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Abstract

The photochemistry of five diruthenium hexacarbonyl tetrahedrane compounds, Ru,(CO)g(1-S2CeHy) (1), Rua(CO)g(1-S2CoHy)
(2), Rua(CO)6(p-S2C3Hp) (3), Rua(CO)s(n-SCH,CH3), (4), and Ruy(CO)g(p-dmpz),, (5), where dmpz = 3,5-dimethylpyrazolate,
have been examined in frozen Nujol glasses at ca. 90 K. Compounds 1-4 are found to lose CO upon UV photolysis to form two
isomeric photoproducts, while 5 is found to form one product almost exclusively. The various photoproducts are assigned to axial
and equatorial CO-loss species on the basis of the spectra of analogous triphenylphosphine pentacarbonyl derivatives.
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Keywords: Ruthenium; Diruthenium hexcarbonyls; Photochemistry; Photochemical reactions; Tetrahedrane compounds

1. Introduction

For some time we have been interested in the pho-
tochemistry of dimetalla hexacarbonyl tetrahedrane
complexes where a variety of groups may form the two
non-metallic vertices of the tetrahedron. These com-
pounds are characterized by a bent metal-metal bond
with both metals in a pseudo-octahedral geometry.
Carbonyl ligands are oriented equatorial (cis) or axial
(trans) relative to the metal-metal bond. In the case of
the Co,(CO)g(alkyne) series, observations in our labo-
ratory [1] and that of Gordon et al. [2] indicate that
photolysis results in loss of a carbonyl ligand to give rise
to one of the two possible isomeric pentacarbonyl
species. We found that this species rearranged to a
second pentacarbonyl isomer either thermally or
photochemically.

A small number of diruthenium hexacarbonyl tetra-
hedrane compounds have been reported and in the
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current work we shall describe the photochemistry of
compounds 1-5, Table 1. As shall be described below,
the photochemistry of these compounds is reminiscent
of that of the dicobalt hexacarbonyl alkyne series.

2. Results and discussion

Compounds 1 [3] and 5 [4] were prepared as described
by Cabeza et al. Compounds 2, 3, and 4 were also pre-
pared in low yields (3%, 10%, and 33%, respectively) by
this route and were found to be spectroscopically iden-
tical to these compounds prepared by reaction of the
respective dithiols with Ru3(CO); [5].

In the papers describing the synthesis of Compound
4, this complex was only characterized by its IR spec-
trum [5¢,5d]. In our hands, column chromatography of
the reaction mixture established the presence of two
isomers (8:1 ratio by integration) which were very diffi-
cult to completely separate. NMR spectra revealed that
the major isomer possesses two distinct ethyl group
environments while the ethyl groups of the minor isomer
have identical environments. By analogy with the iron
derivatives, Fe;(CO)g(1-SR),, [6] we assign the major
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Table 1
Infrared spectra (cm™!) of 1-5 and their CO-loss photoproducts

Compound

Initial spectrum

Equatorial CO-loss Axial CO-loss

Ru,(CO)s(S,CsHy) (1) 2090 m

2062 s

2012 s (broad)

Ru,(CO)s(S,CoHy) (2) 2087 m
2056 s
2011 s
2004 s
1993 m
2086 m
2055 s
2009 s
2002 s
1992 m
2082 m
2053 s
2007 s
1997 s
2089 m
2056 s

Ru,(CO)4(5:C5He) (3)

Ru,(CO)s(SC,Hs), (4) (e, a isomer)!

Ru,(CO)s(dmpz), (5)

2011 s (broad)

1996 m

2087 2068

2018 2019

1949 2000
1987
1962

2084 2063

2015 2026

1949 2016
1987
1954

2082 2064

1948 2014
1995
1986
1952

2080 2011

1939 1989
1877
1948

2097

2030

2017

2002

1941z

Photoproduct bands are only listed where they have been firmly established by back-photolysis or annealing experiments.
' Only the highest energy band of the photoproduct of the e, e isomer of 4 could be observed at 2121 cm™!.

isomer to a species in which one ethyl group is in an
axial orientation while the second is in an equatorial
orientation (e, a isomer), Fig. 1. Steric considerations
suggest that the minor isomer is probably one in which
both ethyl groups are in equatorial orientations (e, e
isomer), Fig. 1. Curiously, the resonances of the axial
ethyl group in the e, a isomer are shifted upfield relative
to those of the equatorial ethyl group suggesting a
strong magnetic anisotropy. At room temperature no
carbonyl resonances could be observed for 4, but all
three symmetry-predicted resonances were observed at
—30 °C indicating that these carbonyls are fluxional.

Compounds 1-5 are pale yellow crystalline solids.
Electronic spectra of the compounds are very similar.
Compounds 1-4 have absorption maxima between 324
and 340 nm and molar absorptivity values between 3800
and 4800. Compound 5 has an absorption maximum at
303 nm and a molar absorptivity of 10,000. The yellow
color in each case results from the tail of the band at
about 330 nm that extends into the visible.
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e, a isomer e, e isomer

Fig. 1. e, a and e, e isomers of 4.

