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Abstract: The reaction HML;* + L = HML4* (M = Ni, Pd, Pt; L = P(C,Hs);) has been studied in detail using 3!P{!H}
and 'H NMR. The behavior of the NMR line shapes has been analyzed using general computer programs which include
both inter- and intramolecular exchange effects. In addition to the ky and k_ processes, rate processes corresponding to in-
tramolecular rearrangement in both HML;+ and HML4* species have been quantitatively analyzed. Detailed mechanistic
information, such as the mode of ligand attack and the site occupied by the attacking ligand in the five-coordinate intermedi-
ate, has been developed. Direct spectroscopic evidence is presented for the five-coordinate intermediate for all three metals;
the equilibrium lies to the right for Ni and very far to the left for Pt (acetone solution, =90 to +60°). The broad mechanistic
details are essentially the same for all three metals: an HML3* complex of C,, symmetry undergoes association with a free
ligand molecule to give an HML4* intermediate of C3, symmetry (strongly distorted trigonal bipyramidal). The HML,4*
species, in the case of Pt, is of such low concentration over the temperature range =90 to +60° that its presence cannot be
detected by direct spectroscopic techniques; very low temperature (—140°) NMR studies allow HPtL4* to be observed di-
rectly; the studies in the —90° to +30° range show unambiguously that the attacking ligand ends in a position in HPtL4*
symmetry equivalent with the two trans ligands in HPtL3* (i.e., in what would be the equatorial plane of the “trigonal bipyr-
amid”). For Pt, the ligand dissociation from HML4* (k_1) is rapid relative to the rate of intramolecular rearrangement in

HML4* (km),ie., k- > km, for Pd k) =~ 102k, and for Ni k_) & k.

In a preliminary communication,! qualitative analyses of
NMR line shapes for the hydride region 'H spectra and
3IP{'H} spectra for HNi[P(C,Hs)3]3*, HPA[P(C,Hs)s]3™,
and HPt[P(C,H5)3]3* were presented both as a function of
temperature and as a function of added ligand concentra-
tion. It was concluded that ligand dissociation is much fast-
er than intramolecular rearrangement in the five-coordinate
intermediate HPtL4%. For the palladium analogue, both in-
termolecular ligand exchange and intramolecular rear-
rangement contribute to the NMR line shapes with the in-
termolecular exchange being the faster process throughout
the temperature range (—90° to +60° in acetone). For
HNIi[P(C2Hs)3)4* intramolecular exchange is faster than
ligand dissociation. In this case, there was also evidence for
intramolecular exchange in the four-coordinate complex. It
was observed that the intermolecular exchange processes
were accelerated by added ligand for all three cations in ac-
cord witheq 1.

k
HML3* + L —= HML,* (1)
k-1

In this paper, the NMR line shapes for the HNiL3*-L,
HPdL3;*-L, and HPtL;*-L systems in acetone are quanti-
tatively analyzed as a function of ligand concentration,
complex concentration, and temperature. Four separate
rate processes are considered, ki, k-1, km (the rate of intra-
molecular rearrangement in HML4%), and k.’ (the rate of
intramolecular rearrangement in HML3*). In the case of
Ni, k-1, km, and kn’ can be determined over certain tem-
perature ranges, the k.’ process having been included ex-
plicitly. The HNiL3;* system is complex and some ambigu-
ity remains in the interpretation of the spectra under some
conditions. For Pd and Pt, the process corresponding to k'’
does not occur at an appreciable rate.

The line shape calculations and group theoretical analy-
sis allow one to obtain detailed mechanistic information
concerning the mode of ligand attack and the site occupied
by the ligand in the five-coordinate intermediate. Compet-
ing rate processes are included in the calculations with the

proper weighting leading to quantitative estimates of the ra-
tios of rates such as k—1/km.

The overall analysis relies heavily on the mathematical
techniques developed in the preceding paper.2 The calcula-
tions in the previous paper were illustrated using the
HPd[P(C>Hs)3}3*-P(C3Hs); system. In the present paper,
mathematical discussion has been kept to a minimum to fa-
cilitate a clear description of the experimental results and
chemical conclusions.

Experimental Section

The complexes HM[P(C3Hs)3]3*B(CeHs)a~ (M = Ni, Pd, P1)
were prepared by methods developed by Dr. R. A. Schunn of 1his
laboratory.?

NMR samples were prepared in acetone, or acetone-de, in a ni-
trogen atmosphere. The *'P{!H} NMR spectra were obtained al
36.43 MHz in the Fourier mode on a Bruker HFX-90 specirome-
ter with a Digilab FTS-NMR 3 dala system and pulser. Ten-milli-
meter o.d. sample tubes were used with conceniric 3-mm capillar-
ies containing 1,2-dibromotetrafluoroethane as !°F lock material
or the capillary was omilted and acetone-d¢ was used as the solvent
to provide a 2H lock. In some experiments, chlorodifluoromethane
was used as both the solvent and F lock.

Hydride region 'H NMR spectra were obtained at 90 MHz
using the Bruker spectrometer in the time-shared mode with a Fa-
britek 1074 signal averager and a1 100 MHz using a Varian
HA 100 specirometer. Temperatures were measured for the Bruker
HFX-90 using a copper-constantan thermocouple localed jusi be-
neath the spinning NMR tube and were calibraled using a similar
thermocouple held coaxially in a spinning NMR tube pariially
filled with solven1.

Mechanistic Considerations

A. Concerted Processes. In the previous paper, we have
shown? that, for a planar HML3;* complex reacting with
free ligand L in a concerted process, there are only six ways
in which the arrangement of phosphorus nuclei before reac-
tion can be related to their arrangement after exchange.
Any postulated concerted mechanism must correspond to
one or other of the six sets (or to a linear combination) so
that it is possible to exclude certain mechanisms unambigu-
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ously even though there are an infinite number of physical
paths corresponding to each set. The six types of exchange
are described below with an example of one possible physi-
cal mechanism for each set; in these examples, the number-
ing subscripts are removed from the ligands which are
scrambled.

Sets 1 and I

L
|
I H=M—L, =2 L,
!’/ x4
Lf e
2
L2
I =N Ls
L3/<’——”—"
3

The two-headed arrows imply microscopic reversibility;
the dotted and solid lines indicate processes which are
equally probable by symmetry. Sets I and II are similar in
that they are the only sets which scramble all four phospho-
rus ligands; the differences between sets I and II are subtle
and have been described in the preceding publication.? A
simple physical mechanism which scrambles all ligands, but
does not correspond exclusively to I or I, is

(ligand attack leading to a tetragonal pyramid with the hy-
dride ligand in the apical position).
“ Set 111

L2
|
H— hld— L= L,
L3
5

A possible physical mechanism, with L, attacking along the
pseudo-Cy4 axis of HML;3*, is:

with L, and L3 remaining equivalent and never scrambling
with free ligand and with L, and L4 scrambled.
Set 1V

L2$‘_~
| N
H—M—L >
1 4
1
7

A possible physical mechanism, with L, attacking along
the pseudo-C, axis of the HML;* ion, is shown (8).
L, remains unique and there is an equal probability of L,
Ls, or L4 dissociating in the reverse step, i.e., Ly, L3, and L4
are scrambled. This is shown to be the actual mechanism
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for the complexes discussed in this paper, neglecting for the
moment intramolecular processes (vide infra), and corre-
sponds to the linear combination (IV + E); since the identi-
ty permutation does not contribute, the line shape effects
are the same as those for 1V alone.

SetV

Lz‘
| N
L3

9

This could be ligand catalyzed or a simple intramolecular
process, without participation of free ligand, a process (pos-
sibly solvent catalyzed) which is shown to occur in HNiL;*
and is assumed to involve interconversion between the sta-
ble “planar” form and a “tetrahedral” transition state or in-
termediate (configuration 10).

L
L
L
" L == H W
L L
10
SetVI=E
L2
[
H—hld—L] L,
Ly
1

This could, of course, correspond to no chemical interac-
tion with the free ligand. Another possibility is the process

H H

_.
5
-
F-N

L3 L2+ L4<—L3

L L
12

which corresponds to the formation of a distorted square
pyramidal complex with Ly in the apical position; since Ly
never becomes equivalent to Ly, L», or L3, it must always be
the ligand which dissociates. There is then no scrambling of
the ligands and the labeling is the same before and after ex-
change. It is assumed that the concentration of the five-
coordinate intermediate is vanishingly small.

