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was refined as a rigid group with a variable occupancy constrained 
so that the total occupancy for each Cp ring was one. The refined 
occupancies for the major location of three rings are 0.54, 0.83, 
and 0.67, respectively. An ORTEP drawing of the molecule is shown 
in Figure 1. Selected bond lengths and angles are listed in Table 
I. 

Clearly MeCN has inserted into the uranium-carbon bond of 
I forming an NC(Me)CHP(Ph)2Me ligand that coordinates 
through nitrogen. The uranium-nitrogen bond distance, 2.06 (1) 
A, is the shortest reported and can be compared to 2.29 ( I ) A 
found in Cp3UN(Ph)2,13 which is a typical U-N bond distance 
for a uranium amide. Such a short U-N bond suggests multi­
ple-bond character; in principle, nitrogen could donate as many 
as three electron pairs to uranium. 

The U-N-C(I) angle of 163 (1)°, while consistent with con­
siderable multiple-bond character, deviates significantly from 180° 
which would be expected for a sp hybridized nitrogen. Addi­
tionally the N-C(I) and C(l)-C(2) distances of 1.34 (2) and 1.39 
(2) A are shorter than normal single bonds. The C(2)-P distance 
of 1.74 (2) A is shorter than the P-CH3 distance, 1.83 (2) A, but 
is somewhat longer than observed in simple unsubstituted ylides: 
1.661 (8) A in H2C=P(Ph)3

15 and 1.640 (6) A in H2=P(Me)3.16 

Bond angles around C(I) and C(2) are consistent with predom­
inant sp2 hybridization for these atoms. In view of the bond angles 
and distances several resonance structures are probably important 
in describing the bonding in II. These include: 

Cp3U=NC(Me)=CHP(Ph)2Me — 
i 

Cp3U=NC(Me)=CHP(Ph)2Me ** 
ii 

Cp 3U=N=C(Me)CH=P(Ph) 2Me 
iii 

Their combination implies a highly delocalized ir system and a 
uranium-nitrogen bond order between 2 and 3. 

We have already discussed the relationship between I and other 
metal-carbon multiply bonded species7'8 and pointed out simi­
larities in carbon monoxide insertion chemistry.9 This comparison 
can now be extended since products similar to (II), R3MNC-
(Me)CHCMe3, have been reported for the insertion of MeCN 
into metal-carbon double bonds of the alkylidene complexes 
R3MCHCMe3 (M = Ta and Nb; R = (CH3)3CCH2).14 Schrock 
draws these compounds with metal-nitrogen double bonds14 but 
reports no structural data. In contrast to the reaction of I with 
MeCN, which requires 24 h at elevated temperature, the reaction 
of R3TaCHCMe3 with MeCN is described14 as "quite vigorous". 

Uranium (IV) is a very electron-deficient ion. "In the actinide 
series... the energies of the 5f, 6d, 7s, and 7p orbitals are about 
comparable over a range of atomic numbers (especially U-Am), 
and since the orbitals also overlap spatially, bonding can involve 
any or all of them".17 Thus, a closed-shell configuration would 
consist of 32 electrons. In Cp3UCH3 there are 22 electrons in 
the uranium valence shell while for Cp3U=CHP(Ph)2Me the 
electron count rises to 24, still far short of 32. Steric crowding 
among the ligands is considerable for Cp3U=CHP(Ph)2Me7 so 
that addition of another ligand to increase the electron count is 
not feasible. However, in II the electron count is as high as 26 
for the resonance form i, identical with that of Cp4U. Organo-
uranium compounds are sterically saturated but electronically 
unsaturated.18 As such uranium has a high affinity for small 
ligands with several available electron pairs. Oxygen ligands fall 
into this category, and the affinity of uranium for oxygen is 
well-known. The U-X multiple bonds, as in Cp3U=CHP(Ph)2Me 

(13) Cramer, R. E.; Higa, K. T.; Engelhardt, U.; Gilje, J. W., unpublished 
data. 

(14) Schrock, R. R.; Fellman, J. D J. Am. Chem. Soc. 1978, 10, 
3359-3370. 

