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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

penteammine and bis(2,2'bipyridine) complexes were chosen.

The rate of the Internal Conversion of the Internal Ligand

ns‘ excited state of coordinated pyridyl ketones was

estimated by varying the reactivity of the pyridyl ketones

towards the Norrish Type 11 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 ns‘I Internal Ligand

excited state in [Ru(NHs)s(4-pyridyl ketone)]3* is 5‘4.0 107

sec“, and in cis—[Ru(hipy)z(4-pyridyl ketone)2]3’ is 2.9

10° sec’l; (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 I system.

Efforts to transfer the same approach for the Internal

Conversion rate estimation in 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)2. This reaction has been

overlooked in the chemical literature 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(C0)s

intermediate attacks a ground state molecule from which it

abstracts a CO molecule to give W(CO)s and a W(CO)4(4-

pyridyl ketone) intermediate that eventually finds a 4-

pyridyl ketone molecule in the solution to give cis-

W(CO)4(4-pyridy1 ketone)2. The presence of 4-pyridy1 ketone

in the irradiated solution quenches the tetracarbonyl



product formation more efficiently at longer irradiation

wavelengths‘ (Xsrr>400 nm) than at shorter irradiation

wavelengths (Air: 400 nm). At higher energy irradiations

(~400 nm), loss of CO becomes competitive with 4-pyridy1

ketone loss, and another mechanism through the direct

formation and trapping of a W(CO)4(4-pyridy1 ketone)

intermediate becomes important; the main reaction path,

though, remains the one through loss of 4-pyridyl ketone.
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Electronic Transitiongiggnd Photochemistry in Transition

Metal Complexes.

The excited state behavior of transition metal

complexes having at least one conjugated ligand (i.e.,

ligand with low lying 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 Cav field which illustrates the three types of

electronic transitions,1 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. Simplified molecular orbital diagram of a d6 pyridyl

ketone complex:.A. pyridyl ketone; B. orbitals resulting from the

mixing of metal and antihonding ligand orbitals,t1-back bonding

is not considered; C. metal orbitals in the presence of a

distorted octahedral field; 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

l for example, electron transfer from the t2; non-bonding

orbitals to the a; antibonding orbitals weakens the bonds

between the metal and its ligands 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 ligands 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, reported2 the reduction

of 4—acety1pyridine (4AP) to l-(4-pyridyl)ethanol in fee-

[Re(CO)3(4AP)zCl] by MLCT excitation in the presence of

triethylammine. Whittenaa, 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 Zink3 who attributed the potential

reactivity of the MLCT excited states to different ligand

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 factors. In some cases, by varying the

ligand substituents and/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

summary 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 Rmthenium(II) Complexes.

Interest in the photochemistry of Ru(II) complexes has

been considerable in recent years5'5v7'3 and has been

spurred by the discoveries that excited states of certain

Ru(II) aromatic amine complexes can undergo either energy

transfer9 or electron transfer with the appropriate

substrates.1° There have been assigned four types of

electronic transitions, i.e., charge transfer to solvent

(CTTS) and Ligand Field (LF), in the case of

[Ru(NHs)s]‘-’*,11'12 as well as Metal to Ligand Charge

Transfer (MLCT) and Internal Ligand (IL), in the cases of

[Ru(NHa)s(py-x)]2* and cis-[Ru(bipy)2(py-X)2]2* (pr-x =

substituted pyridine). The latter two are more intense and

obscure the other two transitions.13 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 internal ligand reactions.

Aqueous solutions of [Ru(NH3)s]2* at pH=3 irradiated at

Airr>3l3 nm, yield both oxidation (0Ru(III)) = 0.03 1 0.01)

and equation, i.e., photosubstitution (an = 0.26 i 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.H 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 [Ru(NHa)s(py)]2+ in

aqueous solution at wavelengths shorter than 334 nm gives

both photoaquation and photooxidation. The major absorption

band in this region is the IL 1->1‘ 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

detected, only photoaquation and a low quantum yield (~10‘4)

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.12»15-1° Since the LF

states are much less affected by substituents on pyridine

than are the MLCT stateslz, choice of an appropriate

electron-withdrawing group should give a lowest energy MLCT

state. Complexes like [Ru(NH3)s(4-acetylpyridine)]2* and

[Ru(NHa)s(isonicotinamide)lat, with Anax(utcr) longer than
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~460 nm, are significantly less reactive than

[Ru(NHa)s(py)]2* when irradiated at their Anax(cr), with

wavelength dependent O 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 Anax(xtcr>

is ~460 nm.

Finally, the only example of an Internal Ligand

reaction for the Ruthenium Pentaammine system involves the

Type II cleavage of 3- and 4-va1ery1pyridine coordinated to

Ruthenium(II) according to equation (1).17

313 O

[Ru(NHslsNM“ I” -----::——>[Ru(NHs)sN@—< l“ t N (1)

CHsCN

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 sac‘1 for the rate of the internal

conversion of the nr‘ IL excited state to lower LF and MLCT

states.17

Another large class of Ruthenium complexes includes the

Ruthenium polypyridyl complexes, the chemistry of which

started with the synthesis of [Ru(bipy)3]X2.nH20 by

Bursta111° (bipy = 2,2'bipyridine) in 1936, but it attracted

little interest until 1959 when Paris and Brandtl’

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)3]2* that

strongly supported a d1‘20'21'22'23-24 heavy-atom

perturbed25 spin forbidden process as the basis for the

observed phenomenon. [Ru(bipy)3]2*, once thought to be

photochemically inert, has been provenN-z'“28 to be

photochemically active, giving products according to

equation (2).

hr

[Ru(biP¥)s]Xs ----- ) [(bipY)sRuX(bipy))X ----> [(biPY)aRuX2] + bipy (2)

For the salt [Ru(bipy)a](NCS)2, O in dichloromethane

was measured as 0.068 at 25°C. The proposed mechanism“8 is:

initial excitation leads to a charge-transfer state largely

triplet in character. The CT state undergoes thermal

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 five coordinate intermediate, which captures

a sixth ligand (either solvent or an anion held close to the

activated metal .centar by ion-pairing) or chelate ring

closure to return to [Ru(bipy)3]2*. The apparent

photochemical stability of [Ru(bipy)a]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+ i(py=pyridina) has

been shown to be of synthetic value29 and both photochemical
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cis (----> trans isomerization and 0104- oxidation have been

observed for cis-[Ru(biPY)2(Hzo)2]2*.3°

Internal ligand photochemical reaction from cis-

[Ru(bipy)2X2](BF¢)2 complexes has been reported by Whitten

and Zarnegaral'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 cis- 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. Nhitten33 demonstrated that visible wavelength

irradiation of some samples of the complexes cis-

[Ru(bipY)2(4,4'-(ROOC)2bipy)lat (R=dihydrocholesterol and

octadecyl) under special experimental conditions, causes

photoinduced cleavage of H20 into H2 and 0;. Thus,

attention was focused on other possible candidate complexes

like bis(2,2'bipyridine) Ruthenium(II) complexes possessing

a third, strong-field bidentate ligand for continuing

studies in this area. Species like

[Ru(bipy)2(phen)]2*.3"3s [Ru(bipy)2(bipy-)l2+ 3"37 and

[Ru(bipy-)a]2+ 36 (phen=l,lO-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)3]2+ cemplex

(higher quantum yields for H2 evolation, etc.).3° Certain

binuclear species like [Ru(bipy)2(bipym)Ru(bipy)z]‘* have

been reported3°i37 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 («2), which was found to be small,

supporting the suggestion that electronic coupling between

sites is weak.39 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*.‘°

Resonance Raman Spectrogcopy of Trgnsition Metml Complexem.

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.‘1 The innovation in the field came in 1979 when

Woodruff reported‘2»‘3 the Raman spectrum of the MLCT

excited state of [Ru(bipy)a]2*. This spectrum is identical

to the spectrum reported by Wrighton“ four years later for

fac-[Re(CO)a(bipy)Cl], and both are almost identical to the

2,2'bipyridine anion radical Raman spectrum.‘3 The
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implications of these results are overwhelming. It proves

that the electron is localized 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)3]2* is long lived and, therefore,

delocalization would have plenty of time to occur? On the

other hand, [Ru(bipy)3]2* in 1:1 (v/v) water/glycol

mixtures, above and well below the glass-forming

temperature, led to a disappearance of the discrete

frequencies observed in liquid solutions and replacement by

a broad scattering.‘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 Cambonyls.

