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studies indicate that the pKa of CoH » 14). On the 
other hand, the measured10 bond dissociation energy of 
57 kcal/mole for the CoH bond in Co(CN)5H3- leads 
to the conclusion that for most, if not all, of the sub­
strates under consideration the outright transfer of a 
H atom, according to eq 8, is close to thermoneutral, a 
conclusion that tends to favor mechanism iii. 

Co(CN)5H3" + CH 2=C(R)X — > Co(CN),3" + CH3C(R)X (8) 

Supporting this conclusion is the kinetic evidence 
advanced by Simandi and Nagy11 that the Co(CN)5

3--
catalyzed hydrogenation of cinnamate involves the 
rate-determining H-atom transfer step 

Co(CN)5H3" + C 6 H 6 CH=CHCOO- — > 
Co(CN)5

3- + C6H5CHCH2COO- (9) 

A similar mechanism has been proposed12 for the Co-
(CN)5

3_-catalyzed hydrogenation of styrene. 

(10) B. De Vries, / . Catalysis, 1, 489 (1962). 
(11) L. Simandi and F, Nagy, Acta Chim. Hung., 46, 137 (1965). 
(12) W. Stroheimer and N. Iglauer, Z. Physik. Chem, (Frankfurt), 51, 

50(1966). 

The square-planar complexes of Pt(II) have interested 
chemists for many years. A great many kinetic 

studies have been conducted on these complexes, and 
there is much experimental evidence for the phe­
nomenon called the trans effect.2-4 It has been found 
that ligands can be arranged in a series based upon their 
ability to labilize the trans group in the square-planar 
complexes of Pt(II). Qualitatively, this labilizing 
effect decreases in the order3 C2H4 ~ NO ~ CO ~ 
CN- > R3P ~ H- ~ SC(NH2), > CH3- > C6H5- > 
SCN- > NO2- > I- > Br- > Cl- > NH3 > OH- > 
H2O. 

The above series is based upon the relative rates of 
substitution of the ligand trans to the trans director, L, 
as L is varied. Very few of the kinetic studies on these 

(1) Abstracted from the Ph.D. Thesis of S. Zumdahl, University of 
Illinois, 1968. 

(2) F. Basolo and R. G. Pearson, Progr. Inorg. Chem., 4, 381 (1962). 
(3) F. Basolo, Advances in Chemistry Series, No. 49, American Chem­

ical Society, Washington, D. C , 1965, pp 81-106. 
(4) C. H. Langford and H. B. Gray, "Ligand Substitution Processes," 

W. A, Benjamin, Inc., New York, N. Y., 1965, pp 18-54. 

It is significant, and perhaps further indicative of 
the unimportance of Co---C(R)X bonding in the 
transition states of these reactions, that the kinetic 
trends fail to parallel the stabilities of the CoC(CH3)-
(R)X adducts which, in contrast to the corresponding 
rates, are clearly greatest for acrylonitrile and 2-
vinylpyridine. 

Significance is also attached to the absence of any 
C N - dependence of the rates of these reactions. This 
observation appears to rule out mechanisms involving 
preequilibria such as 

Co(CN)5H3- ± ^ Co(CN)4H2- + CN- (10) 

Co(CN)5H3- + CH=C(R)X **~^ 

Co(CN)4(CH2=C(R)X)H!" + CN" (11) 

This conclusion is of interest in view of the suggestion 
frequently encountered6 that "insertion" of unsaturated 
molecules into metal-ligand bonds may require prior 
coordination to the metal, by reaction with a coor-
dinately unsaturated complex. 

complexes have included measurements of the enthal­
pies and entropies of activation for the substitution re­
actions, and many of these studies have been conducted 
in very polar solvents. These facts make it more diffi­
cult to isolate the reason or reasons for the apparent 
labilizing effect of the trans director. 

Since the trans effect is defined as the influence of the 
trans director on the rate of substitution of the trans 
ligand, to explain the trans effect one should consider 
the effects of L on the activation energy for the reaction. 
The trans director can lower the activation energy for 
the substitution reaction by destabilizing the ground 
state of the complex or by stabilizing the activated com­
plex or both. Most early theories of the trans effect5-8 

emphasized destabilization of the ground state by 
weakening of the bond trans to L. More recent ex­
planations have emphasized the effects of L on the 

(5) 1.1. Chernyaev, Ann. Inst. Platine (USSR), 5,109 (1927). 
(6) B. V. Nekrasov,/. Gen. Chem. (USSR), 7,1594 (1937). 
(7) A. A. Grinberg, ActaPhysicochim. (URSS), 3, 573 (1935). 
(8) Y. K. Syrkin, Bull. Acad. Sci. URSS, Classe Sci. Chim., 69(1948). 
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energy of the activated complex for both 7r-9,10 and 
cr-bonding4 trans directors. 

Another phenomenon characteristic of square-
planar Pt(II) complexes, which deals specifically with 
the effect of a ligand on the strength of the metal-ligand 
bond trans to itself in the ground state of the complex, 
has been called the "trans influence." n This effect is 
distinct from the kinetic trans effect since it focuses at­
tention on the strength of the trans bond rather than on 
the kinetic labilization of the trans ligand. These two 
phenomena may or may not be related. 

