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The title complex contains two organometallic reaction centers which are known to engage
in hydride transfer catalysis (Rh) or in CO; activation (Re), each after reductive elimination
of the respective chloride ligand. The bridged heterodinuclear compound has been structurally
characterized in the form where the chloride ligands are in cis-configuration relative to the
bptz plane. The complex was subjected to cyclic voltammetry and spectroelectrochemical
reduction to reveal an electrochemically reversible one-electron uptake by the bptz bridge,
a rhodium chloride-dissociative second reduction to yield neutral [(°>-CsMes)Rh(u-bptz)Re(CO)s-

1437

Cl], and a quasi-reversible third one-electron reduction.

Introduction

Heterodinuclear (heterobimetallic) complexes with
two different functional metal centers are interesting
as models for bimetallic catalysts.12 In the following we
describe a compound that contains two different chlo-
rometal reaction centers, bridged by the strong x
acceptor ligand 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz),
which has been shown to effectively mediate metal—
metal interaction.®—>
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The coordinated metal complex fragments are (i) [(;7°-
CsMes)CIRN] ™, which is known as a center for hydride
transfer catalysis after reductive activation of complexes
with a-diimine ligands such as 2,2'-bipyridine,6~8 and
(i) [(OC)sCIRe], which has been much studied with
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o-diimine ligands in the photo- and electrocatalytic re-
duction of CO; to CO.°~11

Coupling of both processes in a heterodinuclear ar-
rangement to produce hydrogenated products of the CO,
reduction would thus be an attractive approach.
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In this report we describe the synthesis of [(°-
CsMes)CIRh(u-bptz)Re(CO)3CI(PFg) from the mono-
nuclear precursor (bptz)Re(CO)sCl and its crystal struc-
ture. Cyclic voltammetry and spectroelectrochemistry
in the UV/vis and IR regions as well as EPR results are
used to determine the sites of electron addition and the
resulting effects in terms of chloride ligand labilization.
Related previous studies have focused on the electronic
coupling of electron transfer and/or bond-breaking
processes via noninnocent bridging ligands in homodi-
nuclear complexes;>12714 this is the first time that a
heterodinuclear system is the subject of such a detailed
approach.

(9) Sullivan, B. P.; Meyer, T. J. J. Chem. Soc., Chem. Commun. 1984,
1244.

(10) Hawecker, J.; Lehn, J. M.; Ziessel, R. Helv. Chim. Acta 1986,
69, 1900.

(11) (a) Christensen, P.; Hamnett, A.; Muir, A. V. G.; Timney, J. A.
J. Chem. Soc., Dalton Trans. 1992, 1455. (b) Johnson, F. P. A.; George,
M. W.; Hartl, F.; Turner, J. J. Organometallics 1996, 15, 3374.

(12) Kaim, W.; Berger, S.; Greulich, S.; Reinhardt, R.; Fiedler, J J.
Organomet. Chem. 1999, 582, 153.

(13) Baumann, F.; Stange, A.; Kaim, W. Inorg. Chem. Commun.
1998, 1, 305.

(14) (a) Berger, S.; Klein, A.; Wanner, M.; Fiedler, J.; Kaim, W.
Inorg. Chem. 2000, 39, 2516. (b) Kaim, W.; Reinhardt, R.; Greulich,
S.; Sieger, M.; Fiedler, J. Collect. Czech. Chem. Commun., in press.

10.1021/0m000892b CCC: $20.00 © 2001 American Chemical Society
Publication on Web 03/09/2001



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on March 9, 2001 on http://pubs.acs.org | doi: 10.1021/om000892b

1438 Organometallics, Vol. 20, No. 7, 2001

Experimental Section

Instrumentation. EPR spectra were recorded in the X
band on a Bruker System ESP 300 equipped with a Bruker
ERO035M gaussmeter and a HP 5350B microwave counter. *H
NMR spectra were taken on a Bruker AC 250 spectrometer,
and infrared spectra were obtained using Perkin-Elmer Para-
gon 1000 and Phillips PU 9800 FTIR spectrometers. Absorp-
tion spectra were recorded on a Bruins Instruments Omega
10 spectrophotometer. Cyclic voltammetry was carried out at
100 mV/s standard scan rate in dichloromethane/0.1 M
BusNPFs using a three-electrode configuration (glassy carbon
working electrode, Pt counter electrode, Ag/AgCI reference) and
a PAR 273 potentiostat and function generator. The ferrocene/
ferrocenium couple served as internal reference.'*@ The pro-
gram DigiSim®® was used for graphical simulation. Spectro-
electrochemical measurements were performed using an
optically transparent thin-layer electrode (OTTLE) cell*® for
UV/vis spectra and a two-electrode capillary for EPR studies.'”

