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Abstract 

(Methylcyclopentadienyl)Mn(CO)NO+ (l+) undergoes a one-electron reduction at an electrode to give a 19-electron neutral 
radical that rapidly dissociates CO and dimerizes to yield [(MeCp)Mn(CO),NO],. In the presence of P-donor nucleophiles 
(L), the reduction of l+ initiates a rapid electron transfer catalyzed (ETC) CO substitution to give a quantitative yield of 
(MeCp)Mn(CO)(L)NO+. The substitution reaction occurs via the 19-electron intermediate 1, which dissociates CO in the 
rate limiting step with the following activation parameters: LW + = 60 + 6 kJ; AS + = + 37 k 15 J Km ‘. The 17-electron intermediate 
(MeCp)Mn(CO)NO is then trapped by the nucleophile to give the electron rich (MeCp)Mn(CO)(L)NO, which spontaneously 
transfers an electron to l+ to afford the final product and regenerate 1. A variety of electrochemical techniques, including 
low temperature voltammetry and steady-state voltammetry with microelectrodes, was employed to quantitatively define the 
details of the reaction mechanism. The indenyl analogue of l+, (indenyl)Mn(CO)ZNO+ (2+), was found to undergo ETC 
substitution reactions by the same dissociative mechanism and at approximately the same rate as l+. The conclusion is that 
the ‘indenyl effect’ does not operate in these 19-electron complexes. The rhenium complex CpRe(C0)2NO+ is reduced by 
one electron to give a relatively stable neutral radical that does not react with P-donor nucleophiles on the voltammetric time 
scale of 0.5 V s-‘. The conclusion is that CO dissociation from 19-electron complexes follows the reactivity order Mn z+ Re. 

Keywords: Electrocatalysis; Carbon monoxide substitution; Manganese complexes; Carbonyl complexes; Nitrosyl complexes; Cyclopentadienyl 
complexes; Indenyl complexes 

1. Introduction 

In comparison to their l&electron analogues, or- 
ganometallic radicals with 17 or 19 electrons about the 
metal generally show greatly enhanced reactivity with 
respect to ligand substitution, migratory insertion and 
reductive elimination reactions. Advantage of this may 
be taken by the intentional generation of radical species 
to initiate stoichiometric and catalytic transformations 
[l-5]. One way to ‘activate’ l&electron complexes in 
this manner is by oxidation or reduction. The former 
produces 17-electron species, which frequently can be 
identified spectroscopically, while the latter may gen- 
erate transient 19-electron species, which have been 
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only rarely characterized as such. With respect to ligand 
substitution, 17-electron complexes generally react rap- 
idly by an associative pathway [3]. Little is known about 
ligand substitution at 19-electron centers, although it 
is often presumed that the mechanism is dissociative 
k431. 

In this paper we are concerned with ligand substitution 
in 19-electron complexes formed by chemical or elec- 
trochemical reduction of l&electron precursors. It is 
also possible to generate 19-electron species by oxidation 
in the presence of a potential ligand (L’). Scheme 1 
summarizes the relevant chemistry with the key step 
being the 17e~ 19e interconversion. In either case, the 
more positive E”, the better the chance to ‘see’ a 19- 
electron complex. This is particularly true of reductions 
because an easily reduced (electron poor) M-L complex 
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probably will not want to lose the ligand L after reduction 
(small Keq). By the same token, a difficult to oxidize 
M-L will want to bind another ligand (large K,,), but 
this will generally be followed by a second spontaneous 
oxidation of L’-M-L+, so that the only observed species 
will be L’-M-L2+. Thus, it is better to use reduction 
chemistry to study 19-electron complexes. However 
formed, 19-electron complexes are usually very reac- 
tive. For example, it is reported that Mn(CO),, 
Mn(CO),(dppe), and (arene)W(CO),(MeCN)’ dis- 
sociate a ligand with a half-life at room temperature 
of less than a microsecond [5b,c,e,6]. 

A number of substitution reactions at l&electron 
centers has been found to be promoted by the presence 
of a catalytic amount of reducing agent, which can be 
a chemical or an electrode [2,7,8]. Thus, the rate of 
the overall reaction given in Eq. (1) can sometimes be 
enormously increased by the introduction of an electron 
transfer catalyzed (ETC) pathway. Scheme 2 gives the 
details of the ETC process. 

