.5 —36.2 -9.4 -9.4
HB(area 1) +32.5 +10.6 —-21.9 -5.7 -6.2
1B(area 2) -7.3 -0.1 +7.2 +1.9 +1.2
HB(area 4) —10.9 +7.3 +18.2 +4.7 +5.1

a13C NMR chemical shifts are in ppm relative to tetramethylsildf®;NMR shifts are in ppm relative to ED-BFs; negative values are to high
field. The GIAO 6-31G*//6-31G*= GIAO calculations are performed at the 6-31G* level on the 6-31G*-optimized geomé(c).= chemical
shifts of theclosostructure;d(n) = chemical shifts of the adduct, with the nitrogen of NiH an axial position attached to one of the two borons
with two adjacent cage carbon atori§.he boron to which the nitrogen is bonded (lIl, Figure 1) was moved 15 ppm downfield from the calculated
value as per discussion in the experimental section. Fast equilibration of two equivalent forms of the adduct demands the averaging here of the two
boron chemical shifts associated with the two boron atoms containing two adjacent cage carbon atoms each. Also, the chemical shifts of the four
borons containing one adjacent cage carbon atom each are also averaged here for the samidr@zsancomparison between 0.26h) — 6(c)]
and exptl p(—35 °C) — o(rt)] results in a relationshipdGIAO = 1.00Q\exptl + 0.049 with the linear correlation coefficient = 0.995.

Table 6. 3C and''B NMR Chemical Shift Changes, Experimental Vs Calculated (GIAO; 6-31G*//6-31G*).BfId; in NR; (R = CH; for
exptl and for calcd)

GIAO calc (6-31G*//6-31G*) exptk
type of atom o(c) o(ny o(n) — o(c) 0.26p(n) — o(c)]¢ 0(—35°C) — 4(rt)
BC +61.7 +28.8 —-32.9 —8.6 —-9.4
B(area 1) +32.5 +10.3 —-22.2 -5.8 —-6.2
1B(area 2) -7.3 -0.4 +6.9 +1.8 +1.2
UB(area 4) -10.9 +9.1 +20.0 +5.2 +5.1

a13C NMR chemical shifts are in ppm relative to tetramethylsilafg;NMR shifts are in ppm relative to ED-BFs; negative values are to high
field. 6-31G*//6-31G*= GIAO calculation performed at the 6-31G* level on the 6-31G*-optimized geomeX(y) = chemical shifts of theloso
structure;d(n) = chemical shifts of the adduct, with the nitrogen of NR an axial position attached to one of the two borons with two adjacent
cage carbon atom8Fast equilibration of two equivalent forms of the adduct demands the averaging here of the two boron chemical shifts associated
with the two boron atoms containing two adjacent cage carbon atoms each. Also, the chemical shifts of the four borons containing one adjacent
cage carbon atom each are also averaged here for the same feasioear comparison between 0.26f) — d(c)] and exptl p(—35°C) — o(rt)]
results in a relationshipnGIAO = 0.978\exptl + 0.295 with the linear correlation coefficiert= 0.995.

position, the area-#B peak shifts nearly 5 ppm to lower field, NMR calculations at the doubllevel on all of the NH-C;B7Hg

and the area-1'B NMR resonance shifts a little over 6 ppm  adducts were then carried out, and only the most stable one of

upfield (Table 1). These chemical shift changes are reversible,these adducts (lll, Figure 1) appears to g8 and 13C

and are suggestive of a significant interaction between the chemical shift results that can satisfactorily account for the

trimethylamine and the B7Hg carborane at the lower temper- experimental NMR observations. At the lowest temperature

atures. (—35°C) at which the adduct remained essentially in solution,
We embarked on an ab initio calculational effort in order to very favorable comparisons between the experimental NMR data

determine if an amine adduct of the “open’B3Hg structure and the calculational IGLO/NMR information are noted upon

could account for the experimental observations. The initial
calculational study of such a species necessarily involved NH
as the Lewis base rather than NM=awving to obvious compu-
tational resource limitations. After reasonable-IB-bonded
NH3-C,B+Hg structures were subjected to geometry optimiza-
tions at both the 3-21G and 6-31G* levels of theory, it was
determined that the isomer (lll, Figure 1) with the nitrogen of
NH3; axially attached to the open-faced boron between the two
carbon atoms is the most stable among structurally related
isomers that differ in the position of the Nldttachment to any

of the boron atoms along the open portion of the cage. IGLO/

assuming that about 26 1% of the (calculationally) most stable
NR3-C;B7Hg adduct (l11) is present in rapid equilibrium with
the dissociated compounds BIfR = H, Me for the calculational
portion of the study and R= Me for the experimental portion
of the study) andclosoC,B7Hg?® (see Tables 3 and 4).
Similarly, the results of GIAO/NMR calculations on thkso
C.,B7Hy species averaged with those on the most stable
NR3-C;B7Hg adduct give the best results when abouti2%%

of the adduct is considered in rapid equilibrium with the
dissociatedtlosccarborane at-35 °C (see Tables 5 and 6). A
comparison of the experimental results with either the ab initio/



4540 Inorganic Chemistry, Vol. 35, No. 16, 1996 Diaz et al.

IGLO or the ab initio/GIAO calculational results (Tables &) of the dissociated-carborane/adduct at the lower temperature

gave correlation coefficient, between 0.99 and 1.00. (—35°C) proceeds to mostly dissociated material98%) when
When the sum of the electronic energies for ]Nthdcloso the temperature is raised to ambient.

