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'" DT^-D - aVA][SoAc])ttVA1 + IH0AC)) ' ( 2» 
where Z)0= is the equilibrium per cent deuteration and D is the 
per cent deuteration of the vinyl acetate at time t. Since [HOAc] 
:» [VA] this reduces to eq 22. R is the rate expression in vinyl 

In Da/(D. - D) = (R/[VA])t (22) 

acetate, i.e., R = k[VA] for a reaction first order in [VA] or R = k 
for a reaction zero order in vinyl acetate. From any given run, 
the order in vinyl acetate cannot be determined since a first-order 
plot will be obtained no matter what the form of the function R. 
Thus, the order in vinyl acetate can be determined by carrying 
out kinetic runs at various vinyl acetate concentrations and ob­
serving how RI[VA] varies. If R = k[VA], the vinyl acetate 
concentrations cancel out and R - k. Thus, the rate should 
not change with [VA]. 

In the runs containing water some H»0-catalyzed decomposition 
of the vinyl acetate was observed.28 However, the rate of de­
composition was only about 10% of the rate of exchange. In 
any case it does not affect the measurement of the rate of exchange 
as long as the deuterated and nondeuterated vinyl acetates have 
equal probability of reacting with H2O. 

The runs with propenyl acetates and the cw-butenyl acetate 
were carried out in the same way except in this case the acetic 
acid was deuterated initially (20% CD3COOH) and each of the 
starting isomers as well as the isomer being formed were collected 
for analysis. These runs were made on a 1- or 2-ml scale because 
of the smaller amounts of starting materials available. The vpc 
procedures were the same as those used to collect the samples. The 
deuterium pick-up of the starting isomer was calculated from the 
rate expressions for consecutive reactions.37 

The enol acetate of cyclopentanone was not volatile enough 
to use the 100% collection tubes, so 0.4-1.0-ml portions of a 10-
or 25-ml reaction mixture were extracted with methylene chloride, 

(37) Reference 35, p 166. 

The consequence of a one-electron reduction of 
ethylene is the lessening of the 7r-bond order by 

one-half since the "extra" electron is relegated solely to 
the lowest antibonding orbital. Unrestricted rotation 
about the Q-C 2 bond is presumably not possible. The 
effect of a second added electron is to release most of the 
rotational restraint between the Ci-C2 bond, since the 
x-bond order is then essentially zero. 

When this electron pair is highly delocalized, as in 
tetraphenylethylene dianion (TPE2-), the question of 
the nature of the resultant molecular species becomes 
one of considerable interest. This paper is concerned 
with the application of several spectroscopic investiga-

after which the methylene chloride was washed with water to 
remove acetic acid. The sample was concentrated and the enol 
acetate collected by means of preparative vpc using the 20-ft 
20% Carbowax 20 M column at 150°. 

The determination of the upper limit for the exchange rate 
constant was complicated by two factors. First was the Pd(II)-
catalyzed decomposition1'28 of the cyclopentene enol acetate to 
cyclopentanone and acetic anhydride. For this reason the ex­
change could only be followed for 2 months, since after this time 
most of the ester had decomposed. Other reactions occurred 
as evidenced by the formation of a peak with retention time close 
to that of the enol acetate. This material was never more than 5 % 
of the amount of the enol acetate and not enough could be col­
lected for identification. However, it was sufficiently separated 
from the enol acetate so it did not interfere with the deuterium 
analysis of the enol acetate. A second complication was the 
formation of an mje peak at 129, which is the same as the parent 
peak for the trideuterio enol acetate. However, the peak grew 
quickly, to correspond to about 4% exchange, but did not continue 
to grow after that time so it could not be due to exchange of the 
enol acetate. This initial exchange is believed to result from 
exchange of an allylic acetate impurity. It was present in too 
small a quantity to be detected by proton magnetic resonance but 
it was shown that the allylic ester had the same retention time as the 
enol ester. 

The upper limit for the rate constant was calculated so that after 
the initial exchange 1 % further exchange could be detected38 in the 
2 months of the run. 
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tions toward greater comprehension of the nature of 
this species. 