M-CO+ +L=M-L+ +CO (1) 

Reduction of M-CO+ yields the labile 19-electron 
M-CO, which reacts rapidly with nucleophile L to give 
M-L. Generally, ligands that replace CO lead to a net 
increase in the electron density about the metal. This 
means that M-L is more easily oxidized than is M-CO, 
from which it follows that M-L formed during the 
reaction sequence will react with M-CO+ in a cross 
redox reaction to give M-L’ and M-CO, as shown in 
Scheme 2. Alternatively, heterogeneous electron trans- 
fer to M-CO+ from an electrode with a potential near 
E,” leads to M-L, which then returns an electron to 
the electrode provided El o >E,“. Thus, whether the 
electron transfer is homogeneous or heterogeneous, the 
overall substitution reaction in Eq. (1) is catalytic in 
electrons. The necessary conditions for efficient ETC 
catalysis are that the reduction potentials be in the 

orderE”(M-CO’) >E”(M-L’) and that the 19-electron 
radicals M-CO and M-L be sufficiently stable with 
respect to reactions other than substitution (e.g. de- 
composition) so that there can be many turnovers. The 
former requirement should be met for most reductions 
because departing ligands are usually replaced by ones 
that increase the electron density on the metal. Thus, 
catalytic reductive activation of organometallic com- 
plexes to ligand substitution should be common, whereas 
catalytic oxidative activation should be uncommon (but 
see Ref. [3c,d]). It is possible that many substitution 
reactions of l&electron complexes thought to occur by 
conventional dissociative or associative pathways in fact 
take place by an electron transfer catalyzed mechanism 
initiated by the presence of trace amounts of adventitious 
reductants or oxidants in solution. 

In this paper we report the reductive activation of 
complexes l+ and 2+ to catalytic CO substitution by 
a variety of P-donor nucleophiles. A preliminary report 
of this work has already appeared [8]. The actual ligand 
substitution occurs at 19-electron intermediates ac- 
cording to Scheme 2. The indenyl complex 2+ was 
selected for study in order to determine if an ‘indenyl 
effect’ operates in CO substitutions in 19-electron rad- 
icals. As is well known, the indenyl effect in l&electron 
complexes can be extremely large [9]; for example, 
(indenyl)Rh(CO), undergoes associative CO substitu- 
tion about 10’ times faster than does (Cp)Rh(CO),. 
The indenyl effect is one example of the general idea 
that accessibility of a transition state through ring 
slippage gets easier as the ligand conjugation increases. 
It is shown herein, however, that the increased T- 
hydrocarbon conjugation in 2 + compared to l+ does 
not result in a substantial rate enhancement for CO 
substitution in the 19-electron neutral radical 2. 

p+ @$+ $I!)+ 
M~J(CO)~NO M’n(C0)2N0 Rs(C0)2N0 

1+ 2+ 3+ 

In addition to utilizing standard electrochemical tech- 
niques with conventional electrodes at ambient tem- 
perature, the present study benefited greatly from ex- 
periments performed at variable temperatures and with 
microelectrodes. Lowering the temperature in voltam- 
metric experiments can greatly simplify observed be- 
havior by slowing down the rates of chemical reactions 
of the radicals to values competitive with the experi- 
mental time scale [lo]. Alternatively, the temperature 
may be kept at ambient and the voltammetric scan 
rate increased to match the time scale of the relevant 
chemical reactions. The latter procedure is often 
impeded by capacitive charging current and ohmic 
polarization distortions that become large when organic 



Y. Huang et al. I Inorganica Chimica Acta 226 (1994) 5360 55 

solvents are used. These effects can be alleviated to 
some extent by the use of microelectrodes of diameter 
25 pm or less, although corrections for distortions are 
still required at very large scan rates [ll]. 

A different approach is available by using micro- 
electrodes (diameter G 10 pm) at low scan rates (e.g. 
20 mV s-l). Under these conditions, there is a steady- 
State current response [12]. The steady-state method is 
attractive because it is plagued with very little of the 
distortion effects noted above. A homogeneous chemical 
reaction coupled to the charge transfer can influence 
the steady-state wave and, as with any electrode, the 
rate of mass transport to the electrode compared to 
the chemical reaction rate determines the observed 
behavior. At a fixed temperature, the mass transport 
or diffusion rate is tuned until the observed current 
response is influenced by the chemical reaction being 
studied. With conventional electrodes, this means chang- 
ing the scan rate. However, with microelectrodes under 
steady-state conditions, the diffusion rate is determined 
by the size of the electrode, so that the effective 
experimental ‘time scale’ is varied by changing the 
electrode size. Steady-state voltammetry with microe- 
lectrodes has been used to determine heterogeneous 
charge transfer rate constants [13], but applications to 
the mechanisms of homogeneous organometallic re- 
actions are very few in number [14]. Herein, it is shown 
that low temperature steady-state voltammetry is a 
convenient technique with which to probe the quan- 
titative mechanistic features of CO substitution at the 
1PeIectron 1 and 2 and that agreement with transient 
data obtained with conventional electrodes is good. 

