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with particular success to C-H bond activation where the for- 
mation of stable 1r”’-H bonds acts as an additional driving force.@ 
Much remains to be learned about the intimate mechanisms and 
scope of such reactions, and studies are ongoing in our laboratory 
which should clarify these questions. 

(40) For a comprehensive review of C-H bond activation see: Parshall, 
G. W. Catalysis (London) 1977, 1. 
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The role of the heme cavity in causing discrimination in the 
binding of small ligands to hemoproteins is an area of active 
interest.Iv2 We report here the synthesis and preliminary binding 
studies of a new model compound, the “pocket” porphyrin 
H2PocPivP (Ia). This compound has been specificially designed 
to investigate the effect of steric interaction on O2 and CO binding 
in ferrous porphyrins. Our findings indicate that, compared with 
open-cavity models such as the “picket f e n ~ e ’ ’ , ~ ? ~  the added steric 
encumbrance of the pocket reduces the CO affinity without 
substantially changing that5 of 02. 

Structural analyses in carbonylated hemoproteins reveal that 
the C O  unit is bent and/or tilted from the perpendicular to the 
porphyrin plane owing to interaction with the distal residues6 
(histidine,& and leucinek or isoleucinea). In simple model 
compounds, the linear FeCO group is normal to the porphyrin 
plane.’ We435 and otherssap9 have proposed that in hemoproteins 
distortion of the FeCO unit reduces the C O  affinity without 
affecting the O2 affinity of the intrinsically bent Fe02 group.2a-10q” 

Mutant hemoglobins such as HbZh (D63His+Arg), for which 
structural studies reveal a more open binding pocket,8a have been 
investigated as a means of assessing distal steric effects.8,12 The 

(1) Antonini, E.; Brunori, M. “Hemoglobin and Myoglobin in their Re- 
actions with Ligands”; Elsevier: New York, 1971; pp 78-94. 

(2) (a) Perutz, M. F. Annu. Reu. Biochem. 1979,48,327-386 and refer- 
ences therein. (b) Moffat, K.; Deatherage, J .  F.; Seybert, D. W. Science 
(Washington, D.C.) 1979, 206, 1035-1042. 

(3) Abbreviations: PI(* = partial pressure of gas at half-saturation; M = 
P1/2°2/Pl/2co; KB = equilibrium constant for the binding of a single axial 
ligand to the four-coordinate heme; 1-MeIm = 1-methylimidazole; 1,2-Me21m 
= 1,2-dimethylimidazoIe; TPivPP = picket-fence, meso-a,a,a,a-tetrakis[o- 
(pivalamido)phenyl]porphyrinato; Fe[Piv,(SCImP)Por] = meso-a,a,a-tris- 
[o-(P-pivalamido)phenyl] -P-  [o- [ 5-(N-imidazoyl)valeramido]phenyl]prop- 
hyrinatoiron(I1); Hb (R), Hb (T) = relaxed and tense hemoglobin (human), 
respectively; Mb = myoglobin (human); HbZh = hemoglobin Zurich. 

(4) Collman, J. P.; Brauman, J. I.; Doxsee, K. M. Proc. Natl. Acad. Sci. 

( 5 )  Collman, J. P.; Brauman, J. I.; Halbert, T. R.; Suslick, K. S. Proc. 
Natl .  Acad. Sci. U.S.A.  1978, 75, 564. 

(6) (a) Heidner, E. J.; Ladner, R. C.; Perutz, M. F. J .  Mol. Biol. 1976, 
104, 707-722. (b) Norvell, J. C.; Nunes, A. C.; Schoenborn, B. P. Science 
(Washington, D.C. )  1975, 190, 568-570. (c) Huber, R.; Epp, 0.; Formanek, 
H. J .  Mol. Biol. 1970, 52, 349-354. (d) Padlan, E. A,; Love, W. E. J .  B i d .  
Chem. 1975, 249, 4067-4078. 

(7) (a) Peng, S.; Ibers, J. A. J .  Am. Chem. SOC. 1976,98,8032-8036. (b) 
Hoard, J .  L. In “Porphyrins and Metalloporphyrins”; Smith, K. M., Ed.; 
Elsevier: New York, 1975, pp 351-358. 

(8) (a) Tucker, P. W.; Phillips, S. E. V.; Perutz, M. F.; Houtchens, R.; 
Caughey, W. S.  Proc. Natl. Acad. Sci. U.S.A. 1978, 75, 1076-1080. (b) 
Perutz, M. F. Br. Med. Bull. 1976, 32, 195-208. 

