
11W7
-AD—A 038 090 HARVARD UNIV CAMBRIDGE MASS DEPT OF CHEMISTRY FIG 7/2

- CRYSTAL AND MOLECULAR STRUCTURE.(U)
MAR 77 W N LIPSCOMB N00014—76—C—0199

UNCLASSIFIED NL 

Ii
END

DATE
FILMED

• 4-77

L _ _ _ _ _ _



/
1 ~~~~~

FINAL REPORT

of research sponsored by

THE OFFICE OF NAVAL RESEARCH

Contract N00014-76—C—0199
NR 053—178

CRYSTAL AND MOLECULAR RESEARCH

William N. Lipscomb

Principal Investigator Ci

Department of Chemistry
Harvard University ( 

~
. 

~~~~

Cambridge, Massachusetts 02138

March 1977

Reproduction in whole or in part is permitted

for any purpose of the United States Government

Approved for public release; distribution unlimited

t~ J
—I



- 

Unclassified
SECURITY CLASSI F ICATION OF T HIS P A G E  (When Data Entered)

nE
~~~

’. 
~~~~~~ 

A -ri~~~ I ~~A ‘E READ IN STR UCT I ONS
,
~ rv i~ I uu~~ um ii I ~~ I I~JI’~ ~~~ BEFORE COMPLETING FORM

I. REPORT NUMBER 2. GOVT ACC ESSION NO. 3 RE CIPIENT’S C A T A L O G  NUMUER

4.—TI~~LE (and SubtItle) 5. TYP E OF REPORT 6 PERIOD COVERED

- Final Report
.~~~iCrysta1 and Molecular Structure~~ 4/1/68 - 1/31/77 -

~~~~~

/ 6. PERFORMING ORG. REPORT NU M B E R

\ 3-- i1 ~ p~ (.) ( S. CONTRACT OR GRANT NUMB (a)

(/~~~) 
William_NT7LipSCombj Principal ~~~ N~~O,O l 4 — 7 6 - - E i 4 ~7(”

n~v~~.L1gatOr , a’nd co—authors NR 053-l7S~~~

9. PERFORMING O R G A N IZ A T I O N  NAME AND ADDRESS t O. PROGRAM ELEM ENT , PROJECT , T A S K. . AR EA 6 WOR K UNI T NiJ MEERS
Harvard University , Dept. of Chemistry ~,v
Cambridge , Massachusetts 02138

—~~
It .  CONTROLLING OFFICE NAME AND ADDRESS / ~~ ~~~~ T

Office of Naval Research ~ar~~ ~~77 J
Dept. of the Navy 13. NUMBER O~ PAGES

Arlington , Virginia 22217 28
IA. MONITORING AGENCY N A M E  & ADORESS(iI dlfIer.nt Irom Controlling 001cc) 15. SECURiTY CLASS. (of thi. r eport)

-~~ ~~~~~~~~~~~~~~~~~~~~~ Unclass i f ied

A / ~ — ‘ 
/ ¶ 

~/ IS.. DECLASS IFICATION/ DOWNGRADING

/ J /j i... ,‘ ~~~ 
‘.— — ‘— j  SCHEDULE

I~~~~DIST RIDUTION STATEMENT (of this Repor t ,)

Approve~. fQr ~ ib1ic release 7 distribution unlimited.

I?. DISTRIBUTION STATEMEN T (of the abstract entered in Block 20, If different (toni Report)

IS. SUPPLEMENTARY NOTES

IS. KEY WORDS (Continua on reverse aid. if nec..aary and Identify by block nwrbar)

boranes, carboranes , three center bonds , molecular orbitals,
molecular orbital methods for prediction , bonding,
fractional multicenter bonds , chemical reactivity ,
molecular transformation

20. ABSTRACT (Cont inu, on r.ver.. aide II necessary and identify by block number)

The history of the early chemical and structural studies
of boranes is referred to briefly with emphasis on the
geometrical differences between compounds of carbon , and the
more compact compounds of boron. The second part discusses
the nature of three-center bonds, and their use in explaining
the bonding in some ot the more open types of boron compounds.

(continued)

DD 
~~~~~~~~ 

1473 EDI TION O F I  NOV AS IS OBSOLEI’ E U n c l a s s i f i e d
S/N 0I02•01 4 660 1

SECURITY CLASSIF ICA TION OF T il l S P&GE (ITh.n Pal. Ent.rad)

~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~
~.



- - ---V--- —- — —

Unclassified
..LL UN1TY CLA S S I F I C A T I O N  OF THIS PA GEI ’lThen Data Ent,r.d)

20. continued

~\In the third part molecular orbitals are described , with special
reference to their transferability among geometrically related
systems . The use of molecular orbital methods for prediction
is exemplified .~~ This part is followed by a discussion oflocalized molecular orbitals , which produces an objective
justification for the - early use of three-center bonds , and
describes the level of’ approximation for which three-center
bonds are reasonably - nearly correct. Further new types of bonds
which are called tractional xnulticenter bonds are described
within the framework” of rigorous observation of the Pauli
exclusion principle~~~Fina1ly the value of all of these methodsis tested for predictions of chemical reactivity and molecular
transformations with emphasis on boranes and carboranes.

N

-1.
I,

U n c la s si f ied
SECURITY C LA S S I F I C A I I O N  OF T i l l S PADI  (Il7t.n Data FnIar. ’~

I - ---- ---——------—-—-—- - . — - - --- - - -
~~~~~~~~~~

---- .



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~- -

FINAL REPORT - ONR Contract N000l4-76-C-0199

Professor William N. Lipscomb
Department of Chemistry , Harvard University

April 1, 1968 — January 31, 1977

Molecular SCF Calculations for SiH4 a~id H2S, F.P. Boer*and
W.N. Lipscomb, J. Chem. Phys . 50, 989 (1969).

Wavefunctions and Hamiltonian matrices are obtained for SiH4and H2S by the LCAO MO SCF method . Integrals were calculated
accurately over minimum basis sets of Slater-type atomic orbitals ,
augmented by the addition of the 3d orbitals. Best atom exponents
were used , except for the Hls , Si3d , and S3d orbitals , which were
optimized to values SiH4: Hls , 1.26; Si3d , 1.30, and H2S: Hls, 1.22;
S3d , 1.71. The calculated molecular energies are -290.5187 a.u.
for Si114 and -397.8415 a.u. for H2S, and net atomic charges are
+0.127 for each hydrogen in SiH4 and +0.176 for each hydrogen inH2S.

* Dow Chemical Co.

Structures of B20H18
2, B2OH18NO 3 and Conformations of the

Triethylammonium Ion, C.H. Schwalbe and W.N. Lipscomb , J. Am.
Chem. Soc. 91, 194 (1969)

Polyhedral B10H10
2” is oxidized by Fe3~ to yield B20H18

2 ,
in which we hav~ located H atoms , and by N02 to yield ~ ~roductcalled B14H12NO~~ , but which we show here to be B20H18N0
Solutions of the disordered crystal structures of the triethy l-
ammonium salts of these ions also yield six conformations of
this positive ion and precise interatomic distances for thc B10units in the negative ions .

Rearrangements of Icosahedral Monohalo-m-carboranes, H.V. Hart
and W.N. Lipscomb , J. Am. Chem. Soc. 91 , 771 (1969).

Polyhedral rearrangements of 9-bromo—o-carborane at 395_4250

yield all possible ortho and meta isomers , but yield no transforma-
tions of the meta isomers which are produced. Production of
p—carborane from m-carborane at 500_6200 raises questions concerning
the mechanisms of further transformations and the equilibrium
distributions of products at these hiqher temperatures. We report
here the results of rearrangements of 9-chloro-m— ,2-chloro-m- ,
4-chloro-m-, 5-chloro-m-, chloro-p5, fluoro-p-2-fluoro-m- , and
4-fluoro-m-carboranes at 560-570 
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Molecular SCF Calculations for ScH3NH3 and TiH3F, P.E. Stevenson
and W.N. Lipscomb , J. Chem. Phys. 50, 3306 (1969).

Exact minimum Slater basis sets have yielded LCAO-MO—SCF
wavefunctions for the model compounds ScH3NH3 and T1H3F. The
dative bond in ScH3NH3 has a small overlap population (0.11
electron) and a small char~e transfer of only 0.12 electron from
N into, primarily, 4Pz and 3dz of Sc, but there are comparable
redistributions among the orbitals of e symmetry as well. The
charge on F in TiH3F is -0.28e, and the Ti-F bond has overlap
populations of 0.20e in bonding orbitals of a symmetry , and 0.l8e
in those of e symmetry . Changes on each H atom (attached to the
metal) are —0.28e in ScH3NH3 and -0.30e in TiH3F.

Localized Bonds in SCF Wavefunctions for Polyatomic Molecules. I.
Diborane , E. Switkes, R.M. Stevens , and W.N. Lipscornb (Harvard
University) and M.D. Newton (Mellon Institute), J. Chem. Phys. 51,
2085 (1969)

Molecular SCF orbitals of B2H6 have been computed from
optimized minimum basis sets which employ isotropic or anisotropic
atomic 2p orbitals. These SCF wavefunctions have been transformed
to localized MO’s which maximize the self—energy , D =

This objective procedure strongly supports the three-center bond
for each BHB br~dge. The resulting hybrids are sp2”5 , with
/ Hi-B-Hi = 125 and / Hb

_B_ Hb 
- 93° for terminal and bridge H’s,

respectively.

X—Ray Evidence for Bonding Electrons in Diborane, D.S. Jones and
W.N. Lipscoinb , J. Chem. Phys. 51, 3133 (1969).

The results of this study support the statement that a
considerable portion of the observed x-ray B-H bond shortening
is due to the inadequacies of the spherical-atom model. Stated
alternatively, it may be concluded that x-ray data of the quality
of the data used for this study do indeed contain the effects of
bonding.

L - - . - ----~~-~~~~ . .  - _ _
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Theoretical Determination of the Magnetic Properties of Diatomic - :
A1H, E.A. Laws, R.M. Stevens and W.N. Lipscomb , Chem. Phys. Letters
4 , 159 (1969)

The magnetic susceptibility and nuclear magnetic shielding
in diatomic JUG are calculated using the coupled Hartree-Fock
theory. Because of the similarity in the ground state electronic
structure of Alil and ml , experimental verification of the suscep-
tibility of A1H to within a few ppm would be a strong indication
that BH is paramagnetic , as previously predicted .

Electronic Structures for Energy~rich Phosphates , D.B. Boyd and
W.N. Lipscomb , J. Theoret. Bid . 25 , 403 (1969)

The extended Hückel theory is applied to adenosine-5’-di-
and triphosphate , and to the related molecules of adenosine—5’-
monophosphate, inorganic ortho- , pyro- and triphosphate , adenine ,
D—ribose and adenosine. Charge distributions calculated for
these three-dimensional molecules suggest that opposing resonance
and electrostatic repulsions can contribute to the high free energies
of hydrolysis of the polyphosthates near pH 7. Eigenvalues from
SCF calculations on small , related compounds are found to be
useful as valence state ionization potentials. A procedure for
obtaining total energies within the EH framework is described
which approximates experimental values better than the sum of
the orbital energies. The phosphorus 3d orbitals contribute
significantly to the stability of the phosphates. The charges
along the backbone of the condensed phosphates alternate in
sign. Little interaction is found between the phosphate and
base moieties of the nucleotides in folded conformations.