(bptz)Re(CO);CIl. An amount of 76 mg (0.21 mmol) of Re-
(CO)sCl is heated to reflux with 49 mg (0.21 mmol) of bptz6
in 30 mL of a toluene/dichloromethane mixture (3:1) for 40
min. After cooling to room temperature, the purplish red
solution is concentrated to 20 mL, treated with 5 mL of
pentane, and cooled to 0 °C overnight. The dark purple
precipitate formed is collected, washed with diethyl ether,
and dried in vacuo to yield 81 mg (71%). Anal. Calcd for
C1sHsCINgOzRe (541.9 g/mol): C, 33.25; H, 1.49; N, 15.51.
Found: C, 33.07; H, 1.27; N, 15.21. *H NMR (CD,Cl,): 6 7.67
(ddd,1H, H%), 7.85 (ddd, 1H, H5), 8.08 (td, 1H, H*), 8.32 (td,
1H, H%, 8.73 (dt, 1H, H?¥), 9.02 (ddd, 1H, H®), 9.06 (ddd, 1H,
H?), 9.11 (ddd, 1H, H8) ppm. 3J(H3H4) = 8.1 Hz, *J(H3H®) =
1.7 Hz, 5J(H3HS) = 0.8 Hz, 3J(H*H%) =7.9 Hz, 4J(H*H®) = 1.6
Hz, 3J(H5HS®) = 5.3 Hz, 3J(H¥H*) = 8.1 Hz, 4J(H®H®) = 1.1
Hz, 3J(H¥H®%) = 7.9 Hz, 4J(H¥H®) = 1.5 Hz, 3J(H"H®) = 4.8
Hz. UV/vis (CH2Cly): Amax (€) 565 (6300), 505 (5240), 317
(29850) nm (M=% cm™?). IR (CH,Cl,): vco 2032, 1946, 1919
cm™L

[(#5-CsMes)CIRh(u-bptz)Re(CO);Cl](PFs). An amount of
43 mg (0.07 mmol) of [Rh(CsMes)Cl;]. in 20 mL of acetone is
stirred with 35 mg (0.14 mmol) of AgPFs for 30 min in the
dark. The precipitate formed (AgCl) is removed through
repeated filtration over Celite, and the orange-colored filtrate
is then slowly added to 76 mg (0.14 mmol) of (bptz)Re(CO)sClI
dissolved in 20 mL acetone. The blue solution obtained after
stirring for 1 h at room temperature is concentrated to 10 mL,
treated with 5 mL of pentane, and cooled to O °C. The blue
precipitate formed is collected, washed with diethyl ether, and
dried in vacuo to yield 115 mg (85%). Anal. Calcd for CasHzs-
Cl;FsNsOsPReRh (960.5 g/mol): C, 31.26; H, 2.41; N, 8.75.
Found: C, 31.20; H, 2.38; N, 8.54. H NMR (CD.Cly): 6 1.95
and 1.98 (s, 15H, CsMes), 7.91 (d, 1H, H%), 7.95 (d, 1H, H5),
8.27 (t, 1H, H%), 8.42 (td, 1H, H*), 8.93 (dt, 1H, H?), 9.06 (d,
1H, HS), 9.08 (d, 1H, H3), 9.31 (d, 1H, H®) ppm. 3J(H3H*) =
8.0 Hz, 3J(H*H®) = 7.9 Hz, 3J(H5HS®) = 5.1 Hz, 3J(H¥H%) = 7.9
Hz, 3J(H¥H%) = 8.2 Hz, 3J(HYH®) = 4.9 Hz. UV/vis (CH,Cly):
Amax (€) 670 (10510), 315 (28200) nm (M~* cm™2). IR (CH,CLy):
vco 2033, 1957, 1947 cm™.