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 195141.49 opened the route for the

preparation of many pentacarbonyl species by the

photochemical substitution of CO by some donor (eg.

pyridine, PPha, pentene).“9 Many early50'51'52'53 and

recent54-55'55-57 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)5 which coordinates weakly with

a ground state molecule through the carbonyl oxygen as in

(CO)5N-OC-W(CO)5.55'55 Since this thesis concerns pyridyl

complexes of Tungsten, an extensive review of the

photochemistry of pentacarbonyl- and tetracarbonyl-

(substituted pyridine) Tungsten(O) complexes is presented

below.

Complexes of the general formula W(CO)5L, where L is a

nitrogen donor ligand, have interesting and interrelated

spectroscopic and photochemical characteristics. They

luminesce is both rigid glasses at 770K53'59'50 and in

solution at 298°K,°3'59 the emission having been assigned to

either a 3E ---> 1A1 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: 4Cpr),

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

lowest excited state,°° in analogy to previous findings for

[Ru(NH3)5L]2+ complexes.14:16
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In general, complexes of the type ”(CO)5L are supposed

to react according to Scheme 1. Adamson and Lees

M

W(CO)5 + L (3a)

hv

W(CO)5L ------ > Cev-[W(CO)4L] + co (3b)

Cs-[W(CO)4L] + CO (3c)

reported,61 based on room temperature flash photolysis data,

that the primary photoproduct from W(CO)s(4AP) is the same

obtained from W(C0)e and they assigned the structure W(CO)sS

(S=Solvent). The Cs-[N(CO)4L] species seems also to exist

based on IR data.55 Cs-[W(CO)4(pyridine)] is formed and has

been detected after short wavelengths of irradiation (229

and 254 nm) in an Ar matrix at 100K. No experimental

evidence has ever been collected for the Csv-[N(CO)4L]

species. Its existence has only been suggested; and since

the only tetracarbonyl Tungsten(O) complexes ever isolated

are of the cis- geometry, it has been proposed"2 that Gov.

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)5L in the presence of L or another

entering group like 1-pentene or ethanol as an intermediate

trapper. The photochemistry of W(CO)sL in the absence of an

entering ligand has been assumed complicated63 and never

carefully studied. In order to verify the mechanism of

Scheme 1 for CO substitution in W(CO)5L accounting for cis-

W(CO)4L2 formation, Wrighton investigated the entering group

concentration effects on photosubstitution in N(CO)s(pip’°‘

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

Table l. Entering group concentration effects on photosubstitution of

N(CO)s(pip) in benzene at 25°C.

 

 

Entering group, (H) Product A trr,nl Relative Q.Y.

piperidine, 0.025 cis-N(CO)c(pip)z 366 1.10

piperidine, 0.25 cis-N(CO)¢(pip)z 366 1.00

piperidine, 1.00 cis-N(CO)¢(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

Nrighton6‘ 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 C0 and L in

W(CO)5L.

Internal ligand photochemical reaction, as in the case

of cis-[Ru(bipy):(4-styry1pyridine)2]2*.31:32 has been

observed in N(CO)s(4—styry1pyridine) too.65 According to

Nrighton, this reaction is an example of a photoassisted

reaction.66 The photoreactions of W(CO)s(Pyridine) and

N(CO)5(4-styrylpyridine) in 3.66 M l—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.

1gb}; 2. Quantum Yields for Photoreactions of N(CO)5L Complexes'

in;
436 nm

"(60):?! --------- ) W(CO)s(l-pent) 0.63 (4)0

436 nm

W(CO)spy --------- ) cis-"(CO)¢(PY)2 0.002 (5)c

436 nm

N(CO)s(t-4-styPY) --------- > "(CO)s(l-pent) 0.16 (6)°

436 nm

N(CO)s(t-4-stypy) --------- > H(CO)s(c-4-stypy) 0.49 (7)D

 

'py = pyridine, l-pent = l-pentene, 4-stypy = 4-styry1pyridine.

.0 measured at room temperature in the presence of 3.66 M 1-pentene.

isooctane solvent.

‘0 for formation of cis-"(CO)¢(py)a at room tem erature i

°f 0'25 M PYridine in isooctane. p n presence
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The cis-W(CO)¢L2 complexes have been prepared utilizing

equation 3b, as has been explained above, by photolyzing

W(CO)5L in the presence of LAM-3'"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.°7 The 2980K emission centered in the 550-700 nm

region is sensitive to the nature of the pyridyl ligand

substituents and emission quantum yields range from 1.0 x

10“ to 56 x 10“.68 The W -—--> L CT state is virtually

unreactive; eg. cis-W(CO)4(4eformylpyridine)2 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)4L2 occurs with a 436 nm irradiation quantum yield

of ~0.4.°°

Kinetics.

In order to elucidate the excited state processes in a

certain photochemical reaction, it is 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 any

unimolecular photochemical reaction originating from the

triplet state is as follows:

amsuLz.

be

GS ------ > 188‘ creation of singlet excited state

OtisC)

lES‘ -------- > 383‘ Intersystem Crossing of excited singlet

to triplet state

kr

388' ------ > intermediates

s

Intermediates --------- > Products; e: efficiency with which

intermediates yield products

Rs

388' ------ > GS radiative decay to CS (phosphorescence)

ks

388' ------ > GS radiationless decay to CS

he

388' + Q ------ ) GS bimolecular deactivation process (quenching)

GS = Ground State

ES = Excited State

The quantum yield of a product is

.(prwadu<:t) = .(IEBC))(¢XFN:pr11du<:t) ; (8)

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) = --------------- (9)

In the presence of an externally added quencher Q:

P(product) = ----------------------- (10)

kr + kp + lid “1" kq[Q]

Therefore, the Quantum Yield in the absence of a quencher

is:

“a _ . kr

- (13¢)xax —————————————————— (11)

kr+kp+kd

In the presence of a quencher:

O = 0(xsc)x¢x ----------------------- (12)

kr + kp + kd 4" kqlol

The Stern—Volmer equation70 is obtained from (11) and (12):

00/0 = 1+qu [0] . (13)

r is the lifetime of the excited state and is defined as

r = (kr + kp + ka)‘1
(14)

From equation (13), a plot of 90/. versus [Q] gives a

straight line with a slope qu. 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 CS or to products, Scheme 2 is modified to Scheme

3.

Scheme 3

hv

GS ------ ) ES

.(xsc)

188'“I -------- > 388’

kr

385' + S ------ > Intermediates; S: Substrate reacting

w1th the excited state

a

Intermediates ------ > products; a: efficiency with

which intermediates yield products

l-s

Intermediates ------ > GS + S

kp 4* Rd

388‘ ----------- > GS

kq

3ES* + Q ------ > GS + Q

The product Quantum Yield in the absence of a quencher

is:

G kr[S]

“(product) = .(ISC) --------------------- (15)

krIS] + kp + ka
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Eq. (15) and the product quantum yield in the presence of

external quencher is:

.(product) - O<st) ---------------------------- (16)

k:[S] + kp + ks + quQ]

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

equation:

4 0/0 = l+qu[Q] (17)

where r = (kr[S] + kp + ka)‘1 (18)

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

0’1 and [S]‘1:

kp+kd

1/0 = (OcisC) a)’1 x (l + -------------- ) (19)

kr[S]

Dividing the slope by the intercept of equation (19) gives

(kp+ka)/kr which can be substituted into (18) along with the

value of 7 determined from Stern-Volmer quenching studies

(17) to obtain the values for (kp+ka) and kr.

Nhen the irradiated substrate is a metal complex, the

triplet excited state (388‘) 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-va1erylpyridine) 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, i.e., ligand loss from the LF

excited state is another unimolecular process and fits also

the Scheme 2, where we separate two cases.‘ If LF is 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

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, i.e., the one obtained 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 used to estimate the rate of internal

conversion from the IL upper excited state to lower excited

states in coordination compounds.17 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](BF4)2 (X = pyridyl ketone able to

give Type II reaction).

Second, we focused on Tungsten complexes like W(CO)5(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 Internal 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 II reaction, giving instead ligand 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(O) 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 Hoodruff’s model for complexes

like cis-[Ru(bipy)2L2]2+ or [Ru(bipy)2(bipym)]2+ or

[Ru(bipy):(bipym)Ru(bipY)214*. Clues are drawn about the

origin of the MLCT excited state localization in Woodruff’s

model.
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Photoredmction of ggtgnemmby Tetrmhydrofummm.