B. Multistep Processes. [t is shown below that, to the de-
gree that the HML3* + L process can be considered to be
concerted, it corresponds to sets E + V. Detailed analyses
of the NMR line shapes reveal that, in certain cases, one or
two other rate processes must be considered as competing
with the ligand association <> dissociation reaction. Thesc
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Table I. NMR Data for HM[P(C,H,)]," Compoundsa.?
'H hydride spectrum 3p 'H} spectrum
JHB JHA JHX 8H r.°c JAB IXA JXB SA ) T,°C
Ni +69 7102 12.39 -73 -16.8 -15.1 -90
Pd ~0 182 7.80 =50 -20.6 -10.6 28
Pt 17.5 157 819 6.04 =50 +2057 +2510 -16.6 13.4 0

a All samples were dissolved in acetone-d,. Coupling values are given in hertz. Chemical shifts are given in parts per million: 'H is referred to

TMS, *'P is referred to 85% H,PO,. o Labeling as in configuration 14.
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Figure 1. The 36.43-MHz Fourier mode proton noise decoupled *'P
NMR specirum for a 0.)7 M solution of HPt[P(C,H5s)3]3*B(CeHs)s™
in acetone as a function of added ligand conceniration a1 —33°. The
numbers beneath 1he observed specira indicale the added ligand con-
ceniralion (mole liter™!) and the arrow indicates the resonance fre-
quency of the free ligand. The numbers beneath 1he calculaled spectra
are [1/7amLy+].

are intramolecular rearrangement in the HML,* interme-
diate and in the HML;* starting material. In the previous
paper, we have shown that the competing intramolecular
rearrangement in HML,* can be taken into account by
using a linear combination of the basic sets [-VI, provided
the HML4* concentration is small and its preexchange life-
time is short. The physical process:

H
H
L
b 4

L L L= L l L km l
L L

» !

13

(in the first step L, remains unique, in the second step in-
tramolecular rearrangement takes place in HML,* at a
rate km, scrambling L, with the equatorial ligands) can be

represented by the linear combination:
(U=CHE+IV)+ (C/3YI+1T+1I1+V) (2)

where

4k /3Ky ] )

= 3
" [1 + dkm/3koy

Line Shape Analysis for HPt{P(C2Hs)3]3tB(CsHs)s™-
P(C,Hs)3-Acetone

A. 31P{IH} NMR Spectra. The 3'P{'H} NMR spectrum
for a solution of HPt[P(CyHs)3]3*B(CsHs)s™ in acetone
consists of an AB; pattern (66.3% of Pt with zero spin) to-
gether with an AB,X pattern (33.7% of !95Pt with spin ).
NMR parameters are given in Table I. The spectra are es-
sentially temperature independent over the range —95° to
+60° in the absence of added ligand. The AB,-AB>X pat-
tern is consistent with the structure

14

The left-hand side of Figure | shows the Fourier mode
36.43-MHz 3'P{*H} NMR spectra for a 0.17 M solution of
HPt[P(C,Hs)3]3*B(CsHs)4™ as a function of added ligand
concentration at a constant temperature of —33°, The cal-
culated spectra on the right-hand side of the figure were ob-
tained by first fitting the NMR spectrum in the absence of
added ligand. The ligand exchange rate for 0.04 mol 1.7! of
added ligand was then obtained by fitting the NMR spec-
trum using a (3 X HML;%)/L model (to include the 9Pt
satellite resonances) with basic permutational set IV, (E +
IV) (7). The other calculated spectra were obtained by de-
creasing the preexchange lifetime for HML;* and increas-
ing [L]/[HML;3*] in proportion to the added ligand con-
centration. No attempt was made to vary the exchange
rates to fit the observed spectra. The good agreement be-
tween the calculated and observed spectra in Figure 1 indi-
cates that

1/tamLy+ = [L]1O (4)

establishing the associative nature of the exchange process.
A similar set of experiments in which the HPtL3* con-
centration is varied keeping [L] fixed at constant tempera-
ture is shown in Figure 2. These spectra were obtained from
a solution of 25 ul of P(C3H5s)3 in 2 ¢cm3 of acetone (~0.085
M in P(C;Hs)3) to which increments of
HPt[P(C3Hs)3]3B(C¢Hs)s~ were added corresponding to
successive totals of 30, 60, 120, and 240 mg of the complex.
For an associative process such as 8, the preexchange life-
time THML,+ should be independent of [HML;3*]. However,
Figure 2 shows that the exchange rate with respect to
HML3* (1/74mL,y+) becomes slower as the HML;* con-
centration is increased. Several factors could contribute to
this effect including: (A) reduction in the L concentration
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Figure 2. The 36.43-MHz 3!P{!H} for several solutions of
HPt[P(C,Hs)3]3*B(CeHs)s™ in a 0.085 M solution of P(C3Hs); in ac-
elone-dg as a function of HP1{P(C,Hs)313*B(C¢Hs)4~ conceniration

at —33°. The exchange rales are 1he rales at which HML3* undergoes
ligand association 10 form HML,*.

because of the increase in volume of the solution on adding
HML;*, (B) reduction in the L concentration due to for-
mation of HML,*, (C) a change in the reaction rate result-
ing from a change in the “solvent” as the HML3* concen-
tration is increased, (D) partial decomposition of P(C,Hs)3
by a minor impurity in the HML3* complex, (E) formation
of a small amount of a dimeric Pt species. On increasing the
HML3* concentration from ~0.017 M (30 mg of HML;%)
to ~0.13 M (240 mg of HML;%), the exchange rate de-
creased by ~30%. The change in total volume can account
for no more than 5% of this. Formation of HML4* cannot
be an important factor since a sufficiently large value for
the equilibrium constant [HML,*]/[HML3*][L] would
imply that HML,4* should be directly detectable by NMR
under conditions of large L. and HML;* concentrations at
low temperatures. We can obtain no evidence for HML4*
under these conditions in acetone, but resonances assigned
to HML % are observed in HML3*-L solutions in chlorodi-
fluoromethane at very low temperatures (vide infra). The
most likely explanation is that changing the HML3* con-
centration from 0.017 to 0.13 M alters the nature of the re-
action medium sufficiently to change the rate constant by
30%. Repeating the experiment at a lower temperature
(—73°), using a larger [L] (0.225 mol 1.7!) gave a similar
but smaller (20%) decrease in exchange rate on raising
[HML3*] from 0.017 t00.13 mol .71,

Direct evidence for the HML4* intermediate was found
in concentrated HML3*-L solutions in CHCIF; at very low
temperatures. The 'P{'H} spectrum of a solution contain-
ing 0.20 mol 17! of P(C3Hs); and 0.26 mol 1.7! of
HPt[P(C,H5)3]37B(CsHs)s~ in CHCIF; at —131° shows
resonances assigned to HML,4* and L as well as HML;*
(Figure 3). The 3'P{'H} NMR spectrum for the HML4*
cation consists of an ABj; pattern together with an AB3;X
pattern (!%5Pt, / = '5). This spectrum is consistent with a
structure such as 15 having Cs, symmetry, rigid on the
NMR time scale. The NMR parameters are given in Table
11. The 3!P{'H} spectrum of a solution containing 0.45 mol

H
| L
<)
| Ly
L,
15
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026 MOLE LITER™! HPY [P(CZH5)3]; B(CeHs); +
0.20 MOLE LITER™ P(CyMH),

(M) — 3643 MHz
Y [e—— — . =13I°
ML, WL,
Figure 3. 3'P{'H} NMR spectrum of a solution containing

HP1[P(C,H5)3]3*B(C2Hs)4~ (0.26 mol 1.7!) and P(C;Hs)3 (0.20 mol
1.71) in CHCIF; at —131°C. AB,, AB;X, AB3;, and AB;:X palterns are
observed.

Table II. NMR Data for HM[P(C,H,),]," Compoundsa—¢

M 5Ad 5Bd 5H JaB JxA JxB T.°C
Pt 04 - 3.0 31 +2125 +2730 -137
Pd -234¢ -23.4¢ -160
Ni 254 -29.7 19.5 -160

aIn CHCIF,. b Labeling as in configuration 15. ¢Coupling con-
stants in hertz.  Chemical shifts in parts per million upfield from
P(C,Hy),. ¢ Single, unresolved resonance.

