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Abstract: The He (I) photoelectron spectra of bis(w-methallyl)nickel, bis(w-crotyl)nickel, and bis(w-1,3-dimethylallyl)nickel
are presented and related to bis(w-allyl)nickel (1). It is shown that a previous assignment for 1 should be modified by placing
the m(a,) ionization energy within 0.4 eV of the first ionization energy. This new assignment substantially reduces the continu-
ing disagreement between experiment and theoretical Koopmans type calculations. Methyl substituent effects are shown to
be useful in assigning photoelectron spectra of organometallic systems. A detailed discussion of the assignment criteria is pre-
sented which includes a He (II) spectrum of bis(w-methallyl)nickel.

Transition metal complexes involving the allyl radical as
a three-electron ligand represent the simplest “sandwich”
compounds known. Because of this, and their extensive and
interesting chemistry,2-4 they are an obvious choice for the
application of theoretical methods to organometallic systems.
Although the mode of bonding has been discussed in general
books on the subject,*¢ only a description couched in broad
terms could be used because of uncertainties about relative
energies of the occupied molecular orbitals. Recently a number
of theoretical methods have been used to calculate the elec-
tronic structure of bis(w-allyl)nickel (1); among them:
SCCCMO (self-consistent charge and configuration MO
method),” EHT (extended Hiickel type),® and an ab initio
method using contracted Gaussian functions.® Although there
was a variation in orbital energies and their relative sequence,
the methods were unanimous in predicting a ligand (allyl)
orbital as the highest occupied MO (HOMO). Shortly there-
after, a He (I) photoelectron (PE) spectroscopic investigation
of 1 arrived at the quite different ordering that the HOMO was
mainly a metal 3d type with the w-ligand orbitals lying lower
by about 1.3 eV.!9 This interpretation invoked Koopmans’
theorem!! which equates the vertical ionization energy (IE)
with a negative SCF-orbital energy. Subsequently another ab
initio calculation was published taking into account electron
reorganization after ionization'? which is neglected in the

Koopmans approximation.'!!3 Ionization energies stemming
from mainly d orbitals were found to be stabilized by reor-
ganization vastly more than those corresponding to ligand
ionization. This implied that the HOMO was mainly a ligand
type although the first ionization energy referred to a metal
d orbital—i.e., Koopmans’ theorem fails for 1. Although there
had been earlier examples of this failure,!3-!° they applied to
smaller differences in energy and were not nearly so dramatic
as in this case. The PE spectral interpretation was now, how-
ever, in substantial agreement with the most extensive calcu-
lation done on such a molecule. Since that time, bis(mw-
allyl)nickel has become an oft quoted example for the large
scale failure of Koopmans’ theorem.!® However, some skep-
ticism has remained and Fenske for instance has suggested
further examination of this system.!”

During the course of an investigation of methyl substituent
effects on 1 as studied by PES, we began to question this
seemingly settled question. In this paper we present evidence
which supports an ordering more consistent with the earlier
MO results and hence a nearer validity of Koopmans’ theorem.
It is also of some interest to examine the effect of subtle
changes in a ligand upon the overall electronic levels since li-
gand change is of profound influence on the catalytic activity
of a given metal atom. Bis(w-allyl)nickel is a reasonable choice
here also because of the catalytic activity of nickel complexes
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Figure 1. He (I) photoelectron spectra of the diallylnickel complexes 1
through 4.

and the occurrence of allyl-nickel species in many organic
reactions.3-18

Experimental Section

In Figure | are shown the He (1) PE spectra of bis(w-allyl)nickel
(1), bis(w-methallyl)nickel (2), bis(w-crotyl)nickel (3), and bis(#-
1.3-dimethylallyl)nickel (4). They have been prepared according to

(AN (/‘\\)ZNi AN (SN
1 2 3 4

previously described methods.2!® The spectra were obtained on a
modified Perkin-Elmer-16 spectrometer based on the design of
Turner20 and calibrated by simultaneous admission of xenon and
argon. The data are also collected in Table I for the indicated bands
and are in good agreement with a spectrum of 1 which has been pub-
lished previously.'® A He (1) spectrum was obtained on an instrument
constructed in the Basel laboratory using a Perkin-Elmer heated inlet
and lamp assembly which had been somewhat modified. The He (II)
radiation of 304 A was produced by the usual low pressure and high
current density mode of operation.

