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spectrum and this situation may result in a nonconvergent behavior 
of the perturbation expansion. However, the success of the model 
proves the ability of the QDMBPT to derive the logic and structure 
of an effective Hamiltonian which remains efficient beside the 
radius of convergence of the QDMBPT used to establish it, 
provided that the high orders are tempered through a diminution 
of |X|. 

Anyway the EVB Hamiltonian seems a very promising tool. 
It gives accurate results at a very low cost; diagonalization of 
moderate matrices (up to 12 atoms), built according to a very 
simple logic, gives results very close to the full ir CI result. The 
model has been used elsewhere14 to predict the evolution of the 
1Ag —* 'Ag forbidden transition in the series of linear polyenes 
and the TV dependence of the lowest allowed transition energy in 
odd polyenes. 

The demonstration of the aromaticity rule for cyclic polyenes 
has been achieved in a highly correlated model, and its physical 
content as a collective circular movement of electrons supports 
the interpretation of aromaticity that is due to ring currents. This 
example illustrates the power of the QDMBPT applied to the VB 
problem. 

The analysis of the resulting wave function (i.e., the component 
of the exact wave function on the neutral subspace of the VB 
theory) shows the importance of spin alternation (assumed and 
verified by the ASMO method16). The picture of the electronic 
structure of the molecule, as it arises from our EVB model, is 
somewhat different from the usual MO description, in terms of 
filling canonical delocalized MO's or coupled electron pairs in 
localized bond MO's. The "faithful couple" of the electron pair17 

is replaced by a dance of electrons of opposite spins, permuting 
their positions through instantaneous ionic pairs; that dance is 
far from being disordered since some basic figures (regular spin 
alternation) are dominant (at least locally) and since some col
lective movements such as the ring currents along the circles 
appear to play a prominent role. 

IV. Appendix. Sign of the Full Spin Permutation Matrix 
Element of Order JV = 2u for an 7V-Membered Ring 

One must prove that, 4>{ and <f>2 being the two neutral deter
minants with full spin alternation 

(16) R. Pauncz, "Alternant Molecular Orbital Method", W. B. Saunders, 
Philadelphia, 1967. 

(17) L. Salem, /. Chem. Educ, 55, 344 (1978). 

{<t>x\H
ta\4>2) = <123...2«|^2"|T23...2«) > 0 V« 

The 2«th-order perturbative process generating this effective in
teraction goes through (multi) ionic intermediate determinants 
which will be written according to the following rules: the AO's 
appear in their natural (cyclic) sequence; when two electrons are 
on the same center, the /3-spin AO willbeput in second position. 
The determinant 2+6~ will be written 113456678]. Let us examine 
the signs of the matrix elements associated with the In circular 
electron jumps, allowing for <£2 to be reached from </>,; as already 
noted each electron only jumps to the neighboring position. The 
negative signs will be associated to jumps of the 0-spin electron 
from ;' to ;' + 1 such as 

i+l 
»-Fu+l 

But it must necessarily be followed by another jump 

i+2 

-Fi+l,i+2 

also associated with a negative sign. The only exception concerns 
the events on the last [2n - 1] bond for which 

*+F-2n,l • F 2 n , 

2n 

The 2nth-order spin-exchange process therefore corresponds to 
a negative numerator. Since the denominator (-AE)2"'1 is negative 
at the same order, the resulting contribution is necssarily positive. 
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Abstract: A novel chain process for the ligand substitution of metal complexes is revealed by bulk and transient electrochemical 
methods. The large turnover numbers that are obtained for the ligand substitution of the tris(acetonitrile) complexes of molybdenum 
and tungsten carbonyls with phosphines and isocyanides underscore the electrocatalytic phenomenon. The efficient chain process 
derives from the substitution lability of the cation radicals, which are formed by the one-electron oxidation of metal carbonyls 
and subsequently undergo rapid electron transfer, as in Scheme II. The driving force for ligand substitution is related to the 
relative stabilities of the cation radicals. Electron-transfer equilibria between these cation radicals can be evaluated from the 
standard reduction potentials E° or the cyclic voltammetric peak potentials Ep. The initiation of the chain process is finely 
tuned to the value of E" and Ep for the various metal carbonyls. The effectiveness of metal carbonyls as catalysts in the enhanced 
oxidation of nucleophiles such as triphenylphosphine is also described. 

Ligand substitution of the octahedral complexes of the transition 
metals is usually considered to proceed via the even-numbered, 

16- and 18-electron intermediates.1'2 Thus the displacement of 
ligands from a series of group 6B metal carbonyls LM(CO)5 by 
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Table I. Electrocatalytic Substitution Reactions of Carbonylmetal Complexes" 

LnM(CO)6 . „(mmol) 
added ligand L 

(mmol) 
temp, 

0C 

electrode 
potential, 

V b 
charge passed, 

far mol"1 c product (yield,d isolated yield) 

/CC-(MeCN)3W(CO)3 (0.16) 
/CC-(MeCN)3Mo(CO)3 (0.14) 
c/j-(py)2Mo(CO)4 (0.14) 
as-(py)2W(CO)4 (0.16) 
CiS-(MeCN)2W(CO)4(O-IO) 
CZi-(MeCN)2W(CO)4 (0.32) 
CW-(MeCN)2W(CO)4 (0.14) 
(MeCN)W(CO)5 (0.098) 
(py)W(CO), (0.17) 
(Py)W(CO)5 (0.099) 
(MeCN)Cr(CO)5 (0.26) 
(py)Cr(CO), (0.064) 

f-BuNC (0.96) 
P h 3 P ( L l ) 
BuNC (0.55) 
Ph3P (0.16) 
Ph3P (0.57) 
Ph3P (0.32) 
BuNC (0.35) 
Ph3P (0.19) 
Ph3P (1.1) 
/-BuNC (0.5) 
Ph3P (0.38) 
Ph3P (0.61) 

0 
22 

0 
0 

22 
22 
22 
22 

0 
22 
25 
22 

0.1 
0.1 
0.4 
0.4 
0.2-0.4 
0.2 
0.2 
0.5 
0.9 
0.7 
0.7 
0.7 

6 XlO'2 

9 XlO"3 

1.9 XlO"1 

1.2 X 10-' 
7 XlO"2 

5 XlO"2 

1.3 XlO-' 
1.3 XlO"1 

1.1* 
0.47 
O.S8h 

1.05! 

/CC-(BuNC)3W(CO)3 (87%, 68%) 
(MeCN), ,(Ph3P)1 sMo(CO)3

e 

CiS-(BuNC)2Mo(CO)4 (80%, 67%) 
cis-(py)(Ph3P)W(CO)4 (98%, 68%) 
(Ph3P)2W(CO)4 (--,71%) 
CiJ-(MeCN)(Ph3P)W(CO)4 (102%, 84%) 
CiS-(BuNC)2W(CO)4 (84%,--) 
(Ph3P)W(CO)4 (98%,--) 
(Ph3P)W(CO)5 (69%,--)* 
(/-BuNC)W(CO)5 (64%, --V 
(Ph3P)Cr(CO)5 « 1 1 % , - - )" 
(Ph3P)Cr(CO)5 « 1 0 % , - - ) ' 

a Reactions performed in 10-15 mL of MeCN containing 0.1 M TEAP subsequent to purging with argon in a preparative electrolysis cell. 
Contents stirred with a magnet. b Volts vs. saturated NaCl SCE. c Based on faradays required for complete consumption of LnM(CO)6_n 

unless noted otherwise. d Yield determined by quantitative infrared spectrophotometry. e Ligand stoichiometry based on elemental analysis 
of the precipitated product. ^ Mixture of cis and trans isomers precipitated from solution. * 29% of starting material recovered. h 87% of 
(MeCN)Cr(CO)5 recovered. ' 90% of starting (py)Cr(CO)5 reisolated. ' 28% of (py)W(CO)5 reisolated. 

Scheme I 

LM(CO)5 — = — - LM(CO)5 + L 

- L 

M(CO)5 LM(CO)5 

phosphines and arsines L have been reported to involve competitive 
dissociative and associative pathways, as summarized in Scheme 
I.3"6 Nitrogen-centered ligands L which serve as a donors are 
particularly good leaving groups. Consequently, such derivatives 
are versatile synthetic precursors.7"10 

We wish to report a series of similar ligand substitutions that 
proceed via a catalytic chain process. In this study, we have 
focused our attention on the ligand substitutions of group 6B metal 
carbonyls bearing pyridine (py) or acetonitrile (MeCN) ligands 
by the structurally distinctive nucleophiles, triphenylphosphine 
and /e-r/-butyl isocyanide. Electrochemical methods are employed 
for the production of the 17-electron cation radicals required for 
the initiation of the chain process. 

Results 
I. Chain Process for the Ligand Substitution of Metal Carbonyl 

Complexes. Products and Stoichiometry. The bis(acetonitrile) 
and bis(pyridine) complexes of tungsten carbonyl, (MeCN)2W-
(CO)4 and (py)2W(CO)4, respectively, are stable to ligand sub
stitution by triphenylphosphine at 25 0C. However, the phosphine 
substitution is effected rapidly if a set of platinum electrodes [E] 
is inserted into the acetonitrile solution (containing 0.1 M tet-
raethylammonium perchlorate TEAP as supporting electrolyte) 
and a slight potential of 0.2 V is applied.11 For example, the 
results in Table I show that the monosubstitution products are 
obtained in high yields within 15 min, when an equimolar amount 
of triphenylphosphine is present, i.e., 

Cw-L2W(CO)4 + PPh3 • CU-L(Ph3P)W(CO)4 + L (1) 

where L = MeCN, C6H5N(py). The electrocatalytic nature of 
the substitution is readily deduced by coulometry during bulk 

(1) Basolo, F.; Pearson, R. G. "Mechanisms of Inorganic Reactions", 2nd 
ed.; Wiley-Interscience: New York, 1967; p 533. 

