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ABSTRACT

INTERNAL CONVERSION VS. PHOTOCHEMISTRY IN

PENTAAMMINE AND BIS(2,2'BIPYRIDINE),
(4-ACYLPYRIDINE) RUTHENIUM(II) COMPLEXES.
PHOTODISPROPORTIONATION OF PENTACARBONYL
(4-ACYLPYRIDINE) TUNGSTEN(O) COMPLEXES IN

THE ABSENCE OF AN ENTERING LIGAND.

By

Nicholas Leventis

This dissertation primarily concerns the estimation of
the rate of the Internal Conversion of an upper Internal
Ligand excited state to lower excited states in inorganic
complexes.

As representative examples, various Ruthenium
pentaammine and bis(2,2'bipyridine) complexes were chosen.
The rate of the Internal Conversion of the Internal Ligand
n¥* excited state of coordinated pyridyl ketones was
estimated by varying the reactivity of the pyridyl ketones
towards the Norrish Type II Internal Ligand photochemical
cleavage, so that for sufficiently low reactivity of the
coordinated pyridyl ketones, the Internal Conversion
competes with the Type II cleavage. It was found that the
rate of the Internal conversion of the n** Internal Ligand
excited state in [Ru(NH3)s (4-pyridyl ketone)]2* is < 4.0 107
sec-1l, and in cis-[Ru(bipy)2(4-pyridyl ketone)2]2* is 2.9
108 gec-!; (bipy = 2,2'bipyridine). The higher rate of the

Internal Conversion in the bis(2,2'bipyridine) complexes was



explained in terms of poor orbital overlap between the n
orbital localized on the pyridyl ketone oxygen and the non-
bonding d orbitals of Ruthenium on one hand, but, on the
other hand, favorable orbital orientation and overlap
between the n orbital of the pyridyl ketone oxygen and the
2,2'bipyridine wx system.

Efforts to transfer the same approach for the Internal
Conversion rate estimation 1in Pentacarbonyl (4-pyridyl
ketone) Tungsten(0) complexes failed, due to a fast
photochemical reaction of these complexes, to yield W(CO)s
and cis-W(CO)4 (4-pyridyl ketone)z. This reaction has been
overlooked in the chemical 1literature so research was
concentrated on the elucidation of the mechanism by which
this reaction takes place. It was found that, in the
absence of any 4-pyridyl ketone in the irradiated solution
(solvent: benzene or methylcyclohexane), two mechanisms seem
to proceed simultaneously both at short or long irradiation
wavelengths (490 or 410 nm, respectively): an associative
one, presumably from the MLCT lowest excited state, and a
dissociative one from the higher LF state which leads
primarily to .4-pyridyl ketone photodissociation. The W(CO)s
intermediate attacks a ground state molecule from which it
abstracts a CO molecule to give W(CO)e and a W(CO)a4(4-
pyridyl ketone) intermediate that eventgally finds a 4-
pyridyl ketone molecule in the solution to give cis-
W(CO)a (4-pyridyl ketone)z. The presence of 4-pyridyl ketone

in the irradiated solution quenches the tetracarbonyl



product formation more efficiently at longer irradiation
wavelengths (2Airr>400 nm) than at shorter irradiation
wavelengths (Airr 400 nm). At higher energy irradiations
(~400 nm), loss of CO becomes competitive with 4-pyridyl
ketone loss, and another mechanism through the direct
formation and trapping of a W(CO)a(4-pyridyl ketone)
intermediate becomes important; the main reaction path,

though, remains the one through loss of 4-pyridyl ketone.
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INTRODUCTION

Electronic Transitions and Photochemistry in Transition

Metal Complexes.

The excited state behavior of transition metal
complexes having at least one conjugated ligand (i.e.,
ligand with low 1lying antibonding orbitals) has been
explained adequately by considering three types' of
electronic transitions: The Internal Ligand (IL), the Ligand
Field (LF) and the Metal to Ligand or Ligand to Metal Charge
Transfer (MLCT or LMCT) transitions. Figure 1 is a
simplified molecular orbital diagram of a de pyridyl ketone
complex in a Ceav field which illustrates the three types of
electronic transitions,! in the case where the MLCT
transition is the lowest one.

The internal ligand (IL) transitions involve electronic
redistribution localized on the ligand and reaction patterns
must involve ligand structural changes, reactions with other
substrates, etc. similar to those of the free ligands. This
is a relatively unexplored area of transition metal

photochemistry.
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Figure 1. Simplitied molecular orbital diagram of a d6 pyridyl
ketone complex: A. pvridyl ketone; B. orbitals resulting from the
mixing of metal and antibonding ligand orbitals, m-back bonding
i1s not considered; C. metal orbitals in the presence of a
distorted octahedral fticld; D. crystal field approximation of d

orbitals.



The ligand field (LF) or d-d transitions involve only
d-orbitals of the metal and are localized mainly on it.
These transitions are insensitive to solvent polarity or
ligand substituents. The photochemistry originating from
the LF excited states is dissociative in nature. In Figure
1 for example, electron transfer from the tz2g non-bonding
orbitals to the e antibonding orbitals weakens the bonds
between the metal and its 1ligands with resulting ligand
dissociation.

Finally, the metal-to-ligand or ligand-to-metal charge
transfer transitions (MLCT or LMCT, respectively) whose
occurrence depends upon the origin of the excited electron
have energies which depend both on the nature of the
transition metal and on the nature of the 1ligands and are
affected by the solvent polarity. These transitions do not
involve any bond weakening so the corresponding excited
states are not dissociative in nature (see below). A closer
look reveals that these transitions leave an oxidized metal
center and a reduced ligand, so it is not surprising that
these transitions cause important red-ox reactions of the
complexes. Wrighton, for example, reported? the reduction
of 4-acetylpyridine (4AP) to 1-(4-pyridyl)ethanol in fac-
[Re(CO)3(4AP)2Cl) by MLCT excitation in the presence of
triethylammine. Whitten33, on the other hand, has opened
the way to a water-splitting reaction using tris-
(2,2'bipyridine) Ruthenium(II) complexes as sensitizers

which participate in a red-ox reaction originating from the
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MLCT excited state. Finally, the possibility of
photodissociation from the MLCT excited states has been
underlined first by Zink® who attributed the potential
reactivity of the MLCT excited states to different 1ligand
properties in the excited state compared to those in the
ground state. More recently, Gray* explored the possibility
the MLCT states favor an associative substitution pathway.
No clear-cut proof has been presented though on MLCT excited
states photodissociative properties.

Although d-d transitions are insensitive to solvent and
to ligand substituents, MLCT transitions are greatly
affected by those facto?s. In some cases, by varying the
ligand substituents Qnd/or the solvent, the excited state
sequence can be tuned so that the lowest excited state is
either the MLCT or the LF, with dramatic results on the
photochemistry of the complexes.

In this work, emphasis has been given first to Internal
Ligand reactions in pentaammine and polypyridyl complexes of

Ruthenium as well as pentacarbonyl complexes of Tungsten,

and second, to the excited state sequencing and
characterization of the Ruthenium pentaammine and
polypyridyl complexes. A brief account of the

photochemistry of Ruthenium complexes is followed by a
su--ar& of the Resonance Raman spectroscopy by which the
excited state sequencing of the Ruthenium complexes has been
achieved. Next, an introduction to the photochemistry of

Tungsten carbonyls follows. Finally, a description of the



excited state kinetics shows how kinetic parameters and
mechanistic conclusions for transition metal complexes are
extracted from experimental data. The Introduction

concludes with the research goals.

Photochemistry of Ruthenium(II) Complexes.

Interest in the photochemistry of Ru(II) complexes has
been considerable in recent yearss:€6.7.8 and has been
spurred by the discoveries that excited states of certain
Ru(II) aromatic amine complexes can undergo either energy
transfer® or electron transfer with the appropriate
substrates.10 There have been assigned four types of
electronic transitions, i.e., gharge transfer to solvent
(CTTS) and Ligand Field (LF), in the case of
(Ru(NH3 )s ]2*,11.,122 as well as Metal to Ligand Charge
Transfer (MLCT) and Internal Ligand (IL), in the cases of
(Ru(NH3)s (py-x)]2* and cis-[Ru(bipy)2(py-x)2]2* (py-x =
substituted pyridine). The latter two are more intense and
obscure the other two transitions.!3 The presentation to
follow starts with the photochemistry of the ammine
complexes of Ruthenium in relation to the excited states
involved and continues with the photochemistry of the
polypyridyl complexes. Special emphasis is given always to
the infernal ligand reactions.