[CpRe(CO)(PPh,)NO]BF, were made from CpRe(CO), 
by published procedures [19]. Variable temperature 
voltammetric, bulk electrolysis and IR-OTTLE exper- 
iments employed standard potentiostatic control tech- 
niques [5e]. Inlaid disk microelectrodes were fabricated 
with platinum and gold wire of diameter l-100 pm 
[20]. Steady-state voltammetry with microelectrodes of 
diameter G 10 Km was performed in a Faraday cage 
using a two-electrode configuration in conjunction with 
a Keithley model 427 current amplifier. Digital sim- 
ulation of proposed mechanisms utilized the programs 
CVSIM [21] and DigiSim [22]. Extended Huckel and 
INDO/l calculations were carried out on l+ and 2+ 
using the CAChe set of computation programs devel- 
oped by Tektronix. Molecules were constructed using 
the molecular editor, but bond distances and angles 
were constrained to be consistent with known structures 
[23]. A range of d-shell p values were explored (- 18 
to - 25) in the INDO/l calculations, with no significant 
effect on the calculated HOMO and LUMO. 

3. Results and discussion 

2. Experimental 

The complexes [(MeCp)Mn(CO)(L)NO]PF, (L= 
CO, PPh,, P(OEt),, PBu,) and [(MeCp)Mn(di- 
phos)NO]PF, were synthesized from commercially avail- 
able (MeCp)Mn(CO), as previously described [15-171. 
The indenyl analogues were similarly prepared from 
(indenyl)Mn(CO), [18]. [CpRe(CO),NO]BF, (3+) and 

At a scan rate of 0.5 V s-l and temperature of 23 
“C, complex 1 + is reduced in a chemically irreversible 
one-electron step in CH,Cl,/TBAPF, under N, (Fig. 
1). Slight reversibility appears at 0 “C and becomes 
complete below -60 “C. Under an atmosphere of CO 
at 0.5 V s-l, the reduction of l+ is much more reversible, 
being partiahy so at 23 “C and completely at 0 “C. 
(The reduction potentials for l+ and all other complexes 
investigated are listed in Table 1). It is known [15,16] 
that chemical reduction of l+ in the absence of potential 
nucleophiles leads to loss of CO and formation of the 
dimer [(MeCp)Mn(CO)NO],. By using an IR-OTTLE 
cell, we confirmed that the electrochemical reduction 
of 1+ at a gold minigrid also cleanly produces the 
dimer. The observed inhibition of the rate of this process 
when the atmosphere is changed from N, to CO suggests 
that the rate limiting step is CO dissociation from the 
radical species 1 (vide infra). The reduction of the 

Table 1 
Reduction potentials of manganese and rhenium dienyl complexes in dichloromethane at 23 “C” 

Complex Complex Eli2 
b 

(MeCp)Mn(CO),NO+ - 0.29 (indenyl)Mn(CO)zNO+ -0.17 
(MeCp)Mn(CO)[P(OPh),]NO+ - 0.60 (indenyl)Mn(CO)[P(OPh),]NO+ - 0.46 
(MeCp)Mn(CO)tP(C&CN),1NO+ - 0.60 
(MeCp)Mn(CO)(PPhs)NO+ - 0.76 CpRe(CO)ZNOC -0.38 
(MeCp)Mn(CO)[P(OEt),]NO+ - 0.77 CpRe(CO)PPh3)NO” - 0.90 
(MeCp)Mn(CO)(PBua)NO+ - 0.86 CpRe(diphos)NO+ - 1.54 
(MeCp)Mn(diphos)NO+ - 1.30 

