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Summary

The metal carbonyl derivatives LM(CO), of manganese, rhenium, molybdenum
and tungsten undergo facile ligand substitution by an electrode-mediated process.
Phosphine, pyridine and isocyanide substitutions are shown to be chain reactions by
coulometric analysis and by cyclic voltammetry of the metal carbonyl solutions
containing the added nucleophiles L. Reversible electrochemical parameters can be
obtained for both LM(CO),, and the substitution product L M(CO),,. These allow the
digital simulation of the cyclic voltammograms by Feldberg’s method, which pro-
vides a detailed analysis of the kinetics of the electrocatalytic mechanism for ligand
substitution. Generally, the radical cation LM(CO),,* produced initially at the anode
undergoes rapid exchange with L to afford the cationic substituted species
LM(CO),". This step is followed by electron transfer with the reactant LM(CO),, to
yield the substitution product LM(CO),, and regenerate the radical cation LM(CO),,*,
which completes the chain propagation sequence. Multiple repetition of this cycle is
indicated by the high current efficiencies which are obtainable. The second order
rate constants for the ligand exchange of the 17-electron radical cations LM(CO),”*
with added L are evaluated, and found to be more than 10° times larger than that
for the neutral, diamagnetic precursor LM(CO),. The radical cations LZM(CO),*
also react readily with phosphine and alkyl isocyanide nucleophiles, leading to a
characteristic distortion of the CV waves. Digital simulation of such cyclic voltam-
mograms allows the kinetics of these processes, particularly the redox catalysis in the
oxidation of phosphines by LM(CO),", to be evaluated quantitatively. The en-
hanced reactivity of the 17-electron radical cations LM(CO)," is discussed in
relationship to recent reports of the substitution lability in other 17- and 19-electron
metal carbonyls.

Introduction

Ligand exchange in metal carbonyls and their derivatives has received extensive
mechanistic scrutiny {1-3]. The generally accepted mechanisms for the displacement

of the ligand L from a series of metal carbonyls LM(CO), by added nucleophiles L
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such as amines, phosphines, etc., involve diamagnetic intermediates, generally with
16- and 18-electron configurations, in competing dissociative and associative

LM(CO), + L - LM(CO),+L (1)

processes [3,4]. However, there are recent reports of ligand substitution in 17-elec-
tron metal carbonyls which proceed via a purely associative process [5,6]. Further-
more, we have demonstrated that the facile substitution of nitrogen-centered ligands
like acetonitrile and pyridine in such molybdenum, tungsten and manganese
carbonyls as LM(CO), = fac-(MeCN),W(CO),, cis-(py),Mo(CO),, and (»’-
C;H, Me)Mn(CO),(py) by added phosphines and isonitriles is actually a chain
process which proceeds via the 17-electron radical cations, (py),Mo(CO),*, and
(MeCN),W(CO),*, (7*-CsH, Me)Mn(CO),(py)*, respectively [7,8].

“Electrochemical techniques are ideally suited for the study of the radical cations
of metal carbonyls since the electrode potential can be tuned to the redox potential
of the diamagnetic precursor LM(CO),. Thus the chain process for ligand substitu-
tion can be induced (i.e., initiated) by the anodic generation of the carbonylmetal
radical at the electrode [E]

LM(CO), ) LM(CO),* (2)

The kinetic lability of this carbonylmetal radical is central to the efficiency of the
chain process, and it is included as eq.3 for the catalytic cycle in Scheme 1.

SCHEME 1

LM(CO),*+ L - LM(CO),*+ L (3)

LM(CO),*+ LM(CO), » LM(CO), + LM(CO0),* (4)
(E]

LM(CO),* —» LM(CO), (5)

The steps included in eqgs. 2 and 5 are heterogeneous electron transfer processes
occurring at the electrode, and those in eqs. 3 and 4 are homogeneous chain
propagation reactions taking place in solution. Scheme 1 is characteristic of an
electrochemical ECE mechanism *, and the extent to which the cycle is repeated
represents an electrocatalytic phenomenon. It should be noted that metal carbonyls
such as fac-(MeCN),W(CO), can be involved in multiple substitution of the three
acetonitrile ligands by a series of sequential steps [7].

In this study we wish to show how the electrocatalytic method for ligand
substitution can be extended to the rhenium complex (7°-C,H)Re(CO),(py), and
to examine further the use of bulk and transient electrochemical methods for the
quantitative study of ligand substitution. We are concerned particularly with the
kinetic analysis of the catalytic process for ligand substitution by digital simulation
of the cyclic voltammograms.

Results

Coulometric evidence for electrocatalysis of ligand exchange
Electrocatalysis of ligand exchange is best illustrated by examining the effect of

* ECE refers to an initial electrode process followed by a homogeneous chemical reaction to form a
second electroactive species.
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an extremely small anodic current upon solutions of metal carbonyls containing
added nucleophiles. Several representative systems are included in Table 1. The
electrocatalytic process was conveniently monitored by following the changes in the
infrared spectra arising from the disappearance and appearance of the characteristic
carbonyl stretching frequencies of the reactant LM(CO), and of the product
LM(CO),, respectively. Complete conversion required substantially less than 1
Faraday of charge per mole of metal carbonyl. The current efficiency for ligand
substitution is given in column 6 of Table 1 by the ratio m/n, which is the
electrochemical equivalent of a catalytic turnover number since it represents the
moles m of LMn(CO), consumed per Faraday n of charge passed through the
solution. Values of m/n exceeding 1000 have been observed for the electrocatalytic
substitution of the acetonitrile ligand in (7°-C;H,Me)Mn(CO),(NCMe) by the
phosphines PPh; and P(Me)Ph,. In each case, the substitution product of electro-
catalysis LM(CO), was isolated and compared with that of an authentic sample
prepared by an independent procedure. Since the amount of LM(CO), destroyed by
electrolysis was negligible, high yields of the substitution product were generally
obtained.

It is important to emphasize that ligand substitution in these systems (particularly
entries 1, 3, 4 and 5 in Table 1) did not occur for periods of several hours in the
absence of an electrical current provided pure materials were employed. Thus the
wholly thermal process for ligand substitution in eq.l was not observed when the
solutions were rigorously deoxygenated and the starting metal carbonyls were free of
impurities. Moreover, we found that the latter were best removed by applying a
slight cathodic current through the solution (at a potential where LM(CO),, was not
itself reduced) prior to the introduction of the nucleophile L. Actinic irradiation by
adventitious roomlight was avoided owing to the possibility of a photoinduced
substitution which has been previously established for various Group VIB and VIIB
metal carbonyls [9-13].

There are several results in Table 1 which merit special attention. For the first
entry, cis-(py);Mo(CO),, the possibility exists for either one or both pyridine
ligands to be replaced by t-butyl isocyanide. Indeed, we only observed the disubsti-
tution product cis-(t-BuNC),Mo(CO), which was unambiguously identified by
comparison with an authentic sample.

PY S Mo(CO), + 2 t-BuNC 5 -BuNC > no(CO), + 2 py (6)
|24 t-BuNC

A contrasting behavior was observed with the tungsten analog cis-(py),W(CO),,
in which the presence of excess PPh; led only to the mono-substitution product
under similar conditions [7]. The second entry in Table 1 represents a metal carbonyl
which is by itself somewhat labile, and a slow thermal substitution of the tetrahydro-
furan (THF) ligand was observed.



