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SUMMARY

To investigate both inter- and intramolecular site exchange in coordinated
nitrogenous bases the complexes of tetra(p-isopropylphenyl)porphinato ruthenium
carbonyl with 4-tert-butylpyridine, 2-methylpyridine, 3,5-dimethylpyrazole, 4,5-
dimethylpyridazine, and 3,6-dimethylpyridazine have been studied by total line shape
analysis of the variable temperature PMR spectra. Both types of exchange mechanisms
have been found in these complexes. All of the complexes undergo intermolecular
ligand exchange at rates ranging from ~0.09 sec™! (AG¥ ~ 19 kcal/mol) to 2 x 10*
sec™! (AG¥ ~12 kcal/mol) at 25° for the various complexes, independent of the
concentration of excess ligand. Thus the rate determining step is dissociation. The
two pyridazine complexes provide the first examples of intramolecular ligand
‘exchange with coordinated nitrogenous bases. The rates at 25° for intramolecular
site exchange (~ 10° and 66 sec™ ') are 2085 times faster than the rates for intermole-
cular ligand exchange in the same complexes. Within experimental uncertainty there
is no intramolecular ligand site exchange in the 3,5-dimethylpyrazole complex. Full
kinetic and mechanistic details are discussed.

INTRODUCTION

Perhaps the most characteristic feature of the chemistry of ruthenium(II)
complexes is their non-lability, as evidenced, for example, by the slow rates of sub-
stitution of ammine complexes! and the retention of enantiomeric? and geometrical®
configurations in the redox cycle Ru" ->Ru™—-Ru" of chelate complexes. Therefore,
considerable interest attends the recent report* that line broadening in the tempera-
ture dependent PMR spectra of Ru(CO)(TPP)* and Ru(CO)(mesoporphyrin(IX)-
dimethyl ester) complexes with imidazole and 3,5-dimethylimidazole was due to .
intramolecular “shuttling” between nitrogen sites of the base and did not involve

* The following abbreviations are used: TPP, tetraphenylporphmate dianion; i-Pr-TPP, tetrakis-
(p-isopropylphenyl)porphinate dianion;.t-Bupy, 4-tert-butylpyridine; 4,4’-Bipy, 4,4'-bipyridyl; a-Pic, -
a-picoline; 3,5-DMP, 3,5-dimethylpyrazole; 3,6-DMPD, 36-dxmcthylpyndannc, 45-DMPD 45-
dimethylpyridazine; DH dnmcthylglyommate anion.
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intermolecular exchange. Subsequent work® in this laboratory revealed that the
analogous complex Ru(CO)(i-Pr-TPP)(t-Bupy) undergoes intermolecular ligand
exchange on the PMR time scale. Independently, Faller and Sibert® repeated the
measurements of Tsutsui, et al.** and demonstrated that within experimental uncer-
tainty the ligand exchange process is entirely intermolecular, with no evidence for a
shuttling exchange. Reported in this paper are the results of a total line shape analysis
of the temperature dependent PMR spectra of complexes of Ru{(CO)(i-Pr-TPP)
[(I), R=p-isopropylphenyl| with 3,5-dimethylpyrazole, 3,6-dimethylpyridazine,
4,5-dimethylpyridazine, and «-picoline. This work provides clearcut examples of
both intermolecular ligand exchange and intraligand site exchange.

2 =

(¢8]
EXPERIMENTAL

Preparation of compounds

Commercial samples of «-picoline and 3,5-dimethylpyrazole were purified by
distillation from barinm oxide under nitrogen and by sublimation, respectively.
4,5-Dimethylpyridazine was prepared by published methods’'® and was purified by
five recrystallizations from petroleum ether containing a small amount of chloroform,
followed by drying in vacuum over P,0s. 3,6-Dimethylpyridazine was prepared as
reported® and was purified by repeated fractional distillation followed by partial
crystallization of the distillate and, finally, several recrystallizations from cold
n-hexane. All operations were carried out under nitrogen. The preparation of new
compounds is described below ; none exhibited a melting point below 360° (sealed
tube, in vacuum).

Tetrakis(p-isopropylphenyl)porphine, H, (i-Pr-TPP)

Starting with p-isopropylbenzaldehyde this compound was prepared by a
method analogous to that reported for tetraphenylporphine!®. The crude product
was purified by chromatography on Alcoa activated alumina using benzene and tri-
chloroethylene as eluting solvents. The pure compound was obtained as purple crys-
tals. PMR (1,1,2,2-tetrachloroethane, TMS reference) pyrrole protons, —8.88 ; phenyl
protons, —7.26 (doublet of doublets, apparent splittings 0.55 and 0.072 ppm) ; methine,
—3.23 (multiplet); methyl, —1.53 (doublet, J 7 Hz); N-H, +2.81 ppm (disappeared
upon addition of D,0). (Negative shifts are downfield of the reference).

Tetrakis(p-isopropylphenyl) porphinatoruthenium(11) carbonyl, Ru{CO)(i-Pr-TPP)
This compound was obtained by methods similar to those for Ru(CO)(TPP)*
and was recrystallized from THF/hexane. This material was further purified by chro-
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matography on Woelm neutral alumina. Batches of 50-100 mg dissolved in chloro-
form were placed on a 4 x 40 cm column and eluted with chloroform. The initial blue
eluate contained the free porphyrin. A second band (orange) was eluted. After volume
reduction to ca. 1 ml the product crystallized and was collected by filtration. After
washing with hexane and drying in vacuo at 60° the pure complex was obtained as red
crystals. v(CO) 1945 cm™ L.