(15) Bart, J. C. J. J. Chem. Soc. B 1969, 350-365. 
(16) Ebsworth, E. A. V.; Fraser, T. E.; Rankin, D. W. H. Chem. Ber. 1977, 

110, 3494-3500. 
(17) Cotton, F. A.; Wilkinson, G. "Advanced Inorganic Chemistry: A 

Comprehensive Text", 4th ed.; Wiley: New York, 1980; p 1008. 
(18) Bagnall, K. W.; Xing-fu, L. J. Chem. Soc, Dalton Trans. 1982, 

1365-1369. 

and Cp3U=NC(Me)CHP(Ph)2Me, also fulfill this role. Their 
discovery confirms the ability of U(IV) and, presumably, other 
actinide ions to form multiple bonds with multiple electron pair 
donor ligands. 
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Currently there is wide interest in molecules containing lithium 
and organic fragments. The reason stems largely from their use 
as synthetic reagents and their novel bonding properties.1,2 These 
molecules can form multicenter electron-deficient, coordinate, 
ionic, and covalent bonds.3 Streitwieser et al.4 have anticipated 
that the driving force for oligomerization is largely that of ionic 
aggregation. On the basis of projection functions and Mulliken 
population5 analyses, they proposed that the C-Li bond in the 
(CH3Li)2 dimer has essentially no shared covalent character. On 
the other hand,6 charge distributions of dimers of first-row metal 
hydrides invoking more than one bridging hydrogen were found 
difficult to generalize. In order to investigate the degree of 
nonionic character in lithium dimers of the first-row atoms, we 
have performed energy decomposition analyses, which proved 
especially fruitful in the calculation of the properties of hydro­
gen-bonded7 and electron donor-acceptor8 complexes. Our purpose 
is to provide some insight into the origin of the dimerization of 
monomeric LiXHn

9 molecules, where XHn is a first-row atom 
hydride, and total dimerization energy 

A£ = £(LiXH„)2 - 2£(LiXH„) (n = 0, 1, 2, 3) 

(1) Brown, T. C. Ace. Chem. Res. 1968, 1, 23. 
(2) Wakefield, B. "Chemistry of the Organolithium Compounds"; Perga-

mon Press: Oxford, 1974. 
(3) Dill, J. D.; Schleyer, P. v. R.; Binkley, J. S.; Pople, J. A. / . Am. Chem. 

Soc. 1977, 99, 6159. 
(4) StreitwLser, A.; Williams, J. E.; Alexandratos, S.; McKelvey, J. M. 

J. Am. Chem. Soc. 1976, 98, 4778. 
(5) Collins, J. B.; Streitwieser, A. J. Comp. Chem. 1980, /, 81. 
(6) Jemmis, E. D.; Chandrasekhar, J.; Schleyer, P. v. R.; / . Am. Chem. 

Soc. 1979, 101, 2848. 
(7) (a) Kitaura, K.; Morokuma, K. Int. J. Quant. Chem. 1976, 10, 325. 

(b) Kollman, P. J. Am. Chem. Soc. 1977, 99, 4875. (c) Kollman, P. A.; 
McKelvey, J.; Johansson, A.; Rothenberg, S. Ibid. 1975, 97, 4991. (d) Ki­
taura, K.; Morokuma, K. Int. J. Quant. Chem. 1976,10, 325. (e) Umeyama, 
H.; Morokuma, K. J. Am. Chem. Soc. 1977, 99, 1316. (f) Solmajer, T.; 
Kocjan, D.; Hadfci, D. Period. Biol. 1982, 84, 209. (g) Kollman, P. A.; 
Liebman, J. F.; Allen, L. C. J. Am. Chem. Soc. 1970, 97, 1142. 

(8) (a) Kollman, P. A.; Rothenberg, S. J. Am. Chem. Soc. 1977, 99, 1333. 
(b) Lathan, W. A.; Pack, G. R.; Morokuma, K. Ibid. 1975, 97, 6624. (c) 
Umeyama, H.; Morokuma, K. Ibid. 1976, 98, 7208. (d) Kollman, P. A.; 
Rothenberg, S. Ibid. 1977, 99, 1333. 

