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Mechanisms of Ligand Association in Complexes of the
Type RML;*X~ (M = Ni, Pd, Pt). I. Mechanistic
Aspects of Nuclear Magnetic Resonance Line Shape
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Abstract: General computer programs applicable to intermolecular exchange in non-first-order spin systems have been devel-
oped. Their scope and application is illustrated with reference to the equilibrium HPd[P(C,H5s)3]3* + P(C,Hs)3 =
HPd[P(C3Hs)1]4*. In this case four separate rate processes can be considered, k1, k-1, km (the rate of intramolecular rear-
rangement in HML4*), and kn’ (the rate of intramolecular rearrangement in HML3¥). The computer programs can be ap-
plied to a wide range of combinations of simultaneously occurring intermolecular and intramolecular processes. Permuta-
tional analyses have been carried out for the intermolecular case which are an extension of those we have developed earlier
for intramolecular rearrangement. The approach enables one to extract detailed mechanistic information concerning the
mode of ligand attack and the site occupied by the attacking ligand in the five-coordinate intermediate. It also allows the
generation of linear combinations of permutational sets, for use in the line shape calculations where competing rate processes
are occurring at comparable rates. This can lead to a quantitative estimate of the ratio of the two rates, e.g,, k_1/km.

The application of detailed NMR line shape analyses to
the determination of both rates and mechanisms for transi-
tion metal complexes undergoing intramolecular exchange
is well established. In contrast, relatively little work of this
type has been carried out for intermolecular exchange pro-
cesses. General computer programs which can handle non-

first-order multispin systems undergoing intramolecular ex-
change have been available for some years.!-* Most NMR
line shape calculations for intermolecular exchange have
been restricted to first-order systems where existing com-
puter programs for nonmutual intermolecular exchange can
be used directly or with slight modification. In some in-
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stances,>® programs have been written to analyze the line
shapes associated with a particular problem involving inter-
molecular exchange in non-first-order spin systems. Only
very recently have general computer programs applicable to
a wide range of intermolecular exchange processes in non-
first-order spin systems been developed. This paper de-
scribes new general programs of this type and shows how
they may be used to extract detailed kinetic and mechanis-
tic information for a given reaction. The approach is illus-
trated with respect to the equilibrium.

HPd[P(C2Hs)3]s* + P(C2Hs)s ,.k—k_i:HPd[P(Csz)s]ﬁ )

The line shape programs include both the effects of the
intermolecular exchange shown in eq 1 and the effects of in-
tramolecular rearrangement in both HML;+ and HML,*.7

Mechanistic Analysis

The number of distinguishable types of NMR line shape
behavior, and the permutations corresponding to them, can
be determined using the same techniques that were intro-
duced earlier for determining the “basic permutational
sets” for mutual exchange.2® Since the intermolecular ex-
change process is clearly ligand catalyzed (vide infra), only
processess of this type will be considered. Our initial discus-
sion is confined to the case where ligand exchange occurs in
a concerted process. The overall effect of the exchange can
be described in terms of permutations involving both free
and complexed ligand. The numbering scheme used in the
permutational analysis is shown in configuration 1. The hy-

dride ligand is not labeled since it is not directly involved in
the exchange process. The system shown in configuration 1
is invariant under the permutations

gi=E=(1)(2)(3)(4)and
g2=0o=(1)(23)(4)

Starting with the 4! = 24 possible permutations for the
phosphorus nuclei in the HML3*/L system and using the
permutational group G = (gi, g2). seven basic sets can be
generated using the procedures described in our earlier
work.2® The results obtained with a computer program de-
scribed previously are given in Table 1. In this case, the re-
sults could be written down by inspection but for more com-
plex cases®!? a computer analysis is essential. Set VI is the
identity set corresponding to NMR line shapes which are
invariant to temperature and ligand concentration. Set V
corresponds to mutual intramolecular exchange but this
process could also be ligand catalyzed. Sets [-IV corre-
spond to processes in which the free and complexed ligands
are exchanged. Sets I and IA are the inverses of each other
and must occur at the same rate by microscopic reversibili-
ty. Consequently, all of the permutations corresponding to
sets I and A must be included together at the same rate in
the line shape calculations, reducing the seven basic sets to
six possible types of NMR line shape behavior. Our com-
puter program has been modified to group together basic
sets and their inverses, in those cases where a set is not its
own inverse. Set IV corresponds to processes in which com-
plexed ligands L and L3 exchange with free ligand L,. Li-
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Table I. Basic Permutation Sets for the HML,*—-L System