Nujol solutions of the ruthenium compounds were
frozen to ca. 90 K as previously described [7]. Photolysis
of 1-4 in the visible region resulted in no significant
changes in the IR spectra of the compounds. UV pho-
tolysis, 330nm < . < 400nm, gave rise in each case to
a bleaching of the bands of the starting material and
appearance of as many as seven new carbonyl bands in
addition to a band at ca. 2131 cm™! attributable to free
CO in the Nujol matrix. Fig. 2 illustrates the spectral
changes that are observed for 1 upon photolysis. Spectra
of compounds 2-4 are similar in appearance. In the case
of 4 both isomers were observed to be photolyzed, but
only the highest frequency band in the product spectrum

2012

2200 2100 2000 1950 1900
cm-1

Fig. 2. (a) Spectrum of 1 in frozen Nujol before photolysis. (b) Dif-
ference spectrum after 10 min photolysis (330nm < Ay < 400nm).
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of the minor isomer could be assigned with confidence.
IR spectral data are presented in Table 1. Subsequent
back-photolysis of these samples at long wavelength,
typically Apnax = 500 + 70 nm, resulted in the bleaching
of some of the photoproduct bands and the growth of the
remaining bands. In each case some starting material was
also formed during back-photolysis. The resulting dif-
ference spectra permit clear assignment of the bands of
one of the photoproducts and partial assignment of the
bands of the second photoproduct. Overlap of the two
product spectra and the starting material spectra make a
complete assignment of the bands of the second photo-
product impossible. In the case of 2, annealing the back-
photolyzed sample to ca. 160 K followed by refreezing to
ca. 90 K allowed an additional band to be identified.

Unlike 1-4, photolysis of 5 at wavelengths as long as
500 nm was observed to initiate photochemistry. Pho-
tolysis of § resulted in a very much simpler product
spectrum, Fig. 3, in which five metal carbonyl bands are
observed in addition to the band at 2131 cm™', associ-
ated with free CO. The photochemical reactivity of 5 at
500 nm may well arise from the higher molar absorp-
tivity of the 303 nm electronic absorption band relative
to the molar absorptivities of 1-4. The doubling of the
molar absorptivity upon replacement of sulfide bridges
by dimethylpyrazolate may result from an overlap of the
electronic transitions of the aromatic pyrazolate ring
with those of the Ru—Ru bond.

Photolysis of these diruthenium hexacarbonyl tetra-
hedrane compounds give rise to two, isomeric CO-loss
species. One species, A, is characterized by a high energy
carbonyl stretching band above or just slightly below the
highest energy carbonyl band of the starting material
and a second very low energy carbonyl band between
1940 and 1950 cm™!. This lower band is still well within
the region typically associated with a terminal carbonyl
group. Mid-energy bands for this species are obscured
for 3 and 4, but other bands between 2000 and 2040
cm~! are observed for 1, 2 and 5.

2017 1941
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A
2097 2030

2200 2100 2000 1950 1900

cm™!

Fig. 3. (a) Spectrum of 5 in frozen Nujol before photolysis. (b) Dif-
ference spectrum after 30 min photolysis (330nm < Ay < 400nm).

The second photoproduct, B, is characterized by a
high energy band at about 2065 cm~' and additional
bands about 2020, 1990 and 1960 cm~!. Photoproducts
A and B appear to be generated together in the UV, but
subsequent long wavelength photolysis converts B to A.

Loss of an axial carbon monoxide ligand from a
dimetalla hexacarbonyl tetrahedrane molecule gives rise
to a pentacarbonyl fragment with C; mirror symmetry,
while loss of an equatorial carbonyl gives rise to a
fragment with C; symmetry. Both fragments are pre-
dicted to have five carbonyl IR bands, so simple sym-
metry arguments do not allow us to differentiate
between the two possible structures.

To assign the structures of these fragments we note
that compound 5 is known to undergo substitution by
either PPh; or PCyj; to yield exclusively the equatorial
isomer [4a] The analogous P(C¢Hs); derivatives of
compounds 1-3 are known to be axially substituted
[3a,4a]. Thus, the IR spectrum of Ruy(CO)s(PPh;)(p-
dmpz), has a high energy carbonyl band at 2088 cm™!,
just one wavenumber below that of 5, while the PPhj
derivatives of 1-3 have a high energy band at about 2060
cm~!'. While it may be somewhat bold to assert that a
weakly n-bonding PPhsligand will produce spectral ef-
fects analogous to those observed in a photoproduct in
which a solvent (Nujol) molecule occupies the binding
site, the striking similarity in stretching frequencies ap-
pears to support this claim. On this basis, we assign the
photofragments with their highest carbonyl stretching
frequency about 2090 cm~! to equatorial CO-loss and
those with their highest carbonyl stretching frequency at
about 2065 cm™! to axial CO-loss. The observed back-
photolysis may now be interpreted as a conversion of
the equatorial isomer to an axial isomer. This is sum-
marized for compound 2 in Scheme 1.
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Scheme 1. Summary of photolysis species for 2. Compound 5 only
appears to generate the equational CO-loss species A.
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A question that remains unanswered for these com-
pounds is the nature of the electronic transition that
manifests itself in the rupture of a metal-CO bond.
Fensky and coworkers [8] have examined the bonding in
Fe,(CO)6B, compounds using parameter-free molecular
orbital calculations and have established that the
HOMO and LUMO orbitals are, for the most part,
metal based orbitals. The HOMO is the well known
“bent” bond, while the LUMO is predominantly the
antibonding orbital of this bent bond. Orbitals derived
from DFT calculations of 2, Figs. 4 and 5, indicate that
the bonding in the ruthenium compound parallels that
of the iron series in that the HOMO is characterized by a
Ru-Ru bond with some back-bonding character to the
equatorial carbonyls. Interestingly, there is an anti-
bonding component to this orbital between the metal
and the axial carbonyl groups. The LUMO is found to
be strongly antibonding between the metals. Analogous