a Electrolyte was 0.10 M TBAPF,; the anion was PF,- for all manganese complexes and BF,- for all rhenium complexes. 
b All potentials are relative to ferrocene ErI,= 0.50. 
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Fig. 1. Cyclic voltammograms of 1.0 mM [(MeCp)Mn(CO)ZNO]PF, 
(1’) in CH,CI,/O.lO M Bu,NPFh under N, at 23 “C. (B)-(J) contained 
the following nucleophiles: (B) 0.003 M P(OPh)3, (C) 0.05 M 
P(C,H,CN),, (D) 0.05 M PPh,, (E) 0.005 M P(OEt),, (F) 0.002 M 
PBu~, (G) 0.050 M AsPh,, (H) 0.01 M diphos, (I) 0.0006 M diphos, 
(J) 0.003 M P(OPh),. The working electrode was a 1 mm diameter 
platinum disk and the scan rate was 0.5 V s-’ for (A)-(I); for (J) 
a 100 pm diameter platinum electrode was used and the scan rate 
was 50 V SK’. All potentials are relative to ferrocene E,,z=0.50 V. 

indenyl complex 2+ under N2 and at 0.5 V SK’ is similar 
to that of 1 +, being irreversible at 23 “C and reversible 
below -50 “C. As was found with 1, an atmosphere 
of CO retards the decomposition of 2 so that the 
electrochemical wave attains some reversibility, even 
at 23 “C. In sharp contrast to the behavior of the 
manganese complexes, the rhenium complex 3+ is re- 
duced by one-electron with complete chemical revers- 
ibility at 23 “C under N,. The half-life of the radical 
3 must be at least 100 times that of 1 and 2. 

The reduction of l+ at 23 “C in the presence of 
nucleophiles produced the CVs shown in Fig. 1. At a 
scan rate of 0.5 V s- ‘, all nucleophiles except AsPh, 
led to the complete disappearance of the voltammetric 

wave due to the reduction of 1’ and the appearance 
of a new couple at a more negative potential. IR spectra 
recorded after completion of the electrochemical ex- 
periments indicated that no reaction had occurred 
between l+ and the nucleophiles in the bulk solution. 
Bulk electrolysis at a platinum basket electrode showed 
that the passage of -0.02 mol of electrons per mole 
of l+ at a potential corresponding to the voltammetric 
wave in Fig. l(A) was sufficient to convert all of l+ 
to the CO substituted product, (MeCp)Mn(CO)- 
(L)NO’. In other words, the substitution reaction is 
electrocatalytic (Scheme 2). Accordingly, the voltam- 
metric reduction waves in Fig. l(B)-(H) were assigned 
to the respective (MeCp)Mn(CO)(L)NO’ complexes, 
and this was confirmed by comparison to the behavior 
of genuine samples. The reaction with the bidentate 
donor diphos (Ph,PCH,CH,PPh,) merits special com- 
ment. Fig. l(H) shows two reduction waves, which we 
interpret as due to single and double CO substitution, 
the latter being observed with diphos because of its 
chelating ability. The more negative of the two waves 
in Fig. l(H) matches that found with a genuine sample 
of (MeCp)Mn(diphos)NO’. When the diphos concen- 
tration was less than that of l+, the first reduction 
wave split as shown in Fig. l(1). The less negative 
component of the split wave vanished as [diphos] was 
increased beyond [l+]. A likely explanation is that 
single CO substitution in the radical M-CO (1) let to 
a mixture of M-P-P+ and M-P- P-M2’ species, the 
latter being formed because there was insufficient diphos 
to convert all M-CO to the former. The less negative 
of the two split waves is assigned to reduction of the 
dicationic species. 

The absence of a reduction wave due to 1’ when 
P-donor nucleophiles are present implies that formation 
of the dimer [(MeCp)Mn(CO)NO], cannot compete 
with CO substitution. With AsPh,, however, the wave 
due to 1 3 was only partially suppressed, indicating that 
CO substitution and dimer formation are competitive 
(Fig. l(G)). E p x eriments with P-donor nucleophiles 
under an atmosphere of CO gave results identical to 
those under N,. In contrast, with AsPh, the wave due 
to l+ increased and that due to (MeCp)Mn(CO)- 
(AsPh,)NO’ decreased under CO, showing that AsPh, 
and CO compete for reaction with an intermediate. 