(2) Deeming, A. J. Inorg. React. Mech. 1981, 7, 275. Davidson, J. L. Ibid. 
1977, J, 305. Kemmitt, R. D. W.; Smith, M. A. R. Ibid. 1976, 4, 275 and 
related reviews in this series. Edwards, D. A. Organomet. Chem., 1978, 7, 
207 and related volumes. 

(3) Darensbourg, D. J.; Brown, T. L. Inorg. Chem. 1968, 7, 1679. 
(4) Ingemanson, C. M.; Angelici, R. J. Inorg. Chem. 1968, 7, 2646. 
(5) Covey, W. D.; Brown, T. L. Inorg. Chem. 1973, 12, 2820. 
(6) Hyde, C. L.; Darensbourg, D. J. Inorg. Chem. 1973, 12, 1286. 
(7) Deberitz, J.; Noth, H. J. Organomet. Chem. 1973, 49, 453. 
(8) King, R. B.; Fronzaglia, A. Inorg. Chem. 1966, 5, 1837. 
(9) King, R. B.; Saran, M. H. Inorg. Chem. 1974, 13, 74. 
(10) Darensbourg, D. J.; Kump, R. L. Inorg. Chem. 1978, 17, 2680. 
(11) All potentials are given in volts relative to saturated NaCl SCE. 

electrolysis at controlled potential. From the measurement of the 
amount of current (faradays) passed through the solution, a 
turnover number (TN) in excess of 20 equiv of substitution 
products per electron obtains for eq 1. 

In the presence of excess triphenylphosphine, the bis(aceto-
nitrile) complex undergoes two sequential substitutions. 

Cw-(MeCN)2W(CO)4 + 2PPh3 • 
/TOn1S-(Ph3P)2W(CO)4 + 2MeCN (2) 

Thus the nearly quantitative formation of CW-(Ph3P)(MeCN)W-
(CO)4 in the first stage presented in eq 1 was accompanied by 
an increase in the electrode potential from 0.2 to 0.4 V. Continued 
application of this electrode potential resulted in the formation 
of the disubstitution product in eq 2, which precipitated from 
solution predominantly as the trans isomer. The passage of 0.07 
faraday per mol of (MeCN)2W(CO)4 indicated a turnover number 
in excess of 15 for the substitution of both ligands. By contrast, 
the bis(pyridine) analogue (Py)2W(CO)4 did not undergo further 
ligand substitution of the monosubstituted (py)(Ph3P)W(CO)4 

in the presence of excess triphenylphosphine. 

(Py)(Ph3P)W(CO)4 + PPh3 

[E] 
(Ph3P)2W(CO)4 + py (3) 

The substitution products in the examples above (and in the later 
studies) were characterized by comparison with authentic samples 
that were synthesized by independent methods described in the 
Experimental Section. 

Multiple substitution of both pyridine ligands in the molyb
denum carbonyl, cw-(py)2Mo(CO)4, is effected simultaneously 
by /er/-butyl isocyanide at 0.40 V. 

cw-(py)2Mo(CO)4 + 2BuNC • 
C W - ( B U N C ) 2 M O ( C O ) 4 + 2py (4) 

It is important to note that the substitution reaction in eq 4 
proceeds at an appreciable rate even without the application of 
an electrode potential, if the components are merely mixed without 
the exclusion of air. However, when special precautions are taken, 
the uncatalyzed substitution is quite slow. For example, when 
a solution of cw-(py)2Mo(CO)4 under argon is prereduced at -0.5 
V to remove adventitious (oxidized) impurities, no substitution 
by either /ev/-butyl isocyanide or triphenylphosphine could be 
observed, even after 1 h. Application of a slight positive electrode 
potential to the solution then leads to the rapid electrocatalytic 
process in eq 4. If a slight negative potential is reapplied during 
the course of electrocatalysis, ligand substitution is again inhibited. 

In a similar manner, the ligand substitution of the highly air 
sensitive tris(acetonitrile) complex/OC-(MeCN)3Mo(CO)3 could 
be completely inhibited by a prereduction at -0.5 V prior to the 
addition of triphenylphosphine. The passage of only 0.009 faradays 
per molybdenum (TN > 100) is sufficient to catalyze the sub-
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Cr(CO)6 (MeCN)Cr(CO)5 (MeCN)2Cr(CO)4 (MeCN)3Cr(CO)3 

' 
1.5 IO 0.5 0 -0.5 

E L E C T R O D E POTENTIAL , V vs SCE 

Figure 1. Single-scan cyclic voltammograms of the series of chromium 
carbonyls (MeCN)nCr(CO)6., in acetonitrile solutions containing 0.1 M 
tetraethylammonium perchlorate at 25 0C. 

stitution process, the termination of which is signaled by the 
complete separation of the product within 2 min. Elemental 
analysis of the precipitate is consistent with the empirical formula 
(MeCN)15(Ph3P)15Mo(CO)3, suggesting that it is a mixed crystal 
of the mono- and disubstituted products. Incomplete substitution 
no doubt arises from the insolubility of this mixed crystal. Indeed, 
the soluble tris(fert-butyl isocyanide) derivative is the principal 
product derived from the electrocatalytic substitution of the 
tris(acetonitrile) complex of tungsten carbonyl, i.e., 

[E] 

(MeCN)3W(CO)3 + 3BuNC • 
(BuNC)3W(CO)3 + 3MeCN (5) 

The efficiency of the electrocatalytic substitution is highly 
dependent on the ligand and the metal. As an example, the 
monoacetonitrile tungsten carbonyl (MeCN)W(CO)5 undergoes 
catalytic substitution by triphenylphosphine at 0.5 V with a 
turnover number of at least 8. 

[E] 
(MeCN)W(CO)5 + Ph3P • (Ph3P)W(CO)5 + MeCN (6) 

However, the corresponding monopyridine complex (py)W(CO)5 

affords a 70% yield of the phosphine derivative (Ph3P)W(CO)5 

only after more than 1 faraday of charge is passed through the 
solution; i.e., TN < 1. (Acetonitrile)chromium carbonyl affords 
little or no substitution product even after a substantial amount 
of current has flowed through the solution. 

[E] 
(MeCN)Cr(CO)5 + Ph3P • (Ph3P)Cr(CO)5 + MeCN (7) 

II. Cyclic Voltammetry of Metal Carbonyl Complexes. In order 
to probe the electrocatalysis, we initially examined the anodic 
properties of the various transition-metal carbonyls in the absence 
of added ligands. Cyclic voltammetry was carried out with a 
stationary platinum microelectrode in acetonitrile solutions con
taining 0.1 M tetraethylammonium perchlorate (TEAP) as the 
supporting electrolyte. Two distinctive types of limiting elec
trochemical behavior can be observed for metal carbonyl com
plexes. 

Reversible Oxidation. The cyclic voltammograms in Figure 1 
all exhibit a well-defined anodic wave together with the coupled 
cathodic wave on the reverse scan. In most cases both the peak 
current ratio /P(a)/;'P(c) and the potential separation A of the 
anodic and cathodic waves at scan rates of 200 mV s'1 correspond 
to the expected values for the reversible electrochemical couple, 
e.g., 

(Ph3P)2Cr(CO)4 ^ (Ph3P)2Cr(CO)4
+ + e (8) 

The electrochemical standard reduction potentials E° for these 
substituted metal carbonyls are listed in Table II.12 It is note
worthy that the successive replacement of CO ligands by aceto
nitrile in chromium hexacarbonyl leads to a progressive lowering 
of the standard reduction potential. Indeed, the difference in E° 

(12) Standard reduction potentials obtained by electrochemical methods 
include a work term. For a discussion, see: Klingler, R. J.; Kochi, J. K. J. 
Am. Chem. Soc, in press. 

Hershberger, Klingler, and Kochi 

Table II. Reversible Cyclic Voltammetric Data for Metal 
Carbonyl Complexes" 

L„M(CO)6_„ 

Cr(CO)6
d 

(Ph3P)Cr(CO)5 

(MeCN)Cr(CO)5 

(py)Cr(CO)s 

tmns-( Ph3P), Cr(CO)4 

CiS-(MeCN)2Cr(CO)4 

CiS-(Py)2Cr(CO)4 

^c-(MeCN)3Cr(CO)3 

ZaC-(MeCN)3Mo(CO)3 

./Bc-(MeCN)3W(CO)3 

c;'s-(/-BuNC)2W(CO)4 

/ac-(f-BuNC)3W(CO)3 

ferrocene (reference) 

Ep,
a Vb 

1.86 
1.11 
0.82 
0.80 
0.58 
0.29 
0.35 

-0.09 
0.26 
0.18 
0.81 
0.75 
0.37 

if0, Vb 

1.36 
1.05 
0.77 
0.74 
0.55 
0.24 
0.28 

-0.14 
0.21 
0.12 

0.31 

ip(A)l 
ipW 

1.1 
1.0 
1.0 
1.1 
1.1 
1.0 
1.0 
1.0 
1.0 
1.0 
2.4 
2.3 
1.0 

a At a platinum electrode in acetonitrile solutions containing 
~10"3 M metal carbonyl and 0.1 M TEAP at 25 0C. Scan rates = 
200 mV s"1. b Potentials relative to E° of ferrocene equal to 0.31 
V vs. saturated NaCl SCE. c Ratio of anodic and cathodic peak 
currents. d Compare with ref 14. 