[(TPP)(CO)Rul}-4.4-Bipy-I Ru(CO)(TPP)}*

To a solution of 47.6 mg (0.064 mmol) of Ru(CO)(TPP) in 100 ml of trichloro-
ethylene wasadded 5.1 mg(0.033 mmol) of 4,4"-bipyridine dissolved in 1 m! of benzene.
The solution became more intensely red. After volume reduction to ca. 15 ml a red
solid separated, which was filtered and washed with ether yielding 38 mg (72%}) of
product. (Found: C, 73.20; H, 4.12; N, 8.58. C;40Hg4sN;00:Ru; caled.: C, 73.25;
H, 3.93; N, 8.54%{.) v(CO) 1968 cm ™.

Ru(CO)(TPP)(t-Bupy)

To 50mg(0.067 mmol) of Ru(CO)(TPP)dissolved in 50 ml of trichloroethylene
was added 9 mg (0.07 mmol) of 4-tert-butylpyridine. A darker red color developed.
The volume was reduced to 15 ml and 25 ml of hexane were slowly added. The red-
violet crystals which formed upon standing were filtered and washed with hexane,
yielding 40 mg (68°%/) of product. (Found: C, 73.52; H, 4.88; N, 8.01. C5;H,3N;ORu
caled.: C, 73.42; H, 5.00; N, 8.08%.) v(CO) 1965 cm™*.

Ru(CO)(i-Pr-TPP)(t-Bupy)

A solution of 100 mg (0.11 mmol) of Ru(CO)(i-Pr-TPP)and 15 mg(0.11 mmol)
of 4-tert-butylpyridine in 10 ml of trichloroethylene was filtered and reduced in
volume to ca. 3 ml. Addition of ca. 7 ml of hexane caused crystals to separate. These
were recrystallized twice from trichloroethylene/hexane containing excess 4-tert-
butylpyridine, yielding 99 mg (85%/) of red-violet crystals. (Found: C, 75.71; H, 6.34;
N, 6.87. C4HgsNsORu caled.: C, 75.83; H, 6.27; N, 6,70%.) v(CO) 1955 cm™ 1.

Ru(CO)(i-Pr-TPP)(3,5-DMP)

Addition of 22 mg (0.23 mmol) of 3,5-dimethylpyrazole to a slurry of 102 mg
(0.11 mmol) of Ru(CO)(i-Pr-TPP) in 3 ml of trichloroethylene produced a clear red
solution. Reduction of the volume to ca. 1 ml and slow addition of hexane precipitated
violet crystals. These were recrystallized from trichloroethylene/hexane containing
excess 3,5-dimethylpyrazole, affording 90 mg (80°,) of violet crystals. (Found: C,
73.80; H, 6.16; N, 8.42. C,,H(NcORu calcd.: C, 74.00; H, 6.01; N, 8.35%,.) v(CO)
1958 cm™ 1.

Infrared spectra
Spectra were recorded as Kel-F mulls using a Perkin—Elmer 337 grating spec-
trometer. The observation of a single sharp carbonyl absorption in the mfrared spectra
-is consistent with the structure (I).

* This compound was erroneously reported as the p-isopropyl derivative in ref. 5.
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PMR spectra

Spectra were obtained using a Varian HA-100 spectrometer equipped with a
variable temperature probe and operated at power levels well below saturation. Tem-
peratures were measured with a thermocouple mounted in the probe which was
calibrated with methanol and ethylene glycol after each set of spectra. Reagent grade
trichlorcethylene (C,HCl;) was degassed by several freeze-thaw cycles and stored
under nitrogen. 1,1,2,2-Tetrachloroethane (C,;H,Cl,) was purified by distillation
from P, 05 under nitrogen. Solutions for PMR study were prepared under nitrogen
immediately before use, but there was no evidence of decomposition in samples which
were kept at room temperature for several weeks. A small amount of decomposition
was noted, however, in samples which were heated above the boiling point of the
solvent. Spectra were obtained with the spectrometer locked on the solvent resonance.
60 Hz sidebands on the isopropyl doublet evident in some of the spectra are due to

electronic pickup in the spectrometer.

Kinetic analysis
The kinetics of the inter- and intramolecular ligand exchange processes were

determined by visual comparison of calculated and observed temperature dependent
line shapes of methyl PMR signals. The narrowest scan widths (usually 50 or 100 Hz)
consistent with the spectral line widths were used in the comparison of calculated
and observed spectra. Spectra with larger scan widths are presented in the figures for
the purpose of clarity. Simulated spectra were calculated by total line shape analysis
using a modification'! of the Whitesides-Lisle EXCNMR computer program®?
The use of this program has been discussed in detail elsewhere!3. The dynamlc
processes were treated as simple two-site exchanges in the case of t-Bupy and a-
Pic, and as three-site exchanges in the case of 3,5-DMP, 3,6-DMPD, and 4,5-DMPD.
The non-exchange line widths were interpolated between the observed slow-exchange
and fast-exchange widths, with the aid of separate measurements of the line width
in solutions of the ligand without complex present. Non-exchange chemical shift
extrapolations were based on the curvatures of the slow-exchange shifts, adjusted
to fit the observed, fast-exchange average shift. T (sec) is defined as the mean pre-
exchange lifetime of a methyl group in a given coordination environment. Thus,
k=1/z is the exchange rate in sec™! for exchange between a coordinated site and
cither free ligand or another coordinated site, as specified in each case. Activation
parameters were determined from weighted least squares Arrhenius (ln 1/7 vs. 1/T)
and Eyring (In h/k- T -t vs. 1/T) plots.