Label Set Equivalent Set
I (1324) (124) (3)
(1234) (134) 2)
1A (1423) (142) (3)
(1432) (143) (2)
11 (13) (24) (1243)
(12) (34) (1342)
I (14) (23) (14) (2) 3)
v (1) (243) (1) (24) (3)
(1) (234) (1) (34) (2)
(13)2) @) (123) (4)
(12) (3) 4) (132) (4)

VI (1) (2) (3) D) mae3nE@

ST
H—MSL H—-T—L H_T—L

! 72

I II o

A
H—M—L H—M—L H—M—L

1 v L

para X prag

Figure 1. Schematic representation of the basic sets for the HML3*-L
system undergoing ligand catalyzed exchange.

gand L; remains unique. Set I1I corresponds to processes in
which L; is the only complexed ligand exchanging with free
ligand. Sets (I, IA) and II correspond to processes in which
all four ligand spins are eventually scrambled. Sets (VI =
E), V, IV, 111, and ((I, IA) and II) all give different high
temperature limit spectra so that a qualitative analysis can
distinguish between all sets except I'! and II. In most cases,
sets I and II can be readily distinguished by a complete line
shape analysis (vide infra). The sets I, II, I, IV, and V are
represented diagramatically in Figure 1., (The figure depicts
the overall permutational changes only; the arrows do not
imply a particular physical motion; only one permutation
from a given set is shown.)

The Effects of a Five-Coordinate Intermediate

If the actual reaction mechanism involves a five-coordi-
nate intermediate with a very short preexchange lifetime,
present in low concentrations, the time development of the
spin density matrix in the HML,* site can be ignored and
the effect of the five-coordinate intermediate can be treated
as a mechanism for permuting free and complexed li-
gands.'? In this case, the NMR line shapes can be analyzed
in terms of the basic sets for the HML3;*-L system dis-
cussed above without including the HML,* resonances ex-
plicitly. If the ligand L, remains unique throughout the ex-
change process (as is observed for HPt[P(C3Hs)1]3t),” the
mechanism shown below is plausible, if the five-coordinate

L, H
Ly
H—M—1L, + L, = L.z—-l\|/I<
| e
L L

intermediate does not undergo mutual exchange before li-
gand dissociation. In this case, the associated NMR line
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shapes can be analyzed using basic set IV (E + IV).13
When intramolecular exchange occurs in the five-coordi-
nate intermediate, the linear combination

(I1=CYE+IV)+ (C/3)(T+ 1T+ TIT+ V) (2)

must be used where C is the fraction of the five-coordinate
intermediate molecules in which L, L3, or Ls have ex-
changed to the axial position before dissociation. Letting
P represent the probability of the five-coordinate interme-
diate being in a state with L; axial, and Pg the probability
of Ly, Lj, or L, being in an axial position, the effects of mu-
tual exchange are given by

d/dt[Pa(1)] = —kmPa(?) + kmPs(1)/3 (3a)
d/de[Pe(1)] = kmPa(1) — kmPB(1)/3 (3b)

where ko, is the rate of the mutual exchange process.
Equation 3 can be rewritten as

d/dt[Pa(?) + Pp(2)] = 0 (4a)
d/di1[PA(t) = Pa(1)/3] =
—4km/3[Pa(?) — Pp(2)/3] (4b)
Attime ¢t = 0 (just after the HML4* intermediate molecule
has been formed) we have Po(0) = I, Pp(0) = 0 and these
initial conditions with eq 4 give
Pa(t) = Vo + Yhe(#kni/D) (52)
Pg(t) = Y1 — e~ @kmt/3)] (5b)
Since both the A and B states are dissociating with a rate
constant k_j, the probabilities Pa(?) and Pg(¢) including

the effects of both intramolecular exchange and ligand dis-
sociation are given by

