
         

NUCLEOPHILIC ADDITION VERSUS ELECTRON TRANSFER IN
CARBONYLMETALLATE SALTS. DONOR–ACCEPTOR INTERACTIONS

IN THE PRECURSOR ION PAIRS†

T. MICHAEL BOCKMAN AND JAY K. KOCHI*
Department of Chemistry, University of Houston, Houston, Texas 77204-5641, USA

The isostructural pentacarbonylmetallate anions M(CO)2
5 (M=Mn and Re) react with a series of N-methylpyridinium

cations (Py+ ) to yield products of nucleophilic addition [NA=Py–M(CO)5 ] or of one-electron redox reaction
[ET=Py• +M(CO)•

5 ]. The partitioning of the reaction along the two reaction pathways is controlled by steric factors and
the electronic structure of the pyridinium cation, with cations which form stable, delocalized radicals favoring the ET
pathway. The central metal also plays a role in determining the stoichiometry, and the NA pathway is favored by the
rhenate anion and ET by the manganate analogue. Rates of both reactions correlate with the driving force for electron
transfer, and the differing reaction pathways are not distinguished on the basis of linear free energy relations, previously
discussed by Bordwell and co-workers. The contact ion pair [Py+ , M(CO)2

5 ] is identified as the critical precursor for
both electron transfer and nucleophilic coupling. Based on these observations, it is proposed that the rates and
mechanisms of these interionic reactions are controlled by donor–acceptor bonding in the transition states, which in
turn is directly related to the charge-transfer interactions extant in the ion-pair intermediate. © 1997 John Wiley &
Sons, Ltd.
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INTRODUCTION

The nucleophilic reactivity of electron-rich organic mole-
cules in addition and substitution reactions is generally
correlated with their thermodynamic one-electron redox
potentials. Thus, good nucleophiles tend to be good
reducing agents. This qualitative observation has been
rigorously formulated in quantitative terms by Bordwell and
co-workers,1, 2 who have shown that the same linear free-
energy relation (the Brønsted equation) pertains both to a
wide variety of two-electron nucleophilic reactions and to
single electron transfers. As a result, the attention of
physical organic chemists has been focused on the intimate
relationship between electron transfer and nucleophilic
reactivity, and the problem is currently pursued on both
experimental3, 4 and theoretical5–10 levels. Our interest in this
question centers on the consequences, in chemical terms, of
this mechanistic duality, and how the closely related

processes of nucleophilic addition and electron transfer lead
to different outcomes.

The interconnection between nucleophilicity and electron
transfer has been particularly noted in the reactions of
carbonylmetallate anions,11 which are highly reactive nucle-
ophiles,12, 13 (indeed, they are considered to be
‘supernucleophiles’12 ) as well as easily oxidized electron
donors.14, 15 These anions are examples of ‘soft’ nucleo-
philes (with high-lying HOMOs),6 which are known to
participate in both (two-electron) addition/substitutions and
electron transfers.16–20 Our interest is particularly drawn to
the anions Re(CO)2

5 and Mn(CO)2
5 , which forms an

isostructural pair of donors.21 Both are electron rich, with
comparable oxidation potentials of 20·26 and 20·14 V vs
SCE, respectively.22 Carbonylrhenate and -manganate ani-
ons have also been identified as nucleophiles in a variety of
addition and substitution reactions.23, 24 We chose the series
of N-methylpyridinium cations (Py+ ) to serve as both
electrophiles and electron acceptors.25–27 The electrophilic
reactivity and thermodynamic redox potentials of these
cations can be readily tuned by merely varying the
substituents on the pyridinium ring. Moreover, the reactions
of the negatively charged nucleophiles with cationic
electrophiles can be modulated by solvent polarity and by
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added salt, both of which control the pre-association of the
ions.28–32 By these means, the specific interionic interactions
within the intermediate ion pair can be examined. Accord-
ingly, we wish to show how the study of nucleophilic and
electron-transfer processes in pyridinium/carbonylmetallate
ion pairs will shed new light on the general mechanism of
nucleophilic reactions.

RESULTS

Addition and electron-transfer reactions of Re(CO)2
5

with pyridinium acceptors

Pentacarbonylrhenate with N-methylacridinium cations
The addition of 1 equiv. of N-methylacridinium trifluoro-
methanesulfonate to an acetonitrile solution of Re(CO)2

5 [as
the bis(triphenylphosphine)iminium or PPN+ salt] led to an
immediate reaction as the pale yellow solution of the
rhenate salt became bright orange. The infrared spectrum of
the reaction mixture showed that the carbonyl bands of the
rhenium anion at nCO =1916 and 1861 cm21 33 had dis-
appeared and were replaced by new bands at 2126, 2045,
2011 and 1985 cm21. A small amount of white solid
precipitated at the same time. Removal of the solvent
followed by extraction of the residue with diethyl ether
afforded an orange solid, which was identified as 9-(N-
methylacridanyl)pentacarbonylrhenium(I) by comparison of
its IR spectrum with that of (h1-cycloheptatrienyl)penta-
carbonylrhenium(I),34 and the identity of this product was
confirmed by x-ray crystallography (see below). The adduct
was formed in 90% yield as determined by quantitative
infrared analysis of the reaction mixture. The reaction was
thus identified as the cation/anion combination of the
pentacarbonylrhenate anion with the electrophilic N-
methylacridinium cation by a process which we designate
hereafter as nucleophilic addition, i.e.

(1)

The white precipitate was identified as N,N 9-dimethyl-
9,99-biacridanyl on the basis of its 1H NMR spectrum, and
it was formed in 6% yield. A small amount of Re2(CO)10

[5% based on Re(CO)2
5 ] was also detected and quantified

by its infrared absorption band at 2070 cm21.
The ORTEP view of the nucleophilic adduct in Figure 1

shows the rhenium pentacarbonyl moiety as a distorted
square pyramid, with the two equatorial carbonyl groups on

Chart 1

Figure 1. ORTEP view of the adduct formed from N-methylacri-
dinium cation and rhenium pentacarbonyl anion
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the side of the acridanyl moiety bent towards the axial
carbonyl group. The rhenium–carbon bond length is
essentially the same as that present in the corresponding
cycloheptatrienyl complex. (2·362 vs 2·348 Å).34 The acri-
danyl group has a folded structure, with a 137° dihedral
angle between the planar aromatic rings. The carbon
attached to rhenium is sp3-hybridized, with C–C–C and Re–
C–C bond angles of 111° and 109°.

The UV–VIS absorption spectrum of the nucleophilic
adduct, Ac–Re(CO)5 , revealed a band with lmax =414 nm
and «max =1000 l mol21 cm21 which was responsible for its
orange color in solutions. The carbonyl infrared spectrum of
the nucleophilic adduct in acetonitrile or tetrahydrofuran
showed four bands at nCO =2126, 2045, 2014 and
1985 cm21. The high-energy band (2126 cm21 ) was charac-
teristic of alkylrhenium pentacarbonyl complexes,35 and
was assigned to the fully symmetric (A1 ) vibrational stretch.
[The observation of four bands, rather than the three
expected for a square pyramidal geometry35 probably
derived from the small deviation from idealized C4v

symmetry of the Re(CO)5 group, as shown by the x-ray
structure.] The nucleophilic adduct decomposed upon
heating in benzene at 80 °C to form dirhenium decarbonyl
and N,N 9-dimethyl-9,99-biacridanyl in 70 and 91% yield,
respectively, i.e.

(2)

In contrast to the immediate formation of the rhenium
adduct from N-methylacridinium, the corresponding
9-phenyl-N-methylacridinium cation yielded only the
dimeric Re2(CO)10 and the persistent 9-phenyl-N-methyl-
acridanyl radical,36 in quantitative yield, according to the
equation

(3)

Since the acridanyl radical and Re2(CO)10 were the
unambiguous products of one-electron oxidation and reduc-
tion of the cation36 and anion,14 respectively, the

transformation in equation (3) was designated as electron
transfer.

Reaction of Re(CO)2
5 with other pyridinium cationic

acceptors

Other N-methylpyridinium cations reacted with pentacarbo-
nylrhenate to yield the products of addition or electron
transfer. For example, solutions of PPN+ Re(CO)2

5 turned
bright orange upon addition of the triflate salts of 3-cyano-
N-methylquinolinium (3-CNQ+ ), N-methylphenanth-
ridinium (Pa+ ), 3-cyano-N-methylpyridinium (3-CNP+ ), N-
methylquinolinium (Q+ ) and N-methylisoquinolinium
(iQ+ ) to indicate formation of the nucleophilic adducts in
Table 1. Thus, upon addition of 3-CNP+ OTf2 to a
tetrahydrofuran solution of PPN+ Re(CO)2

5 the carbonyl
absorption bands of the rhenate anion were replaced by the
diagnostic carbonyl bands of the nucleophilic adduct with
nCO =2120, 2036, 2010 and 1979 cm21. The solution
showed the characteristic orange color and visible absorp-
tion band of the adduct (lmax =454 nm). The nucleophilic
adduct did not persist, and its IR spectral bands disappeared
concomitantly with the growth of the carbonyl bands of
Re2(CO)10 at 2070 and 2006 cm21 (see Table 2).

The formation of the nucleophilic adducts from the N-
methylquinolinium (Q+ ) and N-methylisoquinolinium
(iQ+ ) cations was not quantitative. Thus, the addition of
Q+ OTf2 to the rhenate solution caused only a partial (50%)
diminution of the IR bands of Re(CO)2

5 . The visible band of
the nucleophilic adduct (lmax =454 nm) and the character-
istic IR absorbances at nCO =2117, 2039, 2009 and
1973 cm21 were observed, but these decayed as the bands
of Re2(CO)10 grew in. The temporal diminution of the
infrared absorption at 2117 cm21 and the visible band in the
electronic spectrum both followed first-order kinetics, with
kobs =2·831023 s21 (see Figure 2). The carbonyl infrared
bands of the corresponding isoquinolinyl adduct formed
from iQ+ OTf2 and PPN+ Re(CO)2

5 could not be observed.
Instead, a high yield of the oxidative dimer, Re2(CO)10 , was
obtained together with minor amounts of an unidentified
carbonyl-containing species with nCO =2030 and
1947 cm21. A band assigned to the nucleophilic adduct
(lmax =460 nm) was transiently observed in the visible
spectrum, but it decayed on the same time-scale (t1/2 ≈2 h)
as the disappearance of the infrared bands of Re(CO)2

5 with
nCO =1914 and 1861 cm21. The latter coincided with the
growth of the carbonyl bands of dimeric Re2(CO)10 .