In the following sections the temperature dependent spectra and chemical
shifts shown in Figs. 1-7 for individual systems containing Ru(CO)(i-Pr-TPP) and
free base are considered. Arrhenius plots of the kinetic data are in Fig. 8. Ru(CO)-
(i-Pr-TPP) rather than Ru(CO){TPP) was employed because its solubility is about
ten times larger in the solvents suitable for PMR studies. The isopropyl doublet
occurs in all of the spectra (Figs. 1, 2, 4, and 6).

In each complex the coordinated ligand peaks are shifted to higher field than
the free ligand peaks. The large magnitude of the shifts (0.93 to 4.47 ppm) caused
by the diamagnetic anisotropy of the porphyrin complex* results in a large tempera-
ture range over which the exchange processes can be studied, and hence makes it
possible to get accurate kinetic parameters. Two different exchange processes were
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observed. The intermolecular exchange shown in equ. (1) was observed in all of the
complexes. In addition, in the pyridazine complexes the intramolecular ligand site
exchange shown in eqn. (2) was observed.

Ru(CO)(i-Pr-TPP)(L) == Ru(CO)(i-Pr-TPP) + L (1)
Ru(CO)(i-Pr-TPP)(L-L*) o= Ru(CO)(i-Pr-TPP)(L*-L} 2)

Ru(CO)(i-Pr-TPP)(t-Bupy)

The preformed crystalline complex and excess t-Bupy were dissolved in C,H ,-
Cl,; under nitrogen. At 25° the PMR signal for the tert-butyl group of coordinated
t-Bupy was shifted 0.93 ppm to higher field than the tert-butyl group in free t-Bupy
present in equimolar excess (0.085 M in each component). As the temperature was
increased both peaks broadened, moved together, and coalesced to a single sharp
peak at the average of the extrapolated positions of the separate peaks as is typical of
two-site exchange reactions. (The spectra have been shown previcusly®.) Dilution
of the total concentration by factors of two and four produced no change in the line-
shape as a function of temperature, indicating a first-order process. The exchange
process involved is given in eqn. (1). Lineshape analysis using a constant ratio of free
to coordinated t-Bupy yielded linear Eyring and Arrhenius plots and the kinetic
parameters given in Table 1 and Fig. 8.

Ru(CO)(i-Pr-T PP)(x-Pic) (cf- Fig. 1)

Samples for NMR study were prepared by dissolving Ru(CO)(i-Pr-TPP) in
1/3 v/v C,;H,Cl, /C,HCl; in the presence of excess a-Pic. Over the temperature range
—60° to —20° the methyl PMR signal for the coordinated «-Pic was observed ca.
3.9 ppm to higher field than the methyl signal for free «-Pic. As the temperature was
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Fig. 1. 100 MHz methyl PMR spectra of a mixture of Ru(CO) (i-Pr-TPP) (0.034 M) and a-Pic (0.097 M)
in 1/3 vfv C,H,CL,/C,HCl, at various temperatures compared with spectra calculated by line shape
analysis. The arrow marks an impurity. Slow exchange chemical shifts are in ppm upfield of the C,H,Cl,
lock signal. T Values are in seconds.
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increased the signals broadened and coalesced to a single peak. Since a small impurity
peak was noticed, the measurements were repeated using redistilled a-Pic. Similar
resuits were obtained from both measurements. Because Ru(CO)(i-Pr-TPP)(«-Pic)
is substantially dissociated under the conditions of the measurement, the ratio of free
to coordinated a-Pic assumed in the lineshape analysis must be obtained from the
peak areas in the slow-exchange spectra and the shift of the coalesced peak, rather
than from the way the sample was prepared. Within the uncertainty of these methods
of estimating population ratios, about 0.8 +0.1 of the Ru(CO)(i-Pr-TPP) was co-
ordinated by «-Pic under the conditions of the NMR measurements. Consequently,
calculated spectra for comparison with the observed spectra were generated for arange
of population ratios for each sample. The resulting kinetic parameters did not depend
strongly on the assumed population ratio due to the large chemical shift difference
between the free and coordinated methyl resonances and the large temperature range
over which the samples were studied (—61° to +72°). Average parameters for the
a-Pic system with error limits which reflect the uncertainty in the above analysis are
listed in Table 1. 7 Values are given in Fig. 8.

