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ABSTRACT

The spectroscopic, electrochemical, and photochemical

properties of two d4 metal polynuclear complex systems

were investigated: the quadruple bond complex, Re2C182—,

and the M6Xl42- halide cluster ions of molybdenum(II) and

tungsten (II).

The vibrationally structured luminescence spectrum

of Re2C182— at 5 K has confirmed that emission arises from
* -
the 66 singlet state. Both Re2C182 and electronically
- -%
excited Re2Cl82 (Re2C182 ) undergo facile one-electron

oxidation and reduction reactions. Aromatic amines guench

Re2C18 luminescence and a Marcus analysis of the steady-

. -+ .
state quenching rate constants suggest that Re,Cl 3 ID" is

2778

formed in the quenching reaction and that the ion-pair

decays rapidly by back electron transfer. The luminescence

of Re2Cl8 is also quenched by electron acceptors (TCNE

8

and reduced acceptor. The back electron transfer reactions

and chloranil) in nonaqueous solutions, forming ReZCl

are near the diffusion controlled limit. Electrochemical

2Cl8 anion

thereby

measurements suggested that photogenerated Re
2~
9 14

circumventing the efficient back reaction. Irradiation

could be trapped by Cl to produce Re,C1

(A>660 nm) of nonaqueous solutions of Re2Cl " and chloranil

8

or TCNE in the presence of excess Cl does, indeed, produce

ReZClgz— in quantitative yield. Photolysis reactions

employing a quencher (e.g. 2,3-dichloro-5,6-dicyano-
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benzoquinone) possessing a redox couple with a potential

greater than that of Re c19'/2‘ (0.53 V vs. SCE) yielded

2

Rezclg_ as a firal product. Thus, a single low energy

photon facilitates a two-electron oxidation of Rezclsz—.
—-%

Direct two-electron oxidation of Re2Cl82 by chlorine

2- -
6 to produce Re2Cl9

was also attempted. Irradiation (A>590 nm) of dichloro-
2-

atom transfer reagents such as PtCl

2-
2Clg and PtCl6
guantitatively yield ReZClg_. Qualitative kinetic experiments

measuring the wavelength dependence of the reaction rate

methane solutions containing Re,Cl

suggest that the photochemical reaction proceeds by a free

radical pathway involving the 3A ligand field excited

2u

state of PtCl62— and does not involve an atom transfer

reaction mechanism. These experiments are not without their
ambiguities, however, and further areas of research are

discussed. The crystal structure analysis of NBu RezBr

4 9

is also presented.

The M6Xl42— (M=Mo,W; X=Cl,Br,I) ions are intensely
luminescent in the solid state and solution and the photo-
physical properties of the six cluster ions are documented.
These results in conjunction with those of the EPR
spectra of the electrochemically generated M6Xl4- anions
are discussed in terms of recent theoretical models for
the electronic structure of the cluster ions. Electrochemical
experiments were also conducted and showed the M6X142—

cluster ions to undergo reversible single-electron oxidation

reactions. For Mo6Cll42_, a quasi-reversible one-electron
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reduction wave was observed in addition to its oxidation
wave. The electrochemical and photophysical properties of

Mo Cl suggested electrogenerated chemiluminescent

2~
6 14
behavior of the cluster ion. Emission, characteristic of
2-* . .
M06Cll4 + 1s observed upon electrochemical generation of

- 3-
Mo6Cl14 and Mo6Cl14 .



II.

III.

Iv.

viii

TABLE OF CONTENTS

List of Figures
List of Tables

INTRODUCTION

References

THE OCTACHLORODIRHENATE ANION

A. Introduction

B. Experimental

C. Spectroscopy of Octachlorodirhenate

D. Binuclear Rhenium Halide Electrochemistry
E. Photoredox Chemistry of Octachlorodirhenate
F. References

MOLYBDENUM(II) AND TUNGSTEN(II) HALIDE CLUSTER
IONS

A. Introduction

B. Experimental

C. Electronic Structure and Photophysics
D. Electrochemistry

E. References

FINAL REMARKS

References

12

13
21
36
55
79
126

134

135
141
150
171
185

188

195



Chapter,

Figure

I,1

11,1

17,2

I1,3

11,4

I1,5

11,7
11,8

I1,9

I1,10

I1,11

11,12

I1,13

I1,14

I1,15

I1,16

ix

LIST OF FIGURES

Description Page
MO diagram of (CO)SMn—Mn(CO)5 5
MO diagram of d4—d4 L,MML, (D,,)

4 4 4hn
complexes 14

Electronic absorption spectrum of

2._ .
Re2C18 in CH3CN 37
Re2C182_ luminescence spectrum at 5 K 41
Plot of kgpg for Re2C182_ luminescence
as a function of temperature 47
Readjusted origin region of Re2C182_ 52
Cyclic voltammograms (CV) of binuclear
rhenium chlorides in CH2C12 58
CV of NBu4Re2Br9 in CH2C12 63
ORTEP of RezBrg' anion 71
Latimer diagram of binuclear rhenium
halides 74
Modified Latimer diagram of Re2Cl8 ~ one-
electron chemistry 80