Table I.  Vertical lonization Potentials (peak maxima) from the
Photoelectron Spectra of Compounds 1 through 44
Band 1 2 3 4
1 7.7¢ 7.53 7.53 7.2,
2 8.1 7.9 8.0 7.65
3 8.55 8.3, 8.4p 8.1p
4 9.4y 9.2, 9.1; 8.7¢
S 10.35 9.8 10.1¢ 9.7;
6 11.55 10.93 11.15 10.7¢
7 12.7 12.2 12.3 12.2
8 142 12.7 12.8 134
9 15.6 15.0 15.0 14.0

@ Averages of at least three spectra for each compound; see text for
designations.

Results and Discussion

1. General Considerations. First we will present a very
qualitative picture of the molecular orbital interactions in 1.
The more sophisticated methods mentioned earlier in general
reproduce the results of such an approach for simple systems.
In fact, cautiously used simple Hiickel type methods are fre-
quently better than more rigorous calculations at predicting
molecular properties.2:22 An x-ray structure determination
of 2 has indicated a “staggered-sandwich” conformation of Csy,
symmetry?3 and this geometry will be assumed for the other
allyl complexes also. Symmetry designations for orbitals of 1,
2, and 4 will be kept in 3 although the molecular point group
is now changed. Furthermore, we will assume the validity of
Koopmans’ approximation for the convenience it allows in
using orbital language. Once a consistent picture is formed we
will again step outside of this simplified viewpoint and discuss
our interpretation from a more restrictive “state” point of
view.

Considering first the separate fragments, there is general
agreement that the first IE of the allyl radical corresponds to
removing an unpaired electron from the a; w-orbital (in Ca,
symmetry). An early mass spectroscopically derived value for
this energy is 8.16 eV.24 The next orbital would most likely be
also  of b; symmetry and lower by 1.414 §in a simple Hiickel
picture. Two ¢ orbitals of similar energy would then follow in
a more complete calculation with all others well separated. (See
Figure 2a.)

Placement of the nickel atomic orbitals is more complex.
Although the first IE of Niis 7.6 eV,2% attachment of ligands
might stabilize this from 1 to 3 eV (although the amount is by
no means clear) with the 4s level remaining slightly less stable
and 4p levels several electron volts less stable.26 Although, in
a related case, the first IE of chromium was used as the d-
orbital energy,?’ this quantity is extremely difficult to rigor-
ously define in a large system.28 The 3p metal orbital of course
lies very much lower (near —68 €V).2° This is qualitatively
represented in Figure 2d. Hence the five filled d levels on Ni°
will be of about the same energy (before interaction) as the a,
w ligand. Since Hiickel MO energies can be nicely fit to IE’s
of hydrocarbons by using 8 = 2.7 eV,2!30 and the interactions
between the two allyl groups will not be very large at their
separation, one can make an estimate of the lower w-orbital
energies. The predicted split of 1.4 3 for allyl radical itself
implies (1.4)(2.7) = 3.8 eV separation between allyl a; and b,
and hence (8.2 + 3.8 — 7.6) = 4.4 eV below the first IE of Ni.
These w-orbital energies (b, and a, in the allyl pair) should
then lie well below the first nickel ones.

An examination of the spectra reveals a lack of sharp bands
and consequent approximate values for IE’s indicated in the
table. This almost certainly results from a lack of rigidity in
these molecules and the probable presence of several isomers
which has been demonstrated in solution by NMR 23! Cal-
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culations on PdA; (A = allyl) show that orbital energies of the
C»;, and C», conformers are approximately the same3? and
hence should only broaden PES peaks. As has been pointed out
earlier,'? intensities in the PES of 1 suggest that bands 1 and
2 are each doubly degenerate and are followed by four non-
degenerate peaks. It is probable that the two peaks 7 and 8
which are at higher IE’s are also each doubly degenerate al-
though considerably broader. According to our interaction
diagram in Figure 2, bands 1 through 4 fall within the range
of orbital energies expected for the metal d orbitals and the
ligand 7 (a,) orbital. Bands 5 and 6 are compatible with the
w (by) and = (ag) IE’s, respectively, while 7 and 8 fit nicely with
the two ¢ levels each doubly degenerate, i.e., a; + by and by +
a,. We will not be concerned further with these o levels,

To decide where the highest ligand IE lies among bands 1
through 4 we will make use of (a) the simple Hiickel descrip-
tion, (b) relative band intensities, (c) the effect of methyl
substitution, and (d) changes in the spectrum when a He (II)
light source is used.