PA(t) = l/4[1 + 39—(4kmt/3)]e'k—|l (63.)
Pat) = %[l = e=($knt/D]e=k-¢ (6b)
PA(t) + PB(’) = ek-1t (60)

The fraction of HMLs* molecules dissociating from a B
state is given by

C= j;’ Pa() dt / j;”[PA(z) +Pe()]dr (7)
Equations 6 and 7 lead to the result

4km/3k ]
=3 —_—m
C="% [1 + 4k /3k_,

NMR line shapes, calculated using the linear combination
of basic sets given by eq 2 and 8 for the HML3*-L system,
are compared with those in which a small concentration of
the HML,* intermediate undergoing mutual exchange has
been explicitly included, in a later section of this paper.

NMR Line Shape Calculations

The density matrix equations of motion used to calculate
the NMR line shapes can be written as

(8)

dpi _ . _. dp; dp;
d¢ = 2mi [pl' ﬂl] + <dt )exch + <dt )rclax (9)
where p; is the mean spin density matrix and %, is the high
resolution NMR Hamiltonian for the ith species including
the interaction with the rf field. (dp;/d¢)reiax represents the
effects of relaxation processes other than chemical ex-
change, the effects of magnetic field inhomogeneity, and
the effects of incomplete noise decoupling in the case of the
3UP{'Hj spectra.

We use the simple form (dp,/df)relax = —pi/T2; for the
density matrix elements one off-diagonal in I,. T»; is the ef-

fective relaxation time for the /th species which determines
the line width in the absence of exchange. (dp;/dt)exch is the
exchange contribution for the ith species. The exchange
contributions to the density matrix equations for intermo-
lecular processes have been given by Kaplan!'* and Alexan-
der.'S For the HML3*-L system, these are

<%) W 2 L {Tra[P;(pa®pB)P;~'] — pa} (10a)
exc TAj

dt 7

d 1
(F2)_ = = - (TralPy(oa®n)P, '] = oo} (105)
t /exch j TBj

where pa and pp are the spin density matrices for HML3*
and L, respectively, and P; is the matrix representation of
the jth permutation. ra; and rg; are the preexchange life-
times for HML3% and L with respect to the jth process. The
symbol ® implies a direct product of the matrix representa-
tions. The symbols Trp and Trp indicate summation over
all elements diagonal in the A and B indices, respectively. It
has been assumed that ps and pg have been normalized
such that Trpao = 1| and Trpg = 1. For the HML4*-
HML;*-L system, the appropriate exchange contributions
are

doAY L5 /it

Ty X t/rajiTrejoc) — pal (11a)

€XC. J
dps _
ar =3 1/r{Tra;(pc) — pal (11b)
t / exch 7

dp
<~d C) Y V/rcilpa®pr — pcl +
t /exch J

% V/rcklPepcPi™ = pc} (11¢)

where pc is the spin density matrix for HML4* and the Py
are the permutations describing the kth mutual exchange
process in the five-coordinate intermediate. In eq 1la,
Trpj(pc) indicates summation over all elements of pc diag-
onal in indices for the spins which exchange with spins in B
during the jth process. A basis consisting of simple products
of the eigenvectors of the z components of nuclear spin is
implied. Tra;(pc) is to be interpreted similarly. The index j
indicates which ligands in a labeled HML,* molecule are
exchanged with the ligands in labeled HML;* and L mole-
cules. For example, if the HML,* is labeled as shown in 3,

|
<
Ls

3
HML; and L are labeled as shown in 1, and if the exchange
mechanism is that given in 2, the exchange processes E; (j
= |-6) must be included together in the line shape analysis
above.