TABLE 1

KINETIC PARAMETERS® FOR INTERMOLECULAR (HTP) AND INTRAMOLECULAR (LTP) LIGAND
EXCHANGE OF Ru(CO)(i-Pr-TPP) (L) COMPLEXES

L Conc. (M) AG3gs- 4H* 48™ E, log A kyoa- T
——————— (kcal/mol) (kcal/mol) (eu) (kcal/mol) (sec™ ) (°C )
L Ru"

t-Bupy” 0.18 0.086 189+2.5 20.6+20 56451 213420 146411 009 106

a-PictS 0.097 0034 11.7+1.3 13.9+04 714+17 144404 148+07 16x10* -2

3,5-DMPpP-? 0.11 011 169+14 176+1.1 23430 183+1.1 13.8+06 2.5% 100

3,5-DMP* 0.24 0.12 169+20 184116 48+4.1 19.14+1.6 144+09 24* 95

3,5-DMP* 0.30 0.093 169+21 18.2+1.6 44446 19.0+10 143+10 26* 97

4,5-DMPD

HTP* 0.19 0.049 166+1.0 17.44-0.8 26+22 18.1+0.8 139+0.5 4.2% 83

HTP* 0.11 0.055 169+34 i8.8+25 6.6+77 195325 147117 29*

LTP* 0.19 0049 147121 13.5+1.5 —41+5.1 140415 123+1.1 105 22

LTP® 0.11 0055 151418 15.1+13 00+44 156+13 132+10 66 28

3,6-DMPD*

HTP 0.12 0052 11.8+12 13.640.8 59+29 142+08 145+06 13x10* -2

LTP 0.12 0052 94120 12.13+1.2 92+52 126+12 151+1.1 1.1x10%* ~ —50

@ Error limits given are three times the standard deviations in least squares fits to the Eyring or Arrhenius equations.
® Coalescence temperature. < C;H,Cl, solution. ¢ 1/3 v/v C,H,Cl,/C,HCl, solution. ¢ 1/2 v/v C.H,CL/C.HClI, solution.
{ Values given are the average of four calculations ; two different extrapolations for each of two samples of nearly the same
concentration (see text). ¢ Values given were calculated using t values equal to one-haif the t values which gave agreement
of calculated and observed spectra. The best-fit 7 values yield 4S* 0.9+ 3.0eu,log 4 13.5+ 1.5, and k4. 1.2 sec™ . * Extra-

polated values.

Ru(CO)(i-Pr-TPP){3,5-DMP) (cf. Fig. 2 and 3)

The variable temperature PMR spectra of C,H,Cl, solutions of Ru(CO)-
(i-Pr-TPP)(3,5-DMP) were studied as a function of concentration of excess 3,5-DMP
and of-total concentration of the sample. At 29° the methyl resonances of the coordi-
nated 3,5-DMP were shifted 1.50 ppm and 3.97 ppm to higher field than the methyl
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Fig. 2. 100 MHz methyl PMR spectra of 2 1/1 mixture of Ru(CO)(i-Pr-TPP) (3,5-DMP) (0.12 M) and 3,5-
DMP(0.12 M)in C,H,Cl, at various temperatures compared with spectra calculated by line shape analysis.
Slow exchange chemical shifts are in ppm upfield of the C,H,Cl, lock signal. t Values are in seconds.

Fig. 3. Temperature dependence of the 3,5-DMP methyl chemical shifts in a 1/1 mixiure of Ru(CO)-
(i-Pr-TPP) (3,5-DMP) (0.12 M) and 3,5-DMP (0.12 M) in C,H,Cl,. The shifts are plotted in Hz upfield
of the C,H,Cl, lock signal. The low-field resonance due to free 3,5-DMP and the two high-field resonances
of coordinated 3,5-DM P simultaneously coalesce to a single resonance. The solid lines indicate the chemical
shift extrapolations used in the line shape analysis.

resonances of free 3,5-DMP present in the solution. In free 3,5-DMP the methyl
groups are equivalent since the compound forms hydrogen-bonded dimers and
trimers in solution'*. A sample prepared by dissolving preformed Ru(CO)(i-Pr-TPP)-
(3,5-DMP) in C,H,Cl, exhibited two peaks of equal area due to coordinated 3,5-
DMP which broadened and moved together and coalesced above 100° to a single
peak at the average of the extrapolated positions of the separate peaks. No free
3.5-DMP was observed in this sample. A second sample, in which Ru(CO)(i-TPP)-
(3,5-DMP) and excess 3,5-DMP were dissolved in a 1/1 ratio in C,H,Cl, exhibited
three methyl resonances of relative intensity 2/1/1 which simultaneously broadened
and coalesced to a single peak in the same temperature range (Fig. 2). In this case the
coalesced peak occurred at the weighted average of the extrapolated shifts of the
three separate peaks (Fig. 3). In the lineshape analysis attempts were made to simulate
the observed spectra assuming both an intramolecular exchange process and an
intermolecular exchange process. The observed spectra are incompatible with an
intramolecular exchange between ligand sites proceeding at a rate greater than 109
of the intermolecular exchange rate (limit of experimental accuracy). Variable tempe-
rature PMR studies of the same sample, diluted by factors of two and four, pro-
duced no difference in the lineshape as a function of temperature. A third sample,
with a 2.2/1 ratio of Ru(CO}(i- Pr-TPP)(3,5-DMP) to 3,5-DMP, yielded similar results.