2. Hiickel Model. As stated just before, a simple Hiickel
model of the allyl group predicts a splitting of about 3.8 eV
between the two « levels using 8 = 2.7 as derived from photo-
electron data.2! In 1 two 7 orbitals have odd parity (u) and
hence cannot interact with the metal d orbitals (or the 4s for
that matter) since these are all even (g). The lowest w-orbital
is ag and could theoretically interact but is the furthest removed
and hence limited by a second-order effect due to the large
energy difference. Hence, the mean of the two lower = IE’s
should be separated from the mean of the upper two (a, and
by) by approximately the mentioned difference: 3.8 eV. If the
splitting between these two upper levels is approximately the
same as between the lower two (1.17 eV), then one can esti-
mate a mean splitting (see Figure 2b) for each of the four bands
with respect to the mean of the lower = bands. Using this re-
lationship:

1.17 10.38 + 11.55 .
IE, - (T) - (—————E——) = mean split

or
IE, — 11.54 = mean split

where IE, equals the measured band maximum, one ob-
tains:

Caled

mean

Band 1E, split
1 7.76 3.78

2 8.19 3.35

3 8.58 2.96

4 9.40 2.14

Error limits for this original estimate of § were 0.33 eV?2!
which imply errors in this case of (1.4)(0.33) =~ 0.46, or cal-
culated mean splits from 3.34 to 4.26 eV. Due to the various
unstated assumptions implicit in extrapolating such an ap-
proach to 1, these limits should be somewhat larger. Neglecting
the obviously fortuitous exact agreement of band 1 with the
calculated value, bands 1 and 2 are consistent with the as-
signment of a w IE. Bands 3 and 4 are, however, unlikely
contenders with 4, the band previously assigned as 7 (ay),!°
almost certainly excluded.

3. Intensities. The a priori calculation of accurate PES in-
tensities, or, more exactly, photoionization cross sections, re-
mains an unsolved problem, especially for large molecules.
Nevertheless, several qualitative or semiquantitative methods
of estimation have been used which are especially useful in
determining relative cross sections.33-3¢ Since the spectra
under consideration contain many overlapping bands which
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Figure 2. Ligand-metal interaction scheme for bis(r-allyl)nickel: (a) allyl
radical Hiickel-MO's in C,, symmetry, (b) paired allyl radicals in Cs4
symmetry, (¢) MO ordering implied by PES data, (d) very approximate
metal orbital placement.

seem to be of about the same band width, we will make use of
band height to measure intensity (as is frequently done in ion
cyclotron resonance and ESCA37 experiments) although the
area under the band would be more accurate. A factor to cor-
rect for the direct influence of the energy of a photoejected
electron upon the intensity is used to adjust these measured
heights, i.e., Tcorr = (Imeas) (21 eV = 1E,)~L,

Theoretical?? as well as experimental’8:3° conclusions in-
dicate that 3d orbitals have a cross section for He (I) ionization
which is less than that for 2p-carbon orbitals by a factor of
0.5-0.7. Hence ionizations from metal 3d orbitals are expected
to give significantly smaller PES peaks than from ligand 2p
orbitals. Recently published PES of metal carbonyls3® present
an analysis of Cr(CO)¢ where the first two peaks are very well
separated and assigned to metal 3d and ligand 2p orbitals,
respectively. The ratio of these corrected intensities is 0.5, i.e.,
consistent with expectation. Corrected intensities for the in-
dicated PES bands of 1 are shown below.

Band
1 2 3 4 S 6 7
Height relative 1.4 1.5 08 07 (1.0) 1.1 26

to band §

Band 5, corresponding to electron ejection from a = (by)
orbital, was chosen as a basis since (1) its assignment is less in
question, (2) it is well separated from neighboring bands, and
(3) the parity (odd) precludes interaction with metal orbit-
als-metal 4p orbitals lying too high for significant interaction
here.

Aside from giving support to the degeneracy pattern which
we have accepted based on the original interpretation, a sig-
nificant difference is seen between bands 5 and 6 and those at
lower ionization energies (1 to 4). A weighted average of these
first bands: (1.4 + 1.4 + 0.8 + 0.7)/6 = 0.75 shows that the
expected reduction in intensity does occur for metal 3d orbitals.
However, examination of the individual intensities can only
eliminate band 4 as being 7w and perhaps create some prejudice
against . It should be noted that this “highest #”* orbital is also
of odd parity and hence should be comparable to band 5 in
intensity—which 4 clearly is not, even looking at the uncor-
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Figure 3. Correlation diagram for the ionization energies of the allyl-nickel
complexes 1 through 4. The bands and assignments refer to 1.

rected spectrum. This means that band 4 is at least partly of
metal-3d character, which eliminates 7 (a,).