The rraris-inftuence series for ligands in Pt(II) com­
plexes has been studied by infrared,12-19 nuclear mag­
netic resonance,11'20,21 and X-ray22 methods, and a 
qualitative ?ran5-influence series has been established. 
The resulting series has been found to be quite similar 
to the kinetic oww-effect series given above. 

Our purpose in doing this work was to explore, theo­
retically, the /raws-influence phenomenon and the 
kinetic trans effect. Particularly, we were interested in 
determining whether a relationship exists between 
these two phenomena. To this end we have done ex­
tended Hiickel molecular orbital calculations on a series 
of square-planar Pt(II) complexes of the type trans-
PtCl2(L)(NH3) where L represents a series of cr-bonding 
ligands. 

Method of Calculation 

The LCAO-MO procedure employed in this study 
is a modification of the extended Hiickel molecular 
orbital theory used by Hoffmann.23 Specifically, the 
method used here follows very closely the procedure 
developed by Cotton and Harris24 for their molecular 
orbital study of tetrachloroplatinate(II). 

Hamiltonian Matrix Elements. As is usually done 
in the extended Hiickel method, the diagonal Hamil­
tonian matrix elements (Hti) used in these calculations 
have been approximated by valence-state ionization 
potentials (VSIP's). Cotton and Harris24 found 
that they were able to obtain very reasonable results for 
tetrachloroplatinate(II) by using VSIP's to estimate 
the Hu values. However, these VSIP's were charge-
corrected by only 1 eV per unit atomic charge instead of 
the approximately 10 eV per charge necessary for free 
ions. In this way these authors were able to qualita-

(9) J. Chatt, L. A. Duncanson, and L. M. Venanzi, J. Chem. Soc, 4456 
(1955). 

(10) L. E. Orgel, / . Inorg. Nucl. Chem., 2, 137(1956). 
(11) A. Pidcock, R. E. Richards, and L. M. Venanzi, J. Chem. Soc. A, 

1707 (1966). 
(12) J. Chatt, L. A. Duncanson, and L. M. Venanzi, ibid., 4461 (1955). 
(13) D. B. Powell, ibid., 4495(1956). 
(14) J. Chatt, L. A. Duncanson, B. L, Shaw, and L. M. Venanzi, 

Discussions Faraday Soc, 26,131 (1958). 
(15) J. Chatt, L. A. Duncanson, and B. L. Shaw, Chem. Ind. (Lon­

don), 859 (1958). 
(16) D. M. Adams, J. Chatt, and B. L. Shaw, J. Chem. Soc, 2047 

(1960). 
(17) D. M. Adams, J. Chatt, J. Gerratt, and A. D. Westland, ibid., 734 

(1964). 
(18) K. Nakamoto, P. J. McCarthy, J. Fujita, R. A. Condrate, and 

G. T. Behnke, Inorg. Chem., 4, 36 (1965). 
(19) (a) J. R. Durig, B. R. Mitchell, D, W. Sink, and J. N. Willis, 

Jr., Spectrochim. Acta, 23A, 1121 (1967); (b) C. H. Perry, D. P. Athans, 
E. F. Young, J. R. Durig, and B. R. Mitchell, ibid., 23A, 1137 (1967). 

(20) (a) G. W. Parshall, / . Am. Chem. Soc, 86, 5367 (1964); (b) 
G. W.Parshall, ibid., 88, 704(1966). 

(21) S. O. Grim, R. L. Keiter, and W. McFarlane, Inorg. Chem., 6, 
1133 (1967). 

(22) See ref 2, p 402, for a summary. 
(23) R. Hoffmann, / . Chem. Phys., 39,1397 (1963). 
(24) F. A. Cotton and C. B. Harris, Inorg. Chem., 6, 369 (1967). 

tively account for point charge and penetration effects. 
In view of the good results obtained by Cotton and 
Harris,24 this procedure has been followed for the cal­
culations presented here. 

The VSIP's used for the orbitals of platinum and 
chlorine in this study were obtained from Cotton and 
Harris.24 All other VSIP's were obtained from the 
tabulations by Cusachs.25,26 

All off-diagonal Hamiltonian matrix elements were 
approximated by use of the Mulliken-Wolfsberg-Helm-
holz approximation27'2S with K set equal to 1.8. 

Atomic Orbitals. In this study SCF extended-basis-
set atomic orbitals (linear combinations of Slater-type 
orbitals) were used for all atoms except hydrogen and 
chlorine. 

In matrix notation the SCF atomic orbitals can be 
expressed in terms of Slater-type orbitals as 

$SCF = X S T O C ( 1 ) 

where C is the coefficient matrix relating the two basis 
sets. For the overlap matrix of the SCF basis set one 
has 

S SCF = c s S T 0 C (2) 

where 

s»ST0 = SxaAr 

s „ S C F = S4xt>Ar 

In this study SSCF was obtained by first calculating 
the overlap matrix in the Slater-type orbital basis set in 
the usual manner. This overlap matrix was then 
transformed into the SCF basis set according to eq 2 by 
matrix techniques. This process was accomplished by 
use of a computer program ILCO5 which was obtained 
by extensively modifying the Hoffmann MO program.23 

In present form ILCO5 is a four-core-load program. In 
the first core load the overlap matrix in the Slater basis 
set is calculated. The matrix transformation into the 
SCF basis set is done in the second and third core loads, 
and in the fourth core load the MO calculation is com­
pleted. 