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 appears 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, is consistent with the assignment of 2-(2:

tetrahydrofuryl)acetaldimine (THFCHaCN) 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 go 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 808 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
O H Ph

lw O

H 43> WWW wig) . W + .244
OH

DTHF THFCH3CN l-Phenyl-l-(Z- p—(Z-tetrahydrofuryl) acetophenone

tetrahydrofuryl) acetophenone pinCCOl

ethanol

Benzophenone, 4—acetylpyridine and 4-benzoylpyridine

were irradiated in acetonitrile only and were found to yield

THFCHaCN 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 THFCHaCN. Plots of 0'1 products vs. [THFJ'1 (Double

reciprocals) for both products analyzed are shown on Figures

2-6. The intercept of these double reciprocal plots is

equal to Onax'l, 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 kc and kp

constants of Scheme 3). Table 3 shows the intercepts as

Casx'l 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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DTHF
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Figure 3. Double reciprocal plot for(I)B%HF ([25) vs. [THF]—1 in

the photoreduction of acetophenone by THF in benzene.
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Figure 4. Double reciprocal plots f°r(I>DIHF ((:)) and(I)TEFCH3CN

([:]) vs. [THF].1 in the photoreduction of benzophenone by THF in

acetonitrile.
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[THF]“ (M-ll

.

'

-l
-1Figure 5. Double rec1proca1 plots f0r(I>DTHF ((:)) and<I>THFCH3CN

([:]) vs. [THF].l in the photoreduction of 4—acety1pyridine by THF

in acetonitrile.
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—1Figure 6. Double rec1proca1 plots for(I.)DTHF ((:)) and <I)THFCH3CN

([:]) vs. [THF]-1 in the photoreduction of 4—benzoy1pyridine by THF

in acetonitrile. ([23) correspond to the corrected Double reciprocal

plot for DTHF (see text).
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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-reciproca1 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 lower than the

quantum yields of octahydro-2,2'bifuran in the cases of

phenyl ketones, while exactly the opposite happens in the

case of pyridyl ketones. It is also noteworthy that the

quantum yields of 2-(2-tetrahydrofury1)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

pentaammine 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

detected 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.).

gmthenimm Complexes.

A full list of all the ligands used 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.

Rmthenium, Pentaammine Complexes.

They were prepared by the procedure shown in Scheme

5.15.15
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Scheme 5.

reflux

[Ru(NHs)s]C13 + HCl > [Ru(NH3)sCl]C12
 

AgzO, CF3COOR

 [Ru(NH3)sC1]C12

in H20

Under Argon

l) Zn-Hg

2) py-X

3) NHe-BFs

 
v

[Ru(NH3)5(PY‘X)](BF4)2

Reduction and complexation were accomplished in a continuous

process as is described in detail in the Experimental

Section. Pentaammine 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'1 cm’l. Further verification of the

compound identity is given by the proton nmr spectra.76 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‘l.77 Free ligand present in the complexes was

less than 0.01% by g.c.

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

They were prepared by the procedure shown in Scheme

6.78.79

Scheme 6.

RCl/Hzo

K3[RuCle] > [bidenH][Ru(biden)Cla] H20

pH ~ 1.1

2 biden

 

l) DMF/reflux

2) MeOH/H20,ref1ux

3) LiCl

1

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

 

l) H20/MeOH,py-X

reflux 6 hrs.

2) NHeBFs 
V

cis-[Ru(biden)2(PY‘X)2](BF4)2

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

3

l
l

1 for biden 1.10-Phenanthroline

2 for biden 2,2'bipyridine:
3 l
l
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Reflux in DMF brings the bidentate ligand 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)2Cl(H20)]* which is precipitated as cis—

[Ru(biden)2C12].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).73'79

The two chlorine atoms can easily be removed from the first

coordination sphere and the his (pyridyl) complexes can be

prepared. The relatively long reflux needed is probably due

to the low solubility of the cis-[Ru(biden)2C12].nH20

complexes. All the bis(2,2'bipyridine)-bis(substituted

pyridine) Ruthenium(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'l cm‘l. Further verification of the

complex identity is given as in the case of their

pentaammine . counterparts by the proton nmr spectra.

[Ru(bipy)s](BF4)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](BF4)2,

though, exhibits a complicated aromatic region similar to

cis-[Ru(bipy)2C12].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. In the IR spectra of all

the compounds, we see the BFa' absorption (1200-900 cm’l).77

Free ligand present in the complexes was less than 0.013 by

g.c.

uthenimm Porpmyrines.

Ruthenium Porphyrines were synthesized by the procedure

given in Scheme 7.30-31-82

flamyLl-

reflux in

toluene

Porphyrine + Rua(CO)iz a: RuPorphyrine(CO)(solvent)

under Argon .

 

  

 

  

 

l) hv,pyrex filter

in Benzene/THF

ligand,ref1ux

in Benzene 2) Ligand

RuPorphyrine(CO)(ligand) RuPorphyrine (ligand):

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).3° This weak ligand 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)2, we modified the literature method by

which RuPorphyrine(pyridine)2 has been prepared.3°-32 CO is

removed photochemically in the presence of pyridine. In our

case, the pyridyl ketone ligands are photochemically

reactive, so RuPorphyrine(CO)(solvent) was irradiated in the

presence of THF so the highly reactive intermediate

RuPorphyrine(THF)2 is presumably formed and subsequently

added to the free ligand. The desired RuPorphyrine(ligand)2

is immediately formed. Decisive proof about the compound

identity has been given by proton nmr and IR spectra.

Spectromcopic 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. In 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 literature 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"1 region, characteristic of the

O-H stretching vibration. For the pantaammine complexes,

this IR band is not conclusive about the existence of

crystallization water since N-H vibrations are expected in

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°11.85a 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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Figure 7. Absorption spectra in acetonitrile of 4PhBP (- ---)

at 7.4 1074 M, 4PhBP.HC1 (~~--) at 5.2 10-4 M,

-5

3)5 4)2 ( ) at 6.8 10 M and

A

cis-[Ru(bipy)2(4Pth)2](BF4)2 (— - —) at 1.2 10‘ M.

[Ru(NH (4PhBP)](BF  
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methanol/ethanol glass at 770K 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-diazaf1uorene; the implications and conclusions

extracted from these spectra are discussed later in the

Discussion Section.

Esme-.2 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)3]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-acetylpyridine.

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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Figure 10. Emission spectra of 4PhBP (— - —), 4PhBP.HC1
 

F—), Cis—[Ru(bipy)2(4PhBP)2“8174)2 ( ----- ), [Ru(bipy)3](BF[‘)2

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

Concentrations between 10—5 and 10-4 M. Excitation at 300 nm.



52

 

   
 

 

E \

E \.
o \

s k.
C

\.

E \
\

\
1

\X

\.

\.

\\~

460 590 600 700 800

Wavelength, nm

Figure 11. Emission spectra of 4EsterBP (- — —), 4EsterBP.HC1

(——-—). cis—[Ru(b1py)2(4EsterBP)2](BF4)2 ( ----- ) and [Ru(bipy)3](BF‘4)2

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

between 107‘5 and 10—4 PL Excitation at 300 nm.
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 Figure 12. Absorption spectra in acetonitrile of bipy ( ) at

1.2 10-4 M and 4,5-diazafluorene (- — —) at 8.3 10-5 M.

Emission spectra of bipy ( ----- ) and 4,5-diazaf1uorene (------) in

1:1 (v/v) ethanol/methanol glass at 77 °K. Concentrations in the

range of 10"5 to 10-4 M. Excitation at 300 nm.
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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 spectrum88 similar to the 4-acetylpyridine anion

radical while the Pentaammine pyridine88 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.

Intramplecmlmr Photoredmction.

The Intramolecular Type II photoreduction of efree

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(NHa)s(4AP)](BF4)2, cis—[Ru(bipy)2(4AP)2](BF4)2 and cis-

[Ru(phen)2(4AP)2](BF4)2 complexes on the intramolecular

photoreduction of butyrophenone was also studied. These

results 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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Photoprodmct Identifipmtion.

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).

313 nm
_

R NH ) (4PhBP)](BF )2 --------- > [Ru(NHs)s(4AP)](BF¢)2 + (20)

[ II( 3 ‘ ‘ CRsCN ©—\

313 nm

cis-[Ru(biPY)a(4PhBP)a](BF4)
2

-------- )

CRsCN

cis-[Ru(biPY)s(4PhBP)(4AP)](
BFo)z + ‘<:>fwg (21)

313 nm

RuPorthyrin(4PhBP)a --------- > RuPorphyrine(4PhBP)(4AP) + <:>rw§ (22)

CHaCIs

313 nm 0

[Ru(NHa)s(4EsterBP)](BIN): ------------ > [Ru(NHo)s(4AP)](BF¢)2 + M (23)

CRsCN
O

313 nm

cis-[Ru(bipy):(4EsterBP):](B
Fc)a

-------- > cis-[Ru(bipy):(4EsterBP)(4AP
)](BF¢)2

CHsCN

cis-[Ru(bipy)a(4EsterBP)(4AP
)](BFa):

+ if g_;; (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 5-10% 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)z(4EsterBP)2](BF4)2 was analyzed

before and after irradiation for 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 dissociation 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](PFs)2 by refluxing the complex in
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n-butyronitrile in the presence of triphenyl phosphine for

24 hrs.32 Efforts to repeat Whittenfs 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.