Ei=(15) (26) (37) (48)
E,=(15) (26) (38) (47)
E;=(15) (27) (38) (46)
Es=(15) (27) (36) (48)
Es=(15) (28) (37) (46)
Eg¢=(15) (28) (36) (47)

Since intramolecular mutual exchange is observed in some
cases for HML;*, (HNi[P(CyHs)3]3%),” as well as
HML,*, eq t1a must be extended to
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d
<§)exch = ; 1/7ajiTrej(pc) — pal +

; 1/railPipaPr — pal  (11d)

to include the effects of exchange in HML;*. P; is the ma-
trix representation for the /th mutual exchange permutation
in HML3* and r,, is the preexchange lifetime for P, In the
case where the central metal has isotopes with / = 0 and /
= 5 (Pt),” there are three HML;" sites corresponding to:
(1) the molecules with M isotopes of spin zero, (2) the mol-
" ecules with M isotopes with I = ' in spin state «, (3) the
molecules with M isotopes with I = Y in spin state 8. Equa-
tion 10 can then be generalized to give

d
< gAk) =Y 1/7ai{Tre[Pj(pak®pB)P;™" — pax}
t /exch 7

(12a)

{Trax[Pj(pac®pB)P;'] — pp} (12b)

where the subscript k refers to the kth HMLs* site.

The density matrix equations of motion are set up initial-
ly in the basis consisting of the simple products of the eigen-
vectors of the z components of angular momentum for the
individual spins using the permutation of the indices meth-
od of Kaplan and Fraenkel.'® This method simplifies con-
siderably the application of eq 10-12 to the calculation of
NMR line shapes. The equations of motion are then trans-
formed to the basis in which the high resolution NMR
Hamiltonians and the Liouville operators are diagonal
using the transformations obtained from a numerical diago-
nalization of the high resolution NMR Hamiltonians. This
basis has the advantage that there is a 1:1 correspondence
between the density matrix elements one off diagonal in I,
and the NMR transitions. It is found that, if the group of
the high resolution NMR Hamiltonian is Abelian, and if
the exchange process has the full symmetry of this group,
the density matrix equations of motion do not connect the
density matrix elements corresponding to allowed transi-
tions to those corresponding to forbidden, zero intensity,
transitions. Consequently, the dimension of the coupled lin-
ear equations which must be solved to calculate the NMR
line shapes is reduced just as in the mutual exchange case.?
This basis also has the advantage that several approxima-
tions'”:1® can be used in cases where the spin system is too
large for a complete line shape analysis. These approximate
methods cannot be applied in the original spin product
basis. Approximations were not required in the present
work. The transformation of the density matrix equations of
motion is discussed in more detail in the appendix. The final
expression for the NMR line shapes which can be obtained
by standard methods is of the form'3

I{(w) = ~Re{P™+ [Z X;+R - iL(w)]" <07} (13)

where R is the relaxation matrix and L is the Liouville oper-
ator in composite Liouville space.!® ¢~ is a vector contain-
ing the elements of the transition operators ;™ given by

oi_ = Z viilij~/Ni (14)
J

where v;; is the magnetogyric ratio for the jth spin in the
ith species and /;;~ is the corresponding spin lowering oper-
ator. /V; is the dimension of the spin space for the ith species
given by V; = 2% where n; is the number of spins (of '4) for
the ith species. P~ is a similar vector containing the ele-

417

0 AV -
[T AU N N ——
A,

st S T T
/.\‘

6000 /

sec! \\\ — // e

|
60000
sec! . - -

Figure 2. NMR line shapes calculated to simulate the 3'P{'H} spectra
for an HML;*-L system undergoing intermolecular exchange pro-
cesses corresponding to basic sets | and II. (The slow exchange limit
spectra in Figures 2-7 correspond to that observed for

"HPd[P(C3H5)3]3*-P(C3H5s)s3 in acetone.)’

ments of the operators P; given by
P =3 Ciyyly~ (15)
J

where C; is the concentration of the ith species.