Fig. 4. HOMO Orbital of 2 from DFT calculations.

o
Fig. 5. LUMO orbital of 2 from DFT calculations.

information has been obtained from EHMO -calcula-
tions on complex 1 [3b].

The theoretical models suggest that the lowest energy
electronic excitation would be expected to be a ¢ — ¢*
transition, resulting in rupture of the metal-metal bond.
The molar absorptivity for the excitation that appears to
be responsible for CO loss is in excess of 10* thus this is
clearly an allowed transition. It is possible that there
might be intersystem crossing leading to a triplet excited
state and that CO loss occurs from such a triplet. Al-
ternately, CO-loss may compete with energy transfer to
solvent from the vibrationally hot species arising from
the absorption of a 330 nm photon.

As we shall report elsewhere, the simplicity of the
diruthenium hexacarbonyl tetrahedrane compounds
stands in contrast to the analogous iron compounds for
which a bridging carbonyl isomer is observed in several
cases. These studies are relevant to the broader question
of the photochemistry of dimetalla tetrahedrane com-
pounds, such as those that form the active site of the
iron-only hydrogenase enzymes.

3. Experimental

Experimental procedures for the photochemical study
of samples in frozen Nujol glass matrices have been
previously reported [7]. DFT calculations were carried
out using Spartan Pro V 1.0.1 and employing the
pBP86/DN* basis set.

Compounds 1 [3] and 5 [4a] were prepared by reac-
tion of 1, 2-benzene dithiol or 2, 4-dimethylpyrazole,
respectively, with the pale yellow, [Ru(CO),Cl,], inter-
mediate formed by reaction of RuCls - nH,O with CO in
refluxing 2-methoxyethanol as described by Cabeza
et al. [5]. Compounds 2, 3, and 4 were also prepared in
low yield (3%, 10%, and 33%, respectively) by the same
route as 1 and 5 and were found to be spectrally iden-
tical to these compounds prepared by reaction of the
respective dithiols with Ru3(CO);,.

Chromatography of 4 on a 40 cm x 1 cm column of
alumina with hexane as the eluant gave two products
(IR identification). Early cuts of the yellow band indi-
cated that one isomer, subsequently shown to be the
axial, equatorial (a, e) isomer, was recovered, but sub-
sequent cuts were shown to contain increasing amounts
of a second isomer, believed to be the equatorial,
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equatorial (e, e) isomer. The ratio in the bulk recovered
material was about 8:1. "H, 1*C, and 2 D NMR methods
were used to characterize and assign all resonances ex-
cept for the metal carbonyl resonances. Major, a, ¢
isomer. IR (petroleum ether): 2082 m, 2053 s, 2007 s,
1997 scm~!'. '"H NMR (CDCls): 2.59 (e-CH», q,J = 7.4
Hz), 2.23 (a-CH,, q, J =7.3 Hz), 1.39 (e-CHj;, t,
J=174), 1.10 (a-CHs3, t, J =73 Hz). BC NMR
(CDCl3): 197.4 (Ru—CO), 195.7 (Ru-CO), 189.4 (Ru-
CO), 34.4 (e-CH;), 19.0 (a-CH,), 18.6 (e-CH3), 18.4
(a-CHj3). Minor, e, e isomer. IR (petroleum ether): 2115
w, 2064 m, 2024 m (additional bands may be obscured
by the major isomer). '"H NMR (CDCls): 2.28 (e-CH,,
q, J =7.3 Hz), 1.31 (e-CH3, t, J = 7.3 Hz). ’C NMR
(CDCl3): (Ru—CO resonances not observed), 33.7 (e-
CH3), 18.8 (e-CH3). Mass spectrometry of an 8:1 sample
(EI): 492 (95%, M ™), 464 (59%, M*-28), 436 (60%, M-
2 x 28), 408 (66%, 3 x 28), 380 (81%, M'-4 x 28), 352
(36%, M™-5x28), 324 (39%, M™-6 x 28), 296 (44%,
M™-7 x 28), 268 (68%, M*-8 x 28). Note: '©"'Ru mass
peak was used as the reference. CO and C,Hy have
identical masses thus it is not possible to identify frag-
ment peaks as M—CO or M-C,Hy.
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