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The 1B chemical shift assignment for thdosocarboraneC,3-Mey-1,2-GB3Hs structure Laor 1b) is refuted by

ab initio/IGLO, GIAO/NMR evaluations. Attempts to reproduce the literature NMR data by examining the
computed chemical shifts of many alternative structures failed. Rearrangement of thgBitR-Bomer into

the much more stable 1,5,B5Hs is computed to involve only a modest energy barrier. Repetition of the thermal
(but not the electric discharge) experiments failed to give a compound with the spectroscopic data reported earlier.
The original experimental data remain unexplained. Nevertheless, the elimination ©f3tihée>-1,2-GB3H3
structural assignment removes the sole exception to four established structural pattdoss céirboranes: (a)
carbons tend to occupy sites with the lowest coordination, (b) carbons tend to be nonadjacent in the most
thermodynamically stablelosccarboranes, (c) thEB NMR of boron atoms with exo-terminal alkyl groups are
alwaysfound at lower field than those of otherwise identical boron atoms with exo-terminal hydrogens, and (d)
exo-terminald(*H)’s normally parallel thed(1B) of the boron nuclei to which they are bound.

Introduction of the issues, of special interest in several contexts, was achieved

. . . (the samples and the separation techniques were different) and

Background. In pioneering work 30 years ago, Grimes e problem has not been reinvestigated since. However, with
employed electric discharge and flash reactions to obtain o passage of time the existence and structurelogd-G3-

mixtures of intriguing carboranés:  C,3-Me>1,2-GBsHs Me,-1,2-GB3H3", laor 1b, seems to have become established
structures Taand1b in Figure 1) were proposed for a product i, the cluster literaturd®

with m/z = 90 on the basis of NMR and IR spectroscopic . .
: . NMR Analysis. Seen in a broader context, the NMR déta
evidence. One methyl group was believed to be attached toOf “1a or 1b’ revealed three problems. Aajor B NMR

B(3), the other to carbon but the position was not clarified. .

Although this compound was included in several reviews problehmdwas tha:] tlhe resonancg a§3|gned to tr;;. E:]?’ atom
subsequently:>Sthe structural assignment (which is the subject (_attac edto a methyl group kaor1 (Elgure 1)) was ahigher

of the present paper) received some skepticism very early. Thef'e'd t_han the resonance of B4. (which o_nly has a hydrogen
preparation of a new carborane was not doubted, but theﬁglt:ftt'rt:;n% ;:fh(;%p%sé';rgﬁ&“ﬁﬁﬁ;gﬂﬁIg\t'ferr
proposed structure was questioned,“#.g/ould not be surpris similar pairs of borong0 Anothermajor NMR problem has

ing to learn that the presumed closq3Me,-1,2-GB;3H3 has - . - .

a different structure altogether®. In 1969, Grimes also become gwdent more recently. Unlike the relatlonlsglp found

identified “laor 1b” as a “significant component” of a mixture normallylln th? BH groups of otherlosocarborgne#,v the
[reported*H shieldings did not parallel th&B shieldings. In

of carboranes which had been generated from the thermal
d addition, thelH NMR chemical shifts of the methyl groups

reaction of BHe with HC=CH, and supplied by Williams as

part of a scientific exchande-lowever, Williams’ GLC analysis attached to boron and to carbon were reported to be almost the
of a similar mixturd revealed only known methyl carborane Same. This is not impossible, but seems unlikely.

derivatives. These included 2,3-M#,5-GB3Hs, but no uni-

dentified peaks were resolved. Unfortunately, no clarification (8) Koster R.; Grassberger M. Aingew. Chem., Int. Ed. Engdl967, 6,
p 224-225;Gmelin Handbuch der Anorganischen ChenSipringer-
Verlag: New York, 1974; Vol. 15, Borverbindungen 2, pp 165%6;

T University of Leeds. Eaton, G. R.; Lipscomb, W. N\NMR studies of Boron Hydrides and
¥ Universitd Erlangen-Nunberg. Related CompounggV. A. Benjamin Inc.: New York, 1969; pp 367
§ University of Southern California. 310. The latter authors expressed doubts about the NMR interpretation
® Abstract published irAdvance ACS AbstractSeptember 15, 1996. of this compound.
(1) Grimes, R. NJ. Am. Chem. Sod.966 88, 1070-1071. (9) Dobbie, R. C.; DiStefano, E. W.; Black, M.; Leach, J. B.; Onak].T.
(2) Grimes, R. N.J. Am. Chem. Sod.966 88, 1895-1899. Organomet. Cheml976 114, 233.
(3) Grimes, R. NCarboranes;Academic Press: London, 1970; pp-34 (10) For examples, see: Ditter, J. F.; Klusmann E. B.; Williams R. E.;
36. Onak, T.Inorg. Chem.1976 15, 1063. Onak, T.; Fung, A. P.;
(4) Grimes, R. N.; Bramlett, C. L.; Vance R. Inorg. Chem.1969 8, Siwapinyoyos G.; Leach J. Bnorg. Chem.1979 18, 2878. Wilc-
55-58. zynski, R.; Sneddon, L. @norg. Chem.1982 21, 506.
(5) Williams, R. E.Progress in Boron ChemistriPergamon: Oxford, (11) For examples, see: Gotcher A. J.; Ditter J. F.; Williams R1.Am.
England, 1970; Vol. 2, Chapter 2, p 57. In Figure 19b, the structure Chem. Socl973 95, 7514. Onak T.; Wan, EJ. Chem. Soc., Dalton
of the parent isomerclosol,2-GB3Hs, 1, is catalogued under 1974 665; Beck, J. S.; Sneddon L. Giorg. Chem 199Q 29, 295.
“unknown configurations”. (12) This observation also applies to other boranes, see: Kennedy J. D. In
(6) Grimes, R. N.; Williams, R. E. Personal communication. Multinuclear NMR Mason, J., Ed.; Plenum Press: New York, 1987;
(7) Williams, R. E.Pure Appl. Chem1972 29, 569-583. p 250.
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Figure 1. The parentclosa1,2-GBsHs, 1, and the two possible structures originally proposeddoscC,3-
Grimes et al.