Other pyridinium cations did not show spectral evidence
for the formation of the nucleophilic adduct. Thus the
4-phenylpyridinium cation reacted slowly (50% conversion
after 48 h) with Re(CO)2

5 in tetrahydrofuran. Dirhenium
decacarbonyl was the only observed product, and it was
formed quantitatively. No orange color or spectral band at
450 nm band (characteristic of nucleophilic adducts) was
observed in the solution. Similarly, 1 equiv. of the ditriflate
salt of methylviologen reacted instantly with Re(CO)2

5 in
acetonitrile to yield a dark blue solution of the methylviolo-
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Table 1. Electron-transfer and nucleophilic addition reactions of pyr-
idinium cations with pentacarbonylrhenatea

Nucleophilic addition Electron transfer

Pyridinium lmax
b nco

c Yieldd Re2(CO)10
e Py•f

acceptor (nm) (cm21 ) (%) (%) (%)

g 0 100 —h

460 —i —i 0 0

454 2117 97j <5 —h

446 2120 80 0 —h

432 2111 95 5 —h

—g 0 40 —h

420 2126 100 0 —h

—g 0 100 100k

414l 2126 95 5 6

—g 73 78

a Conducted at 20 °C in tetrahydrofuran by mixing equimolar 5·031023
M solutions

of [PPN+ ] [Re(CO)2
5 ] and the pyridinium cation as the triflate salt.

b Visible absorption maximum of the pyridinium–Re(CO)5 adduct.
c Highest energy (A1 ) carbonyl IR band of the adduct.
d Yield of the adduct, assessed by infrared spectroscopy at nCO immediately after
mixing of the reagents.
e Yield of Re2(CO)10 .
f Yield of the pyridinyl dimer.
g Adduct not observed.
h Pyridinyl dimer too unstable to quantify.
i Infrared band too weak to observe.
j For 58% conversion of Re(CO)2

5 .
k Assayed by UV–VIS spectroscopy of the stable pyridinyl radical.
l In acetonitrile.
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gen cation radical (MV+•), the product of one-electron
reduction. The accompanying oxidative dimer, dirhenium
decacarbonyl, was formed in 78% yield.

Addition and electron-transfer reactions of Mn(CO)2
5

with pyridinium acceptors

Upon the addition of 1 equiv. of N-methylacridinium triflate
to a solution of PPN+ Mn(CO)2

5 in acetonitrile, a white solid
immediately precipitated. Infrared analysis of the super-
natant solution showed that the carbonyl IR bands of
Mn(CO)2

5 at nCO =1894 and 1861 cm21 had been replaced
by the characteristic bands of dimanganese decacarbonyl (at
nCO =2047, 2012 and 1981 cm21 ). Analysis of the reaction
mixture, as detailed in the Experimental section, showed
that Mn2(CO)10 was formed in quantitative yield. The white

solid that precipitated was collected and identified as N,N 9-
dimethyl-9,99-biacridanyl by comparison of its 1H NMR
spectrum with that of the authentic dimer synthesized
previously.37 The acridanyl dimer could be isolated in 86%
yield, and the stoichiometry of the reaction was thus
identified as the electron-transfer process in the equation

(4)

A transient red color was observed during the reaction. The
UV–VIS spectrum of the reaction mixture disclosed a new
band lmax =520 nm which was responsible for the color.

Table 2. Decomposition of the Py–Re(CO)5 Adductsa

Products (%)
t1/2

b Temperature DG* c

Py (s) (°C) (kcal mol21 ) Re2(CO)10 Py–Py

81

3·53102 20 21 73

3·53102 20 21 58

2·73103d 60 25 48

3·63103d, e 80 27 75 91

a Conducted on the nucleophilic adducts generated in situ from Py+ OTf2 and PPN+ Re(CO)2
5 unless

noted otherwise.
b half-life of the transient adducts.
c Calculated as DG*=2·3 RT[132 log(ln 2/t1-2 )].
d Decomposition of the isolated adducts.
e In benzene solution.
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This band formed immediately upon addition of the
acridinium cation to the solution of PPN+ Mn(CO)2

5 , and it
decayed to the spectral baseline within 5 min. On the basis
of the similarity of this band to those of the rhenium
adducts, the transient band was assigned to the transient
adduct Ac–Mn(CO)5 . Unfortunately, the concentration of
the nucleophilic adduct in the red solution was too low to
observe its characteristic carbonyl bands in the infrared
spectrum, which showed only the bands of the predominent
product, the dimeric Mn2(CO)10 .

In contrast to the instantaneous reaction of N-methylacri-
dinium with the carbonylmanganate anion, N-methyli-
soquinolinium cation reacted rather slugggishly. The infra-
red bands of Mn(CO)2

5 diminished over the course of
several hours. The manganese dimer was obtained in
quantitative yield. Evaporation of the solvent and extraction
of Mn2(CO)10 and PPN+ OTf2 with ethanol left a tan
residue, which was identified as N,N9-dimethyl-1,19-biiso-
quinolinyl by comparison of its 1H NMR spectrum with that
of the authentic dimer.38 A 90% yield of biisoquinolinyl was
determined by 1H NMR spectroscopy of the crude reaction
mixture using 1,2-dichloroethane as internal standard. Since
the biisoquinolinyl dimer was previously established as
the product of electrochemical reduction of the N-
methyl isoquinolinium cation, the complete stoichiometry
of the reaction was thus established as the electron

transfer in the equation

(5)

The redox reactions of Mn(CO)2
5 with a series of N-

methylpyridinium cations were examined in tetrahydrofuran
solution. The course of the reaction was followed by
simultaneously monitoring the diminution of the carbonyl
infrared bands of Mn(CO)2

5 and the growth of those of
Mn2(CO)10 . The rate of the reaction was found to be highly
dependent on the pyridinium acceptor (see Table 3), and the
reaction times ranged from several days for 4-phenyl-N-
methylpyridinium to a few seconds for 3-cyano-
N-methylquinolinium. In each case, Mn2(CO)10 was formed
in greater than 90% yield. It is noteworthy that a transient
red–brown color appeared upon addition of the pyridinium
salt to the solution of Mn(CO)2

5 , and it bleached during the
reaction (see below).

The kinetics of the reaction could not be fitted unambigu-
ously to either a simple first- or second-order rate law.

Figure 2. UV–VIS spectra of the adduct formed from N-methylquinolinium cation and
Re(CO)2

5 in tetrahydrofuran. The dotted line is the spectrum of Re(CO)2
5 (as the PPN+ salt) in

the absence of the quinolinium acceptor. The inset shows the visible absorption band of the
stable N-methylacridinyl–Re(CO)5 adduct
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Table 3. Nucleophilic addition and electron transfer reactions of
the pyridinium cationic acceptors with pentacarbonylmanganatea

Addition Electron transfer

Pyridinium lmax
b k1

c Mn2(CO)10
d Pye

acceptor (nm) (s21 ) (%) (%)

—f 331026 100 —g

—f 7·031025 100 91

—f 3·831024h 100

—f 7·331024i 100 —

—f 1·731023j 97k —

—f Fast1 96m 100

—f 3·031024 94 —g

—f 1·431023 91 —g

—f 6·731023 92 —g

—f 1·231022 100 —g

—f 1·131021 90 —g

520 95 90

a Conducted at 20 °C in tetrahydrofuran by mixing 5·031023
M solutions

of [PPN+ ][Mn(CO)2
5 ] and the pyridinium acceptor as the triflate salt.

b Absorption band maximum of the transient adduct.
c Rate constant for ion-pair collapse of [Py+ , Mn(CO)2

5 ] ion pairs.
d Yield of Mn2(CO)10 , based on Mn(CO)2

5 conversion.
e Yield of reduced pyridinium cation, as the dimer, Py–Py.
f Adduct not oberved.
g Dimer too unstable to quantify.
h At 50 °C.
i At 60 °C.
j Same as entry 2, except with PPN+ Mn(CO)4P(OPh)2

3 .
k Mn2(CO)8[P(OPh)3 ]2 .
l Too fast to measure with PPN+ Mn(CO)4PPh2

3 .
m Mn2(CO)8(PPh3 )2 .
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Typically, the reaction followed first-order kinetics for
approximately one half-life and then gradually slowed. We
tentatively ascribe this mixed kinetics to the incursion of an
ionic exchange, such as that presented in Scheme 1, which
reduced the concentration of the reactive [Py+ , Mn(CO)2

5 ]
ion pair.

[PPN+ Mn(CO)2
5 ]+[Py+ OTf2 ]⇀↽

Kex

[PPN+ OTf2 ]

+[Py+ Mn(CO)2
5 ] (6)

[Py+ Mn(CO)2
5 ]→k1 Py• +Mn(CO)•

5 (7)

Scheme 1

Such an ion-pair exchange was consistent with the
marked decrease in the reaction rate upon addition of the
inert salt tetra-n-butylammonium perchlorate to the reaction
mixture. Thus, the reaction of 3-cyanoquinolinium with
Mn(CO)2

5 was too fast to measure in pure tetrahydrofuran,
but required several minutes for completion if 4 equiv. of
TBA+ ClO2

4 were present. Indeed, the kinetic equations
based on the mechanism in Scheme 1 could be solved in
closed form under the assumption that Kex in equation (6)
was unity, i.e. that the ions associated indiscriminately (see
the Experimental section). The first-order rate constants (k1 )
for the electron transfer in equation (7) are listed in Table
3.