The overlap matrix was calculated only once for each 
molecule and, therefore, was not adjusted for changes 
in molecular charge distribution as the molecule was 
iterated to self-consistent charge. However, Cotton 
and Harris24 have estimated that this produces an av­
erage error of only ~ 5 % in the calculated overlap in­
tegrals. 

The atomic orbitals used in this study are as follows. 
The platinum 5d, 6s, and 6p orbitals are those derived 
by Basch and Gray29 for Pt+ by fitting numerical SCF 
functions.30 The orbitals used for chlorine are single 
exponential Slater-type orbitals with exponents deter­
mined by Cotton and Harris24 by fitting the overlaps of 
Hartree-Fock wave functions. An exponent of 1.0 
was used for the hydrogen Is Slater-type orbital. Clem-

(25) L. C. Cusachs and J. W. Reynolds, J. Chem. Phys., 43, S160 
(1965). 

(26) L. C. Cusachs and J. W. Reynolds, ibid., 44, 835 (1966). 
(27) R. Mulliken, J. Chim. Phys., 46, 497 (1949). 
(28) M. Wolfsberg and L. Helmholz, / . Chem. Phys., 20, 837 (1952). 
(29) H. Basch and H. B. Gray, Theoret. Chim. Acta, 4, 367 (1966). 
(30) It was considered valid to use orbitals for Pt+ since the Pt charge 

was found to ~0.5 in most of the complexes. In any case, observed 
trends should not be affected. 
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Compound 

PtCl2(H2O)(NH3) 
PtCl2(NH3J2 (a) 
PtCl2(NHa)2 (b) 
PtCl3(NH3)-
PtCl2(H2S)(NH3) (a) 
PtCl2(H2S)(NH3) (b) 
PtCl2(CH3)(NH3)-
PtCl2(PH3)(NH3) 
PtCl2(H)(NH3)-

Pt-L bond 
length, A 

2.00 
2.00 
2.17 
2.33 
2.30 
2.44 
2.15 
2.25 
1.66 

Pt-N 

0.3370 
0.3221 
0.3235 
0.3240 
0.3244 
0.3260 
0.3009 
0.3092 
0.3074 

Pt-Cl 

0.3909 
0.3832 
0.3882 
0.3843 
0.3745 
0.3815 
0.3724 
0.3569 
0.3641 

enti double-f functions31 were used for the atomic or-
bitals of all other atoms in the complexes. 

Structural Parameters. The coordinate system used 
for the calculations is shown in Figure 1. The Pt-L 
bond distances were obtained from X-ray data32 when 
possible and were estimated from covalent radii when 
X-ray data were unavailable. (Calculations on com­
plexes where the Pt-L distance was varied indicate that 
the results (see Table I) are relatively insensitive to 
small errors in estimating Pt-L.) The Pt-N bond 
length was held constant at 2.00 A in all of the com­
plexes studied in order to simplify the interpretation of 
the effects of the various L groups. The Pt-Cl dis­
tance was held constant at 2.33 A in all of the com­
plexes. 

Results and Discussion 

Molecular orbital calculations of the type de­
scribed above have been carried out on a series of trans-
PtCl2(L)(NH3) complexes in order to study the kinetic 
trans effect and the trans influence of various tr-bonding 
ligands. The L groups chosen for study are H2O, NH3, 
Cl-, H2S, CH3-, H-, and PH3. Some of the resulting 
complexes are hypothetical, because to save computer 
time, protons were sometimes placed on the coordina­
ting atom of L instead of the larger substituents present 
in known complexes. However, this should not affect 
our results, since we are most interested in the effects 
due to the coordinating atom, and substitution of hy­
drogen for alkyl or aryl groups should not influence the 
conclusions drawn. 

trans Influence. In studying the trans influence for 
a series of ligands in the ?/"a«s-PtCl2(L)(NH3) complexes, 
one is primarily interested in the relative bond strengths 
in these complexes. Particularly, one is interested in 
the changes in the bond strengths in the complex as the 
ligand L is varied. Information of this type is best 
obtained from a Mulliken population analysis33 of 
the calculated molecular orbitals. 

The population analysis provides two criteria for 
measuring relative bond strengths in molecules: over­
lap populations and overlap energies. The overlap 
population is a measure of the electron density in the 
bonding region between two atomic orbitals. Summa­
tion of the overlap populations for all atomic orbitals on 
a given pair of atoms over all occupied molecular orbit­
als gives the reduced overlap population between those 
atoms. Reduced overlap populations can be used as 
indications of relative bond orders. Similarly, overlap 

(31) (a) E. Clememi, IBMJ. Res. Develop., 9, 2 (1965); (b) "Tables 
of Atomic Functions," International Business Machines Corp., 1965. 

(32) For a review of X-ray studies on platinum complexes, see K. 
Hisao, / . Japan Chem., 15, 951 (1961). 