4. Effects of Methyl Substitution. Attaching a methyl group
to a hydrocarbon 7 system has a well-documented destabilizing
effect upon that = orbital energy.22 In almost every case the
magnitude of this shift can be related directly to the squared
coefficient of the atomic p orbital at the point of attachment
using a LCAO model (for a rare exception see ref 14). As seen
in Figure 2, the two allyl 7 orbitals have quite different HMO
coefficients and should shift to a different extent with methyl
substitution,

The correlation diagram of Figure 3 presents our PES data
for 1, 2, 3, and 4 with relative shifts of important bands indi-
cated as well as the only assignment we consider consistent with
these shifts. Despite the extensive overlapping of bands 1 and
2, which restricts a quantitative analysis, certain conclusions
can be drawn. From the averaged behavior of bands | to 4
compared with 5 and 6 it is seen that two effects are operative.
First there is a general destabilization of all levels by about 0.2
eV per methyl group regardless of its location. Secondly, the
expected “specific shift” is seen for bands 5 and 6 which have
different HMO squared coefficients at the terminal and central
carbon atoms: 0.25 and 0.50, respectively.4? This effect is
especially evident comparing 2 with 3 and will be even larger
in the highest 7 orbital since the central carbon atom is at a
node. Because of this, the behavior of band 4 is clearly unlike
that expected and one is left with trying to sort out the over-
lapping initial peaks. Band 1 can be excluded since the first [E
of 2 and 3 are essentially the same. Although band 3 at first
sight might seem a reasonable choice, a sharp stabilization of
one d orbital in going from 2 to 3 is then required which is
unlikely. Thus band 2 is the only one consistent with assign-
ment to = (a,) ionization.

Examination of the spectra themselves supports this inter-
pretation. For 1 and 2 this first region is unchanged except for
an overall shift, and bands 1 and 2 remain of about the same
intensity with 2 a bit higher. The spectra of 3 and 4 show,
however, a significant change within this region. A distinct shift
has now occurred so that the most intense band is now the first
although overlapping makes any quantitative estimation of
intensities impossible. Hence we conclude that band 2 in 1
contains the ligand = (a,) ionization.

+ + eV

8 1

Figure 4, He (I1) photoelectron spectrum of bis(x-2-methylallyl)nickel
(2).

5. He (II) Spectrum. As a final piece of evidence, we present
the He (II) spectrum of 2 and a consideration of changes in
peak intensities. Only this molecule was studied since it is the
most stable and its spectrum is most similar to 1. In Figure 4
is pictured the first part of the He (II) spectrum of 2. Since
ionizing radiation is now 40.8 instead of 21.2 eV, changes in
intensity may be expected to occur3? and are indeed observed
as has been noted with other systems before. For instance, with
Cr(CO)¢ the relative intensity of 3d to 2p intensities changes
by a factor of about 1.6.38 Again taking the “pure-2p” band
5 as a calibration point, one obtains the following changes in
corrected relative intensities on going from He (I) to He (1I)
induced ionization:

1 2 3 4 S 6

11/ o1 18 13 1.7 Lls (1.00) 0.65

Although bands 1, 2, and 3 show changes expected for our
assignment of 3d, 3d + 2p, and 3d, respectively, bands 4 and
6 are significantly lower than our simplified analysis at first
predicts. By improving the originally described model slightly,
this result is seen to be well accounted for.

So far only filled orbitals have been explicitly considered in
our interpretation, but since bonding does in fact occur between
nickel and the allyl groups, antibonding orbitals must also be
involved. The most likely virtual orbitals in this pjcture are the
ligand 7 (bg) and nickel 4s (ag) which will interact with the
metal 3d,:(bg) and ligand 7 (a,) orbitals, respectively. Aside
from accounting for the uniquely large shift observed for this
dy: orbital, support is found in the published computations for
bis(w-allyl)palladium.3? In this calculation every d orbital has
a computed self-consistent charge of about 1.9 electrons except
the d,, orbital for which the value is 1.3, indicating strong
donation to a ligand virtual orbital. Similar behavior is also
seen in the improved calculation for 1.#! This explains the
smaller increase in intensity of this peak on changing radiation.
the corresponding orbital has significant ligand character.