Pre-equilibrium formation of charge-transfer ion pairs
as the precursors to nucleophilic addition and electron
transfer

The reactions of the M(CO)2
5 nucleophiles with the

pyridinium cations were marked by a series of characteristic
color changes as both the electron-transfer and nucleophilic
addition reactions proceeded. For example, the addition of
colorless N-methylisoquinolinium triflate [iQ+ ][OTf2 ] to a
solution of [PPN+ ][Mn(CO)2

5 ] was attended by an immedi-
ate color change from pale yellow to red–brown. As the
redox reaction proceeded, the color of the solution gradually
faded to yellow. Similar color changes could also be
observed upon addition of either 4-phenyl-N-methylpyr-
idinium (PP+ ) or N-methylphenanthridinium (Pa+ ) triflate
to solutions of the Mn(CO)2

5 in tetrahydrofuran. In each
case, an inspection of the UV–VIS spectra of the solution
revealed the source of the initial color to be a new visible
absorption band, which is shown in Figure 3 for the case of
the isoquinolinium cation. The intensity of this band
diminished markedly upon addition of 1 equiv. of the inert
salt tetra-n-butylammonium perchlorate (TBA+ ClO2

4 ), as
shown in the inset in Figure 3. Since the absorption band did
not correspond to the local transitions of either N-
methylisoquinolinium or of Mn(CO)2

5 , the new band was
attributed to the charge-transfer absorption of the ion pair,
[iQ+ , Mn(CO)2

5 ]. As such, the diminution of the band
intensity upon addition of inert salt could thus be explained

Figure 3. Visible absorption spectrum of Mn(CO)2
5 in tetrahydrofuran as (A) the PPN+ salt

alone and (B) upon addition of 1 equiv. of N-methylisoquinolinium triflate. The inset shows
the decrease in the visible absorption band upon addition of 1, 2 and 4 equiv. of tetra-n-

butylammonium perchlorate
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Table 4. Charge-transfer bands of pyridinium cationic acceptors with
Re(CO)5 and Mn(CO)2

5
a

Mn(CO)2
5 Re(CO)2

5

Pyridinium E0
red lCT

c Dvd lCT Dv
acceptor (V vs SCE)b (nm) (cm21 ) (nm) (cm21 )

1·20e 560 6000 580 6000

1·15f 580 6100 630 5300

0·96f 640 5900 —g

0·82f —g —g

0·78f 670 —g

0·67h —g —g

0·53f —g —g

0·52i —g —g

0·46j —g —g

0·42k —g —g

a Determined by UV–VIS spectroscopy of equimolar solutions (0·01 M) of [PPN+ ]
[Mn(CO)2

5 ] and pyridinium triflate in tetrahydrofuran.
b Thermodynamic reduction potentials of the pyridinium cations in acetonitrile.
c Charge-transfer band maximum (±15 nm).
d Width at half maximum of the CT band.
e Reversible Ered

0 from Ref. 49.
f Corrected for dimerization.

g Rapid redox or addition reaction. Reversible Ered
0 from Refs h50, i35, j66 and k48b.
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by the ion-pair exchange, i.e.

[iQ+ ][Mn(CO)2
5 ]+[TBA+ ][ClO2

4 ]

⇀↽ [iQ+ ][ClO2
4 ]+[TBA+ ][Mn(CO)2

5 ] (8)

The progressive red shift of the band maximum for the
pyridinium carbonylmanganate ion pairs in Table 4 fol-
lowed the trend in the reduction potentials of the pyridinium
cations (E 0

red ) in the order PP+ <iQ+ <Pa+ . Such a variation
of the band maximum with the redox potential is character-
istic of charge-transfer (lCT ) absorptions,39 and the new
absorption in the visible was thus assigned to the charge-
transfer transition (hnCT ), i.e.

[iQ+ , Mn(CO)2
5 ]→hnCT [iQ•, Mn(CO)•

5 ] (9)

The CT bands of all the pyridinium/carbonylmetallate ion
pairs were characteristically broad,28, 31 as shown by their
spectral widths (FWHM) ranging from 5300 to 7000 cm21

in Table 4. (The broad diffuse nature of the bands accounted
for the dull brownish colors of solutions of the CT salts.)
The charge-transfer absorption bands of the manganese and
rhenium pentacarbonyl anions paired with more strongly
oxidizing cations, such as that of N-methylacridinium in
Tables 1 and 3, could not be observed, owing to rapid
reactions between the pyridinium acceptors and M(CO)2

5 in
equations (1) and (4).

In the case of the reaction of Re(CO)2
5 with N-

methylisoquinolinium, the charge-transfer ion pair and the

nucleophilic adduct were observed simultaneously. The
charge-transfer band of the ion pair appeared as a broad tail
(inset, Figure 4), with lCT =630 nm, while the visible
absorption band of the adduct appeared with a well resolved
maximum (lmax =460 nm). Upon addition of TBA+ ClO2

4 to
the solution, the charge-transfer band and the band of the
adduct both diminished in intensity, as shown in Figure 4.

Photostimulation of the charge-transfer ion pairs

The Mulliken formulation in equation (9) predicts that the
electron-transfer reactions of the ion pairs can be induced by
photoexcitation of their charge-transfer absorption bands.
This effect was investigated for the N-methylisoquinolinium
(iQ+ ) and 4-phenyl-N-methylpyridinium (PP+ ) ions paired
with the carbonylmanganate anion. Thus, the irradiation of
a solution of [iQ+ , Mn(CO)2

5 ] with light filtered to excite
only the charge-transfer band in Figure 3 resulted in
quantitative oxidation of Mn(CO)2

5 to Mn2(CO)10 . [This
irradiation was carried out at low temperatures (0 °C), at
which the thermal reaction was too slow to occur.] Precisely
the same behavior was observed upon the irradiation of the
charge-transfer bands of the [PP+ , Mn(CO)2

5 ] ion pair.
The photostimulated redox process was also investigated

by time-resolved spectroscopic methods. Thus, the irradia-
tion of the charge-transfer band of [iQ+ , Mn(CO)2

5 ] with
the second harmonic (532 nm) of an Nd:YAG laser gave
rise to the transient spectra observed in Figure 5. The broad
band at lmax =760 nm was identified as the carbonylmanga-

Figure 4. Decrease of the visible band of the adduct iQ–Re(CO)5 upon addition of the inert
salt tetra-n-butylammonium perchlorate. The inset shows the accompanying decrease in the

charge-transfer band of the [iQ+ , Re(CO)2
5 ] ion pair
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nese radical, Mn(CO)•
5 , by comparison of the absorption

band with that of the pentacarbonylmanganese radical
previously generated by flash photolysis.40, 41 This species
decayed on the early microsecond time-scale, and a new
absorbance at 540 nm grew in simultaneously. The same
growth of a 540 nm band and decay of Mn(CO)•

5 was
observed upon the irradiation of the charge-transfer band of
[PP+ , Mn(CO)2

5 ]. On the other hand, irradiation of the
corresponding cobalticenium/Mn(CO)2

5 ion pair generated
Mn(CO)•

5 , which simply decayed to baseline and did not
form any other transient species.

DISCUSSION

The behaviors of the carbonylmetallate anions in Tables 1
and 3 indicate that Mn(CO)2

5 and Re(CO)2
5 can react both

as nucleophiles and as electron donors. For example,
Re(CO)2

5 reacts with the N-methylacridinium cation (Ac+ )
to yield the adduct, Ac–Re(CO)5 , by nucleophile–electro-
phile coupling. The rhenium carbonyl anion thus acts as a
typical nucleophile, and the nucleophilic addition in equa-
tion (1) compares with the analogous additions of hydroxide
(pseudo-base formation),42, 43 Grignard reagents,44 hydride45

and other nucleophiles46 to substituted pyridinium cations.

On the other hand, the reaction of Re(CO)2
5 with 9-phenyl-

N-methylacridinium cation yields only Re2(CO)10 and the
9-phenyl-N-methylacridanyl radical by a process of electron
transfer. The contrasting behavior for Re(CO)2

5 with the two
closely related acridinium cations indicates that subtle
changes in the conditions of the reaction can control the
chemical outcome. Accordingly, let us first identify those
structural factors that favor one reaction mode over another.
The mechanistic significance of the close relationship
between electron transfer and nucleophilic addition will
then be considered. Finally, the role of the precursor ion pair
[Py+ , M(CO)2

5 ] will be taken into account.

Influence of the pyridinium moiety

The nucleophilic adducts become increasingly stable to
homolytic cleavage [compare equation (2)] in the order
isoquinolinyl<quinolinyl<phenanthridanyl<acridanyl (see
Table 2). This order follows the trend in the redox potentials
(E 0

red ) of the pyridinium cations in Table 4. For the least
electrophilic cation, N-methylisoquinolinium (iQ+ ), the ion
pair is formed together with the nucleophilic adduct, as
spectrally demonstrated by the simultaneous appearance of
the band of the nucleophilic adduct (at lmax =460 nm)47 and

Figure 5. Time-resolved visible spectra recorded following the charge-transfer irradiation of
the [iQ+ , Mn(CO)2

5 ] ion pair
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the charge-transfer band of the ion pair (lCT =630 nm) in
Figure 4. The spectral intensities of the two bands indicate
that the adduct and the ion pair  constitute the principal
products in the reaction mixture. Since the addition of inert
salt leads to a decrease in the intensity of the spectral bands
of both the adduct and the ion pair in Figure 4, we conclude
that these exist in coupled equilibria involving ion-pair
exchange and nucleophilic addition, according to the
equation

(10)

By contrast, the spectral band of the more stable N-
methylacridanyl adduct, Ac–Re(CO)5 , is not affected by
added salt. We conclude that the isoquinolinyl nucleophilic
adduct is destabilized with respect both to salt-induced
heterolytic cleavage in equation (10) and to homolytic
cleavage in Table 2, as compared with its N-methylacridanyl
analogue. We believe that the comparative stability of the
adducts in both processes reflects the increasing Re–C bond
strength for the adducts formed from the more electrophilic
pyridinium cations. According to this view, as the adducts
become more stable, the reaction changes from an overall
electron transfer process to a nucleophilic addition and the
cleavage of the adduct becomes increasingly less impor-
tant.