Aqueous solutions of [Ru(NHa)e ]2* at pH=3 irradiated at
Arr>313 nm, yield both oxidation (®#Ru(III)) = 0.03 + 0.01)

and aquation, 1i.e., photosubstitution (®#aq = 0.26 + 0.01)
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both wavelength independent, attributed to the population of
a common excited state, presumably LF in character, as the
result of irradiation in this region.!4 For Airr<280 nm,
light absorption is directly into the CTTS state, and
oxidation is dominant. Residual photoaquation has also been
seen, either as a result of interconversion from the CTTS
states into the LF states or alternatively to direct
absorption into LF bands obscured by more intense CT bands.
Photolysis of the pyridine complex [Rﬁ(NHa)s(py)]z* in
aqueous solution at wavelengths shorter than 334 nm gives
both photoaquation and photooxidation. The major absorption
band in this region is the IL 7¥->w* transition of the
coordinated pyridine but the products are formed from other
states, perhaps produced by internal conversion/intersystem
crossing from the initially populated IL configuration. At
longer irradiation wavelengths, no photooxidation is
deQected, only photoaquation and a low quantum yield (~10-9¢)
exchange of pyridine hydrogens with solvent hydrogens. The
latter reaction has been explained in terms of the MLCT
state, while the ligand labilization has been proposed to
originate from a LF state, populated by internal conversion
from the initially formed MLCT state.!2:15,16 Since the LF
states are much less affected by substituents on pyridine
than are the MLCT states!2, choice of an appropriate
electron-withdrawing group should give a lowest energy MLCT
state. Complexes 1like [Ru(NHa)s(4-acetylpyridine)]2* and

(Ru(NHa )s (isonicotinamide)]2*, with Jaax(mrLcr) longer than
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~460 nm, are significantly less reactive than
[(Ru(NH3)s (py)]2* when irradiated at their XAasaxccTt), WwWith
wavelength dependent & values as much as three orders of
magnitude smaller. This pattern suggests that the crossover
point between complexes with a lowest energy LF state and
those with a lowest energy MLCT state comes when Xaax¢(mrLcT)
is ~460 nm.

Finally, the only example of an Internal Ligand
reaction for the Ruthenium Pentaammine system involves the
Type I1 cleavage of 3- and 4-valerylpyridine coordinated to

Ruthenium(II) according to equation (1).1!7
313 0O
"“‘"""NQ‘{’_/— jae —--222, [m.(rm:)-n@—{ J2« + T\ (n

The quantum yields corrected for partial absorption of
light by the ligand are unaffected by the coordination to
the Ruthenium center. This permits an estimation of an
upper limit to 108 sec-! for the rate of the 1internal
conversion of the n¥* IL excited state to lower LF and MLCT
states.!”?

Another large class of Ruthenium complexes includes the
Ruthenium polypyridyl complexes, the chemistry of which
started with the synthesis of [Ru(bipy)s ) X2 .nH20 by
Burstalll® (bipy = 2,2'bipyridine) in 1936, but it attracted
little interest wuntil 1959 when Paris and Brandt!®
discovered its visible-region luminescence at 77° K. After

further research, a large amount of evidence accumulated
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from luminescence lifetime studies of [Ru(bipy)a]2* that
strongly supported a dw*20,21,22,23, 24 heavy-atom
perturbed2® spin forbidden process as the basis for the
observed phenomenon. [Ru(bipy)s]2*, once thought ¢to be
photochemically inert, has been proven2é.27.28 to be
photochemically active, giving products according to

equation (2).

[Ru(bipy)a]Xa ----- > [((bipy)2RuX(bipy)]X ----> [(bipy)aRuX2] + bipy (2)

For the salt [Ru(bipy)a](NCS)2, @ in dichloromethane
was measured as 0.068 at 25°C. The proposed mechanism28 is:
initial excitation leads to a charge-transfer state largely
triplet in character. The CT state undergoes thefual
activation to give a d-d excited state. The d-d state
undergoes further thermal activation by loss of a pyridyl
group to give a fivé coordinate intermediate, which captures
a sixth ligand (either solvent or an anion held close to the
activated metal center by ion-pairing) or chelate ring
closure to return to (Ru(bipy)a]2*+. The apparent
photochemical stability of [Ru(bipy)s]2* in water has been
attributed to a consequence of the dominance of chelate ring
closure and not of an inherently low photochemical
reactivity. In related complexes, photochemical
substitution in cis-[Ru(bipy)2(py)2]2* '(py=pyridine) has

been shown to be of synthetic value2?® and both photochemical
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cis <(----)> trans isomerization and Cl04¢- oxidation have been
observed for cis-[Ru(bipy)z(H20)2]2*.30

Internal ligand photochemical reaction from cis-
[Ru(bipy)2X2]) (BFe)2 complexes has been reported by Whitten
and Zarnegar3l:32 when X=4-stilbazole. No photodissociation
of these complexes was observed. Coordinated 4-stilbazole
isomerizes in a wavelength dependent manner. Long
wavelengths of irradiation produces MLCT excited states
which behave like the radical anion of 4-stilbazole with
cis- to trans- isomerization being more efficient. Short
wavelengths yield a éis— to trans- ratio very similar to
that of the free ligand.

Finally, the red-ox properties of the MLCT excited
states of Ruthenium polypyridyl complexes have been
investigated extensively with respect to the water splitting
reaction. Whitten33 demonstrated that visible wavelength
irradiation of some samples of the complexes cis-
(Ru(bipy)2(4,4'-(ROOC)2bipy)]2* (R=dihydrocholesterol and
octadecyl) under special experimental conditions, causes
photoinduced cleavage of H20 into Hz and 02. Thus,
attention was focused on other possible candidate complexes
like bis(2,2'bipyridine) Ruthenium(II) complexes possessing
a third, strong-field bidentate 1ligand for continuing
studies in this area. Species like
(Ru(bipy)2z (phen))2+,34.3%5 [Ru(bipy)z(bipym)])2* 36,37  and

[Ru(bipym)a]2* 36 (phen=1,10-phenanthroline, bipym=2,2"'-
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bipyrimidine) have been reported. Utilization of these and
related complexes in the water splitting reaction revealed
certain advantages over the classical [Ru(bipy)a]2* complex
(higher quantum yields for H2 evolgtion, etc.).38 Certain
binuclear species 1like [Ru(bipy)z(bipym)Ru(bipy)z2]4* have
been reported3¢:37 and they have been studied with respect
to their red-ox and emission properties.37 After one
electron oxidation, an Intervalence-Transfer absorption band
appears, the intensity of which allows an estimate for the
extent of delocalization (a2), which was found to be small,
supporting the suggestion that electronic coupling between
sites is weak.3® Only very recently, binuclear complexes
have been reported that they can carry the water splitting
reaction with efficiencies claimed higher than those

obtained with [Ru(bipy)a]2+.s0

Resonance Raman Spectroscopy of Transition Metal Complexes.

Resonance enhanced Raman spectroscopy has proved to be
a powerful tool in obtaining excitation profiles of
transition metal complexes, thus elucidating which
transitions are responsible for the broad and intense CT
absorptions.4! The innovation in the field came in 1979 when
Hoodruff reported¢2,43 the Raman spectrum of the MLCT
excited state of [Ru(bipy)s])2*. This spectrum is identical
to the spectrum reported by Wrightont4 four years later for
fac-[Re(CO)3(bipy)Cl], and both are almost identical to the

2,2'bipyridine anion radical Raman spectrum.43 The
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implications of these results are overwhelming. It proves
that the electron is 1localized on one bipy ligand in the
MLCT excited state. The question rises: what makes the
electron discriminate against the two bipy molecules and
localize on the third one, despite the fact that the MLCT
excited state of [Ru(bipy)a]2* is long lived and, therefore,
delocalization would have plenty of time to occur? On the
other hand, [Ru(bipy)s]2* in 1:1 (v/v) water/glycol
mixtures, above and well below th; glass-forming
temperature, led to a disappearance of the discrete
frequencies observed in liquid solutions and replacement by
a broad scattering.4*5 The latter fact has been taken as
evidence that charge localization takes place rapidly in the

solutions but is inhibited in rigid media.

Photochemistry of Tungsten Carbonyls.

The primary photochemical step for most metal carbonyls
is the loss of a carbon monoxide molecule.*®
The discovery of the photosensitivity of Group VI

hexacarbonyls in 196147,48 opened the route for the

preparation of many pentacarbonyl species by the
photochemical substitution of CO by some donor (eg.
pyridine, PPhs, pentene).4® Many early59.51,52,53 anpd
recent54.55,58,57 reports concern the nature of the

intermediates after photolysis of the parent hexacarbonyls
in solution and in rigid glasses, employing either steady

state or flash photolysis techniques. It seems that the
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primary photoproduct is W(CO)s which coordinates weakly with
a ground state molecule through the carbonyl oxygen as in
(CO)sW-0C-W(CO)s.55:56 Since this thesis concerns pyridyl
complexes of Tungsten, an extensive review of the
photochemistry of pentacarbonyl- and tetracarbonyl-
(substituted pyridine) Tungsten(0) complexes is presented
below.