23-C,BsH,, 5 2,4-C,BsH., 6 1,7-C,B¢Hg, 7

Figure 2. closo1,5-GB3Hs, 2. close1,2-GB4He, 3, rearranges intolose1,6-GB4He, 4. closo2,3-GBsHy, 5 rearranges intalose2,4-GBsH+,6.
close1,7-GBgHg, 7.

Structural Analysis. When the firstlosocarboranes (Figure  on heating into a derivative of the 1,5-carborane-isoner,
2) were discovere#®~15it was noted that (a) the carbon atoms (Figure 2) and even appeared to be more stable than similar
tended to occupy the lowest connected vertices available andderivatives of the 1,5-isomer2.l” McKee's computations
(b) if this is possible, the carbons also tended to be non-adjacentconfirmed that theclosocarborane isomer with the carbons
in the thermodynamically most stable isom&rsin contrast, separated, is thermodynamically more stable than the isomer
the presumed 1,2483Rs isomer (“Laor 1b") did not rearrange  with the carbons adjacentl, (Figure 1)8
The presumedloso-G3-Me-1,2-GB3sH3 assignmentla or
(13) Good, C. D.; Shapiro, I.; Williams, R. B. Am. Chem. Sod.962 1b,2~4 did not conform to either of these generalities, since (a)
84, 3837. one of the carbon atoms was assigned to a highest connected

(14) gggiégé gg gfg;] B.; Shapiro, 1.; Williams, R. 8. Am. Chem.  yartax and (b) the two carbons were adjadénte could only

(15) Onak, T. P.; Gerhart, F. J.; Williams, R. E.Am. Chem. S0d.963
85, 3378. (17) Grimes, R. NJ. Organometal. Chenl967, 8, 45-51.
(16) Gerhart, F. J.; Williams, R. E. Am. Chem. Sod.965 87, 3513. (18) McKee, M. L.J. Mol. Struct. (THEOCHEM)1988 168 191.
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cast doub®, but had no proof. During the intervening decades

Hofmann et al.

chemical shift values similar to those reported Ultimately,

numerous papers and reviews dealing with the structures ofthis led to the repetition of some of the original experiments at
deltahedral clusters have been published and almost all accept.eeds, but the reported data fdre'or 1b” were not reproduced.

and discussloscC,3-Mex>-1,2-GB3Ha, 1aor 1b, as a compound
of known composition and structuf@.

The ab initio/IGLO, GIAO/NMR Method. As recently as

All three groups now conclude that the compound repérted
to be closo-G3-Me»-1,2-GB3sH3, “1a or 1b”, (Figure 1) was
incorrectly identified. Instead, a derivative of the knoglasc

the summer of 1987 it was correctly stated that no practicable 1,5-GB3Hs, 2 (Figure 2) seems most likely to us.

theoretical method existed for computiéC, 1B, and H
chemical shiftg! Within months Kutzelnigg and Schindler,
using their IGLO program, were calculatif¥C chemical shifts,
often with surprising accuraci.

Ab initio/IGLO and GIAO/NMR Calculations on Various
Candidate Structures

Computational Details. All structures, optimized with the

The Erlangen group demonstrated that even better agreemengaussian 92/DFT prograithfirst at the HF/6-31G* ab initio

was achievable if high levelb initio optimized structures were
employed for IGLO computatior’$:25 Early applications

level, were confirmed to be minima by analytic frequency
calculations. The geometries then were refined at MP2(fc)/6-

established the accurate geometries of (i. e. bond lengths ands1G*, Relative energies at this level were corrected for zero

anglesyarachneBsH;2*2andarachneBgH;,2° for the first time.

point vibrational energies (HF/6-31G*), scaled by 0389.

