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Molecular Mechanics Calculations of 10-Vertex Boron Cage Compounds

Kyrill Yu. Suponitsky *

Institute of Organoelement Compounds, Russian Academy of Sciences, Vavilov Street 28,
Moscow 117813, Russia

Tatjana V. Timofeeva*

Department of Physical Sciences, New Mexico Highlands University, Las Vegas, New Mexico 87701

Norman L. Allinger*

Computational Center for Molecular Structure and Design, Department of Chemistry,
University of Georgia, Athens, Georgia 30602-2556

Receied September 29, 1999

The model proposed earlier for molecular mechanics calculations of 7- and 12-vertex boranes, carboranes, and
metallocarboranes has been extended to the case of 10-vertex borane cage compounds. To use the MM3 program
with the standard connectivity file, and to avoid program alterations, the 10-vertex cages of the molecules were
presented as a superposition of four formally independent fragments. Interactions between the fragments were
described with a Hill-like potential, with the parameters adjusted for valence interactions. Standard values for the
bond lengths and bond angles in the 10-vertex boron cage have been found by statistical analysis of X-ray data
on borane cage compounds stored in the Cambridge Structural Database. Several substituted neutral molecules
and anions have been considered, and good agreement of the calculated and experimental data has been obtained.
Using the approach developed, the unknown structure of ph@,dH160(CHy)4O(CH,),CH(CHz)2]3~ ion has

been calculated.

Introduction of inorganic compounds with unusual molecular structures and
a wide range of properties. It is interesting to note that such
properties as the essential stability and benzene-like reactivity
of these molecules are associated with their three-dimensional
structures. The salts formed by the negatively charged borane
cage ions or carborane cage ions are easily dissolved in many
‘electron-donating solvents, and appear to be strong electrolytes.
"YosoDicarbaboranes are prone to polymer formation.

These properties define potential applications of polyhedral
borane compounds, and have been thoroughly discussed, for
S'|?1stance, by Plek* Here we will mention the most interesting

- X _ I and significant ones, for which MM investigation might be
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In our previous publicatiosve have proposed an approach
to the calculation of the structures of polyhedral borane
compounds by the molecular mechanics (MM) methddhe
MM3 progrand has been utilized in these investigations.
Boranes, carboranes, and metallocarboranes with 7- and 12
vertex cages have been previously considered, and it has bee
shown that MM can be successfully used for the investigation
and prediction of their structures. Those projects were carried
out because the polyhedral borane compounds are an entire cla
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employment of computational methods for the investigation of Scheme 1
these compounds may save time and expense.

Ab initio and semiempirical quantum chemical studies on
boranes and carboranes have been reported many times. Such
methods were successfully applied to the explanation and under-
standing of chemical bonding, and to the stability of polyhedral
borane compounds, by Hoffmann and Lipscéf{vO-LCAO
calculations by the extended ekel method), by King and
Rouvray! (combination of graph theory and the tkel
method), by Aihar¥ (resonance energies), by Stéh@ensor
surface harmonic theory), by Jemmis and Schi¥y(six inter-
stitial electron rule), by Ott and Gimadfc(rule of topological
charge stabilization), by Bader and Ledéi¢opology of charge
density), and by Schleyer et dl(nucleus independent chemical
shifts). Other ab initio calculations have also been reported

iga:?;/ﬁ;g?nzgﬁt@geometrles, relative stabilities, and skeletal tial usually used for the description of nonbonded interactions,
However, usage of high-level quantum chemical calculations ;nggs\(’)vﬁzbslgo_\l'_vhneth?; sous(;h d1dersocaiglﬁgsotfh?zigﬁlilecT;?j\t/):r?tgse
for the investigation of molecular geometries of substituted in that it aIIoWs ong tc? carr gSt conformational calculations ’
borane and carborane cage compounds with large SUbStituentS\}vithin the standard MM3 r)c/> rafn
polymer chains, and/or molecular associations is still extremely prog j

time-consuming. For such purposes it might usually be better intgrt;];:or??\)/\;ﬁzgh;znjgr(ntwlgitldﬁgggf ?n t%fe '&tg?g::g:gcﬁig
to use either MM methods or a combination of MM and ab y

initio methods. high coordination numbers have also been proposed. It is

Previously MM calculations were successfully used not only E\?:rsajlkéltieo,nfggir:nsaﬁjnucrﬁﬁtoat%en?(t:(r)ltr): ri;;ﬁ'gﬂ;da (sMr;lhzetrical
for the investigation of ordinary organic molecules but also for 9 y P Y

the modeling of the structures of such complicated molecules ligand as cyclopentadienyl or phgnyl, thereby. rgducmg the
20 1 number of valence bonds and avoiding the description of a large
as m-complexes of metal®,?° metalloclasterd! and organo-
. . number of X-M—Y bond angles (where X and Y are atoms of
metallic host-gest compound® As mentioned above, the

i 19,20 i i
extension of molecular mechanics calculations to the boranel'geizﬂz)é din ltgrrigoé?%oir;%%?fh’eMlc_)t;rr]\i%thlons were
and carborane cage compounds has previously been successfuﬁj. ype p :
- In the present work we have continued modeling borane cage
The problem of the description of a cage was solved by

) o compounds in the same way as in our previous investigations.
presenting a borane or carborane cage as a superposition of thre‘lehis%pproach has been extgnded to thg calculation of :I?O-vertex

(in the case of 7-vertex compounds) or four (in the case of 12- borane cage anions and molecules with the MM3(96) program
vertex compounds) formally independent fragments. Interactions The structures of the nonsubstitutegyBy? anion and several

(9) () Hawthorne, M. FPure Appl. Chem1991 63, 327-334. (b) substituted anions and molecules, investigated earlier by X-ray

between those fragments were described by the Hill-like poten-

Hawthorne, M. FAngew. Chem., Int. Ed. Engl993 32, 950-984. analysis, have been calculated to test our model.