Spectral changes of Re2C182~/TCNE/Cl—

photolysis reaction in CH2C12 89
CV of ReZCl82"/PtC162— photolysis reaction
mixture 92

Spectral changes of Re2C182”/PtC162—

photolysis reaction in CH2C12 95
Transient difference spectrum of PtCl62_

upon UV irradiation 99
Possible 1u$inescence guenching mechanisms

of Re,Clg2~ 102
Electron transfer quenching model of

Re.Cl_4~* by aromatic amines (D) 107

2778



Chapter,
Figure

I1,17

I1,18

II1,1
I11,2

I11,3

II1,4

I171,5

I11I,6

I1II,7

III1,S8
I11,9

II1,10

Iv,1

Descrigtigg

Plot of quinching rate constant, k _,
vs. E) ,(D7/D) e

Modified Latimer diagram of binuclear
rhenium halides

2_
Structure of M6X14

High vacuum electrochemical cell

ions

Luminescence spectra of M6Xl42_ ions in
CHBCN solution

Raman spectrum of M06C1 in CH,CN

2-
14 3
Polarized Raman spectrum of Mo _Cl 2-
. 6 14
in CH3CN

EPR spectra of M6x14‘ ions at 5 K

Cyclic voltammetric results of the M6

redox couples in CH,CN and CH Cl2 14

3 2
2- .
CV of Mo6Cll4 in CH3CN
2- .
ECL spectrum of Mo6Cl14 in CH3CN

M06Cll42- modified Latimer diagram and
ECL mechanism

Potential multielectron photochemistry of
[w6C18]4+ in hydrohalic acid solutions

x,, /%"

Page

113

117
137

146

153

157

159

163

173
176

179

181

192



Chapter,

Table

17,1

17,2

11,3

I1,7

11,8

11,9

I1,10

I1,11

I11,1

xXi

LIST OF TABLES

Description

Vibrat%gnal structural data of the
Re2C18 emission band

Observed emission lifetime of Re2C18
as a function of temperature

2-

Vibrational structure of the §+8~
absorption band and luminescence band
of Re2C182“ at 5 K

Crystal data for NBu,Re. Br

472779

Final parameters for all atoms except

hydrogen in NBu4Re28r9 crystal structure

Anisotropic thermal parameters for
Re,Br_ =~ anion

2779
Bond distances and angles in RezBrg-
anion

Bond distances in NBu * cation for
NBu4Re2Br9 crystal structure
Structural parameters for Re2X82— and
Re2X9

. 2%
Quenching rate constants of Re;Clg
luminescence by aromatic amines

Rate constants for quenching of
ReZClsz” luminescence by oxidative
quenchers and their back reactions

Photophysical data for M_X ions

6714

45

50

66

68

69

70

73

77

83

87

152



CHAPTER I

INTRODUCTION



A central theme of inorganic photochemistry during
the past two decades is the activation of small molecules
by transition metal complexes. A major difficulty of this
activation chemistry lies in the kinetic and/or thermo-
dynamic barriers which typically confront these small
molecule reactions. Inorganic photochemistry is an
extremely important area of chemistry, because the energy
of the electronically excited transition metal complex may
be utilized to surmount these reaction barriers. The long
excited state lifetimes exhibited by many transition metal
complexes entitles them to be viewed as authentic chemical
reagents with their own reaction chemistry. Indeed, a major
development in inorganic chemistry has been the incorporation
of electronically excited molecules in bimolecular
processes.l Prominent among these are electron transfer
reactions.2 Many small molecule activation reactions involve
multielectron transfer processes, and it would therefore
be desirable to involve the excited state directly in these
multielectron transfer reactions. Unfortunately, inorganic
photochemistry, to date, has ignored excited state multi-
electron transfer chemistry. The shortcoming of employing
single-electron transfer reactions of photoreagents to drive
multielectron transfer processes arises from large kinetic
barriers which are built into such reaction pathways.
Nowhere is this problem better illustrated than in solar

energy conversion chemistry.



The storage of solar energy in chemical species has
been a topic for intensive photochemical investigation,
due principally to the ramifications of such reactions
for alternate fuel sources.3 The photochemical energy
storage reaction which has challenged the imaginations of
most photochemists is the splitting of water by a transition

metal catalyst, M, to produce hydrogen and oxygen

solar energy
Hy0 i 2

jas

+
Nof

o

2!

a reaction which stores 2.46 eV of chemical energy. Present
solar energy conversion schemes emphasize one-photon/one-
electron/catalyst cycles; the most popular of which employ
Ru(bpy)32+ (bpy = bipyridine) as a photosensitizer.4 In

all systems, a heterogeneous catalyst or relay catalyst is
required to couple the one-electron chemistry of the
photosensitizer to the multielectron transfer chemistry of
the water splitting reaction. The design of such energy
conversion schemes imposes severe limitations on the overall
efficiency of the reaction.