An extensive survey of boron compounds demonstrated the Chemical shifts were computed at the SCF level with the IGLO

general superiority of computed over experimental geometties.

progrant! employing Huzinaga basis sé&DZ (double §)

Learning of these achievements at Erlangen, and havingstands for 7s3p functions, contracted to [4111/21], for C and B

sought a definitive technique for almost 25 years, the Loker
group subjected the putativoso-G3-Me>-1,2-GB3sH3 struc-
ture, 1a or 1b (Figure 1) and several other problematic
carboranes to similaab initio/IGLO/NMR “inquisitions”. 26
Although theclosoC,BgHg structure in solution was quickly
confirmed’ and the correct conformer of the “carbon-apart”
nido-C,BgH 10 selected® the Loker group could find nab initio
evidence to support the assignmentdafand/orlb. Similar

and 3s functions, contracted to [21], for H.' Wesignates
9s5pld, contracted to [51111/311/1], for C and B together with
a DZ description of H. The GIAO-MP2 electron correlated
chemical shift computations as implemented by J. Gauasxl
incorporated into the ACES Il program packé&beere carried
out using the dzp and tzp Ahlrichs basis $&fsr C and B,
which include one set of d polarization functions. H is described
by a double basis in both cases!3C chemical shifts were

conclusions had also been reached from preliminary computa-referenced to the experimental standard, tetramethylsilane

tions oncloso1,2-GB3Hs, 1, at Erlangen.

(TMS). For 1B, ByHs served as a primary reference afd

This report chronicles the many computer intensive attempts (B,Hs) = 16.6%¢ was used for conversion to the experimental
at Erlangen to test alternative structures which might have gcale (i.e. relative to BFO(CH,CHa),).

(19) In discussions, it was justifiably pointed out that both major problems

(see above) were based upon empirical patterns without theoretical

basis (at that time).

(20) Dewar, M. J. S.; McKee, M. LInorg. Chem198Q 19, 2662. Gimarc,

B. M.; Ott, J. J.Inorg. Chem1986 25, 83. Ott, J. J.; Gimarc, B. M.
J. Comput. Chenil986 7, 673.

(21) Hermanek S.; Jelinek T.; Plesek J.; Stibr B.; Fusek J.; MarBsiéen
Chemistry Proceedings of the 6th International Meetjrigermanek,
S., Ed.; World Scientific: Singapore, 1987; pp-2E3.

(22) (a) Kutzelnigg, W.sr. J. Chem.198Q 19, 193. (b) Schindler, M.;
Kutzelnigg, W.J. Chem. Phys1982 76, 1919. (c) Schindler, MJ.
Am. Chem. Sod 987, 109, 1020.

(23) For IGLO applications to carbocations, see: (a) Bremer, M.; Schleyer,
P.v. R,; Scfitz, K.; Kausch, M.; Schindler, MAngew. Chem1987,

99, 795. (b) Schleyer, P. v. R.; Laidig, K.; Wiberg, K. B.; Saunders,
M.; Schindler, M.J. Am. Chem. Sod.988 110, 300. (c) Saunders,
M.; Laidig, K.; Wiberg, K. B.; Schleyer, P. v. Rl. Am. Chem. Soc.
1988 110, 7652. (d) Bremer, M.; Schp, K.; Schleyer, P. v. R.;
Fleischer, U.; Schindler, M.; Kutzelnigg, W.; Koch, W.; Pulay, P.
Angew. Chem1989 101, 1061. (e) Bremer, M.; Schleyer, P. v. R,;
Fleischer, UJ. Am. Chem. S0d.989 111, 1147. (f) Schleyer, P. v.
R.; Koch, W.; Liu, B.; Fleischer, UJ. Chem. Soc., Chem. Commun.
1989 1098. (g) Schleyer, P. v. R.; Carneiro, J. W. de M.; Koch,
W.; Raghavachari, K.;J. Am. Chem. Socl989 111, 5475. (h)
Carneiro, J. W. de M.; Schleyer, P. v. R.; Koch, W.; Raghavachari,
K. J. Am. Chem. S0499Q 112 4064. (i) Schleyer, P. v. R.; Carneiro,
J. W. de M.; Koch, W.; Forsyth, D. Al. Am. Chem. S0d.99], 113
3990.

(24) (a) Schleyer, P. v. R.;'Bily M.; Fleischer, U.; Koch, Winorg. Chem.
199Q 29, 153-155. (b) Bihl, M.; Schleyer, P. v. RJ. Am. Chem.
S0c.1992 114 477-491. (c) Bihl, M.; Schleyer, P. v. R. liElectron
Deficient Boron and Carbon Cluster©Olah, G. A., Wade, K,
Williams, R. E., Eds.: Wiley, New York, 1991; Chapter 4, p 113. (d)
Brain, P. T.; Hnyk, D.; Rankin, D. W. H.; B, M.; Schleyer, P. v.
R. Polyhedron1994 13, 1453-1466.

(25) Bthl, M.; Schleyer, P. v. RAngew. Chem., Int. Ed. Endl99Q 29,

886. See also refs 24b and 24c. The geometries were later confirmed

experimentally, see ref 24d.

(26) Bausch, J. W.; Prakash, G. K. S.; Williams, R. E. Presented at the

BUSA-II Meeting, Research Triangle, NC, June 1990.

(27) Bausch, J. W.; Prakash, G. K. S.; Williams, RIrg. Chem1992,
31,3763.

(28) Bausch, J. W.; Prakash, G. K. S./lBuM.; Schleyer, P. v. R,
Williams, R. E.Inorg. Chem.1992,31, 3060.