I;§13_§. Mass Balance Experiment for styrene and 4AP been produced in the

Type II cleavage of cis-[Ru(bip¥)a(4PhBP)al(BF¢)a.'

 

 

Reflux solvent time,(hrs.) [styrene],(M) [4AP],(M)

acetonitrile 24 - 0.00168 0.000590

n-butyronitrile 24 0.00164 0.0000743

 

'[complex] 8 0.02 M, [PPhs] = 0.2 M.

Finally, in agreement with previous observations,85c

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

complexes remain unaffected by prolonged irradiations.

Figure 13 illustrates this phenomenon for the two

pentaammine Ruthenium complexes studied. The bleaching

(loss of optical density) becomes less effective as the

amount of a quencher, like ethyl sorbate, increases. Table

7 summarizes the data from Figure 13. No products have been

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

of 1.0 10-4 M [Ru(NH3)5(4EsterBP)](BF4)2 (top frame) and

S
7.5 10- M of [Ru(NH (4PhBP)](BF4)2 (bottom frame) in

3)5

acetonitrile. C'~--)= 2 hrs irradiation, 0.00920 einstein.

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



 

 

Table . UV-Vis absorption data of [Ru(flfls)s(4PhBP)](8F4)z. cis-[Ru(bipy)a(4PbBP)s](3Fk)s.

[Ru(flflb)s(48sterBP)](8Fh)z and cis-[Ru(bipy)z(4EsterBP):1(8F4)a upon irradiation

 

 

at 313 nm.

Complex Time of irr. Amount of light Ismaa, (A) Asia

(hrs.) (einstein)

[RU(NHs)s(4PhBP)](8Fc)z' 0 0.0 (507) 0.790 0.082

2 0.00920 (596) 0.056 0.086

6 0.0287 (593) 0.047 0.084

cis-[Ru(bipy)2(4PhBP)](Bl-"4)2b 0 0.0 (422) 0.336 0.342

6 0.0287 (422) 0.256 0.313

12 0.0829 (422) 0.251 0.311

[Ru(NHs)s(4Bster8P)](8F4)2c 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-[8n(bipy)z(48ster8P)](Bl-“4):d 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 10'9 M in acetonitrile.

° 2.6 10‘5 M in acetonitri1e.

c 1.1 10" M in acetonitrile.

‘ 2.8 10‘5 M in acetonitrile.
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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](BF4)2 and from

RuPorphyrine(4PhBP)2 were obtained using 0-

methylbutyrophenone and o-methylvalerophenone actinometry9°

due to long irradiations necessary to build measurable

amounts of product. Table 8 displays the Quantum Yields

measured and Figures l4, l5 and 16 demonstrate the effect of

varying ketone (or complex) concentration on the Quantum

Yields.

Free pyridyl ketone Quantum Yields according to

previous observations°54'°1 increase linearly by increasing

the ketone concentration while hydrochloride salt quantum

yields seem to be insensitive to concentration variation.83d

Quantum Yields of Type II 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 n. is absorbed by the complex (o.n.>2). This

observation implies an intermolecular quenching effect, thus

justifying the experiments of quenching of butyrophenone by

Ruthenium Complexes described under "Quenching Studies”

below.
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Table 8. Quantum Yields and kg 7 values for 4PhBP, 4EsterBP, 4PhBP.HCl,

4EsterBP.RCl and the corresponding Ruthenium Complexes.‘

 

 

Compound k x 1) kg r‘I

4PhBP 0.42: 9.74 t 0.54!

4PhBP.HCl 0.093c 2.05h

[Ru(NRa)s (4PhBP)](BF4)2 0.014 t 0.001 6.89 1' 0.98

(4.99 i 0.01)‘

cis-[Ru(bipY)2(4PhBP)2](BF4)2 0.0072 t 0.0001 3.44 .+. 0.30

4EsterBP 0.41 i 0.04 167 1' 12.5

4EsterBP.HClf 0.096 31.5 i: 1.2

[Ru(NRs)s(4EsterBP)](BFI): 0.0051 1:0.0008 68.3 (52.6)1

cis-[Ru(bipY)2(4EsterBP)2](BF4)2 0.0017 i:0.0001 23.6 1:0.01

RuTPP(4PhBP)2b 0.000203

RuOEP(4PhBP)2b 0.000220

 

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

at 313 nm.

tMethylene chloride solvent.

“Estimated from Figure 14 for [4PhBP] = 0.020 M and for [4PhBP.RCl] =

0.020 M. '

“Average of two runs.

'[4EsterBP] = 0.021 M.

f[4EsterBl-".H(3l] = 0.030 M.

‘[4PhBP] = 0.040 M, 2 runs.

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

‘For nudaers in parentheses, see text: eq. 25.
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Figure 14. Effect of ketone concentration on the Type II products
 

quantum yield. Ketones irradiated at 313 nm in acetonitrile.

(.): 4PhBP; (I): 4PhBP.HC1. (O) and (D) correspond to

quantum yields corrected for partial light absorption by the ketone.
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Quenching Studies.

Stern-Volmer quenching of the Type II 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 10%, and the

qu 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;‘ qu values reported on Table 8 are the slope

values only. The numbers in parentheses cited next to these

values are the qu values calculated through the modified



 

 

 

66

   
02 ' 02 ‘ 36

[ethyl sorbate], (M)

Figure 17. Stern Volmer plots for 4PhBP ((:)) and for 4PhBP.HC1
 

([:]) in acetonitrile.
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Figure 18. Stern Volmer plots for 4EsterBP ((:)) and
 

6EsterBP.HC1 ([:]) in acetonitrile.
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Figure 19. Stern Volmer plots for {Ru(M5)5(4HIBP)](BF4)2 (O)

and for cis—[Ru(bipy)2(4H18P)2](BF4)2 (D) in acetonitrile.
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Figure 20.
 

002 ' 0.04 ' 0.06

[ethyl sorbate], (M)

Stern Volmer plots for [Ru(NH3)S(4ESterBP)](BF4)2

(C1) and for cis—[Ru(bipy)2(l+EsterBP)2](BFA)2 (O) 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.

l-O°/0

[01

 kg!’ (25)

Stern-Volmer quenching studies were also performed

using as quenchers the [Ru(NR3)s(4AP)](BF4)2, cis-

[Ru(bipy)2(4AP)2](BF4)2 and cis-[Ru(phen)2(4AP)2](BF4)2

complexes to quench the intramolecular Type II

photoreduction of butyrophenone. The purpose 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 II

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., is 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

complexes were kept low. It was found that Ruthenium

complex 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)](BF4)2 and by cis—

[Ru(bipY)2(4AP)2](BF4)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](BF4)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](8F4)2. qu

values calculated from the corrected curves for each complex

are cited in Table 9.
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‘ 0002 I 0.004 ' 0006 ' 0.008

[[Ru(NH3)5(4AP)](BFA)2 1. (M)

Figure 21. Stern Volmer plot for butyrophenone quenched by
 

[Ru(Nl‘l3)S(5AP)](BF4)2 . (O): uncorrected curve. (.): curve

corrected for partial light absorption by the ketone.
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 I

0.002 I 0004 0006

[ cis—[Ru(bipy)2(4AP)2](BFA)2 ]. (M)

Figure 22. Stern Volmer plot for butyrophenone quenched by cis—

Ci5‘[RU(biPY)2(“AP)2“31:45 . Two runs. (0) and (A): uncorrected

curves; (.) and (A): curves corrected for partial light

absorption by the ketone.
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6
1
6
°

 

  
0.001 0.003 I 0.005

cis-[Ru(phen)2(AAP)2[(BFA)2 ], (M)

Figure 23. Stern Volmer plot for butyrophenone quenched by

cis-[Ru(phen)2(4AP)2](BF4)2 . (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( I 1) complexes .

 

 

 

Quencher Intercept slope(qu) slope/intercept

[Ru(NHs)5(4AP)](BFh)2 0.97 400 412

cis—[Ru(bipY)z (4AP): ] (Br. )2 1.42 527 371

1.40 365 261

cis-[Ru(phen)z(4AP)2](8F4): 0.78 203 p 260

Ruthenipp 2,2'bipyripidipe and Ruthenium-Osmium
  

2,2'bipyrimidingg bridged Complexes.