First, the electron distribution of the anion radical 
TPE-- should be instructive. A rough calculation of 
spin density distribution may be made for TPE-- using 
the data of Cserhegyi, et al.,1 and adopting the Mc-
Connell approximation of aH = 2 C - H P - 2 Employing 
ortho, meta, and para hyperfine splitting parameters of 
1.52, 0.38, and 2.28 and a Q value of -24 .3 G,3 the 

(1) A. Cserhegyi, J. Jagur-Grodzinski, and M. Szwarc, /. Amer. 
Chem.Soc, 91, 1892(1969). 

(2) H. M. McConnell, /. Chem. Phys., 24, 764 (1956). 
(3) AU three epr splittings have been given positive signs, in keeping 

with observations that upfield nmr shifts of anion radicals correspond to 
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Figure 1. Highest occupied energy orbitals of TPE2- in a planar 
configuration (1), a "twisted" configuration (II), and a planar-delo-
calized electron configuration (III). Pairing of the odd electrons is 
required in III. 

total spin density is to be found only at the ortho, meta, 
and para positions.4 Thus, barring improbable negative 
spin on both the d and C2 of the ethylenic portion of 
the radical, there is almost complete derealization of the 
odd electron. In this case, then, the Ci-C2 ir bonding 
should be left pretty much intact and a planar anion 
should result. 

Molecular orbital theory indicates that the second 
added electron should be found in an orbital essentially 
the same (except for spin) as that of the first electron. 
If the first is highly delocalized, then the second should 
be also. The dianion TPE 2 - is often represented by the 
valence-bond structure I (Figure I).5 It seems logical 
to expect that Coulombic repulsion of adjacent electron 
pairs in this structure does not favor its stability, es­
pecially in light of the above-demonstrated odd-electron 
derealization into the four adjacent benzene rings of 
TPE •- . Relatively "tight" ion pairing between the 
carbanions on Ci and C2 and the gegenion has been 
invoked to "stabilize" this structure.1,5b Also geo­
metrical "twists" have been used to help stabilize II by 
diminishing the Coulombic repulsion of adjacent elec­
tron pairs. If, however, these "extra" electrons do 
delocalize to a large extent, we reason that the Ci-C2 TT-
bonding electrons should continue to prevail and that 
free rotation about the Ci-C2 bond would remain se­
verely restricted (structure III). This latter explanation 
assumes, of course, that there is little or no rehybridiza-
tion of the Ci and C2 bonding into structures resembling 
II (Figure 1). 

The energy of the disproportionation reaction (eq 3) 
and conformation requirements for the triplet state in 
the similar molecule stilbene favor the choice of II for 
TPE 2 - 5 6 but, as pointed out above, this conformation 
should be the most favored only upon localization of the 
extra electrons on Ci and C2. If TPE2- assumes the 
geometry of III we must show that there is considerable 
electron density upon the benzene rings.7 

positive spin densities (see Table II): M. E. Anderson, P. J. Zandstra, 
and T. R. Tuttle, / . Chem. Phys., 33, 1591 (1960). 

(4) A similar conclusion was drawn in the case of TPR-+ by I. C. 
Lewis and L. S. Singer, ibid., 43, 2725 (1965). 

(5) (a) J. F. Garst, J. G. Pacifici, and E. R. Zablotny, J. Amer. Chem. 
Soc, 88, 3872 (1966), and earlier papers listed therein; (b) R. C. Rob­
erts and M. Szwarc, ibid., 87, 5542 (1965). 

(6) A. S. Hammond, J. Saltiel, A. A. Lamola, N. J. Turro, J. S. 
Bradshaw, D. O. Cowan, R. O. Counsell, V. Vogt, and C. Dalton, ibid., 
86, 3197 (1964). 

(1) This argument parallels that of Adam and Weissman for tri-
phenylmethyl in that "twisting" causes less, not more spin density upon 
the aryl rings: F. C. Adam and S. I. Weissman, ibid., 80, 2057 (1958). 
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Experimental Section 

Infrared measurements were performed on Perkin-Elmer 21, 
221, and 521 and Beckman IR-IO double-beam instruments using 
solvent reference cells. Reductions were carried out in vacuo 
by alkali metal in dimethyoxyethane or diethyl ether solvent.8 

Samples were approximately 40 mg in quantity in 4-5 ml of solvent 
and were prepared in "cavity cells" glued to Pyrex tubing. Other 
solvents such as tetrahydrofuran and dioxane are not as useful 
for this type of ir investigation since they possess absorptions in 
the regions under investigation. Best results were obtained with 
slits open near 100 M and increased source intensity. 