Time-Dependent Coupled 1-lartree-Fock Calculation of Some Optical
Properties of H2, I.R. Epstein and W .N. Lipscomb , Chem. Phys.
Letters 4, 479 (1970)

The dynamic polarizability , refractive index and Verdet
constant of 11 2 are calculated using a fully coupled time-dependent
Hartrec-Fock variation—perturbation method. Preliminary results
for the dynamic polarizabilities of other molecules are also given.

Polyatomic SCF Calculations Utilizing Anisotropic Basis Sets of
Slater-type Orbitals , E. Switkes , R.M. Stevens , and W.N. Lipscomb,
J. Chem. Phys. 51, 5229 (1969).

Fully optimized SCF wavefunctions using minimum Slator—type
basis sets have been obtained for 13113, NIl 3, C2!!,, C211~j~ HCN , and
H2CO. Calculations employing anisotropic minimum basis sets arc
reported for the N113, 1120, IICN , and 112C0. The lower SCF enerqie~;
of the calculations for anisotrop ic sets are prima l rly due to a
reduction in e lect ron—elec t ron  r epu l s ion .  Improv ements  in c al c u l a t e d
dipole moments occur when independent p—orbital components ~1re used
to describe lone pairs and covalent bonds. A geomet ry—opt  im i ~~ei
ca lcu la t ion  for 11 20 is also reported .

L _--- -.,- —
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Analysis of Diborane X-ray Diffraction Data Utilizing Structure
Factors Calculated from Molecular Wave Functions , D.S. Jones and
W.N. Lipscomb , Acta Cryst. A26, 196 (1970).

Crystal unit-cell structure factors for diborane , B2H6, have
been calculated for four possible molecular geometries , using
densities obtained from self—consistent field molecular wave
functions. These structure factors were fitted for various B—Il
distances to the experimental X-ray data for B2H6 by varying the
parameters of several thermal vibrati~n models. B-H bond lengths
so determined have values about 0.05 X longer than those determined
by the usual spherical atom analysis of the X-ray data. Considera-
tion of additional factors , such as the X-ray B-H bond shortening
due to rigid rotation of the molecules in the crystal , leads to
the conclusion that the bond length correction given by this
treatment accounts for about two-thirds of the observed discrepancy
between X-ray and electron diffraction values for the B-H bond
lengths in diborane.

Molecular SCF Calculations for GaF , GaH3, GeH4, AsH3, and H2Se,
Philip E. Stevenson (Worcester Polytechnic Inst.) and W.N. Lipscomb ,
~J. Chem. Phys. 52, 5343 (1970) .

Exact minimum Slater basic sets have yielded LCAO-M0-SCF wave-
functions for the compounds GaF , GaH3, GeH4, AsH3, and JI2Se.
Chemical binding in these molecules is in accord with a very simple
model of bond formation. Parameters for nonempirical molecular
orbital (NEMO) calculations are computed from the Hamiltonian
matrices of these molecules and from the previously published
results on the model compounds ScH3NH3 and TiH3F. A planar geometry
of the unobserved GaH3 is indicated by a NEMO calculation .

Localized Bonds in Self-Consistent-Field Wave Functions for
Polyatomic Molecules. II. Boron Hydrides , E. Switkes , W.N. Lipscomb ,
and M.D. Newton (Carnegie Mellon University) , J. Am. Chem . Soc. 92,
3847 (1970)

The minimum basis set self-consistent-field wave functions
for B4H1O, B5119, and B5Hll have been localized by an objective
procedure in which the orbital self-energy D Z. (iilii) is
maximized . The uniqueness of this procedure is ~iscusscd in
terms of the second-order self-repulsion energy and initialization
with a unitary t ransformat ion  generated from random numbers . The
B—H (terminal) bonds are quite localized and reasonably trans-
ferable. Likewise the B-il (bridqe)-B orbitals are well localized
and tend to give increased bonding toward a 1311 group rather than
a 8112 group when both are involved in the bond . The unique 11 atom
attached to the apex of 1351111 shows bonding properties intermediate
between those of a bridge II and a terminal H. In 1341110 there is a
reasonably well-localized B—B single bond . Neither !3~ 1l g nor 13511 11
shows open B-B-B bonds involving nonadjacent basal B atoms . Ambiq-
ui t ies  in the 115119 localization arise from the weak coupling of the
boron framework orbitaL; to the sel f—repulsion energy , hut 1351-1 11
shows two nicely loeali;~ec1 central three—cent er B—B— 13 bonds in w h i ch
t~e bo~di~~ c1~jn~~itv i s s ~ mewhat displaced toward the di rect ion between
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Studies of Polyatomic Molecules Using Self-Consistent-Field Wave
Functions. B41110, B5H9,  and 851111, E. Switkes, I.R. Epstein ,
J.A. Tossell , R .M.  Stevens , and W . N .  Lipscomb , J. Am. Chem. Soc.
92 , 3837 (1970)

SCF wave funct ions  for 
~4~ l0, 

B5H9, and B5H11 show (1) all
atomic (Mulliken) charges are less than +0.1 e, (2) apex borons
are more negative than other borons , (3 ) Th orons in 13112 groups are
more positive than borons in B!! groups, ( 4 )  no simple correlation
exists between one-center diagonal F-matrix elements and charge ,
(5) all te rminal  hycirogens are negat ive and all bridge hy drogens
are positive , (6) most properties of the unique hydrogen in the
symmetry plane of B5Hll are intermediate between bridge and terminal
hydrogens , (7) bridge hydrogens between B!-! and BI-!2 groups are more
strongly bonded toward the B11 group , and (8 )  very low electron
density directly between two B atoms exists if these borons are
joined by a bridge hydrogen.

Comments on the Barrier to Internal Rotation in Ethane , I.R. Epstein
and W.N. Lipscomb , J. Am. Chem . Soc. 92 , 6094 ( 1 9 7 0 ) .

We find marked discrepancies in the various contributions
to the barrier between two very similar calculations. Even more
surprising is the fact that SCF calculations employing vastly
different basis sets have all produced barriers ranging only from
2.5 to 3.6 kcal/mole. Thus , it seems that the only presently known
near invariant in ethane barrier calculations is the hei gh t of the
barrier itself. Further analysis is required to reveal other and
more illuminating invariants which may be useful in any “explanation ”
of the source of the barrier in ethane . Consideration of the over- 

, 

-

lap (exclusion principle) repulsion between filled C—H bond orhitais
may unveil one such invariant.

Localized Bonds in SCF Wavefunctions for Polyatomic Molecules. III.
C-If and C-C Bonds , M.D. Newton (Carnegie-Mellon University) and
E. Switkes and W.N. Lipscomb (H arvard)  , J. Chem. Phys .  53 , 2645 (1970) .

Localized molecular orbitals which minimize the exchange energy
have been obtained for CU 4 ,  C2H6, C2!! 4, C2H2, CII3CCH, C3H6, IICN and
112C0. These objectively determined orbitais correspond to the inner
shells , lone pairs , and two—center bonds of classical bonding t heo ry .
In each case where double or triple bonds occur , the local orbi ta l s
correspond to equiva lent  bent bonds . The hybrids in the C-C
bon d s  of cyclopropane form angles of 28° wi th the i n t e r n u c l e a r
d i rect ion.  The local orb i ta l s  are a n a ly z e d  in terms of hy br i db~a-
tion , polarity , bond moments , bond directions , and delocalization .
Cal culat ion of the curva tu re  of the sd f — r e p u l s i o n  energy su r f a c e
provides an i nd i ca t i on  of the uniqueness  of the r e su l t s .  ~ i q m a—
pi separability and the sens i t iv i ty  of the local o rbit a l s  to
changes in basis set are also discussed. 

_ _ _ _ _  _  _ _  _ _
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Approximate Wave Functions for Carboranes Parametrized from
Self-Consistent Field Model Calculations , T.F. Koetzle and
W.N. Lipscomb , Inorg. Chem. 9, 2743 (1970). -

Molecular orbitals have been obtained by a nonempirical
method for carboranes in the series BnC2Hn+2, using parameters
from minimum basis set SCF calculations for B4C 2H6. Molecular
energies , ionization potentials , charge distributions , and dipole
moments have been calculated , and certain predictions made con-
cerning relative reactivities of B atoms within each of these
molecules.

Self-Consistent-Field Wave Functions for l,2-B4C2H6 and l,6-B4C2H6,
I.R. Epstein , T.F. Koetzle , R.M. Stevens , and W.N. Lipscomb ,
J. Am. Chem. Soc. 92, 7019 (1970).

SCF molecular orbital  wave funct ions for  the two isomers of
B4C2H6 have been obtained from a minimum basis set of Slater-type
atomic orbitals. Ionization potentials of 9.90 and 9.25 eV are
predicted , respectively, for the 1,2 and 1,6 isomers. The 1,6
isomer is computed to be more stable than the 1,2 isomer by about
15 kcal/mol. Charge densities are presented in certain sections
of these isomers. In l ,2-B4C2H6, atom B3 (attached to two C atoms )
is expected to be slightly less reactive toward electrophiles than
atom B4 (attached to one C atom) . The calculated dipole moment
of 2.95 D makes the carbon side of the 1,2—isomer positive , but
the value is expected to be too large by about a factor of 2,
because of the minimum basis set.

Molecular and Crystal Structure of Dimethyl—l ,6-dicarba-closo—
decaborane(10), T.F. Koetzle and W.N. Lipscomb , Inorganic Chem.
9, 2279 (1970)

A three—dimensional single—crystal X—ray diffraction study
at —20 to —35° shows the molecule of dimethy l-l ,6-dicarba-closo-
decaborane(lO), B8H8C2 (C1!3)2, to have essentially Cs symmetry .
The B8C2 unit is a bicapped square antiprism only sligh t l y
distorted from f ull D4c 1 symmetry . The charges on the B atoms ,
determined by LCAO-f40 methods , become more positive in the order
B8 (attached to no C atoms) <BlO , 137, B9 , B3 , B4 (attached to one
C) <B2 ,B5 (attached to two C atoms) . The compound c rys ta l l i zes
in the orthorhombic space group Pbca w i t h  eiqht molecules in a
cell of dimensions a = 11.36 + 0.01 , b = 11.81 -4- 0.0 1 , and
c = 14.74 + 0.01 ~~~~. A density of 0 . 9 9 7  g/cm 3 was calculated from
these cell dimensions . The 1615 X-ray reflections observed on
film were refined to R = E~ 1F01 — IF

~ l j / E IF0 I = 0 . 0 8 4 .