(c) Soloway, A. H.; Tjarks, W.; Barnum, B. A.; Rong, F.-G.; Barth,

R. F.; Codogni, I. M.; Wilson, J. GChem. Re. 1998 98, 1515~ Model and Parameter Set

1562. . It was showA that the description ofi-vertex borane cage
(10) ;fggrf'an”’ R.; Lipscomb, W. NJ. Chem. Phys1962 36, 2179~ molecules within the standard framework of the MM3 program
(11) King, R. B.; Rouvray, D. HJ. Am. Chem. Sod977, 99, 7834~ leads to a very complicated situation. To use the MM3 program

7840. without any alterations, the 10-vertex borane cage has to be
83; g;]egf‘dnif"AA.Tl'ng%?“éhzgq‘?fggallgg ggg_gggi’.“%h) Stone, A. 1. Presented as a superposition of four formally independent

Alderton, M. J.Inorg. Chem1982 21, 2297-2302. molecules” (two cap fragments and two ring fragments)
(14) (a) Jemmis, E. DJ. Am. Chem. Sod982 104, 7071-7020. (b) (Scheme 1; atomic numbers are given according to the standard

Jemmis, E. D.; Schleyer, P. v. R.Am. Chem. S04982 104, 4781~ IUPAC numberin@“).
(15) ‘gt?’si J.: Gimarc, B. MJ. Am. Chem. Sod.986 108 4303-4308. Such a representation allowed us to avoid a description of
(16) Bader, R. F. W.; Legare, D. ACan. J. Chem1992 70, 657—676. all intracage valence bonds and angles, and to use only two
(17) (a) Schleyer, P. v. R.; Najafian, Knorg. Chem.1998 37, 3454- types of boron atoms (cap boron and ring boron). -©amgy

3470. (b) Schleyer, P. v. R.; Subramanian, G.; Jiao, H.; Najafian, K.;
Hofmann M. InAdvances in Boron Chemistriebert, W., Ed.; The
Royal Society of Chemistry: Cambridge, England, 1997.

and ring-ring interactions were described by Hill-like potentials

(18) See for example: (a) Ott, J. J.; Gimarc, B.MComput. Chenl986 €p —-12.(R R®
7,673-692. (b) Buehl, M.; Schleyer, P. v. B. Am. Chem. So4992 E,= D 1.84x 10 exg—5—| — 2.25—
114, 477-491. (c) Mckee, M. LJ. Am. Chem. S02988 110, 4208 Rb Rb
4212; (d) Mckee, M. LJ. Phys. Chem1992 96, 1679-1683. (e)
Wales, D. J.; Stone, A. Jnorg. Chem.1987, 26, 3845-3850. (f) ; ; it ; i
Wales, D. JJ. Am. Chem. Sacl993 115 1557-1567. (g) Gimarc, whlereeb 'E Clgsg.t(: the bon&d'sst’ﬁc'?oln etn_era,,;,ls ?” 'tde_l‘?rl]
B. M.; Ott, J. J.J. Am. Chem. S0d.987, 109, 1388-1392. valance bond distance, angiis the dielectric constant. 1he

(19) (a) Timofeeva, T. V.; Lii, J.-H.; Allinger, N. LJ. Am. Chem. Soc. parametersy, andR, of that potential were adjusted to reproduce

1995 117, 7452-7459. (b) Slovokhotov, Yu. L.; Timofeeva, T. V., the standard valence bonds. The success of the usage of such a
Sruchkov, Yu. TZ. Strukt. Khim. (Engl. Trans1987, 28, 463—-471. 9

(c) Timofeeva, T. V. Slovokhotov, Yu. L. Sruchkov, Yu. Dok, potential for the description of valence bonds was shown for
Akad. Nauk SSSR, Ser. Khih@87 294, 1173-1176.
(20) Doman, T. N.; Landis, C. R.; Bosnich, B. Am. Chem. Sod.992 (23) (a) Menger, F. M.; Sherrod, M. J. Am. Chem. So@988 110 8606-
114, 7264-7272. 8611. (b) Thiem, H.-J.; Brandl, M.; Breslow, R. Am. Chem. Soc.
(21) Lauher, J. WJ. Am. Chem. S0d.986 108 1521-1531. 1988 110, 8612-8616.