Complexes of the general formula W(CO)sL, where L is a
nitrogen donor ligand, have interesting and interrelated
spectroscopic and photochemical characteristics. They
luminesce is both rigid glasses at 779KS58.:59,60 and 1in
solution at 298°K,®3:69 the emission having been assigned to
either a 3E ---> 1!A; ligand field (LF) transition or a
W -—-> L Charge Transfer (MLCT) transition. The electronic
absorption spectra suggest that as L becomes more electron
withdrawing, the MLCT state lowers in energy and, for some
ligands (eg. 4-acetylpyridine: 4AP, 4-cyanopyridine: 4CNpy),
it crosses below the LF state, thus becoming the lowest-
lying state.®©

The identity of the lowest excited state has been shown

to be of primary importance when the complex
photosubstitution reactivity is investigated. Complexes
with W =--=-=-> L CT lowest excited state are less reactive

towards photosubstitution compared to the complexes with LF
lqwe.t excited state,®9 in analogy to previous findings for

[Ru(NH3)sL]2* complexes.14,16
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In general, complexes of the type W(CO)sL are supposed

to react according to Scheme 1. Adamson and Lees

Scheme 1.
W(CO)s + L (3a)
W(CO)sL —-——-—- > Cav—[W(CO)«L] + CO (3b)

Cs-(W(CO)«L] + CO (3c)

reported,®! based on room temperature flash photolysis data,
that the primary photoproduct from W(CO)s (4AP) is the same
obtained from W(CO)s and they assigned the structure W(CO)sS
(S=Solvent). The Cs-[W(CO)«L] species seems also to exist
based on IR ?ata.55 Cs-[W(CO)4a (pyridine)] is formed and has
been detected after short wavelengths of irradiation (229
and 254 nm) in an Ar matrix at 10°K. No experimental
evidence has ever been collected for the Cqv-[W(CO)<¢L]
species. Its existence has only been suégested; and since
the only tetracarbonyl Tungsten(0) complexes ever isolated
are of the cis- geometry, it has been proposed®2 that Cev-

geometry can rearrange to the Cs- one so that the final
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product is always the cis-disubstituted tetracarbonyl
product and not the trans. A very important point here is
that all the experiments described in the literature concern
irradiations of W(CO)sL in the presence of L or another
entering group like l-pentene or ethanol as an intermediate
trapper. The photochemistry of W(CO)sL in the absence of an
entering 1ligand has been assumed complicated®3 and never
carefully studied. 1In order to verify the mechanism of
Scheme 1 for CO substitution in W(CO)sL accounting for cis-—
W(CO)aL2z formation, Wrighton investigated the entering group
concentration effects on photosubstitution in W(CO)s(pip’©4

(pip=piperidine) and his results are displayed in Table 1.

Table 1. Entering group concentration effects on photosubstitution of
W(CO)s(pip) in benzene at 25°C.

Entering group, (M) Product Airr,nm Relative Q.Y.
piperidine, 0.025 cis-W(CO)a(pip)2 366 1.10
piperidine, 0.25 cis-W(CO)e(pip)a2 366 1.00
piperidine, 1.00 cis-W(CO)a(pip)2 366 0.98
l-pentene, 0.025 W(CO)s(l-pen) 436 0.94
l-pentene, 0.25 W(CO)s(l-pen) 436 1.00
l-pentene, 1.00 W(CO)s(l-pen) 436 1.09

Wrighton®4 considered that there is no entering group
concentration effect on substitution quantum yields and he

thought that this is consistent with a dissociative type of
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mechanism for the photosubstitution of both CO and L in
W(CO)slL.

Internal ligand photochemical reaction, as in the case
of cis-[Ru(bipy)2(4-styrylpyridine)2]}2+,31,32 has been
observed 1in W(C0)5(4—styry1pyridiné) too.%5 According to
Wrighton, this reaction is an example of a photoassisted
reaction.®® The photoreactions of W(CO)s(pyridine) and
W(CO)s(4-styrylpyridine) in 3.66 M 1l-pentene, isooctane
solvent have been compared. The data demonstrate that
photosubstitution of the pyridyl group can be attenuated by
the provision of another chemical decay path: energy
migration from the coordination sphere to the ligand
followed by independent reaction of the ligand. The quantum
yields for cis-trans isomerization of the 4-styrylpyridine
seem to account for most of the loss in substitution yields.
Equations (4), (5), (6) and (7) of Table 2 demonstrate the

fact.

Jable 2. Quantum Yields for Photoreactions of W(CO)slL Complexes®

%20
436 nm
W(CO)spy = =  —mmem——en > W(CO)s(l-pent) 0.63 (4)°
436 nm
W(CO)spy = =  —mmmm———o > cis-W(CO0)«(py)2 0.002 (5)¢
436 nm
W(CO)s (t-4-stypy) --------- > W(CO)s(l-pent) 0.16 (6)®
436 nm
W(CO)s(t-4-stypy) ------—=- > W(CO)s(c-4-stypy) 0.49 (7)°

*py = pyridine, l-pent = l-pentene, 4-stypy = 4-styrylpyridine.

® ¢ measured at room temperature in the presence of 3.66 M l-pentene,
isooctane solvent.

€¢ for formation of cis-W(CO)«(py)z at room temperature i
of 0.25 M pyridine in isooctane. P e in presence
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The cis-W(CO)e«Lz complexes have been prepared utilizing
equation 3b, as has been explained above, by photolyzing
W(CO)sL in the presence of L.64.67,68 When L is a
substituted pyridine, the spectral data show that the
W —-—--> py CT state moves smoothly to lower energy with more
electron-withdrawing substituents on the pyridine, while the
ligand field states are essentially insensitive to these
changes.®? The 298°K emission centered in the 550-700 nm
region is sensitive to the nature of the pyridyl 1ligand
substituents and emission quantum yields range from 1.0 x
10-¢ to 56 x 10-4.68 The W -—--> L CT state 1is wvirtually
unreactive; eg. cis-W(CO)¢ (4-formylpyridine)z undergoes
Photosubstitution with a 436 nm quantum yield of ~0.0007.
Complexes having LF lowest excited state are very
photosubstitution labile; eg. for L = 3,4-dimethylpyridine,
4-ethylpyridine, or pyridine the photosubstitution of L in
cis-W(CO)q4L2 occurs with a 436 nm irradiation quantum yield

of ~0.4.68

Kinetics.

In order to elucidate the excited state processes in a
certain photochemical reaction, it 1is necessary to make
quantitative measurements of the Quantum Yields, excited
state lifetimes, and rate constants of the different

processes originating from the excited states.
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A simple mechanistic scheme which «can fit
unimolecular photochemical reaction originating from

triplet state is as follows:

Scheme 2.
hv
GS -——--- > 1RBS* creation of singlet excited state
éc1sc)
1B§¢ —----——- > 3Bs* Intersystem Crossing of excited singlet
to triplet state
kr
IBS®* —=--- > intermediates
«
Intermediates ----—----- > Products; « efficiency with which
intermediates yield products
ko
IES* - > GS radiative decay to GS (phosphorescence)
ka
3ES* -———-- > @GS radiationless decay to GS
ke
IRS* + Q -—---—- > GS bimolecular deactivation process (quenching)

GS = Ground State

BS = Excited State

The quantum yield of a product is

® product) = @®1sc)XxaxP(product); (8)

any

the

where P(product) is the probability that the triplet state

yields the product versus any other process.
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In the absence of an externally added quencher:

P(product) = ———————cmmm——— (9)

In the presence of an externally added quencher Q:

P(product) = ————-———mmmmmmme e (10)
kr + kp + ka + kq[Q]

Therefore, the Quantum Yield in the absence of a quencher
18:
® - e kr

- (ISCHIXAX —————— e (11)

kr + ke + ka

In the presence of a quencher:

® = O(I1SCHXAX —————m—m—mm e (12)
kr + kp + ka + kq([Q]

The Stern-Volmer equation’® is obtained from (11) and (12):

®/® = l+kqr [Q] _ (13)

vy is the 1lifetime of the excited state and is defined as

r = (kr + kp + ka)-1? (14)

From equation (13), a plot of @& /& versus [Q] gives a

straight line with a slope kqr. The value of kq is known
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for triplet quenchers in various solvents71:72.73 and the
value of r is easily determined.

If the excited triplet state reacts intermolecularly
with another substrate to give intermediates which decay

either to GS or to products, Scheme 2 is modified to Scheme

3.
Scheme 3
hv
GS —————- > ES
®(1sc)
1ES* ——————m- > 3Es*
kr
JES* + § ——--—- > Intermediates; S: Substrate reacting
with the excited state
a
Intermediates ------ > products; a: efficiency with
which intermediates yield products
l1-a
Intermediates --—-—--- > GS + S
kp + ka
IES* ————mmm—— - > GS
kq
3ES* + Q ——-—-—- > GS + Q
The product Quantum Yield in the absence of a quencher
is:
a kr[S]
®(product) = ®I18c) —————-—-————————————— (15)

kr(S] + ke + ka
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Eq. (15) and the product quantum yield in the presence of

external quencher is:

®product) = @(18C) ————-----—————mm e (16)
ke (S] + ke + ka + kq (Q])

Dividing (15) by (16), one obtains the Stern-Volmer

equation:
®°/¢ = l+kq1(Q] (17)
where r = (kr[S] + kp + ka)-? (18)

Inversion of (15) gives a linear relationship (19) between

¢! and [S]-1:

1/ = (®c1sc) a) ! x (1 + ——=——cemme e ) (19)

Dividing the slope by the intercept of equation (19) gives
(kp +ka)/kr which can be substituted into (18) along with the
value of r determined from Stern-Volmer quenching studies
(17) to obtain the values for (kp+ka) and kr.

When the irradiated substrate is a metal complex, the
triplet excited state (3ES*) can be LF, MLCT or IL. One can
selectively populate an excited state by choosing the

wavelength of irradiation.
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Reaction of a ligand (like isomerization of stilbazole
or Type II cleavage of 4-valerylpyridine) from an IL upper
excited state fits to Scheme 2, where kp and ka have been
substituted by kic: the rate constant for the internal
conversion which includes any deactivation to lower excited
states or any other intramolecular deactivation process.

Photodissociation, 1i.e., ligand 1loss from the LF
excited state is another unimolecular process and fits also
the Scheme 2, where we separate two cases.. If LF 1is the
lowest state, kp and ka have the meaning given in Scheme 2.
Otherwise, they have to be replaced by kic as above.