(9) (a) Guest, F.; Hillier, 1.1.; Saunders, V. R. / . Organomel. Chem. 1972, 
44, 59. (b) Dill, J. D.; Pople, J. A. / . Chem. Phys. 1975, 62, 2971. (c) Dill, 
J. D.; Schleyer, P. v. R.; Pople, J. A. J. Am. Chem. Soc. 1975, 97, 3402. (d) 
Apeloig, Y.; Schleyer, P. v. R.; Binkley, J. S.; Pople, J. A. Ibid. 1976, 98, 4332. 
(e) Hinchcliffe, A.; Dobson, J. C. Theor. Chim. Acta 1977, 37, 17. (f) Collins, 
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Pople, J. A. / . Am. Chem. Soc. 1976, 98, 5419. 
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Table I. Energy Decomposition (kcal/mol) for (LiH2) and (LiIO2 
4-3IG Optimized Geometry [Kc 0I1AnUl] 

basis set AE ES EX PL CT MIX 

(LiH)2 STO-3G 
4-3IG 
321 G 
6-31G+* 

-52 .8 
-49.1 
-50.1 
-50.5 

-64.7 
-77.7 
-75.4 
-78 .5 

59.4 -6 .3 -17.1 -23.1 
49.3 -13.5 -55.3 48.2 
47.0 -11.8 -47.3 37.3 
50.2 -17 .7 -59 .8 55.4 

(LiF)2 4-31G -84.1 -98.7 42.4 -8 .7 
6-31G1+ -80.5 -97 .2 43.8 -16.7 

Table II. Energy Decomposition (kcal/mol) for !•' 
Atoms, X. Lithium-Bonded Dimers, (LiXHn), 

monomer 
unit E ES EX PL CT 

-14.5 
-14 .9 

irst-Row 

MIX 

-4 .5 
4.5 

DEE0 

LiBeH 
LiBH2 plan 
LiBH2 perp 
LiH 
LiCH3 

LiNH2 plan 
LiNH2 perp 
LiOH 
LiF 

-28.8 
-47.4 
-35.1 
-49.1 
-59.3 
-62 .9 
-84.4 
-88.3 
-84.1 

-49.2 
-82.5 
-65.0 
-77.7 

-102.4 
-94.4 

-115.0 
-113.5 

-98 .9 

49.7 
61.1 
59.9 
49.3 
64.9 
51.6 
51.1 
47.3 
42.4 

-39.7 
-34.4 
-35.2 
-13.5 
-24.3 
-20.0 
-15.7 
-12.9 

-8 .7 

-102.6 
-68.2 
-63.8 
-55.3 
-34.8 
-11.4 
-15.1 
-10.9 
-14.5 

113.1 
76.6 
69.0 
48.2 
37.1 
11.3 
10.3 

-0 .2 
-4 .5 

9.9 
12.9 
11.7 
4.0 

16.7 
19.7 
11.0 
14.2 

8.0 

" DEE is defined as the deformation energy required to stretch 
the monomer geometry to its geometry in the dimcr. 

with possible characterization of the remarkable linear relationship 
between Pauling electronegativities and electrostatic charges 
observed recently by Schleyer et al.10 The series was investigated 
by means of standard MO calculations." Full geometry opti­
mization was performed on dimers by using the split valence basis 
set 4-31G.12 Previous calculations on (LiH)2

3''3 and (LiCH3)J
93'14 

have shown that correlation effects are not important in adequate 
determination of binding energies15-20 of these clusters. Pilot 
dimerization energy decompositions were performed on (LiH)2

7c 

and (LiF)2
7h in order to assure that the results of the decomposition 

do not depend on the choice of the basis set. Results are sum­
marized in Table I. Energy decomposions using a different basis 
set gave essentially identical results for AE close to the experi­
mental value, while for individual terms3,21"23 one can judge that 
use of the minimal basis set would not have been justified. Po­
larization functions were used to correct for the effect of the 
overestimated polarity of isolated molecules with 4-3IG basis. 
They do not influence significantly the resulting energy decom­
position terms and support the semiquantitative significance of 
the results. We observe that the three-center two-electron bond 
in case of (LiH)2 and the three-center four-electron bond of (LiF)2 

(10) (a) Schleyer, P. v. R., Presented at IUPAC International Symposium 
in Theoretical Organic Chemistry, Dubrovnik, Sept, 1982; Pure & Appl. 
Chem. 1983, JJ, 355. (b) Kaufmann, E.; Clark, T.; Schleyer, P. v. R. J. Am. 
Chem. Soc, following paper in this issue, 

(11) GAUSSIAN so, Quantum Chemistry Program Exchange, No. 406, In­
diana University, Bloomington, IN. 