7'  of P(C;Hs); and 0.4 mol L7' of
HPt[P(C,H;s)3]tB(CsHs)s™ in CHCIF; at —137° shows
resonances assigned to HML,* and L. Under these condi-
tions, the equilibrium is so far to the right of eq 1 that the
HMLs* resonances cannot be observed. At —114° reso-
nances assigned to HML,*, HML;%, and L can still be ob-
served but the HML4* resonances are weak, and at —102°
HML4* cannot be detected. The strong temperature depen-
dence of the equilibrium constant for reaction 1 is not unex-
pected since the forward step

HML;* + L — HML,*

is only weakly temperature dependent (vide infra) while the
reverse step

HML,* —~ HML;* + L

is anticipated to be strongly temperature dependent (non-
zero AH? and small AS?). Assuming that the behavior in
acetone is similar to that in chlorodifluoromethane (this as-
sumption has been shown to be correct for HPdL3*-L at
—80°C), [HML4*] will decrease strongly with increasing
temperature in HML3*-L solutions and the assumption
that [HML4*] — 0, which was used in the line shape anal-
ysis, is well justified, particularly at temperatures in the
range —90° to +60°.

Figures | and 2 together with exchange rates at HML;+
and L concentrations not shown in these figures indicate
that

1/mamLy = (L)Y [HML3*]=015 ~ [L)[HML;*]% at 33°

Figure 4 shows observed and calculated 3'P{*!H} NMR
spectra for a 0.17 M. solution of the HPtL3* complex with
0.08 mol 1.7! added ligand as a function of temperature. In
this case, the exchange rate was varied to give the best visu-
al fit between observed and calculated spectra. In compar-
ing the observed and calculated spectra in Figures 1, 2, and
4, it should be noted that the experimental spectra are dis-
torted by the audio filter used in the Fourier mode experi-
ment (intensities are exponentially decreased from left to
right in the spectra). To obtain a good fit between the cal-
culated and observed spectra, it was necessary to decrease
T2(HML;3*) (increase the line width in the absence of ex-

English, Meakin. Jesson |/ Ligand Association in RMLy*X~ (M = Ni, Pd. Pt)
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Figure 4. Fourier mode *!P{' H} NMR spectrum for an acetone solution
of HPI[P(C2H5)3]3+B(C6H5)4_ (0.17 M) and P(C2H5)3 (008 M) asa
function of temperature. The arrow indicates the resonance frequency
of free ligand. The exchange rales given with the calculaled spectra are
the pseudo-first-order rate constants for the addition of L to HPtLy*
[(rap,t) 1.
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Figure 5. Arrhenius ploi for kinetic data obtained from line shape anal-
ysis for 0.17 M HPI[(C2H5)3]3+/0.08 M P(C;Hs)3. The exchange
rales have been reduced to 1those for P(C2Hs)3 a1 unit activily.

change) from the value used to fit the slow exchange limit
spectra. However, an almost constant To(HML3%) could be
used to fit all of the spectra shown in Figures 1, 2, and 4 ex-
cept for the slow exchange limit. The presence of a small
quantity of the five-coordinate intermediate could be re-
sponsible for this additional broadening.2

Figure 5 shows an Arrhenius plot for the kinetic data ob-
tained from the line shape analysis shown in Figure 4, and
other data obtained from fitting line shapes for 0.17 M
HPtL3*/0.08 M L. (rppip,+)~"/[L) is plotted against 1/7.

Table III. Thermodynamic Data (L = PEt;)

AS*
AGY  AH*  (cal Ea
(kcal (kcal mol™ (kcal T
Process mol™) mol™!) deg™') LogA mol™)) (°K)
L+HPtL3"—> 109 24 -28.5 7.0 3.0 298
HPtL,'
L+HPdL3"—> 102 1.9 -27.8 7.07 2.4 298
HPdL,
HNiL,* - HNiL} 9.5 9.7 1.0 133 10.1 200
+ L
HNIL,* 1.2 9.6 - 79 113 10.0 200
(intramolecular)
HNiL 5.6 126
(intramolecular)

[Prozsy]

L
AN

o

Figure 6. Hydride region 'H NMR specirum for a solution of
HPt[P(C,H5)3]3¥B(CeHs)a™ in acelone-dg as a funclion of added li-
gand concentration (mole liter—!) a1 —50°.

o

The straight line shown in Figure 5 corresponds to the rate
expression.

k1(T) = 107-07¢=3030/RT | mo]-! sec™!

A least-squares fit* using the Eyring equation gives the
thermodynamic parameters shown in Table 1II. The large
negative entropy of activation is consistent with an associa-
tive process.

B. Hydride Region 'H NMR Spectra. The hydride region
'H NMR spectrum of HPt[P(C2H5)3]3+B(C6H5)4——
P(C;Hjs)s in acetone-d is shown in Figure 6 as a function
of added ligand concentration at constant temperature. and
in Figure 7 as a function of temperature with fixed ligand
concentration. NMR parameters are given in Table 1. Only
the central part of the spectrum corresponding to platinum
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HPt [P(CZH5)3]; B(CgHs; / 002 MOLE LITERT P(Gyhs,

HYORIDE REGION 'H NMR - 90 MH:

Figure 7. Temperature dependence of the hydride region 'H NMR
spectrum for an acetone solution of HPt[P(C3Hs)313*B(CsHs)a™ with
0.02 mol 1.7! of added ligand.

isotopes with zero spin is shown. These spectra are not suit-
able for quantitative line shape analysis since they depend
on ligand proton-phosphorus couplings as well as hydride
proton-phosphorus couplings.’ The spin system is too large
for the line shape analysis to be tractable. Figure 8 shows
the hydride region NMR spectrum for HPt[P(C,Hjs)3]3*
calculated using an AB>X model. The concentration of the
five-coordinate intermediate is assumed to be vanishingly
small and the calculations employed the linear combination
(E + IV) (no mutual exchange in the HML4* intermedi-
ate). The high resolution NMR parameters were Jap =
—20 Hz, Jox = 162.5 Hz, Jgx = —17.5 Hz, and ég — 0a =
118 Hz. The slow exchange limit spectrum calculated using
these parameters is not in particularly good agreement with
the observed slow exchange limit spectra; however, the ob-
served spectra in Figures 6 and 7 are in qualitatively good
agreement with the calculated spectra in Figure 8. At-
tempts to fit the observed spectra using linear combinations
of other basic permutational sets gave poor agreement. The
spectra shown in Figures 6 and 7 can be interpreted qualita-
tively in terms of an associative process which maintains the
unique relationship between the hydride ligand and the
trans phosphine ligand. Attempts to obtain direct evidence
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Figure 8. Simulation of the hydride region 'H NMR specirum for
HPt[P(C;Hs)3]3¥B(CsHs)s™ as a function of exchange rate using an
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for the HML4* intermediate, in acetone solutions of high li-
gand concentration, at both low temperatures (direct obser-
vation of the HML,* resonances) and at high temperatures
(observation of a shift of the hydride resonances) were not
successful. The concentration of HML4* must be low under
all conditions so that use of the HML3*-L model, eliminat-
ing explicit inclusion of the HML4* resonances in the line
shape calculations, is again well justified.

Line Shape Analysis for HPd[P(C,H3s)3)3tB(CsHs)4—-
P(C,Hs)3-Acetone

A. 3'P{'H} NMR Spectra. The 3'P{*H} NMR spectrum
assigned to solutions of HPd[P(C;Hs)3]3*B(CsHs)4™ in ac-
etone-ds is an AB; pattern (parameters are given in Table
I). In the absence of added ligand, the spectra are tempera-
ture independent over the range —95° to +60°.