Despite the similar behavior of bands 2 and 4 upon changing
from He (I) to He (II) ionization, there is at least one gross
inconsistency if their assignments are reversed. Such a reversal
would require that the very strongly interacting d.- orbital is
not shifted to a lower ionization energy than all the other d’s.
According to the bis(w-allyl)palladium calculation again, this
shift is expected to bring d- (with its mixture of = (b)) about
2. eV lower than all of the other d’s which are clustered within
a ] eV range. In the SCCCMO calculation on NiA;, once more
an orbital of by symmetry occurs midway between what are
almost certainly the other metal 3d’s and the ligand = (by)
orbital.

Although the assignment of band 6 is not questioned, a
similar explanation accounts for the decrease in intensity ob-
served. We are not aware of results for photoionization cross
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sections of 4s-type orbitals, but the similarity of 2p and 3p
behavior and also the sharp decrease anticipated for a 3s-type
orbital33 leads us to expect that the 4s would also drop sharply.
In fact, a very large difference is anticipated for this orbital
because only a small contribution to band 6 can occur due to
the large energy difference of basis functions.

With a more refined empirical or theoretical background,
it should be possible to derive relative contributions of basis
orbitals to resulting MO’s from such intensity measurements.
Presently, however, even such an approximate approach as
used here should not be relied upon without supporting evi-
dence. For instance, there was no clear evidence for 2pw con-
tributions to band 4 in the earlier discussion of He (I) inten-
sities, and no consideration has been given to the influence of
symmetry on these cross sections.

Conclusion and Comments

We have carefully examined a series of related compounds
to obtain a consistent assignment for the observed ionization
energies. A very detailed discussion of the assignment was
given because of the frequent comparison of experimental IE
values to calculated schemes for bis(w-allyl)nickel. This as-
signment is different from a previous study and our results
show that earlier Koopmans type calculations do not fail as
badly as had been thought. Hence we feel that continued use
of Koopmans’ approximation for organometallic systems is not
excluded as a first-order test of calculations. In this spirit we
have indicated our results in Figure 2¢ as an MO diagram. In
a more rigorous sense, these are observed ionization energies
and consequently differences in energy between states. Mo-
lecular orbital energies, not being physically observable
quantities, are significant only in that they are the most useful
way of visualizing such data at the present time. It is becoming
increasingly likely that metal 3d orbitals have an unusually
large reorganization energy;*2 however the magnitude may not
be overriding. Although it is difficult to unequivocally assert
that Koopmans’ theorem fails when comparing calculations
not near some stable point such as the Hartree-Fock limit, it
is probably a reasonable evaluation in these cases—since in
fact, it also fails for the transition metal atoms in a manner of
speaking.?844 In any case, the SCEI-MO calculation of PdA,
for which the most extensive analysis is available,? reproduces
or ordering for NiA; almost exactly. A calculation done for
both metals indicates that the order of MO’s does not change
on going from nickel to palldium.’

Some of the methods used here to assign the IE’s do not give
unambiguous answers. However, overall agreement about the
main features is very strong evidence for this assignment.
Additionally there are other aspects of the calculations which
are supported by this interpretation, for instance the bond
overlap populations of terminal vs. central carbon atoms and
charge difference between these positions.32 The main bonding
interaction is seen to be 3d,; “donating” to ligand = (bg) and
a smaller contribution from ligand = (a,) “back-donating” to
metal 4s. Hence one would expect a positive charge on the
metal atom. This bonding picture is also consistent with a 13C
NMR study on palladium allyl complexes which found that
the terminal carbon atoms were sp? hybridized and contributed
mainly to the bonding with the metal atom.*>