TABLE 1

ELECTROCATALYSIS OF LIGAND EXCHANGE OF REPRESENTATIVE METAL CARBONYLS BY ADDED NUCLEOPHILES L ¢

LM(CO),, L Solvent Current T Current LM(CO),
(mmol) (mmol) (mA) °C) efficiency yield
(m/n)® (%)
1. cis(CO),Mo(py), Me,CNC MeCN 1.0 0 5.3 80 7€
(0.14) (0.55)
2. (7*-CsH Me)Mn(CO),(THF) (Py) THF 1.0 0 91 >958
0.23) (0.30)
3. (7%-CsH Me)Mn(CO),(MeCN) P(OMe)Ph, MeCN 0.10 22 833 >954%
0.12) (0.14)
4. (n*-CsH 4 Me)Mn(CO), (py) Me,CNC Me,CO 0.10 22 64 >95/#
(0.12) (0.15)
5. (7*-CsH)Re(CO),(py) PPh, Me,CO 0.50 22 5.6 86"
(0.067) (0.094)

¢ Controlled-current (galvanostatic)oxidations were performed in 12 ml of solvent with Pt gauze anode. In acetone and MeCN the supporting electrolyte was 0.1 M
TEAP, and in THF it was 0.1 M TBAP. ® The current efficiency, m /n, defined as the moles of starting material (m) consumed divided by the Faradays of charge (n)
passed through the solution. € Product yield determined by quantitative IR spectrophotometry of the anolyte. ¢ The product is cis-(CO)4Mo(CNCMe,),. © Ref 7./ Ref 8a.

% Ref 8b.  This work.
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However, the application of a | mA current led to an accelerated substitution by
a factor of about 10-fold with a current efficiency approaching 102, despite the use
of THF as the solvent itself. The fifth entry emphasizes that the rhenium carbonyl
(7°-CsH)Re(CO),(py) undergoes ligand substitution much like its manganese
counterpart (entries 3 and 4), although with somewhat diminished current efficiency.

CpRe(CO), &) CPRe(CO),
l +PPh; - | + py (8)
Py PPh,

Nonetheless, the substitution product with L = PPh, can be obtained in high yields.

Cyclic voltammetric studies of electrocatalysis

In order to probe the origin of electrocatalysis in ligand substitution, we ex-
amined the transient electrochemical behaviour of metal carbonyls, both in the
absence and presence of added nucleophiles L. The cyclic voltammetry (CV) was
carried out at a stationary platinum microelectrode in acetonitrile, acetone or
tetrahydrofuran solutions containing 0.1 M tetraalkylammonium perchlorate as
supporting electrolytes. The cyclic voltammetric studies were performed on solutions
which were deoxygenated with a stream of argon and maintained in subdued light.
Voltage sweeps did not perturb the bulk properties of the solution, as evidenced by
the reproducibility of the cyclic voltammograms, even after numerous scans. Thus
the extent of net ligand substitution was negligible over the course of the CV
experiments.

The CV data for the various metal carbonyls examined in this study are
summarized in Table 2.

In some cases, the electrode process is irreversible (see entries 1-3, 9, 10), whereas
it is reversible in others (entries 4-8). The ligands L and L are not electroactive at
the potentials employed for the metal carbonyls in Table 2. Let us now examine the

TABLE 2
CYCLIC VOLTAMMETRIC PARAMETERS FOR THE VARIOUS METAL CARBONYLS“

LM(CO), Solvent E* SESL + ESYy  ig/ig
42] W
1. cis{CO) Mo(py), MeCN 0.57% irreversible >10°¢
2. cis{CO) Mo(CNCMe,), MeCN 0.96° irreversible >10°¢
3. (n°-C4H Me)Mn(CO),(THF) THF 0.03 irreversible >10¢
4. (7°-CsH Me)Mn(CO),(py) THF 0.17 0.11 10°¢
5. (n*-CsH ;Me)Mn(CO),(MeCN) MeCN 0.22 0.19 1.0<4
6. (7’-CsH Me)Mn(CO),[P(OMe)Ph,] MeCN 0.65 0.62 1.04
7. (9°-CsH Me)Mn(CO),(py) Me,CO 0.14 0.11 1.0
8. (7*-CsH Me)Mn(CO),(CNCMe,) Me,CO 0.59 0.54 1.04
9. (T’S-Cs H;)Re(CO),(py) Me,CO 0.44 irreversible >10°¢
10 (7*-CsHs)Re(CO),(PPh,) Me,CO 0.86 irreversible >10°¢

“ Cyclic voltammetry was performed at a Pt bead with solutions 10~3 M in metal carbonyl and 0.1 M in
supporting electrolyte (tetraethylammonium perchlorate for MeCN or acetone, tetrabutylammonium
perchlorate for THF). The scan rate was 100 mV s~! at 22°C. Potentials are reported relative to the
Cp,Fe/Cp,Fe™ couple taken to have %(Ep" + EP”‘) 0.31 V versus saturated NaCl SCE in all solvents.
% Scan rate of 200 mV s~ . < Ref. 7. ¢ Ref. 8. ¢ This work.
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cyclic voltammetric behavior of the electrocatalytic systems presented in Table 1,
first with the metal carbonyl LM(CO), alone, and then in the presence of added L.

Figure 1 illustrates the effect of added t-butyl isocyanide on the cyclic voltammo-
gram of cis-(py),Mo(CO),. Two phenomena are observed. First, the peak current
for the irreversible wave R of cis-(py),Mo(CO), with E, 0.57 V is reduced from 70
pA in (a) to only 15 pA in (b); and second, a new irreversible wave 1 occurs at E
0.76 V. However, The latter does not correspond to the CV wave for the disubstitu-
tion product P cis-(t-BuNC), Mo(CO), which is proven product of the bulk experi-
ment, previously described in Table 1, entry 1. Its irreversible cyclic voltammogram
occurs at £, 0.96 V as shown in Fig. 1 (c). We propose that the anodic wave with E,
0.76 V corresponds to the buildup of the mono-substitution product (1-
BuNC)(py)Mo(CO), on the timescale of the CV experiment.

PY > Mo(CO), + t-BuNC = -BuNC >Mo(CO), + py, etc. (9)
Py py

Indeed similar sequential substitution has been clearly demonstrated to occur in
related systems (e.g., fac-(MeCN),W(CO); with t-BuNC and cis-(MeCN),W(CO),
with PPh, [7].)

Figure 2 shows that the effect of added pyridine on the cyclic voltammogram of
(7*-CsH,Me)Mn(CO),(THF), in which the irreversible wave R at E, 0.03 V of the
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Fig. 1. (a) Initial scan cyclic voltammogram of 2X 103 M cis-(py); Mo(CO), in acetonitrile containing
0.1 M tetraethylammonium perchlorate (TEAP) at 20°C and a scan rate of 200 mV s~ '; (b) Same as in a,
but with a 10-fold excess of t-BuNC added; (c) Cyclic voltammogram of authentic (t-BuNC), Mo(CO),.
The anodic wave of the reactant is indicated as R, and that of the ultimate product as P. For the anodic
peak labelled I, see text.
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reactant in (a) is almost completely supplanted by the reversible CV wave P of the
product (7°-CsH,Me)Mn(CO),(py) with E® 0.11 V.

In Fig. 3, the reversible oxidation of (7°-CsH,Me)Mn(CO),(NCMe) at E° 0.19 V
is rendered totally irreversible by the addition of the phosphine nucleophile
P(OMe)Ph,. The anodic peak current for the reactant is reduced drastically by the
presence of only a slight molar excess of P(OMe)Ph, in b, similar to the observations
in Figs. 1 and 2. The CV wave in Fig. 3(b) at (Eg*+ E;ed)/2 = (.62 V corresponds
to reversible oxidation of (4°-CsHMe)Mn(CO),[P(OMe)Ph, ], which is the proven
product obtained in the bulk electrolysis experiment described in entry 3, Table 1.
Figure 3(c) shows the effect of a large (~ 5-fold) excess of P(OMe)Ph,. The anodic
process corresponding to the reactant is now scarcely visible, and the CV wave
corresponding to the product has acquired an elongated less reversible appearance.

Fig. 2 Fig. 3
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Fig. 2. (a) Initial scan cyclic voltammogram of ~1x 1073 M (4°-C;H ,Me)Mn(CO),(THF) in tetrahy-
drofuran containing 0.1 M tetra-n-butylammonium perchlorate at 20°C and a scan rate of 100 mV s~ !;
(b) Same as above but with added pyridine (1.6 X 10~2 M). The anodic wave of the reactant is labelled R
and that of the product (1°-CsH,Me)Mn(CO),(py) as P.