(9) (a) Wallace, W. J.; Volpe, J .  A.; Maxwell, J. C.; Caughey, W. S.; 
Charache, S. Biochem. Biophys. Res. Commun. 1976,68, 1379. (b) Caughey, 
W. S .  Ann. N . Y .  AcadSci .  1970, 174, 148-153. 

(10) Phillips, S. E. V. Nature (London) 1978, 273, 247-248. 
(1 I )  (a) Jameson, G. B.; Rodley, G .  A.; Robinson, W. T.; Gagne, R. R.; 

Reed, C. A,; Collman, J. P. Inorg. Chem. 1978, 17, 850-857. (b) Jameson, 
G. B.; Molinaro, F. S.; Ibers, J. A,; Collman, J. P.; Brauman, J. I.; Rose, E.; 
Sulick, K .  S. J .  Am. Chem. SOC. 1980, 102, 3224-3237. 

U.S.A.  1979, 76, 6035-6039 
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Figure 1. Determination of Mvalue for Fe(PocPivP)(l-MeIm) (IC). IC; 
ca. 5 X M in toluene, 1.0 M 1-methylimidazole, 25.0 f 0.1 O C .  

Curve a; under 1 atm of 0,; curve b; under 1 a tm of CO. Intermediate 
curves obtained by diluting 0, with increased quantities of 4.95% CO/ 
N2. 
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CO affinities of this mutant apparently have not yet been directly 
determined; however, HbZh appears to bind CO more tenaciously 
than does normal HbA.12b*13 Investigations in hemoproteins can 
be complemented by carefully designed model porphyrin systems 
which explore particular aspects of ligand-heme binding.1ss16 

(12) (a) Tucker, P. W.; Phillips, S. E. V.; Perutz, M. F.; Houtchens, R. 
A,; Caughey, W. S. Biochem. Clin. Aspects Hemoglobin Abnorm. [Proc. 
Symp.] 1978, 1-15. (b) Zinkham, W. H.; Houtchens, R. A,; Caughey, W. 
S. Science (Washington, D.C.) 1980, 208, 406-408. (c) Caughey, W. S.; 
Houtchens, R. A,; Lanin, A,; Maxwell, J. C.; Charache, S. Biochem. Clin. 
Aspects Hemoglobin Abnorm. [Proc. Symp.] 1978, 29-56. (d) Giacometti, 
G. M.; Brunori, M.; Antonini, E.; Di Iorio, E. E.; Winterhatter, K. H. J .  B i d .  
Chem. 1980, 255, 6160-6165. 

(13) The O2 affinity and CO “on” rate have been kinetically determined 
for isolated mutant chains of HbZh (see ref 12d). An M value for the 
tetrameric form has also been reported* (Table I). It has been suggested14 
that the lower 0, affinity could account for the higher M value of HbZh. 
However, studies with this mutant, in general, and comparisons between single 
chain and tetramer data, in particular, are complicated by cooperativity, its 
heterogeneity, and sensitivity toward oxidation. The 10-fold higher CO “on” 
rate for monomeric mutant chains12d may indicate a higher CO affinity for 
HbZh. Importantly, the blood of a “patient with HbZh disease was found 
to contain the abnormal @ subunits saturated with CO under conditions where 
the a subunit and normal @ subunits were only occupied to a normal extent 
by C O ’  (ref 12a, p 2). 

(14) Traylor, T. G.; Berzinis, A. P. Proc. Nafl .  Acad. Sci. U.S.A. 1980, 
77, 3171-3175. 
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Table I. 0, and C O  Affinities of Iron Porphyrins and Hemoproteins 
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system P, , 2 0 2  (25 “C), torr M P 1 , 2 c o  (25 “C), torr ref 

Mb‘ 0.65-0.72 25-40 1.2 X lo-’ - 2.8 X lo-’ 32 

Hb (T)a,bic 9-160 32-1600 1 X lo-’  - 2.8 X lo-’ 33, 34a, 34b 
Hb Zurich (063 His -+Arg)‘ 0 . 3 1 ‘ ~ ~  2500 8a, 12d 

FePocPivP( l-MeIm)d 0.36 270 1.5 x 10-3 this work 
this work FePocPivP(Me 1m)d 12.6 216 6.7 X lo-’ 

Hb (R)a,bic 0.15-1.5 200-250 1 x 10-3 - 4 x 10-3 3 3 , 3 4  

FePiv,(SCImP)Pord 0.58 26600 2.2 x 10-5 5 
FeTPivPP(Me, Im)d 38 4280 8.9 x 1 0 - ~  5 

Aqueous, pH 7. 
glycerate were used. 