Figure 9 shows the temperature dependence of the
3IP{'H} NMR spectrum for a solution of 0.17 mol .-} of
HPA[P(C3H5s)3]3*B(CsHs)s™/0.015 mol 1.7} of P(C,Hs)s
in acetone-de as a function of temperature. The calculated
spectra on the right-hand side were obtained using an
HML;*-L model with the linear combination of basic sets
given in eq 2. The two rates given with the calculated spec-
tra are the sums of the rates for the permutations in the lin-
ear combinations of sets (E + [V) and (1 + 11 + 111 + V),
respectively. The ratio kn/k - for the five-coordinate inter-
mediate can be obtained using eq 2 and 3. In those cases
where the total rate for (E + IV) is much greater than that
for 1 + 11+ II1 4+ V, eq 3 gives

km _rate(1+ 114+ 11+ V)

k-1 rate(E + 1V)

English, Meakin, Jesson [ Ligand Association in RML3*X~ (M = Ni, Pd, Pt)
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Figure 9. Temperature dependence of the *IP{'H} NMR spectra for a
solution of 0.17 mol 1.7! of HPd[P(C,Hs)3]3*B(CsHs)s~ and 0.015
mol L.7! of P(C2Hs);3 in acetone-dg. The significance of the exchange
rates given with the calculated spectra is described in the 1ex1.
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Table IV. Estimates? of k,/k_, for HPA[P(C,H,),],*

Solution A Solution B
0.17 mol 1.7} of HML,/0.015  0.13 mol 1.7} of HML ,/0.58 mol
moll.Tof L L.77of L
km/k_y T kafk_y T
~0 —41 0.0075 -91
0.014 -10 0.0084 -78
0.02 19 0.0118 -60
0.018 34 0.0103 —42
0.0111 -23
0.0126 -5
0.0150 22
0.024 58

@Values for solution B are considered to be the most accurate.

leading to the results in the first column of Table IV. At
temperatures below about —10°, the NMR line shapes are
not sensitive to km/k -1, but the observed spectra cannot be
fitted unless km/k—y is « 1. Figure 9 shows only that re-
gion of the spectrum near the HML3* resonances since
[L]/[HML3*] is small. Even at very low temperatures
(—90°), the free ligand resonance is very broad because of
the exchange process, and cannot be seen in the spectrum.
At higher temperatures, the free ligand resonance has co-
alesced with the HML3* resonances.

Figure 10 shows the temperature dependence of the
31p{'H} NMR spectra for a solution of 0.13 mol 1.7} of
de[P(C2H5)3]3+B(C5H5)4—/0.58 mol 1.7! of P(C2H5)3.
The ratios of the rates of mutual exchange to dissociation in
the HML4% intermediate (k,/k-1) at a variety of tempera-
tures are given in Table IV. The values obtained for (km/
k1) in the two experiments corresponding to Figures 9 and
10 are considered to be in reasonably good agreement, with
those from Figure 10 being the more accurate. These quan-
titative results confirm our earlier conclusions,! obtained
from a qualitative examination of the 3'P{!H} and hydride
region 'H NMR spectra, that the rate of ligand dissociation
in HPA[P(C,Hs)3]4% is greater than the rate of intramolec-
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p fig} 36.43 Wiz
OBSERVED CALCULATED
i !
: !
I |
c‘ I
ol 1
[ I
\ i
580 i 187500, 45001 i
SNENESI U S
1105000,1575)
sec!
| 1“\
-5 JiN (75000, 9451
—— sic”! o~
J\‘ ‘ T T T [
230 NN {57000, 6301
_— il s .o Jsﬂ\\
) “‘ T ‘ “
iy
Co
‘\‘ iy
0 i (zssoo 300]
W’

"

° | / ‘\‘ ;\‘ S
ML N A W
Figure 10. Temperature dependence of 1he *'P{! H} NMR spectrum for
0.13 mol 1.7} of HPd[P(C;Hs)3]3*B(C¢Hs)s~ with 0.58 mol .71 of
P(C3H5)3 in acetone-ds. The 1wo rates shown with the calculated spec-
ira are the sums of the rates for 1the permuilations in the linear combi-
nations of basic sets (E + IV) and (I + 1I + lIT + V), respectively.

ular rearrangement at all temperatures in the range —90°
to +35°. The small temperature dependence of (km/k-)
indicates that both ligand dissociation and mutual exchange
must have very similar activation energies. Since both k,
and k-, should be strongly temperature dependent, we con-
clude that the HML4* concentration must decrease rapidly
with temperature (the forward and reverse rates of reaction
8 must be equal at all temperatures at equilibrium and the
forward rate of reaction 8 is only weakly temperature de-
pendent (Figures 9 and 10)).

A comparison of Figures 9 and 10 indicates that the ra-
tios of (1 /7umLy+) values are smaller than the ratios of the
free ligand concentrations. A similar effect was observed in
the hydride region 'H NMR spectra (vide infra). Again,
the rather large ligand concentration used in the experiment
corresponding to Figure 10 may have changed the solvent
effect sufficiently to influence the rate constant for the re-
action. Similar experiments have been carried out for a
wide range of added ligand concentrations. They have not
all been analyzed quantitatively, but they are all in qualita-
tive agreement with an interpretation in terms of the reac-
tion shown in 13 with k, « k_; for HPd[P(CyHs)3],4*.
The model calculations shown in the preceding paper were
used in these qualitative analyses.?

An Arrhenius plot for (rupar;+)”!/[L] constructed from
the data in Figure 10 and other data from the same solution
(0.13 M HPdL3*/0.58 M L) gives the rate expression

k\(T) = 107:07,2400/RT | mp]=1 sec™!

and a least-squares fit* using the Eyring equation gives the
values in Table III.

As for the HPtL3*-L system, the entropy of activation is
large and negative consistent with an associative process.
The similarity in the magnitudes of the entropies of activa-
tion for the HPtL3+-L and the HPdL;*-L reaction (Table
II1) is consistent with both systems exchanging by the same
mechanism.

The 3'P{'H} NMR spectrum for a solution containing
0.11 mol L7!' of P(C;Hs); and 0.053 mol 17! of
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Figure 11. Temperature dependence of the hydride region 'H spectrum
of 0.16 mol .71 of HPA[P(C;Hs)3]3¥B(CsHs)s™ and 0.55 mol 1.} of
P(C;H5); in acetone-d¢. The exchange rates are for the linear combi-

nation (I + II + IIT + V) of basic sets. They do not correspond to the
rate al which HML;* adds L to form HML,*.
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HP4[P(C,H5s)3]3*B(CsHs)s~™ in  chlorodifluoromethane
contains resonances which can be assigned to HML;*,
HML,*, and L at —160°, The HML4" spectrum consists
of a single unresolved resonance at —23.4 ppm upfield from
internal P(C>Hs)3. On increasing the temperature, the in-
tensity of the HML,* spectrum decreases relative to that of
the HML;* spectrum; at a temperature of —148°, the
HVML“+ resonances are too weak to be observed. Since our
analysis of the NMR line shapes for the HML3;*-L system
in acetone indicates that the HML,* cation should be ste-
reochemically rigid on the NMR time state at these low
temperatures (vide supra), we conclude that the 3!'P chemi-
cal shifts for the axial and equatorial ligands must be very
close to each other. As was observed for the HPtL;*-
HPtL4*-L system, the equilibrium constant is, as expected,
strongly temperature dependent.

At high temperatures (—90° to —50°), the 3!P{'"H] NMR
spectra for the CHCIF; solution exhibit temperature depen-
dent line shape behavior very similar to that shown in Fig-
ure 10. Hence, the spectra observed using CHCIF; as sol-
vent show that line shape analysis based on the assumption
[HML4*] — O is justified for the acetone solutions.

B. Hydride Region 'H NMR Spectra. The hydride region
'H NMR spectrum of a solution of HP4[P-
(C3Hs)3]3tB(CeHs)4™ consists of a doublet (data in Table
I). This spectrum is consistent with the structure 14. For a
second-row transition metal complex of this type, a large
trans H-P coupling (Jypy = 187.5 Hz) and small cis cou-
plings (Jup, ~ 0 Hz) would be expected.

The hydride region '"H NMR spectra were analyzed be-
fore the 3'P{!H] spectra (vide supra). Since Jyp, ~ 0, the
NMR line shapes are almost completely insensitive to the
rates of the permutations in (E + IV). (E + 1V) exchanges
the ligands Lo with free ligand; the main effect of this pro-
cess on the hydride region 'H NMR spectrum is to decou-
ple the Pa spins, and since these couplings are very small in
the slow exchange limit, (E + 1V) has practically no effect
on the spectrum. However, the effect of the permutations
(E + 1V) must be included in a quantitative analysis of the
NMR line shapes when the rates of the permutations in (I
+ II + III + V) are nonzero. In analyzing the hydride re-
gion NMR spectra, the parameter C (eq 3) was set equal to
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Figure 12. Observed and calculated hydride region 'H NMR spectrum
of a solution of HPd[P(C2H5)3]3+B(C6H5)4_ (~0.15 mol 1._1) as a
function of added ligand concentration.