Pt-L 

0.2406 
0.3221 
0.3246 
0.3822 
0.4295 
0.3892 
0.4637 
0.5685 
0.6069 

Pt(6pj,)-L 

0.1114 
0.1313 
0.1428 
0.1759 
0.2070 
0.1904 
0.1945 
0.2435 
0.2603 

Pt(6p„)-N 

0.1235 
0.1313 
0.1215 
0.1212 
0.1320 
0.1221 
0.1431 
0.1490 
0.1415 

Pt(6s)-N 

0.1205 
0.1139 
0.1185 
0.1181 
0.1158 
0.1213 
0.1036 
0.1054 
0.1046 

Pt(5d„«_„.: 

0.1275 
0.1145 
0.1202 
0.1225 
0.1154 
0.1207 
0.0949 
0.0966 
0.1009 

energies can be used as indications of the energies of 
interaction between orbitals and atoms.33 

A Mulliken population analysis was performed on 
each of the ?ra«s-PtCl2(L)(NH3) complexes, and the 
resulting overlap populations are given in Table I. 
The corresponding overlap energies were also cal­
culated. However, since the trends in these values were 
found to be identical with those in the overlap popula­
tions shown in Table I, the overlap energies are not 
presented here. 

z 

Cl 

L -F?jt N H 3 y 

Cl 

x 

Figure 1. The coordinate system used for the molecular orbital 
calculations on the ?ra«.s-PtCl2(L)(NH3) complexes. 

The complexes in Table I are listed in order of the in­
creasing kinetic trans effect of L in going from the top 
to the bottom of the table. That is, H2O is a poor 
trans director, and H - is a very effective trans director 
(where the effectiveness of L as a trans director refers to 
its ability to labilize the trans ligand). Examination of 
the data in Table I shows that, in general, as L becomes 
a better trans director, it also becomes more effective in 
weakening the trans Pt-N bond. Thus, there appears 
to be a definite parallel between the ability of L to act 
as a trans director and its effectiveness in causing the 
Jrans-influence phenomenon. 

These results agree, in the main, with the results of 
several infrared studies of square-planar Pt(II) com­
plexes12-19 which indicate, at least for o--bonding lig­
ands, that, in general, if a ligand is a good trans direc­
tor, it also is effective in weakening the trans bond. 
However, since the conclusions reached in these infrared 
studies are based almost entirely on relative frequencies 
rather than on force constants, one should proceed 
cautiously in using these results as evidence for bond 
weakening. The vibrational problem in these systems 

(33) (a) R. Mulliken, J. Chem. Phys., 23, 1833, 1841, 2339, 2343 
(1955); (b) ibid., 36, 3428 (1962). 
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is very complex and coupling effects could well be im­
portant. However, the facts that in almost all of these 
infrared studies a series of very similar complexes has 
been studied so that coupling effects should be fairly 
constant, and that a number of studies using different 
series of complexes have produced the same ordering of 
the ligands in the ?TO«s-influence series, lend credibility 
to the infrared results. Also, Nakamoto, et a/.,18 have 
recently done a normal coordinate analysis on the com­
plex frans-Pt(NH3)2Cl2 and have found that "almost 
no coupling exists between various vibrational modes." 
Thus, the evidence taken as a whole supports use of the 
infrared results as a measure of the relative bond 
strengths. Therefore, the conclusion from our cal­
culations, which is supported by the infrared evidence, 
that a good cr-bonding trans director also has a high 
trans influence appears to be a valid one. 

Another interesting observation which can be made 
about the results shown in Table I is that the Pt-Cl bond 
cis to L also shows weakening as L becomes a better 
trans director. Interestingly, this cis weakening appears 
to be only slightly less in magnitude than the weakening 
of the Pt-N bond, and the order of effectiveness of L in 
causing the weakening is very similar for both the Pt-
Cl and Pt-N bonds. Contrary to the earlier theo­
ries"-8 these results would seem to indicate that the 
bond-weakening ability of a <r-bonding ligand in a 
square-planar complex is not directed specifically to­
ward the trans positions. 

Relatively little experimental evidence is available 
regarding the influence of ligands on bonds cis to 
themselves in square-planar complexes; however, this 
phenomenon has been observed in some recent infrared 
studies. Nakamoto and his coworkers18 have carried 
out a detailed infrared study of the cis- and trans-
PtX2(NH3)2 complexes, where X~ = I - , Br-, and Cl - . 
Their results show that the Pt-N bond strength 
decreases in the order Cl - > Br - > I - for both the cis 
and trans complexes although the effect is slightly 
larger in the former case. Perry, et a/.,19b have found a 
similar situation to exist for the cis- and trans-PdX2-
(NHs)2 complexes, where X - = Cl - , Br - , and I - . 
Also, Rosevear and Stone34 have observed cis and 
trans influences of similar magnitudes in the cis-
and JTOMS-Pt(Et3P)2(C6H5)X complexes, where X - = 
Cl - , Br -, and I - . Chatt and his coworkers16 have 
noted rather large effects on the Pt-H stretching 
frequencies due to the cis groups, in a series of trans-
Pt(LO2(L)(H) complexes, where L' represents a series 
of substituted phosphines and arsines. However, in 
a later study on a series of cis- and /ra«s-PtX2L2 

complexes17 Chatt found only minor effects on the 
Pt-X stretching frequencies due to the L groups cis 
to X. Taken as a whole, these results seem to suggest 
that cr-bonding ligands might be expected to influence 
both cis and trans bonds with the trans weakening 
expected to be slightly greater. This is also what we 
would predict on the basis of our calculations. 