Various combinations of 0.1 M NaCl, 0.1 M phosphate, 2 mM inositol hexaphosphate, and 2 mM 2,3diphospho- 
Calculated from reported K (mol-’ L) b y  using Henry’s law constants. Toluene. e Abnormal isolated chains, 

0sHZH (20 “C). 

Iron(II), picket-fence porphyrins mimic the O2 affinities of Mb, 
H b  (R), and Hb (T);5 however, the binding cavities in these models 
are not expected to distort CO, and, indeed, their C O  affinities 
are substantially higher than those of4 H b  and Mb (Table I). 
Although solvation and other media effects may play a role in 
accounting for this difference, we believe that steric effects are 
primarily respon~ible.~ In benzene or toluene other simple hemes, 
such as d e ~ t e r o h e m e ’ ~  (Pl j2c0  = 0.0004) and “chelated 
mesoheme”18 (P1/2c0 = 0.0002), have CO affinities that are an 
order of magnitude higher than that of H b  (R). Recently, 
Romberg and Kassner19 investigated the NO and CO affinities 
of horse myoglobin and “chelated protoheme”18 and found evi- 
dence for steric interaction of the bound CO. However, Traylor 
and Berzinis, using the same data, have suggested that distal side 
effects do not play a substantial role in regulating CO binding 
in hemoglobin(R): “bending of the FeCO bond does not correlate 
with C O  affinitie~”.’~ 

Sterically hindered model systems offer the potential for 
evaluating what effect distortion of the FeCO unit has upon the 
C O  affinity. A Schiff-base model, developed by Busch and co- 
workers, shows that a tilting and bending of the FeCO structure 
leads to lowered CO affinity.20 Other model porphyrins designed 
to simulate a distal steric effect have been reported.21.22 To our 
knowledge, however, the pocket porphyrin Ib is the first sterically 
constrained porphyrin model for which CO and 0, equilibrium 
binding data have been reported. 

The pocket in I is designed to allow binding of an unhindered, 
bent Fe02 unit but to provide steric encumbrance sufficient (as 
suggested from CPK models) to prevent formation of a linear 
FeCO moiety. The pocket polarity approximates that of the 
picket-fence systems, thus allowing useful comparisons to be made. 

MCD 
indicates that IC remains five-coordinate in dilute toluene solutions 

The synthesis of Ia and Ib is shown in Scheme I.23 

(1 5)  Collman, J. P.; Halbert, T. R.; Suslick, K. S. In “Metal Ion Activation 
of Dioxygen”; Spiro, T. G., Ed.; Wiley: New York, 1980; Chapter 1 and 
references therein. 

(16) Jones, R. D.; Summerville, D. A.; Basolo, F. Chem. Rev. 1979, 79, 

(17) Rougee, M.; Brault, D. Biochem. Biophys. Res. Commun. 1974,57, 

(18) Traylor, T. G.; Chang, C. K.; Geibel, J.; Berzinis, A,; Mincey, T.; 
Cannon, J. J .  Am. Chem. SOC. 1979, 101, 6716-6731. 

(19) Romberg, R. W.; Kassner, R. J. Biochemisfry 1979, 27, 5387. 
(20) Busch, D. H.; Zimmer, L. L.; Cryzbowski, J. S.; Olszanski, D.; 

Jackels, S.; Callahan, R. C.; Christoph, G. G. Proc. Naf l .  Acad. Sci. U.S.A., 
in press. 

(21) Traylor, T. G.; Campbell, D.; Tsuchiya, S. J .  Am. Chem. SOC. 1979, 

(22) Battersby, A. R.; Hamilton, A. D. J .  Chem. SOC., Chem. Commun. 