Calculations on closeC;B3Rs Compounds. We first in-
vestigated theclosaC,BsHs parent system: McKee's earlier
report that 1,2-eBsHs (1) is thermodynamically much less
stable than the 1,5-isomer (by 35.1 kcal mlis confirmed
here3” Although 1 is a minimum, the computedegatie 1B
IGLO chemical shift for B(2,3) disagrees drastically with the
experimental data reported for the dimethyl compound (all the
o0(MB)’s are quite positive, Table 1). However, the fit for 1,5-
C.B3Hs also is not entirely satisfactory with IGLO. We have
shown previously that electron correlation has an important
effect on the computedB chemical shifts in this small strained
carborané® GIAO-MP2 gives values 11 ppm to higher field
relative to the SCF value, and agrees with the meastifd
NMR chemical shift to within 1.4 ppm. For 1,2,B3Hs, the
GIAO-MP2 electron correlation effect is similar, also about6.7

(29) Gaussian 92/DFT, Revision F.2. Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Wong, M. W.; Foresman, J.
B.; Robb, M. A.; Head-Gordon, M.; Replogle, E. S.; Gomperts, R.;
Andres, J. L.; Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Martin,
R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; J. Stewart, J. P.; Pople, J.
A. Gaussian, Inc., Pittsburgh PA, 1993.

(30) Hehre, W. J.; Radom L.; Schleyer, P. v. R.; Pople JAA.initio
Molecular Orbital Theory Wiley: New York, 1986.

(31) (a) Kutzelnigg, Wilsr. J. Chem 198Q 19, 193-200. (b) Schindler,
M.; Kutzelnigg, W. J. Chem. Phys1982 76, 1919-1933. (c)
Review: Kutzelnigg, W.; Schindler, M.; Fleischer, U.NMMR, Basic
Principles and ProgressSpringer Verlag: Berlin, Heidelberg, Ger-
many, 1990; Vol. 23 p 165.

(32) Huzinaga, SAproximate Wae Functions University of Alberta:
Edmonton, Alberta, 1971.

(33) (a) Gauss, Lhem. Phys. Letll992 191, 614. (b) Gauss, JJ, Chem.
Phys.1993 99, 3629-3643.

(34) ACESII: Stanton, J. F.; Gauss, J.; Watts, J. D.; Lauderdale, W. J.;
Bartlett, R. J.Int. J. Quantum Chem. Symp992 26, 879.

(35) Schiger, A.; Horn. H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571~
2577.
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Table 1. Relative Energies and Chemical ShiftsaddsoDicarbapentaboranes

chemical shifts

13, 11Rpd
compound Erel® method < B
1,2-GB3Hs (1) 351 IGLO/DZ 64.5 (C1) 72.6 (C2) —14.2 (B3,4) 27.6 (B5)
IGLO/I 49.8 (C1) 63.7 (C2) —13.0(B3,4) 27.2 (B5)
GIAO—SCF/tzpdz 52.3(C1) 67.3(C2) —11.5(B3,4) 28.9 (B5)
GIAO—MP2/tzpdz 68.0 (C1) 52.1(C2) —21.9(B3,4) 22.2 (B5)
1,5-GBsHs (2) 0.0 IGLO/DZ 97.0 (C1,5) 12.3 (B24)
IGLO/NIY 90.9 (C1,5) 11.4 (B24)
GIAO—SCF/tzpdz 93.5(C1,5) 13.1 (B2)
GIAO—MP2/tzpdz  105.5(C1,5) 2.1 (B24)
experimertt 103.3 (C1,5) 3.5(B24)
1,3-Me-1,2-GBsHs (1a) 41.7 IGLO/DZ 65.4 (C1) 82.5(C2) —8.5(B3) —11.2 (B4) 25.3 (B5)
2,3-Me-1,2-GB3H; (1b) 40.5 IGLO/DZ 67.2 (C1) 89.6 (C2) —4.0(B3) —7.5(B4) 26.3 (B5)
“C,3-Me>-1,2-GB3H3" (1aor 1b) experimerit 24.4 (B3) 26.0 (B4) 53.1 (B5)
1,2-Me-1,5-GB3H3 (23) 6.9 IGLO/DZ 100.4 (C1) 89.4 (C5) 15.8 (B2) 13.3(B3,4)
GIAO-SCF/tzpdz ~ 104.7 (C1) 86.4 (C5) 17.3(B2) 15.7 (B3,4)
GIAO-MP2/tzpdz 120.8 (C1) 97.5 (C5) 7.5(B2) 5.2 (B3,4)
experimertt 8.3(B2) 6.3 (B3,4)
1,5-Me-1,5-GB3H3 (2b) 13.9 IGLO/DZ 103.1 (C1,5) 12.5 (B24)
GIAO-SCF/tzpdz 102.4 (C1,5) 13.1 (B2)
GIAO-MP2/tzpdz 117.8 (C1,5) 2.0 (B)
experimertt 2.5 (B2-4)
2,3-Me-1,5-G:B3Hs (20) 0.0 IGLO/DZ 96.7 (C1,5) 21.0 (B2,3) 17.3 (B4)
GIAO-SCF/tzpdz 88.9 (C1,5) 21.1(B2,3) 17.6 (B4)
GIAO-MP2/tzpdz ~ 100.6 (C1,5) 12.4 (B2,3) 8.9 (B4)
experimertt 13.1 (B2,3) 11.3 (B4)

a|n kcal mol?, at MP2(fc)/6-31G*+ 0.89 ZPER(HF/6-31G*)? MP2(fc)/6-31G* optimized geometries were used in the computatfans.
ppm relative to tetramethylsilane (TMS)In ppm relative to Bg-OE®. ¢ Reference 384d.Reference 19 This work: coupling constantsl/Hz):

2a, 182 (B3,4):2b, 186 (B2-4); 2¢, 180 (B4).