Crystallography. Single crystals of [(°-CsMes)CIRh(u-
bptz)Re(CO)sCl](PFs) were obtained through slow diffusion of
n-pentane into a saturated dichloromethane solution. Crystal-
lographic and refinement information is summarized in Table
1. The structure was solved using the program SHELXTL
5.1,*® and heavy atoms were located via the Patterson proce-
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Table 1. Crystal Data and Structure Refinement
Information for
[(#°5-CsMes)CIRh(u-bptz)Re(CO);CI](PFg)

formula C25H230I2N503PReRh

mol wt 960.47

temp, K 183

wavelength, A 0.71073

cryst syst orthorhombic

space group Pcen

a, 19.826(4)

b, A 23.561(5)

c, A 15.598(3)

o, deg 90.00

B, deg 110.46(2)

y, deg 90.00

volume, A3 7286.0(3)

V4 8

p(caled), gcm—3 1.751

absn coeff, mm~! 4.028

F(000) 3696

cryst size, mm 0.3 x0.2x0.2

260 range, deg 1.73—26.00

index ranges —1=<h=24,-1=<k=29,
-1=<1=<19

no. of reflns measd 8564

no. of ind reflns 7156 [R(int) = 0.0575]

refinement method full-matrix least-squares

no. of data/restraints/params 7156/0/396

goodness-of-fit on F2 1.086

final R2 indices [I > 20(1)] R1 = 0.0690, wR2 = 0.1528

R# indices (all data) R1 =0.1304, wR2 = 0.1844

largest diff peak and hole, e A3 2.174 and —2.375

aR1 = (3IFol — IFc)/XIFol; WR2 = {J[wW(|Fol> — [Fcl?)?)/

SIw(Fo)} 2.

dure. Non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were introduced at appropriate positions with
coupled isotropic temperature factors.

Results and Discussion

Synthesis. The mononuclear precursor (bptz)Re-
(CO)3CI was obtained by brief reaction of Re(CO)sCl
with bptz in toluene/dichloromethane. Prolonged heat-
ing yielded the previously reported!® dirhenium(l) com-
pound. Mononuclear (bptz)Re(CO)3;Cl exhibits the typi-
cal response of (a-diimine)Re(CO)zCl complexes®20 on
reduction, i.e., a reversible process, followed by an irre-
versible wave due to the rapid dissociation of chloride.
EPR spectroscopy of [(bptz)Re(CO)sCl]*~ indicates bptz
ligand-centered spin with g = 2.0038 and a(Re) = 1.62
mT.

Reaction of (bptz)Re(CO)sCl with [(1°-CsMes)RhCl,],/
AgPFs yielded blue [(17°-CsMes)CIRh(u-bptz)Re(CO);Cl]-
(PFe). Attempts to start from a mononuclear rhodium-
(111) complex [(7°-CsMes)CIRh(bptz)](PFs) and reacting
this with Re(CO)sCl yielded only the dirhenium com-
pound.t®

Structure. The heterodinuclear [(5-CsMes)CIRh(u-
bptz)Re(CO)sCl](PFs) could be crystallized for structure
analysis. Tables 1 and 2 summarize the results; Figure
1 illustrates the molecular structure.

The low symmetry of both coordinated metal complex
fragments causes positional isomerism (cis/trans) with
respect to the approximately planar bptz bridge (Scheme
1). 'H NMR spectroscopy shows two isomers present in
a 2:1 ratio. Figure 1 illustrates that in the isolated single

(18) SHELXTL 5.1; Bruker Analytical X-ray Systems: Rheinstetten,
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Figure 1. Molecular structure of [(CsMes)CIRh(u-
bptz)Re(CO);CI](PFg) in the crystal.
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1+
N l/R IIRh
oc/ | \N: :
cis
+
ocC-.., l NIN 4
“Re" "
oc” | N NN\
Cl
CO
trans

Table 2. Selected Bond Lengths (A) and Angles
(deg) for [(#%-CsMes)CIRh(u-bptz)Re(CO);CI](PFg)

Bond Lengths

Re—C(01) 1.915(13) N(4)—Rh 2.063(10)