(23) meso-a,a,a,a-Tetrakis(o-aminophenyl)prophyrin(III) was obtained 
as described earlier.24 Benzene triacetylchloride was derived from benzene 
triacetic acidz5 by treatment with thionyl chloride. Compound Ia: ‘H NMR 
(CDCI,) 6 -2.60 (2 H, s, pyrrole H), 0.35 [9 H,  s, C(CH,),], 0.75 (2 H,  d, 
J em = 30 Hz, methylene bridges), 1.50 (impurity), 2.22 (2 H, d, Jgem = 30 
dz, methylene bridges), 3.20 (2 H, s, methylene bridges), 3.85 (1 H, s, 
triacetylphenyl moiety), 5.10 (2 H, s, amide NH), 6.10 (2 H, s, triacetylphenyl 
moiety), 7.10 (1 H, s, amide NH), and 7.75-8.90 (25 H, m, aromatic); A,,, 
(CHCI,) 421 (c,  261 000), 516 (12900), 547 (2790), 588 (4180), and 644 nm 
(1230). Anal. Calcd for C6iH48NS04.H20: C, 75.14; H, 5.17; N, 11.49. 
Found: C, 74.88; H, 5.15; N, 11.43. m / e  Calcd: 956.37985. Found: 
956.38127. Compound Ib: A,, 419,444,538 nm. Compound IC + CO: vCo 
1964.5 k 2 cm-’ (C,D,). 

139-179. 

654-659. 

101, 4748-4749 

1980, 117-1 19. 

(ca. 50 pM) in the presence of an overwhelming excess (2 M) 
of nonhindered axial base 1-methylimidazole ( 1-MeIm),26 dem- 
onstrating a steric effect of the pocket (pL,ff = 5.03 PB;27 S = 2; 
log KB = 4.5). While simple ferrous porphyrins are six-coordinated 
under these  condition^,^^ the previously reported “capped” heme 
of Baldwin et al. is likewise five-coordir~ated.~~ 

In toluene solutions containing the axial base 1,2-Me21m, Id 
is obtained ( p e ~  = pB, S = 2; log KB = 4.7) from Ib. When excess 
base (0.1-1.0 M is present, the oxygen complex of Id is sufficiently 
stable to allow direct independent determinations of the Plj2‘0, 
P1/$2, and M (P!/2°2,’71/2c0 = M) values a t  25 “ C  under 
equilibrium conditions. (Experiments were performed using 
methods reported earlier.4,5) It is gratifying that the three in- 
terdependent, but independently measured, determinations of two 
values (0, and CO affinity) match within our current error es- 
timate of 15% (Figure 1.) Binding values of P1/,Oz and M have 
also been obtained for Fe(PocPivP)( 1-MeIm) (IC) (Table I). 

Table I allows a comparison of the Pl~2c0,  P1/202, and M values 
for the picket-fence and pocket porphyrin systems. In the H b  (T) 
state models the Fe(PocPivP)( 1,2-MeIm) (Id) shows a sevenfold 
lower CO affinity than does Fe(TPivP)(l,Z-MeIm). The O2 
affinities are comparable; in fact, that for the pocket porphyrin 
is somewhat higher. A comparison between the H b  (R) models, 

(24) Collman, J. P.; Gagne, R. R.; Reed, C. A.; Halbert, T. R.; Lang, G.; 

(25) Newman, M. S.; Lowrie, H. S. J .  Am.  Chem. SOC. 1954, 76, 

(26) Collman, J. P.; Basolo, F.; Bunnenberg, E.; Collins, T. J.; Dawson, 
J. H.; Ellis, P. E., Jr.; Marrocco, M. L.; Moscowitz, A,; Sessler, J. L.; Szy- 
manski, T., submitted to J .  Am. Chem. SOC. 

(27) The solution magnetic susceptib es were measured in toluene by 
the Evans method.28 

(28) (a) Evans, D. F. J .  Chem. SOC. 1959,2003. (b) Brault, D.; Rougee, 
M. Biochemistry 1974, 13, 4598-4602. 

(29) Rougee, M.; Brault, D. Biochemistry 1975, 14 ,  4100-4106. 
(30) (a) Baldwin, J. E.; Almog, J.; Dyer, R. L.; Peters, M. J .  Am. Chem. 

SOC. 1975, 97, 226-227. (b) Almog, J.; Baldwin, J. E.; Huff, J. Ibid. 1975, 
97, 227-228. (c) Ellis, P. E., Jr.; Linard, J. E.; Szymanski, T.; Jones, R. D.; 
Budge, T. R.; Basolo, F. Ibid. 1980, 102, 1889-1896. 

