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Abstract

The dinuclear complexes [Cp*CIM(u-L)YMCICp*](PFy),, M =Rh or Ir, L = 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz) or 2,5-
bis(phenyliminoethyl)pyrazine (bpip), are reduced in several chemically reversible steps by up to six electrons to the species
[Cp*M(u-L)YMCp*]"~. UV-vis/NIR spectroelectrochemistry and EPR of the paramagnetic states were used to identify the
various intermediates. The complexes clearly show a reversible, ligand-centered one-electron reduction (E) preceding the first
chloride-dissociative metal reduction step (EC). Metal—metal interaction via the bridging = acceptor ligand L causes a splitting of
310-710 mV between the potentials for the two Cl ~-dissociative steps. The second chloride release occurs in EC + E fashion for
L = bpip but in a two-electron process for L = bptz. The MM mixed-valent species [Cp*M(u-L)MCp*]*+ could be identified via
long-wavelength bands from intervalence charge transfer (IVCT) transitions. All complexes containing at least one chloride-free
Cp*M group display intense long-wavelength absorption bands. The iridium complexes are distinguished by more negative
potentials of the [Cp*Ir]-containing forms, by slower formation of the M5 mixed-valent intermediate, by larger g anisotropy of
the paramagnetic forms, and by triplet absorption features in the UV-vis electronic spectra. © 1999 Elsevier Science S.A. All
rights reserved.

Keywords: Electrochemistry; EPR; Iridium; Rhodium; Spectroelectrochemistry

1. Introduction M’ 4+ M@ =2 = 2M~D

The latter value was observed for a compound involv-
ing the 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz) as con-
jugated bridging ligand with low lying n acceptor
orbitals and large #* MO coefficients at the coordinat-
ing tetrazine nitrogen centers [3,4].

The electronic coupling of one-electron redox pro-
cesses occurring at individual metal centers as mediated
by bridging ions or molecules has played an enormous
role in the understanding of intra- and intermolecular
electron transfer [1]. Typical examples for compounds

with equivalent one-electron redox sites are the ligand- N N cH
bridged dinuclear ammineruthenium(IILII) complexes N _/ _‘§_< :
where the K_ value varies from less than 10' to 10' — \
2.3] CH, N N
Kc — 10AE,/59 mV _ [M(n — 1)]2/[M;7][M(n — 2)] bplp

N—N N=
* Dedicated to Professor Peter Jutzi on the occasion of his 60th ®_</ \>_<\___/>
birthday. =N N=N

* Corresponding author. Tel.: + 49-711-6854170; fax: + 49-711-
6854165. bpll
E-mail address: kaim@anorg55.chemie.uni-stuttgart.de (W. Kaim)
0022-328X/99/$ - see front matter © 1999 Elsevier Science S.A. All rights reserved.
PII: S0022-328X(98)01027-4
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For chemical reactions proper, however, the elec-
tronic coupling of processes including a chemical step
would be more interesting. Among the most common
and well understood of such composite processes are
the cyclical EC, EEC or ECE mechanisms where a
chemical reaction (C) following electron transfer (E)
produces a new species with different electrode poten-
tials which eventually reverts in a second chemical step
to the starting compound [5].

We are now reporting an investigation of such an
electronic coupling of reaction centers (instead of mere
electron transfer centers) which involves two equivalent
pentamethylcyclopentadienyliridium centers starting
from complex ions [Cp*ClIr(u-L)IrCICp*]**, L = 3,6-
bis(2-pyridyl)-1,2,4,5-tetrazine or  2,5-bis(phenylimi-
noethyl)pyrazine (bpip), Cp* = 5°-CsMes. Whereas the
bptz bridging ligand is distinguished by its capability to
effect strong metal-metal coupling and stabilized para-
magnetic species [3,4,6], bpip is a bis(«-diimine) ligand
which acts through two different chelate donors, one
imine and one azine nitrogen atom per metal center
[7,8]. Thus, bpip may be viewed as a centrosymmetri-
cally replicated 2-pyridinecarbaldimine (pyca) system
[9,10].