Re—C(02) 1.937(14) N(6)—Rh 2.142(10)

Re—C(03) 1.935(16) N(2)—N(3) 1.318(13)

Re—N(1) 2.194(10) N(4)—N(5) 1.317(13)

Re—N(2) 2.117(10) N(2)—C(6) 1.337(15)

Re—CI(1) 2.443(4) N(3)—C(7) 1.348(15)

C(01)—0(01) 1.161(15) N(4)—C(7) 1.350(15)

C(02)—0(02) 1.152(16) N(5)—C(6) 1.364(15)

C(03)—0(03) 1.149(18) C(5)—C(6) 1.464(15)

Rh—CI(2) 2.392(3) C(7)—C(8) 1.482(15)

Rh—C(21) 2.164(13)

Rh—C(22) 2.125(14)

Rh—C(23) 2.172(13)

Rh—C(24) 2.175(13)

Rh—C(25) 2.157(14)

Bond Angles

C(01)—Re—C(02) 87.5(6) O(01)—C(01)—Re  177.2(11)
C(01)—Re—C(03) 90.8(6) 0O(02)—C(02)—Re  177.0(14)
C(03)—Re—C(02) 90.2(6) O(03)—C(03)—Re  177.7(13)
C(01)—Re—N(2) 94.05) C(5)—N(1)-Re 116.2(8)
C(02)—Re—N(2) 173.05) C(6)—N(2)—Re 116.2(8)
C(03)—Re—N(2) 96.6(5) N(4)—Rh—CI(2) 85.9(3)
C(01)—Re—N(1) 97.2(5) N(6)—Rh—CI(2) 86.0(3)
C(02)—Re—N(1) 97.6(5) C(7)—N(4)—Rh 117.2(8)
C(03)—Re—N(1) 169.0(5) C(8)—N(6)—Rh 115.9(8)
N(2)—Re—N(1) 75.4(4) N(4)—Rh—N(6) 76.6(4)
C(01)—Re—CI(1) 178.6(4) N(1)—C(5)—C(6) 113.3(11)
C(03)—Re—CI(1) 87.8(4) N(6)—C(8)—C(7) 114.5(10)
C(02)—Re—CI(1) 93.04) N(@4)—C(7)—-C(8) 115.2(11)
N(2)—Re—CI(1) 85.7(3) N(2)—C(6)—C(5) 118.6(11)
N(1)—Re—CI(1) 84.2(3)

crystal the chloride ligands are in a cis position relative
to the bptz ligand plane, the dihedral angles between
2-pyridyl and tetrazine rings being smaller than 2°.
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Figure 2. Cyclic voltammogram of [(CsMes)CIRh(u-
bptz)Re(CO);CIJ(PFs) in CH,CI,/0.1 M BusNPFs at 100
mV/s scan rate (top) with graphical simulation (bottom, cf.
Table 3). Potentials in V vs [Fe(CsHs),] ™.

Contact with the PFg~ counterion appears to relate
to the slight displacement of both metal centers out of
the bptz plane. The dihedral angles between the N—M—N
planes and the bptz best plane are 5.9° for rhodium and
4.6° for rhenium. As a consequence of these slight tilts
toward the “chloride side”, the intramolecular CI—CI
distance is smaller at 6.24 A than the Re—Rh distance
of 6.865 A.

The metal—N(bptz) bonds show a characteristic varia-
tion: The longest bond at 2.194(10) A is that between
rhenium(l) and the corresponding pyridyl nitrogen
atom. The bond to the much better s-accepting tetrazine
nitrogen center is shorter at 2.117(10) A, and the Re'—
bptz 7© back-donation makes the tetrazine ring suf-
ficiently electron rich to allow for a rather short bond
of 2.063(10) A between cationic rhodium(l11) and the
corresponding tetrazine nitrogen center. At 2.142(10) A
the Rh"'—=N(pyridine) bond has an intermediate length.

The rhenium(l) center has the expected?! approxi-
mately octahedral configuration, while the other d°
metal center, rhodium(l11), similarly exhibits two almost
right angles, N—Rh—CI at 85.9(3)° and 86.0(3)°. The
dihedral angle between CsMes and the bptz ligand is
65.4(3)°. The bite angles of 75.4(4)° at rhenium(l) and
of 76.6(4)° at rhodium(l11) are comparable.