C2B7Hg are compared with the most stable §46,B7Hs adduct Of the two freon/GB;Hs samples, the one with freon-12

(Table 2), it is noticed that at the 3-21G level of theory the jnitially seemed to us to be the more promising in producing a
difference in energies favors the dissociated materials, whereasso|yent-soluble NMg C,B7Hs adduct at low temperatures; but
at the 6-31G* level the calculated energy difference is nearly gyen then, after adding NMéo the GBHg/freon-12 mixture,
the same (within a couple of kcal/mol). Atthe correlated levels, the adduct precipitates out of solution at eg50 °C, and at
the energies begin to favor the adduct. A similar comparison slightly above that temperature only smidB and3C chemical
using the open structure oB7Hy does not significantly change  gpift changes, favoring less than 5% of the NMB/Ho
this. It is therefore concluded, from theoretical considerations adduct, are evident (ca—3% from thel!B NMR shift data
alone, that adduct formation is possible but not necessarily 54 about 2%
favored over dissociation. This is in good agreement with the 4, error).
experimental findings since ca5% of the carborane is found
as the adduct at35°C. Frequency calculations carried out at
the 6-31G* level of theory yield an entropy change-6£3 cal/
mol-K for the reaction NH + closoC,B7Hg — H3NC.B7Hg
(1. For the temperature change from ambientt85 °C, this
entropy change is equivalent to about 2.6 kcal/mol in favor of
the adduct. This is in the range expected (€d.kcal/mol in
favor of the adduct) for a phenomenon in which a 75:25 ratio

from thel®C shift data, each with an estimated

It is concluded that the effect of the freon solvent
permits the temperature to be lowered to €&0 °C before a
significant amount of adduct precipitates but that the NMR
observations on the dissolved materials are strongly dependent
on a “dilution effect”. The dilution of the reagents by the freon
expectedly results in a shift of the equilibrium quantities of the
reaction RN 4+ C,B7Hg == R3N-C,B7Hg toward the left, which
obviously means that less association is taking place as
compared to when trimethylamine is used solely as the solvent.

(23) A question can be raised about the percentagiosbvs open cage
C:B7Hy in a neat GB;Hy sample. NMR calculations support the Acknowledgment. The authors thank the NSF (CHE-

presence of mostly, if not nearly exclusively, te®so structure. 9222375) for partial support of this project. M.D., J.J., and

Clearly, if the open cage structure were to be present only, there most
probably would be a fast equilibration between two mirror image J.A. thank the MBRS-NIH program (5 SO6 GM08101-24) for

structures. Otherwise, the experimentally observed 4:2:1 ratio for the partial support. We also thank California State University,
boron areas would not be properly accounted for. When we averaged Sacramento, CA, for access to the Multiflow Trace (NSF Grant

the appropriate IGLO/ab initi&!B chemical shifts for the open cage . e
structure, two (those with areas 2 and 4) of the three sets of values CHE-8822716) minisupercomputer facilities. We thank the NSF

are not in good agreement with, but not far from, the experimentally (DMB-8503839 and DUE-9151268) and NIH (RR-08101-13S1)
observed values; the third type of boron is the unigue area-1 boron for grants that helped to purchase both the 400 and 300 MHz

with no attached carbons. The calculated (DZ//6-31G*) shift for this ; ;
boron of the open cage structure-i<i6.6 ppm. which is about 15 NMR instruments used in the present study. We are grateful to

ppm different from the observed value. On the other hand, the the San Diego Supercomputer Facility for the use of Gaussian
calculated value for this boron of thosostructure is within 1 ppm 94 on the Cray C90. We thank M. Schindler for permission to

of the observed chemical shift (see Tables 1 and 3). Itis thus concluded use the IGLO program designed by W. Kutzelnigg and M.
that the open cage structure plays a rather insignificant part in

contributing to the NMR chemical shifts of the pareriBgHs. We Schindler and M. Barfield for helpful discussions concerning
have reached a similar conclusion from the results of GIAO calcula- the NMR calculational methods.

tions at the 6-31G*//6-31G* level of theory on both thkwso and

open cage structures ofB7Hg. 1C960254E