Owing to our interest in small molecule activation
chemistry, we have concentrated on effecting multielectron
transfer reactions with polynuclear metal complexes. These
compounds are well-suited for multielectron photochemistry
with their coordinative unsaturation and juxtaposed redox

centers in a single molecule (which can be electronically



excited with a single photon of light). It should be
possible to facilitate multielectron reactions at the
available coordination sites of the cluster species.

The photochemistry of polynuclear metal complexes in
recent years has primarily involved cluster compounds
which are comprised of two and three metal centers. From
these investigations, homolytic cleavage of the metal-
metal bond has emerged as a general reaction pathway for
polynuclear complexes in their excited state.5 Dimanganese
decacarbonyl is the cornerstone example of this photochemistry,6
which may easily be understood in terms of the metal ¢ and
T molecular orbital interactions schematically represented
in Figure 1. The lowest energy transitions in Mn2(CO)lo
arise from the promotion of an electron from a ¢ or =
molecular orbital to o*. Of course, both transitions
significantly weaken the metal bond, thereby inducing
metal-metal bond cleavage. The photofragmentation chemistry
of Ru3(CO)127 may be similarly explained by excitation of
the analogous metal localized o -+ o* transition in the
trinuclear cluster.8 In order to preserve the excited
state polynuclear complex for bimolecular reaction chemistry,
it is obvious that metal-metal bond cleavage chemistry
must be circumvented. Two primary classes of compounds
have developed along these lines. One class of compounds
is comprised of binuclear d8—d8 complexes in which the
structural integrity of the polynuclear complex is

maintained by ancillary ligands which bridge the two



Figure 1. Qualitative o and m interactions of metal d

orbitals in Mn2(CO)10.
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metal centers.9 Simple molecular orbital theory suggests
that the excited state metal interaction is much stronger
than in the ground state! Electronic absorption and emission
spectralo and resonance Raman spectroscopy of the ground
and excited states of these dimers11 substantiate the
predictions of theory. The excited states of these
complexes readily undergo bimolecular oxidative and reductive
electron transfer reactions.12 The second class of compounds
consists of clusters with cores of multiply bonded metal
centers. In these systems, occupation of metal-metal
antibonding molecular orbitals by a single electron promotion
only slightly weakens the extensive metal-metal bonding
framework.

Herein are described our experiments on compounds oOf
this second class of polynuclear complexes, cluster
compounds of d4 metals at two bonding extremes: single
multiple and multiple single metal-metal bonding. In the
former system, the four d electrons of one metal are
utilized to form one quadruple bond to another metal.
Chapter II describes our investigations of the spectroscopy,
electrochemistry and photochemistry of octachlorodirhenate
dianion, Re2Cl82—, the prototypal quadruple metal bonded
system. At the other bonding extreme, the four d electrons
of each metal center are used to make four single bonds to
four other metal centers in the octahedral metal core of

2

the M6Xl4 ~ (M=Mo,W; X=Cl,Br,I) cluster compounds. To

emphasize the similarity between these two seemingly diverse



polynuclear complexes, the M6Xl42— cluster may be viewed

as the condensation product of three guadruple bond
systems.13 Experiments aimed at the elucidation of the
electronic structure and redox chemistry of M6X142— clusters

are documented in Chapter III.



REFERENCES

(a) Balzani, V.; Bolletta, F.; Gandolfi, M. T.;

Maestri, M. Topics Curr. Chem, 1978, 75, 1.

(b) Balzani, V.; Moggi, L.; Manfrin, M, F.; Bolletta, F.;

Laurence, G. S. Coord. Chem. Rev. 1975, 15, 321.

(a) Meyer, T. J. Prog. Inorg. Chem. 1983, 30, 389 and

references therein. (b) Meyer, T. J. Acc. Chem. Res.

1978, 11, 94.
(a) Gray, H. B.; Maverick, A. W. Science 1981, 214,

1201. (b) Maverick, A. W.; Gray, H. B. Pure. Appl.

Chem. 1980, 52, 2339, (c) Sutin, N.; Creutz, C.

Pure Appl. Chem. 1980, 52, 2717. (d) sutin, N.

J. Photochem. 1979, 10, 19.

(a) Brugger, P.-A.; Gratzel, M. J. Am. Chem. Soc.

1980, 102, 2461. (b) Lehn, J.-M.; Sauvage, J. P.;

Ziessel, R. Nouv. J. Chim. 1981, 5, 291. (c)

Brugger, P.-A.; Cuendet, P.; Gratzel, M. J. Am. Chem.

Soc. 1981, 103, 2923. (d) Kalyanasundaram, K.;

Gratzel, M. Angew. Chem., Int. Ed. Engl. 1980, 19,

646. (e) Borgarello, E.; Kiwi, J.; Pelizzetti, E.;

Visca, M.; Gratzel, M. J. Am. Chem. Soc. 1981, 103,

6324. (f) Chan, S.-F.; Chou, M.; Creutz, C., Matsubara,

Sutin, N. J. Am. Chem. Soc. 1981, 103, 3609.

(g) Nijs, H.; Cruz, M. I.; Fripiat, J. J.; Van Damme, H.