Compound Preparation gnd Identificption - Spectroscopic

Studies.

Ruthenium(II) tris (2,2'bipyrimidine) Chloride was

synthesized by the route shown on Scheme 8, a modification

of the literature procedure.36

&flmme£L

l) 3 bipym, DMF

RuCls ) [Ru(bipyl)3]C12

2) bipym, Eton/R20

 

bipym = 2,2'bipyrimidine
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[Ru(bipy)2(bipym)](BF0)2 and [Ru(phen)z(bipym)](BF4)2

were synthesized from cis-[Ru(bipy)2C12].ZHzO or cis-

[Ru(phen)2C12].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-[Os(bipy)2C12].H20 and cis-

[0s(phen)2C12].RzO) were synthesized by the literature

procedure according the Scheme 9.92

 

Sdm:329.

thdu:

NikOsCls > [Os(biden)zClz ]Cl

DMF '

sodium dithionite

in water

J.

[Os(biden)2C12]'H20

 

biden = bidentate ligand (2,2'bipyridine or 1.10-Phenanthroline).

Bimetallic complexes were synthesized according to Scheme

10.
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seam.

l) reflux in 1:1

(v/v) Rho/MeOE

[Ru(biden)z(bipym)](BFh): + 1.5[Os(biden)2012]'H20 9

2) NflcflFh

 

[Ru(biden):(bipym)0s(biden)2](BF4)4

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

2,2'bipyrimidine.bipy-

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

coefficients were found somewhat lower. Table 10 summarizes

our results in comparison to the literature ones when data

are available. 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 NRqBFq aqueous

solution) combined with the small scale preparation which

tend to give products containing substantial amounts of

NHqBFc. 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

complex identity.

Finally, Table 11 displays the emission data of the

complexes studied.

Rgggn Studieg.

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'1 to the red of the excitation line 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 Cgrbonyls.

ngpound Preppgption gnd Identificgtion.

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 listed in

Table 12.

Pentacarbonyl TunggtepLQ) Copplexes. 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.“"69

SdMnn LL

hv, pyrex filter Ligand

W(CO)s 4% W(CO)5(THF) > W(CO)5(Ligand)

THF,Aw

  

THF replaces one photochemically removed CO molecule

and THF is subsequently, after the end of the irradiation,

substituted by -a better ligand, like the substituted

pyridines used. THF has to be dry, otherwise, a white

precipitate appears during the first minutes of irradiation,

presumably W(CO)5(RzO) 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,°9 leads to replacement of only one CO

molecule and formation of Pentacarbonyl Tungsten(O)



T
a
b
l
e

1
2
.

C
a
r
b
o
n
y
l

C
o
m
p
o
u
n
d
s

o
f

T
u
n
g
s
t
e
n

(
O
)

a
n
d

t
h
e

A
b
b
r
e
v
i
a
t
i
o
n
s

U
s
e
d
.

 C
o
m
p
o
u
n
d

S
y
m
b
o
l

 P
e
n
t
a
c
a
r
b
o
n
y
l

(
4
-
A
c
e
t
y
l
p
y
r
i
d
i
n
e
)

T
u
n
g
s
t
e
n

(
O
)

P
e
n
t
a
c
a
r
b
o
n
y
l

(
m
e
t
h
y
l
-
i
s
o
n
i
c
o
t
i
n
a
t
e
)

T
u
n
g
s
t
e
n

(
O
)

P
e
n
t
a
c
a
r
b
o
n
y
l

(
4
-
B
e
n
z
o
y
l
p
y
r
i
d
i
n
e
)

T
u
n
g
s
t
e
n

(
0
)

P
e
n
t
a
c
a
r
b
o
n
y
l

(
4
-
C
y
a
n
o
p
y
r
i
d
i
n
e
)

T
u
n
g
s
t
e
n

(
O
)

P
e
n
t
a
c
a
r
b
o
n
y
l

(
4
-
B
u
t
y
r
y
l
p
y
r
i
d
i
n
e
)

T
u
n
g
s
t
e
n

(
O
)

P
e
n
t
a
c
a
r
b
o
n
y
l

(
4
-
V
a
1
e
r
y
l
p
y
r
i
d
i
n
e
)

T
u
n
g
s
t
e
n

(
0
)

c
i
s
-
T
e
t
r
a
c
a
r
b
o
n
y
l

b
i
s
(
4
-
V
a
l
e
r
y
l
p
y
r
i
d
i
n
e
)

T
u
n
g
s
t
e
n

(
0
)

R
e
x
a
c
a
r
b
o
n
y
l

T
u
n
g
s
t
e
n

(
O
)

W
(
C
O
)
5
(
4
A
P
)

W
(
C
O
)
5
(
M
e
I
N
i
c
)

W
(
C
O
)
5
(
4
s
z
y
)

"
(
C
O
B
(
4
C
p
r
)

W
(
C
0
)
s
(
4
B
P
)

W
(
C
O
)
5
(
4
V
P
)

c
i
s
-
W
(
C
O
)
4
(
4
V
P
)
2

W
(
C
O
)
6

 

84



 

85

complexes. Purification is achieved by column

chromatography and, when possible, recrystallization.

All the complexes studied are yellow solids, except

Pentacarbonyl [l-(4-pyridyl) pentanone] Tungsten(O) which is

a deep orange oil. They all decompose at temperatures

ranging between 70 and 130°C yielding brown-reddish oils.

Only Pentacarbonyl (4-cyanopyridine) Tungsten(O) 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-l3 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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§pectroscopic 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 [l-(4-pyridyl)pentanone] Tungsten(0). In

agreement with previous observations for a solvent-

sensitive, MLCT lowest excited state, all 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.°°'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.

linhmimmflufl.8hmfies

Photoproduct Identificgtion. 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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Emission spectra of W(C0)S(4VP) in benzene ( ————— ) and in
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red. HPLC analysis gave two product peaks. The first

product was initially identified as W(CO)6 by comparing its

HPLC retention time with an authentic sample. At longer

conversions, upon longer irradiation, a white product

precipitated out of solution. It was collected and

identified as W(CO)s by mass spectrometry. Finally, a C-13

nmr spectrum of this product gives a peak at 191 ppm

downfield from TMS, identical to the peak given by a neat

sample of H(C0)s.

The product responsible for the color change was

isolated by column chromatography/recrystallization (for

details, look at the experimental section) and identified as

cis-Tetracarbonyl bis[l-(4-pyridyl)pentanone] Tungsten(O)

(cis-W(CO)¢(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(4-

benzoylpyridine)2.‘5a Figure 26 displays the Infrared

spectrum of this compound, consistent with the assignment of

the cis-geometry.9‘ The peak at 1695 cm"1 corresponds to the

two equivalent ketone carbonyls of the ligands, while the

strong peaks at 1990, 1880, 1855, and 1810 cm'1 correspond

to the 00’s coordinated to Tungsten. Figure 27 displays the

proton decoupled Carbon-l3 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



91

 

-
_
_
-
—
—
-
-
-
d

I J

Y
O
p
t
i
c
a
L
D
e
n
s
i
t

  
  500

Wavelength, nm

Figure 25. Absorption spectra of 1.9 10_4 M cis-W(CO)4(4VP)2

in benzene (-————Q. (— - -): absorption Spectra of

cis-W(CO)4(4VP)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 spectrum. Finally, 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)5(4VP)) to the product

(cis-W(C0)¢(4VP)2) intact.

Table 14 gives the mass balance data for irradiation

(11rr>400 nm) of Pentacarbonyl [l-(4-pyridyl)pentanone]-

Tungsten(O) 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)6 is formed as a white precipitate.

Parallel irradiation of an almost equimolar solution of

W(CO)5(4VP) .and W(CO)5(4BP) in benzene resulted in the

formation of three products besides W(CO)6 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)6(4VP)(4BP). Table 15 summarizes these results.
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Table 15. Cross-Coupling Experiments fer W(CO)s(4VP) and

"(CO)5(48P) Irradiated Together.‘

 

Area W(CO)5(4VP): 446173

Area W(C0)s(4BP): 656522

Area cis-"(GO)4(4VP)2: 19274

Area cis-W(CO)4(4VP)(4BP): 49735

Area cis-"(C0)4(4BP)2: 30617

 

‘RPLC analysis, detector at 402 nm; l.1rr > 400 nm;

results after irradiation.

The l:2.5:l.5 ratio of the tetracarbonyl products

represents statistical ratio since the two reactants were in

121.5 ratio initially.

Comparison pig the Photobehgvior of "(CO)5(4VP) with other

Pentacarbonyl Copplexeg of Tungsten

Stability of the Photoprodpged Tetracarbonyl Complexes.