(22) Schneider, A. M.; Behrens, Ehem. Mater1998 10, 679-681. (24) Adams, R. MPure Appl. Chem1972 30, 681—-710.
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150 5 We took into consideration all the compounds found, except
3 for several (refcodes are FUYMIV, KUMFED, TMCPDB,
] VUJINAPOL1) where the bond lengths of the same type were
100 a) far away from the normal interval. For all other compounds
(see refcodes in the caption to Figure 1) a wide range of bond
50 ] lengths was found. It was not possible to explain these effects
by the systematic influence of substituents. A similar situation
took place when we were analyzing histograms for 12-vertex
‘ e » carboraned¢ We suppose that such a discrepancy for the same
1.50 1.60 1.70 1.80 . . .
bond type might be caused by experimental errors in the bond
Distance, A length due to thermal motions of the borane cages. Nevertheless,
all of the histograms exhibit a nearly Gaussian distribution. This
150 fact allowed us to utilize the mean statistical values as the
: T standard for bond lengths to firlgl (ideal) values by adjusting
the calculated values to the mean statistical ones. Intraring angles
b) were found to be close to 90and this value was used as the
] ideal B-B—B bond angle.
50 The force constants were determined as follows. Our attempts
] to use published spectroscopic data to find force constants were
J unsuccessful. There are several publications devoted to the
70 180 190 500 determination of the force constants for the borane and carborane
cage compounds which have been reviewed by Lé#eEhe
correlations between force constants in the diverse parameter
150+ sets presented in that reviéfappear to differ significantly in
: an unpredictable way.
] Parameters for the intracage interactions such-a8 Bonds,
1009 o) B—B—B and B-B—B—B bond and torsion angles, and-8l,
B—B—H, B—-B—B—H, and H-B—B—H bonds and angles were
taken from our previous work Exopolyhedral B-B—B—X
501 torsion and B-B—X bond angles (here and in the following
text of this section, the letters X, Y, and Z stand for the atoms
of the substituents) were parametrized asB3-B—H and

Number of bonds

100 4

Number of bonds

Distance, A

Number of bonds

1.70 1.80 1.90 2.00 B—B—H angles correspondingly. For-BB—X—Y angles, free
Distance, A rotation about the BX bond was assumed.-BX—Y —Z torsion

Figure 1. Histograms of the distribution of the bond lengths in 10- and B_X__Y bond angles were parametrized as for the
vertex boranes for different bond types: (a) eaing, (b) ring-ring, corresponding €EX—Y —Z and C-X-Y angles. In the MM3

(c) intraring. The present distribution is obtained with the CSD program parameter sétthere are no force constants for-B bonds
package V.5.147 We took into consideration compounds with the \here the boron atom is a cage atom. Therefore, the force
following refcodes: BOVRAF, BUBCUW, DHBPCU, EAMBNO10, constants for B-N, B—P, and B-S exopolyhedral bonds which

FIMMOD, FUDHIV, FUDHIVO01, FUDHOB, FUDHOBO02, FUZBUX, . . . .
FUZVIF. HIFYEA. JAFGEC. KADMEH KUMFIH, KUMFON, appeared in the compounds under consideration were determined

POCHOE, RACHIM, RACQAN, RAFYEC, RUHBOR, SORGEL, by ab initio calculations of the bond stretch energies USing the
SORGIP, TEWTEU, TIZDUB, TOCLOM, TOCLUS, TOSYoP, GAUSSIAN94 prograni’ All calculations were carried out at
VUKPEW, VUKPIA, WAKXIP, YAPXIW, YAPXIW10, YEDHUK, the RHF/6-31G** level. As model CompOUHde;l'BjNOzZi

YEWSEY, YEYKOC, ZELZAR, ZELZEV, ZOXZUH. BsHsPHs1 ™, and BHsSH,!~ anions were utilized. For all these

o anions we have determined first the standard bond lengths by
the 7- and 12-vertex moleculésVe assume that it will be  the geometry optimization, and after that, the interval of

adequate for the description of the 10-vertex molecules and ionsgistances ot gang— 0.2 t0Lsiang+ 0.2 A was scanned with a

as well. _ step of 0.1 A. At each step, optimization of the geometry was
To find ideal values for the intracage bond lengths and bond carried out. The force constant needed in the MM3 bond stretch
angles, a statistical analysis of the structures of the 10-vertexenergy equatidrto reproduce the energies was then determined
boranes which were found.in the Cambridge Structural Databaseby the |ea3t_squares procedure, SO as to reproduce the distance/
(CSD) V.5.14% was carried out. It should be noted that energy dependence obtained by ab initio calculation. This
parametrization in the MM3 program is mostly based on procedure was expected to give the force constants to within a
experimental data taken from the investigation of molecules in few percent of their actual values. The TMS procedure will
the gas phase. Strictly speaking, there is a difference in thegjye stretching constants systematically high by15%. The
treatment of the equilibrium bond lengths derived from different
computational and experimental methdgéisHowever, this  (26) (a) Leites, L. AChem. Re. 1992 92, 279-323. (b) Table 16 in ref
difference is usually very small (approximately 0.00%)Aand 26a.
we will ignore this fact in the following text. During the analysis

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A; Cheeseman, J. R.; Keith, T.; Petersson, G. A;;

i i 2— ! .
we took into account the symmetry of the isolateghHBio Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
ion. There are three types of bonds in this cage: —cam, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
ring—ring, and intraring (see Scheme 1). Histograms of \’;‘Vaﬂ%gﬁ';ara Aw‘?gﬂﬁ‘;%mgevLM-?RZ%?gélg- s éyagérz-pz.r;tfhlsr'h
bond length distributions for each type are shown in Figure 1. Martin, R. L.: Fox D. J.: B'inklley',' J. S.: Defrees. D. J.: Baker, J.-