Nouv. J. Chim. 1982, 6, 551. (h) Gratzel, M.




10

Acc. Chem. Res. 1981, 14, 376. (i) Shafirovich, V.;

Khannanov, N. K.; Strelets, V. V. Nouv. J. Chim.

1981, 4, 81. (j) Collin, J. P.; Lehn, J.-M.;

Ziessel, R. Nouv. J. Chim. 1982, 6, 405.

(k) Krishnan, C. V.; Sutin, N. J. Am. Chem. Soc. 1981,

103, 2141. (1) Humphry-Baker, R.; Lilie, J.;

Gratzel, M. J. Am. Chem. Soc. 1982, 104, 422.

(m) Brown, G. M.; Brunschwig, B. S.; Creutz, C.;

Endicott, J. F.; Sutin N. J. Am. Chem. Soc. 1979,

101, 1298.

(a) Geoffroy, G. L.; Wrighton, M. S. "“Organometallic
Chemistry"; Academic Press: New York, 1979.

(b) Wrighton, M. S.; Graff, J. L.; Luong, J. C.;
Reichel, C. L.; Robbins, J. L. in "Reactivity of
Metal-Metal Bonds"; Chisholm, M. H., ed.; American
Chemical Society: Washington, D. C., 1981; ACS

Symposium Ser. No. 155.

(a) Wrighton, M. S.; Ginley, D. S. J. Am. Chem. Soc.

1975, 97, 2065. (b} Wrighton, M. S. Topics Curr.

Chem. 1976, 65, 37. (c) Fox, A.; Poé, A.;

Ruminski, R. J. Am. Chem. Soc. 1982, 104, 7327.

(d) Karny, Z.; Naaman, R.; Zare, R. N. Chem. Phys.

Lett. 1978, 59, 33

Johnson, B. F. G.; Lewis, J.; Twigg, M. V.

J. Organomet. Chem. 1974, 67, C75.

Tyler, D. R.; Levenson, R. A.; Gray, H. B. J. Am.

Chem. Soc. 1978, 100, 7888.



9.

10.

11.

12.

13.

11

(a) Lewis, N. S.; Mann, K. R.; Gordon, J. G. II;

Gray, H. B. J. Am. Chem. Soc. 1976, 98, 7461.

(b) Mann, K. R.; Thich, J. A.; Bell, R. A.; Coyle, C. L.

Gray, H. B. 1Inorg. Chem. 1980, 19, 2462.

(c) Mann, K. R.; Gray, H. B. Adv. Chem. Ser. 1979,

173, 225. (d) Gray, H. B.; Miskowski, V. M.;

.
’

Milder, S. J.; Smith, T. P.; Maverick, A. W.; Buhr, J. D.;

Gladfelter, W. L.; Sigal, I. S.; Mann, K. R.

Fundam. Res. Homogeneous Catal. 1979, 3, 819.

(e) Che, C.-M.; Butler, L. G.; Gray, H. B. J. Am.
Chem. Soc. 1981, 103, 7796. (f) Che, C.-M.;

Schaefer, W. P.; Gray, H. B.; Dickson, M. X.;

Stein, P. B.; Roundhill, D. M. J. Am. Chem. Soc. 1982,

104, 4253.

(a) Rice, S. F.; Gray, H. B. J. Am. Chem. Soc. 1981,

103, 1593. (b) Rice, S. F.; Milder, S. J.; Gray, H. B.;

Goldbeck, R. A.; Kliger, D. A. Coord. Chem. Rev. 1982,

43, 349. (c) Rice, S. F. Ph.D. Dissertation,
California Institute of Technology, 1982.
Dallinger, R. F.; Miskowski, V. M.; Gray, H. B.;

Woodruff, W. H. J. Am. Chem. Soc. 1981, 103, 1595.

Milder, S. J.; Goldbeck, R. A.; Kliger, D. S.; Gray, H.

J. Am. Chem. Soc. 1980, 102, 676l.

Indeed, MO6Cll42_ may be prepared simply by heating
the quadruple bond complex, M02C184_, to 300°C.

(J6dden, Von K.; Schafer, H. Z.Anorg. Allg. Chem.

1977, 430, 5).



12

CHAPTER II

THE OCTACHLORODIRHENATE(III) ANION



13

A. INTRODUCTION

The chemistry of multiple metal-metal bonded dimers
has been an area of active research during the past two
decades.! The trinuclear rhenium halide cluster, Re3C1123—,
was the first inorganic molecule in which multiple metal-metal
bonding was predicted.2 On the basis of a simple molecular
orbital analysis, a metal core of doubly bonded rhenium
atoms was formulated. Interestingly, since the discovery
of Re3C1123— in 1963, few other doubly bonded metal-metal
complexes have been realized, and it was the synthesis and
characterization of triply and quadruply bonded metal-metal
dimers which spurred the development of multiple bonded
metal complex chemistry. 1Indeed, it was the identification
of the octachlorodirhenate dianion, Re2C182-, to possess a
quadruple metal-metal bond3 which kindled the search for
other such multiply bonded species. A plethora of
quadruply bonded metal-metal complexes are now known,
comprised primarily of molybdenum, tungsten and rhenium
metal cores, with a variegated array of ligating systems.