At the other end of the scale, there are pyridinium cations
which do not form nucleophilic adducts with Re(CO)2

5 (see
entries 1, 6, 8 and 10 in Table 1). These are cations that are
reduced to persistent pyridinyl radicals, which are stabilized
by delocalization of the radical center over multiple
aromatic rings (e.g. the reduced form of methylviologen) or
steric encumbrance of radical coupling by substituents (e.g.
N-methyl-4-cyanopyridinyl). The frustration to nucleophilic
addition of these pyridinium cations reflects a combination
of steric hindrance to coupling (disfavoring nucleophilic
addition) and stabilization of the pyridinyl radical products
(which favors the alternative electron-transfer pathway). In
this context, it should be noted that these same factors
which inhibit adduct formation also inhibit dimerization of
the pyridinyl radicals. As a result, the reductions of the
cations which do not form adducts are electrochemically
reversible on the cyclic voltammetric time-scale.38, 48–50

Effect of the central metal

The anions Mn(CO)2
5

51 and Re(CO)2
5

52 are isostructural,
with an essentially identical trigonal bipyramidal arrange-
ment of carbonyl ligands around the central metal. Yet these
two anions appear distinctly different in their reactivity

towards pyridinium acceptors. The manganese anion reacts
in all cases by electron transfer, and a (transient) adduct is
observed only in the reaction with N-methylacridinium. On
the other hand, the rhenium counterpart with N-methylpyr-
idinium cations readily forms a series of nucleophilic
adducts of varying (homolytic) stability. The enhanced
stability of the rhenium adducts (compared with their
manganese analogues) reflects the greater dissociation
energy of the Re–C versus the Mn–C bond. For example,
the dissociation energy of the methyl–rhenium bond in
CH3Re(CO)5 is greater than that of the corresponding bond
in CH3Mn(CO)5 by about 16 kcal mol21 (1 kcal=
4·184 kJ).53, 54 As a measure of the bond energies of the
various rhenium adducts, the activation energies (DG*) for
decomposition of the adducts are given in Table 2. Since
these values fall between 20 and 30 kcal mol21, the bond
energies of the corresponding manganese adducts, if
reduced by the same difference, would lie in the range
4–14 kcal mol21. Thus the manganese adducts, if formed,
are expected to be transient. In line with this computation,
the N-methylacridanyl/rhenium adduct is the most stable,
and the corresponding Mn adduct can be observed as a
transient. [Note that the h1-cycloheptatrienyl complex of
Re(CO)5 is stable and isolable under conditions in which the
corresponding complex of Mn(CO)5 cannot be observed.34

The manganese complex is persistent, however, in a low-
temperature matrix.55 ]

We conclude that the effects of the pyridinium moiety
(Py) and the central metal (M) on the partitioning between
electron transfer and nucleophilic addition is determined by
the varying strength of the metal–carbon bonds in the
nucleophilic adducts Py–M(CO)5 . According to this for-
mulation, the nucleophilic adducts formed between
Re(CO)2

5 and electrophilic cations are stable to both
homolytic cleavage in Table 2 and heterolysis in equation
(10), and thus can be observed and characterized. On the
other hand, steric effects, or the substitution of manganate
for rhenate, implies weakened Py–M bonding, and the
reaction proceeds by electron transfer.

Interpretations of concurrent nucleophilic/electron-
transfer reactivity

The isolation and characterization of persistent pyridinyl/
pentacarbonylrhenium adducts raises the question of the
involvement of s-bonded intermediates in the simple redox
transformations of Re(CO)2

5 and Mn(CO)2
5 . In other words,

the electron transfer may be effected without proceeding
through an intermediate, i.e.

Py+ Mn(CO)2
5 → Py• +Mn(CO)•

5 (11)

followed by dimerization of the radicals to give the ultimate
redox products. Alernatively, a two-step (inner-sphere)8, 9

sequence of bond formation and bond homolysis may effect
the same transformation:

Py+ Mn(CO)2
5 → Py–Mn(CO)5 (12)
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Py–Mn(CO)5 → Py• +Mn(CO)•
5 (13)

The latter process has been identified in the reactions of
Re(CO)2

5 with pyridinium cations as well as metal carbonyl
anions with organometallic cationic acceptors such as
M(CO)+

6 (M=Mn, Re)18 and LFe(CO)+
3 (L=h5-pentadie-

nyl).17 The reaction of Mn(CO)2
5 with pyridinium acceptors,

however, appears at first glance to be a simple electron
transfer. For example, the rates of the redox reactions in
Table 3 increase smoothly as the reduction potential (E0

red )
of the cationic donors becomes more positive. This
dependence relates directly to the energy gap,
DGET =F(E0

red +E0
ox ) for electron transfer in equation (11).

However, since increasing E0
red correlates with the increasing

electron deficiency of the pyridinium cations, it also relates
to their electrophilicities, and the addition of anionic
nucleophiles to a series of cationic electrophiles obeys the
same linear free energy relation,1, 2 i.e. DG*=bDGET +const-
ant. Note, for example, that the activation energy for the
reaction of iQ+ with Re(CO)2

5 falls on the line in the plot in
Figure 6 even though the reaction is one of nucleophilic
addition. Moreover, the slope of the DG* vs DGET plot (b )
is only 0·36, which is substantially less than the value of
unity expected for outer-sphere electron transfer.56 These
results are in line with the extensive data available for
organic nucleophile–electrophile coupling reactions, which
show a general correlation with the thermodynamics of
electron transfer.1, 2 The alternative formulation of the redox
reactions of Mn(CO)2

5 and Re(CO)2
5 in terms of the inner-

sphere reaction in equations (12) and (13) runs into
problems when the kinetic stability of the Re and Mn
adducts is considered. Thus, the lifetimes of the adducts of
M(CO)2

5 with N-methylacridinium are longer than can be
accounted for under the assumption that the adduct is the
intermediate to the radical products. For example,
Re2(CO)10 and biacridanyl are formed immediately upon
reaction of N-methylacridinium and Re(CO)2

5 although the
adduct is stable for hours. Similarly, the transient adduct
formed from N-methylacridinium and Mn(CO)2

5 decom-
poses steadily over 20 min, but the redox reaction to form
biacridanyl and Mn2(CO)10 is essentially complete upon
mixing of the substrates. These facts demonstrate that
nucleophilic addition does not precede electron transfer.
Thus, the resolution of the mechanistic ambiguity must lie
in the identification of the intermolecular interactions which
occur prior to the rate-limiting steps for the two processes,
as follows.

Charge-transfer ion pairs as the initial intermediates

The reaction of oppositely charged ions such as Py+ and
M(CO)2

5 is preceded by an ion-pairing step. In a non-polar
solvent such as tetrahydrofuran, the ion pairs (and their
higher aggregates) are the only charged species present, and
the cation—anion annihilation reaction proceeds via first-
order collapse of the ion pair. For the [Py+ , M(CO)2

5 ] salts,
the electronic interaction between the ions leads to a partial
transfer of charge from the anion to the cation, which is

Figure 6. Linear free energy relationship between the activation energies for the reactions of pyridinium
cations with either Mn(CO)2

5 (closed circles) or Re(CO)2
5 , plotted against the driving force for interionic

electron transfer. The linear slope has a value of 0·36
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directly observable as the charge-transfer (CT) band of the
ion pair. In a molecular orbital sense, this corresponds to a
partial bonding interaction between the LUMO of the
pyridinium acceptor and the HOMO of the carbonylme-
tallate donor. Since this frontier MO overlap is critical to
nucleophilic addition as well as to electron transfer, the
interionic CT interaction may play a role in the transition
state for both reactions. Thus, the decreasing charge-transfer
energy gap (hnCT ) in Figure 7 correlates with both an
increasingly exergonic driving force (2DGET ) for electron
transfer, and with an increasing rate for the redox and
nucleophilic addition reactions in Figure 6. Note that the
points for the pyridinium cation/rhenate and manganate ion
pairs in Figure 7 lie on the same line and are not separately
distinguished.

The association of redox products with adducts in Table
1 (entries 5 and 9) indicates that these concurrent processes
are closely related, with transition states that are structurally
and energetically similar. The idea that the transition state
for the redox reaction involves incipient bond formation
(and thus strongly resembles the transition state for
nucleophilic attack) is supported by the large negative
entropy of activation (246 cal mol21 K21 ) in Table 3 for
the formation of the redox products from the [iQ+ ,
Mn(CO)2

5 ] ion pair. On the other hand, the charge-transfer
interaction in the [iQ+ , Re(CO)2

5 ] analogue points to partial
electron transfer in the transition state for the nucleophilic

addition. To shed light on this mechanistic conundrum, we
induce the direct electron transfer by photostimulation of
the charge-transfer band of the ion pair.

Direct electron transfer from the manganate donor to the
pyridinium cations is effected by the irradiation of the
charge-transfer band of the [Py+ , Mn(CO)2

5 ] ion pair, and
the short-lived intermediates can be observed by time-
resolved spectroscopy. Irradiation of the CT ion pairs from
[Mn(CO)2

5 ] paired with [iQ+ ] or [PP+ ] cations forms the
radical Mn(CO)•

5 , identified by its long-wavelength absorp-
tion centered at lmax =760 nm. This signal decays, and a new
species is formed with lmax =520 nm. This band is identical
with the absorption band of the transient adduct formed
from Mn(CO)2

5 and N-methylacridinium and may be
compared with the absorption bands (414–460 nm) of the
stable rhenium adducts. As such it is assigned to the
transient adduct of Py• and Mn(CO)•

5 formed by radical–
radical combination, i.e. as shown in Scheme 2.