A study of corresponding dirhodium analogues has
been described recently [8] and those results will be used
here for comparison. When bound to an o-diimine
ligand such as 2,2"-bipyridine single Cp*CIM * frag-
ments undergo an ECE process whereby the initial
electron acquisition is followed by a rapid dissociation
of chloride as the chemical step [11]. The resulting,
catalytically active and deeply colored neutral Rh(I) or
Ir(I) compounds are reoxidized at a significantly less
negative potential upon which they pick up the addi-
tional ligand [12—-14]. This last step is rather slow as
obvious from cyclic voltammetry; the introduction of
bulky substituents can considerably delay this process
[15,16] and allow for the isolation and structural char-
acterization of the species involved [16].

Compounds of the general type [Cp*CIM(«-di-
imine)]*, M = Rh or Ir, have been used for purposes of
catalytic hydride transfer, e.g. to protons [11,14,17] or
NAD *[18]; expectedly, the Rh analogues showed the
higher activity.

2. Results and discussion

Complexes [Cp*ClIr(u-L)IrCICp*](PF4), were ob-
tained from the ligands L [4,7] and [Cp*ClIr(u-Cl)],
[19]. The appearance of close lying pairs of NMR
resonance signals for the bpip compounds and for the
rhodium complex of bptz suggest the formation of cis
and trans isomers with regard to the positions of Cp*
and Cl relative to the = plane of L [8,20]. As has been
shown before [8,20], this isomerism has only marginal

effects on electrochemistry (Table 1) and absorption
spectra (Table 2); compound [Cp*Clr(u-
bptz)IrCICp*](PF¢), was obtained as only one isomer,
presumably the trans form [20].

In contrast to the Rh™ analogues [8], the Ir"" precur-
sor compounds are distinguished by weak long-wave-
length bands (Table 2), which are assigned to
singlet—triplet transitions from the chloride or cy-
clopentadienide ligands to the metal [12,13,16]. These
transitions become detectable because of the high spin-
orbit coupling constant of the 5d® center Ir'!l,

The low-lying n* acceptor orbitals and the capacity
of the ligands for electronic coupling of metal centers
leads to a complex picture of the redox processes as
followed by cyclic voltammetry (Fig. 1, Table 1), UV—
vis/NIR spectroelectrochemistry (Figs. 2 and 3, Table
2) and EPR (for paramagnetic intermediates, Figs. 4
and 5, Table 3). All measurements were done in ace-
tonitrile except for the absorption spectroelectrochem-
istry of [Cp*Cllr(u-bpip)IrCICp*](PF¢),, which was
performed in DMF where the reduced forms of the
complex were more stable.

The dinuclear Ir™ complex dications are reduced in
reversible one-electron processes to Iri' complexes of
the anion radicals L°~. In agreement with the stronger
7 acceptor character of bptz versus bpip [4,7], the
potentials of the bptz complexes (M =Rh and Ir) lie
more positively by about 0.5 V, the very similar poten-
tials of rhodium and iridium species support this
assignment.

Table 1
Peak and half-wave potentials from cyclic voltammetry ® of com-
plexes [Cp*CIM(x-L)MCICp*](PF),

E® u-L = bpip u-L =bptz

M=1Ir (M=Rh) M=1Ir  (M=Rh)
E —0.44 (—0.50) 004 (—0.03)
E, —0.83 (—0.76) 097 (—1.06)
E, 154 (—1.25) 148 (—1.37)
E, 154 (—1.39) 148 (—1.37)
E <27 (—2.45) ~1.93 (—1.44)
E, 257 (—2.02)
E, ~036 (—0.43) +0.03 (+0.04)
Ey ~0.36 (—0.43) —047 (—0.46)
E, ~1.23 (—1.03) 142 (—1.03)
E, —1.44 (—1.33) 142 (—1.03)
Es <26 (—2.37) 186 (—137)
E, 241 (—1.94)
E, (1) —0.40 (—0.47) 0.00 (0.00)
E\a(4) —1.49 (—1.36) —145
E,n(5) (—2.41) 190 (—140)

2In CH5CN/0.1 M Bu,NPF; at 100 mV s~ ! scan rate; potentials
versus FeCp; /0.

® For identification of processes see Eqs. (1)—(6) in the text.