The prevalence of quadruply bonded metal complexes
has engendered numerous theoretical and experimental
investigations directed toward elucidating their electronic
structures.4 The general molecular orbital diagram depicted
in Figure 1 has evolved from these studies. The metal-metal

bonding in L4MML quadruply bonded dimers is most easily

4

derived from a MM core (th symmetry) in which the z axis
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Figure 1. Qualitative o, m, and § interactions of metal d

orbitals in a MM (Dmh) core and L,MML (D4h) complex. A

4 4
ground state ¢ n462 electronic configuration is generated in

d4-d4 L4MML4 complexes, corresponding to quadruple bond

formation. (Ref. 4b).
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of a right-handed Cartesian coordinate system is chosen to
lie along the metal-metal axis. Linear combinations of the

dzg, (dxz’ dyz) and (dxg-y2’ dxu) atomic orbitals on each

v

metal produce bonding and antibonding molecular orbitals of
o, m, and § symmetries, respectively. The 1 and § molecular
orbitals are each doubly degenerate in a th point group.
From the nodal theorem and atomic orbital overlap consid-
erations, the molecular orbital energy ordering of an MM
diatomic core shown in Figure 1 is obtained. The equidistant
positioning of eight ligands in a L4MML4 complex perturbs
the bonding of the diatomic metal core by lowering the
symmetry of the system to D4h’ thereby splitting the §
orbital degeneracy. By definition of the coordinate system
in Figure 1, the ligands will lie along the x and y axes

and their orbitals will overlap with the dxg_yg derived §
and 6* orbitals. The linear combination of these ligand

and metal orbitals causes the § (blg) and 6* (qu) orbitals
to increase dramatically in energy. As designated in

2u

ligand antibonding in character. The energies of the o, T,

Figure 1, the blg and b orbitals are essentially o metal-

and § (dxy) molecular orbitals, for the most part, are
unperturbed as the ligands approach the metal core and the

L4MML4

obtained. Occupation of the o, n, and § molecular orbitals

molecular orbital diagram shown in Figure 1 is

with eight electrons gives a quadruple bond. The charac-
teristic properties of a diamagnetic ground state, eclipsed

ligand geometry, and exceedingly short metal-metal bond
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exhibited by quadruple bond complexes are clearly explained
by this bonding scheme.

According to the simple molecular orbital diagram in
Figure 1, the lowest energy transition arises from the
promotion of an electron from the § to the ¢* molecular
orbital. Polarized electronic absorption spectroscopic
investigations of numerous quadruply bonded metal complexes4b’5
verify that their lowest energy absorption band corresponds
to the 6 + 8* transition. Excitation of the § + §*
transition frequently leads to luminescent excited states
with lifetimes greater than 50 ns. As we shall discuss
later, the luminescence, when observed, typically originates
from the 66* singlet state.

Quadruply bonded metal-metal dimers possess many
properties of an ideal polynuclear photoredox reagent.

First, the longevity of the §6" excited state should permit
the electronically excited metal complex to participate

in bimolecular reactions, in addition to any unimolecular
photoprocesses available to higher energy excited states.
Second, the all inorganic quadruple bond metal complexes
should be robust photoreagents, capable of maintaining their
structural integrity upon irradiation. Bimolecular photo-
chemical reactions will, of course, proceed through the

§6* excited state. Theoretical estimates predict the
overall energetic contribution of the 6 bond to the total
quadruple bond energy to be less than 10%.6 Irradiation

*
of the 6§ » & transition will, therefore, only nominally
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weaken the metal-metal bond and photoinduced metal-metal

bond cleavage reactions will be circumvented in these
complexes. Third, the multiple metal-metal bond may act

as an electron source or sink in multielectron transfer
reactions while maintaining a strong metal-metal interaction.

Walton and coworkers have prepared a series of L ,MML

4 4
. . 2_4.2.%2
triply bonded metal complexes with o"m 878 ground state

electronic configurations.7 In all cases investigated,
these complexes demonstrated facile electron transfer
reactions at electrode surfaces.8 The absence of the §
bond does not greatly perturb the L ,MML, structural unit

4 4

as evidenced by the crystal structures of Re2 3)29
2.4 2 *

and triply bonded (o"m 676 2) Re2C14(PEt3)410 complexes,

Cl6(PEt

which show ReRe bond distances of 2.222(3)A and 2.232(5)A,
respectively. The ability of the multiple metal-metal bond
to undergo only minor structural reorganization upon changes
in the 6 and 6 orbital electronic configurations may
greatly facilitate the photoredox chemistry of quadruple
bond metal complexes.

In view of the attractive photochemical properties of
quadruple bond metal complexes along with their extensive
reaction chemistry, it is rather surprising that the
photochemistry of these systems has virtually been ignored.