0.01 (km/k—y = 0.01) since a qualitative analysis of the 'H
and 3'P{'Hj spectra indicated that k,, << k—;. Fortuitously,
this value turned out to be quite close to that obtained in the
subsequent quantitative analysis of the >'P{'H} spectra. In
all cases, the calculations were repeated with C set to 0.1
and all other parameters unchanged. The results obtained
for C = 0.1 and 0.01 were almost indistinguishable, and any
value for C (C <« 1) could have been used in the calcula-
tions described below.

Figure 11 shows the temperature dependence for a solu-
tion  containing 0.16 mol L7!' of HPd[P-
(C2H5)3]3+B(C6H5)4— and 0.55 mol 1.7} of P(C;Hs)s in
acetone-dg as a function of temperature. The rates given
with the calculated spectra on the right-hand side of the fig-
ure correspond to the sums of the rates of the nine permuta-
tions in (I + II + III + V). To obtain the spectra shown in
Figure 12, successive increments of P(C;Hs)3 were added
to a solution of 150 mg of HPd[P(C2H5)3]3+B(C6H5)4— in
1 cm? of acetone-ds. Again, the rates given with the calcu-
lated spectra are for the linear combination (I + II + III +
V) of basic permutational sets. It should be noted that the
exchange rates given with Figure 12 are not directly pro-
portional to the added ligand concentration. A 40-fold in-
crease in [L] increases the exchange rate by a factor of 25.
It should also be noted that these spectra were not analyzed
using a simple two site, one spin approximation despite the
simple appearance of the spectra.

We were unable to obtain any direct evidence for the
HML,* intermediate in either the hydride region proton or
3IP{'H} NMR spectra even under conditions of large [L]
and [HML3%] at low temperatures (—90° in acetone-dg).
However, we believe that the indirect evidence in favor of
such an intermediate is compelling. This belief is confirmed
by the direct observation of the HML4* cation in the
3IP{'H} spectrum at low temperatures using CHCIF; as
solvent.

Analysis of the NMR Spectra for the
HNIi[P(C2Hs)3)3+ B(CsHs)4~-P(C2Hs)s-Acetone System

A. 31P{TH} NMR Spectra. In the low temperature limit,
the 3'P{'H} NMR spectrum for a solution of

English, Meakin, Jesson | Ligand Association in RML3* X~ (M = Ni, Pd, P1)
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Figure 13. Observed and calculate temperature dependemi 3!P{lH}
NMR spectra for a solution of HNi[P(C;H5)3]3*B(C¢Hs)s™ in ace-
tone-dg. The calculated spectra were oblained using basic set V (mulu-
al intramolecular exchange).

HNIi[P(C3Hs)3]37B(Ce¢Hs) 4™ in acetone consists of an AB,
pattern (parameters in Table I).

Figure 13 shows the temperature dependence of the
31P{'H} NMR spectrum of HNi[P(C2H5)3]3+B(C5H5)4—
in acetone. The calculated spectra were obtained using
basic set V (mutual exchange for HML;*). An extensive
series of line shape simulations were carried out for the
HNIiIL;3;*-L system as a function of exchange mechanism,
exchange rate, and [L]/[HML3*].

Since no resonances other than those assigned to HML3*
could be detected at low temperatures, [L]/[HML;3*] must
be small. A small quantity of free ligand could be present in
the HMLj*-acetone solution resulting from either free li-
gand impurity in the HML3% or from liberation of free li-
gand from HML3% on dissolution in acetone. The possibili-
ty of intermolecular exchange must be considered even in
solutions of “pure” HMLs™.

Figures 14 and 15 show the NMR line shapes calculated
for an HML3*-L system, using the low temperature
(—90°) NMR parameters for HNi[P(CsHs);]3+ and
P(C;Hs)s3, as a function of exchange rate and exchange
mechanism with [L]/[HML3*] held constant at 0.00025.
Visually indistinguishable results were obtained with [L}/
[HML;*] set at 0.001. If [L]/[HML;*] is raised to 0.01,
significantly different line shapes are obtained for all ex-
change mechanisms except V (mutual exchange). Figure 14
indicates that the basic sets I, II, V, and VII (VI = E + |
+ II + III + IV + V) give virtually indistinguishable NMR
line shapes. i

Clearly, no distinction between these basic sets can be
made on the basis of the experimental 3'P{'H} NMR spec-
tra shown in Figure 13. However, analysis of the hydride re-
gion 'H NMR spectra at temperatures below ca. —20°
justifies the use of basic set V to fit the 3!'P{!'H} spectra
(vide infra). Figure 15 indicates that basic sets III and IV
would, in practice, be distinguishable for the HNiL;*-L
system using 3'P{!Hj} line shape analysis but that the differ-
ence is fairly subtle. Since sets III and IV result in a differ-
ent fast exchange limit to sets 1, 11, V, and the linear combi-
nation VII, they can be distinguished qualitatively. How-
ever, it should be noted that linear combinations of III and
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Figure 14, Calculaled NMR line shapes for an HML3*-L system near
the limit [L]/[HML3*] — 0 as a function of exchange rate and mech-
anism (basic set). [L]/[HML;*] was set to 0.00025, and the low tem-
perature limil parameters for M = Ni were used. The column headings
indicale 1he basic set used (VII represents the linear combination [I +
I+ 11+ 1V+V+(VI=E)]).

Ir I

Figure 15. This figure is a continuation of Figure 14 for basic sets 111
and IV,

IV will give a single resonance in the high temperature
limit.

The experimental spectra shown in Figure 13 indicate
that there are two different exchange processes. As the tem-
perature is raised from the low temperature limit (ca.
—90°), the spectrum at first broadens and then coalesces to
a single line. These line shape effects are attributed to mu-
tual exchange in the HML3™% cation. At still higher temper-
atures (above ca. —20°), the spectrum broadens again. The
nature of the exchange process(es) responsible for the tem-
perature dependence of the NMR line shapes above ca.
—20° has not been determined. The exchange rates used to
obtain the calculated spectra shown in Figure 13 for the
temperatures 11° and —16° were obtained by extrapolation
of the rates obtained from the line shape analyses at lower
temperatures using the Eyring equation. The temperature
dependence of the line shapes is reversible on cycling the
temperature in the range —90° to +60°. No irreversible de-
composition of HML3% occurs above —20°,
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Analysis of the spectra shown in Figure 13 and spectra
taken at other temperatures not shown in the figure give the
rate of mutual exchange in HNi[P(C,Hs)3]3* as a function
of temperature (thermodynamic parameters in Table III).
The small entropy of activation is consistent with a simple
intramolecular process.

On adding P(C2Hs); to HNi[P(C,Hs)3]st in acetone at
—~90°, a new resonance, assigned to HNi[P(CsHs)3)st, is
observed. This resonance is a sharp single line indicating
that mutual exchange is rapid in the HML4* cation even at
temperatures as low as —90°. The free ligand resonance
does not appear in the spectrum until the added ligand con-
centration exceeds the initial HML3% concentration, indi-
cating that the equilibrium in 8 strongly favors formation of
HML4* for M = Ni. Figure 16 shows the temperature de-
pendence of the 3'P{'H} NMR spectrum for a solution con-
taining 0.18 mol 1.7} of HNi[P(C;Hs);3]3¥B(CsHs)s™ and
0.045 mol 1.7! of P(C3Hs); in acetone-dg. The simulations
on the right-hand side of the figure were calculated using an
HML,*-HML3*-L model. The slow exchange limit NMR
parameters for the AB; 3'P{!H} spectrum of the HML,*
species were somewhat arbitrarily set at Jap = 4 Hz, op =
29 Hz (0.8 ppm). The averaged shift is —29.1 ppm upfield
from P(C;Hs)3 at —90°. The mutual exchange rate in the
HML,* cation was kept fixed at the high rate of 3 X 10°
sec™! since this process is fast even at —90°., Mutual ex-
change in the HML3* cation was also included, using the
exchange rates obtained from the line shape analysis for
HNIi[P(C:Hs)3]3* in acetone in the absence of added li-
gand. However, if this process is omitted from the calcula-
tions, the simulated line shapes are not significantly
changed since this process is slow relative to the intermolec-
ular process HML;* + L — HML4* (compare Figures 13
and 16) and the 3!P ligand spins are permuted rapidly at
the HML,* site. The concentration ratio [L}/[HML,*]
was kept fixed at 0.001. Calculations, in which [L]/
[HML,*] was varied, indicate that the line shapes are not
sensitive to this ratio provided it is small (0.01 is too large
near the slow exchange limit). The observed and calculated
spectra shown in Figure 16 are in fairly good agreement at
temperatures below ca. —20°. Above this temperature, the
spectrum broadens again, as it did for solution with no
added ligand. Clearly, the broadening at temperatures
above —20° involves species other than HNiL4*, HNiLs%,
and L. Analysis of the spectra shown in Figure 16 and addi-
tional spectra at other temperatures (exchange rates) give
the result