Stewart, J. P.; Head-Gordon, M.; Gonzales, C.; Pople, Gaissian
(25) Allen, F. N.; Kennard, OChem. Des. Auto. Newi993 8, 31-37. 94, Revizion E.2; Gaussian Inc.: Pittsburgh, PA, 1995.
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Table 1. Stretching Parameters of the Ring and Cap Grolp$A) Table 5. Mean X-ray Bond Lengths for 10-Vertex Borane Anion
andKs (mdynA-1)a B1oH1>~ Found in CSD Lx,?®> MM3-Calculated,Lymz, and ab
iti _ 8
bond Lo Ke bond Lo Ke I@;n_gTGE?L%U(lAa)ted'Lq(l) (RHF/STO-3G¥2 and Lqe) (MP2(fc)/
B(26)-B(26) 1.836 3.0 B(@2AH() 1.185 3.85
B(26)—H(5) 1.185 3.85 B(27N(46) 1.480 2.99 bond type Lx L Lo Lo
B(26)—P(25) 1.895 249 B(2AN(45) 1.473 299 cap-ring 1.690 1.690 1.673 1.702
B(26)-N(110) 1493 299 B(2AS(16) 1.770 1.37 ring—ring 1.809 1.809 1.795 1.814
B(26)-O(41)  1.480 540 B(2AHB(27) 1707 3.0 intraring 1.838 1.838 1.826 1.832

2In Tables -4, numbers in parentheses correspond to the atom ] ]
types for the MM3 connectivity file. Type 26 is used for a ring boron of the B—H bond is also almost equal to zero. As we will see
atom, and type 27 is used for a cap boron atom. For other atoms, below, only in a few cases is it necessary to involve the
appropriate types from the MM3 program for the particular group were g|actrostatic term.
used.
Calculations

All molecular mechanics calculations were performed with the
MM3(96) programt It should also be noted that parameters for the

Table 2. Parameters of the RirgRing, Ring-Cap (Valence
Bonds), and CapCap InteractionsR, (A) and e, (kcatmol2)

bond or nonbonded interaction Ry €p nonbonded potential for boretboron interactions in the MM3 program
B(26)—B(26) 1.803 35.0 are dependent on the distance between two atoms. For distances longer
B(27)—B(26) 1.678 20.0 than 1.Rqw, normal nonbonded parameters are used, and for shorter
B(27)--B(27) 2.35 0.01 distances (close to valence contacts), parameters developed in the
) previous section are utilized. Therefore, one should carefully choose
Table 3. Bond Angle Bending and Out-of-Plane Parametéss(A) the initial geometry.
andK, (mdynA-1) _ _
angle % Ko angle % Ko Resu'lts and Discussion . .
B(26)-B(26)-B(26) _ 900 0.3 B(26)0(41)-B(26) 1150 095 Using the above-qlescrlbed apriroach, we have_carrled out
H(5)-B(26)-B(26)  130.0 0.3 B(26}0(41>-C(1) 118.0 1.0 calculations for the isolated 6H1¢°~ (I) anion to adjust our
O(7)-N(46)-B(27) 1159 1.0 B(26Y0(41)-H(73) 116.0 0.85 results to the mean geometry characteristics found from the
B(27)-N(46)-B(27) 125.0 1.0 B(2#H(5)—-B(27) 110.0 0.2 CSD. As has been underlined above, the isolated anion has
289);’;‘1(2252%7) 132:8 8:; gggggggfo(u) 130.0 0%3 threg types of bonds. For the unsubstituted ardiome have
P(25)-B(26)-B(26) 130.0 0.3 B(26}H(5) 0.0 obtained the same bond lengths and angles as the mean values
g((%i);lzz(g?_)élzz(gg)) 352.2 g.;l? BN((;;)_IIBD((ZZQ) %).% found from the CSD. It was also interesting to compare these
’ 6 0. . . . . o
B(26)_B(26)_N(110) 1300 03 B(26IN(110) 00 results with the results obtained by_ gb initio ca_lculat?éh_és_
B(26)-N(110)-H(23) 116.7 0.70 N(116)B(26) 0.0 (Table 5). It can be seen that ab_ initio (_:alculatlons exhibit the
B(26)-N(110)-C(2) 124.0 0.45 B(26)0O(41) 0.0 same trend in the bond length distribution.

For the evaluation of our approach, the structures of several
substituted molecules and anions, which were previously
investigated by the X-ray method, have been calculated, and

Table 4. Torsion Parameters (keadol™?)