Red-ox reactions originating from the MLCT excited
state are bimolecular processes and, therefore, they have to
be treated according to Scheme 3. |

A final comment needed to be made is that if the lowest
excited state emits, one is able to obtain an independent
measurement of the lowest excited state lifetime by emission
quenching. It is supposed that the Kasha’s rule is obeyed
and emission originates only from the lowest excited state.
If the same lowest excited state yields also photochemistry
or populates another state which gives photochemistry, the
two lifetimes, 1i.e., the one optained from photochemistry
quenching and the one obtained from emission quenching,
should be identical. It is implied that when photochemistry
originates from an upper excited state, the two lifetimes
have to be, in principle, different, unless the two excited

states interconvert.
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Research Goals.

The familiar Type II Intramolecular photoreduction74 of
pyridyl ketones coordinated to a Ruthenium(II) Pentaammine
center has been wused to estimate the rate of internal
conversion from the IL upper excited state to lower excited
states in coordination compounds.!? The studies presented in
this thesis are the continuation of this concept in two
dimensions.

First, the reaction originating from the internal
ligand excited state was slowed down so it would compete
with internal conversion, allowing a better estimate for the
rate of the internal conversion. In parallel, we
investigated the possibility of intramolecular energy
transfer from the reacting ligand to another ligand of lower
triplet energy. For this purpose, we synthesized complexes
like cis-[Ru(bipy)2X2](BFe)2 (X = pyridyl ketone able to
give Type II reaction).

Second, we focused on Tungsten complexes like W(CO)s (4-
valerylpyridine) after the observation by Adamson and Lees
in 198063 of room temperature emission. These complexes
having MLCT lowest excited state are relatively substitution
inert and, therefore, good candidates to test the generality
of our approach for Intérnal Conversion rate estimation.
The room temperature emission was a promising factor that,
besides photochemistry, emission kinetics could be studied,

too. These complexes failed to give the Internal Ligand
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Type II1 reaction, giving instead 1ligand substitution
products identical to those obtained with long wavelengths
irradiation. Research in this direction led to elucidation
of the photochemistry of Pentacarbonyl Substituted pyridine
Tungsten(0) complexes in the absence of an entering ligand.
Finally, excited state resonance Raman spectroscopy was
used in a collaborative project with Y. C. Chung in order to
elucidate the generality of Woodruff’s model for complexes
like cis-[Ru(bipy)2L2]2* or [Ru(bipy)2(bipym)]2* or
(Ru(bipy)2 (bipym)Ru(bipy)2]4*. Clues are drawn about the
origin of the MLCT excited state localization in Woodruff’s

model.



RESULTS

Photoreduction of Ketones by Tetrahydrofuran.

Following the reasoning that an Intermolecular
photoreduction of a coordinated pyridyl ketone would be slow
enough to compete with internal conversion, studies were
started on the Photoreduction of acetophenone by THF in
acetonitrile, benzene or neat THF in order to identify the
coupling product of two 2-tetrahydrofuryl radicals
(octahydro-2,2'bifuran). An additional peak with short
retention time appeafs in the g.c. traces when the
photoreduction takes place in acetonitrile. Preparative gas
chromatography yielded enough product for a proton nmr
spectra. Gc/ms does not give a molecular ion peak but,
otherwise, 1is consistent with the assignment of 2-(2-
tetrahydrofuryl)acetaldimine (THFCHsCN) to this product.
The rest of the products were identified either by gc/ms
(octahydro-2,2'bifuran: DTHF and cross-coupling products) or
by the comparison of the gc retention times with an
authentic sample (pinacol). Spectral data for these
products are given in the experimental section. A mass
balance experiment (Table 28) accounted for only 80X of the
acetophenone consumed. Scheme 4 shows the photochemical

reaction of acetophenone with THF in acetonitrile.

24
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Scheme 4.
H H
0 H Ph
hv (0]

v QR WAy - GO - WK
OH
DTHF  THFCH,CN  l-Phenyl-1-(2-  p-(2-tetrahydrofuryl) acetophenone

tetrahydrofuryl) acetophenone pinacol

ethanol

Benzophenone, 4-acetylpyridine and 4-benzoylpyridine
were irradiated in acetonitrile only and were found to yield
THFCH3CN in parallel to DTHF production. None of the
products was isolated quantitatively.

The phenyl and pyridyl ketones studied were irradiated
at 313 nm in acetonitrile (0.1 M) with varying concentration
of THF (hydrogen donor). All runs were analyzed for DTHF
and for THFCH3CN. Plots of & ! products vs. [THF]-! (Double
reciprocals) for both products analyzed are shown on Figures
2-6. The intercept of these double reciprocal plots is
equal to @®max"?!, i.e., the quantum yield for the
photoreduction of the <corresponding ketone at infinite
hydrogen donor concentration while the slope over the
intercept is equal to the ka/kr value of the triplet excited
state of the ketone under study (kr is the same as defined
in Scheme 3 of the introduction; ka includes both ka and kp
constants of Scheme 3). Table 3 shows the intercepts as
daax-! values as well as the ka/kr values for each ketone
studied for both products analyzed, together with the number
of points used from each figure to draw the best line.

Octahydro-2,2'bifuran usually gives a good linear
correlation where 2-(2-tetrahydrofuryl)acetaldimine proved

difficult to analyze; several points usually do not
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the photoreduction of acetophenone by THF in benzene.
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(D) vs. ['I‘HF‘]—l in the photoreduction of 4-acetylpyridine by THF

in acetonitrile.
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correlate well with the rest. In the case of benzophenone,
only three out of six points correlate well with each other.
The case of 4-benzoylpyridine needs a little more attention.
Neither product gives a double-reciprocal plot with good
linear correlation. Correcting the concentration of
octahydro-2,2'bifuran by adding half the concentration of 2-
(2-tetrahydrofuryl)acetaldimine, a double reciprocal plot
(Figure 6) with excellent linear correlation was obtained.
The concentration of THFCH3CN was divided in " half assuming
that this product has been produced by a mechanism involving
THF radicals at the expense of octahydro-2,2'bifuran using,
thus, the statistical correction factor 2. It is extremely
interesting to note from Table 3 as well as from the Figures
2, 4, 5 and 6 that the quantum yields of 2-(2-
tetrahydrofuryl)acetaldimine are always 1lower than the
quantum yields of octahydro-2,2'bifuran in the cases of
phenyl ketonés. while exactly the opposite happens in the
case of pyridyl ketones. It is also noteworthy that the
quantum yields of 2-(2-tetrahydrofuryl)acetaldimine vary
little by changing the ketone, compared to the quantum
yields of octahydro-2,2'bifuran which can vary over one
order of magnitube.

Finally, when it was attempted to transfer the reaction
to complexed acylpyridines using the corresponding
pantaammine 4-acylpyridine Ruthenium(II) tetrafluoroborate
complexes in acetonitrile (solutions 0.02 M in complex, 2.0

M in THF), complete bleaching of the solutions was observed
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even after a very short time of irradiation (about 0.5 hr.).
Free ligand which was not present before irradiation was
detegted by g.c. analysis; after much longer irradiation
times, octahydro-2,2'bifuran and 2-(2-
tetrahydrofuryl )acetaldimine were detected, consistent with
a free ligand reaction. The same reaction carried out in
water using the same concentrations as in acetonitrile gave
no free ligand and no photoreduction products even after

prolonged irradiation (130 hrs.).

Ruthenium Complexes.

A full 1list of all the 1ligands wused and their
hydrochloride salts, their syntheses as well as their
purification procedures, where applicable, are given in the
experimental section.

Pyridyl ketones and their hydrochloride salts were kept
in the dark at room temperature. No decomposition problem

was encountered.

Ruthenium Pentaammine Complexes.

They were prepared by the procedure shown in Scheme

5.15,7s
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Scheme 5.

reflux
(Ru(NH3a)e JCla + HCl —————> [Ru(NHa)sCl]Cla2

Ag20, CFaCOOH

(Ru(NH3)sCl]Cl2
in H20

Under Argon
1) Zn-Hg

2) py-X
3) NH¢-BFe«¢

v

[Ru(NHs )s (py-X) ] (BFq)2

Reduction and complexation were accomplished in a continuous
process as is described in detail in the Experimental
Section. Peqtaannine pyridyl complexes are sensitive to
long exposure to the air so they were prepared under - Argon.
Complexation results in color change of the reduced Ru(II)
(deep yellow) to deeper yellow for pyridine and 4-
cyanopyridine or to deep purple for all the other complexes.
The absorption spectrum (look under spectroscopic studies)

is dominated by the strong MLCT transition in the visible
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region with characteristic extinction co-efficients in the
area of 10000 M-! cm-!. Further verification of the
compound identity is given by the proton nmr spectra.’% All
complexes were isolated as the tetrafluoroborate salts. In
the IR spectra of all the compounds, we see the strong
absorption band of the tetrafluoroborate group in the region
of 1200-900 cm~!.77 Free ligand present in the complexes was
less then 0.01X by g.c.

-

Ruthenium 2,2'bipyridine and 1,10-Phenanthroline Complexes.

They were prepared by the procedure shown in Scheme

6.73079

Scheme 6.
HC1/H20

K3 [RuCle ] > [bidenH)[Ru(biden)Clse ] - H20
pH ~ 1.1
2 biden

1) DMF/reflux
2) MeOH/H20,reflux

3) Licl

cis-[Ru(biden)2Cl2] - nH20

1) Hz20/MeOH, py-X

reflux 6 hrs.