ko) = 1013.3—10100/RT

for ligand dissociation in HNiL4* (Table I1I). The small
positive entropy of activation is consistent with a simple dis-
sociation process. The strong temperature dependence of li-
gand dissociation in HNiL,* supports the assumption that
the rate of ligand dissociation in the corresponding Pd and
Pt complexes will also be strongly temperature dependent.
For the cases M = Pt, Pd, the equilibrium 8 is strongly to
the left-hand side at all accessible temperatures in acetone.
Consequently, HML;*-L solutions contain very small con-
centrations of HML4*, not readily detected by NMR.
Under these circumstances, the second-order rate constant
for the reaction HML3;* + L. — HML,* can be measured
but the rate of ligand dissociation from HML4* cannot. For
M = Ni, the equilibrium favors HML4* so that HML;3*-L
solutions contain either HMLs* and HML;+ or HML,*
and L. Significant concentrations of HML3* and L cannot
be obtained simultaneously (this is true for at least the
lower part of the temperature range —90° to +60°). Since
[HML3*] and [L] cannot both be measured, the rate con-
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Figure 16, Observed and calculated 3'P{'H} NMR line shapes for a so-
lution containing 0.18 mol 1.7! of HNi{P(C;Hs)3)3*B(C¢Hs)s~ and
0.045 mol 1.7 of P(C;Hs);. The exchange rates are the rate of ligand
dissociation from HML4* and the rate of mutual exchange in HML;+,
respectively.

stant for the forward step in 8 cannot be determined. In this
case, since [HML,%] is large, the rate of ligand dissociation
in this five-coordinate cation can be determined.

Experiments similar to that illustrated in Figure 16 were
carried out at a variety of added ligand concentrations. If
the added ligand concentration is greater than the initial
HML;* concentration, the only resonances observable at
low temperatures are those assigned to HML4* and L. In
this event, the low temperature limit spectrum consists of
two singlets and the temperature dependence of the NMR
line shapes can be analyzed using a simple two site, one spin
model.

Intramolecular rearrangement in the five-coordinate
HML,* cation can be slowed down on the NMR time scale
at very low temperatures in chlorodifluoromethane. At
—157°, the 3'P{'H} NMR spectrum is an AB; pattern with
unresolved spin-spin coupling. See Table II for NMR data.
As the temperature is raised, the spectrum broadens and co-
alesces into a single line. Line shape calculations using an
AB; model indicate that the exchange rate at —147° is
about 500 sec™! corresponding to a free energy of activation
of ~5.6 kcal mol™!. From this result, we estimate an ex-
change rate of ~750000 sec™! at —90°, thus, justifying the
use of a very large mutual exchange rate for HML4" in an-
alyzing the spectra shown in Figure 16 (and others not
shown in the figure) over the temperature range —90° to
—20°. These spectra were analyzed before the low tempera-
ture experiments had been carried out. Consequently, the
correct NMR parameters for HML4* were not used. How-
ever, the rate of mutual exchange is so fast for all tempera-
tures in the liquid range of acetone that no significant errors
are introduced by using arbitrary NMR parameters for
HML,* provided the averaged chemical shift is correct.
For this reason, the HNiLs*-L spectra were not reana-
lyzed.

B. Hydride Region 'H Spectra. The temperature depen-
dent hydride region 'H NMR spectrum for a solution of
HNIi[P(C;H5)3])3YB(CsHs)s™ in acetone-dg is shown in
Figure 17. As was the case for HPt[P(CyHs)1)s* the low
temperature limit spectrum cannot be fitted accurately
using an AB>X model, presumably for the same reasons.

English, Meakin, Jesson | Ligand Association in RML3* X~ (M = Ni, Pd, Pi)
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Figure 17. Temperature dependence of the hydride region 'H NMR
spectrum for a solution of HNi{P(C,Hs)3]3¥B(CsHs)s™ in acetone-ds.

Figures 18 and 19 show NMR line shapes calculated as a
function of exchange rate for the basic sets I, II, III, IV,
and V and the linear combination VII, using an AB,X
model. Since the 'H and 3!P resonances are not connected
by the exchange matrix, the hydride region NMR line
shapes are independent of [L]/[HML3*] (we are assuming
that [HML,*] — 0). Figures 18 and 19 indicate that sets I,
11, and VII cannot be readily distinguished using 'H NMR
for M = Ni. Sets III, 1V, and V can easily be distinguished
from each other and from sets I, II, and VII. Only set V
gives line shapes in agreement with those observed experi-
mentally at temperatures in the range —60° to —20° indi-
cating that in this temperature range the line shapes are
dominated by mutual exchange in the HNiL3;* cation. At
higher temperatures, a second exchange process causes the

Figure 18. Calculaled specira for the X part of an AB,X spectrum for
the basic sets | and I1 and the linear combination VII as a funciion of
exchange rate. The slow exchange limit NMR parameters were ob-
tained from analyzing the 3'P{'H} and 'H NMR spectra for solutions
of HNi[P(C2H5)3]3+B(C6H5)4_ in acetone.
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Figure 19. This figure is a continuation of Figure 18 for the basic sets
I, IV,and V.

spectrum to collapse to a single line instead of the quartet
expected for basic set V in the fast exchange limit (Figure
19). Since the slow exchange limit spectra cannot be fitted
accurately using an AB»X model, no attempt was made to
carry out a quantitative line shape analysis. Quantitative
rate data can be obtained from the 3'P{!H} spectra (vide
supra).

The best agreement between the observed low tempera-
ture limit spectrum and calculated spectra using an AB>;X
model, with Jop = 25 Hz, 6o = 63 Hz (1.73 ppm), taken
from the 3!P{!H} spectra was obtained using Jxa = £102
Hz, Jxg = £69 Hz. These values were used to obtain the
calculated spectra shown in Figures 18 and 19.

Figure 20 shows the temperature dependence of the hy-
dride region 'H NMR for a solution containing approxi-
mately 0.175 mol 1.7! of HNi[P(C,H5s)3]3YB(CsHs)s™ and
~0.05 mol 1.7! of P(C,Hs);. The single resonance at the
left-hand  side of the figure is assigned to
HNi[P(C;Hs)3)4t. The complex pattern on the right-hand
side is associated with HNi[P(C;Hs)3]3*. As the tempera-
ture is raised, the two sets of resonances broaden and co-
alesce into a single line indicating exchange between the
HML4* and HML;* sites. The reaction HML3t + L =
HML,4" is the simplest process which can account for the
observed temperature dependence of the spectra shown in
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Figure 20. Temperalure dependence of 1the hydride region 'H NMR
spectrum for a solution of 0.175 mol L=! of HNi[P(C,Hs)3]3*B-
(C¢Hs)4=/0.05 mol 1.7! of P(C,Hs); in acelone (i.e., ~0.125 mol 1.7}
of HML3*/~0.05 mol 1.7! of HML4%).

Figure 20. It should be noted that the highest temperature
for the spectra shown in Figure 20 is —21°. At these tem-
peratures, the spectra are not complicated by the second un-
assigned intermolecular exchange process which becomes
important only at temperatures above —20°.