Equation 13 is solved using the numerical techniques de-
veloped by Gordon and McGinnis,2° Binsch,! and Schirmer,
Noggle, and Gaines.2! For intermolecular exchange, all of
the off-diagonal density matrix elements corresponding to
the allowed transitions for a particular nuclear species are
connnected by the elements of the exchange matrix x, and
no symmetry factoring, apart from the separation of density
matrix elements corresponding to allowed transitions from
those corresponding to forbidden transitions, is possible. X
factoring? is still possible however. Because of the much less
extensive factoring of eq 13 for intermolecular exchange, as
compared to mutual exchange, complete line shape calcula-
tions are possible only for relatively small spin systems. Qur
computer programs are presently restricted to systems with
45 or fewer allowed transitions for the observed nuclei.

Line Shape Calculations for the Basic Sets [-V

Figure 2 shows the NMR line shapes calculated for the
3iP{'H} NMR spectrum of an HML3*-L system as a func-
tion of exchange rate using basic sets I and II. The high res-
olution NMR parameters used in this calculation were §; =
1003 Hz, 65 = 83 = 639 Hz, 84 = 2116 Hz, Jj2 = Jj3 = 3]
Hz. The effective transverse relaxation time T, was kept
fixed at 0.075 sec for both HML;* and L. Equimolar con-
centrations of HML3* and L were assumed (these parame-
ters correspond closely to those obtained from analyzing the
36.43-MHz  3'P{'H} NMR  spectra for  the
HPd[P(C,H5s)3]3*-P(CyHs)3 system).7 The line shape be-
havior associated with these two sets are readily distin-
guishable in practice, particularly at intermediate exchange
rates (250-1250 sec™!). The reason for the large difference
in line shapes can be seen by referring to Figure 1. Basic set
I exchanges only one of the two equivalent ligands L, and
L3 with L; or L4 in a single permutation, whereas II ex-
changes both Ly and Lj with L, or L4 during each permuta-
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Figure 3. Line shape simulations for basic permutational sets III, IV,

and V.

tion. Consequently, the resonances associated mainly with
L, and Lj are broader for set II at intermediate exchange
rates (rates sufficiently fast to “‘decouple” the coupling of
L; to L and L; but slow enough that the chemical shift dif-
ferences have not been averaged).

Figure 3 shows similar calculations for sets I, IV, and
V. All three sets are qualitatively different from each other
and from I and II. The free ligand resonance is not shown
for set V since it is invariant to the exchange process. The
remaining set (VI = E) corresponds to spectra invariant to
both temperature and added ligand concentration.

The Effects of a Five-Coordinate Intermediate on the NMR
Line Shapes

The presence of a five-coordinate intermediate of the
type HML4* can have two important effects on the NMR
line shapes: (1) if the HML,* cation is present in large
enough concentrations, it must be included explicitly in the
line shape calculations since the nuclear spins spend an ap-
preciable fraction of their time at the HML,* site; (2) if
the preexchange lifetime for ligand dissociation is suffi-
ciently long relative to the preexchange lifetime for mutual
exchange, the HML4* intermediate may rearrange before
dissociation takes place.

Figures 4 and S show the effects of mutual exchange in
the five-coordinate intermediate on the *'P{'H} NMR spec-
tra for the intermolecular exchange process given by 2.
These line shapes were calculated using the linear combina-
tion of basic sets given by eq 2 and 8. The exchange rates
given in these figures are the sums of the rates for each of
the permutations corresponding to the linear combination
of sets given in eq 2 including the identity set E. These rates
are the rates at which the HML3* species reacts with L to
form HML,*.

The parameter R is equal to km/k-1. The left-hand side
of Figure 6 shows a similar calculation for an equimolar
HML;*-L solution with the parameter R set at 0.5. The
calculated spectra on the right-hand side of the figure were
obtained by including the HML4* resonances in the line
shape calculation together with explicit account of the mu-
tual exchange process using the equations of motion (lla-
c).