(31) The formation of these systems is reversible and interchangeable. For 
instance, under these conditions, bubbling O2 through the six-coordinate 
carbonyl complex of Id, Fe(PocPivP)( 1,2-Me21m)(CO), yields Fe(Poc- 
PivP)(1,2-Me21m)(0,); this, in turn, when treated with N2, yields the five- 
coordinate complex Id. Similar observations are made with derivatives of the 
1-MeIm (IC) system, concurrent with oxidation. Since axial bases can bind 
only to the unencumbered side of the pocket heme Ib, sufficiently large 
concentrations of axial base serve to (i) reduce the concentration of the rapidly 
oxidized, four-coordinate speciesNb and (ii) effect regioselective gaseous ligand 
binding within the pocket, as the axial base competitively inhibits O2 or CO 
from binding on the unencumbered side. (Under these conditions, the gaseous 
ligand affinities of IC and Id are virtually independent of axial base concen- 
tration.) Although extremely sensitive to the presence of impurities (e.g., H20 
or MeOH) which accelerate autoxidation, the half-lives of dilute solutions of 
IC and Id in oxygenated solutions of dry toluene (0.1 M in axial base) are ca. 
7 and 24 h, respectively, at 25 “C. Even with rigorously purified I-MeIm (1.0 
M), where the formation of p-oxo is completely suppressed, the half-life of 
IC increases to only 36 h. The difference in longevity of Id compared to IC 
is not yet understood. 

(32) Antonini, E.; Brunori, M. “Hemoglobin and Myoglobin in their Re- 
actions with Ligands”; Elsevier: New York, 1971; pp 221-225. 

(33) Imai, K.; Yonetani, T.; Ikeda-Saito, M. J .  Mol. Biol. 1977, 109, 

(34) (a) MacQuarrie, R.; Gibson, Q. H. J .  Biol. Chem. 1971, 246, 
5832-5835. (b) Sharma, V. S.; Schmidt, M. R.; Ranney, H. M. Ibid. 1976, 
251, 4267-4272. (c) Roughton, F. J. W. J .  Physiol. (London) 1954, 126, 
359-383. (d) Huestis, W. H.; Raferty, M. A. Biochemistry 1975, 14, 

Robinson, W. T. J .  Am. Chem. SOC. 1975, 97, 1427-1439. 

6196-6197. 

83-97. 

1886-1892. 



2452 J.  Am. Chem. SOC. 

the “imidazole tailed picket-fence’’ p ~ r p h y r i n , ~ . ~ ~  Fe[Piv3- 
(SCImP)Por], and Fe(PocPivP)( 1-MeIm) (IC) shows that the CO 
affinity of the pocket porphyrin is smaller by almost two orders 
of magnitude. The oxygen affinities are quite similar. These 
results dramatically illustrate the effect that steric encumbrance 
can play in regulating C O  binding in otherwise similar ferrous 
porphyrins. 

It is tempting to compare the M ,  P1/2co, and PI~zoz  values for 
the pocket porphyrin models with those for hemoproteins. The 
O2 affinities of both the picket-fence and pocket models are similar 
to that of myoglobin, but only the sterically encumbered pocket 
porphyrin has a CO affinity approaching that36 of H b  and Mb. 
Our findings strongly suggest that distal side steric effects play 
a role in regulating CO-binding affinities in hemoproteins. We 
hope to augment this study with structural determinations, al- 
lowing us to assess to what degree the observed reductions in CO 
binding are reflected in tilting and/or bending of the FeCO unit. 
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(35) Collman, J. P.; Brauman, J. I.; Doxsee, K. M.; Halbert, T. R.; Bun- 
nenberg, E.; Linder, R.; LaMar, G.; Del Gaudio, J.; Lang, G.; Spartalian, K. 
J.  Am. Chem. Soc. 1980, 102, 4182-4192. 

(36) The roughly 10-fold higher CO affinity of Hb (R) vs. Mb can make 
these comparisons difficult. For example, on the basis of model compound 
behavior Romberg and KassnerI9 infer a distal steric effect in Mb; Traylor 
and Berzinis“ claim the same data show no steric effect in Hb (R). We 
hypothesize that the essentials of binding in Hb and Mb are the same, and 
because of complexities introduced by pH, salts, etc., in Hb, we generally 
prefer comparisons with Mb. An advantage of model studies such as ours is 
that they can focus on the effect of one specific variable and yield results 
without requiring comparisons to natural systems. 
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In a recent communication to this journal, Mahaffy, Gutowsky, 

and Montgomery’ (MGM) presented an experimental molecular 
structure for 1,l-dimethylsilaethylene (DMSE), on the basis of 
their electron diffraction data. Their work was of particular 
interest, inasmuch as it represented the first experimental 
structural study of any molecule containing a carbonsilicon double 
bond.2 The most significant finding of MGM was an extreme1 

shorter than their observed Si-C single bond, 1.91 f 0.02 A. For 
comparison, the typical C=C double bond (1.35 A) is 0.19 A 

long Si=C double bond, namely, 1.83 f 0.04 A, or only 0.08 1 

* Address correspondence to Department of Chemistry, University of 

‘Division of Chemistry, National Research Council of Canada, Ottawa, 

(1) P. G. Mahaffy, R. Gutowsky, and L. K. Montgomery, J. Am. Chem. 