Py+ Mn(CO)2
5 →hnCT Py• +Mn(CO)•

5

Py• +Mn(CO)•
5 → Py2Mn(CO)5

Scheme 2

Since the Mn adducts have weak bonds (see above),
decomposition of the adducts is favored, and ultimately
only the redox products are observed. Nevertheless, Scheme
2 illustrates how electron transfer can lead to an overall
nucleophilic addition to the pyridinium cation.

Both the nucleophilic addition and electron-transfer
reactions require structural changes of the M(CO)2

5 anion.
The transient radicals, M(CO)•

5 , do not have the trigonal
bipyramidal (D3h ) geometry of the anions. Instead, their
structure is square pyramidal (C4v ), as established by
infrared57 and ESR58 studies. Since the disposition of the
carbonyl groups in the adducts is also square pyramidal (see
Figure 1), the same reorganizational changes in nuclear
structure accompany either electron transfer or nucleophilic
addition in which the cation-induced distortion of the anion
induces a geometry change to one characteristic of both the
M(CO)•

5 radical and the Py—M(CO)5 nucleophilic adduct.
This geometric distortion is present to a degree even in the
precursor ion pairs, as established by structural studies in
the solid state and in solution.21 The distorted anion is thus
activated towards either reaction pathway. In other words,
the transition states for electron transfer and nucleophilic
addition are close in both structure and energetics, so that
bond formation will crucially affect the outcome of the
reaction. It should be noted that structural alteration of a
donor or acceptor towards the geometry of its reduced or
oxidized form plays a central role in the Marcus theory of
electron transfer, where it relates to the reorganization
energy.59 In this context, the broadness of the charge-
transfer bands of the intermediate CT ion pairs also reflects
a large reorganization energy associated with the change in
the geometry of the metallate upon oxidation.60 The close
relationship between electron transfer and nucleophilic

Figure 7. Mulliken plot of the energies of the charge-transfer bands
of the [Py+ M(CO)2

5 ] ion pairs as a function of the driving force for
electron transfer. The closed and open circles indicate manganate
and rhenate ion pairs, respectively, and the error bars represent the

uncertainty of the measurement
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reactivity has been taken into account by several theoretical
treatments, which explicitly invoke a degree of charge
transfer in the transition states for nucleophilic addition and
substitution.5–7 The latter also point to transition states for
structurally coupled electron transfer and charge-transfer
nucleophilic addition that are closely linked.

CONCLUSIONS

The linear free energy relationship between the driving
force for electron transfer from Re(CO)2

5 and Mn(CO)2
5 ,

and their reaction rates for nucleophilic addition and
electron transfer indicate that the transition states for the
two reactions are closely related. In accordance with this
view, carbonylmetallate anions, M(CO)2

5 , can react with
pyridinium electrophiles (Py+ ) either by electron transfer
[to yield Py• and M(CO)•

5 radicals] or by nucleophilic
addition [to yield the Py—M(CO)5 adducts]. The course of
the reaction depends critically on the pyridinium cation and
on the central metal of the carbonylmetallate. Nucleophilic
attack is favored by pyridinium cations which allow steric
accessibility of the incoming nucleophile to the pyridinium
ring. Electron transfer is facilitated if the pyridinium cation
is sterically hindered or if the radical center is stabilized by
delocalization. Both reactions proceed via the intermediate
[Py+ , M(CO)2

5 ] ion pair, and the interaction between the
HOMO of the metallate donor and the LUMO of the
pyridinium acceptor is visibly manifested as a charge-
transfer electronic transition. The interplay of the two
reaction modes at the mechanistic border suggests that this
charge-transfer bonding interaction is critical to both
nucleophilic and electron-transfer reactivity. Indeed, the
most economical explanation to accommodate all of our
results is to invoke a rate-limiting electron transfer within
the precursor (CT) ion pair as a common step to both
processes. We hope that further detailed comparisons of the
thermal (adiabatic) and charge-transfer (non-adiabatic)
activation of the precursor ion pair, as preliminarily
described in Figure 5, will help to clarify further the precise
role of electron role in nucleophilic processes.

EXPERIMENTAL

Materials. The metal carbonyl dimers Mn2(CO)10 and
Re2(CO)10 from Pressure Chemical were used as received.
Bis(triphenylphosphine)iminium chloride, [PPN]Cl, was
prepared by the method of Ruff and Schlienz.61 Methyl
trifluoromethanesulfonate (methyl triflate) was obtained
from Aldrich and used as received. The pyridine bases
quinoline and isoquinoline (Fischer) were distilled before
use. Acridine (Aldrich) was recrystallized from ethanol.
Phenanthridine, 3-cyanoquinoline, 4-phenylpyridine
(Aldrich), 4-cyanopyridine and 3-cyanopyridine (Reilly Tar
and Chemical) were used as received. The pyridinium
acceptors were all prepared as their trifluoromethane-
sulfonate (triflate) salts. Typically, a solution of methyl
triflate (1·65 g; 10 mmol) in 10 ml of dichloromethane was
added to a solution of 10 mmol of the pyridine base in 10 ml

of the same solvent. After the exothermic reaction subsided,
diethyl ether (150 ml) was added to precipitate the pyr-
idinium salt. The resulting crude trifluoromethanesulfonate
salts were collected and recrystallized from a mixture of
acetonitrile and ethyl acetate. 4-Phenyl-N-methylpyridin-
ium triflate: 2·70 g (84%). 1H NMR (CD3CN): d 8·62 (d,
J=6·8 Hz, 2H), 8·24 (d, J=6·6 Hz, 2H) 7·88–7·99 (m, 2H),
7·61–7·68 (m, 3H), 4·28 (s, 3H). IR (KBr): 3129, 3059,
1650, 1566, 1494, 1475, 1441, 1266 (vs, OTf), 1225, 1169,
1150, 1031, 856, 775, 722, 697, 638, 575, 550, 519,
488 cm21. N-Methylisoquinolinium triflate: 2·50 g (87%).
1H NMR (CD3CN): d 9·54 (s, 1H), 7·92–8·45 (m, 6H), 4·93
(s, 3H). IR (KBr): 3059, 1656, 1609, 1522, 1478, 1397,
1266 (OTf) 1225, 1153, 1031, 878, 762, 712, 637, 571, 516,
472 cm21. Anal. Calculated for C11H10F3NO3S: C, 45·05; H,
3·44; N, 4·78. Found: C, 44·93; H, 3·48; N, 4·72%. N-
Methylquinolinium triflate: 2·55 g (88%). 1H NMR
(CD3CN): d 9·04–9·12 (m, 1H) 7·91—8·42 (m, 6H) 4·56
(s, 3H). IR (KBr): 3100, 3059, 1629, 1606, 1594, 1531,
1468, 1455, 1424, 1386, 1371, 1353, 1272 (OTf), 1224,
1160, 1140, 879, 834, 777, 754, 747, 636, 571, 517, 488,
464 cm21. Anal. Calculated for C11H10F3NO3S: C, 45·05; H,
3·44; N, 4·78. Found: C, 45·13; H, 3·48; N, 4·75%.
3-Cyano-N-methylpyridinium triflate: 2·05 g (73%). 1H
NMR (CD3CN): d 9·12 (s, 1H), 8·83 (br t, 2H), 8·16 (br, t,
1H), 4·35 (s, 3H). IR (KBr): 3160, 3086, 2253 (w, CN),
1641, 1572, 1475, 1269 (OTf), 1181, 1137, 1028, 828, 759,
672, 638, 575, 519 cm21. Anal. Calculated for
C8H7F3N2O3S: C, 35·83; H, 2·63; N, 10·44. Found: C, 35·88;
H, 2·58; N, 10·36%. N-methylphenanthridinium triflate:
2·30 g (67%). 1H NMR (CD3CN): d 9·76 (s, 1H), 8·90–9·05
(m, 2H), 8·01–8·54 (m, 6H), 4·68 (s, 3H). IR (KBr): 3090,
3031, 1634, 1534, 1512, 1459, 1262, 1166, 1028, 772, 759,
718, 638, 572, 519, 490 cm21. Anal. Calculated for
C15H12F3NO3S: C, 52·48; H, 3·52; N: 4·08. Found: C, 51·96;
H, 3·59; N, 4·04%. 4-Cyano-N-methylpyridinium triflate:
2·33 g (87%) 1H NMR (CD3CN): d 8·86 (d, J=6·5 Hz, 2H),
8·32 (br s, 2H), 4·37 (s, 3H). IR (KBr): 3125, 3062, 2250
(vw, CN), 1641, 1569, 1519, 1475, 1269 (vs, OTf), 1228,
1172, 1141, 859, 756, 644, 575, 533, 519 cm21. Anal.
Calculated for C8H7F3N2O3S: C, 35·83; H, 2·63; N, 10·44.
Found: C, 35·83; H, 2·63; N, 10·37%. 3-Cyano-N-methyl-
quinolinium triflate: 1H NMR (CD3CN): d 9·51 (s, 2H),
8·42–8·55 (m, 3H), 8·05–8·22 (m, 1H), 4·62 (s, 3H). IR
(KBr): 3047, 2281, 2250 (w, CN), 1634, 1600, 1581, 1522,
1462, 1384, 1353, 1259 (vs, OTf), 1169, 1028, 897, 875,
784, 756, 640, 634, 575, 519, 440 cm21. N-methylacridin-
ium triflate:62 3·0 g (86%) bright yellow plates. 1H NMR
(CD3CN): d 9·87 (s, 1H), 8·28–8·62 (m, 6H), 7·87–8·05
(m, 2H) 4·76 (s, 3H). IR (KBr): 3109, 3058, 3031, 1625,
1528, 1543, 1460, 1395, 1262 (vs, OTf) 1226, 1189, 1154,
1031, 989, 859, 833, 776, 750, 638, 602, 573, 517,
503 cm21. 9-Phenyl-N-methylacridinium triflate:63 3·5 g
(82%) yellow rhombs. 1H NMR (CD3CN): d 8·29–8·68
(m, 4H), 7·50–8·07 (m, 9H), 4·84 (s, 3H). IR (KBr): 3110,
3060, 1611, 1578, 1551, 1457, 1444, 1376, 1264 (vs, OTf),
1223, 1150, 1030, 765, 706, 660, 636, 572, 515 cm21.
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The PPN+ salt of Mn(CO)2
5 was prepared using the

procedure of Faltynek and Wrighton.64 Typically, a suspen-
sion of 1% sodium amalgam (50 g) and tetrahydrofuran
(30 ml) was stirred under an atmosphere of argon as
Mn2(CO)10 (1·95 g, 5·0 mmol) was added in one portion.
The mixture was stirred for 2 h as the initially orange–
yellow solution became greenish gray. The solution was
filtered through a bed of Celite using a Schlenk frit. To the
filtered solution of Na[Mn(CO)5 ] in tetrahydrofuran was
added [PPN]Cl (5·67 g, 10 mmol) and the mixture was
stirred overnight. The orange–yellow solution was filtered
through a bed of Celite to remove the white residue of NaCl,
and overlayed by 150 ml of diethyl ether. The solution was
allowed to stand for 2 days at 225 °C, and it deposited
bright yellow plates of [PPN+ ][Mn(CO)2