The HML4* cation was assumed to have a concentration
2.5% that of HML;* and L. The high resolution NMR pa-
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Figure 4. The effect of mutual exchange in the five-coordinate interme-
diate on the 3'P{'H} NMR line shapes for an equimolar HML3*-L
system. The exchange rate is the rate at which free ligand adds to
HML3*. R = o« corresponds to very fast mutual exchange in the
HML,* intermediate. R is the ratio of the rate of mutual exchange to
the rate of ligand dissociation in HML,*.
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Figure 8. This figure is similar to Figure 4 except that the rate of mutu-
al exchange in the HML,* intermediate is slower.

rameters for the AB; spectrum corresponding to HML,*
were arbitrarily chosen as Jog = 40 Hz, 64 = 1203 Hz, and
5s = 839 Hz. Since the group of the high resolution NMR
Hamiltonian is not Abelian, the exchange matrix x does
have elements connecting transitions of zero and nonzero
intensity. However, these connections were ignored in the
line shape calculations. This procedure was checked by re
peating the calculations with a slightly perturbed ABj sy:

tem shown in configuration 4 (the non-Abelian C3p symm
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Figure 6. Comparison of two calculations of the NMR line shapes for
an HML;3;*-HML4*-L system ([HML4*] — 0). The calculations on
the right-hand side explicitly include the HML,4* intermediate. The
caiculated spectra on the left do not include the HML4* intermediate.
This figure justifies the use of the linear combination of basic sets (1 —
C) (E + IV) + (C/3)(1 + 11 + 111 + V) with the HML3*-L model to
calculate NMR line shapes for the HML3;*-L-HML4* system
([HML4*] — 0) in those cases where the HML4* intermediate is
stereochemically nonrigid. R is 0.5.

try has been reduced to the Abelian C; symmetry). The
NMR parameters used in this calculation were Jap = 40
Hz, Jap = 40.1 Hz, 64 = 1203 Hz, 65 = 839 Hz, ép' =
839.1 Hz, and Jpp' = 0.025 Hz. The spectra shown on the
two sides of Figure 6 are in very good agreement at all but
the slowest exchange rates, thus demonstrating the validity
of using the linear combination of basic sets given by eq 2
and 8 (provided [HML4*]/[HML3*] is very small). The
exchange rates given in Figure 6 and other figures in this
paper are pseudo-first-order exchange rates for the HML;+
species, The corresponding pseudo-first-order exchange
rates for HML," are, of course, much larger.

Figure 7 shows the effect of the HML4* intermediate on
the NMR line shapes calculated assuming that the interme-
diate is stereochemically rigid. For column A, [HML,*}/
[HML;3*] = 0.01. Except for spectra very near the slow ex-
change limit, the line shapes are almost identical with those
calculated using the linear combination E + IV for the
HML3*-L model. The high resolution NMR parameters
are the same as those used for Figure 6. In column B, the
ratio [HML,4*}/[HML3*] has been increased to 0.1. In
column C, [HML4*]/[HML;*] is again 0.1, but the NMR
parameters have been changed to Jap = 40 Hz, 65 = 1800
Hz, and ég = 1950 Hz. The combination of a fairly large
[HML4*}/[HML3*] ratio and the large frequency separa-
tion between the HML3* and HML4* resonances results in
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Figure 7. Effects of concentration, and NMR parameters of the
HML,* intermediate, on calculated NMR line shapes for an
HML:*-HML,4*-L system. The HML,* intermediate is assumed to
be rigid. The spectra on the left-hand side are almost identical with
those that would be calculated using an HML3*-L model omitting the
HML,4* resonances from the calculation.

a considerable difference between the spectra calculated
using this model and those using the HML3*-L model.

Discussion

The rates of chemical processes under equilibrium condi-
tions can be obtained from temperature dependent NMR
line shapes. Activation energies of varying degrees of accu-
racy have been reported in a steadily increasing volume of
publications.

More recently, efficient computational techniques have
been developed to allow the calculation of line shapes in
complex non-first-order spin systems undergoing intramo-
lecular rearrangement.!-4

During the same period, group theoretical methods were
applied to determine the extent of the mechanistic informa-
tion contained in the exchange broadened spectra.2-22

The present paper has described the extension of both the
general line shape calculations and the group theoretical
mechanistic analyses to the mathematically more compli-
cated situation in which intramolecular and intermolecular
(bond breaking) processes are simultaneously involved. The
example used’?* has been the case of a solution of
HPd[P(C:Hs)3]s* containing varying amounts of added
P(C3Hj5s)3, assuming an equilibrium of the form

k
HPA[P(C,Hs)3]3* + P(C>Hs)s TTlF HPA[P(C2Hs)3)4*

(16)
in which HPdL3* is planar and rigid, HPdL,* has C3, sym-
metry with H on the Cj axis, HPdL4* is fluxional, and the
free ligand participates in the simple associative process
represented by eq 16.