Fig. l(J) shows that the reduction wave for I+ 
reappears in the presence of P(OPh), if the scan rate 
is increased to 50 V SK’. Similar behavior was found 
with all of the P-donors studied and was independent 
of the CO pressure. Furthermore, at 50 V s-’ the 
reduction of 1 + alone was partially chemically reversible. 
These observations suggest that species 1, produced 
initially upon reduction of l+, reacts in a rate deter- 
mining step to give an intermediate that is scavenged 
by nucleophile to yield (MeCp)Mn(CO)(L)NO’ as the 
final product. As discussed below, the intermediate in 
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question is almost certainly the 17-electron radical 
(MeCp)Mn(CO)NO. 

While variation of the scan rate can be a useful way 
to probe reaction mechanisms, in the present study it 
proved far more convenient to alter the relevant time 
scales by lowering the temperature. Fig. 2 shows some 
CVs obtained at -43 “C. Note that the reduction wave 
for l+ is approximately equal in magnitude to that 
for (MeCp)Mn(CO)(L)NO+. It is the rate of the 
M-CO-, M-L step in Scheme 2 that determines the 
relative height of these two reduction waves. At 23 “C, 
this rate is fast compared to the CV time scale at 0.5 
V s-‘, and as a consequence no wave is observed for 
l+ in the presence of P-donor nucleophiles. However, 
at -43 “C the reaction rate is sufficiently slowed to 
make it comparable in magnitude to the CV time scale, 
with the result that a wave for l+ is observed. Inspection 
of Fig. 2 reveals that the CVs are very similar for all 
P-donor nucleophiles, even though they span a wide 
range of basicities and cone angles. In addition, it was 
found that a tenfold variation in the nucleophile con- 
centration or switching from an Nz to a CO atmosphere 
had no effect on the CVs. It may be concluded from 

1 , 

+0.2 -1.05 

E/v vs. Ag/AgCl 
Fig. 2. Cyclic voltammograms of 1.0 mM [(MeCp)Mn(CO),NO]PF, 
(l+) in CH&&JO.lO M Bu4NPF6 under N, at -43 “C. (B)-(F) 
contained the following nucleophiles: (B) 0.02 M P(OPh),, (C) 0.01 
M P(GH,CN),, (D) 0.01 M PPh3, (E) 0.02 M P(OEt),, (F) 0.01 M 
PBu,. The working electrode was a 1 mm diameter glassy carbon 
disk and the scan rate was 0.5 V s-‘. All potentials are relative to 
ferrocene E,, = 0.50 V. 

this that the rate of CO substitution by L in the 19- 
electron 1 is independent of [CO], [L] and the nature 
of L. In other words, the mechanism is strictly dis- 
sociative, with the rate limiting step being CO disso- 
ciation from 1 to give the 17-electron (MeCp)Mn- 
(CO)NO, which is trapped rapidly and completely 
by L. 

Digital simulations of the CVs in Fig. 2 according 
to the mechanism in Scheme 2 were performed in order 
to determine the rate constant (k) for CO dissociation 
from 1. As expected, the simulations showed the CVs 
to be very sensitive to the value of k. The homogeneous 
disproportionation or cross reaction M-L+ M-CO’ 
-+M-L’ t-M-CO is highly exoergic and accounts for 
much of the conversion of M-L to M-L+. Simulations 
showed, however, that the rate constant for the cross 
reaction (kJ has little effect on the first CV cycle, 
provided k, is greater than +, lo4 M-Is-l. The influence 
of k, is most evident on the second cycle. If k, a lo5 
M-’ s-l, the cross reaction effectively removes M-CO’ 
from the vicinity of the electrode so that the first 
reduction wave (at -43 “C) vanishes on the second 
cycle. This is the behavior found experimentally (see 
Fig. 2) and we therefore conclude that k,> 10’ M-’ 

-’ at -43 “C. The rate constant k was measured over 
She temperature range -25 to -54 “C with P(OEt)3 
as the nucleophile. A standard Eyring plot gave the 
following activation parameters ’ for CO dissociation 
from the 19-electron 1: AH+ = 60+ 6 kJ; A.S + = 
+ 37 t_ 15 J K-l. Although it was not possible to evaluate 
the rate constant for the trapping of the 17-electron 
intermediate by the P-donor nucleophiles to give M-L, 
a comparison of experiment with digital simulations 
indicates that these rate constants must be greater than 
lo5 M-’ s-l at -43 “C. 