10.4 ppm (B5 and B3,4, respectively) togher field. This
increases the discrepancy &f'B(3,4)) and the experimental
shifts, which are at muclower field.

Consequently, we investigated the dimethyl compounds,
closoMe,C;B3H3, as closer models. Again, the 1,2-dicarba
isomers {a and1b) are much higher in energy than the 1,5-
isomers Ra—c). This is consistent with the empirical rule that

B, andC are small. Atthe MP2 level, only a single transition
structure resulted with a significantly higher barrier than at HF/
6-31G* (28.9 vs 11.8 kcal mol). (An optimization to a
minimum at MP2 starting wittB led to1.) Therefore, we also
applied DFT (density functional theory) computations using the
Becke3LYP combination of functionals. Both with the 6-31G*
and the 6-311+G** basis sets, stationary pointa (TS), B

the carbon atoms in the most stable carborane isomer tend toMIN), and C (TS) were located. The reaction paths leading

occupy low coordination, nonadjacent sites. Thiesand1b

from 1 to 2 resemble the HF situation but with even smaller

should isomerize into 1,5-isomers exothermically upon heating differences in energy (less than 0.5 kcal mplbetweemA, B,

(provided, of course, that the barrier is low enough). The
opposite was reported fda or 1b (evidently erroneously). The
computed chemical shifts show thia and 1b do not violate
the general rule: B3, which carries a terminal methyl group,
doesresonate at lower field than B4 (Table 1). Compared with
the parent, the effect of the methyl groups<is-10 ppm (B3
in 1b). While our present computational resources do not allow
GIAO-MP2/tzpdz computations ota or 1b, neither can be
responsible for the reported NMR data. Electron correlation
effects are expected to be about as large as for the ph(eat
less than 10 ppm, in therong direction).

As mentioned above;losol,2-GB3Rs compounds X and
la or 1b) are expected to isomerize thermally into their 1,5-
closo-isomers. We wondered whetfdrso1,2-GB3Hs could
survive the high energy conditions of Grimes’ experiments and

investigated the reaction path for the 1,2 to 1,5 rearrangement.

On the HF/6-31G* potential energy surface there is an inter-
mediate minimumB and two transition structure& and C
connecting it with1 and 2, respectively (see Figure 8).
However, the energetic and structural differences between

(38) (a) Schleyer, P. v. R.; Gauss, J:;HBuM.; Greatrex, R.; Fox, MJ.
Chem. Soc., Chem. Commur®93 1766. (b) Bll, M.; Gauss, J.;
Hofmann, M.; Schleyer, P. v. R. Am. Chem. So&993 115 12385
12390.

andC. The barrier for the isomerization dfto 2, about 20
kcal mol™?, is between the HF and MP2 value and likely to be
the most reliable estimation. The Becke3LYP relative energies
are effectively identical with 6-31G* and 6-33+5** indicating

a convergence with respect to the basis set size. The presence
of three stationary points in the same region of the potential
energy surface, minimurB, and two transition structure#\
andC at HF and Becke3LYP levels of theory may well be an
artifact, but this is not significant. Whatever these details may
be, A represents the effective transition state in the conversion
of 1into 2. Hence, the estimated barrier for the isomerization
of closol,2- (1) to closol,5-GBsHs (2) via an open ring
structure A or B) is low (20 kcal mol™1). This is a further
argument against the claimed isolationadéso-G3-Me,-1,2-
C,B3H3, under the conditions employed.

The relative energies of methyl placements should also be
considered. Boron sites are favored over carbon uniformely
by ca. 7 kcal moi! in Me>-1,5-GB3H3 (2a — 2¢, 6.9 kcal
mol~%; 2b — 2a, 7.0 kcal mot?, see Table 1). The same effect
can be expected in the M4,2-GB3H; isomers: the car-
bon methyl placements ida or 1b would be less stable
than isomers with two B-Me groups (the extent can be evalu-
ated by comparing the relative energies, éa-1 = 6.6 kcal
mol1).
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=43.9 keal mol™

E, = 16.9 keal mol ™! E,

rel

Hofmann et al.

E, = 33.6 keal mol” E,y = 17.6 keal mol’!

Tel

Figure 3. C;B3Hs minima with a bare boron atom. Computed chemical shifts (IGLO/DZ//IMP2(fc)/6-31G*) and energies (MP2(fc)/6-31G*) relative

to closo1,2-GBsHs (1).