¢ Two overlapping one-electron peaks according to spectroelectro-
chemistry.
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Table 2

Absorption maxima * of complexes from UV-vis/NIR spectroelectrochemistry ®

155

Complex u-L = bpip u-L =bptz
M=Ir M =Rh M=Ir M =Rh
[(Cp*CIM)(u-LY(MCICp*)]**+ 320 (11.6) 321 (14) 310 (22.7) 315 (24)
380sh (7.7) 370 (11) 470sh 358sh
504 (10.3) 465 (10) 580 (6.6) 536 (5)
610 (2.9) ¢ - 762 (3.7) ¢ -
[(Cp*CIM)(u-L)(MCICp*)]"* 360 (10.5) 330 (14) 285 (22.0) 289 (24)
387 (10.7) 402 (14) 428 (4.5) 358sh
480 (11.6) 451 (13) 490sh 420sh
533 (8.7) 546 (9)
636 (7.6) 690 (4)
860 (0.1) ©
[(Cp*M)(u-L)Y(MCICp*)]* 300 (17.2) 321 (21) 277 (17.4) 289 (20)
382 (16.6) 429 (10) 460sh 470sh
530 (18.2) 578 (12) 525 (8.4)
625 (11.0) 691 (18) 592 (13.7) 641 (15)
[(Cp*M)(u-LYMCp*)]* 285¢ 31121 ¢ ¢
378 452 (7)
495sh
530 578 (7)
680 698 (29)
825 877 (9)
1070 1142 (0.9)
1225 1396 (1.1)
1415 1708 (3.2)
[(Cp*M)(u-LY(MCp*)] 344 (14.7) 298 (19) 310sh (15.0) 289 (21)
412 (13.1) 383 (13.1) 414 (9.6) 471 (6)
527 (11.8) 523 (7) 609 (9.7) 527 (1)
755sh 641sh
703 (19.5) 698 (33) 820° (11.4) 792 (21)
926 (0.9) 886 (6)
1050 (1.9) 1007 (5)
1205 (1.8) 1136 (5)
[(Cp*M)(u-L)YMCp*)]"~ f f 318 (9.7) 294 (11)
420 (5.7) 466 (11)
547 (5.8) 543sh
635 (8.4) 636sh
792sh
866 (18)
[(CP*M)(u-LYMCp*)P~ f f 348sh
389sh
498 (11)
691 (13)

@ Absorption maxima A,,,, in nm (molar extinction coefficients £x 103 in M~

® OTTLE cell; CH;CN/0.1 M Bu,NPFg, except for L = bpip and M = Ir (DMF/0.1 M Bu,NPF).

¢3LMCT.

4 Observed within comproportionation equilibrium.
¢ Not detectable (disproportionation).

"Not accessible.

The EPR spectra of the radical complexes show a
range of different responses.

The rhodium complexes still show the typical fea-
tures of systems (u-bptz® ~)(ML,), [21], i.e. observabil-
ity at room temperature, small g anisotropy, isotropic g
values not far from ggecron = 2.0023, and, in case of
L = bptz, hyperfine coupling from the metal ('**Rh,
100% nat. abundance, isotropic hyperfine constant
a,=43.85 mT) and from two non-equivalent pairs of

free and metal-coordinated tetrazine nitrogen centers
(Fig. 4). The size of the rhodium hyperfine coupling
(a/a, =0.012) and the splitting of the originally equiva-
lent tetrazine N centers suggest a small but non-negligi-
ble pertubation of the ligand-based singly occupied MO
by metal coordination [21]. No hyperfine resolution is
detected for the paramagnetic iridium complexes; an
LISy jsotope coupling (*°'Ir: I'=3/2, 37.3% nat.
abundance, a, = 112.96 mT; *Ir: I=3/2, 62.7%, a, =
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124.60 mT [22]) could not be observed due to the low
nuclear magnetic moment of this isotope and relatively
broad lines. Nevertheless, the effect of the 5d metal
centers with their large spin-orbit coupling constants
[22] are clearly visible through larger g anisotropy g,—g;
and stronger deviation of g, from g, .. on. These ef-
fects are most pronounced for [Cp*Cllr(u-
bpip)IrCICp*]**, the EPR signal of which (Fig. 5) is
broadened beyond detection at room temperature
(Table 3). This situation suggests significant participa-
tion of metal orbitals in the singly occupied MO of this
particular species; the lower lying n* orbital of bptz
causes the corresponding complex to exhibit less metal
contribution.