_ _ _  - - - ~~~~~ 
_ _ _ _ _
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Molecular Momentum Distributions and Compton Profiles . I. General
Theory and Boron Hydrides , I.R. Epstein and W.N. Lipscomb ,
J. Chem. Phys. 53 , 4418 (1970).

A method is described for the calculation of momentum distrib-
utions and Compton profiles of polyatomic molecules. Dis~:ributions ,
profiles and momentum expectation values are calculated for the
boron hydrides 82115, B41110, B5!!9, B5H11, and 

~6~ 1O~ Contour maps
of total and difference densities in momentum space are presented
for diborane. The results are analyzed in terms of localize’~orbitals. The analysis shows that traditional concepts of two—
and three—center electron pair bonds may find great utility in
interpreting momentum space distributions.

Crystal Structure of Tris(triethylamrnonium) p-Nitrosobis(nonahydro--
decaborate). The Structure of !1-Nitroso(nonahydrodecaborate) (3-)
C.H. Schwalbe and W .N. Lipscornb , Inorganic Chem. 10, 160 (1971).

The B20H18N0
3 anion , u-nitrosobis(nonahydrodecaborate) (3-)

consists of two B10H9 units each joined via an apical boron to the
nitrogen atom of a bridging NO group. The approximate symmetry of
this anion is C2v. Some delocalization of electrons is suggested
by the B—N bond distances of 1.51(3) and 1.46(3) ~ and by the N-a
distance of 1.28(2) ~~~~. A two— fold disorder is present in one
triethylammonium ion, which has an idealized nearly f l a t  conformat ion
of C3 symmetry . The two ordered triethy lammoniurn ions each d i f f er
from C3 symmetry by rotation of one ethyl group about a C-N bond .
The monoclinic  space group is P2 1/n , and there are four  formula
weights in a unit cell having parameters a = 24.44 (4~~, b = 16.68 (3),
C = 9.65 (2) X, 13 97.0 (2) , Pøbsd 0 .99  ( 2 )  g cm , and

~calcd 0.972 (4) g cm 3. Nearly complete refinement has yielded
R = ~

) F~~I - IF~ ) I/~~IF0l = 0.14 for the 4555 x-ray maxima . The
crystals are intensely purple, and the two visible absorption
maxima are shifted toward the red in less polar solvents .

Crystal Structure of Bis (triethylammonium) Octadecahydroicosaborate.
The Structure of Octadecahydroicosaborate(2-) , C.H. Schwalbe and
W.N. Lipscomb , Inorganic Chem . 10, 151 (1971).

The centrosymmetric 13201118
2 

~~Ofl , octadecahy droicos a~ oratc (2-)
consists of two B10 uni ts , very s imilar  to tha t  in B1011 10’- , l i nked
by B~ 13 interaction among one pair of adjacent ap ical and
equator ia l  B atoms from each 

~lo 
unit. These interaction s arc

interpreted as involving two localized three—center 81313 bonds
among these four B atoms . Location of all TI atoms ind icate s  t ha t
no hydrogen bridges are present. The triethy lammonium ion has
approximately C3 symmetry. Two-fold positional disorder e x i s t s
in all ions in the monoclinic crystal , which has symmetry P2 1/a ,
and two formula weights per unit cell havinq parameters a = 17.52 (2),
b = 7.60(1), c 11.72(1) X , and 13 = 109.7(2) . The va l ue of
R El IFol — lFc l  l / EIF0I is 0.10 for the 1874 X—ray diffraction
maxima.
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Hexaborane(lO) . Self—Consistent Field Wave Function , Localized
Orbi ta ls , and Rela t i onshi ps to Chemical Prope rties , I . R .  Epstei n ,
J.A. Tossell , E. Switkes , R.M. Stevens , and W.N. Lipscomb ,
Inorganic Chem. 10, 171 (1971).

A minimum basis set of Slater orbitals for B6H1O yields an
SCF wave function in which atomic charges are -0.02 (e) on 131
(apex) , 0.07 on B2 , 0. 06 on B3 ,36, and 0 . 0 4  on B4 ,B5.  Net hy drogen
charges are -0.07 on Hi (apex) , -0.04 on H2 , -0.04 on 113,116 ,
—0.09 on !14 ,H5 , 0.03 on brid ge U 2 3 ,H26 and 0. 02 on bridge 1134 ,1156.
Localized orbitals , obta ined by maximizing D = ~~~~~~~~~~~ yield
uniquely central three-center bonds 131-133-Br and B1—B5-B6 and
single bonds 31—132 and B4-35. The short B4-35 bond is especially
strongly localized . Asymmetry is predicted in the bridge H atom
bonding and positions . Relationships of these results to probable
chemical behavior of B6H10 and to the isoelectronic carboranes and
ions are discussed.

X-ray Studies of Bonding Electrons. Corrections for Bonds to
Hydrogen upon Extension of the Basis Sets , T.A. Halgren , R.J. Anderson ,
D.S. Jones and W.N. Lipscomb , Chem . Phys. Letters 8, 547 (197 1 ) .

X—H bond distances (X = B.C) found from X-ray diffraction
data are anomalously shortened when spherical atom densities are
used in the analysis. Of this shortening, 0.05 ~ is associated
with spherical atoms versus a minimum basis set, and an addi tional
0.03 is associated with extension of this basis set.

Beryllium Borohydride Structure in the Solid Phase , D.S. Marynick
and W.N. Lipscomb , J. Am. Chem . Soc. 93, 2 3 2 2  (1971) .

Both bent and linear structures for BBeB in Be(BH 4 ) 2  have been
suggested , with a variety of arrangements for bonds toward hydrogen
atoms. Indirect evidence from the crystallographic diffraction
pattern led to the conclusion that the solid phase consisted of
discre~-e molecules. Our solution of this structure from a sinqie
crystal establishes that the solid consists of helical polymers ,
having a chemical repeat and a crystallographic polymeric unit.

Mag net ic  Properties of A1H and N 2 from Coup led Har t ree -Fock Theory ,
E.A. Laws, R.M . Stevens , and W .N. Lipscomb , J. Chem. Phys. 54, 4269
(1971) .

The magnetic susceptibility and nuclear magnetic shielding in
All! and N2 have been calculated using coupled Hartree-Fock theory.
The perpendicular component of the All! susceptibility tensor is
predicted to be positive , i.e., paramagnetic. Thus , Al l ! becomes a
second ex imp le , in addi t ion  to B!!, of a gas-pha se molecule  w h i ch
has a component which should exh ib i t  the phenomenon of temperit~ure
independent paramaqnctism. Results for N2 yield a total i~;c~~pti-
bi lity wi t hin 5~ of the exper imenta l  value . Although the n i1_~mi~ n
nucleus is correctly predic ted to be antishielded , the quan t i t al iv ~’
agreement of the shielding with exper iment  i s  not as qood a~
previously been ob ta ined  from coupled }lartree -Fock calci i l . i t i o n s

on o ther  d ia tomics .

_  ----~~~~~~-~~~~ - --- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Self—Consistent-Field Studies of the Electronic Structures of
Cyclopropane and Benzene , R.M . Stevens , E. Switkes , E.A. Laws ,
and W.N. Lipscomb , J. Am. Chem . Soc. 93 , 2603 (1971).

Accurate SCF wave functions emp loying optimized minimum basis
sets of Slater— type orbitals are presented for cyclopropane and
benzene. Atomization enerqies and i o n i z a t i o n  pot en tia ls  are
ca lcula ted  and compared w i th  exper iment . The energies of the
leig -

~~ le2u ( - 11 -~ ~*)  spec troscopic transitions in benzene are
approximated usi.ng the l07U vir tual orbital. Calculat ions of the
diamagnetic suscep tibili ty of benz ene yield an anisotropy of
reasonable value . Plots of calculated electron density aie used
to illus trate the nature of bent bonding in cyclopropane and
a— u  interpenetration in benzene .

Boron Hydride Valence Structures. A Topological Approach ,
I . R .  Eps te in  and W .N. Lipscomb , I n o r g a n i c  Chem . 10 , 1921 ( 1971)

A topological approach to boron h y d r i d e  three-center  valence
s t ruc tures  is presented.  The method d i f f e r s  f rom ea r l i e r  ones in
that , on the basis  of SCF-localized o rb i t a l  r e su l t s , open BBB bonds
are excluded.  Most  of the boron f rameworks  fo r  molecules , ions ,
and in te rmedia tes  which  are known or thouqit  to be among the more
stable species give r ise  to more allowed va lence  s t ruc tu re s  than
do hypothe t i ca l  tooologies. A new , simpler topological computer
program is descr ibed .  Several charge  d i s t r i b u t i o n  dependent
weighting schemes for popula~~~on ana lyses  are considered . New
structures are predicted , and use of the me thod in eluc idat ing
reaction pathways and more stable isomers is illus trated .

The Molecular and Crystal Structure of Tetramethy lammonium
i ,6,8—Trichloroheptahydro-cioso—decaborate(2—) , F.E. Scarbrough
and W.N. Lipscomb , Inorganic Chem. ii , 369 (1972)

The anion of the formula E N(C!13)4~~2 [Blo H7Cl 31 , tetraunethvl—
amnionium 1 , 6 , 8 — t r ich l o r o hep t ah y d ro —cl o s o— d ccab or at e  (2-- ) , has C~~
symmetry , wi th  the three chlo r i ne s  attached to one apica] boron
and two opposite equatorial barons which are neares t  the eth er
ap ical boron.  The ‘3i~ cage shows no large  d i s t o r t i o n  f rom the
D4d symmetry . The molecular  p a c k i nq  is monoc l in ic  wi th e igh t
molecules in a u n i t  cell of d imens ions  a = 13 .75 , b = 18.01 ,

• c = 18.35 X , and 13 = 9 0 . 8 9 °. The space group symmetry  is P2 1/n.
Direct methods—symbolic addition was used to phase initially 305
of 2270 independent , nonzero reflections which were subsequent~~y
refined to an R factor of 0.12.
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Molecular Orbitals for Large Molecules. VI. Parameterized Self-
Consistent-Field Theory for Transition Metal Compounds , J.A. Tossell
and W.N. Lipscomb , J. Am. Chem . Soc. 94, 1505 (1972).

A new method is presented for nonempirical SCF-LCAO--MO
calculations on moiecules containing third row atoms. Diagonal
Fock Hamiltonian (F ) matrix elements (a ’s) are calculated from
accurate one-electron integrals , and from two-electron integrals
which are calculated accurately or are obtained from the Ruedenberg
approximation. Finite overlap off -d iagonal  F-matrix elements are
calculated using parameters obtained from model SCF calculations
on chemically similar small molecules , and a new algorithm is
presented for zero-overlap elements . a’s for core orbitals are
approximated by a simple formula requiring only one-center integrals ,
all electrons are included , and the self-consistent-field equations
are solved . Results are compared with those from ab ini t io SCF
calculations , among which are those reported here for a series
of diatomic hy drides , oxides , and fluorides of the elements from
Co to Ge. A molecular orbital calculation on ~he ground state
of the hypothetical square-planar ion CuF4

2 (‘Biq ) employing
the above approximate method is presented and compared with previous
calculations and with experimental results on related compounds.