5 ]. Yield: 5·3 g
(76%). IR (nCO , tetrahydrofuran): 1894 (vs), 1861 (vs)
cm21. Lit.: 1894, 1861 cm21. The PPN+ salt of Re(CO)2

5

was prepared from Re2(CO)10 and [PPN+ ][Cl2 ].13 Yield:
5·0 g (59%). IR (nCO , tetrahydrofuran): 1916 (vs), 1861 (vs)
cm21, Lit.: 1914, 1860 cm21. The substituted carbonyl-
manganese dimers, Mn2(CO)8(PPh3 )2 and Mn2(CO)8

[P(OPh)3 ]2 , were prepared by the reaction of Mn2(CO)10

with PPh3 or P(OPh)3 in refluxing n-butanol.65

Mn2(CO)8(PPh3 )2: IR (nCO , CHCl3 ) 1985 (w), 1955 (vs)
cm21. Lit.:65 1985, 1955 cm21. Mn2(CO)8[P(OPh)3 ]2: IR
(nCO , CHCl3 ) 2003 (w), 1978 (vs) cm21. Lit.:65 2003,
1978 cm21. The substituted carbonylmanganate salts
[PPN+ ][Mn(CO)4PPh2

3 ]64 and [PPN+ ][Mn(CO)4P-
(OPh)2

3 ]14 were prepared by literature methods.
[PPN+ ][Mn(CO)4PPh2

3 ]: IR (nCO , tetrahydrofuran) 1914,
1846, 1814 cm21. Lit.: 1939, 1838, 1816 cm21.
[PPN+ ][Mn(CO)4P(OPh)2

3 ]: IR (nCO , tetrahydrofuran)
1961, 1869, 1841 cm21.

Tetrahydrofuran (THF, Fisher) was distilled serially from
potassium hydroxide and lithium aluminum hydride under
an argon atmosphere, and then transferred to a Schlenk flask
under an inert atmosphere of argon for storage. Acetonitrile
(Fisher) was stirred with 0·1 wt% KMnO4 for 24 h, and the
mixture was refluxed until the liquid was colorless. The
solvent was decanted from the brown MnO2 residue and
distilled from phosphorus pentoxide under an argon atmos-
phere. After a final distillation from CaH2 , the acetonitrile
was transferred to a Schlenk flask under an argon atmos-
phere. Diethyl ether was distilled under an atmosphere of
argon from lithium aluminum hydride. All solvents were
stored in Schlenk flasks under a positive pressure of argon.

Instrumentation.The UV–VIS absorption spectra were
recorded on a Hewlett-Packard Model 8450A diode-array
spectrometer. The 1H NMR spectra were recorded on a
JEOL FX 90-Q spectrometer, and chemical shifts are
reported in ppm units downfield from tetramethylsilane. IR
spectra were recorded on a Nicolet 10DX FT spectrometer
with the aid of 0·1 mm NaCl cells.

The nanosecond and microsecond time-resolved spectral
measurements were carried out with a Q-switched Nd:YAG
laser (Quantel YG 580-10) and a kinetic spectrometer
consisting of a 150 W xenon arc lamp, an Oriel 77250

150 mm monochromator and a detector consisting of a
photomultiplier (Hamamatsu R928) interfaced to a Tek-
tronix 7104 oscilloscope and a Tektrix C1001 digitizing
camera. Data acquisition was controlled by a sequence
generator, laser controller and backoff unit from Kinetic
Instruments. The data were stored and analyzed by ASYST
programs running on a Gateway 2000 personal computer.
The laser source for the picosecond time-resolved transient
spectral measurements was a mode-locked Nd:YAG laser
(Quantel YG 501-C). Excitation was carried out using the
second or third harmonic (532 or 355 nm). The excitation
beam traversed a variable delay stage (up to 4·5 ns) before
being directed on to the sample cuvette. Analyzing light was
provided by a continuum beam generated by directing the
residual fundamental light (1064 nm) into a 10 cm cuvette
containing a 50 :50 mixture of H2O and D2O. The
collimated white light was split into two directions by
means of a neutral density filter as a semi-transparent
mirror. One beam was directed into the sample cuvette
overlapping with the excitation beam to probe the excited
sample, while the other served as reference. The sample and
reference beams were collected by fiber optic cables and led
to a monochromator (Instruments SA HR-320). The signal
was recorded on a dual diode array (Princeton Instruments
DD-512) that was calibrated with the 436 and 546 nm lines
from a mercury lamp.

The steady-state photolyses were carried out with the
focused beam from a 500 W high-pressure Hg lamp. The
beam was passed through a water filter and an appropriate
glass cut-off filter (Corning CS series) to remove infrared
and ultraviolet light. The sample was contained in a Pyrex
Schlenk tube immersed in a room temperature water-bath.

Reactions of pyridinium acceptors with
pentacarbonylrhenate Re(CO)2

5

9-(N-Methylacridanyl)pentacarbonylrhenium(I). A solution
of [PPN+ ][Re(CO)2

5 ] (0·506 g, 0·58 mmol) in 20 ml of
acetonitrile was stirred and cooled in a dry ice–acetone
bath. When the solvent began to freeze (230 °C) solid N-
methylacridinium triflate (0·20 g, 0·585 mmol) was added
and the solution was warmed to 25 °C. The yellow
solution turned bright orange as the acridinium salt
dissolved. The solution was allowed to stir at 25 °C for 2 h
and then warmed to 20 °C. The infrared spectrum of the
reaction mixture showed the complete disappearance of the
carbonyl infrared bands of Re(CO)2

5 at nCO =1916 and
1861 cm21 and the appearance of those belonging to the
adduct, Ac–Re(CO)5 , at nCO =2126, 2014 and 1985 cm21.
The cloudy orange solution was filtered to remove a white
precipitate, and the acetonitrile solvent was reduced in
volume to ca 4 ml. An orange precipitate (0·25 g) of the
adduct formed. The supernatant was transferred to a
Schlenk flask and the solvent was completely removed in
vacuo. The residue was extracted with diethyl ether, and
removal of the solvent from the extracts afforded an
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additional 0·045 g of the adduct. The ether-insoluble residue
(0·292 g) was identified as [PPN+ ]OTf2 (0·43 mmol) by its
infrared spectrum. The rhenium adduct (total yield 0·294 g,
90% yield) was recrystallized by dissolution in acetonitrile
and cooling to 225 °C to afford orange plates, which were
suitable for x-ray structural determination. IR (nCO , tetra-
hydrofuran): 2126 (A1 ), 2045 (sh), 2014(E), 1985 (A1 )
cm21. 1H NMR (C6D6 ): d 6·72–7·20 (m, 6H), 6·60 (d,
J=9 Hz, 2H), 4·53 (s, 1H), 2·91 (s, 3H). UV–VIS (THF):
lmax (log «) 414 nm (3·0). The white residue which formed
initially was dissolved in CDCl3 and identified as N,N9-
dimethyl-9,9-biacridanyl by comparison of its NMR
spectrum with that in the literature.37 Toluene (5·0 ml) was
added and the yield of the acridanyl dimer was determined
by integration of the signal of its N-methyl protons (d 2·91)
compared with the methyl protons of the toluene internal
standard. Yield: 0·018 mmol (6% relative to the acridinium
triflate). The carbonyl infrared spectrum of the crude
reaction mixture showed a band at 2070 cm21, which was
ascribed to Re2(CO)10 . Comparison of its absorbance with
that of a standard solution of Re2(CO)10 in the same cell
showed that the rhenium dimer was formed in 5% yield.

6 - (N - Methylphenanthridanyl) - pentacarbonylrhenium(I).
From 0·334 g (0·385 mmol) of [PPN+ ][Re(CO)2

5 ] and
0·132 g (0·385 mmol) of Pa+ OTf2 was obtained 0·14 g
(70%) of red–orange crystals. 1H NMR (C6D6 ): 7·40–7·66
(m, 2H), 6·75–7·10 (m, 5H), 6·33 (d, J=9 Hz, 1H), 5·29
(s, 1H), 2·38 (s, 3H). IR (nCO , THF): 2111 (m), 2046 (w),
2003 (vs), 1977 (m) cm21. UV–VIS: lmax (log «) 432 nm
(3·1).

(3 - Cyano - N - methylquinolinyl)pentacarbonylrhenium(I).
From 0·357 g (0·413 mmol) of [PPN+ ] [Re(CO)2

5 ] and
0·148 g (0·440 mmol) of [3-CNQ+ ][OTf2 ] was obtained
0·12 (56%) brown microcrystals. 1H NMR (C6D6 ): d
6·17–6·45 (m, 3H), 5·48 (d, J=10 Hz, 1H), 5·23 (d,
J=1 Hz, 1H), 3·52 (s, 1H), 1·90 (s, 3H). IR (nCO, THF):
2126 (m), 2057 (w), 2014 (vs), 1982 (m). UV–VIS: lmax

420 nm. The other adducts were generated in situ by
addition of the pyridinium triflate salt (0·1 mmol) to a
solution of [PPN+ ][Re(CO)2

5 ] (0·086 mg, 0·10 mmol) in
THF (10 ml) and were identified by their infrared (nCO ) and
UV–VIS spectra.