The Re2C182- dianion undergoes a metal-metal bond cleavage

11

reaction when irradiated with ultraviolet light. The

mononuclear photoproducts, ReCl4(CH3CN)2— and ReCl, (CH_CN)

3 3 3’

were demonstrated to arise from high energy excited states



19

of ReZCl8 . Further work indicated a solvent assisted

metal bond cleavage reaction.12 The only other reported
photochemistry of quadruple bond metal complexes deals with
the photo-oxidation chemistry of molybdenum dimers.
Ultraviolet irradiation of aqueous acidic solutions of

MOZ(SO4)44- and Moz(aq)4+ yields the oxidized products,

Moz(SO4)43- and Moz(aq)(U‘OH)24+, respectively, and

hydrogen as the reduction product.13 Similarly, irradiation

of M02X84_ (X=Cl,Br) dimers in hydrohalic acid solutions

gives the hydrido bridged oxidation product, Cl3Mo(u—H)—

3 which thermally reacts with another mole

of HX to produce hydrogen.14 Similar reactivity was

(u—Cl)2M0C1

observed for solutions of M02C14(PR3)4 (R=alkyl) dimers.15
The photo-oxidation chemistry of the above systems was
demonstrated to arise from high energy excited states
(probably ligand-to-metal charge transfer states). In no
case has bimolecular photochemistry of quadruple bond
complexes yet been described in which one reactant is not
a solvent molecule.16

In light of the potential importance of polynuclear
metal complexes in photochemical energy storage reactions
in homogeneous solution,17 we turned our attention toward
the systematic development of the §6* excited state chemistry of
quadruply bonded metal-metal complexes. The thrust of our
work has been directed toward the photochemistry of the
octachlorodirhenate dianion, R92Cl82_.

C182_ is two-fold: (i) its chemical

The motivation for

investigating Re,
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reactivity and physical properties are the best defined of
any gquadruple bond metal complex and (ii) the long-lived
luminescence of Re20182_ in fluid solutions12 (0.14 us in

CH,CN; 0.08 ups 1in CH2C12) permits bimolecular reactivity of

3
the electronically excited molecule. The following sections

describe our investigations of the spectroscopy and the thermal
and photochemical redox &hemistry of the Re2C182— anion.
Since the electronically excited molecule is a reactant in
a photochemical process, elucidation of the properties of
the excited state is imperative to a comprehensive
understanding of the photochemistry of the system. New
luminescence properties of the 66* excited state are
presented in Section C. Section D documents the electro-
chemical reactions of Re2C182_ and structurally related
binuclear rhenium halides. As we shall see, these
electrochemical studies were a beacon to the ensuing

photochemical investigations of Re2C182_ which are discussed

in Section E of this chapter.
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B. EXPERIMENTAL
Binuclear Rhenium Halide Compounds. The tetrabutylammonium

salt of Re,Cl 2- was prepared by either of two procedures:

2778
(1) hypophosphorus acid reduction of potassium perrhenate18

or (ii) reductive coupling of NBu4ReO with benzoyl chloride

4
(PhCOCl).19 Reagent grade solvents and acids were
thoroughly deoxygenated prior to use, otherwise they were
used as received. The necessary solvent transfers associated
with the above synthetic routes were carried out under
high purity argon. Tetrabutylammonium perrhenate was
prepared by addition of a hot agqueous solution of NBu4Br
(Eastman) tc one of KReO4 (Alfa Ventron). The white
flocculent precipitate was thoroughly washed with diethyl
ether and dried under vacuum for 24 hr . The crude blue

powder of (Bu4N)2Re Cl obtained from either of the above

2778
synthetic routes, was purified as a microcrystalline solid
upon cooling hot acidified methanol solutions which were
saturated with the compound. Large, rectangular prismatic
Re ,C1

2772778
solutions which had been layered with diethyl

crystals of (Bu4N) were grown from acetonitrile

ether. The cesium salt of Re2C182—

slow addition of a hot CsCl (Aldrich Chemical Co.) saturated

was prepared by the

ethanol solution to a boiling, acidified ethanol solution

of (Bu4N)2Re Cl, with constant stirring. After a few

2778

minutes, CszReZCl8

Constant boiling HCl solutions of CszRe2C18, upon cooling in

precipitated as a bluish-green powder.
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an air-tight dewar, produced crystals which were large
enough for electronic spectroscopy. The tetrabutylammonium

salt of RezBr82° was prepared and recrystallized according

to published procedures.20

The guadruple bond complex, Re ClG(PEt prepared

2 3) g0

by its reported synthetic route21 and recrystallized from
a dichloromethane solution layered with light petroleum

ether, was obtained from Jay R. Winkler. The hexafluoro-

+

phosphate salt of ReZCl PMe2Ph)42 cation was generously

4(
supplied from the laboratories of Dr. R. A. Walton at

Purdue University. Due to the instability of this
compound with respect to reduction, a small quantity of

Re ClS(PMe Ph), was also present.