Figure 21 shows the hydride region '"H NMR spectrum
for a solution of 0.175 mol 17! of HNIi[(C3Hs)3]3%-
B(C¢Hs)4™ in acetone-ds as a function of added ligand con-
centration. The spectrum on the bottom row corresponds to
pure HML;* and that on the top row to a solution contain-
ing HML,* and L with a very small HML;* concentration.
For added ligand concentrations in the range 0-0.175 mol
1.7, both HML,* and HML3* are present in the solution
in significant concentrations and line shape effects resulting
from their exchange can be seen.

Solvent Effects. Preliminary Consideration

Cations of the type HML;+ will be strongly solvated in a
polar solvent such as acetone; it is also highly probable that
two electron donor solvents such as acetone, acetonitrile,
etc.) will enter the inner coordination sphere of the metal to
form a five-coordinate 18 electron complex, although the
strength of the “bond” to the solvent ligand will usually be
weak. For very weak solvent bonding *“‘complexes” in which
the strongly attached ligands are still roughly planar with
long bonds to the solvent molecule or molecules occupying
the apical positions are a possibility (16). For a strongly
bound solvent molecule, the situation will be similar to at-
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HNi[P(CoHg)3 ] B(CeHaly + PLCoHg)s
HYDRIDE REGION 'H NMR - 90 MHz

Figure 21. Hydride region 'H NMR spectra for a solution of
HNi[P(C2H5)3]3*B(C¢Hs)s~ as a funciion of added P(C,Hs)s con-
centralion at —61°,
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tack by a phosphine ligand and a configuration such as 17 is
expected. For both 16 and particularly 17, there is the addi-

17

tional possibility of intramolecular rearrangement after sol-
vent attack.
We may write the equilibrium as

Ky
HML3* + xS+==HML;S,*+ (5)
Ky

for the moment, without inquiring about the stercochemis-
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try of HML3S,*, kg and k_; may be extremely rapid reac-
tions, in which case the NMR spectra we have assigned to
HML;* will, in fact, correspond to the fast exchange limit
for the solvent association reaction.

The direct formation of a complex such as 17 does not
appear likely: for the cases of Pd and Pt, the ligand trans to
hydride in HML;% retains its unique position (the NMR
spectra of HPdL;* and HPtL3* in acetone are invariant to
temperature in the absence of added phosphine) implying
that 17 is either rigid on the NMR time scale at high tem-
peratures (an improbable situation) or that it is present in
vanishingly small concentrations. The data could be com-
patible with a configuration such as 16 being a major com-
ponent in the solution and not being fluxional. It is difficult,
however, to distinguish cases such as 16 from nonspecific
solvation.

Intermolecular ligand exchange could take place by a
process such as

18

However, if this process were important, the intermolecular
exchange would proceed without ligand catalysis and the
coupling between the hydride proton and the phosphorus
nuclei on the two cis ligands would be exchange decoupled
even in the absence of added ligand. This exchange decou-
pling is not observed for M = Pt or for Ni. Since addition of
only very small concentrations of free ligand results in rapid
intermolecular exchange, the exchange process 18 must be
relatively unimportant. For the palladium case, no cis H-P
coupling is observed. This could be due to a solvent ex-
change process but is ruled out by the observation of 3!P-
31P coupling in the 3'P{!H} spectrum.

If one wishes to make fine distinctions between specific
and bulk solvent effects, species such as 16 could be consid-
ered to be the dominant “‘complexes” in solution. If this is
so, ligand catalyzed exchange could take place by (1) addi-
tion of free ligand to the small fraction of HML;* in equi-
librium with 16 or (2) by displacement of S by free ligand.

L

19 illustrates a possible solvent displacement sequence. If
the M-S bond had significant strength (an unlikely situa-
tion since this would almost certainly lead to a fluxional tri-
gonal bipyramidal stereochemistry, which has been ruled
out as a major species) the reaction could be regarded as an
SN2 displacement. It is probably more realistic to view it as
ligand attack on a simple planar species.

In all of the cases discussed above, the rate of the ligand
substitution reaction is expected to be solvent dependent.
These features will be discussed in more detail in a future
publication.

As a final note in this section, a fluxional five-coordinate
HNiIL3S* could provide a mechanism for “mutual ex-
change” in the HNiL3* system.

Discussion

The nuclear resonance data have shown that the HML;*
complexes (M = Ni, Pd, Pt; L. = P(C;,Hs)s3) all have Cy,
symmetry on the NMR time scale at low temperatures
(AB, 3‘P{‘H} AB,X 'H; Table I). The effective Cs, sym-
metry is maintained for the Pd and Pt complexes over the
whole temperature range studied (—90° to +60° in ace-
tone). For the Ni complex above ca. —20°, at least two rate
processes occur even in the absence of free ligand. The Cy,
symmetry does not, of course, require a structure in which
cis H-M-P and P-M-P bond angles are 90°. Some distor-
tions are anticipated with the two “trans” L ligands being
symmetry equivalent. An approximate model for the
present compounds could be HPt[P(C2Hs)3]},Br in which
the P-Pt-P angle is 172° and the P-Pt-Br angle is 94°.% in
the solid state, suggesting that the L-L-L steric interac-
tions will reduce the trans P-M-P angle from the idealized
180° and increase the cis P-M-P angle above the idealized
90° in the HML;3* species. The question of weak solvent
coordination has been discussed briefly in the preceding sec-
tion.

It has been shown from the mechanistic analysis of the
'H hydride region NMR of HNiLs* that, in the tempera-
ture region —63° to —18°, the spectra can be simulated
using the permutational set V, and that the mechanism in-
volves a simple intramolecular exchange of the two types of
phosphorus ligands (configuration 9, AG* = 11.2 at 200 K,
Table III). Tetrahedral stereochemistries are common in
the chemistry of four coordinate Ni(II); this would provide
an effective pathway for the mutual exchange as shown in
configuration 10. The exchange is not ligand catalyzed.
Since the 'H hydride spectrum of HMLs* collapses to a
single line at 26° (Figure 17) rather than the quartet ex-
pected from permutational set V (Figure 19), it is clear that
a second, bond breaking process must be important above
~0°C, even in the absence of added ligand. A reaction
which is possible, and would be more likely to occur for Ni
than Pt or Pd is

PN
Ny

with n = 2 or 3. A precedent of this is provided by the com-
plexes:

24+
2HNIL,* = [LnNi NiLn} + (6 — 27l (6)

(G:HuP H

P( C(iHll )_/

/\/\/

(C(,H, nP P(CH,),

x = 2-4

isolated by Wilke and co-workers, although the oxidation
state is different.’

Other NMR data (Table II) have shown that addition of
excess ligand to HML;* in CHCIF; solution at low temper-
atures ca. —150° leads to intermediates of the form
HML4* which have C3, symmetry on the NMR line scale
(AB; 3!'P{!H} NMR spectra). The structures presumably lie
between idealized trigonal bipyramids and regular tetrahe-
dral arrays of phosphorus ligands with the hydride ligand in
the center of a tetrahedral face. An example of a structure
of the latter type is found for HRh[P(C¢Hs)3}s where the
phosphorus atoms lie at the corners of a regular tetrahe-
dron.® Stable HML,* molecules have been studied in detail
using NMR line shape methods;? in general they have very
low barriers to intramolecular rearrangement. The two
most likely idealized mechanisms for intramolecular ex-
change in simple five-coordinate transition metal complexes
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are the Berry process'? and the tetrahedral jump,’ corre-
sponding to the two limiting idealized ground state stereo-
chemistries. In the present study only the HNiL4* interme-
diate is sufficiently stable (present in sufficiently high con-
centrations) to allow a determination of the free energy of
activation for intramolecular rearrangement (AG! = 5.6
kcal mol—! at 126 K, Table III).

For all three metals, addition of free L to HML;3™ results
in nuclear resonance line shape effects which are interpret-
ed in terms of the ligand catalyzed exchange:

k
HML;* + L == HML,* )
k-1
The reaction is further supported by the fact that all three
species in the equation can be detected for all three metals
under suitable conditions.

The following detailed conclusions with regard to eq 7
can be reached, based on the results presented earlier in the
paper.

(a) For M = Pt the kinetics correspond to an expression
of the form

l/THp|L3+ o« [L]l'O[HPtL3+]0

with the activation parameters given in Table III. The con-
centration dependences and large negative entropy of acti-
vation are in accord with an associative mechanism.