2) NH¢BFa
\J

cis-[(Ru(biden)2 (py-X)2 ) (BF4)2

biden = bidentate ligand: 2,2'bipyridine, 1,10-Phenanthroline

1 for biden

=]
"

1,10-Phenanthroline

2 for biden

2,2'bipyridine
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Reflux in DMF brings the bidentate 1ligand operating as
counter cation in the first complex into the first
coordination sphere with simultaneous reduction of Ru(III)
to Ru(II). Recrystallization from water/methanol 1:1 (v/v)
follows which gives the deep brown solution of
[Ru(biden)2C1(H20) ]+ which is precipitated as cis-
[Ru(biden)2Clz2]).nH20 by the addition of excess LiCl and
removal of solvent. This retains one or two water molecules
depending on the bidentate ligand (look at Scheme 6).78:79
The two chlorine atoms can easily be removed from the first
coordination sphere and the bis (pyridyl) complexes can be
prepared. The relatively long reflux needed is probably‘due
to the 1low solubility of the cis-[Ru(biden)2Cl2].nH20
complexes. All the bis(2,2'bipyridine)-bis(substituted
pyridine) Hutheniun(II) complexes are orange-yellow in color
and their visible absorption spectrum is dominated by the
strong MLCT absorptions with extinction coefficients in the
region of 10000-14000 M-! cm-!. Further verification of the
complex identity is given as in the case of their
pentaammine _ counterparts by the proton nmr spectra.
[Ru(bipy)s](BFa)2 gives a clean proton nmr spectrum of
2,2'bipyridine where one can distinguish each proton
separately. The proton nmr of cis-[Ru(bipy)2(py-x)2](BFq4)2,
though, exhibits a complicated aromatic fegion similar to
cis-[Ru(bipy)2Cl2).2H20. Diastereomeric placement of the

two 2,2'bipyridines renders them magnetically unequivalent
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with different chemical shifts. All complexes were isolated
as the tetrafluoroborate salts. 1In the IR spectra of all
the compounds, we see the BF«- absorption (1200-900 cm-1).77

Free ligand present in the complexes was less than 0.01X by

g.C.

Ruthenium Porphyrines.

Ruthenium Porphyrines were synthesized by the procedure

given in Scheme 7.80.81.82

Scheme 7.
reflux in
toluene
Porphyrine + Rua(CO)i2 + RuPorphyrine(CO)(solvent)

under Argon
1) hv,pyrex filter
in Benzene/THF

ligand,reflux
in Benzene 2) Ligand
RuPorphyrine(CO)(ligand) RuPorphyrine (ligand)2

Porphyrine = Tetraphenyl Porphine or Octaethyl Porphine.

Solvent = THF in the case of Tetraphenylporphine and CHaOH in the
case of Octaethylporphine.

From the first step, RuPorphyrine(CO) is isolated where

the sixth coordination position of Ruthenium is occupied by

a solvent molecule such as THF originating from the
purification procedure (column chromatography and
recrystallization).89 This weak 1ligand can easily be

replaced by reflux of RuPorphyrine(CO)(THF) with the desired

ligand in benzene. Bidentate ligands like pyrazine can form
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dimers when added in half stichiometric amount of monomers
of the type RuPorphyrine(CO)(pyrazine) when added in large
excess. To replace CO and prepare complexes of the type
RuPorphyrine(ligand)2z, we modified the literature method by
which RuPorphyrine(pyridine)z has Been prepared.89.82 CO is
removed photochemically in the presence of pyridine. In our
case, the pyridyl ketone 1ligands are photochemically
reactive, so RuPorphyrine(CO)(solvent) was irradiated in the
presence of THF so the highly reactive intermediate
RuPorphyrine(THF)z2 is presumably formed aéd subsequently
added to the free ligand. The desired RuPorphyrine(ligand):
is immediately formed. Decisive proof about the compound

identity has been given by proton nmr and IR spectra.

Spectroscopic Studies.

Ruthenium Complexes are absorbed on the surface of old,
scratched glass. Glassware treated in hot water-alconox
solution 3-4 times, for 24 hrs. each time, becomes foggy and
absorbs the complexes, in some cases leaving the solution
almost colorless. The absorbed complex seems to be very
well bound on the surface and washings with solvent are not
adequate to remove it; it can be removed only with
concentrated hydrochloric acid. 1In order to make solutions
for quantitative measurements, including extinction
coefficient determinations as well as quantum yield
measurements and Stern-Volmer studies, it is necessary to

use new glassware.
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Table 4 displays the absorption maxima and the
extinction coefficients for all the compounds studied,
together with 1literature values when data are available.
For the calculation of the molecular weight of the
pentaammine and bis(2,2'bipyridine) Ruthenium Complexes used
to measure the extinction coefficients, it was assumed no
water of crystallization, even though in the IR spectra of
all these complexes a broad strong absorption is always
observed in the 3500-3000 cm~! region, characteristic of the
O-H stretching vibration. For the pantaammine complexes,
this IR band 1is not conclusive about the existance of
crystallization water since N-H vibrations are expected 1in
the same region overlapping with O-H vibrations.
Nevertheless, the error in the worst cases of low extinction
coefficients and low complex molecular weight is less than
7%, assuming two water molecules are co-crystallizing with
the complex. Figures 7, 8 and 9 display the absorption
spectra of some pyridyl ketone ligands, their hydrochloride
salts, and the corresponding Pentaammine,
bis(2,2'bipyridine) and Porphyrine Ruthenium complexes.

Pentaammine complexes do not emit either at room
temperature or at 77°K.852 In Table 5, emission maxima are
listed in parallel with the triplet energies in kcal/mol for
all the complexes which emit. When a vibrational structure
is present in the emission spectrum, the triplet energy
reported corresponds to the highest energy peak. Those

compounds for which the only emission spectra given are in
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methanol/ethanol glass at 77°K do not emit at room
temperature. Figures 10 and 11 display the emission spectra
of some pyridyl ketone ligands, their hydrochloride salts
and the corresponding Ruthenium complexes, used in
intramolecular photoreduction studies for direct comparison.
All emission spectra are uncorrected. Figure 12 displays
the absorption and emission spectra of bis(2,2'bipyridine)
and 4,5-diazafluorene; the implications and conclusions
extracted from these spectra are discussed later in the

Discussion Section.

Raman Studies.

Ground and lowest excited state (MLCT) resonance Raman
spectra were recorded for almost all the Ruthenium complexes
cited in Tables 4 and 5. Most of the Ruthenium complexes
which contain 2,2'bipyridine give excited state resonance
Raman spectra identical to the one obtained for
[Ru(bipy)sz])2*+.42,43 (Cis-[Ru(bipy)2(py)2]2* gives a mixture
of excited state spectrum (Raman scattering from cis-
[Ru(III)(bipy)(bipy-)(py)2]2*) and ground state spectrum.86
Cis-[Ru(bipy)2(4AP)2]2* exhibits only a ground state
spectrum containing contributions of both 2,2'bipyridine and
4-acety1pyridine.

1,10-Phenanthroline complexes (without 2,2'bipyridine)
do not give excited state spectra even in the case of

[Ru(phen)3 ]2+, the MLCT excited state of which is known to
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Relative FEmission

400 500 600 700 800

Wavelength, nm

Figure 10. Emission spectra ot 4PhBP (- - -), 4PhBP.HCI1
—, cis—[RU(bir>y)2(l4PhBP)2l(BFa)2 (==~ ), [Rulbipy);](BF, ),

(-+-+++), at 77 °K in 1:1 (v/v) ethanol/methanol glass.

Concentrations between l(‘)—5 and lO-A M. Fxcitation at 300 nm.



52

Relative Emission

460 500 60'0 700 800
Wavelength, nm
Figure 11. Emission spectra of 4EsterBP (- - -), 4EsterBP.HC1
(—_) ’ ClS“[Ru(blpy)z(l‘ESterm))z](BF‘.)Z ( ————— ) and [Ru(blpy)3](BF4)2
ORI ) at 77 °K in 1:1 (v/v) ethanol/methanol glass. Concentrations

between 10_5 and 10-& M. Excitation at 300 nm.
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1.2 10™% M and 4,5-diazafluorene (- - -) at 8.3 107> M.
Emission spectra of bipy (----- ) and 4,5-diazafluorene (---... ) in
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be long lived.®87 Instead, they give spectra identical to the
ground state spectrum.

The Pentaammine 4-acetylpyridine Ruthenium(II) complex
gives a spectrum8® sgsimilar to the 4-acetylpyridine anion
radical while the Pentaammine pyridine®® or 4-cyanopyridine
Ruthenium(II)89 complexes exhibit scattering only from the
ground state.

Conclusions drawn from the Raman data are given in the

discussion section.

Intramolecular Photoreduction.

The Intramolecular Type II photoreduction of free
pyridyl ketones, pyridyl ketone hydrochloride salts and of
pyridyl ketones coordinated to a Ruthenium center were
studied. The Ruthenium complexes studied were the
pentaammine, the 2,2'bipyridine and the tetraphenyl- or
octaethylporphyrine ones.

The intermolecular quenching effect of the
[Ru(NH3a )s (4AP) ] (BFa )2, cis-[Ru(bipy)2(4AP)2)(BFe¢)2 and cis-
[Ru(phen)2 (4AP)2] (BFq4 )2 complexes on the intramolecular
photoreduction of butyrophenone was also studied. These
resultg have been used, as shown in the discussion section,
in order to make corrections on the coordinated ketone
lifetimes, taking into account the bimolecular self-

quenching effect of the Ruthenium complexes.
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Photoproduct Identification.