torsion angle

<
NS
s

B(26)—B(26)—B(26)—B(26) 0.0 3.0 0.0 their geometric characteristics have been compared. We have
H(5)—B(26)—B(26)—H(5) 0.0 3.0 0.0 calculated the structures of several anions with small substituents
EE%:E%?Z‘SE(‘%?_)_B?Z%G) 8:8 8:8 8:9183 to compare both their relative orientations and their intracage
B(26)-B(26)-P(25)-C(1) 00 00 00 bond lengths. For other compounds, only relative orientations
B(26)—B(26)—P(25)-C(50) 0.0 0.0 0.0 have been considered. It should be noted, however, that our
B(26)—B(26)—B(26)—P(25) 0.0 0.0 0.0 approach does not take into account all of the details of the
Eggﬁgﬁ%}%ﬁgg}%ﬁgg) 8'8 (3)'8 8'2 influence of the substituents on the intracage bond length
B(26)—P(25)-C(1)~H(5) 0.0 0.0 0.41 distribution. Therefore, we were comparing only average values
B(26)—B(26)—N(110)-H(23) 0.0 0.0 0.0 for each bond type, assuming that all the molecules and ions in
B(26)—B(26)—N(110)-H(2) 0.0 0.0 0.0 question have the same symmetry as the isolatgd;6~ anion.
E%Q_B%%Q_EB%%Q_I\II\&%?) 8:8 2:8 8:8 The calculation of 1-nitrononahydesodecaborate(2)
B(26)—N(110)-C(2)—O(6) 0.669 5.336 0.177 (II') (Figure 2) showed that the mean values of bond lengths of
B(26)—N(110)-C(2)—C(2) 0.82 6.0 0.0 the ring-ring and intraring types.¢—, = 1.809 A,L,,—, = 1.838
Efgzs;f;é%g%fg&fs(?z%) 8-8 3-8 8-8 A), as well as the orientation of the N@roup about the BN
B(26)—B(26)-0(41)-C(1) 00 00 00 bond (the projection of this group lies on the line connecting
B(26)—B(26)—B(26)—0(41) 0.0 0.0 0.0 the centers of the B(2)B(5) and B(3)-B(4) bonds, and the
B(26)—B(26)-0O(41)-H(73) 0.0 0.0 0.0 torsion angle B(2}B(1)—N(1)—0(1) is equal to 45., are in
Egggiggﬂ)):ggg:ﬁ% 8:8 8:8 8:255: good agreement with experiméh(L,—, = 1.803 A, L, =

1.831 A,(,!)B(Z)—B(]_)_N(]_)_o(l) = 45.3). However, experimental
parameter set developed in the present work is listed in B(1)=B(n) (n =2, 3, 4, 5) bond lengths appear to be shorter
Tables 1-4. Some other parameters in those tables will be then calculated ones; the mean valueslargy = 1.670 A and
discussed in the following section. Luvs = 1.692 A. The same effect was observed for benzene

We did not include electrostatic terms (bond dipoles) in the Substituted molecules W|t}1z(;acceptor substituents, and in
description of the borane cage. The reasons for that are agParticular with the N@group:* It was shown that the influence
follows. Our previous investigatioAshowed that the molecular of r-acceptor substitution leads to the decrease of the nearest
structures can be adequately described by nonbonded interactior
and without explicitly taking into account electrostatics. The (28) Takgno' K.; lzuho, M.; Hosoya, H. Phys. Chem1992 96, 6962~
other reason comes from the quantum chemical investigations g Nachtigal, C.; Preetz, WZ. Anorg. Allg. Chem1996 622, 2057—
of borane anions and carboraffagat showed that the polarity 2060.
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BHG)

11 I Iv

Figure 2. General view of one-cage compounidis-VI.

_ . i ; Table 6. Comparison of Calculated and X-f&yGeometry
C—C bond lengths. Using the analogy between two-dimensional Characteristics for Anion IV (Distances, A: Angles, deg)

and three-dimensional aromatic systems, we assume that the

decrease of the nearest-B bond lengths is caused by the geometry X-ray
influence of the N@ group. As was mentioned above, the characteristic MM3  anioiva  anionlVb
present approach does not take into account such effects. At cap-ring type 1.692 1.708 1.726
the same time the mean experimental value of the B{BQ) intraring type 1.837 1.862 1.871
(n =6, 7, 8, 9) bond lengths that are not directly influenced  ring—ring type 1.810 1.828 1.809
by the NQ group is very close to the calculated distance C(1)-S(1)-C(2) 98.2 99.4 103.4
B(1)—-S(1)-C(1) 107.4 105.5 104.7
(Lxray = 1.687 A, Lumz = 1.690 A). B(1)-S(1)-C(2) 107.5 106.2 104.3
The same situation occurred when we compared the experi- B(3)—B(1)—S(1>-C(1) 35.3 34.9 100.7
menta$! and calculated bond lengths for 1-azononahydese B(3)-B(1)-S(1)-C(2)  —69.5 —70.0 —7.6

decaborate(t) (Ill ) (Figure 2), where the influence of the azo Calculated and experimentalgeometric characteristics for
gg%%pléiaﬁgz the Ee;:rg?(sserthhe E{Hixg)g(()n )6 2_|1h?;’ :111’e5a)n the 1-(dimethyl sulfide)nonahydrdescdecaborate(t) (IV)
9IS Locray = - P MMS T S : (Figure 2) are compared in Table 6. The unit cell of the crystal

value of the B(10y-B(n) (n = 6, 7, 8, 9) bonds appears to be . . . .
. _ contains two symmetrically independent aniohé(andIVb).
almost the same as that from experimelnt. &, = 1.687 A, For anion IVa, we obtained a good reproduction of the

Lwms = 1.690 A). The mean experimental and calculated values _ . .
gl ; I _ orientation of the SMg group relative to the borane cage.
zf rll_ng rggltg%ngd g\?hggﬁea\/rsr'ntgg%%:gesrgx eﬁ%_er}t.glo\?alue However, the orientation of this group in anidévb of the
' TMM3 : ’ ge exp crystal differs from its orientation ifVa, and from the cal-

iﬁ;;ﬂe\/;ﬂlag22\/231?02%:525;@2' ?n;esligngﬁ:j iﬂi?eggzculated results. We suppose that the orientation of the substituent
ysIs, SMe; in this case is influenced by the cation Pb(ZBPy),?".