Fractional Three—Center Bonds in Carboranes , D.S. Marynick and
W.N. Lipscomb, J. Am. Chem . Soc. 94, 1748 (1972).

Localizations of molecular orbitals by successive unitary
transformations of a randomized set of molecular orbitals in
4 , 5-C 2B4 H 8, l , 6-C 2 B4 H 6,  and 2 , 4-C 2 B5H 7 ha ve yielded a to tal of
five atoms , four borons , and one carbon , which show a consistent
new kind of localization. In representing this  si tuat ion we
have used a dotted component of each central three—center bond
when there appear to be five bonds to B or C including the external
bond to hyd rogen , at B2 in C 2 B4 H 8, at C1, 133, and B4 in l , 6-C 2 B4 TJ~~
and at B3 in 2,4-C2B5H7.

Reco gnit ion of these f ract ional  three-center bonds allows
uni que , or symmetry equivalent , single valence s tructures to be
drawn for at least these carboranes , in such a way that a common
feature of bonding is preserved. These resu l t s,  together wi th
the uniquely localized bonds in the boron hydrides listed above ,
suggest that s imi lar  simp l i f i ed  bondi n g diagrams may emerge from
more complex boranes , ca rboranes , carbonium-like compounds , and
their metal derivatives.
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Crystal Structure of Beryllium Borohydride , D.S. Marynick and
W.N. Lipscomb , Inorganic Chem. 11, 820 (1972)

The crystal structure of Be(BH4)2 consists of a helical
polymer of BH4Be and BH 4 units. Within the BH4Be unit the Be~ 

. .B
distance is 1.918 + 0 . 0 O 4  ~~~, while each Be is l inked to two
remaining BH 4 uni~ s (and ea ch BH 4 to two Be) at a Be~ . B distance
of 2.001 -4- 0 . 0 0 4  X. Within the BH 4 Be units there are two hydrogen
bridges between B and Be , and in the helical polymer each B• Be
contact has two hydrogen bridges. The hydrogen arrangement about
Be is approximately a trigonal prism , but the H atoms ar e much closer
to B (about 1.1 ~

) than to Be ( 1 .5 — 1 . 6  ~). The crystal structure
is tetragonal , the space group is I4 icd , wi th  a = 13.62 + 0.01
and b = 9.10 + 0.01 ~~~~. The disagreement factor is R = ~T IF0 l - IF C I ~/

= 0.04 for the 276 distinct diffraction maxima . A self—
consistent field wave function based upon a minimum Slater set of
orbitals yields charges of about 0.6 on Be, -0.5 on B, and 0.04-0.09
on H atoms of the three types. Bonding from Be to BH 4 occurs
equally directly from Be to B as compared with bonding through
bridge hydrogen atoms.

2—Structural Ambiguity of the 13101114 Ion, W.N. Lipscomb (Harvard)
R.J. Wiersema and M.F. Hawthorne (University of California , Los
Angeles) , Inorganic Chem . 11, 651 (1972).

The structure of B10H142 , not previously established , has
been assumed to be similar to that of B10H12- (NCCH 3)2 ,  with which
it is isoelectronic in the sense that the ligand CH3CN is replaced
by H .  In this structure of 2632 topology there are 8H2 qroups
at B6 and Bg and hydrogen bridges between B5 and and B10 and between
B7 and B8. However , the hydrogen atom arrangement observed in
B10H14 is also a possibility in a structure of ~j50 topology having
bridges B5HB6, B6H137, BSHB9, and B9HB1O. This B nmr study
resolves this structural ambiguity and suggests relative emphasis
on three—center resonance as compared with uniform charge distribu-
tion as a preferred criterion for resolving structural ambigui ty
when steric and other factors are comparable. 

—--~~~~~~~-—-—-- - - --~~~—-—~~~ 
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Approximations to Self—Consistent Field Molecular Wavefunctions,
T.A. Halgren and W.N. Lipscomb , Proc. Nat. Acad . Sci. U.S.A . 69,
652 (1972)

Unparameterized and parameterized versions are outlined of
a new method for approximating self-consistent ~icld wavefunc t ions
from first principles at the minimum basis set level for complex
molecules containing hydrogen and first-row atoms . The Hartree—
Fock self—consistent field equations for closed—shell molecules
are solved , retaining all one-electLon integrals , and approximat-
ing the two-electron Coulomb integrals, hybr id  in tegrals , and
exchange integrals of the form (i~~j~~!i~~j~~) and (i~ j3Ii~ j3) for
centers A and B. A symmetrically o r thogona l i zed  basis set is
used and rotational invariance is achieved by transformation to
local axes that are unique for atoms in anisotropic environments .
Parameterization based upon first-principle self-consistent field
wavefunctions for a large number of molecules yields F-matrix
elements to 0.007 atomic units (au) , densi ty mat r ix  elemen ts to
0.007 electrons , orbital populations and atomic charges to 0.01—
0.02 electrons , orbital energies to 0.01 au , and total energies
to 0.02 au (all standard deviations) , in computational times
only a few times larger than those required for complete neglect
of differential overlap calculations.

One—Electron Properties of Ammonia Computed from Near-Hartree-
Fock Wavefunctions , E.A. Laws , R.M. Stevens , and W .N. Lipscomb ,
J. Chem. Phys. 56, 2029 (1972).

One-electron properties of ammonia are computed using a near-
Hartree-Fock basis set of Slater orbitals. The properties con-
sidered include diamagnetic shielding and susceptibility constants ,
di pole momen t , and nuclear quadrupole coupling constants. The
basis set dependence of these properties and th e e f f e c ts of
vibrational distortions due to the NH 3 inversion motion are
investigated . All computed properties are found to lie within
5% of experimental values.

Bonding in Boron Hydrides , W.N. Lipscomb , Pure and Applied Chem.
29, 493 (1972). Also published in “Boron Compounds ,” Symposium
Editor: B. Stibr , Butterworths (London) , 1972.

Unique preferred localized valence structures for B7!!6 ,  841110,
B5!!11 and 861110 have been found from accurate se1f—consis~ L-nt field
wavefunctions by maximizing Coulomb repulsions of electron jlairs
within orbitals. Objective evidence has thus been obtained for
two-center 1311 , three-center bridge 81113 , two-center 813 and cen tral
three-center 13138 bonds , bu t not , as yet , for  open th ree-center  BBB
bonds. Localization in 135119 is amb iguous , as it is in organic
molecules such as benzene. More therniodynamic~il stable i somers  or
p laus ib le  react ion  pa thways  appear  to have more re sonance s t r uc t t i i- e~~,
and less react ive  (or more p l aus ib l e )  s t r u c t u r e s  or i n t e r m e d iat e s
appear to have more nearly uniform charge distributions . 
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A Self-Consistent Field Study of Decaborane(14), E.A . Laws,
R.M. Stevens and W .N. Lipscomb , J. Am. Chem. Soc. 94, 4467 (1972).

A self—consistent field wavefunction for decaborane(14),
B10H14, has been obtained from a minimum basis set of Slater-type
orbitals. Electron density and difference density maps are used
to discuss molecular bonding proper ties and possible valence struc-
tures. Static reactivity indices are found to correlate well with
the experimental order of electrophilic and nucleophilic substitutions.
The atomization energy and ionization potential are found in good
agreement with experimental numbers , but the dipole moment is too
large by roughly 40%. Theoretical values for the diamagnetic
susceptibility and shielding constants are reported and the implica-
tions of these numbers discussed.

A Comparison of Dihorane Molecular Properties from Minimum Basis
Set and Extended Slater Orbital Wave Functions , E.A. Laws,
R.M. Stevens and W.N. Lipscomb , J. Am. Chem . Soc . 94, 4461 (1972).

A comparison of extended and optimized minimum STO basis set
wave functions for B2H6 indicates that boron hydride energies ,
ionization potentials , diamagnetic susceptibility and shielding
constants , and total electron densities may be reliably determined
from a minimum basis set calculation. Minimum basis set difference
densities and nuclear quadrupole coup li n g con stants are onl y
qualitatively correct. Minimum basis set atomization energies
appear to be more accurate than those computed with large basis
sets , when the atomic wave functions are determined using the
molecular exponents.

Aspects of the Electron Density Problem , Experimental and
Theoretical , W.N. Lipscomb , Transactions of the American Crystallo-
graphic Association 8, 79 (1972).

Anomalous shortening of BH distances (and by inference CII,
NH , • . . ,  distances) when spherical atoms are used in X—ray refine-
ments are largely due to effects of electron displacements into
the chemical bonding region. A minimum atomic basis set accounts
for 0.05 ~~~, whi le  an extended basis set adds 0.03 ~ more, when an
accurate molecular wavefunction is substituted for spherical atoms .
Difference electron densities are very sensitive to the atomi c
basis set used in computing a molecular wavefunction. In particular ,
a minimum basis set of atomic orbitals is inadequate. Difference
densities are also sensitive to the choice of promotion and
exponents of the atoms which are subtracted , and hence these atomic
wavefurictions should be completely specified . 

- - - - - -- -~~~-~~~~~~~~~~~~~~ 
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A Comparison of Minimum and Expanded Slater Basis Set Difference
Density Maps , E.A. Laws and W.N. Lipscomb , Israel Journal of Chem.
10 , 77 (1972)

A comparison of minimum and expanded Slater basis set diff-
erence densities in 112, N2 and B2H6 indicates that minimum basis
set results significantly underestimate the transfer and concen-
tration of charge in molecular bonding regions.

Self—Consistent Field Wave Function and Localized Orbitals for
2,4—Dicarbaheptaborane (7). The Fractional Three-Center Bond ,
D.S. Marynick and W .N. Lipscomb , J. Am . Chem. Soc. 94, 8692 (1972).

A minimum basis set self-consistent field wave function for
2,4—dicarbal-ieptaborane(7) has been calculated. Molecular properties
such as charge distributions , bond strengths , dipole moments ,
diamagnetic chemical shifts , ionization potentials , and atomization
energy are examined and the reac t iv i ty  of the molecule is discussed
in terms of the ground—state charge distribution . Localized orbitals
obtained by maximizing the self-repulsion energy yield one boron
atom (B3) which appears to be participating in five bonds to other
atoms; however only fractions of atomic orbitals are used for some
or all of these bonds . These fractional bonds are discussed in
terms of their directional character , hybridization , and per cent
delocalization , and the relationships among fractional bonding,
molecular symmetry , and the topological theory of the boron hydrides
are explored .

A Self-Consistent Field and Localized Orbital Study of 4,5-
Dicarbahexaborane(8), D.S. Marynick and W.N. Lipscomb , J. Am.
Chem. Soc. 94, 8699 (1972).