The following five reactions were investigated with
respect to the photochemical Type II fragmentation of the
coordinated pyridyl ketone and compared with the
photochemical data from the free pyridyl ketone ligand and

its hydrochloride salt (see below).

Ru(NH (4PhBP))(BFe )2 -—-—=====-- > (Ru(NHa)s (4AP))(BFd)2 + (20)
(Ru(NHa)s . CHaCN <:>*\
313 nm
cis-[Ru(bipy)2 (4PhBP)2 ) (BF¢)2 -------- >
CHaCN
cis-[Ru(bipy)a2 (4PhBP) (4AP) ]} (BFe)2 + ~<::>*\ (21)
313 nm
RuPorthyrin(4PhBP)2 --------- > RuPorphyrine(4PhBP)(4AP) + <:>rw§ (22)
CHzCla
313 nm 0
(Ru(NHs )s (4EsterBP)] (BFq¢)2 =—==-=====--- > [Ru(NHa)s (4AP)](BFe)2 + [/ Q (23)
CHaCN o
313 n=
cis-{Ru(bipy)a (4EksterBP)2](BFe)2 --=--=---- > cis-[Ru(bipy)a(4BsterBP)(4AP))(BFda)2
CHaCN
cis-[Ru(bipy)2(4BsterBP)(4AP)])(BF4)2 + Y é_:; (24)

All the irradiations were performed at 313 nm. All the
starting complex concentrations were 0.02 M. Solvents are

shown for each reaction separately. Irradiation times
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varied widely. For a 5-10X conversion, reaction (20) needs
15-20 hrs.; reaction (21) needs 20-25 hrs.; reaction (22)
needs 10 days; reaction (23) needs 30-35 hrs. and reaction
(24) needs 7 days.

Styrene produced from (20), (21) and (22) becomes
apparent by its characteristic odor and was identified from
its gas chromatographic retention time, by comparing to an
authentic sample.

N-butylacrylate produced from (23) and (24) was
identified from its chromatographic retention time by
comparison to an authentic sample as well as by gc/ms. A
sample of cis-[{Ru(bipy)2(4EsterBP)2](BF¢)2 was analyzed
before and after 1irradiation fbr n-butylacrylate. No gc
peak corresponding to n-Butylacrylate was present before
irradiation, while after irradiation a peak was present
which gave the same mass fragmentation pattern given by a
neat sample of n-butylacrylate.

All Ruthenium complexes were tested after irradiation
for ligand dissoéiation and in no case was any pyridyl
ketone ligand or photoproduced 4-acetylpyridine found in the
bulk solution.

An experiment to measure the 4AP produced and compare
it with the amount of styrene formed failed to give
quantitative release of the coordinated photoproduced 4AP.
According to Whitten, he was able to remove quantitatively
the coordinated 4-stilbazole molecules from cis-

(Ru(bipy)2(4-stilbazole)2](PFe)2 by refluxing the complex in



57
n-butyronitrile in the presence of triphenyl phosphine for
24 hrs.32 Efforts to repeat Whitten’s experiment with cis-
[Ru(bipy)2 (4PhBP)2] (BF«)2 gave the results displayed in
Table 6. In the best case, it was possible to obtain only

35% as much 4AP as styrene.

Iable 6. Mass Balance Experiment for styrene and 4AP been produced in the
Type II cleavage of cis-(Ru(bipy)2 (4PhBP)a ) (BF¢)a.®

Reflux solvent time,(hrs.) (styrene], (M) [(4AP), (M)
acetonitrile 24 . 0.00168 0.000590
n-butyronitrile 24 0.00164 0.0000743

®{complex) = 0.02 M, [PPha) = 0.2 M.

Finally, in agreement with previous observations,85¢

pentaammine complexes bleach while bis(2,2'bipyridine)

complexes remain unaffected by prolonged irradiations.
Figure 13 1illustrates this phenomenon for the two
pentaammine Ruthenium complexes studied. The bleaching

(loss of optical density) becomes less effective as the
amount of a quencher, 1like ethyl sorbate, increases. Table
7 summarizes the data from Figure 13. No products have been

isolated.



58

Optical Density

AR askn

= -
Se——— o e e
O e o < ot I —

T 1) T A_j
300 400 500 600 700
Wavelength, nm

Figure 13. UV-Vis. absorption spectra upon 313 nm irradiation

of 1.0 10 M [Ru(NH
5

3)5(6EsterBP)](BFa)2 (top frame) and

7.5 100~ M of [Ru(NH (4PhBP)](BFa)2 (bottom frame) in

3)s
acetonitrile. (--....): 2 hrs irradiation, 0.00920 einstein.

(---9: 6 hrs irradiation, 0.0287 einstein.



Table 7. UV-Vis absorption data of [Ru(NHi)s (4PhBP)](BFe¢)a, cis—[Ru(bipy)a (4PhBP)2)(BF4)2,
[(Ru(NHs )s (4BsterBP) ) (BF¢)2 and cis-[Ru(bipy)z (4BsterBP)2 ] (BF¢)2 upon irradiation

at 313 nm.
Complex Time of irr. Amount of light A max, (A) A3
(hrs.) (einstein)

(Ru(NHa )s (4PhBP) ] (BF4 )2* 0 0.0 (507) 0.7§0 0.082
2 0.00920 (596) 0.056 0.086
6 0.0287 (593) 0.047 0.084
cis—(Ru(bipy)a (4PhBP) ] (BF4 )2" 0 0.0 (422) 0.336 0.342
6 0.0287 (422) 0.256 0.313
12 0.0529 (422) 0.251 0.311
(Ru(NHs )s (4BsterBP) ) (BFq )2¢ 0 0.0 (507) 1.002 0.123
2 0.00920 (601) 0.172 0.107
6 0.0287 (603) 0.137 0.093
cis-(Ru(bipy)z (4EsterBP)](BFd)2¢ 0 0.0 (456) 0.370 0.339
6 0.0287 (456) 0.374 0.349
12 0.0829 (456) 0.374 0.341

® 7.5 10-5 M in acetonitrile.
® 2.6 10-% M in acetonitrile.
€ 1.1 104 M in acetonitrile.

d 2.8 10-% M in acetonitrile.






60

Quantum Yield Studies.

Quantum yields for photoproduct formation were obtained
by irradiation of the appropriate samples at 313 nm in a
"merry-go-round" apparatus at room temperature using
Valerophenone actinometry. Photoproduct quantum
yield from cis—-[Ru(bipy)2(4EsterBP)2 ] (BFa4 )2 and from
RuPorphyrine(4PhBP)2 were obtained using o-
methylbutyrophenone and o--ethylvalerophenoné actinometry®©
due to 1long irradiations necessary to build measurable
amounts of product. Table 8 displays the Quantum Yields
measured and Figures 14, 15 and 16 demonstrate the effect of
varying ketone (or complex) concentration on the Quantum
Yields.

Free pyridyl ketone Quantum Yields according to
previous observations®5d.91 jncrease linearly by increasing
the ketone concentration while hydrochloride salt quantum
yields seem to be insensitive to concentration variation.83d
Quantum Yields of Type I1 cleavage from Ruthenium
Pentaammine and 2,2'bipyridine complexes seem to be very
strongly sensitive to complex concentration with a decrease
in the quantum yield under conditions where all the light at
313 ni is absorbed by the complex (0.D.>2). This
observation implies an intermolecular quenching effect, thus
Jﬁstifying the experiments of quenching of butyrophenone by
Ruthenium Complexes described wunder "Quenching Studies"

below.
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Table 8. Quantum Yields and kq r values for 4PhBP, 4EsterBP, 4PhBP.HC1,
4EsterBP.HC]1 and the corresponding Ruthenium Complexes.2

Compound &r11) kq r9
4PhBP 0.42¢ 9.74 *0.54s
4PhBP. HC1 0.093c 2.05h
(Ru(NHs )s (4PhBP) ] (BF4 )2 0.014 * 0.001 6.89 +0.98
(4.99 +0.01)¢
cis—[Ru(bipy)2 (4PhBP)2 ] (BF¢ )2 0.0072 + 0.0001 3.44 £0.30
4EsterBPe 0.41 *+0.04 167 +12.5
4EsterBP.HC1f 0.096 31.5 £ 1.2
(Ru(NHa )s (4BsterBP) ] (BFq )2 0.0051 * 0.0008 68.3 (52.6)1
cis-[Ru(bipy)2 (4EsterBP)2 ] (BF4 )2 0.0017 * 0.0001 23.6 +0.01

RuTPP(4PhBP)2°®

RuOEP (4PhBP)2°

0.000203

0.000220

8All compounds 0.020 M in acetonitrile (unless otherwise noted) irradiated

at 313 mm.

bMethylene chloride solvent.

cEstimated from Figure 14 for [4PhBP] = 0.020 M and for [4PhBP.HC1] =

0.020 M.

d Average of two runs.

¢ (4EsterBP] = 0.021 M.

f [4EsterBP.HC1] = 0.030 M.
€(4PhBP) = 0.040 M, 2 runs.

h [4PhBP.HC1] = 0.040 M, 1 run.

i For numbers in parentheses, see text:
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Figure 14. Effect of ketone concentration on the Type II products
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quantum yields corrected for partial light absorption by the ketone.
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Quenching Studies.