The epr spectra were obtained on a Varian V-4502 spectrometer 
and the nmr spectra on a Varian HA-100 instrument, both of this 
laboratory. 

Nmr Experiments. During the course of these investigations, 
an attempt was made to determine via nmr if the dianion was 
actually fixed in a twisted position or if rotation occurred. The 
dianion is presumably diamagnetic and would give two sets of 
aromatic peaks if opposite ends of the molecule were in inequiv-
alent orientations, i.e., "twisted" fixed or slowly rotating. The 
results were somewhat complex and are compiled in Table I. The 

Table I. Nmr Observations of TPE and TPE2" 

Molecular 
species Solvent Cation Results 

TPE Diethyl ether Single sharp peak, 5 7.01 
TPE2- Diethyl ether Na+ Broad asym peak, 5 7.04 

p.Ocpsupfieldof TPE) 
TPE2- Diethyl ether K+ Highly unstable solution, 

less intense color than 
Na+ 

TPE THF Single sharp peak, 5 1.16 
TPE2" THF or K+ Three broad low peaks, 

DME 5 5.68,6.57,7.07; 
ratios ~ 2 : 2 : 1 ; some 
splitting evident; no 
peak at S 7.16(TPE) 

diethyl ether solution of TPE2-,2Na+ has been reported as being 
almost entirely dianion;9 however, there is only a small difference 
in the nmr absorptions of the neutral and the dianion species. On 
the other hand, the THF or DME solutions of TPE2',2K+ exhibit a 
species entirely different from that of TPE (neutral). Three broad 
peaks with ratios 2:2:1 and large ortho, meta, and para shifts 
were observed. The spectrum was complicated, nevertheless, by 
the presence of the paramagnetic anion radical TPE-". We 
obtained an epr spectrum of this solution (in the nmr sample tube) 
fully as well resolved as the published epr spectrum of metal-free 
TPE- -.1 The presence of T P E - no doubt caused the consider­
able broadening of the nmr lines. It is evident that the nmr 
differences in the TPE2-,2Na+-diethyl ether and the TPE2",2K+-
THF or -DME species are due largely to solvation differences. 

From these nmr data, therefore, we must conclude that, under 
the experimental limitations, the free TPE2- is either fixed in a 
planar configuration or rapidly rotating, either situation resulting 
in magnetically equivalent aryl groups. 

It has been assumed9 that "saturation" by metal of the THF 
solution of TPE would result in a complete conversion of TPE 
to TPE2" (eq 1 and 2) and, if followed by addition of TPE, could 

TPE + M = TPE + , M+ (1) 

TPE-",M+ + M = TPE2-,2M+ (2) 

2(TPE--,M)+ = TPE2",2M+ + TPE (3) 

give equilibrium constants for the disproportionation reaction 
(eq 3). Our attempts to obtain paramagnetic free TPE2" by sat­
urating TPE with K in THF show this procedure to be ineffective, 
since apparently eq 2 does not lie completely to the right, even 
in the presence of an excess of metal. 

A further experiment proved this indeed to be the case. A 

(8) D. H. Eargle, Jr., and E. W. Cox, "The Alkali Metals," Special 
Publication No. 22, The Chemical Society, London, 1967, pp 116-124; 
D. H. Eargle, Jr., J. Org. Chem., 35, 3744 (1970); / . Chem. Soc. B, 
1556 (1970). 

(9) J. F. Garst and R. F. Cole, J. Amer. Chem. Soc, 84, 4352 (1962). 
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Table II. Infrared Frequencies 

3861 

Molecular species 

Styrene 
cw-Stilbene 
rra/w-Stilbene 
Biphenyl 
Biphenyl-~ 
Naphthalene 
Naphthalene • ~ 
Benzophenone 
Benzophenone•~ 
Tetraphenylethylene 
TPE2" 

Tetracyanoethylene 

TCNE--
Triphenylmethyl 

chloride 
Triphenylmethyl-

C = C stretch, cm -1 

1640 
1605 
Inactive 

Inactive 
Not observable 

Inactive 
(1568 Raman)8 

1500/ 

Ar 1600-crrr1 region 

1605, 1585 
1578 
1600 
1600 
1568 
1600 
1587, 1521 
1598 
1580 
1600 (CO4) 
1556 ± 5 (K+, DME) 
1553 ± 5 (Na+, Et2O) 