A self—consistent field wave function has been calculated for
4,5—dicarbahexaborane(8) using the experimental geometry and a
minimum basis set of Slater orbitals. The charge distribution ,
reactivity , diamagnetic chemical shifts , ionization potential ,
atomization energies , and dipole moments are discussed in terms of
the ground-state charge distribution . Localized orbitals are found
by the Edmiston—Ruedenberq method and a modified Taylor method ,
and the valence structure of the molecule is described in terms of

— fractional three—center bonds . A detailed discussion of the nature
of the extremum in the self-repulsion energy surface is presented.
The relationship between the topological theory of the boron
hydrides and the valence structure of the molecule is discussed .
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Ab Initio Self Consistent Field Calculation of the Energies of
Formation of B2H6 and B211 , J H Hall , Jr , D S Marynick, and
W N Lipscomi.i , Inorganic hem 11, 3126 (1972)

The near Hartree-Fock limit for the ~E of the reaction
2BH3(g) + B~H6(g) is found to be —19.0 kcal/mole , using a very
large Slater orbital basis set. The ~~ for the reaction
B114 (g) + B!13(g) -

~ B~H7 (g) is estimated to be —25.1 kcal/mole ,
using optimized minimum basis sets. The B—H-B three-centered
bond in B2H7 is predicted to be linear and symmetric in the
gas phase.

Localized Molecular Orbitals for 1,2- and l,6—Dicarbahexaborane(6)
The Open Three-Center Bond and Implications for Carborane Topology ,
I.R. Epstein , D.S. Marynick and W.N. Lipscomb , J. Am. Chem. Soc.
95, 1760 (1973) .

Localized molecular orbitals (LMO ’s) have been calculated
for the 1,2 and 1,6 isomers of C2 B 4 H 6 by the Edmiston-Ruedenberg
procedure. The 1,2 isomer is the first example found in LMO
calculations of the existence of the open three—center bond , and
it occurs here only for the BCB nuclear configuration. The LMO
structure for the 1,6 isomer is best interpreted in terms of
fractional three-center bonding. We discuss the implications of
these results for the general application of topological methods
to boranes and carboranes .

Self—Consistent—Field Wavefunctions for Complex Molecules. The
Approximation of Partial Retention of Diatonic Differential Overlap,
T.A. Hiagren and W.N. Lipscomb , J. Chem. Phys. 58, 1569 (1973).

A new approach , based on partial retention of diatornic differ-
ential overlap over an orthogonalized basis , is described for
approximating LC2\O SCF molecular orbital wavefunctions at the
minimum basis set level for closed—shell molecules containing
hydrogen and first-row atoms. The SCF equations are solved
explicitly, retaining all one-electron integrals and approximating
two—electron Coulomb integrals , hybrid integrals , and exchange
integrals of the forms (i~ j~~ iAj~ ) and (ij~j flh i~ j13) for centers
A and B. Single center averaging processes otherwise required
for rotational invariance are avoided by the use of local atomic
centered axes which are unique in anisotropic environments. The
result is accuracy comparable to that of much more elaborate methods
such as STO—3G , in computing times only moderatel y longer ti-ian for
simpler methods based on neglect of differential overlap such as
CNDO and INfO . Both unparameterized and paramoterized methods are
reported . Comparison of parameterized results with ab in i t io
SCF results for a large number of molecules indicates that
F—matrix elements are given to standard deviations of 0.007 a.u.,
density matrix elements to 0.007 electrons , orbital populations and
atomic charges to 0.01 or 0.02 electrons , orbital energies to
0.01 a.u., and total energies to 0.03 a .u. Optima l geometries
and computed force constants also agree well with reference SCF
results. Computinq t imes in seconds for the ll3M 360/91 are -
0.2+0.006N 2+0.000l5N~ +0.00O00l2N

4 for molecules with minimum basis
sets of 2—64 atomi c orbitals (N) 

-- - - - -  ~~~~~~~~~~~~~~~~ 
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Crystal Structure of Te~ramethylammonium Tetradecahydrodecaborate .Structure of the 8101114 - Ion , D.S. Kendall and W.N. Lipscomb ,
Inorganic Chem. 12, 546 (1973).

The B10H14
2 ion has two B1-12 groups and two bridging hydrogen

atoms, in a 2632 topology of three-center bond theory. The isolated
ion has C2v symmetry . Unit cell parameters of tetramethylamjnonium
tetradecahydr~decaborate , (N(~ 1!3)4)2B1O F1l4, ~re a = 9.60(1) X ,
b = 16.29(1) ~~~~, c = 12.27(1) X, i3 = 91.63(1) , and z = 4, and the
crystal synrnetry is P21/c. Full-matrix least-squares refinement
of the structure yields a value of R = ~ I IF o l -I F cI /~~IF c! of 0.085for 2058 X-ray diffraction maxima measured on a four-circle 2-diffractometer. The re la t ionships  of the s t ruc tu re  of 8101114 to
its bonding and probable reactivity are discussed briefl y.

Optimized Self-Consistent-Field and Localized Molecular Orbital
Studies of Tetraborane (4), J.!1. hall , Jr., I.R. Epstein and W . N .
Lip sconth , Ino rganic  Chem. 12 , 915 ( 1 9 7 3 ) .

The wave function for B4h!4 has been computed in the SCF-LCAO-MO
approximation. Slater—typo orbital expon en ts ~tnd the boron—boron
distance have been optimized. The calculation shows tha~c 84 114
should be stable by 316.9 kcal/mole w i t h  respect to d i s s o c iat i o n
to form 1311 units. The Mulliken charges arc +0.0046 e on the borons
and -0.0046 on the hydrogens. Calculation of localized molecular
orbitals  for  B 4 !! 4 us ing  the ab in i ti o  E dmis ton -Ruedenberq  procedure
y ields four  central  th ree—cente r  13-13-B bonds loca l ized  in  the
f aces of the tetrahedron . These bonds are , surp r i s i ng ly , nons v mme t ric
and unequivalent. Possible reasons for this result and for the
apparent instability of 134114 are discussed .

Localized Orbitals in Ethyl  Ion and the P e r t u r b a t i o n  of E t h y l e n e
by a Proton . Reaction of Localized Orbitals , D.J\. Dixon and
W.N. Lipscomb , J. Am. Chem. Soc. 95, 2853 (1973) .

As a proton approaches a l o n g  the p e r p e n di c u l ar  hi  se ct o r  of
the C—C l i ne  and normal  to the p lan ~ 0 1 et h y  ~e ne , at ~~rec i ~ hi  e
orbi ta l  pe r tu rba t ions  begin at 3 .7  ?~. Results at the  selL—
consistent  f i e l d  I cvel have been found  for  a m i n i m u m  ba~~i
of Sl ater orb i tal s  us ing  pr ev ious i  V o b t a i ne d  e q ui  I ib r i  urn ‘o~i e t r i  ~~
f or both the bridqe (C 2~~

) and open (Cl1 7 C1l 3~~, C 5) st ructur c~ ; . l ocal-
ized orb i ta l s  have been obtai  ned by m a x i m i  :~inq  t he sel f— !c!’U1 slon
energy 

~ ~ 
(ii I i i) and have been i-cl a ted to t h e  f o r m a t i on of C 711 r +

from C2 114 and a p roto n , and to the subsequent addition of a nuclee-

~4-iilc in the Markovnikov reaction. 

-~~~~~~~~~~~ -- - - - -  - - - -~~~~~~~~~-- - 
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Fluxional Behavior of B11H11
2 

, E.I. Tolpin and W.N. Lipscomb ,
J. Am. Chem. Soc. 95, 2384 (1973).

Isomerization of B~H~
2 ions is generally believed to be

a high-temperature phenomenon. We report here the spontaneous
isomerization of B11H112 ions in solutions at low temperatures
in nmr time scales.

Crystal and Molecular Structure of EMe4N]+[PhCHB1O H1OCPhI :
Relation to the C2B10H13 Ion , E.I. Tolpin and W . N .  Lipscomb ,
J. Chem. Soc. Chem. Comm. , p. 257 (1973).

A single-crystal X-ray diffraction study of [Me4N]~(PhCHB101I10CPh ]  shows a unique brid ging C a tom of the PhCII group
on the face of an icosahedral (B 10C) f ragment ;  there are no
bridge hydrogens.

• Thermal Rearrangements of Icosahedral Carboranes. Molecular and
Crystal Structure of 5, l5-Dichloro—l , 7—din iethyl -l , 7—dica rba—closo-
dodecaborane(l2), H.V. Hart and W.N. Lipscomb , Inorganic Chem.
12 , 2644 (1973)

Thermal rea~rangement of 9,12-dichloro--C,C’-dimethyl-o—
carborane at 420 yields 5,l5-dichloro-C ,C’-dimethyl—n-t-carborane
as the major product , in addition to a large number of the possible
15 other meta isomers . This major product is the only one
expected from the cuboctahedral intermediate mechanism. Other
products may result  from t r iangle  rotations in this  intermediate
and possibly from other less important  mechanisms . This major
product is orthorho mbic , in the space group Pmn2l, and ha s two

— molecules in a uni t  cell having dimensions of a = 7 . 7 2 5 , b = 10.181 ,
and c = 8 .079  ~~~~. The value of R~. = ~ I k I F 0l — I F C I I / E k I F o I is 0 . 0 7 8
for 460 observed d i f f r a c t i o n  maxima .

Ab Ini t io  Self -Consis tent  Field and Conf igu ra t ion  In teract ion
~Eudy of Beryllium Borohy dr ic le, D . S .  Marynick  and W . N .  Lipsconib ,
3. Am. Chem. Soc. 95, 7244 (1973).

Optimized geometries and relative energies are reported for
many possible s t ructures  of bery lli um borohydr ide .  These ca lcu l a—
tions are at the ab i n i t i o  minimum basis set s e l f — c o n s i s t e n t  f i e l d
level of approximation , wi th near opt imum exponents .  C o n f i g u r a t i o n
interact ion calculat ions on the bound conformers  w i th  al l  valence
shel~ si n g le and double exc i ta t ions  included suggest t ha t  two or
three conformers may coexist in the qas phase. This result is
also based on the avai lable  exper imenta l  evidence . The previous
experimental work on the gas phase is discussed in view of the
above possibi l i ty.
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Three-Center Bonds in Electron—Deficient Compounds . The Localized
Molecular Orbital Approach , W.N. Lipscomb , Accts. of Chem. Res. 6,
257 (1973) . —

Summary :
(a) No open three-center bonds have been found in localized

molecular orbitals of boranes.
(b) Carboranes , but not boranes , may have open three—center bonds ,

where C is the central atom , and may have an adjacent pair of C atoms
(or an adjacent B and C) joined by both a single bond and a central
three-center bond .

(c) Unique preferred three-center bonds exist in valence
structures of B2H6, B4 fl 10, B 5H 11, B 6 H 10, an d l , 2—C 284 116 .

(d) Structures for which 3—center bonds can be drawn are
preferred over those which cannot be so expressed. For example ,
B11H112 of C 2~ symmetry is preferred over the C Sv structure .le) Of a l ternat ive geometries for an isomer , the structure
having the larger number of nearly equivalent three— center  bond
structures is preferred.  This argument takes precedence over which
choice has the more favorable charge d is t r ibut ion .