UV -vis spectroelectrochemistry (Fig. 2, Table 2) is in
agreement with the interpretation of a ligand-centered
first reduction; the bptz anion radical does not exhibit
major detectable 7—z* bands in the visible region and
the weak n—zn* band experiences only a small shift. A
ligand-to-metal charge transfer (LMCT) transition
from electron-rich bptz® ~ to Ir(IIl) is not detected as a
major feature. The compounds [Cp*CIM(u-
bpip)MCICp*]** have several absorptions in the visible
region similarly as the free anion radical bpip®~ [9].

This ligand-centered one-electron reduction of the
dinuclear complexes stands in contrast to mononuclear
complexes [Cp*CllIr(x-diimine)] ™ which exhibit a CI -
dissociative metal-based two-electron process as first
reduction feature [13,14,23].

[Cp*ClIr(u-L)[rCICp*]> *
E;
+e~ == [Cp*ClIr(u-L)IrCICp*]" * (0

0.5 0.0 -05 1.0 -15 -20 -25 Vvs Fc”

00 -05 -10 -15 Vvs Fc”

Fig. 1. Cyclic voltammograms of [Cp*CIRh(u-bpip)RhCICp*](PF),
(top) and [Cp*ClIr(u-bpip)IrCICp*]|(PF,), (bottom) in CH;CN/0.1 M
Bu,NPF, at 100 mV s~ ! scan rate.
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Fig. 2. Spectroelectrochemistry of the transitions [Cp*ClIr(u-
bptz)[rCICp*]> ™ ~ * (top), [Cp*Cllr(u-bptz)IrCICp*]* — [Cp*Ir(u-
bptz)[rCICp*]* (center) and [Cp*Ir(u-bptz)IrCICp*]+ —[Cp*Ir(u-
bptz)IrCp*] (bottom) in CH;CN/0.1 M Bu,NPF,.

The first chloride dissociation occurs only in the
second step as a one-clectron EC process with the
typical shift [12,13] of cathodic and anodic peak poten-
tials E,—FE, of about 0.5 V. This indicates that there is
only one of the two equivalent metal centers affected.

[Cp*Clr(u-L)IrCICp*]" *

E
+e~ > [Cp*Ir(u-L)IrCICp*]* + Cl— )
[Cp*Ir(u-L)IrCICp*] *
Ey
—e~ = [Cp*Ir(u-L)IrCICp*]* * 2)
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Fig. 3. Spectroelectrochemistry of the transitions [Cp*Ir(u-
bpip)IrCICp*] * — [Cp*Ir(x-bpip)IrCp*]*  (top) and [Cp*Ir(u-
bpip)IrCp*]* ~° (bottom) in DMF/0.1 M Bu,NPF,.

There is much less difference between the bptz and
bpip complexes for F, and E, (Table 1), confirming the
metal-based character of this process.

2mT

Fig. 4. EPR spectrum of electrogenerated [Cp*CIRh(u-
bptz)RhCICp*]"* in CH;CN/0.1 M Bu,NPF, at 293 K (top); com-
puter simulation with the data from Table 3 and 0.32 mT linewidth.

5mT

Fig. 5. EPR spectrum of electrogenerated
bpip)IrCICp*]° * in CH;CN/0.1 M Bu,NPF, at 110 K.

[Cp*ClIr(u-

Spectroelectrochemically, the reduction and chloride
dissociation are accompanied by the appearance of an
intense charge transfer band in the visible which, to a
first approximation [12,13,23], can be interpreted as a
d(Ir"y > 7*(u-L)  metal-to-ligand  charge transfer
(MLCT). It should be noted here that reaction (2)
implies an intramolecular electron transfer from the
ligand to the metal so that one bound anion radical
ligand and one external electron combine to effect the
chloride-dissociative Ir'"™ — Ir' transition. The conju-
gated bridging ligand thus acts as an electron reservoir
[5] to pick up and store one charge equivalent before
the necessary number of two electrons for the produc-
ing step is collected.