Iloggsrggan the average MMS3 valuex(ray = 1.853 A, Luwz = Contacts between the S atom Ib and several atoms of

' ' Pb(2,2-BiPy),2" (Figure 3) are close to the sum of the
crystallographic van der Waals radii of these atomic pairs (see
the caption to Figure 3).

(30) Domenicano, A. InAccurate Molecular Structures: Their Deter-
mination and ImportangeDomenicano, A., Hargittai, |., Eds.; Oxford
University Press: Oxford, New York, 1992.

(31) Ng, L.-L.; Ng, B. K.; Shelly, K.; Knobler, C. B.; Hawthorne, M. F. (32) Orlova, A. M.; Sivaev, I. B.; Lagun, V. L.; Katser, S. B.; Solntsev,
Inorg. Chem.1991, 30, 4278-4280. K. A.; Kuznetsov, N. T.Koord. Khim.1993 19, 116-121.
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IVa (X+1,Y, Z+1)

IVb (X-1,Y, Z-1) O
Figure 3. Fragment with crystal packing of Pb(2BiPy),(1-B1oHoS-

(CHgs),)2. Only the necessary atomic numbers are given. Interatomic -
contacts in question are shown with dashed lines. Selected interatomicthe B(7)-B(8) and B(6)-B(9) bonds, respectively) was taken

distances are S(HC(20) = 3.754 A, S(1}C(2d) = 3.526 A,
S(2-C(1) = 3.756 A, S(2)-C(2) = 3.444 A, S(2)-C(3)=3.511 A,
S(2)-N(1) = 3.513 A, S(1)—C(2b) = 3.754 A.

This restricts the rotation of the substituent and leads to the
discrepancy between calculated and experimental data. On th

Inorganic Chemistry, Vol. 39, No. 15, 20083145

kcal/mol
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Figure 4. Ab initio and MM3 torsion curves for EN=C—O angle

in anionV.

Table 7. Comparison of Calculated and X-f&yGeometry
Characteristics for Anion V (Distances, A; Angles, deg)

geometry MM3 ab initio

characteristic 0w =30 w=-145 RHF/6-31G** X-ray
B(2)—-N(1) 1.523 1.519 1.556 1.522
H(O)---B(1) 2.717 2.482 2.438
H(O)---B(2) 2.588 2.593 2.403 2.325
H(O)---B(3) 2.584 2.559 2.300 2.262
H(O)---B(6) 2.706
H(O)---H(1) 2.743 2.523 2.466
H(O)---H(3) 2.366 2.301 2.065 2.038
H(O)---H(6) 2.490
B(1)—N(1)—C(1) 129.1 129.1 126.6 125.6
B(3)—B(2)—N(1)-C(1) 30.0 —14.5 —14.5 —14.5
B(2)-N(1)-C(1-0(1) —0.4 -1.7 —-3.6 -6.0
N(1)-C(1)-O(1)-H(O) —0.6 -8.4 -0.7 0.5

the relative orientation of the NHC(OH)H; in the isolated
anionV. Only the symmetry-independent part with respect to
the plane B(2)-B(4)—X—-Y (X and Y are the center points of

into consideration. The minimum of the conformational energy
occurs at a torsion angle of 30Selected geometric character-
istics for this conformer are presented in Table 7.

The value of the B(3)B(2)—N(1)—C(1) angle for the experi-
mental structur® is equal to—14.5, and significantly differs

&rom the result of our calculation. In the experimental structure

other hand, there is no such restriction on the rotation of the the hydroxyl H(O) atom is located above the B£B(2)—B(3)

SMe, group inlVa, and its orientation is mostly defined by
intramolecular interactions. All of the experimental intracage
bond lengths except for the ringing type of thelVb anion

appear to be much longer than the calculated ones, and a wid

range of the bond length distribution of the same bond type
was found in the experiment.

The relative orientation of the NHC(OH)—CH=CH, sub-
stituent in 2-(acrylamido)nonahydidescdecaborate(t) (V)

(Figure 2) has been investigated. We have estimated parameter.

for the C-N—C—O0 torsion angle using ab initio calculations
at the RHF/6-31G** level, because they are missing in the MM3

parameter sétThese parameters were used for the description

of the exopolyhedral BN—C—O torsion angle as discussed
in the previous section. The cation€-NTH=C(OH)—CH=
CH; was utilized as a model compound. Rotation about the
N=C bond was carried out with a step size of"1%orsion

triangle face, and some close-HB and H:-H contacts are
observed. The location of the same hydrogen in the calculated

., structure is above the other B{3(2)—B(6) face, and all of
&he H--B and H--H contacts are longer than those in the

experimental structure (Table 7). It is also interesting to consider
the calculated conformer with a BEBB(2)—N(1)—C(1) torsion
angle of —14.5. The energy difference between the two
calculated conformers is very small, 0.25 koabl~2. It can be
Seen from Table 7 (third column) that the H(O) atom appears
to be more twisted out of the plane in comparison with the
experimental data. To better understand this situation, an ab
initio calculation ofV at RHF/6-31G** was carried out. We
optimized the geometry from the X-ray structure as a starting
point, without symmetry constraints. However, the optimization
procedure led toCs symmetry (the symmetry plane was
described above). We have also carried out another calculation

parameters were determined by fitting the MM3 energy/angle fixing the torsion angle B(3}B(2)—N(1)—C(1) in accord with

curve to the ab initio one. Both curves are depicted in Figure
4, and the parameters are listed in Table 4.