Searching for Alternatives. What is the correct structure,

NMR data for “Laor 1b”. We next explored related structures

then? We first modeled two methyl groups by hydrogen atoms with a bare carbon atom instead of a bare boron. Again, several

and searched the,B3Hs potential energy hypersurface exten-
sively for low energy minima which would reproduce the

minima were found 15—19 in Figure 4), but none solved the
puzzle. The rule that carbon atoms prefer to occupy separated,

reported NMR data reasonably well. Berndt et al. have reported low coordination sites obviously is not only true for clesgs-

a compound promising in this conte®a GB3Hs derivative

tems, but also for the trapezoidal structugesl3 and15—19.

with a trapezoidal heavy atom framework and a bare boron atom  Finally, we abandoned the assumption that two methyl groups

(8a). Considering the different substituents, tAB chemical

Me,Si
4 B(Dur),
BT~

Me,Si \ / \ /

B——8B
/7 \
Dur Dur

8a

shifts of 8a, 23, 33, and 71 ppm, were not far from the 24.2,
26.0 and 53.1 ppm values reported fda‘or 1b”. Hence, we
optimized the isostructural parer® (n Figure 3). It is only
7.2 kcal mott higher in energy thanloso 1,2-GB3Hs, but the
results of the chemical shift computations were discouraging:
the signal at lowest field differs by more than 20 ppm (see
Figure 3) and rules ou8 as a viable possibility. Neither
computations with electron correlation (GIAO-MP2) nor adding
methyl substituent8 improved thes(*1B) agreement signifi-
cantly.

Next, we examined other trapezoidabB3Hs carboranes
having a CH group and a bare B atom, but with different
substitution patterns fron8. The optimized structures and
computed chemical shift®{13) are shown in Figure 3. We
also found a new closo minimurh4, with a bare B and a BHB
hydrogen bridge. But none of the€{14) reproduce Grimes’

(39) Hdner, A.; Ziegler, B.; Hunold, R.; Willershausen, P.; Massa, W.;
Berndt, A.Angew. Chem., Int. Ed. Endl991, 30, 594.

(40) IGLO(DZ)//HF/6-31G* gives 40.1 (B1), 38.9 (B3), and 73.5 (B4) for
the 2,4-Me derivative; 43.5 (B1), 40.2 (B3), and 77.0 (B4) for the
2,5-Me, derivative, and 51.5 (B1), 39.4 (B3), and 77.8 (B4) for the
5,5-Me derivative. The energies relative to thoselafare—9.3, 2.3,
and 6.6 kcal mol?, respectively. FoB, GIAO-MP2/tzpdz (GIAO-
SCF/tzpdz)//RMP2(fc)/6-31G* gives 89.2 (79.4) (B1), 35.3 (26.2)
(B3), and 46.9 (38.0) (B4).

were present and searched foyBgH; minima with only one
methyl substituent. Various starting geometries with partially
classical (2c2e bonds) and nonclassical (multicenter bonds)
structural moieties optimized to structur2s—25 in Figure 5.

All these are relatively high in energy compared wittdo-
2,3,4-GB3H7, 2041 Unexpectedly21 gives''B chemical shifts
quite close to the data forla or 1b”. Therefore,21 and its
methyl derivatives21a—c (Figure 6), were investigated further
at GIAO-MP2 (see Table 2). F@la—c only the smaller dzpdz
basis set could be used, but the results2drshow that this
level gives results not far from those with the better tzpdz basis
set. Electron correlation is more important #&€ (corrections

up to 15 ppm) than fofB (less than 5 ppm). Our “best”
alternatives tdlaandlb, 21aand21c are only 8 and 6.8 kcal
mol~1 higher in energy thara, but the computed’B NMR
data still differ by about 10 ppm, three times more than the
acceptable error range at this level. (Strucabis ruled out,
because the methyl substituted boron was assigned the 24.4 ppm
signal.) Since our extensive computational search failed to
locate an entirely satisfactory structural alternative ia tr

1b”, we hoped that repetition of the experiments with more
modern techniques would give additional information.

Attempted Repetition of the “closo-G3-Me,-1,2-C,B3H3"
Synthesis

“closeC,3-Mex-1,2-GB3Hg", “1a or 1b", was reported to
have been obtained from at least three different procedures: the
electric-discharge-induced reaction ofHg with HC=CH,2
as well as the flash reactions of#®,¢ both with MeG=CH,

(41) Experimental chemical shifts efido-2,3,4-GB3sH; are —55.2 (B1)
and 0.1 (B5,6) (Fox, M. A.; Greatrex, R.; Nikrahi, 8. Chem. Soc.,
Chem. Communl996 175). For the 2-methyl derivative, values of
—52.6 (B1) and-0.1 (B5,6) have been reported (Fox, M. A.; Greatrex,
R. J. Chem. Soc., Chem. Commua®95 667). See also ref 24b.
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E,y = 16.9 keal mol! E, = 17.9 keal mol!

Figure 4. C;B3Hs minima with a bare carbon atom. Computed chemical shifts (IGLO/DZ//MP2(fc)/6-31G*) and energies (MP2(fc)/6-31G*) relative
to closo1,2-GBsHs (1).