J. Organometal. Chem., 39 (1972)
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For all three samples lineshape analysis using a constant ratio of free to coordinated
3,5-DMP yielded linear Eyring and Arrhenius plots. For the sample without excess
3,5-DMP the kinetic process cbserved is exchange between coordinated methyl
groups. In the samples containing excess 3,5-DMP the kinetic process observed is
exchange between free and coordinated methyl groups. In each case it is assumed
that proton exchange from one nitrogen to the other occurs rapidly while the 3,5-
DMP is not coordinated. With no excess 3,5-DMP present only half of the actual
dissociations effect inethyl exchange, so in this case the z values were divided by two,
affording kinetic parameters {¢f. Table 1 and Fig. 8) for all samples which refer to a
dissociative process as depicted in egns. (3)—(5).

[gle]

CHy
H H
/ \ =
I\ ——— I\
—— /k)\ (-3
Hie” NF “cn, e N e,
o
4 i f
N-—-:l N N N\ /N
N \ + Ru —_— Ry ®
HyC CH;3 y ‘\N k N/ ;\ N
~———— \~_:,/
HyC ;N\N A
CH,

The good agreement between the kinetic parameters obtained for the three samples
substantiates the assumption that dissociation feqn. (3)] is the rate-determining
step and that exchange between ligand binding sites occurs by an intermolecular
route.

Ru(CO)(j-Pr-TPP) (4,5-DMPD) (cf. Fig. 4 and 5)

PMR studies were made of Ru(CO)(i-Pr-TPP) and excess 4,5-DMPD dissolv-
edin C2H1C14 and 1/2 V/V CszCL;/CzHClz. In both cases the Ru(CO)(i"Pf°TPP)
appeared to be fully coordinated by the 4,5-DMPD over the entire temperature range
studied. Below ~12° the methyl resonances of the coordinated 4,5-DMPD were
observable as separate peaks shifted 1.22 and 1.51 ppm to higher field than the methyl
resonance of free 4,5-DMPD present in the solution. As the temperature was increased
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Fig. 4. 100 MHz methyl PMR spectra of a mixture of Ru(CO)(i-Pr-TPP) (0.049 M) and 4,5-DMPD (0.19 M)
in C,H;Cl, at various tcmperatusres compared with spectsa calculated by line shape analysis. Slow ex-
change chemical shifts are in ppm upfield of the C,H,Cl, lock signal. T Values are in seconds.
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Fig. 5. Temperature dependence of the 4,5-DMPD methyl chemical shifts in 2 mixture of Ru(CO)(i-Pr-TPP)
{0.049 M) and 4,5-DMPD (0.19 M) in C,H,Cl,. The shifts are plotted in Hz upfielq of the C,H,Cl, lock
signal. The two high-field resonances due to coordinated 4,5-DMPD coalesce to a single peak which then
coalesces with the low-field free 4,5-DMPD peak yielding a single resonance. The solid lines indicate the
chemical shift extrapolations used in the line shape analysis.

the coordinated methyl resonances broadened, moved together, and coalesced to a
single peak which reached minimum linewidth at ~40° and then broadened again
and coalesced with the methyl resonance of the free 4,5-DMPD at the weighted
,average of the extrapolated shifts (Flg. 4 and 5). Since the increased vnscosxty of
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C,H,Cl, below room temperature causes significant broadening of the spectra and
thus additional uncertainty in the nonexchange linewidth, a sample was studied
using the less viscous 1/2 v/v mixture of C,H,Cl,/C,HCl;. Although this solvent
mixture permitted more extensive low temperature study, the low boiling point of C,-

HCl, precluded study above the coalescence temperature for the high temperature
process. Consequently, the kinetic parameters given in Table 1 and Fig 8 for the low
temperature process are more accurate for the sample dissolved in the C,H,Cl, /C,-

HCIl, mixture and for the high temperature process are more accurate for the sample
dissolved in C,;H,Cl,. In addition there is a solvent effect on the low temperature
process, the rate in C,H,Cl, being about twice the rate in C,H,Cl,/C,HCl;. In
performing the lineshape analysis a constant ratio of free to coordinated 4,5-DMPD
was used consistent with peak areas and shift extrapolations, and linear Eyring and
Arrhenius plots were obtained. The sequence of lineshape changes compels interpre-
tation in terms of two processes, the low temperature process (—24° to +40°) wholly
intramolecular and the high temperature process (30° to 150°) intermolecular, as in
eqn. (6) and (7). The representation of the intermediate in eqn. (6) is speculative.

S B o 7] 2
<> | _ <
( AN 2kt ( Nt~ o \R/ ©
U ———— Ru e u
N AN N
N i _N N RN i N
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| (3 U
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CH3 __HJC CH, _' HyC
o) Q
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v N\ T N\ o
\—t/ ~—— HC CH,y
/N\'N .
H,C N
CH,

Ru(CO)(i-Pr-TPP) (3,6-DMPD) (cf. Figs. 6 and 7)