(12) Optimized geometries available as supplementary materials. 
(13) (a) Kollman, P. A.; Bender, C. F.; Rothenberg, S. J. Am. Chem. Soc. 

1972, 94, 8016. (b) Baskin, C. P.; Bender, C. F.; Kollman, P. A. Ibid. 1973, 
95, 5868. (c) Ahlrichs, R. Chem. Phys. Lett. 1973,19, 1974; (d) Theor. Chim. 
Acta 1974, JJ, 59. (e) Rupp, M.; Ahlrichs, R. Ibid. 1977, 46, 117. 

(14) (a) Baird, N. C; Barr, R. F.; Datta, R. K. / . Organomet. Chem. 1973, 
59, 65. (b) Clark, T.; Schleyer, P. v. R.; Pople, J. A. J. Chem. Soc, Chem. 
Commun. 1978, 137. (c) Graham, G.; Richtmeyer, S.; Dixon, D. A. J. Am. 
Chem. Soc. 1975, 97, 6624. (d) Kos, A.; Jemmis, E. D.; Schleyer, P. v. R.; 
Gleiter, R.; Fischbach, U.; Pople, J. A. J. Am. Chem. Soc. 1981, 103, 4996. 

(15) Eisenstadt, M.; Rothenberg, G. M.; Kusch, P. / . Chem. Phys. 1958, 
29, 797. 

(16) Schoonmaker, R. C; Poster, R. F. / . Chem. Phys. 1959, 30, 283. 
(17) Schefee, R. S.; Margrave, J. L. J. Chem. Phys. 1959, 31, 1682. 
(18) Andrews, L. J. Chem. Phys. 1961, 47, 4834. 
(19) Weiss, E.; Lucken, E. A. C. J. Organomet. Chem. 1964, 2, 197. 
(20) Weiss, E.; Hencken, G. J. Organomet. Chem. 1970, 21, 265. 
(21) Herzberg, G. "Molecular Spectra and Molecular Structure. I. 

Spectra of Diatomic Molecules"; Van Nostrand: Princeton, New York, 1950. 
(22) Veazey, S. E.; Gordy, W. Phys. Rev. 1965, 183, 1303. 
(23) Snelson, A. J. Chem. Phys. 1967, 46, 3652. 
(24) Pauling, L. "The Nature of the Chemical Bond"; Cornell University 

Press: Ithaca, NY, 1945. 

Figure 1. Energy decomposition of dimerization energy of lithium-
bonded first-row atoms hydrides. Graphs were drawn with least-squares 
method. 

differ mainly in the increase of the charge transfer contribution 
of the former while in the latter both polarization and charge 
transfer terms are of minor importance when compared with 
electrostatic term. Also the large mixed term (vide supra) in 
(LiH)2 indicates the difference of these two dimers. 

In Table II the energies of the dimeric lithium bridged structures 
are given relative to the appropriate sums of monomer energies 
decomposed into electrostatic (ES), exchange (EX), polarization 
(PL), and charge transfer (CT) components and the mixed term 
(MIX), which contains the coupling interactions between these 
components. If the deformation energy, required to stretch the 
monomer from its equilibrium structure, is added, good correlation 
with results of previous calculations is obtained.7e,iob,i3,i4b,c 