Stern-Volmer quenching of the Type 1II cleavage was
performed by the 313 nm irradiation of constant
concentration (see Table 8) of the pyridyl ketones, pyridyl
ketone hydrochloric salts, Pentaammine pyridyl ketone
Ruthenium(II) complexes as well as of the cis-
bis(2,2'bipyridine)-bis(pyridyl ketone) Ruthenium(II)
complexes with varying concentrations of  quencher as
described in the experimental section. The Quencher used
was ethyl sorbate which is a diene (classical triplet
quencher) miscible with acetonitrile in any proportion.
Conversions to products were usually kept below 10X, and the
kqr values reported (Table 8) usually come from duplicate
runs. Figures 17 and 18 compare the Stern-Volmer plots of
the pyridyl ketones and the pyridyl ketone hydrochloride
salts in the cases of 4PhBP and 4EsterBP, respectively.
Figures 19 and 20 compare the Stern-Volmer ©plots for the
Pentaammine pyridyl ketone and the cis-bis(2,2'bipyridine)-
bis(pyridyl ketone) Ruthenium(II) complexes for the same two
ketones. The Stern-Volmer plots of Pentaammine pyridyl
ketone Ruthenium(II) complexes exhibit an unusual
phenomenon: they have intercepts lower than unity, while the
slopes are quite reproducible. The slope/intercept values
vary widely;. kqr values reported on Table 8 are the slope
values only. The numbers in parentheses cited next to these

values are the kq r values calculated through the modified
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o2 04 06
[ethyl sorbate], (M)

Figure 17. Stern Volmer plots for 4PhBP ((0 ) and for 4PhBP.HCl1

([:]) in acetonitrile.
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[ethy]l sorbate], (M)

Figure 18. Stern Volmer plots for 4EsterBP (() ) and

4EsterBP.HC1 ([:]) in acetonitrile.
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Figure 19. Stern Volmer plots for [Ru(NH,) (4PhBP)I(BF,), ()

and for cis—[Ru(bipy)z(lol’hBP)z](BFA)2 (D) in acetonitrile.
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[ethyl sorbate], (M)

Figure 20. Stern Volmer plots for [RU(NHj)S(Q&r.erBP)](BF‘[‘)2
([} and for cis-{Ru(bipy),(4EsterBP), J(BF,), (Q) in

acetonitrile.
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Stern-Volmer relation (25) for each point of the Stern-

Volmer plots (Figures 19 and 20) individually and averaging.

1-8°/¢
(Q]

(25)

kqr

Stern-Volmer quenching studies were also performed
using as quenchers the [Ru(NH3 )s (4AP) ] (BF4)2, cis-
[Ru(bipy)2 (4AP)2] (BFa )2 and cis-[Ru(phen)2(4AP)2 ] (BF4 )2
complexes to quench the intramolecular Type II
photoreduction of butyrophenone. The pu;pose of this
experiment was double. First was to verify that there is an
intermolecular triplet energy transfer from the pyridyl
ketones to another complex molecule, thus explaining the
decrease in the quantum yield of the intramolecular Type 1II
cleavage of coordinated pyridyl ketones with increasing
complex concentration. Secondly was to prove that the
photoreduction from the Ruthenium complexes comes from
complexed ligand only and that any free ligand, even though
not detectable by g.c., 1is completely quenched by the
relatively high concentration (0.02 M) of the Ruthenium
complex. Butyrophenone concentration in all these
experiments was high (0.5 M) in order to absorb most of the
light at 313 nm while the concentrations of the Ruthenium
conplekes were kept 1low. It was found that Ruthenium
Qonplex concentrations up to 0.005 M were enough to quench
60-80% of the photoreduction. Quantum yields always were

corrected for the fraction of the light absorbed by the
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ketone. Details are given in the experimental section.
Figures 21 and 22 display both the uncorrected and the
corrected Stern-Volmer plots for the quenching of
butyrophenone by (Ru(NH3)s (4AP) ) (BFa)2 and by cis-
[Ru(bipy)2 (4AP)2](BFs )2, respectively. As can be observed
from Figure 22, the intercepts of the corrected Stern-Volmer
plots in the case of cis-[Ru(bipy)2(4AP)2](BF4)2 quencher
are consistently higher than unity.

Figure 23 displays the effect of cis-
(Ru(phen)24AP2] (BFe)2 on the butyrophenone photoreduction;
it was though that 1,10-Phenanthroline, due to its extended
conjugation relative to 2,2'bipyridine, can serve as a
representative model to elucidate the ruthenium complexes’
quenching trend, going from 2,2'bipyridine to
Tetraphenylporphyrine and Octaethylporphyrine, comparing
this way the quantum yield found for the Type II
photoreduction of RuTPP(4PhBP)2 and of RuOEP(4PhBP)2 with
the quantum yield found for [Ru(bipy)24PhBP2](BFa)2. kqr
values calculated from the corrected curves for each complex

are cited in Table 9.
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" a0o2 ' o004 ' 0006 = 0008
[ [Ru(NH,)(4AP)J(BF,),, 1, (M)

Figure 21. Stern Volmer plot for butyrophenone quenched by
[RU(N}B)S(“AP)](BFA)Z . (O): uncorrected curve. (.): curve

corrected for partial light absorption by the ketone.
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[ cis-(Ru(bipy),(44P), (BF,), 1. (M)

Figure 22. Stern Volmer plot for butyrophenone quenched by cis-
CiS‘[R“(biPY)Z(“AP)Z](BF/,)Z . Two runs. () and (A): uncorrected
curves; (.) and (A): curves corrected for partial light

absorption by the ketone.
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000/ 0003 0005

cis—[Ru(phen)z(&AP)z](BFL‘)2 J, (M)

Figure 23. Stern Volmer plot for butyrophenone quenched by
CiS‘[RU(Phen)z(“AP)Zl(BFa)Z . ((O): uncorrected curve; (@):

curve corrected for partial light absorption by the ketone.
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Table 9. Results from Stern-Volmer quenching of butyrophenone by
Ruthenium(II) complexes.

Quencher Intercept slope(kq 1) slope/intercept
[Ru(NH3 )s (4AP) ] (BFq )2 0.97 400 412
cis-(Ru(bipy)2 (4AP)2 ] (BF4 )2 1.42 527 371
1.40 365 261
cis-(Ru(phen)2 (4AP)2] (BF4 )2 0.78 203 260
Ruthenium 2,2'bipyrimidine and Ruthenium-Osmium

2,2'bipyrimidine bridged Complexes.

Compound Preparation and Identification - Spectroscopic
Studies.

Ruthenium(II) tris (2,2'bipyrimidine) Chloride was
synthesized by the route shown on Scheme 8, a modification

of the literature procedure.38

Scheme 8.

1) 3 bipym, DMF
RuCls > [Ru(bipym)a]Cla
2) bipym, EtOH/H20

bipym = 2,2'bipyrimidine
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[Ru(bipy)2(bipym)](BFe)2 and [Ru(phen)z(bipym)](BF¢)2
were synthesized from cis-[Ru(bipy)2Clz].2H20 or cis-
[Ru(phen)2Cl2].H20 by refluxing these complexes in the
presence of 5 molar excess of 2,2'bipyrimidine in 1:1 (v/v)
water/methanol.

Osmium Complexes (cis-[0s(bipy)2Cl2].H20 and cis-
(Os(phen)2Cl2].H20) were synthesized by the literature

procedure according the Scheme 9.%2

Scheme 9.

2 biden
NH4OsCls > [Os(biden)2Cl2])C1
DMF ’

sodium dithionite

in water

v
[0s(biden)2Cl2]- H20

biden = bidentate ligand (2,2'bipyridine or 1,10-Phenanthroline).

Bimetallic complexes were synthesized according to Scheme

lo.
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Scheme 10.
1) reflux in 1:1

(v/v) Hz20/MeOH
2) NH4BF4 ”

[Ru(biden)2 (bipym) ] (BF¢)2 + 1.5(0s(biden)2Cl2]- H20

[Ru(biden)2 (bipym)Os(biden)2 ) (BF¢ )4

biden

bidentate ligand (2,2'bipyridine or 1,10-Phenanthroline).

2,2'bipyrimidine.

bipym

Detailed synthetic procedures for all the complexes

prepared are given in the Experimental Section.

The compounds were identified by their Infrared
Absorption Spectra, showing all the characteristic
absorptions of the coordinated ligands. Further

verification of the compounds identity is given by the
comparison of their UV-Vis. absorption spectra as well as
their emission spectra with the ones <cited in the
literature. The absorption maxima usually match well with
the literature reported ones, eventhough the extinction
coefficientl were found somewhat lower. Table 10 summarizes
our results in comparison to the litérature ones when data
are availablé. Here again, as for the Ruthenium Complexes
of the previous section of this chapter, we assume no water

of crystallization in the calculation of the extinction
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coefficients, eventhough the IR spectra suggest the
existence of some water molcules. For some of the compounds
cited in the literature, it has been proven that they retain
a variable number of water molecules in their crystal
structure. It is noteworthy that for some of the mixed
ligand bimetallic complexes, the extinction coefficients
found are substantially lower than expected for charge
transfer transitions, a fact probably due to the
purification procedure (Column Chromatography on a cation
exchange Sephadex column eluting with NHeBFs¢ aqueous
solution) combined with the small scale preparation which
tend to give products containing substantial amounts of
NHeBF4a. Nevertheless, when literature data are available,
it can be seen that the .ratios of the extinction
coefficients at the absorption maxima found in this work
match well with the corresponding ratios from the
literature, fact taken as further verification of the
c;;plex identity.