Using the parameters developed, rotation of the substituent

about the B(2)-N(1) bond with a step size of $%rotation angle
o = B(3)—B(2)—N(1)—C(1)) was carried out to investigate

the experimental value 6f14.5. The difference in the energies
of these conformations was found to be small, 0.65-keal 2.

(33) Siriwardane, U.; Chu, S. S. C.; Hosmane, N. S.; Zhang, G.; Zhu, W.;
Zhu, H.Acta Crystallogr.1989 C45, 294-297.
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Table 8. Comparison of Calculated and X-B&yGeometry Characteristics for Molecule VI (Distances, A; Angles, deg)

geometry characteristic MM3 X-ray geometry characteristic MM3 X-ray
B(2)—P(1) 1.895 1.900 B(3)B(2)—P(1)-C(1) —140.9 —132.2
B(8)—P(2) 1.895 1.886 B(4)B(3)—B(2)—P(1) 146.1 150.5
B(2)—P(1)-C(3) 109.6 114.8 B(#B(8)—P(2)-C(11) —13.9 —16.7
B(8)—P(2)-C(11) 110.3 113.1 B(AB(8)—P(2)-C(9) —140.6 —139.4
B(3)-B(2)—P(1)-C(3) —14.9 —13.5 B(7)-B(8)—P(2)-C(10) 108.0 102.4
B(3)-B(2)—P(1)-C(2) 107.8 108.3 B(6)yB(7)—B(8)—P(2) 146.3 152.0
Table 9. Comparison of Calculated and X-P&yGeometry Characteristics for Anion VII (Distances, A; Angles, deg)
geometry characteristic MM3 X-ray geometry characteristic MM3 X-ray
H(9)---H(19) 2.697 2.467 B(16)N(1)—B(20) 125.9 125.7
H(6)---H(18) 2.722 2.420 B(16)N(1)—0O(1) 117.1 116.3
B(10)---B(20) 2.666 2.641 B(26)N(1)—0(1) 117.1 117.9
B(9)—B(10)-+-B(20)—B(19) 28.9 11.0
Selected geometric characteristics of the optimized aviavith Table 9. To describe the relative orientation of the two borane

a fixed torsion angle are listed in Table 7. It can be seen that cages, B(9)-B(10)---B(20)—B(19), a pseudotorsion angle was
good agreement between calculated and experimental valueshosen. It can be seen from Table 9 that calculated values
was found. The H(O) atom is located in the plane of the of both the pseudotorsion angle and the-H contacts are
substituent and above the B{iB(2)—B(3) triangle face. Such  larger than those from experiment. It should be noted that the
a location is most probably stabilized by both conjugation with standard F-H equilibrium nonbonded distance in the MM3
thesr-system of the R=C—C=C fragment as outlined in ref 33  program (3.24 A) is significantly larger than the standard
and electrostatic interactions of H(Qju(o) = +0.43) to the crystallographic non-bonded-HH contact (2.4 A) (for details,
closest atoms of the borane cagg{y = +0.01,0s2) = +0.07, see ref 2a). This fact leads to the increase of the calculated
O3y = —0.09, gy = —0.10, gne) = —0.12). The charge  B(9)—B(10):-B(20)—B(19) pseudotorsion angle in comparison
distribution inV was obtained from the HF/6-31G** wave with the experimental value to keep+H distances closer to
function using the Mulliken population analysis incorporated the MM3 equilibrium value. The other characteristics such as
in GAUSSIAN94. Now we can explain the difference between angles at the N atom and B(20)B(20) distance are in good
the location of the hydrogen atom derived from the MM3 agreement with experiment.
calculation and that found experimentally. It arises from the  The X-ray investigation of the structure of theoBg*~ anion
fact that our model does not take into consideration all the details (VI ), where two borane cages are joined by an apiegical
of charge distribution. Contacts between the H(O) atom and B—B bond3® has shown that the relative orientation of the
the closest boron and hydrogen atoms are too short to betwo borane cages corresponds to an eclipsed conformation
reproduced by the nonbonded MM potential. Repulsion between (Figure 5). Our calculation shows that the energies of eclipsed
the H(O) and the cage atoms leads to displacement of theand staggered conformations appear to be the same. This fact
hydrogen atom out of the plane. That in turn increases the allows us to assume that the structurevtfl in the crystal is
N(1)—C(1)—O(1)—H(O) torsion energy, thereby increasing the not restricted by intramolecular interactions that lead to a
total energy of this conformer. centrosymmetric geometry according to the prindplhat