In a recent study Pidcock, Richards, and Venanzi11 

reported the 195Pt-31P coupling constants for a series of 
square-planar Pt(II) complexes. They found that, as 
the ligand trans to the phosphine becomes a better 
trans director, the 195Pt-31P coupling constant decreases. 
Based on some rather severe assumptions about the 

(34) D. T. Rosevear and F. G. A. Stone, / . Chem. Soc, 5275 (1965). 

nature of 7(195Pt-31P) (the constancy of AE and the 
constancy of the contribution of the phosphorus 3s 
orbital in the series), these authors related the magnitude 
of the coupling constant to the s character and strength 
of the Pt-P bond and concluded that, as the ligand 
trans to the phosphine becomes a more effective trans 
director, the s character and the strength of the Pt-P 
bond decrease. In view of the possible ambiguities in 
this approach it was decided to compare the conclusions 
of the nmr study with the results of the molecular orbital 
calculations. As can be seen by examination of the 
results in Table I, our calculations provide confirmation 
for the interpretations of Pidcock, et a/.11 As men­
tioned previously, our results predict parallel trans-
influence and trans-effect series for cr donors in agree­
ment with the nmr results. Also, examination of the 
trend in the Pt(6s)-N interactions in Table I 
shows that, in general, as L becomes a better trans 
director, the participation of the Pt(6s) orbital in the 
Pt-N bond decreases as was predicted on the basis of 
the 19SPt-31P coupling constant data. 

Pidcock et a/.,11 also concluded that phosphine has a 
very high trans influence which is due entirely to 
cr-bonding effects. It was suggested that the effective­
ness of a phosphine in weakening the trans bond may be 
due to its ability to interact strongly with the Pt(p<,) 
orbital thus reducing its availability to the trans ligand. 
Further, it was concluded from this study11 that 
anionic ligands, such as the halides, have about equal 
cis and trans influences, whereas the phosphines have a 
cis influence which is smaller than their trans influence. 

Our calculations show that phosphine is a very strong 
cr donor and that it has a very large trans influence. 
However, our results indicate that the weakening of the 
trans bond is not due to decreased availability of the 
Pt(P,,) orbital but is due to weakening of the Pt(6s)-N 
and Pt(dxi _ ̂ ) - N interactions. Also, our results indi­
cate that phosphine has a cis influence which is com­
parable in magnitude to its trans influence in apparent 
disagreement with the interpretation of the nmr results. 

The conclusion by Pidcock, et al.,u that -rr bonding is 
not important in the phosphine complexes which they 
studied is mainly based on the fact that the ratio of the 
195Pt-31P coupling constant in the cis complex to that 
in the trans complex is the same for both Pt(II) and 
Pt(IV) complexes. It was suggested that since TT 
bonding is expected to be much less in Pt(IV) than in 
Pt(II) complexes, the similar coupling constant ratios 
for the two types of complexes indicate that TT bonding 
is unimportant in both the Pt(II) and Pt(IV) complexes. 
In view of the previously mentioned difficulties in 
interpreting J and in the absence of any other quanti­
tative information, the assumption that there is less -K 
bonding in the Pt(IV) than in the Pt(II) complexes 
seems far from certain. Consequently, calculations 
were carried out to attempt to investigate the ir bonding 
in Pt(II) complexes. The extent of d7r-d7r interactions 
between the Pt and P atoms in these complexes is 
rather hard to estimate because the energy and the 
Slater exponent for the phosphorus set of 3d orbitals 
are very uncertain. We performed a calculation on 
/ra/is-PtCl2(PH3)(NH3) in which we included a set of 
phosphorus 3d orbitals with a Slater exponent of 0.7 
and an energy of — 5.0 eV. We felt that these param­
eters would overemphasize any Pt-P d7r-d7r bonding. 
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The results show that under these conditions the Pt-P 
•K bond order is ~ 1 5 % of the cr bond order. The 
Pt-Cl bond order is not much affected by the presence 
of the phosphorus 3d orbitals. However, inclusion of 
the 3d orbitals causes a rather large strengthening of 
the Pt-N bond as indicated by its reduced overlap 
population of 0.33. This gives phosphine a trans 
influence equal to that of H2O (see Table I) which is 
clearly not the case according to all of the experimental 
evidence. This suggests that we have indeed caused 
overemphasis of the d7r-d7r bonding which results in 
the strengthening of the Pt-N bond causing phosphine 
to be out of order in the /raws-influence series. There­
fore, we expect Pt-P d7r-d7r bonding in the actual 
complexes to be very small. 

Kinetic trans Effect. In considering what mechanism 
might be responsible for the kinetic trans effect for 
(7-bonding ligands, two observations should be made 
about the results of the molecular orbital calculations. 
First, the weakening observed in the Pt-N bond trans 
to L is not very great in going from a poor trans director, 
H2O, to a very good trans director, H - . The resulting 
change in the Pt-N bond strength is only about 10% of 
the total bond strength. Also, our calculations indicate 
that the weakening of the cis Pt-Cl bonds is comparable 
in magnitude to the Pt-N weakening. 