(f) Unique fractional three-center bond de~criptions exist for
4,5—C2B4H8 and probably also for B10II14, B10H14~~~, and Bg!113L.(g) Fractional three-center bonds occur replacing an open
three—center bond and a single bond from the central atom to a
fourth atom , except when C is the central atom.

(h) It is probable that valence structures having a vacant
orbital which can easily be incorporated into three-center bond
structures are preferred over those which cannot.

Crystal and Molecular Structure of Tetramethylammonium C,C’-Diphenyl-
uridecahydrodicarba-nido-dodecaborate(l-), E.I. Tolpin and W.N.
Lipscomb , Inorganic Chem. 12, 2257 (1973).

The anion of the salt (Me4 N + ) (PhCHB10FI10C P h ) ,  tetr amethy l-
ammonium C,C’-diphenylundecahydrodicarba-nido-dodecaborate(l-)
is an opened icosahedron . Except for the orientation of pheny l
rings , this ion has C5 symmetry . One carbon is in the 1310C icosa—
hedral fragment , while the second carbon bridges two boron atoms
in the open face of this fragment. This second carbon is also
bonded to H and to a phenyl group. The unit cell contains four
formula weights in the orthorhombic space group P2l2121. Unit
cell dimension~ are a = 15.983(10) ~~~~, b = 11.158(5) X, and
c = 12.941(3) ~~~~. The final value of R = E I I F o I-I F c Il /~ j F oI ~~5

is 0.093 for 1544 observed X-ray diffraction maxima .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  ~~~~~~~~ •~~~~~~~~~~ ••
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Molecular Structure and Two Crystal Structures of 6—Isothiocyano-
decaborane, 6-B10H13NCS, D.S. Kendall and W.N. Lipscomb,
Inorganic Chem. 12, 2915 (1973).

The reaction of mercuric thiocyanate with 6 , 9-B10H 12 (SMe2 ) 2 or
6,9—B 10H12 (SEt 2)2 yields BJ0 H12NCS. A new preparation prom NaNCS
and decaborane is described. X—ray structure determinations prove
that the NCS group is attached covalently at the N atom to B6 of
decaborane. The B-N bond is 1.435 ~ in length, too short for apure single bond. Identical molecular structures of B10H13NCShave been found in two crystal structures , both in space group
P2 1/n with four molecules per unit  cell. The form found at 13°
has un it cell parame~ers a = 7.352(5), b = 14.611 (5) , c 10 .561(5)  ~~~,
and ~3 = 105.273 (13) . Full—matrix , least-squares refinement gives
R = E I I F o I I F c H/E~ Fo I = 0.063 for 1181 X—ray d i f f r ac t i on  maxima
measured on a Picker four—circle diffractometer . Crystals grown at
room temperature had unit cell parameters of a = ~.93 (1),b = 17.48 (1), c = 9.47 (1) L and 13 = 101.68 ( 2 )  . Ful l—mat r ix ,
least squares refinement gives R 0.087 for 716 reflections.

Crystal and Molecular Structure of Ammonia—Isothiocyanoborane ,
NI-13 •BH 2NCS , D . S .  Kendall and W . N .  Lipscomb , Inorganic Chem. 12 ,
2920 (1973)

The crystal and molecular structure of NH3~BH2NCS, ammonia-isothiocyanoborane , has been determined. Distances from boron to
nitrogen are 1.534 (8) ~ to the NCS group and 1.578 (8) ~ to theNH 3 unit. Unit cell distances are a = 9.250 (1), b = 6.781 (1),
and c = 7.152 (1) ~~~~. The space group is Pnma , and there are four
molecules in the unit cell. Full-matrix least-squares refinement
has yielded a value of R E l lFo l l F c l l/~~lF0l = 0.043 for 324 X—ray
diffraction maxima measured on a Picker four—circle diffractometer.
Comments are given on the relationship of this compound to other
isothiocyanoboranes .

Self-Consistent Field Wave Functions of Boron Hydrides and Ions :
B8H12, B9H15, B6H6~~ , B10H102 , and B10H142 , J.H. Hall , Jr.,
D.S. Marynick and W.N. Lipscomb , 3. Am. Chem. Soc. 96, 770 (1974).

A minimum basis set of Slater orbitals has been used for ab
initio self-consistent field wave functions for B8Hl2, B91115,
B~H6

2, B10H10
2 , and B10H14

2 . From these wave functions we
give bond midpoint densities , overlap populations , atomic charges ,
molecular dipole moments , diamagnetic susceptibilities, and
diamagnetic shielding constants. Some analysis is also given
relating probable sites of nucleophilic and electrophilic attack
to the charge distributions , and some discussion is included relating
to the fe~, positive (unbound) occupied eigenvalues of the negativeions. A comparison is also made of these accurately computed SCP
results with approximate SCF wave functions obtained by the method
of partial retention of diatomic differential overlap (PRDDO)
Excellent charge distributions and eiqenvalucs are obtained by the
PRDDO method in computing times less than those of the SCF method
by about a factor of 50.

_______________ - -
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Localized Molecular Orbitals and Chemical Reactions. II. A Study
of Three-Center Bund Formation in the Borane-Diborane Reaction ,
D.A. Dixon , I.M. Pepperberg and W.N. Lipscomb , J. Am. Chem. Soc.
96, 1325 (1974)

Comparison of the symmetric (C2A) approach of two BH3 molecules
to form B2H6 with the unsymmetric (Cs) approach in which only a
single hydrogen bridge is formed leads to strong preference for
the C2h transition state having two very unsymmetrical hydrogen
bridges. This symmetric state lies 2.6 kcal/mole of B2H6 higher
than 2B!13 in a self-consistent field calculation extended by
inclusion of all 14 single and 210 double excitations from the
valence shells of a minimum Slater basis. The two equivalent
unsymmetrical br~dges have a long B~ H interaction with a B-B
distance of 3.0 ~ in the transition state. The formation of the
three-center BHbB bond is investigated by examining the properties
of the localized molecular o~bitals along the symn’etric pathway .
A covalent three-cen~er (bent) B-H” ~B forms as the B” ~B distanc-
closes to about 2.1 X, corresponding to a H~ 

. 

~B distance of 1.65

Ab Initio Self-Consistent-Field Study of Boron Halides : B4F4 and
B4C14, J .H .  Hall , Jr. and W.N. Lipscomb , Inorganic Chem. 13 ,
710 (1974)

The molecu les B4F4 and B4C14 have been studied by ab initio
self—consistent-field (SCF) methods employing a minimum basis set
of Slater orbitals. Mulliken overlap populations , atomic charges ,
mid poin t den si t ies , atomizat ion energies , orb i ta l  populations , and
ionizat ion potentials  are reported , and some quan t i t i e s  are compared
to earlier results on B4 H 4 .  The MO ’ s for  B 4 F4 and B4 C14 consis t
of E, T1, and T2 bonding orbitals composed mainly of fluorine 2p
and chlorine 3p orhitals. Thus, both molecules are stabilized by
back donation of ligand p orbitals into the B4 tetrahedron. The
antibonding E* , T1* , and T2* MO’s are composed mostly of boron 2p
orhitals. The amount of ligand it back-donation into the 84 tetra-
hedron is greater for B4F4 than for B4C14. Localized molecular
orbitals for B4F4 and B4H4 are obtained by using Boys ’ method of
maximizing the sum of the squares of the distances between the
orbital centroids , and the results for B4 !-!4 are compared to our
earlier Edmiston-Rucdenbcrg local izat ion resul ts  for  B 4 H 4 .

Localized Molecular Orbital Description of Nitrogen Lone Pairs ,
D.A. Kleier , J.H. Hall , Jr., T.A. Halgren , and W .N. Lipscotnb ,
Proc. Nat. Acad . Sci. U.S. 71, 2265 (1974).

The Boys localization procedure is applied to several molecules
possessing nitrogen lone pairs. The Boys structures show a ten-
dency for the N lone pairs to participate in bonding to nearby
electron s inks .  For examp le , the Boys st ruc tu re  for p lanar  form—
amide has two equivalent r-bond orbitals between the carhony l
carbon and nitrogen atoms. The change in this description with
variation of geometry at nitrogen is treated , and analogous
Edmiston—Rucdenberq localizations on formamide are included for
comparison.

_ _  ~~ - - - — —- • -~~-~~~~~~ ---- - -  . - - - -—— -~~~
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Comment on Crystal Structures of a-CO and a-N2, W.N. Lipscomb ,
J. Che m. Phys.  60 , 5138 ( 1 9 7 4 ) .

Crystalline a-CO, known to have a residual e~itropy of almostRl n2 (experimental  value , 1. 1+0.1 cal~ deg~~- -m o l e ’) has recently
been assigned a disordered structure (CO or OC) in the space group
Pa3. Molecula r centers for the four molecules in the cubic un i t

1 1  11 11 -cell are at 000, ~-0~-, 0~-~ - , and ~~ -0 , and molecular axes are aligned

parallel to the cell diagonals. These authors reject the spare
group P213 of lower symmetry , in which displacement of the molecular
center is possible along the directions of cell diagonals , on the
basis that it is “characterized by the ordered ar rangement  of the
ends of the molecules along the body d iagonals . ” They therefore
suggest that the P213 crystal structure is in conflict with the
disorder required by the residual entropy . We wish to comment
that a disordered s t ructure  for  CO is possible in the space group
P213, and that no contradiction need exist between the residual

- 
entropy and the choice of P213 as the space 

-group .

Locali zed Molecular Orbital  Description of Ni t rogen Lone Pairs ,
D.A. Kleier , J . H .  Hal l , J r . ,  T .A .  Halg ren and W . N .  Li pscomb ,
Proc. Nat. Acad . Sci. USA , 71, 2265 (1974).

The Boys localizat ion procedure is applied to several molecules
possessing n i t rogen  lone pa i r s .  The Boys s t r u c t u r e s  show a tendency
for the N lone pairs to participate in bonding to nearby electron
sinks. For example , the Boys s t ruc tu re  for p lanar  formamide has
two equivalent T-bond orbitals between the carbony l carbon and
nitrogen atoms . The change in this description with variation of
gepmetry at nitrogen is treated , and analogous Edmiston-Ruedenberq
localizat ions  on formamide are included for comparison .

Localized Orbitals in Large Boron Hydrides. Hexadecaborane and
Related Molecules , D.A. Dixon , D.A. Kleier , T.A. Halgren , and
W .N. Li pscomb , J. Am. Chem. Soc . 96, 22 93 ( 1 9 7 4 ) .

Localized MO’s (LMO’s) were obtained for B 16H 20 by us ing  the
method of S.F. Boys (1966) with partial-retontion-of-diatomic-
differential—overlap wave functions (flalgren and Lipscomh , 1973)
The LMO ’s of the B101114-like region and the B811l2-like region are
similar to the LMO ’s in 810 1114 and B81112. The di f ference between
the LMO ’s in the B10111~1— like region of 13161120 and those of 810 11 14
is attributed to differences in charge distributions. Ti-ic fractional
bonding found i n  81611 20 is explained in terms of donation of
charge from electron-rich to electron-poor regions. 