The following electrode processes differ for the bpip
and bptz systems: for the bptz compounds, there are
two close lying waves of which the first involves two
electrons (E;,), leading to a neutral dinuclear complex,
followed by a one-electron step (Es, Es).

[Cp*Ir(x-bptz)IrCICp*] *
E;y=E,
+2e7 =" Cp*Cllr(u-bptz)lrCp* + Cl= (3 +4)
=Ly

This interpretation is supported by spectroelectro-
chemistry which reveals a long-wavelength shift of the

Table 3
EPR data of complexes [Cp*CIM(u-L)MCICp*]°* 2

M u-L g1> & & (110 K) 8iso

Ir bpip 1.994, 1.994, 1.9156 1.968 ®

Ir bptz 2.019, 1.991, 1.962 1.9917 (293 K)
Rh bpip ¢ 1.9934 (270 K)
Rh bptz 2.002, 2.002, 1.9914 1.9990 ¢ (293 K)

2 Obtained through electrolytic reduction of dicationic precursors
in CH;CN/0.1 M Bu,NPF,.

® Calculated from g,—g;, spectrum detectable only below 200 K.

¢Small g component splitting.

4 Hyperfine structure: a('*N) = 0.24 and 0.74 mT, a('°*Rh) = 0.53
mT.
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charge transfer band (Fig. 2) as is well known for
mono- and dinuclear complexes of 7 acceptor ligands
with electron-rich metals [4,6].

For the bpip complexes, the loss of the second chlo-
ride occurs in a more complicated way, this ECE
process being split into an EC step (E; + Cl dissocia-
tion) and an E process (E,). For the rhodium system,
the two features are clearly distinguishable in the cyclic
voltammogram (Fig. 1), revealing a potential range of
about 140 mV for the Rh™/Rh! mixed-valent intermedi-
ate (K, = 10*>*). Spectroelectrochemically, this unusual
state is distinguished by long-wavelength intervalence
charge transfer (IVCT) bands in the near infrared re-
gion (4> 1200 nm) [8]; similar features were noted for
the Creutz—Taube ion (Aycr = 1570 nm) [2].

The diiridium analogue does not exhibit a clear split-
ting E5C + E, in the cathodic scan of the cyclic voltam-
mogram at 100 V s—! (Fig. 1); however, the
corresponding two-electron feature is complemented by
two different anodic peak potentials E; and E, (Table
1). Careful spectroelectrochemistry (Fig. 3) reveals that
there is a comproportionation equilibrium in which the
Ir'/Tr! intermediate [Cp*Ir(u-bpip)IrCp*]*+ is apparent
from NIR absorption features (Table 2). The slightly
higher energies of these IVCT bands in the Ir versus Rh
case suggest stronger metal-ligand—metal interaction
(Table 2). The loss of the second chloride is much
slower for the iridium complex which results in a
smaller shift of E; to positive potentials and an appar-
ently two-electron cathodic signal at conventional scan
rates.

[Cp*Ir(u-bpip)IrCICp*] +

+ e~ 3 [Cp*Ir(u-bpip)rCICp*]+ + CI- 3)
[Cp*Ir(u-bpip)IrCp*] ™

—em [Cp*Ir(p-bpip)IrCp*]* + (3"
[Cp*Ir(u-bpip)IrCp*] *

te- % Cp*Ir(u-bpip)IrCp* @

The coupling of d’/d® metal centers through a =«
acceptor bridge is unusual because Pt"/Pt! species
were shown to exhibit very little such interaction [6,24].
The reason for the failure to observe such interaction
for platinum species and for the bptz-bridged systems
presented here lies in the incompatibility between d,
metal orbitals and ligand 7* MOs [6,24]; the sterically
encumbered situation through methyl and phenyl sub-
stituents for the dinuclear bpip complexes probably
allows for a limited such interaction through /7 or-
bital mixing.

The neutral bpip- and bptz-bridged compounds ex-
hibit long-wavelength CT bands (Figs. 2 and 3) from
transitions between orbitals of metal/ligand mixed char-
acter; these bands lie in the near infrared (850-1250

nm) but not as low in energy as the IVCT bands of the
bpip compounds (1000-1800 nm). For L = bpip, both
sets of transitions exhibit a typical three-band pattern
with differences between 1100 and 1600 cm~! (vibra-
tional structuring) ([9]c, [20,23,25]).