(2) L. E. Gusel’nikov and N. S. Nametkin, Chem. Reu., 79, 529 (1979). 
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Soc., 102, 2854 (1980). 
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Figure 1. Theoretical equilibrium geometries for 1,l-dimethylsilaethylene 
(DMSE) and the parent unsubstituted silaethylene. 

shorter than the typical C-C single bond (1.54 A). If this long 
Si-C distance of 1.83 A is correct, one would likely infer that 
the ?r bond in DMSE is exceptionally weak. 

MGM noted an apparent discrepancy between theory and 
experiment. For the parent unsubstituted silaethylene H@==CH2, 
MGM cited about a dozen quantum mechanical predications3v4 
of thee Si=C bond distance, and these vary from 1.63 A to 1.75 
A. Of these the most complete study4 was carried out a t  the 
self-consistent-field (SCF) level of theory and employed a dou- 
ble-zeta (DZ) basis set of contracted Gaussian functions. Since 
the predicted Si=C bond distance of 1.715 A is so much less than 
the experimental DMSE value of 1.83 A, one is logically left with 
three alternatives: (a) the two methyl substituents greatly increase 
the S i = C  distance in DMSE relative to the parent H2Si=CH2; 
(b) the theoretical predictions for the Si=C bond distance in 
H2Si=CH2 are all incorrect; (c) the experimental Si=C distance 
is DMSE is in error. Of course it is also possible that some 
superposition of these three effects might lead to the 0.1 15-A gap 
between theory for H2Si=CH2 and experiment for DMSE. 

In the present communication we report results which drastically 
reduce the possibility that points (a) or (b) above could be re- 
sponsible for the discrepancy between theory and experiment. 
First, an explicit optimization of the geometrical structure of 
DMSE has been completed. Furthermore, this equilibrium ge- 
ometry was determined at  a level of theory higher than any 
previous structural optimization of even the parent H2Si=CH2. 
To the double-zeta (DZ) basis5 used by Hood and Schaefer4 was 
added a set of d functions on each heavy atom. These polarization 
functions were assigned orbital exponents a = 0.75 (carbon) and 
a = 0.60 (silicon). The designation of this D Z  + d basis set is 
then Si( 1 ls7pld/6s4pld), C ( 9 ~ 5 p l d / 4 ~ 2 p l d ) ,  and H(4s/2s). 

The predicted theoretical structure for DMSE is seen in Figure 
1. The relative orientations of the two methyl groups was ar- 
bitrarily chosen to maintain point group c,,, but the barriers to 

(3) (a) R. Damrauer and D. R. Williams, J .  Organomet. Chem., 66,241 
(1974); (b) M. J. S. Dewar, D. H. Lo, and C. A. Ramsden, J. Am. Chem. 
Soc., 97, 13 1 1 (1 975); (c) H. B. Schlegel, S. Wolfe, and K. Mislow, J .  Chem. 
Soc., Chem. Commun., 246 (1975); (d) P. H. Blustin, J. Organomet. Chem., 
105, 161 (1976); (e) 0. P. Strausz, L. Gammie, G. Theodorakoupoulos, P. 
G. Mezey, and I. G. Csizmadia, J .  Am. Chem. Soc., 98, 1622 (1976); (0 0. 
P. Strausz, M. A. Robb, G. Theodorakoupoulos, P. G. Mezey, and I. G. 
Csizmadia, Chem. Phys. Lett., 48, 162 (1977); (g) R. Ahlrichs and R. 
Heinzmann, J. Am. Chem. Soc., 99, 7452 (1977); (h) J. C. Barthelat, G. 
Trinquier, annd G. Bertrand, ibid., 101, 3785 (1979). 

(4) D. M. Hood and H. F. Schaefer, J. Chem. Phys., 68, 2985 (1978). 
(5) T. H. Dunning and P. J. Hay, Ed., Vol. 3, “Modern Theoretical 

Chemistry”, H. F. Schaefer, Plenum, New York, 1977, pp 1-27. 
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