The rate constant k for CO dissociation from 1 was 
also determined using steady-state voltammetry with 
microelectrodes. Typical results are given in Fig. 3. At 
23 “C, the addition of nucleophile, which in this case 
was P(OPh),, caused the steady-state wave to shift 
negative to that expected for (MeCp)Mn(CO)- 
[P(OPh),]NO’ (Fig. 3(B)). There was, of course, no 
reaction in the bulk solution. The shift in the steady- 
state wave is completely analogous to that which obtains 
at a macroelectrode at room temperature (e.g. (Fig. 
l(A) and (B)) and shows that the rate of the substitution 
M-CO --f M-L is rapid compared to the rate of diffusion 
of l+ and 1 to/from the microelectrode. At -43 “C 
the substitution reaction is slowed sufficiently in com- 
parison to the diffusion rate so that two steady-state 
waves are seen (Fig. 3(C)); the same solution gave the 

‘The activation parameters reported in the present study are 
somewhat different from those reported in a preliminary commu- 
nication [8]. The latter were calculated from a more restricted data 
set over a narrower temperature range. 
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Fig. 3. Cyclic voltammograms of 2.0 mM [(MeCp)Mn(CO)zNO]PF, 
(l+) in CH2CI,/0.10 M Bu,NPF, under N2 at the indicated tem- 
peratures. (B)-(D) contained 0.020 M P(OPh),. The working electrode 
for the steady-state CVs (A)-(C) was a 10 pm diameter gold disk 
and the scan rate was 20 mV s-‘. The working electrode for CV 
(D) was a 1 mm diameter glassy carbon disk and the scan rate was 
0.5 V s-‘. All potentials are relative to ferrocene E,,=0.50 V. 

CV in Fig. 3(D) at a macroelectrode. The rate constant 
k determines the relative heights of the two steady- 
state waves. Digital simulations yielded a value of k 
as lO_t2 SK’ at -43 “C. This is essentially the same 
value implied by the transient CV in Fig. 3(D) and, 
of course, also matches the results discussed above with 
P(OEt), as the nucleophile (Fig. 2). 

Having established that CO substitution in the 19- 
electron (MeCp)Mn(CO)ZNO is dissociative, the reac- 
tivity of (MeCp)Mn(CO)(PPh,)NO (4) was briefly in- 
vestigated. It was found that 4’, under N, or CO at 
23 “C, is reduced in a chemically irreversible manner 
at a scan rate of 0.5 V s-l. Bulk electrolysis experiments 
established that the product of the reduction of 4+ is 
the dimer [(MeCp)Mn(CO)NO],, suggesting that 4 
readily dissociates PPh,. In accordance with this, it was 
found that the CVs of 4+ become reversible when free 
PPh3 is added to the solution. No doubt this occurs 
because PPh, dissociative from 4 is reversible and excess 
PPh, can in this way inhibit the net rate of transformation 
to the dimer. 

The electroactivation of the indenyl complex 2+ to 
CO substitution was studied to see what effect, if any, 
an increase in the r-conjugation from C,H,Me to C,H, 
would have on the reactivity of the radical intermediate 
2. In view of the magnitude of the ‘indenyl effect’ 
operating in l&electron systems [9], it seemed likely 
that the radicals 1 and 2 would differ significantly in 
stability/reactivity. This turned out not to be the case. 
As expected, 2+ reduces at a slightly less negative 
potential than does l+ (see Table 1). As mentioned 
above, the effect of scan rate, temperature and CO 
pressure on the chemical reversibility of the 2+/2 couple 
is very similar to that found with 1+/l, allowing the 

conclusion that changing from C,H,Me to C$H, has 
minimal effect on the stability of the neutral radicals. 
The reduction of 2+ in the presence of the nucleophile 
P(OPh), produced the CVs shown in Fig. 4. Neither 
variation of the P(OPh), concentration nor the CO 
pressure affected the CVs in Fig. 4(B), (D). It follows, 
for the reasons detailed above, that the mechanism of 
CO substitution in 2 is dissociative. An analysis of the 
data at -45 “C implies a rate constant for CO dis- 
sociation of k= 15 s-l. This is rather close to the value 
of k for 1 (estimated as 7 ss’ at -45 “C). 