These facts suggest to us that bond weakening is 
probably not the primary cause of the kinetic trans 
effect, at least for <7-bonding ligands. Rather, we 
believe that our results support a mechanism which is 
based on the stabilization of the transition state for the 
substitution reaction. In an earlier study from our 
laboratory35 involving the effect of various R groups on 
the rate of chloride exchange with a series of compounds 
of the type RPOCl2, the results were interpreted on the 
basis of the ability of R to stabilize the five-coordinate 
activated complex by both a and -K interactions in the 
equatorial positions. Gray3'4 has proposed that 
similar effects are operative in the five-coordinate 
intermediate involved in the substitution reactions of 
square-planar Pt(II) complexes containing a a-bonding 
ligand as the trans director. The trans effect for a-
bonding trans directors can be explained as follows. In 
the ground state of the square-planar platinum complex 
the trans director L and the leaving group (in the event 
of a substitution reaction) must share the same Pt(p„) 
orbital. Thus, in the series of complexes which we have 
studied, the ligand, L, and the leaving group, NH3, 
are competing for the Pt(6p„) orbital. Assuming a 
chloride ion to be the entering group in a substitution 
reaction on a /TOWi-PtCl2(L)(NH3) complex, one can 
postulate the idealized trigonal-bipyramidal activated 
complex4 shown in Figure 2. Note that in this structure 
the entering and leaving groups (Cl - and NH3) now lie 
on either side of the Pt(6py) orbital and use both the 
p„ and PJ orbitals for bonding. Thus, the trans director 
L is left with more than half of the 6p„ orbital. This 
means that if L is a good cr donor and can therefore 
take advantage of the partially vacated p„ orbital, the 
activated complex will be stabilized. Thus, the 
difference in energy between the ground and transition 
states would be relatively small for a ligand which can 
effectively interact with the p„ orbital, and this type of 
ligand would be expected to be a good trans director. 

Calculations of Pt(6p„)-L(p„) overlap integrals4 have 

x / 

Cl / 

I / -Cl 

/ '} NH3 

2 I 

Figure 2. The coordinate system used for the molecular orbital 
calculations on the trigonal-bipyramidal complexes. 

shown this approach to be promising. Therefore, in 
order to explore this postulate further, the Pt(6pj,)-L 
overlap populations were calculated and are listed in 
Table I. Note that in going down the table there is a 
rather dramatic increase in the Pt(6p„)-L interaction. 
Indeed, there is an almost exact correspondence between 
the ability of L to interact with the Pt(6p„) orbital and 
its position in the experimentally determined kinetic 
trans-effect series. The only exception to this appears 
to be the methide ion. However, note that the methide 
ion is the most effective of the ligands studied in weak­
ening the trans bond. Therefore, the position of the 
methide ion in the rraru-effect series may be a combi­
nation of its trans influence and its ability to interact 
with the 6pj, orbital. Both of these effects would 
tend to lower the activation energy for a substitution 
reaction and would thus make methide a better trans 
director than would either effect by itself. 

Thus, qualitatively our results support the mechanism 
for the trans effect based on transition-state stabiliza­
tion. In order to learn whether, the effect on which 
this mechanism is based has the proper magnitude to 
cause the observed differences in the rates of the sub­
stitution reactions, we have done calculations to attempt 
to estimate the difference in the activation energies of 
the substitution reactions for complexes containing a 
poor trans director, H2O, and an effective trans director, 
H - . Of course, it is impossible to actually calculate 
activation energies for these complexes, since the true 
structure of the activated complex is unknown and since 
it is impossible to estimate accurately enough the total 
energy of the entering ligand (in this case a chloride ion), 
etc. However, it does seem possible that a reasonable 
value can be obtained for the activation energy dif­
ference for the complexes with L = H2O and H - , since 
many sources of error, including the two mentioned 
above, would be expected to cancel out of this difference. 

Therefore, we have performed extended Hiickel 
molecular orbital calculations on five-coordinate com­
plexes of the type shown in Figure 2 for L = H - and 
H2O. For these calculations all bond lengths were 
kept the same as in the square-planar complexes. 
Table II shows the reduced overlap populations for 
the bonds in the five-coordinate complexes for L = 
H2O and H - . Table III shows the changes in overlap 
populations in going from the four- to five-coordinate 
complexes (keeping all bond lengths the same). 

These results show that all bonds weaken in going 
from the square-planar to the trigonal-bipyrimidal 
structure. Note that the weakenings of the Pt-N bond 
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Table II. Overlap Populations for the Trigonal-Bypyramidal Complexes PtCl3(H2OXNH3)- and PtCl3(H)(NH3)
2-

Pt-Cl Pt-Cl 
Compound Pt(6pj,)-L Pt-L (x-axis) (plane) Pt-N 

PtCl3(H2O)(NH3)- 0.1602 0.1895 0.3441 0.3117 0.2920 
PtCl3(H)(NH3)

2- 0.3356 0.5868 0.3198 0.2859 0.2674 

Table III. Overlap Population Differences" 