  

Two methods were employed to verify that other

complexes like W(C0)5L, where L is a substituted pyridyl

ligand, behave photochemically similarly to W(CO)5(4VP).

The first method is to compare the UV-Visille

absorption changes of the complexes under visible light

irradiation. The seCond method involves comparison with
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each other of the C-13 nmr spectra of the complexes before

and after irradiation.

Figure 29 displays the absorption changes of an Argon

bubbled degassed W(CO)s(4VP) solution in methylcyclohexane

upon visible light (htrr>400 nm) irradiation. An isosbestic

point, probably due to cis-W(C0)¢(4VP)2 appears at 525 nm

only at the beginning of the reaction. The early loss of

this isosbestic point is probably due to a photooxidation

reaction of cis-W(CO)4(4VP)2. 0n the other hand, cis-

W(CO)4(4VP)2 in a four freeze-pump-thaw cycle degassed and

hermetically sealed nmr tube does not bleach upon long

exposures to room light and does not lose any of the C-13

nmr signals.

W(CO)5(4VP) irradiated in 1:1 (v/v) benzene/methanol or

in CO saturated benzene solution gives no long wavelength

isosbestic points. Figure 30 displays this behavior in CO

saturated benzene solution; a new isosbestic point appears

at 318 nm with the simultaneous increase of the W(CO)6

absorption maximum at 290 nm. Finally, Figure 31 exhibits

the behavior of W(CO)5(4Cpr) in Argon degassed benzene and

methylcyclohexane.

Certain of the compounds were dissolved in benzene

containing l-2.53 (w/v) Chromium trisacetylacetonate

(shiftless relaxation reagent),95'°° degassed and sealed in

an nmr tube. Carbon-13 nmr spectra were recorded before and

after irradiation of the tubes with visible light (htrr>400
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(bottom frame) upon irradiation with A>4OO nm. Argon bubbled

degassed samples.
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nm). Figures 32, 33 and 34 display the results obtained.

After irradiation, all the compounds studied show a peak at

191 ppm due to photogenerated W(CO)e along with the peaks at

205 ppm and 213 ppm due to cis-Tetracarbonyl bis(substituted

pyridine) Tungsten(O) complexes.

Quantup Yield Studies.
 

Solutions of Pentacarbonyl [l-(4-pyridyl)pentanone]

Tungsten(O) in benzene and methylcyclohexane (0.050 M) were

irradiated at 410 nm and at 490 nm, and the quantum yields

of cis-Tetracarbonyl bis[l-(4-pyridyl) pentanone]

Tungsten(O) formation were measured by two methods: First by

HPLC analysis and second by the product visible light

absorption at 600 nm. Details about both methods are given

in the experimental section.

Uranyl oxalate actinometry97 was used for the 410 nm

irradiation while Potassium Reineckate98 actinometry was

employed for the 490 nm irradiation. Results are summarized

in Table 16.

Table 16. Formation Quantum Yield Data for cis-W(CO)4(4VP)2 from

 

 

H(CO)6(4VP).

Solvent: benzene' methylcyclohexaneb

Irradiation

wavelength (mm): 410 490 410 490

cis-W OO 47? : 0.0657 0.000658 0.0285 0.0000408

' [M(CO)5(4VP)] = 0.0504 M.

b [W(CO)5(4VP)] = 0.0501 M.
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Figure 33. Carbon-13 nmr spectra of W(CO)S(4VP). Bottom frame:

before irradiation; top frame: after irradiation with A>400nm.

Solvent: benzene—d6 containing 1% (w/v) Cr(acac)3.
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Figure 34. Carbon-13 nmr spectra of W(CO)S(4BP). Bottom frame:

before irradiation; top frame: after irradiation with A>4OO nm.

Solvent: benzene—d6 containing 1% (w/v) Cr(acac)3.
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Because cis-W(CO)4(4VP)2 is sparingly soluble in

methylcyclohexane, its extinction coefficient at 600 nm has

been measured only in benzene; therefore, in order to

calculate the quantum yields in methylcyclohexane,

methylcyclohexane had to be replaced by benzene after

irradiation. The formation quantum yield depends on ground

state concentration in benzene, as displayed in Figures 35

and 36.

Duenching Studies.

Energy Transfer Quenching

l
>
|
>
|

l
—
'

ggpction ngnchipg

W(CO)5(4VP) was irradiated at 410 and 490 nm in benzene

in the presence of varying concentration of anthracene. The

formation of cis-W(CO)4(4VP)2 was quenched as shown in

Figures 37, 38, 39 and 40.

A; Emission Quenching

The emission from W(CO)s(4VP) is quenched by

anthracene. The samples were excited at 420 nm and the

emission spectrum was recorded from 500 to 800 nm. As

baseline, we chose the 800 nm end of the spectrum. The

intensity of the emission for various anthracene

concentrations was considered to be proportional to the

Emission Quantum yield. In two cases, after the Stern-

Volmer plots for emission quenching had been obtained, the

same tubes were irradiated at 490 nm and identical (within
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experimental error) Stern-Volmer slopes were obtained from

the photoproduct quenching experiments. Figure 37 displays

product quenching for irradiation at 410 nm of various

W(CO)5(4VP) concentrations. Similarly, Figures 38, 39, 40

and 41 display the emission and the photochemistry at 490 nm

irradiation quenching, in parallel when applicable, for

various ground state complex concentrations. Finally, Table

1? summarizes the quenching results.

Table 17. Photoproduct and Emission Quenching from H(OO)5(4VP)'.

VVCO 47? M 7 art

Irradiation at 410 nm

0.0105 27.5b

0.00364 38.5b

0.00104 44.8b

Irradiation at 490 nm and emission Quenching

0.0105 372b

0.00508 164b

0.00508 156b

0.000897 564b

0.000897 530c

0.0000829 576$

 

‘ 47? = 1-(4-pyridyl)pentanone

5 product (cis-WKCO)4(4VP)2) quenching

c emission quenching, excitation at 420 nm.
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(1)0

(I) /

3-

A

2..

A

/x D
/,l

l/

7

I-‘l

.4 002 . 004 006

[anthracene], (M)

Figure 37. Stern Vthfi' plots for W(C0)5(4VP) irradiated at 410

nm in benzene. (O): [complex]=0.0105 M; (A): [complex]:

0.00364 M; ([j ): [complex]=0.00lO4 M.
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26*:

(1>C>

15‘

I04

’4 
 I

' 7.02 ' 004 006

[anthracene], (M)

Figure 38. Stern Volmer plot for w«13%¥4VP)irradiated at 490 nm
 

in benzene. Cis-W(CO)4(4VP)2 formation quenching.

[W(CO)54VP]=O.OIOS M.
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0.005 0.007 0.009

[anthracene] , (M)

0001 0.003

 

Figure 39. Stern Volmer plots for W(CO)S(4VP); [W(CO)5(4VP)]=

0.00508 M. ( [25): cis—W(CO)4(4VP)2 formation quenching, irradiation

at 490 nm in benzene. ( O ): Emission quenching, excitation

at 420 nm.
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0002 ' 0.004 I 0.006

[anthracene], (M)

Figure 40. Stern Volmer plots for W(CO)S(4VP); [W(CO)S(4VP)]=

0.000897 M. (O ) : cis-W(CO)4(4VP)2 formation quenching,

irradiation at 490 nm in benzene. ( . ) : Emission quenching,

excitation at 420 nm.
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0
0

  
l ‘1 l ‘7

0.002 0.004 0.006

[anthracene], (M)

Figure 41. Stern Volmer for the emission quenching of W(CO)S(4VP)
 

in benzene. [W(CO)S(4VP)]=O.0000829 M. Excitation at 420 nm.
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p Chemical Quenching

4-valerylpyridine (4VP) quenches both photochemistry

and luminescense from W(CO)5(4VP).

_l Rgpction Quenching

At 4-valerylpyridine concentrations in the range of

0.001-0.007 M, we obtained the results displayed in Figure

42, for cis-W(CO)4(4VP)2 formation quenching at both long

(11rr>475 nm) and short (Airr>400 nm) wavelengths of

irradiation. Higher 4-valerylpyridine concentrations (0.1-

0.8 M) were found to suppress the reaction completely; no

tetracarbonyl product is produced. It is important to note

that the quenching plots obtained at long and short

wavelengths of irradiation have different slopes which are

given in Table 18.

Table 18. cis-W(OO)«(4VP)2 formation Stern-Volmer Quenching

by 471’ for A in > 400 and A irr > 475 nm.‘

 

 

slope,(M'1)

l irr > 400 nm 282

l irr > 475 m 732

 

‘ solvent benzene, [W(CO)5(4VP)] = 0.02 M.
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0.002 ' 0&4 ' 0.006 1 00'08

[4—va1erylpyridine], (M)

Figure 42. Stern Volmer plots for W(CO)S(4VP) in benzene.