1

23, ¢,

E, = 50.7 keal mol™ E,q = 43.1 keal mol™ E,t = 28.4 kcal mol "

Figure 5. Some GB3sH; minima. Computed chemical shifts (IGLO/DZ//MP2(fc)/6-31G*) and energies (MP2(fc)/6-31G*) relatinilte?,3,4-
C3B3H- (20).

and with MeG=CMe34 Separations of mixtures were carried synthesized by a literature metht®dand 6 mmol of alkyne
out by GLC. Because of the difficulty of reproducing the (MeC=CH (Cambrian Gases), Me&€CMe (Lancaster Synthe-
conditions of such electric discharge reactions precisely, it was sis)) were condensed atl96°C into a 650 mL round-bottomed
decided at Leeds to attempt to synthesize the desired compoundlask and then warmed quickly by means of a heated oil bath.
by repetition of the flash reactions only. As an additional check, As the temperature approached 10D the gaseous mixture
the thermal flash reaction of ;Blg with HC=CH also was became cloudy and then suddenly flashed, giving tan solids
studied. However, we used a different separation technique thanwhich covered the walls of the reactor. The flask was then
Grimes. cooled to—196 °C and hydrogen removed by pumping. A

Standard high-vacuum systems fitted with greaseless O-ring
taps and spherical joints (J. Young (Scientific Glassware) Ltd.) (42) Toft, M. A.; Leach, J. B; Himpsl, F. L; Shore, S. Gorg. Chem,
were used throughout. Typically 6 mmol of tetraborane(10), 1982 21, 1952.
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21a, C, 21b, C; 21c, C;

Eqy = 8.0 keal mol”! Eyq = 6.5 keal mol” E, = 6.8 keal mol’!

Figure 6. C4BsHg minima considered here. Energies (MP2(fc)/6-31G*) are relative to 1,3)¢&tbso1,2-GB3Hs (1b) (for computed chemical
shifts see Table 2).

2a, C, 2b, C,, 2¢, Gy,

Figure 7. m/z= 90 compounds, 1,22@), 1,5- 2b) and 2,3-Me-closo1,5-GB3Hs (20), isolated from the attempted repetition of theddsoC,3-
Me;-1,2-GB3H3" synthesis.

representative sample of the volatiles was then transferredMeC=CMe reactions, the major component veas11%. The

to a resealable Young's NMR tube together with CR)G@ind major components of these two reactions gave identical spectra
the remainder subjected to a cold-column fractionation. Spe- and could not be due tdla or 1b”. Indeed, the presence of a
cies leaving the column were sampled continuously a singlet of intensity two at 13.12 and a doublet of intensity one

glass capillary of length 200 mm and internal diameter 0.1 at 11.26 ppmJgn = 183 Hz) identified our major components
mm (Jencons Scientific Ltd.) and monitored by means of a to be 2,3-Me-1,5-GB3H3, 2¢ (Figure 7)7 This derivative was
Kratos MS30 mass spectrometer fitted with an MSS data tentatively identified as a “trace product” by Grimes and co-
system. Volatile carborane fractions with mass cut-off at workers in their reaction mixturé.In contrast, 1aor 1b” was
m/z90 were accumulated from several runs of each of the threethe majorm/z 90 component but the reported yields (12 and
reactions and transferred to resealable Young's NMR tubes; 8%, respectively, for the Me€CH and MeG=CMe reactions)

1B and '*H NMR spectra were recorded in CDCat 25 °C were similar to those found fd2c here. Therefore, we raise
on a Bruker AM-400 instrument and the data are given in the possibility that 1a or 1b” and 2c may be the same com-
Table 1. pound, although this does not explain tHB data reported in

The 128 MHz !B NMR spectra of them/z 90 fractions the early work. However, the 60 MHH NMR spectrum re-
contained no peaks with the chemical shifts of 53.1, 26.0, and ported by Grimes et al. forlaor 1b” does show some similarity
24.4 ppm (converted to boron trifluoride etherate as reference)to the 400 MHz spectrum dlc recorded here. Thus, the re-
reported previously forlaor 1b”. Minor peaks were present  ported shifts for the protons attached to carbonlia 6r 1b”,
in the 20-60 ppm range, but none appeared as a doublet in the4.50 and 0.30 pprf compare with our values fdzc of 4.86
undecoupled spectrum and therefore did not arise from boron (intensity= 2, cage CH) and 0.40 (6, GHppm relative to tet-
atoms bonded to hydrogen. These minor peaks are likely to beramethylsilané? The spectrum o2c has a peak of unit intensity
due to boron alkyls or other organoboron impurities. Consider- at 4.14 ppm from a proton attached to boron, but the resonance
ing all the products from the Bl;¢/MeC=CH reaction by at 1.9 ppm reported forla or 1b” is not present. Isomers
comparing the spectra of the representative samples, the major
component in then/z90 fractions was estimated to constitute (43) g0 MHzH, neat liquid at 298 K.
ca 7% of the total volatile carborane fraction. For theHgy/ (44) 400 MHzH, in CDCl at 298 K.
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A, C

a) By = 57.2(TS)
b) -

¢) Eret = 57.6 (TS)
d) By = 56.6 (TS)

C, C,
2) Epg) = 56.6 (TS)
b)-

¢) Bre = 58.0 (TS)
d) By = 56.5 (TS)

1, C,

a) Egyy = 45.4 (MIN)
b) By = 39.2 (MIN)
¢) Ereg = 36.6 (MIN)
d) Erel = 36.4 (MIN)

a) By = 54.4 (MIN)
b) By = 68.1 (TS)

¢) Ere1 = 57.5 (MIN)
d) Eoy = 56.3 (MIN)

2, D3h
Barrier
a) HF/6-31G* 1.8 a) Eggy = 0 (MIN)
b) MP2(fc)/6-31G* 28.9 b) Ere; = 0 (MIN)
¢) Becke3LYP/6-31G* 21.0 ¢) Eyy =0 (MIN)
d) Becke3LYP/6-3114G**  20.2 d) By = 0 (MIN)

Figure 8. Reaction path leading fromloso1,2-GB3Hs (1) to closa1,5-GB3Hs (2) and intermediate stationary poimrds B, andC at various
levels of theory.