Pt-Cl Pt-Cl 
L Pt(6p„)-L Pt(6s)-L Pt(Sd^v)-L Pt-L (x-axis) (plane) Pt-N 

H2O 0.0488 -0.0071 -0.0447 -0.0511 -0.0468 0.3117 -0.0450 
H- 0.0753 -0.0142 -0.0382 -0.0213 -0.0443 0.2859 -0.0400 

" The overlap populations in the trigonal-bipyramidal activated complex minus the corresponding overlap populations in the square-planar 
complex for L = H - and L = H2O. 

and Pt-Cl bonds (originally cis to L) are almost exactly 
equal for both types of complexes. However, the 
corresponding weakening of the P t - L bond is much 
less for L = H - than for L = H2O and, significantly, 
this difference can be traced back almost entirely to the 
Pt(6p„)-L interactions. The over-all weakening of 
the P t - L bond in going to the transition state is due to 
decreased Pt(6s)-L and P t ^ d ^ - ^ - L interactions, and 
note that the sum of the weakenings due to these 
interactions is almost identical for the two types of 
complexes. These effects are opposed by the increasing 
Pt(6p„)-L interactions, the increase being 0.0753 for 
L = H - and 0.0488 for L = H2O. Thus, the Pt(6p„)-L 
interaction increases in going from the ground to 
transition state with the increase being greater for the 
stronger a donor. Therefore, the different interactions 
of H2O and H - with the Pt(6p„) orbital account almost 
entirely for the different P t - L bond weakenings in going 
from the ground state to the activated complex. A 
striking resemblance exists between the mechanisms of 
substitution on platinum and phosphorus,3 5 both involv­
ing stabilization of the five-coordinate intermediate. 

In order to estimate the magnitude of the above 
effect, total energies were obtained for the square-
planar and trigonal-bipyramidal complexes for L = 
H2O and H - and the quantity AE& was calculated. AE9, 
is defined by the expression 

AEa = EH-- EHl0 (3) 

where E^ is the total energy for the trigonal-bipyramidal 
complex minus that for the square-planar complex for 
ligand L. It was found that AiJ3 = —8 kcal/mole. 
Thus about 8 kcal/mole less energy is required in going 
from the square-planar to the trigonal-bipyramidal 
complex for L = H - than for L = H2O. 

In order to interpret AEa it is necessary to consider 
what energy terms it contains. As mentioned above, 
the weakenings of cis Pt-Cl and trans Pt-N bonds in 
going from the square-planar to the trigonal-bi­
pyramidal complex are almost identical for L = H - and 
H2O and, thus, should cancel out of AE3. Therefore, 
AE3 should consist almost entirely of the difference in 
the Pt-L bond weakenings in going from the ground 
state to the excited state and the difference in the 
strengths of the bonds formed by the entering chloride 
ion (see Table II). Since the Pt-Cl bond formed by 
the entering chloride ion is slightly stronger for L = 

(35) R. S. Drago, V. A. Mode, J. C. Kay, and D. L. Lydy, J. Am. 
Chem.Soc, 87,5010(1965). 

H2O than for L = H - , this would stabilize the transition 
state for L = H2O relative to that for L = H-. There­
fore, the value of 8 kcal/mole can be regarded as a 
lower limit of the magnitude of the effect on AEa due to 
the different Pt-L bond weakenings. Since the different 
Pt-L bond weakenings for the two ligands can be 
traced back almost entirely to the different Pt(6p„)-L 
interactions of H - and H2O, one can say that the effect 
of the different donor strengths of H - and H2O toward 
the Pt(6p„) orbital would be expected to produce an 
activation energy difference greater than 8 kcal/mole 
for the complexes containing these two ligands. 

It has been estimated4 that the ratio of the rates of 
substitution for a ligand trans to H - and H2O probably 
is on the order of 106. Thus, according to the Arrhe-
nius expression, one can write 

k„ A^ P-Eu-/RT 

"H2O AmOe 

By using eq 4 and assuming that AH- = Amo and 
T = 300 0K, one can calculate the value OfAf3 which 
is expected from the experimental results. The value 
of AEa obtained in this way is —8.3 kcal/mole, which is 
in remarkable agreement with the value which we have 
calculated from the molecular orbital results. 

Thus, these calculations show that there is a close 
correspondence between the effectiveness of L as a 
trans director and its ability to interact with the Pt(pa) 
orbital which is shared with the potential leaving group. 
Also, the calculations show that the Pt(p^)-L interaction 
increases on going from the square-planar complex to 
the trigonal-bipyramidal activated complex and that 
this increase is much greater for a strong a donor (H -) 
than for a relatively weak a donor (H2O). Further, 
the greater increase in the Pt(p„)-L interaction for 
L = H - than for L = H2O in going from the square-
planar to the trigonal-bipyramidal complex appears to 
account for almost all of the observed difference in the 
activation energies of the substitution reactions for 
complexes containing these two ligands. Thus, these 
results are consistent, qualitatively and quantitatively, 
with the explanation for the trans effect of cr-bonding 
ligands which is based on the stabilization of the 
transition state. 

Summary 

In summary, our calculations have shown that a-
bonding ligands do have a definite trans influence and 
that the trans-influence series very closely parallels the 
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kinetic trans-effect series. We have also observed a 
"cis influence" which is comparable in magnitude to 
the trans influence. 