(3 - Cyano - N - methylpyridinyl)pentacarbonylrhenium(I).
IR (nCO , THF): 2120 (m), 2036 (w sh), 2010 (vs), 1979 (m)
cm21. UV–VIS (THF): lmax 446 nm.

(N-Methylquinolinium)pentacarbonylrhenium(I). IR
(nCO , THF): 2117 (m), 2039 (w sh), 2009 (vs), 1973 (m)
cm21. The yields of the adducts in Table 1 were obtained
from their infrared absorbance using the characteristic (A1 )
high-energy carbonyl band at 2110–2120 cm21. The correc-
tion factors for all three isolable adducts were the same
(0·11±0·01 mM

21 ) within experimental error. The same
value was assumed for the transient adducts. The yields of
Re2(CO)10 in Tables 1 and 2 were obtained by comparison of
its infrared absorbance (nCO =2070 cm21 ) with that of a
stock solution of the dimer in THF in the same infrared
cell.

Thermal decomposition of the carbonylrhenium
adducts. 9-(N-methylacridanyl)pentacarbonylrhenium(I).
The adduct (0·022 g, 0·041 mmol) was dissolved in 4·2 ml
of benzene in a Schlenk flask and placed in a thermostated
oil bath heated to 80 °C. Aliquots of the reaction mixture
were removed and analyzed by infrared spectroscopic
techniques to monitor the course of the reaction. After 3·5 h,
the band of the adduct at 2120 cm21 had disappeared. The
yield of Re2(CO)10 , assayed at nCO =2070 cm21, was 75%
based on the adduct. The reaction was repeated without
infrared monitoring and after 3·5 h, the reaction mixture
was cooled to room temperature and the solvent was
removed in vacuo. The residue was dissolved in CDCl3 , and
the 1H NMR spectrum of the mixture showed only
resonances of N,N9-dimethyl-9,99-biacridanyl. 1H NMR
(CDCl3 ): d 6·70–7·10 (m, 16H), 3·82 (s, 2H), 2·90 (s, 6H).
Toluene (10 ml) was added and the yield of the acridanyl
dimer was calculated by comparing the integral of the signal
from its N-methyl protons (d 2·90) with that from the
methyl protons of toluene (d 2·31).

6-(N-Methylphenanthridinyl)pentacarbonylrhenium(I).
Similarly, a solution of this compound (0·017 g,
0·032 mmol) in 3 ml of benzene was placed in an oil bath
heated to 60 °C. The reaction was complete after 80 min.
Yield of Re2(CO)10: 0·0093 mmol (58%). The other tran-
sient adducts were allowed to decompose in situ in THF
after their formation. Thus the adduct formed from 3-cyano-
N-methylpyridinium and Re(CO)2

5 decomposed comp-
letely within 20 min of its formation to a mixture of
Re2(CO)10 (60%) and other (unidentified) rhenium carbonyl
products. Similarly the adduct formed from N-methylquino-
linium and the carbonylrhenate decomposed in the same
period to Re2(CO)10 (73%) and other products. The carbonyl
infrared spectra were identical in both of these cases, and
consisted of the bands of Re2(CO)10 (nCO =2070 and
2010 cm21 ) and unassigned broad bands at 2030 and
1978 cm21. In the case of N-methylquinolinium and
Re(CO)2

5 , the electronic absorption band of the adduct at
lmax =454 nm was monitored during the decomposition. The
decay of this band occurred with the same half-life
(3·0 min) as that determined by the decay of the 2117 cm21

band of the adduct in the infrared spectrum. In the case of
the transient adduct formed from N-methylisoquinolinium
and Re(CO)2

5 , the characteristic band at 2110–2125 cm21

could not be observed. [A very weak and transient band at
2108 cm21 was observed in one run, but it could not be
reproduced. The infrared spectrum showed only the decay
of the bands of Re(CO)2

5 (nCO =1906 and 1861 cm21 ) and
the growth of the bands of Re2(CO)10 . The rhenium dimer
was formed in 81% yield, and it was accompanied by the
unknown rhenium carbonyl products with bands at 2030
and 1978 cm21. The UV–VIS spectrum of the mixture
showed a transient band (lmax =460 nm) assigned to the
adduct. The decay of this band in the infrared spectrum
occurred on the same timescale (t1/2 =1 h) as that of the
bands of Re(CO)2

5 .
Electron-transfer reactions of pentacarbonylrhenate
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Re(CO)2
5 . Four of the pyridinium cations reacted with

Re(CO)2
5 without any evidence for the formation of an

adduct. In these cases, no band was observed at
2110–2125 cm21 in the infrared spectrum, and no band was
observed in the UV–VIS region between 400 and 500 nm
corresponding to the adduct. Thus, 4-phenyl-N-methylpyr-
idinium triflate (0·032 g, 0·10 mmol) reacted with
[PPN+ ][Re(CO)2

5 ] (0·082 g, 0·10 mmol) dissolved in 10 ml
of THF to yield Re2(CO)10 in quantitative yield, based on
50% conversion of the anion, after 48 h. Similarly, the
addition of 4-cyano-N-methylpyridinium triflate (0·027 g,
0·10 mmol) to 1 equiv. of [PPN+ ][Re(CO)2

5 ] in THF
yielded a blue, highly air-sensitive solution, and a 40% yield
of Re2(CO)10 was estimated on the basis of its carbonyl
absorbance at 2070 cm21. The addition of 9-phenyl-N-
methylacridinium triflate (0·039 g, 0·10 mmol) to 1 equiv.
of [PPN+ ][Re(CO)2

5 ] in acetonitrile yielded a red solution
of the stable N-methyl-9-phenylacridanyl radical. The yield
of Re2(CO)10 was quantitative and the yield of the radical
was 100% based on extinction coefficient
(«=7·03103 l mol21 cm21 ) at 520 nm.36 Finally, addition
of 1 equiv. of methylviologen ditriflate (0·046 g;
0·10 mmol) to a 0·01 M solution of [PPN+ ][ReCO)2

5 ] in
acetonitrile afforded the rhenium dimer in 73% yield.

Electron transfer and addition reactions of penta-
carbonylmanganate Mn(CO)2

5 . The reaction of Mn(CO)2
5

with the pyridinium cations (as their triflate salts) was
conducted as follows: 1 equiv. of the pyridinium triflate was
added to a stirred solution of 0·1 mmol of
[PPN+ ][Mn(CO)2

5 ] in 10 ml of THF at 20 °C. The solid
immediately dissolved. In the case of the N-methylisoquino-
linium (iQ+ ), N-methylquinolinium (Q+ ), 3-cyano-
N-methylpyridinium (3-CNP+ ) and N-methylphenanthri-
dinium (Pa+ ) cations, the formation of the charge-transfer
bands of the [Py+ ][Mn(CO)5 ] ion pairs were observed as
transient reddish brown or greenish brown colors. The
reactions were followed by observing the growth of the
carbonyl infrared bands of Mn2(CO)10 (at yCO =2045, 2009
and 1979 cm21) and the disappearance of the bands of
Mn(CO)2

5 (at 1894 and 1861 cm21 ). For the reactions of
iQ+ with Mn(CO)2

5 conducted at higher temperatures, a
thermostated oil bath was employed as heat source. The
yields of Mn2(CO)10 in Table 3 were computed by
comparison of the absorbance of the solution at 2045 cm21

(due to the manganese dimer) at the completion of the
reaction with the absorbance of the solution at 1894 cm21

[Mn(CO)2
5 ] before addition of the pyridinium salt. The

relative molar absorbance of the two bands (1·12) was
determined by comparing the infrared spectra of stock
solutions of Mn2(CO)10 and [PPN+ ][Mn(CO)2

5 ]. The yield
of N,N9-dimethyl-9,99-bi-acridanyl was determined by 1H
NMR analysis using toluene as the internal standard, as
described for the decomposition of the rhenium adduct. The
yield of N,N9-dimethyl-1,19-biisoquinolinyl, (iQ)2 ,37 was
determined as follows. Upon completion of the reaction, the
solvent was removed in vacuo and the residue was dissolved
in CDCl3 . The internal standard (1,2-dichloroethane) was

added and the yield of the dimer was determined by
combined integrals of its olefinic proton resonances (d 6·82,
6·32, 6·03 and 5·64 ppm) compared with that of dichloro-
ethane (d 5·32 ppm).

A transient red color was noted in the reaction of N-
methylacridinium triflate with [PPN+ ][Mn(CO)2

5 ] in THF.
Examination of the UV–VIS spectrum of the reaction
mixture disclosed a new band, with lmax =520 nm in the
visible region of the spectrum. The band decayed to
baseline within 5 min following the addition of the
acridinium salt to the solution of Mn(CO)2

5 . The maximum
absorbance of the band, recorded initially, was 0·13.

The rate constants for the reaction of the ion pairs in
Table 3 were obtained as follows: the ion-pair equilibrium
in Scheme 1 implies that [Py+ OTf2 ] [PPN+ Mn-
(CO)2

5 ]=Kex [PPN+ OTf2 ]. If c is the initial formal
concentration of PPN+ Mn(CO)2

5 and Py+ OTf2 and z is the
extent of reaction, the equation becomes [Py+

Mn(CO)2
5 ]=(c2z)2/(2c2z).29 The absorbance of

Mn2(CO)10 at 2045 cm21 (a), divided by the final absor-
bance (a° ) was taken as the extent of reaction, z. This
equation then could be integrated as ln[a° /
(a° 2a)]+a (a° 2a)=k1t. The two terms on the right-hand
side of the equation were calculated and the sum plotted as
a function of time. The slope of the line was k1 in Table 3.
For the reactions of Mn(CO)2

5 with the 4-cyano-N-methyl-
pyridinium (4-CNP+ ) and 3-cyano-N-methylquinolinium
(3-CNQ+ ) acceptors, the reaction was too fast to follow by
this method. The reactions were conducted in the presence
of 4 equiv. of inert salt (tetra-n-butylammonium per-
chlorate). The rate constants were obtained by plotting
ln[a° /(a° 2a)]+5[a/(a° 2a)] as a function of time, and
equating the slope of the linear relation to k1 .