E , volts 

•1 I T , -S , -T 

Figure 2. Single-scan cyclic voltammogram of (MeCN)(Ph3P)W(CO)4 
in acetonitrile containing 0.1 M TEAP at various scan rates. 

between the hexacarbonyl complex Cr(CO)6 and the corresponding 
tris(acetonitrile) derivative (MeCN)3Cr(CO)3 is in excess of 1.4 
V or 30 kcal/mol! The standard reduction potentials are also 
strongly dependent on the nature of the ligand and the metal. Thus 
in the series of mono- and disubstituted chromium carbonyls 
LCr(CO)5 and L2Cr(CO)4, the magnitudes of E° are substantially 
lower for the nitrogen-centered ligands MeCN and C5H5N than 
for the phosphine ligand, Ph3P.13 In the tris(acetonitrile) com
plexes, the standard reduction potentials for the metal centers 
decrease in the order Mo > W > Cr. 

Irreversible Oxidation. The single-sweep cyclic voltammogram 
of the tungsten complex (MeCN)(Ph3P)W(CO)4 in Figure 2 is 
characterized by an anodic wave showing a well-defined current 
maximum but no coupled cathodic wave on the reverse scan, even 
at rates up to 10 V s"1. An inspection of the details of the sweep 
dependence reveals that the current in the foot of the anodic wave 
is independent of the sweep rate. Such a behavior suggests that 
electron transfer from this tungsten carbonyl is electrochemically 
unidirectional, i.e., irreversible.15 Suffice it to mention here that 
the absence of the reverse electron-transfer step derives from the 
rapid decomposition of the cation, i.e., 

(MeCN)2W(CO)4 - 1 ^ (MeCN)2W(CO)4
+ -^* etc. (9) 

Such an electrochemical EC mechanism is known in a variety of 
other organometal systems showing irreversible CV behavior.16,17 

Indeed, at the peak potential £p of a totally irreversible CV wave, 
the rate of electron transfer is given by18 

k(Ep) = 2.1S[DPnJv/RT]111 (10) 

(13) For (Ph3P)2W(CO)4, reference is made only to the trans isomer. 
(14) Pickett, C. J.; Pletcher, D. J. Chem. Soc, Dalton Trans. 1975, 879. 
(15) Reinmuth, W. H. Anal. Chem. 1960, 32, 1891. 
(16) Klingler, R. J.; Kochi, J. K. J. Phys. Chem. 1981, 85, 1731. 
(17) Tamblyn, W. H.; Klingler, R. J.; Hwang, W. S.; Kochi, J. K. J. Am. 

Chem. Soc 1981, 103, 3161. 
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Table III. Irreversible Cyclic Voltammetric Data for Metal 
Carbonyl Complexes" 

metal carbonyl 

(Ph3P)W(CO)5 

(NBuNC)W(CO)5 

(MeCN)W(CO), 
(py)W(CO), 
tfans-(Ph3P),W(CO)4 

c/s-(Ph3P)(py)W(CO)4 

V 6 

1.23 
1.18 
1.02 
1.01 
0.75 
0.69 

metal carbonyl 

as-(Ph,P)(CH,CN)W(CO)4 

OT-(MeCN)2W(CO)4 

as-(py)2W(CO)4 

OT-(NBUNC)2 W(CO)4 

OT-U-BUNC)2MO(CO)4 

OT-(py)2Mo(CO)4 

fr 
0.65 
0.58 
0.55 
0.81 
1.00 
0.60 

a In acetonitrile solution containing 0.1 M TEAP at 25 0C. 
b Anodic peak potential in volts vs. saturated NaCl SCE, as meas
ured at a uniform sweep rate of 200 mV s"1. 

1.4 

E , volts 

1.0 _fif 

a . 

Figure 3. Cyclic voltammograms of 1.0 x 1O-3 M (py)W(CO)5 in the 
presence of various amounts of added ferNbutyl isocyanide, as measured 
at 200 mV s"1 in acetonitrile containing 0.1 M TEAP at 25 0C: (a) no 
NBuNC present; (b) 1 equiv of NBuNC; (c) 20 equiv of NBuNC added. 
Note: R and P refer to the CV peak potentials of the (py)W(CO)5 
reactant and (J-BuNC)W(CO)5 product, respectively. 

where D is the diffusion coefficient, 8 the transfer coefficient for 
the electrode process, n the number of electrons transferred in the 
rate-limiting step, and v the scan rate. 7 is the Faraday constant, 
and R and T have their usual significance. According to eq 10, 
the location of the CV peak Ef in an irreversible electrochemical 
process directly relates to the activation process for electron 
transfer when the sweep rate and the other parameters in the right 
side of the equation are constant.19,20 As such, the tabulation 
of the CV peak potentials Ev in Table III represents measures 
of the ease of oxidation of substituted metal carbonyl complexes 
that show irreversible electrochemical behavior. In accord with 
this expectation, it is noteworthy that the structural trends for 
the reversible E° in Table II parallel those for the irreversible E9 

in Table III.21-22 

III. Transient Electrochemical Behavior of Metal Carbonyl 
Complexes in the Presence of Nucleophiles. Coulometry together 
with product isolation in Table I have established the phenomenon 
of electrocatalysis in the substitution of metal carbonyls by nu-

(18) Klingler, J. R.; Kochi, J. K. J. Am. Chem. Soc. 1980, 102, 4790. 
(19) The transfer and diffusion coefficients of these related metal carbonyls 

are assumed to be the same. See ref 16. 
(20) Partial reversibility is also observed in some cases. See also: Pletcher, 

D. Chem. Soc. Rev. 1975, 4, 471. 
(21) None of the metal carbonyl complexes employed in this study are 

reducible at potentials greater than -0.5 V vs. SCE. 
(22) Values of Ep are not trivially related to the thermodynamic E° of the 

oxidation process since electrode kinetics,23 and in some cases, chemical ki
netics24 affect the location of the current peak. 

(23) Nicholson, R. S. Anal. Chem. 1965, 37, 1351. 
(24) Nicholson, R. S.; Shain, I. Anal. Chem. 1964, 36, 706. 

b. 

d. 

Figure 4. Cyclic voltammetric studies of multiple-ligand substitution of 
1.0 X 10'3 M (MeCN)3W(CO)3 in acetonitrile containing 0.1 M TEAP: 
(a) no additive; (b) 6 equiv of r-BuNC; (c) 30 equiv of NBuNC; (d) 
120 equiv of NBuNC. All cyclic voltammograms recorded at a constant 
scan rate of 200 mV s"1. R, I, and P refer to the CV peak potentials of 
the reactant, intermediates, and product, respectively, as described in the 
text. 

cleophiles. We now wish to describe the cyclic voltammograms 
associated with this transient electrochemical behavior. In the 
course of this study, we also observed that various metal carbonyls 
are capable of efficiently inducing the oxidation of triphenyl
phosphine at potentials substantially less than its oxidation po
tential. 

Electrocatalysis in the Substitution of a Single Ligand. The 
cyclic voltammogrm of the monopyridine complex (py)W(CO)5 

in MeCN at a sweep rate of 200 mV s"1 consists of a single 
irreversible wave shown in Figure 3a. However, when 20 equiv 
of tert-butyl isocyanide is added to a solution containing 1.0 X 
10"3 M (py)W(CO)5, the CV wave at £p = 1.01 V is absent, being 
replaced by a new irreversible wave with Ep = 1.18 V corre
sponding to that of the substitution product (NBuNC)W(CO)5 

shown in Figure 3c.25 When smaller amounts of tert-butyl iso
cyanide are employed, both waves can be observed in the cyclic 
voltammogram (see Figure 3b). Since the CV wave of (py)W-
(CO)5 in Figure 3a arises from its oxidation to the cation, the 
phenomenon in Figure 3c is associated with its rapid interception 
by added ligand, i.e., 

(Py)W(CO)5 

[£p] 
(Py)W(CO)5

+ + e 

(Py)W(CO)5
+ + /-BuNC • 

fast 
(NBuNC)W(CO)5 

(11) 

py 
(12) 

Isolation of the /ert-butyl isocyanide complex (NBuNC)W(CO)5 

in excellent yields after bulk electrolysis at 0.70 V indicates that 
the substitution process in eq 12 is rapid. 

The electrocatalytic substitution by triphenylphosphine of the 
monopyridine and monoacetonitrile complexes of tungsten car
bonyl, (py)W(CO)5 and (CH3CN)W(CO)5, are more difficult 
to interpret solely on the basis of the CV experiment, since their 
anodic waves listed in Table III are not cleanly separated from 
the anodic wave of triphenylphosphine with EP = 1.3 V. In the 
presence of added Ph3P, the anodic wave at Ep = 1.02 V for 
(MeCN)W(CO)5 was absent. However, the cyclic voltammogram 
of (py)W(CO)5 appeared to be unaffected by the presence of 
added triphenylphosphine. In neither case could a CV wave 
corresponding to the product (Ph3P)W(CO)5 be clearly discerned 
owing to the presence of the phosphine wave. Nonetheless, 

(25) A slight shift in Ep is predicted for an electrode oxidation followed 
by a chemical reaction. See ref 24. 
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Figure 5. Sweep rate dependence of the intermediates in the cyclic 
voltammogram of 1.0 X 10"3 M (MeCN)3W(CO)3 with 6 equiv of 
rm-butyl isocyanide in acetonitrile containing 0.1 M TEAP at 25 0C. 
Sweep rates: (a) 100 mV s~\ (b) 50 mV s"1, and (c) 20 mV s"1. 

preparative-scale electrolysis in Table I demonstrates that both 
complexes undergo ligand substitution with Ph3P at these electrode 
potentials. 