Fig.3. (a) Reversible cyclic voltammogram of 1.26x103 M (%°-CsH,Me)Mn(CO),(NCMe) in
acetonitrile containing 0.1 M TEAP at 21°C and a scan rate of 100 mV s~ !; (b) Same as in a, but with
added P(OMe)Ph, (2.02x 102 M); (c) Same as in a, but with excess P(OMe)Ph, (7.07x 1072 M).
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We will show in the next section how such an elongation of the CV wave arises from
the homogeneous oxidation of the excess phosphine by the cationic intermediate
(7’-CsH,Me)Mn(CO),[P(OMe)Ph,]*.

The effect of added t-butyl isocyanide on the cyclic voltammogram of (7’-
C,H ,Me)Mn(CO), (py) is shown in Fig. 4. This electrocatalytic system in eq. 10
might be expected to behave similarly to that illustrated in Figs., 3(a) and 3(b), since

+ t-BuNC —-> @ (10)

Py CO CNBu t
co CO

the electrode process is observed (see Table 2) to be reversible for both the reactant
with E20.11 V as well as the product (°*-CsH, Me)Mn(CO),(CNBu-t) with E°® 0.54
V. Instead, the product wave is completely irreversible in Fig. 4(b). We shall show
that this peculiar behavior is completely accountable by the action of free t-BuNC
upon the radical-cation intermediate, i.e., (7°-C;H,Me)Mn(CO),(CNBu-t)* (vide
infra).

The preceding four examples represent typical 1llustrat10ns of cyclic voltammetric
behavior which can be associated with electrocatalytic ligand substitution in metal
carbonyls. Although the shapes of the cyclic voltammograms may appear somewhat
disparate, they indeed share one important characteristic in common. Independent
of whether the initial electron transfer is irreversible (Figs. 1 and 2) or reversible
(Figs. 3 and 4), the anodic peak current associated with the reactant LM(CO),, i
drastically reduced in magnitude by added uncleophile L when the ECE subsutuuon
process described by Scheme 1 is rapid on the CV timescale.

¥
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Fig. 4. (a) Initial scan cyclic voltammogram of 1.34x 1073 M (»° -CsH (Me)Mn(CO),(py) in acetone
containing 0.1 M TEAP at 20°C and a scan rate of 100 mV s~ !; (b) Same as in a, except with added
t-BuNC (3.84x 1073 M).
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Since the current is directly related to the concentration of the reactant LM(CO),,,
unique insight into the mechanism of electrocatalysis is provided by cyclic voltam-
metry. Thus the cyclic voltammetry in the presence of added L demonstrates three
important conclusions embodied in Scheme 1. First, the cathodic wave in Figs. 3(a)
and 4(a) corresponding to the reduction of the radical-cation LM(CO),* disappears
entirely in the presence of added L, as shown by the absence of this component in
Figs. 3(b) and 4(b). In other words, the radical cation is observed to have an
exceedingly short lifetime in the presence of added nucleophile. Second, the wave
corresponding to the oxidation of the reactant LM(CO), gradually decreases in size
as the concentration of L is increased, which indicates that LM(CO), is being
depleted by some alternative process which does not require the net passage of
current. It is important to emphasize that this highly efficient process (compare the
first wave in Figs. 3(a), 3(b) and 3(c)) is operative in the vicinity of the electrode
since these metal carbonyls in the presence of L are otherwise very stable in the bulk
solution (vide supra). Third, the substitution product LM(CO), is also being
generated in high yields in the region adjacent to the electrode, as witnessed by the
appearance of the wave corresponding to the oxidation of L M(CO),,. Significantly,
the direction of current flow demonstrates the product is ultimately produced in the
reduced form. One is thus forced to the conclusion that electrocatalysis stems from
the lability of the radical cation of the reactant LM(CO),™ (as delineated in eq. 3 of
Scheme 1), and that the generation of the neutral product LM(CO), derives from
either a homogeneous or heterogeneous electron transfer process (as described by
egs. 4 and 5, respectively.) Thus valuable mechanistic information, albeit qualitative,
is readily obtained from the cyclic voltammetry of metal carbonyl solutions in the
presence of added nucleophiles, independent of whether the electrochemical char-
acteristics of the system follow reversible behavior or not. Indeed we have found
cyclic voltammetry to be an excellent diagnostic tool in our search for ligand
exchange processes induced by electron transfer.

Having described the electrocatalytic phenomenon by bulk and transient electro-
chemical methods, we turn to the quantitative description of the kinetics associated
with the ligand substitution of metal carbonyls. Let us now consider how digital
simulation of the cyclic voltammograms can be used to provide a more quantitative
understanding of the kinetics of electrocatalysis.

Electrocatalytic kinetics of ligand substitution by the digital simulation of cyclic
voltammograms Lo
We proceed from the established mechanism presented in Scheme 1 for the ECE
process under study. The complex kinetics of the electrocatalytic substitution of
metal carbonyls can be digitally simulated by the method of finite differences, as
described by Feldberg [14,15]. For convenience in the presentation, the reactant and
the substitution product have been abbreviated as LM and L M, respectively, and the
appropriate rate constants for each step labelled in the following manner:
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SCHEME 1’
k(1)
LM=1LM"* (11)
K,
LM*+L 2 LM*+L (12)
k_
k
LM*+LM = LM+ LM~ (13)
k_,
k,(2)
LM* <=LM (14)

The parameters required for the construction of the theoretical cyclic voltammo-
grams according to this scheme are [16-23]: C, ; the initial concentrations of LM
and L respectively, v the scan rate, EJ , the formal potentials for the redox couples
LM/LM* and LM/LM™, B the respective transfer coefficients. D the diffusion
coefficient for each of the six species, k (1) and k,(2) the standard rate constants for
heterogeneous electron transfer of the redox couples, and the homogeneous rate
constants k, and k_, for ligand exchange and k, and k_, for electron transfer.
Indeed we have found that the electrocatalytic kinetics for ligand substitution can be
computer simulated when the metal carbonyls possess the following characteristics:
Both LM and LM exhibit reversible CV waves, and thus E° can be reliably and
readily estimated from (E)* + E;"d )/2 and values of k_ can be determined from the
sweep dependence of EJ* — E;“’ by standard electrochemical procedures [24,25].
Electron transfer between LM and LM™ in eq. 13 is essentially unidirectional and
k _, is unimportant, because the difference in the electrode potentials for the couples
LM/LM* and LM/LM"™ is large (see Table 2). Likewise, the ligand exchange
process in eq. 12 is unidirectional, and the contribution from k_, is negligible.
(Small values of k_, and k_, are consistent with the observation that the equi-
librium constant K, for the overall ligand exchange process in eq. 1 is immeasura-
bly large for the systems listed in Table 1.) Chain termination process can be
ignored, since the substitution reactions have quasi-infinite kinetic chain lengths, as
reflected by the high current efficiencies in the coulometric experiments listed in
Table 1. Other studies have shown that the digital simulation is not critically
dependent on the variations in the parameters 8 and D [26]. As a result, only two
quantities, the rate constants k, and k,, are needed for the construction of
theoretical cyclic voltammograms for the electrocatalysis of ligand substitution.