1600 

1559 

Ax 

32 

33 (av) 

18 

36 

41 

Ref 

a 
b 
b 

C 

C 

C 

d 

d 

d 

" Reference 10, p 368. b D. S. Brackman and P. H. Plesch, J. Chem. Soc, 2188 (1952). ^Reference 8. d This work. Triphenylmethyl 
radical contains ca. 0.6 electron on the methyl carbon (see ref 8.) • D. A. Long and W. O. George, Spectrochim. Ada, 19, 1728 (1963). 
/ Note: C=N (conjugated) is always 1560, and C=N would be an extreme condition and would have to be shared by three others. 

solution of TPE2_,2Na+ was prepared in diethyl ether by allowing 
TPE to stand over the metal for several days in order to assure 
complete conversion to the dianion. At the end of this time no epr 
signal could be detected even under high modulation conditions. 
At this time, the diethyl ether solvent was removed and replaced 
by THF. The reappearance of the TPE-_,Na+ epr signal, dis­
torted as usual by the presence of dianion I, showed then that eq 
2 lies essentially to the right in diethyl ether, and that in THF there 
is some solvent competition for one metal ion, forcing the equil­
ibrium partially to the left.9 The extent of line broadening of the 
three nmr peaks could be caused by 1-5% TPE- -, as a rough esti­
mate. It may be possible, however, to determine the position of 
equilibrium of eq 2 in various solvents by a comparison of the in­
tensities of the epr signals with those of nmr signals. 

An attempt to prepare TPE2~,2K.+ in diethyl ether was un­
successful. The red solution, which was of a slightly different color 
than the corresponding Na+ solution, decomposed within minutes 
to a brown material. 

Results and Discussion 

Recently developed methods of infrared analysis of 
anion radicals8 allow observation of TPE 2 - and com­
parison with other aryl radicals (Table II). Two re­
gions of the spectrum are to be considered, the 1600-
cm - 1 C = C stretching frequency and the aromatic 
"quadrant stretching" occurring in the region 1640-
1600 cm -1.10 Several aryl ethylenes are shown in 
Table II to typify the stretching frequencies of aryl-
conjugated double bonds. Among these, Jrans-stil-
bene and tetraphenylethylene have no observed C = C 
stretching in the infrared owing to symmetry taboos 
(likewise, tetracyanoethylene (TCNE), though it is not 
aryl).11 One set of characteristic frequencies of aryl 
skeletal vibrations of unreduced species appears near 
1600 cm - 1 . Upon reduction to the anion radical or 
ketyl this frequency range of all these compounds is 
lowered,8 as expected, since additional electron density 
in the aryl ring would be expected to "loosen" the 

(10) N. B. Colthup, L. H. Daly, and S. E. Wiberly, "Introduction 
to Infrared and Raman Spectroscopy," Academic Press, New York, 
N. Y., 1964, pp 220-224. Colthup envisions the two components of the 
1600-cm-1 skeletal vibration region of benzene rings as "opposite 
quadrants of the ring stretching while the intervening quadrants con­
tract." This view is indeed a simplification of true conditions, but does 
lend a certain convenience of description to skeletal vibrations. 

(11) Some models12 show twisting, but TPE in Nujol, KBr, diethyl 
ether, and dimethoxyethane shows no 1600-1700-cm-1 C=C stretching 
absorption whatsoever. 

(12) G. Favini and M. Simonetta, Theor. Chim. Acta, 1, 294 (1963). 

bonds of the aryl rings by some amount. The impor­
tant observation to be made here is that, allowing for 
some variation due to molecular type and substitution, 
all aryl "quadrant stretching" frequencies appear near 
1560-1580 crrr1 in the anion radicals. This includes 
TPE2 - . Thus, TPE 2 - appears to be much more like 
benzophenone ketyl or biphenyl anion radical than like 
the unreduced form. 