Electrocatalysis in Multiple Ligand Substitutions. The cyclic 
voltammogram of the tris(acetonitrile) complex of tungsten 
carbonyl/Oc-(MeCN)3W(CO)3 is illustrated in Figure 4a. The 
reversible character of the one-electron wave at E" = 0.12 V is 
absent when the cyclic voltammogram is obtained of a similar 
solution but containing 6 equiv of added tert-b\ity\ isocyanide. 
Furthermore, the cyclic voltammogram in Figure 4b taken at the 
same sweep rate shows that the anodic current maximum at Ep 

= 0.18 is significantly diminished.25'26 The presence of incre
mentally more ferf-butyl isocyanide leads to further diminution 
of this CV wave (Figure 4c) and finally its disappearance alto
gether (Figure 4d). The cyclic voltammogram in Figure 4d 
corresponds to that of an authentic sample of /Oc-(MeCN)3W-
(CO)3. A closer inspection of the cyclic voltammogram in Figure 
4b reveals the presence of two additional waves. Indeed, the 
irreversible waves with Ep = 0.17 and 0.25 V can be readily 
ascribed to the mono- and disubstituted intermediates (t-
BuNC)(MeCN)2W(CO)3 and (J-BuNC)2(MeCN)W(CO)3, re
spectively. 

The transient formation of the partially exchanged intermediates 
is clearly brought out in Figure 5, which shows the cyclic volt-
ammograms of the same solution of (MeCN)3W(CO)3 and 
tert-butyl isocyanide at different sweep rates: (a) 100 mV s"1, 
(b) 50 mV s-1, and (c) 20 mV s"1. The disappearance of the CV 
waves for the reactant, as well as the partially exchanged inter
mediates at the slowest sweep rate recorded in Figure 5c, results 
from the complete conversion to the fully exchanged product 
(r-BuNC)3W(CO)3

26b (compare with Figure 4d). 
Electrocatalytic behavior of the cyclic voltammogram is also 

observed for the bis(acetonitrile) complex of the molybdenum 
carbonyl (py)2Mo(CO)4, which exhibits an irreversible wave with 
Ep = 0.60 V. Thus the current-induced chain reaction was ap
parent upon the addition of 6 equiv of tert-b\ity\ isocyanide. First, 
the anodic peak current of (py)2Mo(CO)4 decreased by more than 
80% and was accompanied by a slight shift in the anodic peak 
potential to 0.51 V. Second, the appearance of a new wave is 
attributable to the bis(isocyanide) derivative Cw-(J-BuNC)2Mo-
(CO)4 with £ p = 1.00 V. The latter was verified by the prepa
rative-scale electrolysis at a controlled potential of 0.4 V, followed 
by isolation of cis-{t-BuNC)2Mo(CO)4 in 67% yield. The presence 
of the monoisocyanide intermediate was not clearly discerned in 
the cyclic voltammogram owing to the partial overlap of the CV 
of the reactant with that of the product. Indeed, the intermediates 
formed during the multiple electrocatalytic substitution may not 
be readily observed during cyclic voltammetry, unless there is a 
sizeable window between the potentials (Ep) of the reactant and 
the product. For example, the intermediate in the electrocatalytic 

(26) (a) The magnitude of the observed decrease in /p for (MeCN)3W-
(CO)3 is not expected for an EC process involving oxidation followed by a 
simple irreversible chemical reaction, (b) Indeed a catalytic consumption of 
(MeCN)3W(CO)3 in the vicinity of the electrode is indicated. 
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Figure 6. Cyclic voltammogram of 1.0 X 10"3 M (MeCN)Cr(CO)5 
showing the catalytic oxidation of triphenylphosphine. (a) Reversible CV 
of (MeCN)Cr(CO)5 only. Partially reversible CV of the same solution 
but containing (b) 5 equiv of Ph3P and (c) 43 equiv of Ph3P at uniform 
scan rates of 50 mV s"1. 

substitution of (MeCN)2W(CO)4 by added triphenylphosphine 
in eq 1 is not cleanly delineated in the cyclic voltammogram. 
Although the peak current arising from (MeCN)2W(CO)4 de
creased from 40 \iK to less than 3 /uA attendant upon the intro
duction of triphenylphosphine, the new wave at E7, = 0.83 V may 
be attributed to either the monophosphine or bis(phosphine) 
product, (Ph3P)(MeCN)W(CO)5 or (Ph3P)2W(CO)4, as judged 
by the values of Ep in Table III. The isolation of the mono
phosphine product in high yield by controlled-potential electrolysis 
in eq 2 provides the direct evidence that it is more than a transitory 
intermediate. 

Catalysis in the Electrochemical Oxidation of Nucleophiles. The 
chromium carbonyls (py)Cr(CO)5 and (MeCN)Cr(CO)5 are 
characterized in Table II by reversible electrode processes with 
E0 between 0.3 and 0.8 V. However, in the presence of added 
triphenylphosphine, each cyclic voltammogram changes from a 
reversible one-electron wave to that which can be characterized 
as irreversible. For example, the reversible CV in Figure 6a for 
the monoacetonitrile complex (MeCN)Cr(CO)5 with E° = 0.75 
V is replaced by the quasi-reversible wave in Figure 6b upon the 
addition of triphenylphosphine. In the presence of additional Ph3P 
(43 equiv), the coupled cathodic wave has almost completely 
disappeared. (Note the scan rate is held constant.) 

The elongated shapes of the CV waves in Figure 6b and 6c have 
been described by Nicholson and Shain24 for the general case, in 
which the electrode process consists of a reversible charge transfer 
followed by the chemical regeneration of the reduced species (case 
VII in their paper24). For the system examined in this study, the 
mechanism is 

(MeCN)Cr(CO)5 — (MeCN)Cr(CO)5
+ + e (13) 

(MeCN)Cr(CO)5
+ + PPh3 — (MeCN)Cr(CO)5 + [Ph3P] + 

(14) 

where [Ph3P]+ represents the oxidation products of triphenyl
phosphine (vide infra). The overall process in eq 13 and eq 14 
corresponds to the carbonylmetal-induced oxidation of tri
phenylphosphine. Such a formulation can be readily verified in 
several ways. First, the exponential disappearance of Ph3P was 
observed by continuously monitoring its concentration by chro
matography during bulk electrolysis at a controlled current. After 
completion, the chromium carbonyl (py)Cr(CO)5 could be re
covered in 94% yield. During this period, the electrode potential 
remained relatively invariant. Second, the same results were 
obtained in the bulk electrolysis at a controlled potential in Figure 
7 showing the sharp falloff in the concentration of Ph3P. Again, 
most of the (py)Cr(CO)5 could be recovered intact after most of 
the phosphine was consumed. 

A similar electrocatalytic oxidation of triphenylphosphine oc
curred at 0.8 V when (MeCN)Cr(CO)5 was present. However, 
the bis(acetonitrile) analogue (MeCN)2Cr(CO)4, with a more 
negative potential, did not induce ligand oxidation, and the cyclic 
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Figure 7. Bulk electrolysis of 1.3 X 10"2 M (py)Cr(CO)5 and 8.1 X ICT2 

M Ph3P in acetonitrile at a constant potential of 0.69 V vs. NaCl SCE. 

voltammogram was unaffected by the presence of Ph3P. 

Discussion 
Ligand substitution of metal carbonyls LnM(CO)6., is tanta

mount to an exchange process: 

LnM(CO)6_„ + wL ^ LnM(CO)6.,, + «L (15) 

For the systems examined in this study, the equilibrium lies in 
the direction in which the nitrogen-centered ligands, L = pyridine 
and acetonitrile, are replaced by the ligands L = Ph3P and t-
BuNC, respectively.27 

Such ligand substitutions as those included in Table I are 
facilitated with remarkable ease when only a trickle of current 
is passed through the solution. Since the conversion of metal 
carbonyl far exceeds the faradays of charge, a chain mechanism 
must pertain to these ligand substitutions. Indeed, they show the 
earmarks of a conventional chain process in that substitution can 
be either deliberately inhibited or initiated simply by reversing 
the flow of the current. 

Two questions arise immediately about this electrode-assisted 
substitution. How is the direction of ligand substitution related 
to the thermal exchange in eq 15? What is the mechanism of 
such an unusually facile ligand substitution? 

The Nature of Electrocatalysis. We begin the discussion by 
emphasizing that the electrochemical process can be carried out 
with turnover numbers in excess of 100. As such, the electrode 
is only a means of initiating the catalytic cycle and by itself supplies 
no net input of energy.28 Indeed, those metal carbonyls such as 
(MeCN)3Mo(CO)3, which undergo chain substitution with long 
kinetic chain lengths, can be triggered by either chemical or 
electrochemical initiation. In fact, the chemical initiation (par
ticularly by adventitious air) may be so facile as to obscure the 
chain character of ligand substitution.29 The kinetic chain length 
for ligand substitution of most of the metal carbonyls examined 
in this study is rather limited, however, and electrochemical in
itiation provides a unique method for continuously generating the 
active species required for the chain process. Since the electro-
chemically induced process is truly catalytic, it only facilitates 
the ligand substitution and does not alter the course of the thermal 
process in eq 15. It is important to emphasize this point, since 
such a chain process is to be distinguished from the conventional 
ligand substitution of metal carbonyls induced by light, in which 
the direction of eq 15 is determined by the photostationary 
equilibrium.30 

(27) Quantitative data regarding such equilibria are unfortunately not 
available. 

(28) (a) For a recent discussion of electrocatalysis in other systems, see: 
Saveant, J. M. Ace. Chem. Res. 1980, 13, 323. (b) Various types of elec
trocatalysis can be described. In the chain process for ligand substitution, the 
turnover number (TN) referred to in this study is synonymous with current 
efficiency. For the enhanced phosphine oxidation in eq 13 and 14, electro
catalysis refers to the change (i.e., decrease) in the potential required for 
oxidation. 