The electrostatic energy term parallels the total energy variation 
while the exchange term is approximately constant in the series 
(Figure 1). The opposite trend is observed with charge transfer 
and polarization energy contributions. Both terms decrease, charge 
transfer more strongly if the hydride-forming atom is varied from 
Be to F. It is interesting to observe that CT is the dominant 
attractive contribution at equilibrium distance for the BeH dimer 
while for all other hydride dimers the electrostatic term prevails. 
The large positive value of the mixed term when the electroneg­
ativity of the hydride-forming atoms X is lowered indicates that 
the interaction between other components EX-CT, EX-PL, and 
CT-PL is increasing. In other words the multicenter covalent 
bonding3-10 where orbitals from three centers of the double-bridged 
dimer simultaneously share a pair of bonding electrons is gaining 
importance. The linear relationship between electronegativities 
of first-row atoms and the electrostatic energy contribution to the 
dimerization energy may now be discussed. From the results of 
the energy decomposition, we obtain that the increased stability 
of the dimers with most electronegative atoms of the series O and 
F is principally the effect on increased ES with importance of PL 
and CT decreasing. This increased role of ES can be attributed 
to the greater polarity of the OH and F compared to BeH and 
BH2. Electronegativity is a traditionally used average parameter2'4 

describing how the individual AO energy levels are corrected when 
they form a molecular form and is to some extent a function of 
the detailed nature of chemical bonds formed. On the other hand, 
the diagonal elements of the dimer molecule Fock matrix7d can 
be visualized as the classical electrostatic interaction between 
occupied MOs without any mixing between MOs of the isolated 
molecules. The nondiagonal elements of the Fock matrix (EX, 
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PL, and CT) describe the deviation from this diagonal repre­
sentation. This is reflected in the greater relative contribution 
of other terms, especially CT and MIX, denoting the increased 
amount of multicenter electron derealization and CT at atoms 
with low electronegativity Be, B, and C. 
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Lithium compounds have a marked tendency to oligomerize;1 

methyllithium is tetrameric in the crystal,2 in solution,3 and even 
in the gas phase.4 Only a few aggregation energies are known 
experimentally: the dimerization energies of LiH,s LiOH,6 and 
the lithium halides6 and the trimerization energies of LiF and 
LiCl.6 The energy of Li4, the formal dimer of Li2, has also been 
reported recently.7 A number of calculations, some at very high 
levels of theory, are available for (Li2)2,

8 (LiCH3);,,
9 (LiNH2)2,10 

(LiOH)2," and (LiF)2.
12 To complete the first-row set, we carried 

(1) Wakefield, B. J. "The Chemistry of Organolithium Compounds"; 
Pergamon Press: Oxford, 1974. Brown, T. L. Pure Appl. Chem. 1970, 23, 
447. 

(2) Weiss, E.; Hencken, G. J. Organomet. Chem. 1970, 21, 265. Weiss, 
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(3) McKeever, L. D.; Waack, R.; Doran, M. A.; Baker, E. B. J. Am. 
Chem. Soc. 1969, 91, 1057. West, P.; Waack, R. Ibid. 1967, 89, 4395. 

(4) Landro. F. J.; Gurak, J. A.; Chinn, J. W., Jr.; Lagow, R. J. J. Orga­
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press. 

(5) Wu, C. H.; IhIe, H. R. Abslr. Pap.-Am. Chem. Soc. 1981, 181st, 
PHYS 147. 

(6) (a) Stull, D. R.; Prophet, H. "JANAF Thermochemical Tables", 2nd 
ed. Natl. Stand. Ref. Data Ser. (U.S., Natl. Bur. Stand.) 1971. (b) Chase, 
M. W.; Curnutt, J. L.; Hu, A. T.; Prophet, H.; Syverud, A. N.; Walker, L. 
C. J. Phys. Chem. Ref. Data 1974, 3, 311. 

(7) Wu. C. H. J. Phys. Chem. 1983, 87, 1534. 
(8) Beckmann, H.-O.; Koutecky, J.; Botschwina, P.; Meyer, W. Chem. 

Phys. Lett. 1979, 67, 119. Beckmann, H.-O.; Koutecky, J.; Bonacic-
Kouteckyy, V. J. Chem. Phys. 1980, 73, 5182. Fantucci, P.; Balzarini, P. J. 
MoI. Catal. 1978, 4, 337. 