Ligand substitution of acetonitrile by methoxydiphenylphosphine. The effectiveness
of the digital simulation procedure is illustrated in Fig. 5, in which the experimental
(left side) and theoretical (right side) cyclic voltammograms are compared for a
solution of 1.26 X 1073 M (5*-CsH Me)Mn(CO),(NCMe) in acetonitrile undergo-
ing electrocatalytic substitution by 2.02 X 10~ M P(OMe)Ph, at two different scan
rates of (a) 200 mV s~ ! and (b) 800 mV s~ '. When the concentration of the added
nucleophile is increased by ~ 3-fold to 7.07 X 10~ M, a higher scan rate of 1000
mV s~ ! is required to maintain a similar CV behavior, as shown in Fig. 5(c). It is
important to note that the upper three theoretical cyclic voltammograms shown on
the right side of Fig. 5 could be successfully computer simulated using common
values of the homogeneous rate constants k; 2.5 X 10* M~ 's~'and k, 2 X 10> M~
s™! for ligand exchange and electron transfer processes in egs. 12’ and 13,
respectively.
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Fig. 5. Experimental and theoretical cyclic voltammograms of solutions containing 1.26x1073 M
(n%-CsH ,Me)Mn(CO),(NCMe) in acetonitrile containing 0.1 M TEAP at 25°C and various amounts of
added P(OMe)Ph, and at varying scan rates: (a) 2.02x107> M P(OMe)Ph, and 200 mV s~ (b)
2.02x 10~ M P(OMe)Ph, and 800 mV s~ '; (c) 7.07x 107> M P(OMe)Ph, and 1000 mV s~ '; (d)
7.07x 1073 M P(OMe)Ph, and 100 mV s~

Mn(NCMe) " + P(OMe)Ph, 5 Mn[P(OMe)Ph,] " + MeCN (129
Mn[P(OMe)Ph,] " +Mn(NCMe) i Mn[P(OMe)Ph, ] +Mn(NCMe) * (13)

(Mn = (7°-CsH ,Me)Mn(CO),)

Since k, is at least an order of magnitude larger than k,, the ligand exchange
process in eq. 12’ clearly represents the rate-limiting step in electrocatalysis. Indeed,
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rather large changes in k, effect only minor changes in the computed cyclic
voltammograms, provided the values of k, were always > 10k,.

Upon lowering the CV scan rate of the same solution used in Fig. 5(c), the anodic
peak current of the first wave R diminished as expected, but the second wave P
experienced an apparent elongation shown on the left side of Fig. 5(d). Such a
distortion of the CV wave in an otherwise well-behaved electrochemical system
arises from intrusion of an added kinetic complication. Indeed the elongated shape
of the CV wave such as that in Fig. 5(d) has been previously described by Nicholson
and Shain [27] for the general case, in which the electrode process consisted of a
reversible electron transfer followed by the chemical regeneration of the reduced
species (Case VI in their paper [27]). For the system in question, the intruding
process is the homogeneous oxidation of the added phosphine by the radical cation
of the product formed in eq. 12', viz.,

Mn[P(OMe)Ph,]” + P(OMe)Ph, 4 Mn[P(OMe)Ph, ] + P(OMe)Ph,*, etc.  (15)

Inclusion of this step with a rate constant &, 1.05 x 102 M~' s~!, in addition to
those in Scheme 1, led to the successful simulation of the cyclic voltammogram
shown on the right side of Fig. 5(d) (see Experimental section). Note that the
electrochemical and kinetic parameters used for the computer simulation in Fig. 5(d)
are the same as those employed in Figs. 5(a)-5(c).

The kinetic effect of the competing process in eq. 15 is unusual since it leads to
the oxidative consumption of the phosphine at electrode potentials which are
substantially less (i.e., more negative) than otherwise required in the absence of
metal carbonyl.

Such an interesting electrochemical phenomenon leading to the “catalytic wave”
in Fig. 5(d) has been referred to as “redox catalysis” * [28,29). (It must be
emphasized that the cyclic voltammogram in Fig. 5(d) cannot be simulated without
taking explicitly into account such a competition from the oxidation of the added
phosphine.)

Redox catalysis of phosphine oxidation by a metal carbonyl. In order to further
delineate this interesting electrochemical phenomenon associated with the ligand
substitution of metal carbonyls, we examined next the CV behavior of a simpler
system involving only a phosphine metal complex in the presence of its own added
phosphine. For the manganese complex (7°-C;H,Me)Mn(CO),[PMePh, ], the pro-
cess leading to redox catalysis would then derive from the electron transfer in eq. 16

Mn[PMePh, | * + PMePh, —Mn[PMePh, ] + PMePh,* (16)

As shown by the sequence of cyclic voltammograms in Fig. 6, the effect of
increasing concentrations of PMe, Ph, is to suppress the cathodic component of the
reversible wave associated with (5°-C;H,Me)Mn(CO),[PMePh,] in (a). Concom-
itantly, the anodic peak current increases substantially (note the change of the
current scale in (c)), as a result of the electroactive, neutral (7°-C,H Me)-
Mn(CO),[PMePh,] being constantly regenerated at the electrode according to eq.
16.

* Catalysis in this electrochemical context refers to the acceleration of a rate process, as reflected in the
application of a lower electrode potential, i.e. driving force.
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Fig. 6. Quantitative kinetic treatment of redox catalysis for phosphine oxidation by a metal carbonyl,
showing the cxpenmemal (left side) and theoretical (right side) of cyclic voltammograms derived from (a)
1.49% 10™3 M (n*-C5H ,Me)Mn(CQ),[PMePh, ] in acetone containing 0.1 M TEAP at 20°C with (b)
2.16x1073 M and (c) 7.55% 10™> M of added PMePh, at a scan rate of 100 mV s~'; (d) Cycllc
voltammogram of PMePh, alone (2.16 X 10~3 M) in acetone containing 0.1 M TEAP at 100 mV s~ ! and
20°C. See text for the sigm'ﬁcance of E, for PMePh,.

The mechanism for the redox catalysis of phosphine oxidation is summarized by
Scheme 2, and the digital simulations of the cyclic voltammograms based on

SCHEME 2
k,
ML - ML* (17)
k]
ML*+L - ML +L*, etc. (18)

Feldberg’s technique are shown on the right side of Fig. 6a—6c using only a single
value for the electron transfer rate constant k, = 10> M~'s™".

The validity of this kinetic analysis was substanuatcd by an independent galvano-
static experiment shown in Fig. 7, in which the bulk oxidation of PMePh, was
carried out at the electrode potential of ~ 0.4 V which corresponds to the foot of the
reversible CV wave for (#°-CsH,Me)Mn(CO),[PMePh,]. Since the electrochemical
oxidation of PMePh, was negligible at these potentials (See the cyclic voltammo-
gram of PMePh, in Fig. 6(d)), the current must have arisen solely from the oxidation
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Fig. 7. Concentration changes during the controlled-current electrolysis of a solution containing 5.6 X 103
mol of (7*-CsH ,Me)Mn(CO),[PMePh,] (®) and 5.3x10™% mol of PMePh, (®) in 15 ml of acetone
with 0.1 M TEAP at 10 mA and 22°C. The potential of the platinum working electrode was initially at
0.38 V and rose to 0.41 V after 29 min.

of the manganese complex. Nevertheless, the results in Fig. 7 show that only the
phosphine, not the manganese carbonyl, is consumed. It is important to reemphasize
that the oxidation of PMePh, by such a redox catalysis occurs at an electrode
potential of ~ 0.4 V which is significantly less positive than that (~ 1 V) required for
the phosphine alone. (Compare the E, of the anodic waves in Figs. 6(c) and 6(d)!).

Redox catalysis during the ligand substitution of pyridine by methyldiphenylphos-
phine. The evaluation of the electron transfer rate constant k, in eq. 16 for
phosphine oxidation, as described in the preceding section, allows us to simulate
now the entire CV wave for electrocatalysis of ligand substitution of (n’-
CsH Me)Mn(CO),[py] by the phosphine PMePh,, including the “catalytic wave
effect” induced by the latter. Figure 8 shows the well-behaved, reversible cyclic
voltammograms of both the reactant R ((#°-C;H,Me)Mn(CO),[py]) as well as the
product P (7°-CsH Me)Mn(CO),[{PMePh,] in (a) and (d), respectively. The cyclic
voltammograms of (7°>-CsH,Me)Mn(CO), [py] in the presence of various amounts of
added PMePh, are shown in (b) and (c). Qualitatively, the striking appearance of the
CV waves in Figs. 8(b) and 8(c) is akin (albeit highly exaggerated) to that previously
described for ligand substitution of (1°*-C;H,Me)Mn(CO),(NCMe) by the related
phosphine P(OMe)Ph, in Fig. 5(d). Accordingly, the digital simulation of the cyclic
voltammograms was carried out with the appropriate kinetic scheme described
below.