(29) A number of ligand exchange reactions reported in the literature 
which involve easily oxidized substrates and extremely mild conditions may 
proceed by the chain process.7"10 
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Figure 8. Effect of the nature of and the number of noncarbonyl ligands 
L on the standard reduction potentials E" of substituted chromium 
carbonyls, L„Cr(CO)6_„. 

Redox Equilibria among Metal Carbonyls. Electrocatalysis is 
most effective when the ligand substitution in eq 15 proceeds in 
the direction to produce the metal carbonyl with the more positive 
oxidation potential. The results in Tables II and III illustrate the 
dependence of both E° and Ep, respectively, on the nature and 
number of the noncarbonyl ligands L and the identity of the metal 
M. Metal carbonyls bearing phosphine or isonitrile ligands are 
more difficult to oxidize than those bearing an equivalent number 
of pyridine or acetonitrile ligands on the same metal carbonyl. 
Phosphines, isocyanides, and carbonyl ligands are considered to 
be better ir acids than nitrogen-centered ligands such as pyridine 
and acetonitrile.31 Accordingly, the significant differences in E" 
and Ep for various metal carbonyls largely relate to the ability 
of ligands L to stabilize the carbonylmetal cation formed upon 
one-electron oxidation, i.e.,35 

LnM(CO)6.,, - LnM(CO)6 + e (16) 

As the number of carbonyl ligands is decreased and replaced by 
ligands which are poorer TT acids, the metal carbonyls become 
progressively more easily oxidized, as schematically represented 
in Figure 8. 

A singularly useful conclusion to be derived from the foregoing 
observations is that the driving force for the reduction of the 
carbonylmetal cation A+ by the metal carbonyl B is favored in 
the following sense: 

L„M(CO)6_„+ + LnM(COVn -
A+ B 

LnM(CO)6., 
A 

LnM(CO)6. 
B+ 

(17) 

when M = Cr, L = Ph3P and L = py, MeCN; when M = Mo, 
L = Ph3P, J-BuNC and L = py, MeCN; and when M = W, L 
= Ph3P, J-BuNC and L = py, MeCN. The same conclusion 
applies to metal carbonyls with mixed ligands, e.g., 

(30) See: (a) Adamson, A. W.; Fleischauer, P. D. "Concepts in Inorganic 
Photochemistry"; Wiley: New York, 1975. (b) For substitution in metal 
carbonyls, see: Geoffroy, G. L.; Wrighton, M. S. "Organometallic 
Photochemistry"; Academic Press: New York, 1979. Bock, C. R.; Koerner 
von Gustorf, E. A. Adv. Photochem. 1977,10, 221. See also: (c) Schwenzer, 
G.; Darensbourg, M. Y.; Darensbourg, D. J. lnorg. Chem. 1972, / / , 1967. 
(d) Incorvia, M. J.; Zink, J. I. Ibid. 1977, 16, 3161 and references therein. 

(31) The relative ir acidities of various ligands have been deduced from the 
carbonyl stretching frequencies vCo °f substituted metal carbonyls.32 Em
pirical correlations exist between £p and pco

33 or force constants34 for a 
homologous series of metal carbonyls. 

(32) Cotton, F. A.; Wilkinson, G. "Advanced Inorganic Chemistry", 4th 
ed.; Wiley-Interscience: New York, 1980; p 1070. 

(33) (a) Connelly, N. G.; Demidowicz, Z.; Kelly, R. L. J. Chem. Soc, 
Dalton Trans. 1975, 2335. (b) Connelly, N. G.; Kelly, R. L. J. Organomet. 
Chem. 1976, 120, C16. 

(34) Connelly, N. G.; Kitchen, M. D. J. Chem. Soc, Dalton Trans. 1977, 
931. 

(35) This implies that the neutral metal carbonyls differ less in energy than 
the corresponding cations. 
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(Ph3P)2W(CO)4
+ + (Ph3P)(MeCN)W(CO)4 — 

(Ph3P)2W(CO)4+ (Ph3P)(MeCN)W(CO)4
+ (18) 

(Ph3P)(MeCN)W(CO)4
+ + (MeCN)2W(CO)4 — 

(Ph3P)(MeCN)W(CO)4+ (MeCN)2W(CO)4
+ (19) 

Carbonylmetal Cation Radicals as Reactive Intermediates. We 
now wish to describe how the foregoing delineation of electron 
exchange between metal carbonyl species relates to the mechanism 
of the electrocatalysis of ligand substitution. Before doing so, it 
is important to emphasize that the mediation of the electrode in 
the initiation process demonstrates that it is directly responsible 
for the generation of the catalytically active species. As such, 
the applied potential at which electrocatalysis commences is de
termined by the potential at which the metal carbonyl is readily 
oxidized (see Table I). Indeed, the cyclic voltammetric studies 
described in Figures 3-5 provide conclusive evidence that the cation 
radical L„M(CO)6_„+ derived from the one-electron oxidation of 
the diamagnetic metal carbonyl is readily converted by added 
nucleophile L. 

Let us first consider the reversible charge transfer at E" 

(MeCN)3W(CO)3 ; = ± (MeCN)3W(CO)3
+ + e (20) 

to afford the cation radical, which disappears in the presence of 
added L only to show up as the substitution product in Figures 
4 and 5. Clearly, the cation radical must have undergone ligand 
exchange on the CV time scale: 

(MeCN)3W(CO)3
+ + 3 L ^ L3W(CO)3

+ + 3MeCN (21) 

The catalytic cycle can be completed by electron transfer between 
the product cation radical and the reactant metal carbonyl, i.e., 

L3W(CO)3
+ + (MeCN)3W(CO)3 — 

L3W(CO)3 + (MeCN)3W(CO)3
+, etc. (22) 

The net effect of eq 21 and 22 is the electrocatalysis of the ligand 
substitution: 

(MeCN)3W(CO)3 + 3L • L3W(CO)3 + 3MeCN (23) 

The reversible charge transfer in eq 20 thus constitutes only the 
initiation step for the catalytic cycle. 

The same basic mechanism also pertains to the initial charge 
transfer in Figure 3a, which is electrochemically irreversible, i.e., 

(py)W(CO)5 — (py)W(CO)5
+ + e (24) 

However short the lifetime of the cation radical in eq 24, it is 
sufficient to be intercepted by the added ligand L. Thus the 
sequence of steps in eq 25 and 26 can constitute the catalytic cycle 

(Py)W(CO)5
+ + L - LW(CO)5

+ + py (25) 

LW(CO)5
+ + (py)W(CO)5 -

LW(CO)5 + (py)W(CO)5
+, etc. (26) 

for the ligand substitution in eq 27. 

(Py)W(CO)5 + L -^* LW(CO)5 + py (27) 

In both systems, the rate of chain initiation is determined by 
the electrode potential E° or Ep applicable to the metal carbonyls, 
as listed in Table II or III. In other words, for a particular system, 
electrocatalysis is critically tuned by the electrode potential of the 
metal carbonyl. 

Chain Mechanism for Ligand Substitution. The mechanism for 
electrocatalysis is schematically represented by the catalytic cycle 
in Scheme II. This formulation underscores the equivalence 
between electrode-assisted and chemically induced methods for 
the initiation of the ligand substitution, particularly of those 
processes with long kinetic chain lengths. We hasten to add that 
the reduction potentials of the product are more positive than the 
potential E° or £ p at which electrocatalysis is effectively initiated. 
Accordingly, it is also posssible (and quite likely) for the catalytic 

Scheme II 
LnM(CO)6. n 

E' Ep 

n L ^ ^ LnM(CO)Jn / LnM(CO)6., 

cycle to be completed by electron transfer at the electrode potential 
E° or £p, i.e., 

[E] 
L„M(CO)6.„+ + e • L„M(CO)6_„ (28) 

Such an electrode process will be particularly beneficial for ligand 
substitutions in Scheme II with short kinetic chain lengths. In 
this regard, electrocatalysis of ligand substitution is unique, and 
cannot be easily replaced by an equivalent chemical method. 

It follows from the mechanistic formulation in Scheme II that 
the efficiency of the catalytic cycle is determined primarily by 
the ligand substitution of the cation radical, i.e. 

L„M(CO)6_„+ + «L - L„M(CO)6_„+ + «L (29) 

First, the rate of the substitution in eq 29 must be rapid in re
lationship to other competing modes of decomposition of the cation 
radical, especially the transient ones. Second, the electrode po
tential of the substitution product L„M(CO)6_„ should be more 
positive than that of the reactant LnM(CO)6^n in order to provide 
adequate driving force for the substitution. Results obtained from 
independent experiments indeed support both of these criteria. 

Substitution Lability of Cation Radicals. There is ample pre
cedence in the extant literature36 for the lability of odd-electron 
species toward substitution to exceed that of their diamagnetic 
precursors in a large number of organometallic systems. In studies 
more germane to metal carbonyls, Pletcher and co-workers14'37 

found the cation radical Cr(CO)6
+ to be substantially more 

persistent in the trifluoroacetic acid than in the more nucleophilic 
acetonitrile. Furthermore, the substitution of CO ligands by 
phosphines and phosphites is accelerated in several cobalt and iron 
carbonyl complexes upon one-electron reduction.38 The cyclic 
voltammetric data presented by Rieger et al. in the latter study 
indicated rapid substitution in the anion radical. As odd-electron 
intermediates, carbonylmetal ion radicals are related to the un
charged 17-electron species that have been identified as the 
substitution-labile species in a number of reported ligand ex
changes.39 The radical produced by the reversible homolytic 
scission of the Mn-Mn bond is responsible for ligand exchange 
in [Ph3PMn(CO)4J2.