Concerning the potentials, the small difference be-
tween bptz and bpip species again confirms the largely
metal-based processes (3), (3') and (4). The potentials of
the iridium analogues lie at more negative potentials in
agreement with the very strongly 7 electron donating
character of Cp*Ir [13,26]. An interesting value in terms
of coupling between the two reaction centers is the
difference E;—F, which varies from 310 mV (L = bptz,
M =Rh) to 710 mV for L =bpip, M =Ir. In view of
the approximately constant metal-metal distances this
number reflects stronger interaction for the iridium case
and for the bpip-bridged systems.

One-electron reduction of the neutral compounds
leads to monoanionic species which could be studied
for L = bptz.

Cp*M(u-bptz)MCp*
Es
te = [Cp*M(u-bptz)MCp*] ~ (5)

Intense charge transfer bands in the visible region
and the EPR result for the rhodium system, i.c. large g
anisotropy (g, =2.151, g, =2.035, g, =1.960), the ab-
sence of ligand hyperfine splitting and the broadening
of lines at higher temperatures [8] suggest strong orbital
mixing between the metals and the bridging ligand
[16,23,26]. Strong metal/ligand interaction is also evi-
dent from the very different potentials E5 which are
much more negative for the bpip system (ligand effect)
and for the iridium analogues (metal influence).

The last recorded reduction is a quasi-reversible one-
electron process which leads to a dianion in which both
metal centers and the bptz ligand exist in their reduced
states. The absorption in the long-wavelength region is
due to a #— 7* intra-ligand transition of bptz>~.

[Cp*M(u-bptz)MCp*] ~
Eg
tem = [Cp*M(u-bptz)MCp*]* — (6)

Wider variations of ligands will have to clarify the
origins and extent of metal-metal interaction, the rea-
sons for decoupling of ECE processes, and the electron
reservoir function of the ligands in the eventual quest
for constructing multielectron redox systems and
catalysts.

3. Experimental

Instrumentation and spectroelectrochemical tech-
niques were described previously [13b] as were the
compounds [Cp*CIRh(u-L)RhCICp*](PFy), [8].
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Compounds [Cp*ClIr(u-L)IrCICp*](PF4), were ob-
tained from reacting [Cp*Cl,Ir], [19] with two equiva-
lents of AgPF, in acetone and addition of one
equivalent of the bridging ligand L [4,7] to the filtrate
after removal of AgCl through celite. After 1 h the
deeply colored solutions were reduced in volume,
filtered, and the filtrate treated with excess Bu,NPF; to
yield the purplish—black (bpip) or blue—black (bptz)
products in about 80% yield.

[Cp*ClIr(u-bpip)IrCICp*](PF¢),. Anal. calc. for
CuoH4sCLF LI, N,P, (1330.13): C, 36.12; H, 3.64; N,
4.21%. Found: C, 36.17; H, 3.67; N, 4.09%. 'H-NMR
(CD;NOy; cis and trans isomers A and B in a 1:3 ratio):
0 =1.63(B) and 1.66(A) (s, 30 H, Cp*), 3.02(A) and
3.04(B) (s, 6H, CH,), 7.69(A,B) (m, 6H, H'"), 7.83(A,B)
(m, 4H, H™), 9.60(B) and 9.63(A) (s, 2H, H").

[Cp*Clr(u-bptz)IrCICp*|(PF;),. Anal. calc. for
C;,HyCLF LI NP, (1251.81): C, 30.70; H, 3.06; N,
6.71%. Found: C, 30.96; H, 3.53; N, 6.13%. 'H-NMR
(CD5;NO,): 6=2.00 (s, 30 H, Cp*), 8.35 (ddd, 2H,
H>%), 8.68 (dt, 2H, H**), 9.21 (d, 2H, H®*®), 9.24 (d,
2H, H*?*). 3J(H*H*)=7.9 Hz, 3J(H*H% =6.7 Hz,
3J(H°H® = 5.5 Hz.
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