SCHEME 3

kM,

Mn(py) — Mn(py) (19)
v + L p— +

Mn(py) " + PMePh, » Mn(PMePh,) " + py (20)
— + k = +

Mn(PMePh,)"* + Mn(py) — Mn(PMePh,) + Mn(py)*, etc. (21)
_— + ky

Mn(PMePh, )" + PMePh, — Mn(PMePh,) + PMePh,*, etc. (16)

— k(2 .
Mn(PMePh,)— Mn(PMePh, ) (22)



359

Experimental Theoretical
$ Qa #
R
W’ b N
P R
[+
/ R
P
%— d
s P| J [ | N |
05 0 05 0
POTENTIAL , (V) vs. SCE

Fig. 8. Redox catalysis during the ligand substitution of 1.1 X 1073 M (9*-CsH  Me)Mn(CO),[py] in the
presence of various amounts of added PMePh, in acetonitrile containing 0.1 M TEAP at 20°C. (a) none;
(b) 1.24x 1073 M; (c) 52X 10~ M. Left figures are experimental cyclic voltammograms recorded at 50
mV s~ !, and those only on the right side are computer simulated with k, 4x102 M~! s~ k, 2x10°
M~' 57" and k; 1x10> M~! s7'. The reversible cyclic voltammogram of the product (7
C,H ,Me)Mn(CO),[PMePh,] under the same conditions is shown in d.

The excellent fit of the theoretical cyclic voltammograms shown on the right side
of Fig. 8 to the experimental ones (left side) derive with the use of only one set of
kinetic parameters (see Experimental section). It is singularly noteworthy that the
optimized value of the electron transfer rate constant k, 1 X 10° M s~ for eq. 16 is
essentially the same as that (1.5+ 0.5 X 10> M~! s~ !) obtained in the foregoing
section by an independent evaluation.

Electrocatalytic substitution of a metal carbonyl by t-butyl isocyanide. The effect of
t-butyl isocyanide on the ligand substitution of Mn(py) was presented in Fig. 4(b).
In order to simulate this cyclic voltammogram, we first established the CV behavior
of the ligand-substitution product, that is (n°-C;H,Me)Mn(CO),[CNBu-t], in the
presence of added t-butyl isocyanide. Figure 9(a) shows the well-behaved, reversible
cyclic voltammogram of (7°-CsH, Me)Mn(CO),[CNBu-t] with E° 0.54 V. In. the
presence of added t-butyl isocyanide, the cathodic component of the CV wave P in
Fig. 9(b) was obliterated in a manner reminiscent of redox catalyses described in the
foregoing sections above. However the near constancy of the anodic current of P, as
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Fig. 9. Experimental and theoretical single scan cyclic voltammograms of 128x107° M ('
CsH Me)Mn(CO),[CNBu-t] in acetone containing 0.1 M TEAP at 20°C: (a) without added t-BuNC and
a scan rate of 100 mV s~ '; (b) with 3.84x 10~ M added to t-BuNC and 100 mV s~ '.(c)asinbbutata
scan rate of 800 mV s~ '. Note the current scale is changed and the return wave S of the product is not
included in the theoretical cyclic voltammograms.

well as the growth of a new wave S at E° —0.03 V shown in Fig. 9(b), do not
support a redox catalytic process. Instead this CV behavior is diagnostic of a kinetic
phenomenon in which the product radical cation Mn[CNBu-t]* is itself consumed in
a bimolecular reaction with free t-butyl isocyanide to afford a non-electroactive
product. Indeed the computer simulations of the cyclic voltammograms shown on
the right side of Fig. 9 were carried out by invoking such a side reaction with a rate
constant k, 2 X 10> M~! s~ !, Although the success of the digital simulation does not
depend on the proof of product identity, independent experiments described in the
Experimental section suggest that it derived from disubstitution, viz.,

ka
(7*-CsHMe)Mn(CO),[CNBu-t] * + t-BuNC —

(7°*-CsH,Me)Mn(CO)[CNBu-t],*+ CO  (23)

Indeed the successful simulations of the cyclic voltammograms in Fig. 9 allows
the complex kinetics associated with the substitution of the pyridine complex
(7°-CsH,Me)Mn(CO),(py) by t-butyl isocyanide to be treated quantitatively as
shown in scheme 4.

The experimental and theoretical cyclic voltammograms for this system are
compared on the left and right sides, respectively, of Fig. 10 at two scan rates. (Note
the presence of the CV wave S as only a minor component in Fig. 10(a)). The digital
simulations employed the same rate constant of k,=2x 10> M~' s~!, indepen-
dently evaluated for eq. 23 in Fig. 9, and an optimized ligand exchange rate constant
of k, 5.0 x 102 M~ ! s~ . The agreement is somewhat modest, probably owing to the
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SCHEME 4

- k() .

Mn(py) — Mn(py) (24)

k, .

Mn(py) * + t-BuNC —» Mn(CNBu-t) " + py (25)
—_— kz — —_— +

Mn(CNBu-t) “+Mn(py) = Mn(CNBu-t) +Mn(py) ", etc. (26)

— + ka +

Mn(CNBu-t) " + t-BuNC — (4*-C4H,Me)Mn(CO)(CNBu-t),* + CO (23)

- k(2 .

Mn(CNBu-t) — Mn(CNBu-t) (27)

electrode characteristics which generally degraded during the course of the CV
experiment. Although the CV characteristics of the acetonitrile complex (7°-
CsH Me)Mn(CO),(NCMe) with added t-butyl isocyanide were better in acetonitrile,
the ligand exchange rate (k, > 10° M~' s™') was unfortunately too fast to be
adequately evaluated by the numerical method employed in this study. Although
further substitution of the product by t-butyl isocyanide (such as the reaction in eq.
23), can be observed in the CV experiments, the process is fortunately too slow to
interfere significantly with the chain substitution carried out in the bulk, as indicated
by the current efficiency in excess of 60 in Table 1, entry 4. Furthermore the rates of
electron transfer from the neutral reactant ML to the product radical cation ML*
(i.e., k,) is sufficiently rapid to obviate such side reactions except at very low
concentrations of ML. Nonetheless, CV studies with other metal carbonyl deriva-
tives, including those with carbon monoxide, trialkylphosphine and trialkyl phos-
phite ligands, indicate that substitutions by alkyl isocyanides are facile and a general
phenomenon. As a typical example, the reversible cyclic voltammogram of (%’-
CsH,Me)Mn(CO), at E° 1.15 V in acetonitrile containing 0.1 M TEAP, is rendered

Experimental Theoretical
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Fig. 10. Experimental (left side) and theoretical (right side) cyclic voltammograms for electrocatalysis in

the ligand substitution of 1.34x 10~ M (%°*-CsH Me)Mn(CO),(py) by 3.84x 10~ 3 M of added t-butyl

isocyanide in acetone containing 0.1 M TEAP at 20°C and scan rates of (a) 100 mV s~ ! and (b) 50 mV
-1

s
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completely irreversible by the addition of t-butyl isocyanide at —28°C. On the
reverse CV scan, a reversible redox couple at —0.03 V is observed, which is identical
to that observed for the CV wave S in Figs. 9(b) and 9(c).

Discussion

Ligand substitution of a metal carbonyl and its derivatives in the most general
form represents an exchange process, in which the notation ML designates the metal

ML +L =ML +L (28)

carbonyl, and L represents the displaced ligand and L the added nucleophile.
Electrocatalysis of ligand substitution thus refers to the promotion of eq. 28 at an
electrode with minimal consumption of current, under conditions in which the
conventional thermal processes [1-3] are either nonexistent or unimportant.