Cis-W(CO)A(4VP)2 formation quenching by free ligand (4VP).

(O ): [W(CO)5<WP)1=0.0201 M. Air>4oo nm.

to ): [W(CO) <4vp>1=0.0200 M. A. >400 nm.
5 irr

(A ): [W(C0)5(4VP)]=(’).0204 M, Airr>475 nm,
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pg Emission ngnching
 

Figure 43 displays the Stern-Volmer quenching by 4AP of

the emission at 623 nm of W(CO)s(4VP) excited at 420 nm.

The slope was calculated as 2 M‘l.

Figure 44 displays the emission quenching results for

the same compound by 4VP. The excitation wavelength for the

latter experiment was 410 nm. The area under each peak was

taken as proportional to the emission intensity. The

emission spectra were traced and the emission peaks were cut

off and weighted. The slope was calculated as 1.2 M‘l.

Interpggigte Trappigg_§xperipgnt§

The above experiments show that free ligand quenches

the cis-W(CO)4(4VP)2 formation but they do not prove that

this is because 47? traps an intermediate, returning the

starting material. As a matter of convenience (easily

analyzed products by HPLC), l-(4-pyridyl)butanone (4BP) was

used to trap the intermediates coming from W(CO)s(4VP).

Short (Atrr>400 nm) and long (Airr>475 nm) wavelength

irradiation of W(CO)s(4VP) in the presence of 1-(4-pyridyl)

butanone (4BP) yield W(CO)s(4BP) as the main product. Two

additional peaks in the HPLC analysis appear where the peaks

of cis-W(CO)4(4VP)(4BP) and cis-W(CO)4(4BP)2 appeared in the

cross-coupling experiments. Control experiments proved that

cis—W(CO)4(4VP)2 reacts thermally in a first-order reaction

(Figure 45) with l-(4-pyridy1)butanone to give the mixed
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I 02 T 0.4 I 0.6 0,8

[4-acety1pyridine]. (M)

Figure 43. Stern Volmer emission quenching plot of W(CO)5(4VP)

by 4AP in benzene. [W(CO)S(4VP)]=1.41 10‘4 M. Excitation at 420 nm.
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 V I I I I Y 1 1 I I I I

0.2 0.4 . 0'6 ' ‘ 08'

[4—Valery1pyridine], (M)

T ‘ V

Figure 44. Stern Volmer emission quenching plot of W(CO)S(4VP)

by 4VP in benzene. [W(CO)S(4VP)]=6.7 10.I3 M. Excitation at 410 nm.
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pyridyl ligand Tetracarbonyl complex. The rate constant of

this first order reaction is calculated as the slope of

Figure 45 and was found 1.65 10“3 min'l. Table 19 displays

the concentrations of cis-W(CO)4(4VP)(4BP), cis-W(CO)4(4VP)2

and cis-W(CO)4(4BP)2 which have been produced in parallel to

the concentrations of W(CO)s(4BP).

Figures 46 and 47 display the variations in the

concentration of W(CO)5(4BP), cis-W(CO)4(4VP)2 and cis-

W(CO)4(4VP)(4BP) produced at various 4BP concentrations at

Airr>400 and Airr>475 nm, respectively. Figure 48 displays

the concentrations of cis-W(CO)4(4BP)2 produced at various

4BP concentrations at Airr>400 nm. Figure 49 displays the

Stern-Volmer quenching plots _ of total tetracarbonyl

formation by 4BP at both 11rr>400 and Airr)475 nm. The

slopes were calculated as 516 and 1378 M‘l, respectively.
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Figure 46. Product distribution after irradiation of W(CO)S(4VP)

in the presence of 4BP in benzene. [W(CO)S(4VP)]=O.0202 M.

Irradiation with )\::>4OO nm.

( A ): cis—W(CO)4(4VP)(4BP).

(D ): W(C0)5(4BP).

(Q ): cis—W(CO)4(4VP).).
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Figure 47. Product distribution after irradiation of W(CO)S(4VP)

in the presence of 4BP in benzene. [W(CO)S(4VP)]=O.0202 M.

Irradiation with A>475 nm.

(A ): cis-W(CO)A(4VP)(4BP).

([3 ): W(C0)5(4BP).

( O ): cis-W(CO)A(4VP)2-
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Figure 48. Variation of the concentration of cis-W(CO)4(4BP)2
 

produced upon irradiation of W(CO)S(4VP) in benzene with

)\.:>-4OO nm, in the presence of 4BP. [W(CO)5(4VP)]=O.0202 M.
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6
1
6

  
0.0'01 ' 0.003 I 00105 ' 0.007

[4—Butyrylpyridine] . (M)

Figure 49. Stern Volmer plots for W(CO)S(4VP) in benzene.

Total tetracarbonyl product (cis—W(CO)4(4VP)2, cis-W(CO)4(4BP)2

and cis-W(CO)4(4VP)(4BP) ) formation quenching by free ligand (48?).

(A ): [w<co>5(4vp)1=0.0202 M, Am>475 nm.

( Q ): [w(60)5(4vp)]=0.0202 M, )(m>400 nm.
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Tetrahydrofuran proved to be an unsatisfactory hydrogen

donor, giving maximum quantum yields for octahydro-

2,2'bifuran (DTHF) well below 0.25, the statistical value

expected if THF is involved only in a hydrogen abstraction

process (Table 3). It is assumed that the lower quantum

yield results from electron transfer quenching1°° by THF of

the excited triplet ketone.

03* 06—

" ll
pb-c-cao + Q ----> [Ph-C-CR: + (O) 1 ———-—> 0.5. (26)

6+

It is interesting though that 2-tetrahydrofuryl radical

reacts with, acetonitrile solvent to give 2-tetrahydrofuryl

acetaldimine (TRFC83CN). This product seems to be formed at

the expense of DTHF in Scheme 12.

Schemelz

OR OR

[TRF- + Ph-C-CRa] ----> 9 + Ph-C-Clh ----> coupl. and disprop.

(fibCN

NH

THF [I

CRaf=N ----> //p

THF (Mb \7g:>

(TnnflbCN)

127
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The fact that the quantum yields of DTHF are larger

than the quantum yields of THFCHaCN in phenyl ketones. while

the opposite happens in the pyridyl ketones, has to do with

the relative reactivity of the corresponding ketones (Table

3). The more reactive phenyl ketones yield higher steady-

state concentration of 2-tetrahydrofuryl radicals, with the

result that bimolecular coupling dominates over the reaction

with solvent. In any case, it would be interesting to

further investigate this unique example of CHaCN reacting

with radicals.

Further studies using THF as a hydrogen donor in the

photoreduction of complexed pyridyl ketones were interrupted

at this point after the irradiation of Pentaammine 4-

acetylpyridine Ruthenium(II) complex in the presence of THF

led to pyridyl ligand decomposition.

.

mgl [stale Pants-inc and bis(2,2'bimidine)

Ruthenium(II) gggglexes. Absogption and Emission Studies.

[Ru(NH3)s(4AP)]2*, [Ru(NH3)s(4PhBP)12*,

 

[Ru(NHa)s(4EsterBP)]2*, etc. complexes show a characteristic

broad MLCT absorption at ~510 nm in acetonitrile.”1 The

increased absorption at 313 as compared to the free ligand

hydrochloride salts is probably due to underlying LP

transitions. Comparison of the extinction coefficients of

[Ru(NHa)s(4AP)]2* and [Ru(NHa)s(MeINic)]2* at 313 nm gives a

small difference (17 M'1 cm‘l) due to the pyridyl ketone nr‘
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transition, since esters do not have low-lying nt‘

transitions.”2 This e value is low compared with the

extinction coefficient at 313 nm of 4PhBP.HCl which is 104

M"1 cm‘1 (Table 4) and is due to nt‘ absorption. It proves

though that a portion of the 313 nm irradiation populates

the n!"l excited state of the pyridyl ketone ligand. These

complexes do not emit either at room temperature or at

770K.853

The corresponding bis(2,2'bipyridine) complexes cis-

[Ru(bipy)2(4AP)2)]2*, cis-[Ru(bipY)2(4PhBP)2]2* and cis-

[Ru(bipy)2(4EsterBP)2]2+ show intense CT absorption below

500 nm. The extremely high absorptions (z~7.5 103 M'1 cm'l)

at 313 nm are due only partially to underlying LF

transitions and mainly to the bipy ligand. 2,2'bipyridine

coordinated to Ruthenium is forced to be planar. 4,5—

Diazafluorene, because of its structure, forces the two

pyridine rings into the same plane and it should be an

adequate model for the planar 2,2'bipyridine. Its

absorption spectruma‘ is red shifted compared to that of

2,2'bipyridine,83 absorbing strongly at 313 nm (c~6.4 103

M‘1 cm‘1 compared to free bipy: c ~83 M'l cm'l, in

acetonitrile). 0n the other hand, the emission spectra of

the two compounds (bipy and 4,5-diazafluorene) are identical

(Figure 12). This fact suggests a planar conformation for

the 2,2'bipyridine in the excited state, in analogy to

biphenyl.”3 The 0—0 emission band of 2,2'bipyridine is also

4-5 Kcal/mol red shifted compared to 4PhBP and 4EsterBP
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(Table 5, Figures 10 and 11). This fact, combined with the

emission spectra of cis-[Ru(bipy)2(4AP)2]2’, cis-

[Ru(bipy)2(4PhBP)2]2* and cis-[Ru(bipy)3]2*, allows the

conclusion that the 1* orbital of coordinated 2,2'bipyridine

lies lower energetically than that of the pyridyl ketone

ligands.