Below ~ —70° in a sample prepared by dissolving Ru(CO)(i-Pr-TPP) and
excess 3,6-DMPD in 1/2 v/v C,H,Cl,/C,HCI; the methyl resonances of coordinated
3,6-DMPD were shifted 1.33 and 4.47 ppm to higher ficld than the methyl resonance
of free 3,6-DMPD. The lower field’ coordinated methyl .resonance was partially
superimposed on the i-Pr resonance of Ru(CO)(i-Pr-TPP). As the temperature was
increased the coordinated methyl resonances coalesced to a single peak which reached
minimum linewidth (~40 Hz) at ~ —28° and then broadened again and coalesced
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Fig. 6. 100 MHz methyl PMR spectra of a mixture of Ru{CO)(i-Pr-TPP) (0.052 M) and 3,6-DMPD (0.12 M)
in 12 C,H,Cl1,/C,HC]l, at various temperatures compared with spectra calculated by line shape analysis.
Slow exchange chemical shifts are in ppm upfield of the C,H,Cl, lock signal. T Values are in seconds.
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Fig. 7. Temperature dependence of the 3,6-DMPD methyl chemical shifts in a mixture of Ru{CO)(i-Pr-TPP)
(0052 M) and 3,6-DMPD (0.12 M) in 12 C,H,Cl,/C,HCl,. The shifts are plotted in Hz upficld of the
C,H,Cl, lock signal. The two high-field resonances due to coordinated 3,6-DMPD coalesce to a single
peak which subsequently coalesces with the low-field peak due to free 3,6-DMPD giving a single resonance.
The solid lines mdzmtc the chemwal shift extrapolanons used in the line shape analysis.
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Fig. 8. Arrhenius plots for ligand exchange reactions of complexes of Ru{CO)(i-Pr-TPP) with the nitroge-
nous bases: A. t-Bupy, B. equimolar 3,5-DMP, C. 2.2 mole ratio excess 3,5-DMP, D. 1.0 mole ratio excess
3,5-DMP, E. 4,5-DMPD in C,H,Cl,, F. 45-DMPD in 1/2 C,H,Cl,/C,HCl;, G. 4,5-DMPD in 12
C,H,Cl,/C,HCl; intramolecular process, H. 4,5-DMPD in C,H,Cl, intramolecular process, 1. 3,6-
DMPD, J. a-Pic, K. 3,6-DMPD intramolecular process.

with the methyl resonance of the free 3,6-DMPD at the weighted average of the extra-
polated shifts (Fig. 6 and 7). Ru(CO)(i-Pr-TPP) (3,6-DMPD) is extensively dissociated
under the cogditions of the PMR measurements. Best fit between calculated and ob-
served spectra was obtained by increasing the ratio of free to coordinated 3,6-DMPD
from 2.2 at —69° to 2.9 at 73°. Using these population ratios and the chemical shift
extrapolations shown in Fig. 7, lineshape analysis yielded linear Eyring and Arrhenius
plots and the kinetic parameters given in Table 1 and Fig. 8. In view of the small tem-
perature range in which the coordinated methyl resonances were observed below the
coalescence temperature, the kinetic parameters for the low temperature process are
less certain than in the case of 4,5-DMPD. However, the linewidth behavior as a func-
tion of temperature compels interpretation in terms. of an intramolecular low tem-
perature process (—74° to —18°) and an intermolecular high temperature process
(—43° to 73°) similar to those given in eqn. (6) and (7) for 4,5-DMPD.

DISCUSSION

Analysis of the temperature dependent methyl PMR spectra of five nitrogen
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donor ligandsin the presence of Ru(CO)(i-Pr-TPP) in weakly polar media has provid-
ed evidence for two types of kinetic processes. All of the complexes Ru(CO)(i-Pr-TPP)-
(L) undergo intermolecular ligand exchange [eqn. (1)]. Studies of the effect of con-
centration of Ru"” complex and ligand on exchange rates has provided satisfactory
evidence that the slow step in the exchange process is rupture of the Ru—N bond.
Rates at 25° for this process vary from ca. 10~ ! to 10* sec™ !, with the faster rates
found for pyridine or pyridazine ligands having a methyl group on the carbon adja-
cent to the donor site. Activation entropies for intermolecular exchange are uniformly
small positive quantities (2.3 to 7.1 eu). Complexes of 4,5-DMPD and 3,6-DMPD are
clearly involved in two kinetic processes. That occurring at higher temperatures
(HTP) is intermolecular exchange whereas the low temperature process (LTP)
results from intramolecular site exchange [egn. (2)] involving the two equivalent
donor sites of the ligands. Ru(CO)(i-Pr-TPP) (4,5-DMPD) and Ru(CO)(i-Pr-TPP)-
(3,6-DMPD) represent the first authenticated examples of this exchange process with
nitrogenous bases. At 25° the rates of intramolecular exchange are ca. 20-85 times
faster than intermolecular ligand exchange (Table 1) and are characterized by values-
of AG3,g which are ca. 2 kcal/mol smaller than those for the HTP in the same solvent.
Both intermolecular and intramolecular exchange rates are larger for 3,6-DMPD,
which contains methyl groups near the donor sites, than for 4,5-DMPD. Crystalline
1/1 adducts were isolated with t-Bupy and 3,5-DMP. A binuclear adduct was isolated
with 4,4'-Bipy but its low solubility precluded PMR studies of ligand exchange.