Bulk electrolysis at either constant current or voltage allows the isolation of the
substitution product ML and provides valuable information about the current
efficiency for electrocatalysis, as shown in Table 1. Cyclic voltammetry of metal
carbonyl solutions in the presence of added nucleophiles is a readily available
technique for the expeditious study of the reactive intermediates involved in the
electrocatalytic substitution of metal carbonyls, as listed in Table 2 and shown in
Figs. 1-4. Coupled with the use of the Feldberg technique for the digital simulation
of the cyclic voltammograms in Figs. 5 and 6, we have established the kinetics and
mechanism of electrocatalysis for ligand substitution in considerable, quantitative
detail. Two aspects of the electrocatalytic mechanism are of particular concern here,
as they relate to (a) the lability of the ]7-electron intermediate ML™* and (b) the
redox catalysis of added ligand L.

Ligand substitution of ML*

Previous studies have shown that the isomerizations of various Group VIB metal
carbonyls can be catalyzed by anodic oxidation [23,30-32]. The isomerization step
has been associated with 17-electron cation radicals, consistent with the view that the
coordination shell of such transient intermediates is labile toward reorganization.
Classic studies by Brown and coworkers have also revealed the substitution lability
of neutral, odd-electron metal carbonyls in ligand exchange reactions proceeding via
chain mechanisms [33-39]. The kinetics of ligand substitution in metal carbonyl
radicals have recently been examined in two systems. McCullen, Walker and Brown
[5] showed that the substitution of the phosphine ligand in the persistent
Mn(CO),(PR,), by carbon monoxide proceeded by a second-order (i.e., Sy2)
displacement process. Similarly, Trogler and Basolo [6] have reported the displace-
ment of carbon monoxide from the coordinatively saturated, 17-electron V(CO), by
PPh, to proceed by similar kinetics. These results agree with our conclusion that the
17-electron species derived from the diamagnetic metal carbonyls in Table 2 undergo
ligand exchange by an associative process [40]. The enhanced reactivity of these
radical cations toward ligand substitution (with second-order rate constants which
can easily exceed 10° M~! s™') may arise from favorable charge transfer interac-
tions between the electron-deficient metal center and the donor nucleophile. Such an
associative pathway is to be contrasted with the mechanism commonly observed for
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many 18-electron Group VIB metal carbonyls, in which dissociative, Sy1 processes
usually dominate over the competing Sy 2 processes. Ligand substitutions of metal
carbonyls which are catalyzed by electrochemical reduction have also been recently
described [41,42]. Such processes proceed via the initial formation of labile 19-elec-
tron radical anions, but experimental evidence has not yet been adduced as to
whether associative or dissociative mechanisms are involved. The report [42] of the
reduction-catalyzed substitution of the cationic (phen)(CO),Re(NCMe)™* is particu-
larly relevant to our studies with the neutral (7°-C;H,)Re(CO),(py) reported in
Table 1. Apparently the rhenium(0) complex (phen)(CO);Re(NCMe) and the
rhenium(Il) cation (7>-CsH)Re(CO),(py)* are the labile species responsible for
ligand substitution.

Redox catalysis by added nucleophiles

Electrocatalytic studies reveal alternative routes by which added nucleophiles can
participate in the ligand substitution of metal carbonyls. Thus phosphines such as
P(OMe)Ph, and PMePh, are oxidized by radical-cation intermediates ML™* in egs.
15 and 16, respectively. The result leads to a ‘“catalytic wave effect” in which
characteristic distortions (elongation) of the cyclic voltammetric waves are observed,
as found in Figs. 5(d), 6(b,c) and 8(b,c). The effect is described as redox catalysis,
and it can be quantitatively analyzed by digital simulation of the cyclic voltammo-
grams using the appropriate kinetic parameters for ligand substitution and electron
transfer. Redox catalysis was also observed with other phosphines which qualita-
tively followed their donor abilities in the order: PPh; < P(OPh), < P(OMe)Ph, <
P(p-MeC,H,), < P(Me)Ph, < PEt,. Indeed this trend accords with the origin of
redox catalysis from the rate of phosphine oxidation by electron transfer in eq. 18. It
is important to emphasize however that the rate constant k, for eq. 18 is generally
several orders of magnitude smaller than the rate constant k, for electron transfer
from the metal carbonyl in eq. 13. Consequently, redox catalysis will only be
observed in bulk electrolysis during the later stages of ligand substitution when the
concentration of the reactant ML is severely diminished (i.e., k5[ L] = k,[ML].) Since
this kinetic situation also holds for the CV experiment, it follows that the reactant
wave ML is minimally affected by the redox catalytic phenomenon, as elaborated in
the discussion pertaining to Fig. 11 in the Experimental section.

An alternative process by which the radical cation of the metal cation of the metal
carbonyls can react with the added nucleophile is shown in Fig. 10. In this system,
the reversible cyclic voltammogram of the product ML is rendered irreversible by
added nucleophile, owing to the effective interception of the radical cation ML*
shown in Fig. 9. Indeed the enhanced nucleophilic reactivity of alkyl isocyanides
generally causes such distortions in the CV waves of other metal carbonyls. Nonethe-
less the rates are not sufficient to affect adversely the efficiency of the electrocata-
lytic cycle listed in Table 1.

Experimental section

Materials

The substituted carbonylmanganese complexes, (1°>-CsH, Me)Mn(CO),L listed in
Table 2 were prepared from (7°-CsH,Me)Mn(CO),(THF), which was generated in
situ by the irradiation of a solution of (#*-CsH,Me)Mn(CO), in THF under argon.
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The photochemical reactor consisted of a 300 ml cylindrical flask with a 100 watt
medium pressure Hg lamp contained in a quartz immersion well.

All preparative reactions and ligand exchange studies were carried out under
either a nitrogen or an argon atmosphere. Benchtop manipulations were performed
in Schlenk flasks. Many of the manganese complexes employed in this study are
generally air sensitive, both in the solid state as well as in solutions. In a typical
procedure, a solution of 2 g (7°-CsH,Me)Mn(CO), in 300 ml THF was deaerated,
and irradiated for 50 min at 0°C. The IR spectrum of the solution indicated that
~ 90% of the starting material was converted to (7°-C;H,Me)Mn(CO),(THF). One
equivalent of the appropriate ligand (L = py, MeCN, PEt,, P(Me)Ph,, P(OMe)Ph,,
CNCMe;, etc.) was added, and the solution stirred for several hours at ambient
temperatures. During this period, the deep purple color of the THF complex gave
way to the yellow or orange color of the product. The THF was removed at reduced
pressure, and the residue was taken up in ethyl ether. (When the product was not
soluble in ether, chloroform was employed.) Filtration of the solution, followed by
crystallization from a mixture of ether and hexane or chloroform and ethanol
afforded crystalline products in 30-70% yield. (#°-C,H,)Re(CO),(py) [13] and
(7°-CsH)Re(CO), (PPh,) [43] were synthesized from (5>-CsH)Re(CO),(Et,0) by
thermal displacement of diethyl ether according to Giordano and Wrighton [13]. The
preparations of cis-(py),Mo(CO), [44], cis-(t-BuNC),Mo(CO), [45], (»°-
C,H ,Me)Mn(CO),(THF) [8] were carried out by the reported procedures. (#’-
C,H,Me)Mn(CO); was obtained from Alfa/Ventron. Methyldiphenylphosphine
was purchased from Organometallics, Inc. and methoxydiphenylphosphine was
obtained from Arapahoe Chemicals. Triethylphosphine was obtained from Pressure
Chemical Co. t-Butyl isocyanide was prepared by a literature method [46].