~• --- - -  - -~~~~-
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Boron Hy dride Derivatives for Neutron Capture Therapy . Antibody
Approach , H . S .  Wo ng,  E. I . Tolpi n and W . N .  Li pscomb , J. Med. Chem.
17, 785 (1974)

A number of borane derivatives which have potential use in
binding to proteins for neutron capture therapy have been syn-
thesized from orthocarborane (C2B10}112) and from decahydroceca-
borate(2-). These modif ying reagents contain either amine , imido
ester , or aldehyde fu n c t ions  ~mnd are solubilized by ionic centers.Addit ional der iva t ive  chemis t ry  of or thocarborane is reported . In

- particular , a six-membered ring amide carborane synthesized here
is shown to resist hydrolysis under drastic acidic conditions .

Binding Studies of Boron Hydride Derivat ives to Proteins for
Neutron Capture Therapy , E . I .  Tol pin , H . S .  Wong and W . N .  Li pscomb ,
J. Med. Chem . 17, 792 (1974)

lonically solubili zed boron h y d r id e  der ivat ives  previously
reported by us , incLiding diazonium ions , imido esters , aldehvde ,
and amines , are used to bind boron to human -globulin and bovine
serum albumin. The resul t s  ind ica te  tha t  an average of 0 . 6 %  boron
by weight can be attached to the antibody at 50% precipitation of
the orig inal protein and a maximum of 0.8% boron by wei ght  near
quant i t a t ive  p rec ip i ta t ion  as dete9ined by ext rapola t ion.  An —
isocyana t e deriva t i ve of the B10H 10 

- anion gives up to l . 7 7~ by
weight of boron bound without significant loss of protein solubility .

Localized Orbitals in Boron Fluorides. Highly Polarized Boron-
Fluorine Double and Triple Bonds , J.H. FIall , Jr., T.A. Haigren ,
D.A. Kleier and W.N. Lipscomb , Inorganic Chem. 13 , 2520 (1974).

A localized molecular orbital (LMO ) description is presented
for the valence structures for the boron fluorides BF , J3H2F, BF~ ii ,
flU3, 8F2N112, B4F4, and B2F4. The highly polar equivalent BF tri ple
bonds in B4F4 and 13F double bonds in BH2F , 3F711, 13F3, BF2NF2 , and
B2F4 are described . The equivalent double and triple bonds o bt a i ne d
fo r these polyatomic molecules d i f f e r  in i mpor t an t  ways f rom the
conventional descript ion of a s ingle  B-F bond hav ing  some back-
donation to the -

~ system. F i r s t , al l  compone n t s  of a m u l t i p l e  bond
in a given LW interaction are equivalent. Second , all components
are h igh l y  polar , ha ving an excess of e lectrons on F and lectvinq
atoms neutral within about 0.1—0.2 electron of charge . Finally ,
these multiple bonds are unexpected in the sense that they have
not been described previously for LW bonds in p o lv at omi c  molecu le s
from conventional valence-bond theory .

_ _ _ _ _ _ _ _ _ _ _- - -  _ _
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Localized Molecular Orbitals for Polyatomic Molecules. I. A
Comparison of the Edmis ton— Ruedenberg  and Boys Loca l iza t ion
Methods, D.A. Kleier , T.A . Halgren , J.11 . Hall , Jr. and
W.N. Lipscomb , J. Chem. Phys. 61, 3905 (1974).

The Edmiston-Ruedenberg (ER) and Boys localization methods
are compared for  a number of boron hydr ides  and carboranes . The
Boys localization equations are solved explicitly for the two-
orbital case and an iterative procedure for the multidimensional
case is presented. The Boys analogs of Taylor ’s [J. Chem . 1’hys.
48, 2385 (1968) 1 ER equations are derived and the second-order
term is converted into a symmetr ized  quadra t i c  form which  is
analogous to the ER equat ions  of Switkos et al .  [J. Am. Chem. Soc.
92 , 3847 (1970) ]. A l imi ted  second—der iva t ive  test is emp loyed in
order to determine the nature of the convergence , and a trans-
formation based on it is defined which successfully resolves
structural ambiguities to which the standard two-orbital trans-
formation proceucire is subject. The Boys and ER localization
methods are in at least qualitative agreement for all moleculeE
except l , 2— C 2 B 4 116 ,  whore  the Boys loca l i za t ion  y ie lds  a s t ruc tu re
wi th  f r a c t i o n a l  bonds and no open three-center  B--C-B bond ing .
Previous ER loca l i zat i ons  of l , 2 -C 2 B 4 H G resul ted in two open
B-C-B th ree -cen te r  bonds and no f r ac t iona l  bonding.

Energy of Formation of B2116 from 2B113 near the Flartree-Fock Limit ,
D . S .  M a r y n i c k ,  J .I1 . Hal l  J r .  and W . N .  Lipscomb , J. Chem.  P h y s .
5460 ( 1974)

Using a large basis set of Gaussian orbitals , the Hartree—
Fock limit for the -~~~ of the react ion 2BH 3 -

~~ B 2 H 6 is e s ti m at e d
to be — 1 9 . 9  kcal/mole , in exce l len t  agreement wi th  a p rev ious ly
calculated value  of — 1 9 . 0  kcal/mole obtained wi th  a Sla tcr
orbital basis set.

Observat ions  R e g a r d i n g  Copper— Hy drogen-boron in t e rac t ions  in Copper
Decaborane (Cu 3-) ~B 1 113-0

) , T . E .  Paxson ,* M . F .  H awth o rne ,* Leo D. Brown ,
and W . N .  Lipscoml3 , 2n b r g .  Chom.  13 , 2 7 7 2  ( 1 9 7 4 )

Both Cu-B and Cu-Il -B i n t e r ac t i ons  occur in the t i t l e  compound .
The Cu— U d i s t ances  of 1 . 1— 2 . 1  ?~ orobably i nd i ca t e  less t i - ian f u l l
b r id ge bonds even though  the bond ing  they show m e di f i e s  t h e i r  ir
spectra in comparison wi th  t ermina l  B— il  bonds . The ir spectra of
the perdeuterated title compound and (PP h 3 ) 2 CuB 10II10 C U ( P P b 3 ) 2  were
used in conlunction w i t h  the  assumed D~~ sv mm c t i \ ’  of the  11 atem~; of
the 13 p o l y h e d r a  and X — r a y  structure determinations of related
compounds in estimating the  B and II p os it i o n s .

*University of California at Los Anqeles
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Computational Evidence for a Stable Intermediate in the Rearrange-
ment of l,2-C2B4136 to l,6-C2B4H6, T.A. Halgren , I.M. Pepperberg,
and W.N. Lipscomb , J. Am. Chem. Soc. 97, 1248 (1975).

Few reaction pathways in rearrangements of boron compounds
are mechanistically well understood. The isomerization of
l,2—C2B4F16 to l,6-C2B4H 6 is a polyhedral rearrangement for which
the cooperative twist dsd (diamond -square-diamond) mechanism has
been suggested. This interconversion proceeds measurably at 2500
but a CNDO/2 study failed to find an energetically accessible
pathway . We report here a PRDDO study of this interconversion
and of the analogous degenerate rearrangement of B6H6

2 which
utilizes and serves to introduce a new approach for computing
reaction pathways. A principal result is a subtle but energet- —
ically significant modification of the dsd mechanism which
implicates a third stable geometry on the C234H6 energy surface
as an intermediate in the interconversion. A second focus is
the effect -- and predictability -- of carbon substitution on
the energetics of the parent B6H6

2 rearrangement. Based on past
experience , we expect the results presented here to be of
essentially ab initio minimum-basis-set quality .

Advances in Theoretical Studies of Boron Hydrides and Carhoranes ,
W.N. Lipscomb , reprinted from Boron Hydride Chemistry (ed. E.L.
Muetterties) , Academic Press , San Francisco (1975) , p. 39

Localized bonds and localized charges , virtual or real , in
molecules and ions are now being derived from objective calcula-
tional procedures , which are rigorously based , and which also - 

-

yield other molecular properties directly comparable with experiment.
This recent development provides a searching test of molecular
theory and is described in the area of interest here, the boranes ,
carboranes , and related ions . Following a brief historical
introduction , sections are given on the relevant theory , on
rigorous theoretical results for a number of molecular species,
on the relation of these results to earlier three-center bond
theory , on reactivity , and on rearrangements.

Localized Molecular Orbitals for Polyatomic Molecules . II. Structural
Relationships and Charge Distributions for Open Boron Hydrides and
Ions, J.H. Hall , Jr., D.A. Dixon , D.A. Kleier , T.A. Halgren ,
L.D. Brown and W.N. Lipscomb, J. Am. Chem. Soc. 97 , 4202 (1975)

Wave functions calculated in the partial retention of diatomic
differential overlap (PRDDO) approximation are presented for !38~~l2~
B8H14, ~8

1
~13 , B9H15, B9H1 4 ,  13101114, 13l011 142 , B10111 3,  131111 13 

—
,

C-,B7H13, C 2 B9H 1 2,  and C2B1OH 13 . The wave f u n c t i o ns  are a n a l y z e d
in terms of the ground state charge distribution. Mulliken overlip
populations , atomic and group charges , dipole moments , and ionization
potentials are presented for these molecules. We compare reactivi ty
predictions for olectrophilic and nucleophilic attack at boron based
on three d i f f e r e n t  c r i t e r ia :  inner  shell  ciqenvalues , group chir qes ,
and population sums over the highest occupied molecular orbitals.
Localized molecular orbit~ils (LMO ’s) obta i ned using the Boys criterion
are reported. The molecules are grouped i n to  th ree  f a m i l  i e s h i n e d
on common s t r u c t u r a l  f e a t u r e s  w i t h  881112 1 810 111 ~~~, and 811 l1 l3~~ serving
as parent  molecules .  W i t h i n  each f a m i l y , d i f f e re nc e s  i n  I M O  st ructure
are correl  atecl wi th d i f fe r e n c e s  in the geomet r ica l  s t r u c tu r e  andcharqc d~ stri bnt -inn 

~—— —-  
- -~~ - -—
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Molecular Orbital Studies of Enzyme Activity : I:Charge Relay System
and Tetrahedral Intermediate in Acylation of Serine Proteinases ,
S. Schem er , D.A. Kleier and W.N. Lipscomb , Proc. Nat. Acad . Sci.
USA 72, 2606 (1975)

The charge relay system and its role in the acylation of
serine proteinases is studied using the partial retention of
diatomic differential overlap (PRDDO) technique to perform approxi-
mate ab initio molecular orbital calculations on a model of the
enzyme-substrate complex. The aspartate in the charge relay system
is seen to act as the ultimate proton acceptor during the charging
of the serine nucleophile. A projection of the potential energy
surface is obtained in a subspace corresponding to this charge
transfer and to the coupled motions of active site residues and the
substrate . These results together with extended basis set results
for cruder models suggest that a concerted transfer of protons from
Ser-l95 to His-57 and from His-57 to Asp-l02 occurs with an energy
barrier of 20—25 kcal/mole (84-105 kJ/mole). The subsequent nucieo-
philic attack on the scissile peptide linkage by the charqed serine
is then seen to proceed energetically downhill to the tetrahedral
intermediate . The formation of the tetrahedral intermediate from
the Michaelis complex is calculated to be nearly thermoneutral.