2 2 3

The confacial bioctahedral monoanions,Re2X9_ (X=C1,Br)

were prepared from their quadruply bonded rhenium halide
analogues.22 The conversion of the gquadruply bonded dimer
to product was monitored by the disappearance of the § - 6*
absorption band. Small, wafer-thin, green platelets of

NBu4Re2Cl9 were recrystallized from chloroform. Crude

NBu4ReZBr9 was dissolved in dichloromethane, and enough

chloroform was added to produce a solution saturated in
confacial bioctahedra. Upon standing in a beaker overnight,

large, highly reflective, prismatic crystals of NBu4Re2Br9

were deposited on the beaker wall.

The preparation of Re2C192— by the reduction of

ReZClQ- with various metals (Cu, Zn and Hg) gave violet oils

which seldom crystallized. A better synthetic method
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involved dissolution of NBu4Re2C19 in a CHZClz/ethanol
solution to saturation, followed by the addition of a molar
excess (to that of NBu4Re2C19) of NBu4Cl. A stream of
hydrogen was passed over a platinum gauze which was immersed
in solution, causing the green solution to turn violet

within minutes. As CH,Cl, evaporated with continued

2772

bubbling, purple microcrystalline (Bu4N)2Re2C19 precipitated
from the ethanol enriched solution. The purity of the

product was confirmed by its electronic absorption spectrum.

Quenchers. All aromatic amines were obtained from
Aldrich Chemical Co., with the exception of 10-methylpheno-
thiazine (10-MPTH), which was purchased from Pfaltz and
Bauer. /V,V-dimethylaniline (DMA), ~,N-diethylaniline (DEA),
and V,¥-dimethyl-p-toluidine (DMT) were distilled onto
activated Linde 4A Molecular Sieve (vide supra) and stored
under argon, which had been passed through a MnO
scrubbing tower. Phenothiazine (PTH) and %,N,V',N'-tetra-
methyl-p-phenylenediamine (TMPD) were vacuum sublimed twice
before use. Diphenylamine (DPA), 4,4'-dimethoxydiphenylamine
(DMDPA) and 10-MPTH were recrystallized three times from
benzene/petroleum ether solutions. After purification,
ligquid quenchers were colorless and solid quenchers were
white with melting points within 2°C of their reported
values.

Tetracyanoethylene (TCNE; Aldrich Chemical Co.) was
recrystallized from chlorobenzene and vacuum sublimed twice

before use. Chloranil (2,3,5,6-tetrachloro-1,4-benzoquinone;
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Aldrich) was recrystallized three times from toluene to give

yellow rectangular platelets. Sodium l2-tungstophosphate,

23

Na.,PW *10 H with

3FW1,040 2

minor modification

O, prepared by the method of Wu

24 and recrystallized three times from

1M H2804 and once from 1 M HCl, was supplied by

Andrew W. Maverick. Orange-red 2,3-dichloro-5,6-dicyano-
benzoquinone (DDQ) was purchased from Aldrich and used as
received. The potassium and sodium salts of TCNE and

chloranil radical anions, respectively, were prepared

according to published procedures.25

The tetrabutylammonium salts of PtClsz— and PtCl42—

are obtained by the addition of aqueous solutions of

NBu,Cl to 1 M HC1l solutions of (H3O)2Ptcl (Aldrich) and

4

6
KZPtCl4 (Alfa Ventron), respectively. Dichloromethane

solution of (Bu4N)2PtC1 which was treated with petroleum

6
ether, yielded orange crystals when stored at -40°C.

Attempts at growing (Bu4N)2PtCl crystals by the same

4

procedure produced red-brown oily residues, which persisted
after solvent evaporation under a dynamic vacuum. The oil

solidified only after violent agitation with pre-cooled

(-40°C) petroleum ether. A crystalline PtCl42 salt which

is soluble in nonaqueous solvents is found with tetraphenyl-

arsonium (Ph As+) cation. Large, red-brown bricks of the

4

Ph4As+ salt are deposited from dichloromethane solutions

layered with hexane.

Other Reagents. Tetrabutylammonium perchlorate (TBAP),

B T e T VR S

obtained from Southwestern Analytical Chemicals, Inc. as a
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white damp powder, was dissolved in ethyl acetate, dried over

MgSoO and filtered. The filtrate was heated to boiling

4’
and hexane was added until a saturated solution of TBAP

was achieved. Slow cooling produced colorless rectangular
crystals which were collected, washed with ice-cooled

ethyl acetate/hexane solution and dried for 48 hr. at 60°C
under vacuum. Tetrabutylammonium chloride was purchased
from Southwestern Analytical Chemicals and used without
further purification. Tetrabutylammonium trifluoromethane-

sulfonate, NBu,TFMS, prepared by Brandstrom's procedure,26

4
was donated by Andrew W. Maverick and was recrystallized
from very cold 2-propanol/diethyl ether solution.

Poly (methyl methacrylate) (PMMA) and methyl methacrylate

(MMA) were purchased from Aldrich Chemical Co. and used

without further purification.