Reagent grade acetonitrile (Fisher Scientific) was further purified by distillation
from calcium hydride, followed by stirring over a mixture of potassium per-
manganate and sodium carbonate for 24 h at room temperature. The acetonitrile
was distilled at reduced pressure and then redistilled from phosphorous pentoxide. A
final fractional distillation from calcium hydride through a 19-plate bubble cap
(Oldershaw) column afforded acetonitrile suitable for electrochemistry. It was stored
in a Schlenk flask under argon. For electrochemical use, tetrahydrofuran (THF) was
distilled from lithium aluminum hydride, and stored under argon. For most of the
preparative reactions, unpurified THF was adequate. Tetraethylammonium perchlo-
rate (TEAP) and tetrabutylammonium perchlorate (TBAP) were used as received
from G.F. Smith Chemical Co.

Electrochemical measurements

Electrochemistry was performed with a Princeton Applied Research Model 173
potentiostat equipped with a Model 176 current-to-voltage converter, which pro-
vided a feedback compensation for ohmic drop between the working and reference
electrodes. The high impedance voltage follower amplifier (PAR Model 178) was
mounted external to the potentiostat to minimize the length of the connection to the
reference electrode for low noise pickup. Cyclic voltammetry was performed in a cell
designed according to Van Duyne and Reilley [47]). The configuration of this cell is
convenient for low temperature experiments since the lower portion of the cell
containing the working solution could be easily submerged in the desired cold bath
contained in a Dewar flask. The distance between the Pt electrode and the tip of the
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salt bridge was less than 2 mm to minimize ohmic drop. The reference electrode was
isolated from the cold bath and maintained at room temperature (~ 25°C). The
voltammograms were recorded on a Houston Series 2000 X-Y recorder. Bulk
electrolysis was performed in a 3-compartment cell equipped with a Pt-gauze
working electrode and a magnetic stir bar for agitation. A sidearm provided an inlet
for the inert atmosphere, and another permitted the removal of samples of solution.
CV scans were recorded several minutes after agitation to ensure thermal equilibra-
tion. Electrode aging was not a serious problem in this study. Between experiments
the platinum wire was soaked briefly in concentrated nitric acid, rinsed with distilled
water, and dried at 110°C. The variation in effective electrode area from day to day
was less than 10%.

For bulk electrolysis at a controlled potential, the current /time profile was stored
in a Princeton Applied Research Model 4102 signal recorder for later output onto
the X-Y recorder. Voltage /time profiles for electrolysis at a controlled current were
recorded manually. For bulk electrolyses which required the intermittent sampling of
the anolyte by cyclic voltammetry, a specially constructed cell incorporating an
auxiliary Pt microelectrode was employed, as described in detail elsewhere [48].

Electrocatalysis of ligand exchange: typical example

The ligand substitution of (7°-CsH,Me)Mn(CO),(NCMe) by t-butyl isocyanide
is reported in detail as a typical example of the experiments listed in Table 1. A
sample of (7°-C;H, Me)Mn(CO),(NCMe) (110 mg, 0.48 mmol) was added to 12 ml
of MeCN containing 0.1 M TEAP under a nitrogen atmosphere in the electrolysis
cell. The stirred solution was reduced at —0.5 V vs. saturated NaCl SCE for several
minutes to render harmless the traces of impurities which may have resulted from
adventitious oxidation. When the cathodic current had fallen below about 10 A, an
aliquot of t-butyl isocyanide (40 mg, 0.48 mmol) was added with the aid of a
microsyringe. The electrode potential was maintained at —0.5 V and the solution
stirred at room temperature for 1 h in subdued roomlight. A 0.25 ml aliquot of the
solution was removed and analyzed by IR spectrophotometry to verify that no
reaction has occurred. The solution was then oxidized at a controlled current of 100
1A, and the electrode potential monitored. After 21.1 min the potential increased
sharply from about 0.0 to +0.3 V, and the oxidation ceased. By this time, the deep
yellow color of the starting solution had been replaced by the pale yellow color of
the product. The carbonyl stretching frequencies in the IR spectrum of (7°-
C,H, Me)Mn(CO),(NCMe) shifted from 1932 and 1857 cm™' to 1940 and 1881
cm ™', which corresponded to that of the t-butyl isocyanide complex. The anolyte
was transferred to a 25 ml volumetric flask and diluted to volume with a solution of
deoxygenated MeCN containing 0.1 M TEAP. The yield of (°-C;H Me)Mn(CO),-
(CNCMe,) was determined by IR spectrophotometry to be 95 + 7%, after correction
for sampling. For calibration purposes, the product of the optical path length and
the molar absorbtivity were evaluated using solutions of authentic (7%’-
C,H ,Me)Mn(CO),(CNCMe,;) in MeCN containing 0.1 M TEAP. The plot of
absorbance vs. concentration was linear in the concentration range of interest. The
anolyte was diluted with 100 ml of deoxygenated water and the resulting light yellow
precipitate isolated by filtration (94 mg, 72% isolated yield). The isolated product
was found to be spectroscopically identical to that of authentic (7°-
C;H Me)Mn(CO),(CNCMe,). The melting point of the sample after a recrystalliza-
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tion from hexane was 52-54°C. Although the substitution products were not
isolated in many of the other reactions listed in Table 1, they were positively
identified by their IR spectra in the working solution by comparison with authentic
samples.

Reaction of (v’-C;H,Me)Mn(CO), {CNBu-t] * with t-butyl isocyanide

A solution of (7°-CsH,Me)Mn(CO),(CNBu-t) (5.53 X 107> mol) in 15 ml of
acetone containing 0.1 M TEAP was electrolyzed at a constant potenial of 1.0 V at
—40°C. An excellent conversion to the radical cation was indicated with an initial
negative scan cyclic voltammogram of the solution showing it to be identical with
that shown in Fig. 9(a). Immediate addition of a 3-fold excess of t-butyl isocyanide
afforded a solution which exhibited a single reversible CV was displaced to E°
—0.03 V, and identical to S in Fig. 9. However, isolation of this species was
impossible since it was thermally unstable and decomposed rapidly even at —20°C
with concomitant disappearance of all electroactive material from the solution. The
CV wave S was tentatively assigned to the disubstitution product (7°-CsH Me)-
Mn(CO)[CNBu-t], on the basis of the correlation of the value of E° —0.03 V with
the trend established with other ligands [49]. This assignment is also consistent with
the observation of the same CV wave when L = CO, PR, and P(OR), were present
in (n°-C;H,Me)Mn(CO),L with t-butyl isocyanide.

Digital simulation of cyclic voltammograms for electrocatalytic ligand substitution

The computer program for the digital simulation of the cyclic voltammograms
was written in Fortran, and is available upon request. It represents an adaptation of
the subroutine package originally developed by Feldberg [14], and most of his
nomenclature is preserved. The mechanism outlined in Scheme 1 or equivalently
Scheme 1’ is the basis of the kinetic model of the ECE process for the catalytic
ligand substitution under study. The heterogeneous rate constants for MnL (species
1) and MnL (species 2) are represented as k(1) and k. (2), respectively. The
homogeneous rate constant for ligand exchange in the cation MnL* is k, (M~ 's™"),
and the electron transfer rate constant in eq. 13 is k,. The required initial conditions
are: [(2)]o=0, [(1)]¢>0, [L]y > 0. The other required inputs are self-explanatory
since the program is written to be used interactively.

The simulated cyclic voltammograms are generated as 1000 current-voltage points
which are stored in 2 data files, 50 and 51, respectively, in our code system (see
statements 120-199). Although the output may be utilized in any number of ways,
we found two particularly useful procedures: (1) the current-voltage points were
plotted directly on to an X-Y recorder for visual presentation, and (2) the data were
transferred to a Princeton Applied Research Model 4102 transient recorder and
displayed on an oscilloscope. The latter method is useful for locating the exact
magnitude of current maxima and minima since the transient recorder has a manual
cursor and provides a digital readout of the desired data point.

The computer program also includes those electrocatalytic processes in which
kinetic complications arise from the further reaction of the product radical cation
ML ™ such as phosphine oxidation etc. The kinetic schemes for these processes are
described individually below.

Redox catalysis involving the oxidation of PMePh,
The increase of the anodic peak currents in Figs. 6(b) and 6(c) is not consistent
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with a process involving the exchange of a single electron from PMePh,, but two
electrons. Accordingly, the following scheme was employed.