The distances within the tetrazine ring do not indicate
major electron transfer from the metal complex frag-
ments to the bptz ligand; the N—N bonds of about 1.32
A and the C—N bonds of about 1.35 A are typical for
nonreduced tetrazines.?? In contrast, a recently reported
structure of [(PhsP)2Cu(u-bptz)Cu(PPhs),](BF4) with the
bptz*~ anion radical ligand showed lengthened N—N and
slightly shortened C—N bonds.?3
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2242.
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Table 3. Electrochemical Data? of Complexes

Scheiring et al.

complex E1(1) Epc(I1) Epa(ll") Eqp(1) solvent ref
(bptz)Re(CO)sCI —0.72 —1.97 CH.Cl» b
[(CsMes)CIRh(u-bptz)Re(CO)sCl(PFe)° —0.18 —1.14 —0.47 —1.61 CHCl> b
[(CsMes)CIRh(u-bptz)Rh(CsMes)Cl](PFe)2 0.00 —1.06 —0.46 —1.37d CH3sCN 5
(CO)sCIRe(u-bptz)Re(CO)sClI —0.12 —1.45 DCE 19

a From cyclic voltammetry at 100 mV/s in 0.1 M BusNPFg solutions. Potentials in V vs [Fe(CsHs),]™. ° This work. ¢ Simulation parameters
(Figure 2): ks values at 200 (1), 0.008 (1), 0.0022 (11), and 1 cm s~ (111); E» = —0.57 V for reoxidation of (CsMes)Rh(u-bptz)Re(CO)sCl;
Eip = —1.12 V for Ey; (11). 9 Peak potential for irreversible process.

Table 4. UV/Vis Absorption and IR Vibrational Data®

compound Amax [NM] (¢ x 1073 [M~1cm™1)) veo [cm™1]
(bptz)Re(CO)sCI 565 (6.30), 505sh, 317 (29.9) 2032, 1946, 1919
[(bptz)Re(CO)sCI]* 390 (5.10), 295 (24.8) 2013, 1907, 1881

[(CsMes)CIRh(u-bptz)Re(CO)sCIT+
[(CsMes)CIRh(u-bptz)Re(CO)sCI]*

670 (10.5), 505sh, 315 (28.2)
468 (6.2), 368sh, 295 (20.2)

2033, 1957, 1947
2017, 1917, 1891

(CsMes)Rh(u-bptz)Re(CO)sClI
[(CsMes)Rh(u-bptz)Re(CO)3]*

643 (17.8), 482 (6.2), 295 (20.2)
395sh

2015, 1912, 1884
b

a From spectroelectrochemistry in CH,Cl»/0.1 M BusNPFe. ® Not recorded.

Cyclic Voltammetry and Spectroelectrochemis-
try. The (spectro)electrochemical studies decribed in the
following were performed with the isomer mixture as
obtained in the preparation. Previous studies have
shown little effect of such positional isomerism on the
potentials and spectral features,>!? wave splitting or
line broadening was not observed here.

Cyclic voltammetry of [(5-CsMes)CIRh(u-bptz)Re(CO)s-
CI](PFg) in CH2CI,/0.1 M BusNPFg reveals a particular
sequence (Figure 2). The first reversible one-electron
reduction at the expected>!° positive value is followed
by an irreversible second wave. This cathodic signal has
a corresponding anodic counter peak at an anodically
shifted potential, a response that is a familiar—8 EEC
or ECE feature for o-diimine complexes with [(7°-
CsMes)CIRh]™ but not for Re(CO)3;Cl compounds with
such ligands.1®=2% (E: electron transfer step; C: chemi-
cal step, e.g., atom dissociation.) At still more negative
potentials, a cyclovoltammetrically reversible third one-
electron reduction is observed (Figure 2); the data are
summarized in Table 3.