In the most general case, for eq 16, four rate processes
can be considered, ki, k-, ky, (the rate of intramolecular
rearrangement in HML,%), and k.’ (the rate of intramo-
lecular rearrangement in HML3%); the latter process does
not occur to a measurable extent in the HPdL;* system.”
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Figure 8. Structure of the spin Hamiltonians for the HML3*-L sys-
tem. The nonzero parts of the matrices are shaded and their dimen-
sions are indicated.

The computer programs have been written to handle all
four rate processes. Application of the methods described in
this paper to experimental data for a series of HML3;* com-
plexes is presented in the following paper.’

The line shape calculations and the group theoretical
analyses are not limited in application to the HML;3* sys-
tems; they are quite general, applicable to non-first-order
systems, limited only by computer size and speed. As with
the previous studies of intramolecular rearrangements, the
calculations are based on a “jump” model and give no infor-
mation concerning the actual details of the reaction coordi-
nate. They simply provide information concerning the per-
mutations which relate the nuclear labeling before ex-
change to the nuclear labeling after exchange. (This, how-
ever, is often sufficient to eliminate, unambiguously, many
possible mechanisms.) In considering other physical mecha-
nisms which are consistent with the permutational informa-
tion, one must appeal to other chemical information to try
to decide between them.

Specifically, for the HML;3+ (HPdL3*) system we have
shown that making the assumptions that (a) the exchange
process is ligand catalyzed (an assumption clearly justified
for the actual experimental situations),” and that (b) the
process is concerted (this allows us to neglect for the mo-
ment the possibility of an intermediate of significant life-
time, such as HML,4*, that can undergo intramolecular re-
arrangement), the permutational analysis of the HML;* +
L system shows that there are six distinguishable types of
line shape behavior or “basic permutational sets” (I-VI)
corresponding to the six possible exchanges shown in Figure
1.

Relaxing condition (a) above, i.e., explicitly considering
an HML," intermediate, we have shown that (i) if HML4*
is present in very low concentrations and has a short preex-
change lifetime, the effect of intramolecular rearrangement
in HML4* can be treated as an additional mechanism for
permuting the free and complexed ligands by establishing
the appropriate linear combination of “basic permutational
sets”’. The resonances for HML4* do not have to be includ-
ed explicitly; (ii) if HML4* is present in appreciable con-
centrations, it must be included explicitly in the calcula-
tions. Cases (i) and (ii) have been shown to converge as
[HML,*] —0.

The general density matrix calculations have been de-
scribed incorporating the ky, k—y, km, and k,’ rate pro-
cesses (k. corresponds to intramolecular exchange in
HML3* discussed in more detail in the following paper).’
Cases where the central metal M has an isotope with I = 4
are considered.

HML3* L
- : 4
(3-4) 3
(-2, %) 9
(z, %) 3
(-2.2) '

Figure 9. Structure of that part of the exchange matrix in x connecting
density matrix elements one off-diagonal in /,. The I, indices are indi-
cated on the left-hand side and the species at the top. The total matrix
is of dimension 16 X 16. Each of the 16 submatrices shown in the fig-
ure can be transformed separately since the total transformation ma-
trix is block diagonal.

The equations have been solved numerically to illustrate
the line shape behavior for basic sets I-V in Figures 2 and 3
(set VI is the identity set). QUalitative comparison with the
experimental spectra’-?> shows immediately that only ex-
changes of type IV can predominate, this is particularly
clear at low temperatures. Detailed line shape analyses can
differentiate between all six cases corresponding to concert-
ed processes.