The calculation of the 2,8-bis(dimethylphenylphosphine)- symmetric molecules placed in a crystal try to retain their
closodecaborane\(l) (Figure 2) was carried out to investigate inversion center rather than their other symmetry elements.
the relative orientation of the PPhMeubstituents and the The structures of 4-ByoH17R]*~ anions (R= OH (IX),
borane cage. Since these two substituents do not appear to inter©O(CH,)sO(CH,).CH(CH)2 (X)) have been investigated by the
act, we rotated one of them about the B{®(1) bond with the X-ray method, and the deprotonation ¥f resulting in the
step size of 15(rotational angley = B(3)—B(2)—P(1)-C(3)). formation of [-BoH160(CHy)4O(CHy),CH(CHg)2]3~ (XI, has
The data obtained demonstrated that the rotation barrier is smallbeen showri® These compounds have been studied due to
0.6 kcatmol™, and the differences between the energies at the their potential application in the boron neutron capture therapy
minima (less than 0.1 kcahol~%) are not larger than the error  of tumors. AnionsIX and X represent species where two
of the method. The structure corresponding to the calculated borane cages are joined by bridge hydrogen and oxygen atoms
global minimum = —15°) is the closest to the experimental  (Figure 5). As was found by X-ray investigatiofisthe six-
geometry3* Using this structure as the initial geometry, we then membered B-B—O—B—B—H rings in structure$X andX are
optimized the geometry to obtain the molecular structure without planar. We have compared the MM results for these compounds
any torsion angle restriction. The calculated and experimental with experiment. The bond angle at the H(bridge) atom was
geometry parameters, which define the relative orientation of parametrized with a weak bending force constant (Table 3). The
the substituents, are listed in Table 8. The results obtained showbridge oxygen atom was described in the same way as the furan
almost the same molecular structure as that from experiment.oxygen, with slightly increased bond angles because the angles
This allows us to conclude that the geometrybfin a crystal in a six-membered ring are larger than those in a five-membered
is mostly defined by intramolecular interactions. ring (Tables +4). In Table 10, selected calculated geometric

We have also calculated the structures of several anions

containing two boron cages to investigate and compare their (35) Schwalbe, C. H.; Lipscomb, W. forg. Chem1971, 10, 160-170.
9 9 9 P (36) Ng, L.; Ng, B. K.; Knobler, C. B.; Hawthorne, M. forg. Chem.

relative orientations (Figure 5). 1992 31, 3669-3671.
The calculated and experimeritagjeometries fop-nitroso- (37) Kitaigorodskii, A. .Organic Chemical Crystallographyonsultants
(nonahydrodecaborate}3 (VI ) (Figure 5) are compared in Bureau: New York, 1961.

(38) (a) Li, F.; Shelly, K.; Kane, R. R.; Knobler, C. B.; Hawthorne, M. F.
J. Am. Chem. Sod 996 118 6506-6507. (b) Li, F.; Shelley, K.;

(34) Jasper, S. A. Jr.; Jones, R. B.; Mattern, J.; Huffman, J. C.; Todd, L. Kane, R. R.; Knobler, C. B.; Hawthorne, M. Angew. Chem., Int.
J.Inorg. Chem.1994 33, 5620-5624. Ed. Engl.1996 35, 2646-2649.
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Figure 5. General view of two-cage compounddl —XI. Only the necessary atomic numbers are given. ClosesHHtontacts in aniovIl are
shown with dashes lines.

Table 10. MM3 Calculated and X-ra& Geometry Characteristics Xl that seems to be close to the structureXofFigure 5). In
for Anions VIl andIX and MM3-calculated Geometry this case, the oxygen atom was parametrized as furan o¥ygen.
Characteristics for Anion X (Distances, A; Angles, deg) Selected geometric characteristics are listed in Table 10. The
anionVIll anionlX  anionX five-membered B-B—O—B—B ring also appeared to be planar.
geometry characteristic ~ MM3 X-ray MM3 X-ray MM3 The B(2)-O(1)-B(12) bond angle is smaller than that f&r
0(1)-B(2) 1488 1472 1494 1500 1.496 and the position of the C(1) atom is moved slightly out of the
0(1)-B(12) 1.488 1.492 1.494 1.499 1.496 plane.
B(1)---B(11) 1.943 1908 1.934 1.894 1.714 This work shows that the molecular mechanics calculations
B(2)-0(1)-B(12) 1139 1145 1147 1134 1128 in general give reasonable molecular geometries. The specu-
E(l):H(l):B(ll)_ Eog_g _104'3 _108'2 112.3 lation that the relative orientations of substituents and borane
(2-B(1)-B(11)-B(12) —-0.0 -0.7 -1.1 00 0.1 i X X
B(1)-B(11)-B(12)-O(1) -0.1 —-3.7 —40 -15 1.7 cages are mostly defined by intramolecular nonbonded inter-
B(11)-B(12)-0O(1)-C(1) 1452 173.7 1275 actions is confirmed by the good agreement between the
B(11)-B(12)-O(1)-H(1a) 139.1 161.7 calculated (gas-phase) and experimental (crystal-phase) results.
Such calculations can be useful not only for the investigations
characteristics are compared with experimental regtithe of the molecular structures of substituted borane cage molecules,

MM3 calculations and X-ray data are in good agreement except but also for the modeling of molecular packing in a crystal.
for the position of H(1a) inX and C(1) inX. The deviations
of these atoms out of the planes of the six-membered ring

are larger than those in the experimental structures. However providi_ng us with the _experim_ental molecular_geom_etries prior
it can be seen that the geometry ¥fis characterizéd by a 'to publication and for interesting and useful discussion and Mr.

B(11)-B(12)—O(1)-C(1) torsion angle which is closer to 180 David Thornburg for help during the manuscript preparation.

7 - . ~ We also thank Dr. Jenn-Huei Lii for help with the MM3
than _B(ll)—B(lZ) O(1)~H(1a) inIX (Table 10). Our com program. The present work was supported by the U.S. Civilian
putational results demonstrate the same trend.
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