The interpretation of the cyclic voltammetric response
relies on information from spectroelectrochemistry in
the UV/vis and IR regions (Table 4) and on EPR spec-
troscopy of the first reduced state. The EPR spectrum
of [(CsMes)CIRh(u-bptz)Re(CO)sCl]* in CH,Cl,/0.1 M
BusNPFg shows the typical “two-line” pattern®2 from
an only partially resolved sextet which is due to the
coupling of the electron spin with one rhenium center
(*8%Re: | = 5:2, 37.4%; 187Re, | = 5:2, 62.6%). Both the
relatively92024 small metal coupling constant of 2.0 mT
and the g factor of 2.0025 very close to the free electron
value of 2.0023 indicate the occupation of a bptz ligand-
based MO on one-electron reduction.?®> The radical
complexes [(CsMes)CIRh(u-bptz)Re(CO)sClI]* and [(bptz)-
Re(CO)sClI]*~ exhibit rather similar a and g values,
suggesting little perturbation of the singly occupied
molecular orbital by the additionally coordinated com-
plex fragment [(CsMes)CIRN]*.

UV/is spectroelectrochemistry in dichloromethane
(Figure 3, Table 4), using an optically transparent thin-
layer electrolytic (OTTLE) cell,2* supports this inter-

(24) I1sotropic hyperfine values a,: Weil, J. A.; Bolton, J. R.; Wertz,
J. E. Electron Paramagnetic Resonance; Wiley: New York, 1994,
(25) Kaim, W. Coord. Chem. Rev. 1987, 76, 187.
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Figure 3. Successive UV/vis spectroelectrochemistry of
[(CsMEs)CIRh(ﬂ-bptZ)Re(CO)3C|](PF6) in CH,CI,/0.1 M Buy-
NPF;s (cf. Scheme 3).

pretation. The intense rhenium metal-to-bptz ligand
charge transfer band at 670 nm is hypsochromically
shifted to 469 nm and reduced in intensity, in agree-
ment with a singly occupied orbital #*(bptz). Appar-
ently, the bptz radical anion exhibits only weak intrali-
gand transitions in the visible. The result of the second,
irreversible electron addition is the emergence of an
intense and rather narrow (Av = 1900 cm™1) band at
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Scheme 2

Scheme 3
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643 nm, very typical®8 for the long-wavelength transi-
tions between two molecular orbitals containing strongly
mixed a-diimine 7#* and d, components.?6 Comparison
with data for the homodinuclear systems [CI(OC)s;Re-
(u-bptz)Re(CO)3CI2t and [(CsMes)CIRh(u-bptz)RhCI-
(CsMes)](PFe)2® supports these assignments.

We thus invoke an overall two-electron reductive
chloride dissociation from the rhodium(l1l) center via
the one-electron reduced (“electron reservoir”®) radical
intermediate to produce formally a neutral rhenium-
()—rhodium(l) species [(17°-CsMes)Rh(u-bptz)Re(CO);Cl]
(Scheme 2). On the addition of a third electron, the
intense long-wavelength band disappears (Figure 3) and
a slow, irreversible loss of the chloride bound to rhenium
occurs (Scheme 3).

Spectroelectrochemistry in the carbonyl stretching
region of the IR shows a typicall120.21.27 |ow-energy shift
on the first reduction but only a very small such shift
after the chloride-dissociative second reduction (Figure
4, Table 4). Apparently, the response at the tricarbo-
nylrhenium fragment is very much determined by the
charge which changes during the first but not during
the second reduction (Scheme 3). The crucial role of the
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Figure 4. Successive IR spectroelectrochemistry of
[(CsMes)CIRh(u-bptz)Re(CO)sCI|(PFs) in CH,CI,/0.1 M
BusNPFg (cf. Scheme 3).

charge for metal carbonyl stretching frequencies has
been noted previously for molybdenum carbonyl com-
pounds where ligand- and metal-based electron transfer
caused surprisingly similar shifts in »(CO).28

Summarizing, the heterodinuclear system studied
shows two separated chloride dissociation steps, the first
(after electron reservoir function of the bridging ligand)
from the higher valent pentamethylcyclopentadienyl-
rhodium(l11) center and the second from the carbonyl-
rhenium(l) moiety (Scheme 3). Future studies will have
to show if both hydride formation and CO, coordination
occur after sequential reductive dehalogenation and
whether both activated components can be brought to
reaction.
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