§9£XS§E§. Electrochemical, spectroscopic (electronic
absorption, electronic emission, time—résolved laser, laser
transient and flash photolysis), and photochemical
experiments employed solvents which were purified by the
following procedures. All solvents were stored in glass
containers which consisted of a one liter flask equipped
with a high vacuum valve. Linde 3A and 4A Molecular Sieve
and Woelm Grade I alumina (Nutritional Biochemicals) were
activated by baking at 500°C for 24 hr. under a dynamic

vacuum (<1 micron). Acetonitrile (UV), dichloromethane,

tetrahydrofuran, chloroform, and acetone were obtained from
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Burdick and Jackson Laboratories. Chloroform, acetone, and
dichloromethane were degassed by seven freeze-pump-thaw
cycles and then vacuum distilled onto activated Linde 4A
Molecular Sieve. Tetrahydrofuran was degassed, also by seven
freeze-pump-thaw cycles, and vacuum distilled into a flask
containing benzophenone and sodium metal. Upon warming,

the blue benzophenone radical anion immediately formed and
after one day the violet dianion was produced, indicating

an extremely dry, deoxygenated solvent. Acetonitrile was
degassed by seven freeze-pump-thaw cycles , vacuum distilled
onto Grade I alumina and stirred for one day after which

it was distilled onto activated Linde 3A Molecular Sieve.

Electronic Absorption and Emission Experiments. Electronic
absorption spectra were measured on a Cary 17 spectrometer.
Steady-state emission spectra were recorded on an instrument

built at Caltech.27

Excitation light from 150 W Xe or 200 W
Hg (Xe) arc lamps was wavelength selected with a 220 mm

Spex Minimate monochromator and chopped at 535 Hz by a

PAR 125A light chopper. Emitted light was monochromated by

a 500 mm Spex monochromator (variable slit control) which

was scanned by a Spex 1872 !llinidrive motor. Photon detection
was by a Hamamatsu R955 (extended multi-alkali response) or

a dry-ice cooled R406 photomultiplier tube. The signal

from the PMT was amplified by a PAR 181 preamplifier and

fed into a PAR 186A Synchro-het lock-in amplifier.

Emission studies entailed various sample preparations.

Solutions were prepared by vacuum distillation of the



27

appropriate solvent into all glass cells, after which the
solution was subjected to five freeze-pump-thaw cycles.

Poly (methyl methacrylate) films of (Bu4N)2Re2C18 were

prepared by adding a dichloromethane solution of the

compound to one of PMMA, followed by slow solvent evaporation.
Films were microscopically scrutinized to insure that
(Bu4N)2Re2C18 had not precipitated during solvent evaporation.

Samples for quantum yield measurements of (Bu4N)2Re2Cl8 in

PMMA were prepared by the following procedure. Approximately
1 mg of (Bu4N)2Re2Cl8 in 0.35 ml of CH3CN was added to 4 ml
of methyl methacrylate in a 1 cm fluorescence cuvette. The
solution was treated with 0.85 mg of 2,2'-azobisisobutyro-
nitrile (a radical injitiator), degassed under an argon flow,
sealed from the atmosphere, and heated at 80°C for two days.
After the methyl methacrylate had completely polymerized,
the cell was pumped under dynamic vacuum for 48 hr. The
absolute quantum yield of Re2Cl82— in PMMA was estimated by
2~-

comparison to a CH3CN solution of ReZClB

identical absorbance (A=0.2). The corrections enumerated

(¢e=10"4) with

by Demas were applied to all quantum yield calculations.28
The observed emission spectra were corrected for mono-
chromator and photomultiplier response.
Emission lifetimes were measured with a time-resolved laser
system constructed at Caltech, the design of which has
29

been discussed elsewhere. All dinuclear rhenium halide

species were excited with the third harmonic (Ae c=353 nm;

X
40 mj/pulse; 8 ns fwhm) from a Quanta Ray DCR-1 Nd:YAG laser
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equipped with a harmonic generator and separator.
Luminescence was wavelength selected with a 350 mm MacPherson
monochromator and detected by an RCA 928 PMT with a 50 Q
terminating resistance (RC time constant of ~1.5 ns).
Luminescence decay signals were photographed from a
Hewlett-Packard 466 storage oscilloscope. For signal
averaged lifetime measurements, the signal passed through a
LeCroy (model VV101lATM) amplifier to a 50 @ impedance input
of a 6500 Biomation waveform recorder. Laser triggering,
data acquisition and analysis were controlled by a

PDP 11/03-L Digital Computer.

Low temperature measurements employed a Cryogenic
Technology Inc. (Model 20) cryocooler which was appropriately
modified for use with our spectrometers. Samples were
usually mounted on a quartz disk affixed to a copper block
by an Apiezon H grease/Cu powder mixture which also served as
a thermal conductor between block and sample. Liquid helium
spectra were measured with an Andonian 0-24 variable tempera-
ture optical dewar. Sample temperature was determined with
a calibrated carbon glass resistor. Polycrystalline samples
of Re2C182- were sandwiched between two quartz plates and
mechanically mounted in the helium dewar sample compartment.
Emission spectra were recorded from front surface lumi