Lest the question be raised that what we are seeing at 
1560 cm - 1 is a slightly twisted (hence, no longer for­
bidden by symmetry selection rules) and somewhat 
loosened C = C , the ir results from TCNE- - are given 
in Table II. The C = C portion of TCNE- - contains 
about 0.6 of the odd electron.13 This 0.6 electron 
loosens the C = C stretching from 1568 cm - 1 (Raman) 
to 1500 cm - 1 ; a two-electron reduction to TCNE 2 -

would certainly yield much lower frequencies. Com­
parable results would be expected in a TPE 2 - in which 
the two electrons were only partly delocalized. 

The aryl rings of benzophenone • - contain about 0.6 
electron (0.3 per ring);14 those of biphenyl-- contain 
0.5 electron per ring. Since the observed ir frequency 
of TPE 2 - is close to that of biphenyl-- and other anion 
radicals,8 it is probable that derealization of each odd 
electron in TPE2- is considerable. 

It is obvious that this argument has so far avoided the 
problem of actually localizing the cation, either tightly 
or loosely near Ci or C2, and it does not seem necessary 
to do this. Conductance measurements615 and other 
evidence for the nature of the solvated anion and triple 
ions involved would remain valid, even though the 
antibonding electrons were found to be more highly de-
localized than originally supposed. These observa­
tions, however, do no injury to the thermochemical cal­
culations involving the disproportionation reaction of 
TPE-J(eq3). 

On the basis of the large (36 cm -1) shift in the quad­
rant stretching frequency of TPE2 - , the distribution of 
the electron density of the TPE- - anion, and the nmr 
evidence of equality of the magnetic environment of the 

(13) J. Gendell, J. H. Freed, and G. K. Fraenkel, /. Chem. Phys., 41, 
949 (1964). 

(14) P. H. Rieger and G. K. Fraenkel, ibid., 37, 2811 (1962). 
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four aryl rings of TPE2 - , we are drawn to the conclusion 
that TPE 2 - must actually exist in a nearly planar state 
(III) with the antibonding electrons highly delocalized. 
It is therefore unlikely that rehybridization at Ci and C2 

of the ethylenic portion (structures I or II) occurs to any 
great extent, since the x-bonding electrons are only 
slightly countered. 
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I n recent years many complexes of five-coordinate 
transition metals involving mono-, bi-, tri-, and 

tetradentate ligands have been reported. Several re­
views on the subject have been written.2-5 Of partic­
ular interest to the discussion of this paper are the com­
plexes involving tetradentate "tripod-like" ligands.6-19 

Characterization and, in some cases, X-ray structural 
determinations have been made on complexes of the 
type [MLX]Y, where L is a tetradentate Iigand, X is a 
halide or pseudohalide, Y is usually a large polyatomic 
anion, and M = Ni(II), Co(II), Pd(II), or Pt(II).6-25 
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The X-ray structural studies have shown that the five-
coordinate MLX+ ions may approximate either a tri-
gonal-bipyramidal or a square-pyramidal structure. 

Most of the ligand-field spectra measured for these 
complexes have been limited to ambient temperatures. 
These materials had never been studied under pressure, 
and it was of interest to examine the effects of pressure 
on their ligand-field spectra. Pressure effects on the 
electronic spectra of several transition metal complexes 
have been previously studied by Drickamer and co­
workers26 and others.27'28 While this work was in 
progress, Gray, Venanzi, and coworkers29 measured the 
electronic spectra of some of these complexes at 770K. 
This paper reports the effects of high pressure on the 
ligand-field spectra of five-coordinate Ni(II) complexes 
where the Iigand may be mono-, bi-, tri-, and tetra­
dentate. For comparison, Ni(II) complexes of other 
coordination numbers were also studied, as well as sev­
eral Co(II), two Pd(II), and one Pt(II) five-coordinate 
complexes. 

Experimental Section 
The metal complexes studied in this paper have been prepared, 

analyzed, and reported elsewhere.'-11'16.17 Table I lists the sym-
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Abstract: The pressure effects on the ligand-field spectra of several five-coordinate Ni(II) complexes are reported. 
The spectra of trigonal-bipyramidal structures are extremely pressure sensitive and shift to higher energies; those of 
square-pyramidal structures are less sensitive to pressure. The method may be used to distinguish between a 
trigonal-bipyramidal and a square-pyramidal structure in lieu of, or in complementation with, X-ray crystallog­
raphy. 

Journal of the American Chemical Society / 93:16 / August 11, 1971 