40"43 In a series of elegant studies, Brown 
and co-workers44"47 have demonstrated the chain substitution of 
HMn(CO)5, where M = Re, Mn, to form HMn(CO)4L via the 
paramagnetic Mn(CO)5. Similarly substitution of HM(CO)3Cp, 
where M = Mo, W, involves the analogous radicals M(CO)3Cp.48 

Furthermore, the radical Co(CO)4 is the substitution-labile species 
in the chain reactions'of Cl3SnCo(CO)4 and Co2(CO)8 with L 
= phosphines and arsines to form [Co(CO)3L2I+SnCl3" and 

(36) For some leading references, see: Kochi, J. K. "Organometallic 
Mechanisms and Catalysis"; Academic Press: New York, 1978. 

(37) Pickett, C. J.; Pletcher, D. J. Chem. Soc, Dalton Trans. 1976, 636. 
(38) Bezems, G. J.; Rieger, P. H.; Visco, S. J. Chem. Soc, Chem. Com-

mun. 1981, 265. 
(39) See ref 36, p 184 ff, for a recent summary. 
(40) Dewitt, D. G.; Fawcett, J. P.; Poe, A. J. Chem. Soc, Dalton Trans. 

1976, 528. 
(41) Fawcett, J. P.; Jackson, R. A.; Poe, A. J. Chem. Soc, Chem. Com-

mun. 1975, 733. 
(42) Fawcett, J. P.; Poe, A. J. Chem. Soc, Dalton Trans. 1977, 1302. 
(43) Fawcett, J. P.; Poe, A.; Twigg, M. V. J. Organomet. Chem. 1973, 51, 

C17. 
(44) Kidd, D. R.; Brown, T. L. J. Am. Chem. Soc. 1978, 100, 4095. 
(45) Byers, B. H.; Brown, T. L. / . Am. Chem. Soc 1975, 97, 947. 
(46) Byers, B. H.; Brown, T. L. / . Am. Chem. Soc 1977, 99, 2527. 
(47) Byers, B. H.; Brown, T. L. J. Organomet. Chem. 1977, 127, 181. 
(48) Hoffman, H. W.; Brown, T. L. Inorg. Chem. 1978, 17, 613. 
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[LCo(CO)3J2, respectively.49'50 

The driving force for the ligand exchange between cation 
radicals in eq 29 is largely determined by the relative stabilities 
of the cation radicals.35 Such thermochemical measurements are 
presently unavailable. Nonetheless, a qualitative indication of 
the driving force can be deduced from the electron-transfer 
equilibria in eq 17-19. Thus the largest driving force for ligand 
exchange is expected between pairs of metal carbonyls with the 
largest difference in E° or £p. Such systems are represented in 
this study by the conversion of tris(acetonitrile) complexes of 
tungsten and molybdenum to the tris(phosphine) derivatives. 
Indeed, the highest turnover numbers reported in Table I corre
spond to such ligand substitutions. The substitution processes in 
these systems are so facile as to exchange all three acetonitrile 
ligands in rapid succession. By contrast, the ligand substitution 
of the bis(acetonitrile) complex (MeCN)2W(CO)4 can be in
terrupted at an intermediate state of exchange with phosphine. 
It is noteworthy that the anodic Ep of the half-substituted 
(MeCN)(Ph3P)W(CO)4 differs from that of the disubstituted 
product (Ph3P)2W(CO)4 by only 0.1 V.51 It follows from the 
same line of reasoning that electrocatalysis will not occur if Ep 

of the product is less than that of the reactant, even though the 
overall ligand substitution may be favored. For example, let us 
consider the electrocatalysis of the reaction between the nor-
bornadiene (NB) complex of tungsten carbonyl and acetonitrile. 
(NB)W(CO)4 + 2MeCN — (MeCN)2W(CO)4 + NB (30) 

Although ligand exchange as written in eq 30 is thermodynam-
ically favorable, the anodic peak potential E? = 0.58 V of the 
product (MeCN)2W(CO)4 is actually less than the £ p of (N-
B)2W(CO)4 (0.92 V). Thus the absence of electrocatalysis for 
eq 30, even after prolonged passage of current through the solution, 
is not surprising. The microscopic reverse process for eq 30 is 
contrathermodynamic. In accord with expectations, the cyclic 
voltammogram of (MeCN)2W(CO)4 is unaffected by the presence 
of added norbornadiene, despite its less positive Ep relative to that 
of (NB)2W(CO)4. 

Mechanism of Ligand Exchange in Cation Radicals. Although 
the driving force for exchange of metal carbonyl cation radicals 
can provide a measure of the electrocatalytic efficiency, it sheds 
no light on the mechanism of the exchange step itself. The two 
principal mechanisms, which are related to those described in 
Scheme I for the neutral precursor, merit some consideration. 

Ligand substitution of the cation radical by the direct SN2 
displacement is an associative process. As such, it proceeds via 
a 19-electron intermediate or transition state, e.g., 

LM(CO)5
+ + L ^ [LLM(CO)5

+] — LM(CO)5 + L (31) 

The alternative 2-step, dissociative mechanism involves the loss 
of ligand L to afford the 15-electron cation prior to reaction with 
the added nucleophile. 

LM(CO)5
+ ?=± M(CO)5

++ L (32) 

M(CO)5
+ + L - ^ - LM(CO)5

+ (33) 

Cyclic voltammetric studies show that the oxidation of the 
tris(acetonitrile) complexes of both tungsten and molybdenum 
is electrochemically reversible at sweep rates as high as 10 V s"1. 
Such measurements do not exclude the dissociative mechanism 
in eq 32 and 33, but they do place a lower limit on the rate constant 
^1 for the dissociation in eq 32. n Pending the quantitative 
evaluation of ku we are unable at this juncture to rigorously 
establish either mechanism. It is worth noting, however, that the 
bis(acetonitrile) and tris(acetonitrile) complexes of chromium are 

(49) (a) Absi-Halabi, M.; Brown, T. L. /. Am. Chem. Soc. 1977, 99, 2982. 
(b) Absi-Halabi, M.; Atwood, J. D.; Forbus, N. P.; Brown, T. L. Ibid. 1980, 
102, 6248. 

(50) See also: Fabian, B. D.; Labinger, J. A. J. Am. Chem. Soc. 1979, 
101, 2239. 

(51) See Table III. 
(52) Actually, it requires that the quantity (kl/k.l)[(v/26)/(kl + /L1)]

1/2 

be less than ~0.1 , where v is the scan rate in mV s"1 (see ref 24). 

inert to phosphine substitution upon electrocatalysis, despite the 
favorable values of their reduction potentials. Such an observation 
would qualitatively accord with the associative mechanism, in 
which the 19-electron intermediate or transition state would be 
disfavored owing to steric limitations at the chromium center.53 

Catalytic Electrochemical Oxidation of Triphenylphosphine. The 
electrochemical oxidation of phosphines catalyzed by metal 
carbonyls also relates to the participation of cation radicals in 
electron-transfer equilibria. For example, the change in the re
versible cyclic voltammogram of (py)Cr(CO)5 upon the addition 
of Ph3P in Figure 6 results from the electron transfer in eq 34. 

(Py)Cr(CO)5
+ + Ph3P - (py)Cr(CO)5 + Ph3P+ (34) 

Since this oxidation occurs at a potential E° = 0.75 V, which is 
substantially less than that (Ep = 1.3 V) at which Ph3P alone is 
readily oxidized, it contributes overall to an enhanced anodic 
process, i.e. 

[£°] 
Ph3P • Ph3P+ + e (35) 

Products derived from the phosphine cation radical have been 
described earlier.54 It is noteworthy that tert-buty\ isocyanide 
(with a relatively large positive E? of 2.13 V) did not affect the 
cyclic voltammogram of (MeCN)Cr(CO)5. 

The enhanced oxidation of triphenylphosphine depends on the 
facility of the electron-transfer step in eq 34, which appears to 
be endergonic at first sight. Such an electron transfer is possible, 
however, if it proceeded via an inner-sphere mechanism.55 Indeed 
the utilization of the latter may provide the mechanistic basis for 
a general class of enhanced electrode processes, which we hope 
further studies will provide. 

Summary and Conclusion 
The one-electron oxidation of metal carbonyls in the presence 

of nucleophiles leads to an enhanced rate of ligand substitution. 
The chain process can be initiated electrochemically and delib
erately inhibited by reversing the flow of current. The electro-
catalytic process involves the concurrence of three vital steps, viz., 
electron-transfer initiation 

LM — LM+ + e 

with the two reactions in the propagation cycle 

LM+ + L - * LM+ + L 

LM+ + LM — LM + LM+, etc. 

where LM and LM refer to the metal complex and its substitution 
product, respectively. 

The role of the cation radicals LM+ and LM+ as prime in
termediates is demonstrated by the cyclic voltammetric studies 
in Figures 3-5. As such, the reduction potential of LM determines 
the rate of initiation at a given applied potential. The efficiencies 
of both steps in the propagation cycle are also determined in large 
part by the relative reduction potentials of LM and LM or by the 
anodic CV peak potentials for irreversible systems. The rate of 
ligand substitution of the cation radicals LM+ by nucleophiles 
L represents an important aspect of the chain process. As odd-
electron intermediates, they are indeed related to a variety of other 
labile 17-electron radicals. 

The electrochemical syntheses of metal carbonyl complexes 
described in this study are catalytic. There are other electro
chemical procedures for the synthesis of metal carbonyls. For 

(53) However, it should be noted that the rates of isomerization for both 
the 17- and 18-electron analogues of M(CO)2(P-P)2 follow the order Cr < 
Mo < W. In this series, chromium is the most kinetically inert carbonylmetal 
complex, and the isomerization of the 17-electron is faster than that of the 
18-electron counterpart. See: Bond, A. M.; Grabaric, B. S.; Jackowski, J. 
J. Inorg. Chem. 1978, 17, 2153 and related papers. 