Localized Molecular Orbitals for Polyatomic Molecules . III. Mono—
cyclic Aromatic Rings, D.A. Kleicr , D.A. Dixon and W.N. Lipscomb,
Theoret. Chim. Acta(Berl.) 40, 33 (1975)

Molecular wavefunctions have been generated by the PRDDO
(Par t ia l  Retent ion of Diatomic D i f f e r e n t i a l  Over lap)  method for  the
monocyclic aromatic rings con ta in ing  six Tr-electrons (C 4 !14 2 , 2c 5nç, C6H6, C7H7~~, and C8FI~ 2) and ten ~t-e1ectron species (C8!!8
C9H 9 ,  C 10H 10 ) . The eigenvalue spectra of the canonical molecular
orbitals are presented. Localized molecular orbitals (LMO ’s) gen-
erated using the Boys criterion are reported for localizations
invclving all occupied molecular orbitals (complete localizations)
and localizations of the ~ orbitals only . We find evidence for o-~’
separation in the complete localizations for some of these molecules
even though the Boys criterion is often biased against such results .
We demonstrate for C6H6 and find for the other molecules that the
-iT—orbital localizations are indeterminate (i.e. there are an
infinite number of equally satisfactory LMO structures between
two limiting extremes). This result may be viewed as a corollary

• of Hückel’s (4n+2) rul e for aromaticity .

_ _ _  _



— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~

26

Molecular Orbital Studies of Enzyme Activity:Catalytic Mechanism
of Serine Proteinases , S. Schem er and W.N. Lipscomb , Proc. Nat.
Acad. Sci.USA 73, 432 (1976).

The catalytic activity of the serine proteinases is studied
using molecular orbital methods on a model of the enzyme-substrate
complex. A mechanism is employed in which Ser-l95 , upon donating
a proton to the His—57-Asp-102 dyad , attacks the substrate to form
the tetrahedral intermediate . As !Iis-57 then donates a proton to
the leaving group , the intermediate decomposes to the acyl enzyme .
An analogous process takes place during deacylation , as a water
molecule takes the place of Ser-195 as the nucleophile. The
mot i l i ty  of the h i s tid i n e  is found to be an impor tant  fac tor  in
both steps. An attempt is made to include the effect-s of those
atoms not explicitly included in the calculations and to compare
the reaction rate of the proposed mechanism with that of the
uncatalyzed hydrolysis. This mechanism is found to be in good
agreement with structural and kinetic data.

Localized Molecular Orbitals for Polyatomic Molecules. IV. Large
Boron Hydrides , D.Ti. Dixon , D.A. Kleier , T.A. Halgren , and W .N. Lipscomb ,
J. Am. Chem. Soc. 98, 2086 (1976).

Wave functions calculated in the approximation of partial
retention of diatomic differential overlap (PRDDO) are presented
for B13H 19, B14 112q, B16H 2 0 ,  n — B 1 8H 2 2 ,  i—B 18F !22 ,  B 2 O H 1 6,  B;’01118 2 ,
and photo-B20!!18 ~~ . The wavefunc t ions  are analyzed in terms ot
the ground s tate  charge d i s t r i b u t i o n .  Atomic and group charges ,
inner—shel l  eigenvalues on boron , dipole moments , and i o n i z a t i o n
potentials are presented for these molecules. We make and then
compare reactivity predictions for electrophilic and nucleophili.c
attack based on group charges and inner-shell eigenvalues , neg-
lecting steric e f f e c t s , orbital  control , and complex pathways.
Localized molecular orbitais (LMO ’s) obtained using the Boys
criterion are reported . These LMO structures are compared with the
LMO structures obtained for the B8 or B10 molecules that join
together to give the larger molecule. The effects of the bonding
in the fusion or bridge region are examined.

Comments on Orbital Steering, D.A . Kleier (Williams College) , and
S.Scheiner and W .N. Lipscomb (Harvard) , m t .  J. Quantum Cheni .
Quantum Biology Symp No. 3 161 (1976).

Molecular orbital theory has been applied to explore the
potential enerqy surface for several bimolecular reactions. Th e
results of these calculations can be used to assess the rate
accelerations that migh t be achieved in similai optimally oricnt ’d
reactions. Several of the reactions studied (e.g., C1!30 + II2 NCIIO)
are bimolecular counterparts of interniediate steps in enzyme
catalysis (e.g. serinc proteinase act tvity) . In these cases th e
importance of “orbital steering ” as vehicle for enzyme catalysis
is asse~scd . 
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A Molecular Orbital Study of the Role of BH 5 in the Hydrolysis of
I.M. Pepperberg, T.A. Halgren , and W.N. Lipscomb , J. Am.

Chem. Soc. 98, 3442 (1976).

Molecular orbital methods are employed to examine the structure
and stability of BH5 in the light of results for aqueous hydrolysis
of BH4 .  These results suggest that BH5 exists as a metastable
intermediate. The optimal BH 5 geometry for a given constraint in
B-H distance is found to have Cs symmetry ,. and to have identifiable
BH3 and H2 subunits consistent with the experimental expectations
for the intermediate in hydrolysis. However , single determinant
calculations using PRDDO and STO-3G minimum basis sets and 4-31G
and double ~ plus polarization extended basis sets indicate that
BH~ is unstable with respect to dissociation to 13113 and 112 by
>10 kcal/mol. The stabilization of B!-!5 relative to BH3 and H2 f rom
configuration interaction is estimated to be ‘~l0 kcal/mol. Studies
of solvation effects using specific hydration and statistical inter-
action models indicate that the product B113 is stabilized in solutioi
by ‘t~6 kcal/mol by formation of a H20:BH3 complex. Representative Eli ’3

- structures are stabilized by much smaller amounts of 2—3 kcal/mol.
The nd result is that the experimental and computational results
cannot now be reconciled within limits of a few kilocalories per
mo1-e , presumably because of limitations in the theoretical procedures.
Less sensitive aspects of the chemistry of BH 5 are examined using
PRDDO, and in some cases 4-3lG , calculations . These aspects include
(a) a study of electronically allowed and disallowed dissociations
from BH5 of molecular hydrogen by means of various hydrogen atom
pairings in each of the D3h, C4v, and C2v structures , (b) a compar-
ison of bonding interactions in BH5 and CU 5 using localized
molecular orbital techniques , and (c) a consideration of pathways
for intramolecular rearrangement in C5 structures for B!!5.

Molecular Orbital Studies of Enzyme Activity . 2. Nuclcophilic
Attack on Carbonyl Systems with  Comments on Orbital Steering,
S. Schem er, W.N. Lipscomb , (Harvard) and D.A. Kleier (Williams
College) , J. Am. Chem. Soc. 98, 4770 (1976)

Molecular orbital theory is applied to the study of several
reactions i nvolving nucleophilic attack at a carbonyl group. Nucleo-
phile—carbonyl systems studied are F + FC1!O , 011 + FC1IO , C11 30 +

H2NCIIO , NI!3 + IICHO , 013011 + UCOOI!, and C113011 + UC (011) 
~~ 

The MO
ca lcula t ions  are carr ied  out at the m i n i m u m  basis  set leve l u s i n g
the P a r t i a l  Re ten t ion  of D ia tomic  D i f f e r e n t i a l  Over l ap  ( P R D D O )
procedure. In order to assess the error associated with the minimum
basis set, several calculations arc repeated Using an extended
4-3lG basis set. The results are discussed with a critical eye
toward the concept of “orbital steering. ”
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A Theoretical Study of the Lewis-Base Adducts of Triborane(7) ,
Leo D. Brown and W.N. Lipscomb , Inorganic Chem . 16, 1 (1977).

The Lewis-base adducts of B3117 were studied using the PRDDO ,
STO—3G , and STO-4-31G methods . Bases used were Nil3, 1120 [as a
model for (013)70], (C11 3)20, and CO. Six possible structures were
studied. In all cases the preferred geometry resembled the cry ~~ta1
structure of B3117 C0 with one BHB bortd and C5 symmetry . The w e ak e r
the base, the stronger this preference appears. The other structures
did not appear to lie in local energy minima ; they collapsed to the
preferred geometry by a pseudorotation process. Comparison is made
to the triborate ions and fluxional processes are discussed. Local-
ized molecular orbitals , bond indices , atomic charges , and di pole
moments are reported .

Extended Topological Rules for Boron Hydrides. I. Structures and
Relative Energies for the Transient Boron h ydrides 82114, 133117,
B3H9, B4U8, and B4H12, I.M. Pepperberg, T.I\. l!alqrcn and W .N. Lipscomb ,
Inorganic Chem . 16 , 363 (1977)

Optimal geometries for the transient boron hydrides 82114 , 83117,
B3H 9,  B4 U 8, and B 4 !!12, possible in te rmedia tes  in the pyrolysis O~
B2 fl6 ,  have been determined at the approximate ab initio PRD DO l eve l
and f u r t h e r  assessed via  ab in i t io  STO-3G , S l a t e r -o rb i t a l  SCF , 4-31G ,
and SCF-CI calculations. Structures having one or more formally
vacant orbitals are found to be preferred for the systems 82114, B-~H7,and B4fl 8 which we define as unsaturated . Preferred symmetries and
topologies are D2d 0012 (staggered ) for 82114, C2v 1103 (staggered )
or possibly C5 2102 for 83117, D3h 3003 for 83119, C3 2ll2C [or
possibly D2h 0204 (staggered) ] for 84118 and D41~ 4004 for 841112.
An extended styx and topological formalism is developed in or der
to incorporate the new structures by allowing up to one vacant
orbital per boron atom. TI-ic extended rules are also shown to
suggest vacant orbi ta l  s t ruc tures  which s u c ce s s f u l l y  predict  ol~~~rved
distortions from the idealized topological  st r uct u re s  for  the  knot~’n
hydr ides , e . g . ,  84 1110, 851111, and 8311g . Bond ing  p at t e r n s  in  t h e
t r ans ien t  boron hydr ides  are characterized via molecular orbital
localizations using the criteria of Boys , and , in one case , E dm i st o n -
Ruedenberq; and relative energies are discussed in terms of c om p et i n o
tendencies to maximize valoncy (as defined in ref. 17) and to
minimize strain. An equation is presented w h i c h  relates the r e l at  i vt ’
energies for tu e transient boron hydrides t o  the d i f f e r e n c e s  in t h e i r
valencies and in t h e i r  topo logies ;  the root—mean-square deviation
between the predicted and observed (4—3l.(’.) relative energ ies  is
~ 5 kcal/mol .  N o n l i n e a r  13118 br idges  in the po lyhedra l  boranes ir e
found to be strained to the extent of ~l0 kcal/mol. Finally,
additional justification is pr ovided  for the exclusion of open 8813
bonds from the topoloqicil formalism for the boron hydrides.
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