(9) Raghavachari, K.; Kaufmann, E.; Schleyer, P. v. R., unpublished re­
sults. For other studies, see: Cowley, A. H.; White, W. D. J. Am. Chem. Soc. 
1969, 91, 34. Baird, N. C; Barr, R. F.; Datta, R. K. J. Organomet. Chem. 
1973, 59, 65. Guest, M. F. Hillier, I. H.; Saunders, V. R. Ibid. 1972, 44, 59. 
McLean, W.; Pedersen, L. G.; Jarnagin, R. C. J. Chem. Phys. 1976, 65, 2491. 
Clark, T.; Schleyer, P. v. R., Pople, J. A. J. Chem. Soc, Chem. Commun. 
1978, 137. McLean, W.; Shultz, J. A.; Pedersen, L. G.; Jarnagin, R. C. J. 
Organomet. Chem. 1979, 175, 1. Clark, T.; Chandrasekhar, J.; Schleyer, P. 
v. R. J. Chem. Soc, Chem. Commun. 1980, 672. Graham, G.; Richtsmeier, 
S.; Dixon, D. A. / . Am. Chem. Soc. 1980, 102, 5759. Herzig, L.; Howell, J. 
M.; Sapse, A.-M.; Singman, E.; Snyder, G. J. Chem. Phys. 1982, 77, 429. 

(10) Sapse, A,-M.; Kaufmann, E.; Schleyer, P. v. R. Inorg. Chem., in press. 
(11) Raghavachari, K. J. Chem. Phys. 1982, 76, 5421. 

O 

S^ -70 

rfl 

OJ 

DO 
u 
(U 
C 

UJ 

C 
O 

N 

u 
OJ 
E 
P 

NHjlperp. ) O 

BH,[plan. ) 

O NH,t p 1 an. ) 

O BH,Iperp. ) 

' i i i I i i i i I i ' i ' I ' i i i I i i i i I i i i i I ' 

.5 1 1 .5 2 2 . 5 3 3 . 5 4 4 . 5 

Electronegatlvi ties 

Figure 1. LiX dimerization energies (MP2/6-31G*//3-21G(est)) plotted 
against the Pauling electronegativities of X (circles and dashed line). 
Triangular points (and the solid correlation line) are the results of cal­
culations assuming a simple Coulomb model (+ at Li and - at X) using 
the 3-2IG geometries for both LiX monomers and (LiX)2 dimers (see 
text). At lower theoretical levels similar correlation lines are found but 
with different slopes. 

out calculations at uniform levels for all the LiXHn monomers 
and dimers where XHn+1 is the corresponding first-row hydride.13 

This set of data clarifies the essential nature of the interaction 
and permits detailed interpretations of the dimerization energies. 

Earlier calculations8"12 showed that all the dimers (LiXH„)2 

favor the same rhomboid structures with alternating Li and 
first-row atoms, X, and all Li-X distances equal. Consequently 

/ L ' \ 

Z)2n symmetry was imposed on all dimers except (LiCH3)2, which 
has C2h symmetry.9 For both LiBH2 and LiNH2 two alternative 
structures were considered, corresponding to perpendicular and 
planar arrangements of the XH2 groups. 

Table I shows that the final theoretical estimates14 are not far 

(12) (a) Mo.okuma, K. Ace Chem. Res. 1977, 10, 294. (b) Boldyrev, A. 
L; Solomonik, V. G.; Zakzhevskii, V. G.; Charkin, O. P. Chem. Phys. Lett. 
1980, 73, 58. Rupp, M.; Ahlrichs, R. Theor. Chim. Acta 1977, 46, 117. 

(13) See: Schleyer, P. v. R., Pure Appl. Chem. 1983, 55, 355. 
(14) All calculations employed restricted Hartree-Fock theory. Dimers 
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energies were then obtained by adding the MP2 corrections to the 6-31G* 
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N. / . Am. Chem. Soc 1981, 103, 4673) to give good estimates of MP2/6-
31G* energies. Two examples are shown in Table I. 
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102, 939. Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Pietro, W. J.; Hehre, 
W. J. Ibid. 1982, 104, 2797. 

(16) Binkley, J. S.; Whiteside, R. A.; Hariharan, P. C; Seeger, R.; Pople, 
J. A.; Hehre, W. J.; Newton, M. D. QCPE 1978, 14, 368. 

(17) Davidon, W. C. Comput. J. 1968, 10, 406. Fletcher, R.; Powell, M. 
J. D. Ibid. 1963, 6, 163. 

0002-7863/84/1506-1856S01.50/0 © 1984 American Chemical Society 