Intermolecular ligand exchange -

Ligand exchange of Ru(CO)(i-Pr-TPP)(L) species occurs at rates which are
in excess of those usually found for substitution reactions of Ru" complexes which
involve displacement of a nitrogen-bound ligand. The limited body of Kinetic data
available refers mainly to aquation reactions of [Ru"(NH,);L]**'. When L is a
potential n-donor ligand such as formate or trifluoroacetate, it is quite labile and
aquation rates of ca. 1-600 sec™! at 25° have been found. However, when L has n-acid
properties (e.g., Py, N,) the complexes undergo substitution reactions very slowly or
not at alll. The aquation rate of Ru(NH;)2? in acid solution at 25° is 1.2x 1073
M~ 1!-sec™1, a factor of ca. 10°>-10* times slower than for aquation of pentammine
complexes containing oxygen ligands. While these kinetic results are not strictly
comparable to the data in Table 1 because of differences in solvent and reaction order,
they nonetheless serve to indicate that the exchange reactions reported here occur at
rates at least several orders of magnitude greater than previously observed for
reactions involving displacement of nitrogen donor ligands bonded to Ru".

There have been no reports of kinetic studies either on other Ru" complexes
or on other metalloporphyrin complexes which permit direct comparison with the
results obtained in this investigation. In order to place our observations in perspec-
tive, previous work on the formation and lability of metalloporphyrin-base complexes
will be considered briefly in the following sections. No direct quantitative comparison
with the present results is intended.

v A full explanation of the lability observed for Ru(CO)(i-Pr-TPP)(L) com-
plexes requires a detailed knowledge of their electronic properties, including both
bonded and non-bonded (steric) interactions. In the absence of such information it is
still worthwhile to explore the qualitative implications of the rate differences observed.
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Because the rate-determining step in intermolecular ligand exchange is dissociation
of the ligand, activation energies, particularly activation enthalpies, may be expected
to be influenced by steric and electronic properties of the ligands. If the predominant
energy term in the dissociation step were related to the metal-ligand bond energy,
relative rates might bear a relationship to relative stabilities or heats of formation of
complexes formed by these ligands. For certain of the ligands used in this study no
correlation of AH* with base strengths, as measured by pK, values, is anticipated.
Hydrogen-bonded dimer and trimer formation by unprotonated 3,5-DMP?*3 lowers
its pK, and similar dimer formation by protonated pyridazines increases their pK,
values relative to those expected in the absence of hydrogen-bonding effects6:17.

From the data in Table 1 it is observed that at 25° the exchange rate for a-Pic
is ca. 2 x 10° times faster than for t-Bupy whereas the intermolecular rates for a-Pic
and 3,6-DMPD are nearly equal as are those for 3,5-DMP and 4,5-DMPD. Evidently,
steric factors caused by the position of methyl substitution have a major effect on
relative exchange rates. Steric effects are manifest in the relative stabilities of other
pyridine complexes. For example, the heat of formation of the complex of 4-Mepy
with B(CH3); is ca. 5.9 kcal/mol greater than that of «-Pic with the same acceptor!8,
A similar difference is expected between complexes of 4-t-Bupy and «-Pic. A linear
correlation has been observed between the log of the formation constant of Zn(TPP)-
(L) complexes and the pK, values of 3- and 4-substituted pyridines'®. However,
a-Picand 2,4,6,-Me; Py deviatefrom the correlation, and the weaker complexes formed
by these ligands were attributed to steric effects!®. Using published data'®~2° a linear
relation between heats of formation of B{(CHj;);(L) and formation constants of
M(TPP)(L) complexes M =Zn", Cd", Hg" is obtained. An exception is found for the
case of L=24,6-Me,;Py which forms a stronger complex with Zn(TPP) than might
be expected from the correlation. It is noted that the difference in AH® values for
t-Bupy and a-Pic exchange with Ru(CO)(i-Pr-TPP), 6.7 +2.0 kcal/mol, is near to the
value of ca. 6 kcal/mol anticipated if activation enthalpies are related to metal-ligand
bond strengths. While this close agreement obviously cannot be given quantitative
significance, it does tend to support the overall impression given by the datain Table 1
and Fig. 8: relative ligand exchange rates are principally controlled by steric effects,
modulated by differences in base strengths.

Intramolecular ligand site exchange

The original claim of an intramolecular kinetic process involving nitrogen
donor ligands was put forward by Tsutsui et al.*® on the basis of the temperature
dependent PMR shifts of imidazole and 3,5-dimethylimidazole in the presence of
Ru(COj(TPP) and Ru(CO) (mesoporphyrin(IX)dimethyl ester). The conclusions
from this work were reaffirmed in a subsequent paper*®. The failure of coalesced
resonances to approximate the average of the slow exchange chemical shifts of the
exchanging nuclei cast considerable doubt on the interpretation and the proposed
shuttling mechanism. During the course of this work Faller and Sibert® demonstrated
that the spectral assignments of Tsutsui et al.* were incorrect and that imidazole
exchange was actually intermolecular, not intramolecular. With the correct peak
assignments the downfield shifts of resonances with increasing temperature would be
expected, and it is not necessary to invoke “wagging” of the imidazole “through
several different orientations with respect to the porphyrin ring”**. The peak Tsutsui
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et al. assigned to coalescence of imidazole protons 4 and 5 appears to be due to
coalescence of proton 2 with roughly 65 free ligand. Judging from the report that
AG* =18.3 kcal/mol at 64°¢ and from the results in Table 1, it is likely that spectra
at higher temperatures than that reported by Tsutsui ez al. would be needed to observe
coalescence of the signals of imidazole protons 4 and 5 [e.g., cf. the spectra of Ru{CO)-
(i-Pr-TPP) (t-Bupy)°].