Finally, Table 11 displays the emission data of the

complexes studied.

aman Studies.

Ground and lower excited state (when applicable) Raman
Spectra have been recorded by Y. C. Chung for all the
compounds listed in this section.

Tris (2,2'bipyrimidine) Ruthenium(II) chloride shows

clear evidence that its peculiar absorption spectrum is the
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contribution from two distinct MLCT states, one being in
resonance at the 442 nm cw excitation wavelength, the other
being in resonance 364 nm cw excitation. Employment of
pulsed excitation from the Nd-YAG laser at 440 nm and 354.7
nm reveals new peaks which have been attributed to
scattering from the complex having one of the
2,2'bipyrimidine ligands in the MLCT state:
[Ru(III)(bipym)2(bipym=)]2*+. Differences again in the
relative peak intensity and the appearance of two new peaks
at 1255 and 1362 cm~! to the red of the excitation 1line at
354.7 nm have been attributed to different upper electronic
states being in resonance with the MLCT excited state of the
[Ru(bipym)3]2* when the two pulsed excitation wavelengths
were employed.

Similar behavior has been demonstrated for most of the
2,2'bipyrimidine complexes under this section of this
chapter. Complete experimental description and
interpretation of the Raman spectra with respect to their
significance in the resolution of the absorption and
emission spectra can be found in Y. C. Chung, Ph.D. Thesis,

Michigan State University, 1985.

Photochemistry of Tungsten Carbonyls.

Compound Preparation and Identification.
Ligands. The ligands used were either commercially

available or synthesized (4-valerylpyridine, 4-

butyrylpyridine and 4-acetylpyridine) by the Grignard
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reaction using 4-cyanopyridine and n-butyl bromide, n-propyl
bromide or methyl iodide, respectively. Verification of the
product identity comes from the spectroscopic data for each
compound, a detailed list of which can be found in the
experimental section of this thesis. All complexes
synthesized along with their abbreviations are 1listed 1in
Table 12.

Pentacarbonyl Tungsten(0) Complexes. These complexes

were synthesized from Hexacarbonyl Tungsten(O) according to
the <classical Strohmeier method. Scheme 11 shows the

general synthetic route to prepare these complexes.49:69

Scheme 11.
hv, pyrex filter Ligand
W(CO)e > W(CO)s (THF) ——> W(CO)s(Ligand)
THF, Ar

THF replaces one photochemically removed CO molecule
and THF is subsequently, after the end of the irradiation,
substituted by 'a better 1ligand, like the substituted
pyridines used. THF has to be dry, otherwise, a white
precipitate gppears during the first minutes of irradiation,
presumably W(CO)s (H20) and the reaction fails. The absence
of the pyridyl ligand in the irradiation step is essential
for two reasons. First, some pyridyl ketones are
photochemically reactive and, second, ¢this method, as has
been reported,®® leads to replacement of only one CO

molecule and formation of Pentacarbonyl Tungsten(0)
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complexes. Purification is achieved by column
chromatography and, when possible, recrystallization.

All the complexes studied are yellow solids, except
Pentacarbonyl [1-(4-pyridyl) pentanone] Tungsten(0) which is
a deep orange o0il. They all decompose at temperatures
ranging between 70 and 130°C yielding brown-reddish oils.
Only Pentacarbonyl (4-cyanopyridine) Tungsten(0) seems to be
stable since it can be recovered after melting.
Nevertheless, all these complexes give interpretable mass
spectra, including the molecular ion peak; the rest of the
spectrum is dominated by the ligand fragmentation pattern as
well as peaks corresponding to the original complex losing
successive CO molecules. Proton and Carbon-13 nmr spectra
are also conclusive about the complex identity. Finally,
visible light absorption spectra match precisely the spectra
cited in the literature for those of the complexes having

been synthesized before by other researchers.
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Spectroscopic Studies.

Absorption and emission spectra were recorded in both
benzene and methylcyclohexane for all the compounds studied.
Table 13 lists the absorption and emission data. Figure 24
displays representative absorption and emission spectra for
Pentacarbonyl [1-(4-pyridyl)pentanone] Tungsten(0). In
agreement with previous observations for a solvent-
sensitive, MLCT 1lowest excited state, qll the complexes’
absorption spectra show a solvent dependent long wavelength
feature. In the less-polarizable methylcyclohexane, a
separate peak is observed at the long wavelength side of the
solvent insensitive peak at approximately 402 nm; the two
merge as one moves to the more polarizable benzene.80.69

Emission was recorded in fluid solution at room
temperature. Eventhough emission maxima tend to be
insensitive to solvent polarity, the emission spectrum
overall becomes broader in the less polar methylcyclohexane

with a broad shoulder on the blue side of the maximum

emission.
Photochemical Studies
Photoproduct Identification. Mass Balance and Cross-

coupling Experiments.

Irradiation of four freeze-pump-thaw, degassed and
hermetically sealed W(CO)s(4VP) solutions in both benzene
and methylcyclohexane at 313 nm, 410 nm or 490 nm resulted

in change of the solution color from orange-yellow to deep
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Figure 24. Absorption spectra of W(CO)S(AVP) in benzene at
2.3 10-4 M ( ) and in methylcyclohexane at 1.4 IO-A M (- --).
Emission spectra of W(CO)5(4VP) in benzene (-.--- ) and in

methylcyclohexane (-----...). Concentrations between 10"S and 10_4 M.
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red. HPLC analysis gave two product peaks. The first
product was initially identified as W(CO)s by comparing its
HPLC retention time with an authentic sample. At longer
conversions, upon longer irradiation, a white product
precipitated out of sdlution. It was collected and
identified as W(CO)e by mass spectrometry. Finally, a C-13
nmer spectrum of this product gives a peak at 191 ppm
downfield from TMS, identical to the peak given by a neat
sample of W(CO)e.

The product responsible for the colbr change was
isolated by column chromatography/recrystallization (for
details, look at the experimental section) and identified as

cis-Tetracarbonyl bis[1-(4—pyridyl)pentanone] Tungsten(0)

(cis-W(CO0)a (4VP)2). Figure 25 displays the absorption
spectrum of the compound in both benzene and
methylcyclohexane; these spectra are identical to the
spectrum reported by Lees for cis-W(CO)«(4-

benzoylpyridine)z.%8 Figure 26 displays the Infrared
spectrum of this compound, consistent with the assignment of
the cis-geometry.?¢ The peak at 1695 cm-! corresponds to the
two equivalent ketone carbonyls of the ligands, while the
strong peaks at 1990, 1880, 1855, and 1810 cm~! correspond
to the CO’'s coordinated to Tungsten. Figure 27 displays the
protonldecoupled Carbon-13 nmr spectrum; two peaks of equal
intensity appear at 205 and 213 ppm. As has been
reported®S, peripheral carbonyls coordinated to zero valent

metal centers appear between 180 and 220 ppm, while bridging
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Figure 25. Absorption spectra of 1.9 10 " M c1s—W(CO)4(&VP)2

in benzene ( ). (- - -): absorption spectra of

cis—W(CO)A(QVP)2 in methylcyclohexane.
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carbonyls appear between 220 and 240 ppm. Thus, any kind of
bridging is excluded. Trans-geometry is also excluded since
all four carbonyls would be identical and, therefore, only
one signal for the coordinated carbonyls would be observed
in the C€-13 nmr spectfum. Finaliy, Figure 28 provides
further verification that the ligand is not involved in any
internal ligand photochemical reaction, but it is
transferred from the reactant (W(CO)s(4VP)) to the product
(cis-W(CO0)a(4VP)2) intact.

Table 14 gives the mass balance data for irradiation
(Airr>400 nm) of Pentacarbonyl [l1-(4-pyridyl)pentanone]-
Tungsten(0) in benzene in two cases, i.e., degassed normally
with four freeze-pump-thaw cycles and under 2 atm. of carbon
monoxide. In the latter case, the sample remains yellow and
W(CO)s is formed as a white precipitate.

Parallel irradiation of an almost equimolar solution of
W(CO)s(4VP) and W(CO)s(4BP) in benzene resulted in the
formation of three products besides W(CO)s as analyzed by
HPLC. Two of these correspond to the Tetracarbonyl products
observed in the irradiation of each compound separately.
The middle product, formed in a yield equal to the sum of
the yields of the other two products, corresponds probably

to cis-W(CO)¢(4VP)(4BP). Table 15 summarizes these results.
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Table 15. Cross—Coupling Experiments for W(CO)s (4VP) and
W(CO)s (4BP) Irradiated Together.®

Area W(CO)s (4VP): 446173
Area W(CO)s (4BP): 656522
Area cis-W(CO)¢(4VP)a: 19274
Area cis-W(CO)« (4VP)(4BP): 49735
Area cis—W(CO)« (4BP)2: 30617

aHPIC analysis, detector at 402 nm; A irr > 400 nm;
results after irradiation.

The 1:2.5:1.5 ratio of the tetracarbonyl products
represents statistical ratio since the two reactants were in

1:1.5 ratio initially.

Comparison of the Photobehavior of W(CO)s(4VP) with other

Pentacarbonyl Complexes of Tungsten

Stability of the Photoproduced Tetracarbonyl Complexes.

Two methods were employed to verify that other
complexes like W(CO)sL, where L is a substituted pyridyl
ligand, behave photochemically similarly to W(CO)s (4VP).

The first method 1is to compare the Uv-Visille
absorption changes of the complexes wunder visible light

irradiation. The second method involves comparison with



98
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