Electron-transfer reactions of Mn(CO)4L
2 , where

L=PPh3 and P(OPh)3 . To a solution of [PPN+ ][Mn(CO-
)4P(OPh)2

3 ] (4·931023
M) in THF was added 14·4 mg

(0·049 mmol) of [iQ+ ][OTf2 ]. The triflate salt dissolved to
form a brown solution. The infrared spectrum of the
reaction mixture showed the decrease of the carbonyl bands
of Mn(CO)4P(OPh)2

3 ] at nCO =1961, 1869 and 1841 cm21

and an increase in the strong band of Mn2(CO)8[P(OPh)3 ]2

at 1979 cm21. The disubstituted Mn dimer was the only
metal carbonyl product (2200–1700 cm21 ), and it was
formed in practically quantitative yield (0·024 mg, 97%).
The rate of the ion pair collapse was determined as
described for the reactions with Mn(CO)2

5 . This procedure
yielded a rate constant of 1·731023 s21 for the ion-pair
collapse in equation (7).

A 1 equiv. amount of [iQ+ ][OTf2 ] (0·015 g) was added
to a solution of [PPN+ ][Mn(CO)4PPh2

3 ] (5·231023
M) in

10 ml of THF. The reaction mixture was quickly transferred
to an infrared cell and the spectrum of the reaction mixture
was acquired as rapidly as possible. The bands of
Mn(CO)4PPh2

3 at nCO =1939, 1846 and 1814 cm21 dimin-
ished as the strong band of Mn2(CO)8(PPh3 )2 (1954 cm21 )
grew in. The reaction was complete in 6 min, and the yield
of the dimer was 0·025 mmol (96%). In a separate
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experiment, 0·093 g (0·096 mmol) of [PPN+ ]
[Mn(CO)4PPh2

3 ] was allowed to react with 0·029 g
(0·098 mmol) [iQ+ ][OTf2 ]. After 15 min, the solvent was
removed in vacuo and CDCl3 (1·0 ml) was added to dissolve
the residue. Nitromethane (11·5 mg) was added as an
internal standard and the integrated resonances of the
olefinic protons of the isoquinolinyl dimer (at d 6·0 and
5·6 ppm) were compared with the signal of the protons of
CH3NO2 (d 3·8 ppm). The yield of isoquinolinyl dimer was
quantitative (0·049 mmol).

UV–VIS absorption spectra of the ion pairs and the
nucleophilic adducts.A tetrahydrofuran solution of
[PPN+ ][Mn(CO)2

5 ] and N-methylisoquinolinium triflate,
each 0·01 M, was transferred to a 1·0 mm cuvette equipped
with a Teflon needle valve. The UV–VIS spectrum of the
solution was recorded. A 1 equiv. amount of inert salt (tetra-
n-butylammonium perchlorate, TBAP) was added and the
spectrum was recorded again. This procedure was repeated
after addition of another 1 equiv. of salt, and the procedure
was repeated for the addition of inert salt for a total of 4 and
8 equiv. The nucleophilic adduct, 9-(N-methyl-
acridanyl)pentacarbonylrhenium(I), was dissolved in THF
to form a 531023

M solution and its UV–VIS spectrum was
recorded. Inert salt was added incrementally in the amounts
of 2, 4, 8 and 20 equiv. of TBAP. The absorbance of the
solution at lmax =414 nm was 1·53 prior to the addition of
salt and the successive addition of salt caused it to diminish
to 1·51, 1·46, 1·44 and 1·40. Since even the presence of 20
equiv. of TBAP caused only a slight (8%) diminution in the
intensity of the absorbance, it was concluded that the effect
of added salt on the stable adduct was at most minor.

The charge-transfer spectra of the pyridinium/carbo-
nylmetallate ion pairs were acquired as follows: a stock
0·010 M solution of [PPN+ ][M(CO)2

5 ] (M=Mn or Re) in
tetrahydrofuran was transferred to a Schlenk cuvette and the
UV–VIS spectrum of the solution was acquired. A 1 equiv.
amount of the pyridinium triflate was added and the solution
was shaken until the salt dissolved. The absorbance
spectrum was then re-recorded. The absorbance of the
[PPN+ ][M(CO)2

5 ] was digitally subtracted from the second
spectrum, and the maximum of the subtracted spectrum was
taken as lmax in Table 4.

Charge-transfer irradiation of the pyridinium/man-
ganate ion pairs. 
N-Methylisoquinolinium. A THF solution (7 ml) of
[iQ+ ][OTf2 ] (6·031023

M) and [PPN+ ][Mn(CO)2
5 ]

(5·031023
M) was prepared in a Schlenk vessel. A 1·0 ml

aliquot was transferred to another Schlenk flask wrapped in
aluminum foil to serve as an unirradiated control. Both
flasks were placed in an ice–water bath and the first solution
was irradiated using a 500 nm cut-off filter (Corning CS) to
ensure that photo-stimulation of only the charge-transfer
band. The reaction was followed by UV and visible
spectroscopy. After 30 min of irradiation, the charge-
transfer band of the [iQ+ ][Mn(CO)2

5 ] ion pair had
disappeared, and the infrared absorptions of Mn(CO)2

5 were
replaced by those of Mn2(CO)10 . The yield of the latter was

0·015 mmol (100%) based on the absorbance of the dimer at
2045 cm21. No change in the infrared spectrum of the
unirradiated reaction mixture was observed.

4-Phenyl-N-methylquinolinium. A THF solution (10 ml)
of [PP+ ][OTf2 ] and [PPN+ ][Mn(CO)2

5 ], each
5·031023

M, was cooled in an ice–water bath and irra-
diated with filtered (lirr >500 nm) light for 3 h. complete
conversion of the manganese anion to Mn2(CO)10

(0·025 mmol, 100%) was observed.
Solutions for time-resolved spectroscopic investigations

contained 0·010 M pyridinium triflate and
[PPN+ ][Mn(CO)2

5 ] in tetrahydrofuran. The solutions were
prepared in Schlenk flasks and were degassed four freeze–
pump–thaw cycles. The solution was then transferred to a
cuvette for laser irradiation.

The various acceptor cations, A+ (where A+ =iQ+ , Q+ ,
3-CNP+ , Pa+ and 3-CNQ+ ), were irreversibly reduced on
the CV time-scale at a scan rate of 0·5 V s21. The reversible
E0

red values in Table 4 were obtained either from the
literature or calculated by accounting for the kinetic
potential shift66 of Ep owing to follow-up dimerization of the
radicals, A•, according to the expression E0 =Ep + (RT/
nF)30·9052 (RT/3nF) ln[2/3 kdim C(RT/nFv)],66 where
kdim is the second-order rate constant for dimerization of the
radicals, C is the concentration of the cation (531023

M)
and v is the scan rate of 0·5 V s21. A diffusion-controlled
rate of dimerization (kdim =2·031010

M
21 s21 ) was

assumed.67

X-ray crystallography of the nucleophilic adduct,
9-(N-methylacridanyl)pentacarbonylrhenium(I). An
orange slab having approximate dimensions
0·6030·2430·12 mm was mounted in a random orientation
on a Nicolet R3m/V automatic diffractometer. The radiation
used was Mo Ka monochromatized by a highly ordered
graphite crystal. Final cell constants, as well as other
information pertinent to data collection and refinement are
listed as follows: space group, Pnma, orthorhombic; cell
constants, a=6·750(1), b=14·210(2) c=18·987(3) Å;
V=1821 Å3; molecular formula, C19H12NO5Re; formula
weight, 520·52; formula units per cell, Z=4; density,
1·90 g cm23; absorption coefficient, m=67·9 cm21; radia-
tion (Mo Ka), l=0·71073 Å; collection range, 4≤u≤50°;
scan width, Du=1·40+(Ka2 2Ka1 ); scan speed range,
2·5–15·0° min21; total data collected, 1887; independent
data [I>3s(I)], 1234; total variables, 128; R=·iF0 |2 |Fci/
∑|F0 |, 0·036; Rw =[∑w (|F0 |2 |Fc |)2/∑w|F0 |2 ]1-2, 0·037;
weights, w=s(F)22. The Laue symmetry was determined to
be mmm and from the systematic absences noted the space
group was shown to be either Pnma or Pn21a. Intensities
were measured using the omega scan technique, with the
scan rate depending on the count obtained in rapid pre-scans
of each reflection. Two standard reflections were monitored
after every 2 h or every 100 data collected, and these
showed no significant variation. Lorentz and polarization
corrections were applied, as well as an empirical absorption
correction based on psi scans of ten reflections having chi
values between 70 and 90°.
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Since the molecule is capable of possessing internal
symmetry, space group Pnma was assumed from the outset.
The structure was solved by the use of the SHELXTL direct
methods program TREF, which revealed the position of all
the nonhydrogen atoms in the asymmetric unit, consisting
of one-half molecule situated around a mirror plane. The
usual sequence of anisotropic and isotropic refinements was
followed, after which all hydrogens were entered in ideal
calculated positions and constrained to riding motion, with
a single variable isotropic temperature factor. The C-11
methyl group orientation was determined by analysis of
difference electron density maps. After all shift/esd ratios
were less than 0·1, convergence was reached at the
agreement factors listed above. No unusually high correla-
tions were noted between any of the variables in the last
cycle of full-matrix least-squares refinement, and the final
difference density map showed a maximum peak of about
0·7 e Å23 located near Re. All calculations were made using
the Nicolet SHELXTL PLUS (1987) series of crystallo-
graphic programs.
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