(54) For a detailed description of the complex mixture of products derived 
from Ph3P

+, see: Schiavon, G.; Zecchin, S.; Cogoni, G.; Bontempelli, G. 
Electroanal. Chem. Interfac. Electrochem. 1973, 48, 425. 

(55) (a) See: Fukuzumi, S.; Wong, C. L.; Kochi, J. K. J. Am. Chem. Soc. 
1980, 102, 2928 for the energetics of inner-sphere electron transfer, (b) 
Alternatively, a significant overpotential may be responsible for the large value 
of £p for triphenylphosphine. 
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example, the cathodic reduction of various transition-metal salts 
of vanadium, chromium, manganese, iron, cobalt, nickel, etc., 
under a carbon monoxide pressure affords metal carbonyls.56-60 

Likewise, transition-metal anodes under pressurized CO afford 
metal carbonyls at the cathode.57"61 The latter method has been 
applied to the preparation of a variety of phosphine-substituted 
derivatives of group 6B and iron carbonyls.58,60 Cathodic reduction 
of M(CO)6 and (R3P)nM(CO)6_„ in the presence of amines and 
phosphines produces substitution products at the anode.62,63 

Whether any of these processes proceed via similar or related chain 
mechanisms remains to be determined by further studies. 

Experimental Section 

Materials. Reagent grade acetonitrile was repurified by distillation 
from calcium hydride, followed by stirring over potassium permanganate 
and sodium carbonate at room temperature for 24 h. The mixture was 
filtered, and distilled at reduced pressure. It was then redistilled from 
phosphorus pentoxide, followed by a final fractional distillation from 
calcium hydride through a 19-plate bubble cap (Oldershaw) column. The 
purified solvent was stored under argon. Fisher Spectranalyzed grade 
acetone and methylene chloride were used without purification. Tetra-
hydrofuran was distilled from benzophenone ketyl and stored under ar
gon. Tetraethylammonium perchlorate (TEAP) and tetrabutyl-
ammonium perchlorate (TBAP) were used as received from G. F. Smith 
Chemical Co. The following compounds were prepared by literature 
procedures: (CO)5Cr(py),64 (CO)5Cr(MeCN),65 CiS-(CO)4Cr-
(MeCN)2,66 (CO)5Cr(PPh3),67 /TOns-(CO)4Cr(PPh3)2,

68 CiS-(CO)4Cr-
(py)2,

69 /ac-(CO)3Cr(MeCN)3,70 c/s-(CO)4Mo(py)2,69 /ac-(CO)3Mo-
(MeCN)3,70 (CO)5W(Py),64 (CO)5W(MeCN),66 (CO)5W(PPh3),67 

CiS-(CO)4W(MeCN)2,
71 c/s-(CO)4W(py)2,69 (CO)5W(J-BuNC),72 cis-

(CO)4W(J-BuNC)2,72 /AC-(CO)3W(MeCN)3,70 and /TO/IS-(CO) 4W-
(PPh3)2.68 

Electrochemical Measurements. Electrochemistry was performed with 
a Princeton Applied Research Model 173 potentiostat equipped with a 
Model 176 current-to-voltage converter, which provided a feedback 
compensation for ohmic drop between the working and reference elec
trodes. The high impedance voltage amplifier (PAR Model 178) was 
mounted external to the potentiostat to minimize the length of the con
nection to the reference electrode for low noise pickup. Cyclic voltam-
metry was performed in a cell of conventional design.73 The voltam-
mograms were recorded on a Houston Series 2000 X-Y recorder. Bulk 
coulometry was carried out in a three-compartment cell equipped with 
two side arms, which permitted sampling and the insertion of a magnetic 
stir bar. The working electrode consisted of a platinum gauze. Oxida
tions were performed in the current-controlled mode at 0.5 or 1.0 mA. 
Substantially less than the diffusion-limited current was desired for the 
initiation of the chain reactions. In a few examples, electrode passivation 
was encountered during oxidation (the potential rapidly rose to approx-

(56) (a) Ercoli, R.; Guainazzi, M.; Silvestri, G. Chem. Commun. 1967, 
927. (b) Guainazzi, M.; Silvestri, G.; Gambino, S.; Filardo, G. J. Chem. Soc, 
Dalton Trans. 1972, 927. 

(57) (a) Silvestri, G.; Gambino, S.; Guainazzi, M.; Ercoli, R. J. Chem. 
Soc, Dalton Trans. 1972, 2558. (b) Grobe, J. Z. Naturforsch. B: Anorg. 
Chem., Org. Chem. 1980, 35B, 428. 

(58) Grobe, J.; Zimmerman, H. Z. Naturforsch. B: Anorg. Chem., Org. 
Chem. 1980, 35B, 533. 

(59) Grobe, J.; Schneider, B. H. Z. Naturforsch. B: Anorg. Chem., Org. 
Chem. 1981, 36B, 1. 

(60) Grobe, J.; Schneider, B. H. Z. Naturforsch. B: Anorg. Chem., Org. 
Chem. 1981, 36B, 8. 

(61) Grobe, J.; Kaufmann, J.; Kober, F. Z. Naturforsch. B: Anorg. Chem., 
Org. Chem. 1973, 28B, 691. 

(62) Grobe, J.; Zimmerman, H. Z. Naturforsch. B: Anorg. Chem., Org. 
Chem. 1981, 36B, 301. 

(63) Grobe, J.; Zimmerman, H. Z. Naturforsch. B: Anorg. Chem., Org. 
Chem. 1981, 36B, 482. 

(64) Dennenberg, R. J.; Darensbourg, D. J. Inorg. Chem. 1972, 11, 72. 
(65) Strohmeier, W.; Gerlach, K. Z. Naturforsch. B: Anorg. Chem., Org. 

Chem. 1960, 15B, 622. 
(66) Dobson, G. R.; El Sayed, M. F. A.; Stolz, I. W.; Sheline, R. K. Inorg. 

Chem. 1962, 1, 526. 
(67) Magee, T. A.; Matthews, C. N.; Wang, T. S.; Wotiz, J. H. J. Am. 

Chem. Soc. 1961, 83, 3200. 
(68) Hieber, V. W.; Peterhans, J. Z. Naturforsch. B: Anorg. Chem., Org. 

Chem. 1959, 14B, 462. 
(69) Dessy, R. E.; Wieczorek, L. J. Am. Chem. Soc. 1969, 91, 4963. 
(70) Tate, D. P.; Knipple, W. R.; Augl, J. M. Inorg. Chem. 1962, 1, 433. 
(71) Strohmeier, W.; Schonauer, G. Chem. Ber. 1961, 94, 1346. 
(72) Albers, M. O.; Coville, N. J. J. Organomet. Chem. 1980, 199, 55. 
(73) Van Duyne, R. P.; Reilly, C. N. Anal. Chem. 1972, 44, 142. 

imately 2.0 V). This problem was remedied by briefly applying a re
ducing potential at 10 mA. 

Control Reactions. In all cases, no substitution reaction was observed 
in the absence of anodic oxidation, provided the following precautions 
were observed. A solution of the carbonylmetal substrate in MeCN 
containing 0.1 M TEAP was reduced under an argon atmosphere at -0.5 
V vs. SCE in the electrolysis cell prior to introduction of the added ligand. 
The current was allowed to flow for approximately 30 min, during which 
time it decayed from approximately 10 mA to ~10 /iA, as the trace 
impurities were reduced. The phosphine or isocyanide was added while 
the reducing potential was maintained. No substitution occurred (as 
indicated by the infrared spectrum) for at least 1.5 times the duration 
of the oxidation-induced reaction. 

Reactions of (CO)5CrL and (CO)5WL with PPh3 (L = py, MeCN). 
Pentacarbonyl(pyridine)chromium (17 mg, 0.064 mmol) was dissolved 
in approximately 9 mL of argon-purged MeCN containing 0.1 M TEAP 
and triphenylphosphine (160 mg, 0.61 mmol). An oxidizing current of 
1 mA was passed through the solution for 6470 s. The anolyte was 
diluted to 15 mL with a solution of MeCN containing 0.1 M TEAP and 
analyzed by quantitative IR spectrophotometry. The only carbonyl 
species present was (CO)5Cr(py) (0.058 mmol, 90% recovery), which 
exhibited strong absorptions at 1930 and 1870 cm-1. The yields based 
on the IR analysis were accurate to within ±5-10% and were determined 
with molar absorptivities evaluated with standards prepared at concen
trations comparable to the diluted anolyte. 

The controlled-potential electrolysis at 0.69 V of a mixture of penta-
carboxyl(pyridine)chromium (25 mg, 0.092 mmol), triphenylphosphine 
(150 mg, 0.57 mmol), and 0.1 M TEAP in 7 mL of MeCN proceeded 
with an initial current of ~20 mA. (In the absence of the chromium 
complex, less than 0.2 mA could be passed through the solution at the 
same potential. The latter indicated that the direct oxidation of phos
phine at this electrode potential is negligible.) The progress of the 
electrolysis was monitored by cyclic voltammetry and by gas chroma
tography on a Varian Model 3700 FID chromatograph. Aliquots (0.20 
mL) were removed and diluted with a solution (0.20 mL) of 0.013 M 
bibenzyl. The analysis for triphenylphosphine was carried out on a ' / 8 

X 2 ft stainless steel column containing Chromosorb W with no liquid 
phase. Temperature programming was carried out at 45 0C min"1 be
tween 100 and 260 0C. After 2200 s, more than 80% of the triphenyl
phosphine had disappeared. The analysis of the unreacted penta-
carbonyl(pyridine)chromium was effected by quantitative IR spectro
photometry. Despite sampling losses, 87% of the chromium carbonyl was 
accounted for. A minute absorption at 2062 cm"1 may be attributed to 
(CO)5Cr(PPh3), which places an upper limit of an 11% yield on this 
product. 