It is generally thought that the indenyl effect in 1% 
electron systems is due to easier ‘ring slippage’ in C,H, 
compared to C,H, (or C,H,Me), which facilitates an 
associative substitution pathway. Our finding that 1 and 
2 react by a dissociative pathway suggests that the 
dienyl rings do not slip when l+ and 2+ are reduced. 
If the bonding had changed to n3 in the radicals, one 
would expect the resultant 17-electron complexes to 
react with nucleophiles by an associative mechanism 
[3]. It is our belief that slippage will rarely occur in 
19-electron complexes. An examination of the LUMO 
of l+ and 2+, calculated using both extended Hiickel 
and INDO/l methods, showed that (i) the localization 
is essentially all on the metal and NO ligand with none 
on the dienyl ligand and (ii) the LUMO of l+ is almost 
identical to that of 2’. These results naturally lead to 
the expectation that 1 and 2 would dissociate a CO 
ligand with similar facility ‘. 

The fact that 1 and 2 react by a dissociative mechanism 
is a strong argument against the possibility that, upon 
reduction of l+ and 2+, the metal attains a 17-electron 
count through slippage of a dienyl or nitrosyl ligand. 

I I 1 I 

+0.2 -0 6 +O I -0 6 

E/V vs AglAgCi 

Fig. 4. Cyclic voltammograms of 0.35 mM [(indenyl)Mn(CO),NO]PF, 
(2’) in CH2C12/0.10 M Bu,NPF6 under Nz at the indicated tem- 
peratures. (B) and (D) contained P(OPh)3 at concentrations of 0.003 
and 0.05 M, respectively. The working electrode was a 1 mm diameter 
glassy carbon disk and the scan rate was 0.5 V SK’. All potentials 
are relative to ferroccne E,,,=0.50 V. 

’ Calculations on (dienyl)Fe(CO),’ analogues with C,H, and GH, 
ligands suggest that greatly different CO dissociation rates should 
obtain in the 19.electron radicals, as is known to be the case [24]. 
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In a more general sense one may ask if reduction of 
the 18-electron cations is centered on the metal or the 
ligands. Our MO calculations show the LUMO in l+ 
and 2+ to be 50% or more metal based. However, 
these results were not optimized with respect to possible 
ligand slippage. Of more relevance to this question is 
the published ESR study of CpMn(CO),NO- (M = Cr, 
MO), which is isoelectronic with CpMn(CO),NO [25]. 
This study showed that some NO ligand bending occurs 
when CpM(CO),NO is reduced to the anion. However, 
a large amount (> 50%) of the unpaired spin density 
is localized on the metal, so that the radical anions 
are best described as 19-electron complexes. It is highly 
likely that 1 and 2 are similarly best formulated as 19- 
electron complexes. 

In order to explore the dependence of the CO 
substitution rate on the metal, the rhenium complex 
3+ was investigated. At room temperature under Nz 
or CO and at a scan rate of 0.5 V s-l, 3+ was found 
to undergo a reversible one-electron reduction at a 
potential similar to that of l+. The reduction product, 
CpRe(CO),NO, was completely unreactive on the CV 
time scale towards P-donor nucleophiles. Thus, the 
order of reactivity with respect to CO dissociation in 
these 19-electron complexes follows the order Mn B Re. 
The same reactivity order was found for CO substitution 
in the 19-electron (arene)M(CO), (M=Mn, Re) [7] 
and is most likely due to a stronger M-CO bond in 
the rhenium complexes. Interestingly, oxidation of 
(dienyl)M(CO), complexes (M=Mn, Re) produces 17- 
electron species that undergo associative CO substitution 
with a reactivity order ReB Mn [26]. 

There have been two detailed mechanistic studies 
of 19-electron complexes reported to date. One [27] 
showed that the arene in (arene)Fe(Cp) is replaced 
by phosphines via an associative pathway; it is likely, 
however, that successive arene ring slippage occurs to 
avoid the formation of 21-electron intermediates. A 
second study [28] concerned dissociative CO substitution 
in Co(CO),L, (LZ is 2,3-bis(diphenylphosphino)maleic 
anhydride). In this case, however, recent ESR studies 
have shown [29] that the molecule is predominantly 
an l&electron complex with a radical ligand. The study 
reported herein is the first quantitative mechanistic 
investigation of CO substitution in genuinely 19-electron 
complexes. One conclusion of our work is that rapid 
dissociative substitution in 19-electron intermediates, 
formed as the result of the presence of trace amounts 
of reductants, may sometimes, and perhaps frequently, 
provide a viable alternative to the standard associative 
or dissociative mechanism of substitution in l&electron 
complexes. A good example of this is provided by the 
observation [16] that normally slow CO substitution in 
l+ becomes rapid in the presence of a catalytic amount 
of reducing agent NEt,. 
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