Even in the case of 3,5-DM P, which would appear to maximize the opportunity
for intramolecular ligand site exchange with concomitant hydrogen migration, no
evidence for an intramolecular exchange was found. Further, it was expected that
the lowest energy pathway for site exchange would involve two equivalent donor sites.
The present study demonstrates that this process does occur with Ru(CO)(i-Pr-TPP)-
(4,5-DMPD) and Ru(CO)(i-Pr-TPP)(3,6-DMPD). The low temperature portions of
Figs. 4 and 6 reveal coalescence of the methyl signals of the coordinated ligands
before the rates of intermolecular ligand exchange appreciably affect the spectra.
The PMR results do not allow identification of the detailed pathway for site exchange,
and the intermediate or transition state in eqn. (6) is merely the most symmetrical of
many which could be proposed.

Lability of porphyrin complexes

As noted above, ligand exchange reactions of Ru{(CO)(i-Pr-TPP)(L) are
unusually fast for complexes containing an Ru”~N bond. Facile displacement of
axial ligands in metalloporphyrins has ample precedent. Such reactions are well
known for vitamin B,,2" and proceed at rates ca. 107 times faster than for the coba-
loxime Co(DH),(NO,)(H,0),>*** for example. Anation reactions of Co™ hemato-
porphyrin are nearly as fast as for vitamin B, , derivatives?*. More recently, Cr' tetra-
(p-sulfonatophenyl)porphine complexes have been- shown to undergo substitution
reactionsabout 10°-10* times faster than normal, substitution-inert, Cr' complexes?®
In view of these results it is perhaps not surprising that the Ru" complexes investigated
in this work show enhanced kinetic lability compared to more conventional six-
coordinate complexes’.

In addition, it has been suggested, based on an approximate treatment of the
PMR data for Ru(CO)(mesoporphyrin(IX)dimethyl ester)(Py), that the Ru" is dis-
placed above the mean N, plane of the porphine®, as has been found for a number of
five coordinate metalloporphyrins?®. Regardless of the extent of displacement, steric
interactions between the porphine and an axial ligand limit the accessibility of Ru" to
nitrogen donor ligands. Since Taube' has considered metal—ligand n-backbonding
to contribute appreciably to the stability of complexes such as [Ru(NH;)s(Py)]*2,
any suppression of n-backbonding between Ru" and the axial ligand due to the effect
of the trans carbon monoxide could tend to increase the lability of the Ru(CO)-
(porphyrin)(L) complexes. Others have invoked n-backbonding effects in ration-
alizing the stabilities of Fe"(porphyrin){(L)?” ~?° and small changes in the C-O
stretching frequencies of Fe(CO)(porphyrin)(L)*® complexes. Analogous apparent
dependence on n-bonding capablhty of the axial ligand has been observed with.
Mg(porphyrin)(L) complexes®’, and in the iron complexes a strong dependence on
the nature of the porphyrin was noted?®. It has also been pointed out that specific
solvation effects and entropy changes may contribute strongly to the observed
stabilities of metalloporphyrin complexes?®
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Rotation of phenyl groups
In addition to intermolecular ligand and intramolecular site exchange, a

third kinetic process has been detected. The PMR spectrum of the free porphine
H,(i-Pr-TPP) shows that the four phenyl protons are pairwise equivalent at 25° in
tetrachloroethane solution. However, under the same conditions Ru(CO)(i-Pr-TPP)
and its base adducts give an AA’BB’ phenyl proton spectrum since the phenyl rings
are sterically constrained to be at an angle with respect to the porphine mean plane.
The spectra shown in Fig. 9 show that as the temperature is raised the phenyl signals
broaden and finally collapse to an AB pattern. Spectral changes are reversible with
temperature. The only means by which the two different o- and m-protons can become
equivalent is by rotation about the meso carbon—phenyl C—C bond. No attempt was
made to obtain accurate kinetic parameters, but an approximate treatment>? yields ca.
60 sec™ ! as the rate of rotation about the C—C bond at the coalescence temperature
of ca. 95°, and AG™ 18.6 +0.5 kcal/mole. The only other report of bond rotation in
porphines concerns tetra(o-hydroxyphenyl)porphine, H,(THPP). Isomers of this
compound could be separated and the rate constant for rotation at 23° in methanol is
1.5x107° sec™! (AG™ 24 kcal/mole)33. Rotation was about 10 times slower for
Cu(THPP)(H,O) in aqueous methanol. This difference in rates was interpreted as
indicating that H,(THPP) must distort considerably in the transition state and that
the more rigid Cu" complex is less susceptible to such distortions. The PMR spectra
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Fig. 9. 100 MHz PMR spectra of the phenyl resonances of Ru(CO)(i-Pr-TPP) in C,H,Cl, solution in the
presence of excess 4,5-DMPD at various temperatures. Slow exchange chemical shifts are in ppm from the
C,H.Cl, lock signal (negative values denote downfield shifts). The —2.65 ppm resonance is due to the por-
phine pyrrole protons.
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of nickel [ tetra(o-tolyl)porphine ] contain multiple methyl signals which do not appre-
ciably broaden up to 180°, indicating AG* for rotation exceeds 26 kcal/mol*%. The
much more rapid phenyl group rotation in Ru(CO)(i~Pr-TPP) reflects the greater
steric barrier imposed by 0-OH or 0-CH ; compared to o-H.
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