Table 2. Relative Energies and Chemical Shifts2ff and itsB-Methyl Derivatives
chemical shifts

ISCb l1gc
compound Erel method c2 C3 C6 B1 B4 B5
CsBsH7 (21) IGLO/DZ 30.6 83.8 73.5 18.0 58.4 15.9
GIAO-SCF/dzpdz 24.2 74.7 68.3 21.8 57.0 17.9
GIAO-MP2/dzpdz 34.7 87.0 82.8 21.0 52.3 15.3
GIAO-SCF/tzpdz 25.0 78.0 69.3 24.2 60.3 18.5
GIAO-MP2/tzpdz 36.0 92.5 85.8 23.3 55.8 15.7
1-Me-GB3Hs (213) 8.0 IGLO/DZ 33.0 87.5 72.2 27.1 58.3 13.0
GIAO-SCF/dzpdz 27.5 79.3 66.7 30.6 57.1 15.5
GIAO-MP2/dzpdz 38.2 92.1 80.5 30.9 52.3 13.3
4-Me-GB3Hg (21b) 6.5 IGLO/DZ 25.3 75.5 66.6 14.6 62.6 15.6
GIAO-SCF/dzpdz 19.0 67.9 62.1 19.2 62.0 18.2
GIAO-MP2/dzpdz 27.4 79.3 75.1 18.8 59.1 15.6
5-Me-GB3Hg (210 6.8 IGLO/DZ 27.3 82.2 65.1 13.6 58.0 23.7
GIAO-SCF/dzpdz 26.7 72.6 65.9 17.1 57.2 26.5
GIAO-MP2/dzpdz 37.7 83.6 80.3 16.8 52.6 24.9
experimerft 26.0 53.1 24.4
(BH) (BH) (BMe)

a|n kcal mol?, at MP2(fc)/6-31G*+ 0.89 ZPE(HF/6-31G*) relative toloso1,3-Mex-1,2-GBsHs (14). ° In ppm relative to tetramethylsilane
(TMS). ¢In ppm relative to BE-OE®. ¢ MP2(fc)/6-31G* optimized geometries were used in the computatfoReference 1.

2aand2b were also identified as minor components in thi ruled out. Not only are the energies b or 1b much higher
90 fractions from each of the two reactions (see Table 1). than those of other /B3Hg isomers, but thed(*1B) chemical
Grimes believed he had observed a dimettigsc1,2- shifts reported forla or 1b are far from the values computed

C.BsHs derivative, “laor 1b”, and was surprised by its thermal by IGLO and GIAO-MP2 methods. Furthermorga or 1b
stability. If the product wagc instead, this behavior is easily should rearrange readily into more stable ;Me5-GB3H3
understood. The 1,54B3Hs carborane arrangement is the most derivatives.

stable as is the placement of both methyl groups on boron atoms  aAjthough a number of interesting structures were located in
(see above and Table 1). Hen2e, is not expected to rearrange  an extensive search for alternatives, none of these fit the early

even at high temperatures. experimental NMR data either. These data remain unexplained.
Conclusions Attempted repetition of some of the original preparations, using
thermal (“flash”) routes (but not the electric discharge proce-

ThecloseC,3-Mex-1,2-GB3H3 structureslaor 1b, assigned dure), did give, as reportedy/z 90 compounds in low yield.
to a compound withim/z= 90 by Grimes and co-workers, are However, the major component of this fraction was positively
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identified as 2,3-Mg1,5-GB3Hs (2¢), rather than 1aor 1b”. recognized pattern, that exo-terminal proton shieldings normally
As noted in the Introduction, this compound was also present parallel the shieldings of the boron nuclei to which they are
in the mixture of carboranes from the thermal reaction g8 bound, also is followed.
with HC=CH; Grimes also had claimed that this mixture
containectloseC,3-Me-1,2-GB3Hs. However, as noted above, Acknowledgment. We thank Professor R. N. Grimes for
the separation techniques employed were not the same. extensive discussions and exchanges of information. He agrees
When added to the recent revelation by the Leeds dfoup that the theoretical findings reported herein are persuasive, but
that the putativelosoCsBsH7,%6 whose structure also had been  insists that the identity of the compound isolated in 1965 remains
challenged?” was actuallyclosoe2,3-GBsHy, 5, (Figure 2) the a mystery, as no alternative structure, or combination of struc-
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restored to their simple and uniform patterns. Thus, the demiseacquired at the U.S. National Bureau of Standards Laboratories
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