It appears that a mechanism based on the 
stabilization of the five-coordinate activated complex is 
the most reasonable to explain the kinetic trans effect 
for (r-bonding ligands. Our calculations strongly 

There has been only one reported exception to the 
generalization that five-connected group V {i.e., P, 

As, Sb, Bi) elements in compounds with formally 
10-electron valence shells have bonds directed to the 
vertices of a trigonal bipyramid,3,4 and in fact this 
generalization seems to apply even more broadly,4 

covering EXn compounds of group VI (e.g., SF4) and 
group VII (e.g., ClF3) provided "incomplete" trigonal 
bipyramids are recognized. The lone reported 
exception is pentaphenylantimony, which has been 
characterized as having a "distorted square-pyramidal" 
structure5 although pentaphenylphosphorus,6 pen-
taphenylarsenic,6 and several (C6Hs)4SbOR (R = 
CH3,7 H8) compounds are all trigonal bipyramidal. 

In view of the exceptional nature of the reported 
structure of (C6H5)SSb, as well as the importance of 
the question of the relative stabilities of trigonal-
bipyramidal and square-pyramidal structures in under­
standing the fluxional nature of many molecules with 
the former as their ground-state geometry,9 it seemed 

(1) Supported by the National Science Foundation under Grant No. 
GP 7034X. 

(2) Hydro-Quebec Postdoctoral Fellow, 1966-1968. 
(3) E. L. Muetterties and R. A. Schunn, Quart. Rev. (London), 20, 

245 (1966). 
(4) F. A. Cotton and G. Wilkinson, "Advanced Inorganic Chem­

istry," 2nd ed, Interscience Division, John Wiley and Sons, Inc., New 
York, N. Y., 1966, pp 401-409. 

(5) P. J. Wheatley, / . Chem. Soc, 3718 (1964). 
(6) P. J. Wheatley, ibid., 2206 (1964). 
(7) K. Shen, W. E. McEwen, S. J. LaPlaca, W. C. Hamilton, and A. 

P. Wolf, J. Am. Chem. Soc, 90,1718 (1968). 
(8) A. L. Beauchamp, M. J. Bennett, and F. A. Cotton, ibid., in press. 

support this mechanism both qualitatively and quan­
titatively. However, it is possible that bond-weakening 
effects may also be important in some cases (for 
example, the methide ion). 
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to us to be of unusual importance to seek confirmation 
of the reported structure of (C6Hs)5Sb and to obtain 
more accurate structural parameters. 

The reported study6 is based on only two-dimensional 
data and does not provide meaningful results concerning 
the relative lengths of the Sb-C bonds. Moreover, 
it does not appear that the possibility of a water mole­
cule or some other small ligand molecule occupying a 
sixth coordination site about the antimony atom and 
thus forcing a square-pyramidal disposition of the 
phenyl groups is excluded by the reported study. 

A redetermination of the structure of pentaphenyl­
antimony, using three-dimensional counter-diffractom-
eter data was therefore undertaken and is described 
here. 

Experimental Section 
Preparation. Pentaphenylantimony was prepared by reaction of 

C6H5Li with (C6H5)SSbCl2 (Eastman), as described by Wittig and 
Clauss.10 It was recrystallized from isooctane as colorless crystals 
(mp 167-168°, lit.10169-170°). Part of the crude product was first 
recrystallized from n-hexane to yield yellowish plates which melt at 
167-169° with a definite change of phase about 130-135°. The 
former is probably a solvate similar to (C6Hs)5Sb-0.5cyclohexane, 
isolated by Wittig and Clauss.10 This solvate was heated at 115° 
under vacuum for 6 hr (during which some decomposition oc­
curred), and after recrystallization from isooctane the pure, un-
solvated, colorless compound was recovered. 

(9) R. S. Berry, M. Tamres, C. J. Ballhausen, and H. Iohansen, Acta. 
Chem.Scand., 22,231 (1968). 

(10) G. Wittig and K. Clauss, Ann., 577, 26 (1952). 
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Abstract: The structure of pentaphenylantimony has been redetermined from three-dimensional X-ray diffrac­
tion data (2337 independent reflections) measured on a counter diffractometer. The results confirm the general 
structural features found earlier by Wheatley in a two-dimensional study. The improved accuracy obtained with 
three-dimensional data allows the following conclusions. (1) While the molecule as a whole has Ci point symmetry, 
the five carbon atoms bound to the antimony atom are arranged with virtual C2v symmetry. (2) The set of Sb-C 
bond lengths is consistent with a square-pyramidal geometry, viz., Sb-C(axial) = 2.115 (5) A; four Sb-C(basal) 
bonds with an average length of 2.216 (7) A. (3) The C(axial)-Sb-C(basal) angles deviate alternately by about 
+4 and —4° from their mean, thus spoiling the ideal C4v symmetry which would exist if all were equal. The 
principal crystallographic data are as follows: space group, Pl; unit cell dimensions: a = 10.286 ± 0.007 A; 
b = 10.600 ± 0.007 A ; c = 13.594 ± 0.009 A; a = 79° 12' ± 3 ' ; /J = 70° 28' ± 3'; y = 119° 31' ± 3'; 
measured density, 1.42 ± 0.01 g cm-3; calculated density (for Z = T), 1.41 g cm-3. 
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