An independent means of testing the assignment and sub-
stituent shifts indicated by this work might be provided by
generating certain radical cations and measuring their ESR
spectra. Attachment of alkyl groups larger than methyl to the
terminal carbons in 1 should raise the ligand 7 (a,) orbital until
it corresponds with the first ionization energy. In other words,
an ESR spectrum of such a radical cation should be clearly
w-ligand like. Although this is essentially a nonbonding orbital,
the instability of bis(pentenyl)nickel (4) suggests that simple
alkyl attachment may not work. However, the unusual sta-
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bility? of bis(w-cyclooctenyl)nickel makes it a likely candidate
unless some new factor intervenes.
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Abstract: Free energies of activation (AG¥) for dissociation in the equilibrium M[P(OC,H5s)3]s"* = M[P(OC;Hs)4]4"* +
P(OC;H5); have been determined for M = Co(I), Rh(I), Ir(I), Ni(II), Pd(I1), Pt(11), together with AG¥ values for dissocia-
tion in the equilibrium RhLs* = RhL4* + L with L = P(OCHs)3, P(OCyHjs)3, P(O-n-C3H>5)3, P(0-r-C4Hg)s, and P(O-
CH;)3CCHj;. The relationship between these parameters and the corresponding AG¥ values for intramolecular exchange in
the MLs compounds is discussed and evidence is presented to suggest a similarity between the reaction coordinates for intra-
molecular rearrangement and ligand dissociation. In particular, the planar association-trigonal bipyramidal reaction coordi-
nate appears to involve tetragonal pyramidal intermediates or transition states, implying that the axial ligands in the trigonal
bipyramid do not remain collinear with the metal throughout the reaction, as has been assumed in the current picture for pla-
nar substitution. For M = Rh and L = n-alkyl phosphite, it is suggested that two competing steric effects—crowding in the te-
tragonal pyramid and the steric assist to bond breaking—offset one another to give a free energy of activation for dissociation
nearly independent of the steric size of L. The data were obtained from a line shape analysis of 3'P{’ H} NMR spectra as a func-
tion of temperature. The calculations employed are described in detail, using two-, three-, four- and five-site one-spin models,
to show the origin of unexpected line width increases in the RhLs* 31P{'H} doublet, at temperatures above the slow exchange
limit as the [Rh]/[L] ratio is either increased or decreased from the value 1/5, assuming a first-order dissociation process. In
some instances, equilibrium constants have been measured for the ligand dissociation reaction using spectrophotometric tech-

niques.

Recent low temperature NMR studies! = have shown that
a wide range of group 8 MLs complexes have trigonal bipy-
ramidal (D3;) geometries in solution. At higher temperatures,
both intramolecular and intermolecular exchange processes
take place at rates which make NMR line shape investigations
possible. In most cases, the free energies of activation are
considerably higher for intermolecular exchange so that the
two processes can be treated separately. Detailed line shape
analyses®S show that the intramolecular rearrangement
mechanism involves simultaneous exchange of the two axial
ligands with two equatorial ligands. A systematic investigation
of the variation of the barriers to intramolecular rearrangement
with the nature of the phosphorus ligand and the nature of the
central metal has been reported® and preliminary 3!'P{'H}
NMR studies of intermolecular exchange behavior’# in
Rh[P(OCH3);]s* have established a first-order dissociative
mechanism.

In the present paper, we describe the details of a systematic
3IP{IH} study of the intermolecular exchange behavior in these
complexes, varying the ligand and the central metal. The data
are all consistent with a simple dissociative process (eq 1); the
free energies of activation for dissociation correlate closely with
previously established free energies of activation for intra-
molecular rearrangement?® suggesting similar square pyramidal
transition states for two processes.

k
MLs"* S==MLy™ + L (1)

Our recent predictions* for the dependence of the line widths
in the RhLs* doublet on [L]/[Rh] in the RhLs*/RhL4*/L
systemn near the slow exchange limit have been confirmed both
experimentally and theoretically using the five-site model. Line
shape calculations are described which clearly indicate why
dramatic line width increases in the 3!P{'H} doublet of RhLs*
occur at certain temperatures, when the metal to ligand ratio
is either increased or decreased from 1/5, assuming a simple
dissociative process. Similar line shape effects are calculated
for MLs"* /ML4"* /L systems in which the central metal M
has no nuclear spin.

Previous two-, three-, and four-site models used to calculate
the 3'P{'H} NMR line shapes for “MLs* ([MLs*] — 0,
[L] — 0), “MLs*/L” ([ML4*] — 0), and “MLs*/ML4*”
([L] — 0), for the case where M = Rh, are justified both nu-
merically and analytically.

Experimental Section

Methods of preparation of the complexes have been described
earlier? as have the general nuclear resonance techniques employed.!-3
In cases where small variations in rate from one system to another were
important (e.g., effect of change of solvent on reaction rate), relative
orderings were established by sequential measurements at a single
temperature, instead of (or in addition to) complete temperature
variation studies on each system separately. Spectrophotometric
studies were carried out using a Cary 41 spectrophotometer.

Intermolecular Exchange Calculations. Data were presented earlier
for intermolecular exchange behavior in Rh[P(OCH3)3]5+/
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