The equilibrium constant is expected to be strongly tem-
perature dependent since a weak temperature dependence
has been shown for k, experimentally and a strong temper-
ature dependence is expected for k—, (AH? is anticipated to
be nonzero and AS* ~ 0 for a simple dissociative step). This
means that [HPtL,*] decreases rapidly with temperature,
allowing calculations to be carried out in the —90° to +30°
range which assume a very small concentration and preex-
change lifetime for [HPtL4*]. This approach has also been
justified theoretically.?

With the above information, the nuclear resonance line
shape calculations shown in Figures 1, 2, and 4 could be
carried out. The calculated line shapes correspond to basic
set IV (E + [V), the only set which gives agreement with
experiment. The results constitute direct evidence for li-
gand attack along the pseudo Cs axis of the planar
HPtLy* species, leaving the ligand trans to hydride unique.
with the attacking ligand ending in a position symmetry
equivalent with the positions of the two trans phosphorus
ligands (i.e., off the Cj axis of the C3,, five-coordinate inter-
mediate). The five-coordinate intermediate has a very short
life and, on the average, it does not have time to undergo
mutual exchange before dissociation. Dissociation must
occur from an equatorial position by microscopic reversibil-
1ty.

Hence for the Pt system

k_1 > kn, (both very fast)
ko' is slow
ki(T) = 10707¢=3030/RT | mp]=1 gec—!

(b) For M = Pd the general considerations are similar to
those for Pt. The major difference is that the intramolecular
rearrangement in HPdL 4%, although still slower than ligand
dissociation, is fast enough to have observable effects on the
NMR spectra and the two competing processes must be in-
cluded explicitly in the calculations. Instead of the combi-
nation of basic sets (E + IV) used for Pt, the combination?
(1 = CYE +1V) + (C/3)(1 + II + III + V) must be used
where C is related to km/k—). Ratios of ky/k—) as a func-
tion of temperature can be obtained from the line shape cal-
culations (Table IV).
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The small temperature dependence of km/k—, implies
similar Arrhenius activation parameters; k—, is approxi-
mately two orders of magnitude faster than kn at all tem-
peratures in the range —90° to +60°.

Hence for the Pd system

k-1 = 102k, (both very fast)
k' 1s slow
kl(T) = |(707¢—2400/RT

(c¢) For M = Ni again the general considerations are the
same, with the following modifications: (1) the intramolec-
ular rearrangement in HNiL3;* proceeds at a measurable
rate; (2) the equilibrium (7) lies well to the right; (3) since
appreciable concentrations of HNiL4* are present, the in-
tramolecular rearrangement in this complex can be studied
quantitatively; (4) k-, can be determined directly (k, can-
not).

The strong temperature dependence of k_, supports the
assumption that k_, is strongly temperature dependent for
the Pt and Pd systems.

In summary for the Ni complexes

k_y(T) = 10!3:3¢10100/RT

km(T) = %e'“oo/RT (assuming AS?is smatl)

km’(T) = }(Q!1.3—10000/RT

Conclusion

A rather complete picture has been developed for the rate
processes occurring in solutions of HML3* complexes with
and without excess ligand. General computer programs ap-
plicable to intermolecular exchange in non-first-order spin
systems have been utilized in interpreting the NMR data.
Four separate rate processes have been considered, ki, k-,
km (the rate of intramolecular rearrangement in HML4%),
and k' (the rate of intramolecular rearrangement in
HML;%).

Permutational analyses have been carried out for the
combined inter-intramolecular case, which are an extension
of those we have developed earlier for intramolecular rear-
rangements. The approach allows one to extract detailed
mechanistic information concerning the mode of ligand at-
tack and the site occupied by the attacking ligand in the
five-coordinate intermediate. The mechanistic data and
much of the quantitative kinetic data would be difficult to
obtain using other approaches, particularly since the enter-
ing and leaving ligands are identical. A schematic represen-
tation of the overall reaction system is shown in Figure 22.

The study provides, for the first time, a quantitative de-
termination of rates of ligand exchange vs. intramolecular
rearrangement in the association reactions of planar d®
transition metal complexes. In this paper we have concen-
trated on ligand catalyzed steps; the role of the solvent will
be explored in future work.

Quantitative NMR line shapes studies of ligand substitu-
tion processes coupled with group theoretical analyses of
mechanistic pathways are a valuable approach in the inves-
tigation of kinetics and mechanisms of organometallic reac-
tions. The results of this study and other recent NMR stud-
ies!! have provided a more detailed insight into planar sub-
stitution reactions than was previously possible; future stud-
ies will be aimed at the role of solvent, reactions in which
the attacking group differs from the leaving group, trans la-
bilization (it is interesting to note that in the present study
it is not the ligand trans to H which is involved in the ex-
change process), and isomerization processes. It seems like-
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Figure 22. Schematic represeniation of overall reaction sysiem. The kp,
process is shown as going by the “tetrahedral jump’ mechanism as op-
posed to the Berry mechanism since the HML4* calion is expected to
be distoried in the manner shown (P(C,Hjs); is a bulky ligand). The &k,
and k-, processes are expected 10 be relatively insensilive 10 solvent.

The k' and particularly the k, process are expected to show signifi-
cani solvent effects due to weak inner sphere solvation.

ly that most of the phenomena can be encompassed
mechanistically in sequences of four coordinate “planar”
association, five-coordinate “trigonal bipyramidal” disso-
ciation reactions, with competing intramolecular rearrange-

ment in the five-coordinate complexes. In some cases, a sol-
vent molecule may occupy one of the sites in the five-coor-
dinate species. Many of the species could be present in very
small concentrations and would escape detection in most
classical approaches to planar substitution. The intermedi-
ate HPtL4*, clearly identified in the present work, is a case
in point.
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Site of Nucleophilic Attack on
Acylpentacarbonylmanganese(I) Compounds
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Abstract: Methyllithium reacts with benzoylpentacarbonylmanganese(I) at a coordinated CO to give lithium cis-acetylben-
zoyltetracarbonylmangan(I)ate (1b) which was isolated as the tetramethylammonium salt 1a. 1a was characterized by ir,
NMR, and x-ray crystallography. 1a decomposes to acetophenone via preferential phenyl migration to manganese as deter-

mined by 13C labeling studies.

Nucleophilic attack upon a carbon atom coordinated to a
transition metal is an important process in the preparation
of new organometallic complexes and in the generation of
reactive intermediates useful for organic synthesis. While
there is some information available concerning the relative
reactivity of various ligands towards nucleophiles, it is not
now possible to predict the site of nucleophilic attack in a
polyfunctional organometallic compound.

In the case of simple metal carbonyls, attack of organo-
lithium reagents at a coordinated CO group is well known.
The first synthesis of a stable transition metal carbene com-
plex utilized the reaction of CsHsLi with W(CO)s to give
an isolable acylpentacarbonyltungsten anion which was
subsequently alkylated on oxygen to give (CO)sWC-
(OCH3)C¢Hs.! Reaction of organolithium reagents with
Fe(CO)s led to acyl tetracarbonylferrates? which have
proven to be extremely useful reagents for the synthesis of
organic carbonyl compounds.? In the case of LM(CO)s
where two sites of attack are possible, nucleophilic attack of
CsHsCH>MgCl* and CH;Li° on LM(CO)s gives cis acyl
anions.

For transition metal carbene complexes such as
(CO)sWC(OCH;)CsHs, nucleophilic attack could in prin-
ciple occur at either a coordinated CO or at the carbene
carbon atom. However, only reaction at the carbene carbon
atom is observed.® Reaction of amines and thiols with alk-
oxy substituted carbene complexes proceeds by attack at
the carbene carbon atom and leads to amino and thiol sub-
stituted carbene complexes.”® Stable addition products
have been isolated in the case of diazabicyclo[2.2.2]octane®
and trimethylphosphine.!9 While attack of amines at CO_
might be fast and reversible in these cases, the kinetically
preferred site must also be the carbene carbon atom since
C¢HsLi reacts with (CO)sWC(OCH3)CgHs at the carbene
carbon atom to give an adduct which can be converted to
(CO)sWC(C¢Hs), on treatment with HCL.!!

The similarity between the structure of acyl metal com-
pounds and of alkoxy carbene complexes makes a compari-
son of their relative reactivity interesting. Transesterifica-

0 +0—CH
s T
M—c M—cl
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