The reaction between (CO)5W(py) and PPh3 was performed in a 
similar manner. After passage of current corresponding to 1.06 faradays 
mor1 of the tungsten complex, both the starting material (29%) and 
(CO)5WPPh3 (69%) were observed by IR analysis. Since the absorptions 
overlapped extensively, the yields were obtained by evaluating the ab
sorptions at 1933 and 1893 cm-1 and using the equations 

^ 1 ' 3 3 = (e6w-py"
33)[W-py] + (^w-PPh3"

33) [W-PPh3] 

^ 1 8 ' 3 = (^w-Py
1893)[W-py] + (^w-PPh3

1893) [W-PPh3] 

where tb = molar absorptivity times the optical path length of the IR cell. 
Similarly, the reaction between /-BuNC and (CO)5W(py) was per

formed with a passage of 1 mA (corresponding to 0.47 faradays mol-1 

on the basis of the tungsten complex). The substitution product 
(CO)5W(Z-BuNC) was formed in 64% yield, and 28% of the starting 
tungsten complex was recovered. Since the absorption bands of these 
compounds overlapped, the IR spectrophotometry yields were obtained 
in a fashion analogous to that described above for the reaction of PPh3 

with (CO)5W(py). The absorbances at 1948 and 1892 cm"1 were em
ployed. 

The oxidation of a solution containing (CO)5W(MeCN) (36 mg, 
0.098 mmol) and triphenylphosphine (50 mg, 0.19 mmol) commenced 
at 0.45 V vs. SCE. The electrode potential increased sharply to 0.8 V 
after 1500 s. The starting complex was completely consumed, and the 
spectrophotometric yield of (CO)5W(PPh3) was 98%. 

Reaction of CK-(CO)4WL2 with PPh3 (L = MeCN, py). The bis-
(acetonitrile)tungsten complex (39 mg, 0.1 mmol) and triphenyl
phosphine (150 mg, 0.57 mmol) reacted to form CiJ-(MeCN)(PPh3)W-
(CO)4 quantitatively upon oxidation at 0.5 mA for 900 s. (The potential 
rose from 0.2 to 0.4 V.) The potential increased to 0.7 V after oxidation 
for an additional 1500 s. IR spectroscopy showed that the mono-
phosphine complex had been consumed. During the latter part of the 
oxidation, (PPh3)W(CO)4 precipitated from solution as light yellow 
microcrystals (60 mg, 71% yield). The product consisted predominantly 
of the trans isomer, as revealed by the comparison of the IR spectrum 
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with that of an authentic sample. (A single strong absorption was ob
served at 1890 cm"1 in CHCl3.) The monophosphine complex was con
veniently isolated after a mixture of 0.32 mmol of (CO)4W(MeCN)2 and 
0.32 mmol of triphenylphosphine was electrolyzed for 600 s at 1 mA. 
The yield of Ck-(MeCN)(PPh3)W(CO)4 was 102% by IR analysis. The 
product precipitated as yellow microcrystals upon the addition of deox-
ygenated water (0.16 g, 84% yield). It was recrystallized from a mixture 
of CH2Cl2 and hexane to afford 0.12 g of lustrous needles. The IR and 
1H NMR spectra were in agreement with the published spectra.74 

The reaction between equimolar amounts (0.16 mmol) of cw-(py)2W-
(CO)4 and PPh3 was performed similarly. It afforded a 98% yield of 
cu-(py)(PPh3)W(CO)4 by IR analysis. Precipitation with water gave a 
bright yellow product in 68% yield. It was characterized by its IR 
spectrum.30c The reaction of cw-(py)2W(CO)4 (66 mg, 0.14 mmol) with 
excess PPh3 (79 mg, 0.3 mmol) gave cis-(py)(PPh3)W(CO)4 quantita
tively after electrolysis for 1200 s at 1 mA. The IR spectrum showed 
that no further substitution occurred after 4200 s of additional oxidation. 
No (PPh3)2W(CO)4 was formed. 

Reactions of CM-(CO)4W(MeCN)2, Ac-(CO)3W(MeCN)3, and cis-
(CO)4Mo(py)2 with /-BuNC. The reaction of CW-(CO)4W(MeCN)2 (53 
mg, 0.14 mmol) with excess /-BuNC (29 mg, 0.35 mmol) required 
electrolysis for 1800 s at 1 mA. It afforded, after precipitation with 
water, 53 mg (84% yield) of cw-('-BuNC)2W(CO)4 as a cream-colored 
solid. The IR spectrum of the product was identical with that of the 
authentic compound prepared independently. 

Excess r-BuNC (80 mg, 0.96 mmol) and/ac-(CO)3W(MeCN)3 (61 
mg, 0.16 mmol) reacted with complete substitution of the acetonitrile 
ligand (87%, IR yield). The substitution required oxidation for 2000 s 
at 0.5 mA. The product/ac-(CO)3W(r-BuNC)3 was isolated in 68% 
yield by precipitation with water as a yellow solid. The IR spectrum was 

(74) Fischer, E. O.; Aumann, R. Chem. Ber. 1968, 101, 963. 

Hydrogen bonding is an important phenomenon in many bio
logical and chemical systems and has been studied a great deal 
by experimental and theoretical methods.1,2 Hydrogen fluoride 
is useful in the study of hydrogen bonding because it forms strong 
hydrogen bonds and HF and DF are straightforward to synthesize; 
in addition HF complexes give simple vibrational spectra and are 
light enough for meaningful theoretical work. Studies of HF 
complexes with the ir systems of acetylene and ethylene in solid 
argon have produced strong stretching modes at 3747 and 3732 
cm"1 for the HF submolecule in the complex (ys).

3 The shift in 

(1) Pimentel, G. C; McClellan, A. L. "The Hydrogen Bond"; W. H. 
Freeman: San Francisco, I960. 

(2) Joestan, M. D.; Schaad, L. J. "Hydrogen Bonding"; Marcel Dekker: 
New York, 1974. 

(3) McDonald, S. A.; Johnson, G. L.; Keelan, B. W.; Andrews, L. J. Am. 
Chem. Soc. 1980, 102, 2892. 

identical with that reported previously.9 

Reaction of cu-(py)2Mo(CO)4 (51 mg, 0.14 mmol) and r-BuNC (46 
mg, 0.55 mmol) afforded an 80% yield by IR analysis of cis-(t-
BuNC)2Mo(CO)4. The electrolysis required 2600 s at 1 mA. The 
product was isolated (35 mg, 67%) by precipitation with water and 
identified by comparison of the IR spectrum with the published spec
trum.' 

Reaction of ZaC-(CO)3Mo(MeCN)3 with PPh3. Triphenylphosphine 
(300 mg, 1.1 mmol) was added, under an argon backflush, to a solution 
of the subject molybdenum carbonyl (42 mg, 0.14 mmol) in 10 mL of 
MeCN containing 0.1 M TEAP which was "stabilized" with a reducing 
current. No reaction was apparent after 1 h. This system could not be 
monitored readily by IR analysis since the substitution occurred readily 
in the solution cell. A short application of an oxidizing current (120 s 
at 1 mA) induced the complete precipitation of the product which is quite 
insoluble in MeCN. Anal. Calcd for (CH3CN)15[(C6Hs)3P]15Mo-
(CO)3: C, 62.4; H, 4.3; P, 7.3. Found: C, 61.5; H, 4.5; P, 7.2. 
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vs from the H-F value, Ay5, is a useful indicator of the strength 
of the hydrogen bond, and a study of complexes between HF and 
methyl-substituted amines has demonstrated a linear correlation 
between the proton affinity of the base and the shift of the HF 
stretching fundamental for these complexes.4 

The purpose of this study is to characterize the 1:1 complex 
between hydrogen fluoride and ammonia in solid argon by its 
infrared spectrum. Infrared spectra of ammonia in inert gas 
matrices have been thoroughly investigated,5'6 and a complex 
between ammonia and hydrogen chloride has been identified in 
solid nitrogen.7 The ammonia-hydrogen fluoride complex has 

(4) Johnson, G. L.; Andrews, L., to be published. 
(5) Milligan, D. E.; Hexter, R. M.; Dressier, K. J. Chem. Phys. 1961, 34, 

1009. 
(6) Fredin, L.; Nelander, B. Chem. Phys. 1976, 15, ATi. 
(7) AuIt, B. S.; Pimentel, G. C. J. Phys. Chem. 1973, 77, 1649. 
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Abstract: Codeposition of Ar/NH3 and Ar/HF samples at 12 K produced new absorptions at 3401, 1920, 1679, 1093, and 
916 cm"1, which are due to reaction products. Concentration studies and evaporation from solid NH4HF2 identify the 1920-cm"' 
absorption as due to a 1:2 complex ammonium bifluoride species and the other four product bands as the 1:1 hydrogen-bonded 
complex. Isotopic substitution (DF, 15NH3, ND3) supports assignment of the 3041- and 916-cm"1 bands to the vs stretching 
and V1 librational motions of the HF submolecule in the complex and the 1679- and 1093-cm"1 bands to the y4

c and v{ vibrations 
of the NH3 submolecule in the complex, respectively. The argon-to-nitrogen matrix shift in i>s for the H3N- -HF complex shows 
that the complex is relatively polar, in agreement with theoretical calculations. 
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