SCHEME 2’
k!
Ml = ML* (17)
ks
ML* + PMePh, <= ML + PMePh,* (28)
k_3
k
PMePh,* — PPh,* + Me- (29)
Me- + ML* > ML + Me,, (30)
and/or
Me- + SH - MeH + S+ (31)
Se+ML*—>ML+S,, (32)

where the subscript ox indicates a product of oxidation and SH represents the
solvent. (Since the overall kinetics are not dependent on a knowledge of the fate of
the methyl radical formed in eq. 29, two posstibilities are presented in eq. 30 and egs.
31, 32 [50}.)

The CV behavior of the ML wave depends on the values of k5, k_; and k.
However, two limiting kinetic situations can be considered with respect to the
relative values of ks and k_, [ML]. When k> k_, [ML], the forward reaction in
eq. 28 is rate-limiting, but when the converse is true, dissociation in eq. 29 is
rate-limiting, and eq. 28 can be considered a pre-equilibrium. For a given concentra-
tion of ML, the relative anodic peak currents for the ML wave in the presence and
absence of phosphine is given by the ratio i, /i g at a constant v. The variation of this
ratio with v, [ML] and [PMePh,] allows a distinction to be made between these
kinetically limiting sitvations, by the digital simulation procedure described by
Saveant and coworkers {29]. Application of such a procedure to the oxidation of
PMePh, by ML" indicates that &, is rate-limiting, with a rate constant of 1.5 + 0.5
%X 10° M~! s7!. We note that the agreement of the mechanism for the catalytic
oxidation of PMePh, by ML ™ with that in Scheme 2’ applies to the timescale of the
CV experiment. For longer times, as in the bulk electrolysis, this scheme does not
appear to be valid since the slope of Fig. 7 corresponds to the partial stoichiometry:

ML™ + 2 PMePh, —» ML, etc. (33)
whereas the stoichiometry based on Scheme 2’ is
2 ML* + PMePh, —» 2 ML, etc. (33)

The discrepancy may arise from the intervention of reactions following those
included in Scheme 2’, and are sufficiently slow on the CV timescale so as not to
perturb the voltammograms. The stoichiometry in eq. 33 is reminiscent of that for a
polymerization process; indeed such processes have been previously described for
the direct electrochemical oxidation of PPh; [51].

Electrocatalysis of ligand substitution coupled with redox catalysis
The digital simulation of the complete cyclic voltammogram of (7°-CsH Me)-
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Mn(CO),(py) in the presence of PMePh, in Fig. 8 requires a knowledge of the
following parameters: E°, B, and k, for both Mn(py) and Mn(PMePh, ), as well as
the values of the homogeneous rate constants k,, k, and k. Values of E°, 8 and k,
were determined independently from the cyclic voltammograms of the pure
manganese carbonyls as: £°0.11 V, 8= 0.5 and &, 0.038 cm s~ ' for Mn(py) and as
E® 048 V, =0.5 and k, 0.034 cm s~' for Mn(PMePh,). Proceeding from these
parameters, the value of k3 1.5+ 0.5 % 10° M~ s™! for eq. 28 was determined as
described above. (For Fig. 6 and Fig. 8, we found that a value of k; 1 x10° M™!
s~', which is within the experimental error limits, provided a better fit of the
computer simulated CV.) This value of &, is sufficiently small that the oxidation of
PMePh, by eq. 28 can be neglected in comparison with the rate of electron transfer
in eq. 21 for potentials of ~ 0.1 V. For example, consider the ratio k,[Mn(py)]/
k;[PMePh,). Since k,>10° M~' s~! as described in ref. [8b] and the ratio
[Mn(py)/[PMePh,] > 0.1 in our experiments, the effect of eq. 28 is seen to contrib-
ute < 10% to the current of the Mn(py) wave. Thus the Mn(py) wave in the presence
of PMePh, depends mainly on the values of k4, and k,. Figure 11 shows the
variation of the ratio ip/ig for this wave, as a function of the quantity log
([PMePh,]|RT /Jv), which is related to the effectiveness of ligand substitution. The
theoretical curves obtained by digital simulation based on Scheme 1’ are drawn on
the same figure (top scale) as the quantity log (k,[PMePh,]RT/Fv). Curve a
corresponds to the limit of k, = 0, whereas curve b represents the other limit of
k, = o0. It is seen that the value of k, has little influence within the precision of the
experimental data. Comparison of the two scales in the abscissa leads to &, 4 X 10
M~! s~ We have thus shown that all the parameters required for the digital
simulation of the cyclic voltammograms in Fig. 8 can be evaluated independently,
with the exception of k,. However this homogeneous rate constant has little effect
on the voltammograms provided it is chosen sufficiently large (vide infra). For the
simulations in Fig. 8, the value of k, 2 X 10° M~! s~ was employed.

Redox catalysis involving the oxidation of P(OMe)Ph,

The cyclic voltammogram in Fig. 5(d) can be treated by a kinetic scheme
analogous to that presented above for PMePh,. Similar to the fragmentation in eqs.
29-32, a methoxy group is cleaved from the radical cation P(OMe)Ph,* leading to
an overall two-electron process. As in the preceding system, the thermodynamic and
kinetic parameters were evaluated independently from Mn(NCMe) and Mn-
[P(OMe)Ph, . Figures 5b and 5c show that phosphine oxidation is negligible at high
scan rates and low phosphine concentrations. The values of the homogeneous rate
constants can then be deduced as k, 25X 10° M~' s™'and k, 2 X 10° M~ ' s/,
using the simulation technique described earlier [8). The rate constant k, for the
redox catalysis by phosphine oxidation in eq. 15 was the sole variable in Fig. 5d, and
it was determined by the simulation procedure described above as 1 X 102 M~ s~ !,

The effect of the electron transfer rate constant k, on the cyclic voltammograms

The magnitude of k, largely affects the relative contribution of the homogeneous
(eq. 13) and heterogeneous (eq. 14) electron transfer processes to the reduction of the
product cation-radical ML™ in Scheme 1. It has little or no effect on the rate of
ligand substitution which is governed solely by k,. This kinetic description can be
rationalized as follows: if &, is sufficiently large, the concentration of ML *, which is
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Fig. 11. Variations of the anodic peak current in the cyclic voltammogram of (n*-CsH ,Me)Mn(CO),(py)
in the presence (i,) and the absence (ig) of phosphine as a function of log((PMePh,]|RT/Fv), where
v = scan rate and [PMePh, ] = phosphine concentration. The lines are theoretical variations of the same
peak current ratio drawn against log(k,[PMePh,} RT/Fv) at the limiting values for &, of (a) zero and (b)
infinite.

produced at a rate controlled by eq. 12, will obey the steady state condition given
by:

[ML*]=[ML*](k,[L]/k,[ML]) (34)

On the other hand, if k, is small, [ML™*] will suffer mainly a heterogeneous
reduction at the electrode, and the rate-limiting step is still eq. 12, and in this case
[ML*)=[ML"] [52). Thus eq. 12 is the rate determining step, independent of the
exact value of k,, which explains why it exerts little effect on the cyclic voltammo-
gram. However a minor effect is noted when k, ~ k, in the following way. As seen
above, when &, is large, [ML*] is given by eq. 34. As the value of k, decreases and
approaches that of k,, [ML™] will increase until it reaches its maximum value equal
to [ML"]. This situation is formally met when k,=k,[L]/[ML]. We can thus
conclude that for a given value of k,[L]/[ML] dictated by the particular system, the
reduction of ML* occurs mainly in solution by eq. 13 when k, > k,[L]/[ML),
whereas it will be reduced mainly at the electrode by eq. 14 in the reverse situation.
At these kinetic extremes, the value of &, has no effect on the cyclic voltammograms,
except a slight effect will be observed when k, = k,[L]/[ML] corresponding to a
transition from one limiting situation to the other.
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