Calculations using the appropriate linear combinations of
basic sets to allow for intramolecular rearrangement in a
transient HML4* intermediate have been carried out (Fig-
ures 4 and 5). They show how the relative rates of intramo-
lecular rearrangement and ligand dissociation km/k-; = R
in HML4* can be determined from the coefficients in the
linear combination of basic sets used.

Additionally, complete calculations have been carried out
in which the HML4* resonances are included explicitly
(Figure 6) and calculations in which HML,* is assumed to
be present in significant concentration and is stereochemi-
cally rigid are exemplified by Figure 7.

In summary, it is clear that nuclear resonance line shape
studies of bond breaking processes at equilibrium can pro-
vide detailed mechanistic information, much of which
would be unavailable using other approaches. Sites of li-
gand attack and the nature of rearrangement processes in
intermediates and reactants can be determined in addition
to conventional kinetic parameters. The methods are ap-
plied to a variety of systems in the succeeding paper.’

Appendix

Calculation Details. Transformation of the Density Ma-
trix Equations of Motion. The structure of the effective
high resolution NMR Hamiltonian used to calculate the
31P{1H} spectra for the HML3*-L systems (Iyg = 0, I =
i5) is shown in Figure 8. The first step in the calculation is
to set up the diagonal blocks of the spin Hamiltonians for
each species involved in the exchange process and to diago-
nalize them numerically

T;~'H;Ty= Ay (A1)

where H;; is the jth block, diagonal in I, of the spin-Hamil-
tonian for the ith species. Tj; is the corresponding transfor-
mation matrix and A;; is diagonal. The transition matrices
M~ j+i) one off-diagonal in I,, are then set up in the
original basis of simple products of the eigenvectors of I, for
the individual spins, and transformed to the new basis:
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(A2)

The program then searches for the nonzero elements of the
M’~;(jj+1) corresponding to allowed transitions, and indices
indicating their location are stored. Typically, elements of
the M~ with values greater than 10~* are considered to cor-
respond to allowed transitions.

Figure 9 shows the structure of the exchange matrix in
Liouville space, connecting the spin density matrix elements
for HML3* and L, which are one off diagonal in I,. In gen-
eral, all the elements of this matrix may be nonzero. The
procedure used for transforming the exchange matrix x is
to set up each of the submatrices x;j«/ in turn, where x;jxs
is that part of x connecting pi¢;j+i) and px(.i+1) in the
equation of motions. p;(;j+1) is that part of the density vec-
tor in Liouville space for species i corresponding to the den-
sity matrix elements one off diagonal in I, between I, = j
and I, = j + 1. In general, there are (Z;N;)? such submatri-
ces where N; is the number of spins (of '4) for the ith
species. The appropriate transformation for each of these
submatrices is given by

M’—,‘(,'J+1) = T,'j—'M—f(,'_j+l)Ti(/+l)

ikt = (Ty®Tige) ™ xijkt (Tri®Tk(+1)) (A3)

After the transformation has been carried out, the elements
of x’ij:xs connecting density matrix elements corresponding
to allowed transitions are stored.

The reason for this procedure is to avoid having to store
all the elements of x connecting density matrix elements
one off diagonal in I,. For the HML;*-L problem
(3'P}'H}), these elements could be stored in a 16 X 16 ma-
trix (Figure 9) and no core storage problems would arise.
However, for the HML4 *-HML 3 *-L calculations a 72 X
72 matrix would be required which must then be trans-
formed. Using the procedure outlined above the largest sub-
matrix of x which must be transformed is of order 24 X 24
for the HML,*-HML3*-L calculations and 9 X 9 (Figure
9) for the HML;*-L calculations.

The transformation allows the order of the complex non-
Hermitian matrix, which must be diagonalized to calculate
the NMR line shapes, to be reduced from 16 X 16 to 10 X
10 for the HML;+-L (3'P{'H}) calculations, from 72 X 72
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to 44 X 44 for the C; HML4 -HML3*-L problem, and
from 72 X 72 to 34 X 34 for the C3 HML,*-HML;*-L
problem. The transformation improves the numerical stabil-
ity as well as reducing the core storage and computer time
requirements for the calculation.
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