Raman Studies.

[Ru(NH3)s(4AP)]2+ gave excited state Raman spectrum

while [Ru(NHa)s(py)]2* did not, consistent with Ford’s

model”1 for a MLCT lowest excited state for the first

complex and a LF lowest excited state for the second one.101

cis-[Ru(bipy)2(4AP)z]2+ failed to show MLCT excited state

scattering, probably due to short lifetimes of the excited

states created by 355 nm_ excitation, while cis-

[Ru(bipy)2(py)2]2* gave the expected Ru ---> bipy CT excited

state scattering.3° These results might be interpreted by

Woodruff’s model .of a localized MLCT excited state or

combined with the fact that [Ru(phen)3]2* does not exhibit

excited state Raman spectrum,1°‘ to suggest that the species

observed by Raman are not the MLCT excited states but some

intermediates (probably produced from the MLCT excited state

and returning to it so no permanent change is observed)

having monocoordinated 2,2'bipyridine. 1,10-Phenanthroline,

due to its structural rigidity, recombines to the metal
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center in the picosecond time scale, beyond the limits of

the nanosecond instrumentation used.

Photochemical Studies.

As we stated in the Introduction, the Type II reaction

can be used to monitor the rate of internal conversion of

the IL upper excited states to the lower ones in

coordination compounds. _.

It was found that in [Ru(NH3)s(4VP)]2+ the internal

conversion is slow to compete with Type II cleavage of the

coordinated 4VP.17 Two types of pyridyl ketone ligands were

investigated: one with reactivity comparable to or higher

than 4VP so it could be applied to the cis-[Ru(bipy)2L2]2+

case where possible deactivation to the energetically lower-

lying bipy might enhance kxc, and one of lower reactivity,

which possibly would compensate for the failure of the

bimolecular photoreduction of coordinated 4AP. Table 20

compares the reactivities of some phenyl ketones with

reference to valerophenone.

4PhBP and 4EsterBP were prepared and their 1“}, and kr

values are also presented in Table 20. The values for the

corresponding hydrochloride salts are also included in Table

20. r values are calculated from qu values assuming kg =

1x1010 M”1 sec‘1 for ethyl sorbate in acetonitrile.“59 kr

values for the pyridyl ketones and their hydrochloride salts

were calculated as kr=1/r assuming kd<<kr. This is a
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logical assumption since 01: for the two ketones as well as

for the corresponding hydrochloride salts studied (4PhBP,

4EsterBP and 4PhBP.HC1, 4EsterBP.HCl) are mutually equal, so

the term kr/(kr + kc) in equation 11 has to be one.

According to Table 20, 4-butyrylpyridine would be a good

candidate ligand for a slow Type II reaction, but

photoproduced ethylene has not been possible to be analyzed

reproducibly.35‘

Despite the photochemical instability of

[Ru(NHa)s(4AP)]2+ in the presence of THF,

[Ru(NHa)s(4PhBP)]2*, [Ru(NH3)s(4EsterBP)]2*, cis-

[Ru(bipy)2(4PhBP)2]2* and cis-[Ru(bipy)2(4EsterBP):12* did

not undergo photoinduced ligand dissociation in acetonitrile

during the irradiation periods employed. Pentaammine

complexes upon long irradiations tend to bleach, a fact

which has to be attributed to oxidation rather than to

dissociation85h since no free ligand is detected. No

corresponding phenomenon was observed with the

2,2'bipyridine complexes. The Ruthenium porphyrines,

RuTPP(4PhBP)2 and RuOEP(4PhBP)2, were also photostable since

no free ligand was detectable after long irradiation.

Quantitative ligand liberation from the 2,2'bipyridine

complexes could not be achieved even after reflux with PPhs

in n-butyronitrile as reported by Whitten.32 Therefore, we

concentrated on measurements of free olefin formation from

the Internal Ligand Type II cleavage.
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The Type II product quantum yields increase slightly

with increasing concentration in the case of the free

pyridyl ketones because of solvation of the biradical by the

pyridyl nitrogen (Figure l4).856'91 The corresponding

hydrochloride salts are insensitive to ketone

concentration85d (Figure 14). With the Ruthenium complexes,

the picture is quite different (Figures 15 and 16). At low

complex concentrations, the olefin quantum yield

progressively increases, reaches a maximum, and then

decreases as the complex concentration increases further.

This behavior correlates with the absorption of light at 313

nm by the corresponding complex.‘ At the concentration point

where all the 313 nm radiation is absorbed, a bimolecular

quenching process starts lowering the quantum yield.

Ruthenium complexes were proven to be good triplet excited

ketone quenchers. They were found to quench Type II

cleavage of butyrophenone (Figures 21, 22 and 23; Table 9).

The lifetime of butyrophenone is 1.34 10'7 sec,105 so kq

values for the Ruthenium complexes (Table 21) are calculated

using the relation kq = qu/(l.34x10‘7).
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Table 21. Rate Constants for Quenching of Triplet B? by

Various Ruthenium Complexes in Acetonitrile.

 

 

Ruthenium Complex kq (Mb1 sec“)

[Ru(NHa)s(4AP)](BFI)2 3x109

cis-[Ru(bipy)2(4AP)2](BFK): 2x109

cis-[Ru(phen)2(4AP)2](BER): 2x109

 

It is obvious from Table 21 that Ruthenium complexes

quench the nt‘ excited ketones very efficiently. The

diffusion control limit is about 2x101° "'1 sec‘1.73 This

result is what is expected for a metal ion complexed to a

ligand which has an equal or lower triplet excitation energy

than the ketone donor.1°7 On the other hand, it has been

shown that bare .rare earth chlorides quench the Type II

reaction from phenyl ketones more slowly (kq=:lO°), probably

due to salvation; the solvent molecules have high excitation

energies.103

It has been assumed that hydrochloride salt formation

has the same effect as metal coordination in the absence of

orbital mixing. It is suggested here that the 1R-nmr signal

of the pyridyl protons is a useful method to compare the

effect of metal coordination and protonation on the pyridyl

ligand. Table 22 shows that metal coordination seems to

have a similar effect on the pyridyl ketone ligand as
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Table 22. Pyridyl Proton Chemical Shifts in Free Pyridyl Ketone Ligands,

Their Hydrochloride Salts and Their Ruthenium Complexes.

 

 

Compound Solvent . . 6

H’s o- to Nitrogen H’s m- to Nitrogen

4PhBP , 00013 8.76 7.65

4PhBP.HCl 00013 9.11 8.28

020 ’ 8.82 8.20

[Ru(NHa)s(4PhBP)]2+ 020 8.35 7.28

cis-[Ru(bipY)2(4PhBP)2)2' 020 8.85 8.42

RuTPP(4PhBP)2 Cabs 3.40 5.51

RuOBP(4PhBP)2 Cst 1.59 5.15

4EsterBP 00613 8.81 7.75

4EsterBP.HC1 CDCla 9.10 8.39

020 8.88 8.33

[Ru(NHS)s(48sterBP)]2’ 020 8.60 7.52

cis-[Ru(bipy)2(4EsterBP)2]2+ 020 8.89 8.55-8.45

CDCla 9.05 8.54

 



137

hydrochloride salt formation, in the cases of the

2,2'bipyridine complexes, while in the pentaammine complexes

the pyridyl proton chemical shifts seem to correlate better

to the free pyridyl ketones. No conclusion can be drawn for

the Ruthenium porphyrines since the pyridyl protons are

shifted upfield by the ring current of the porphyrine. In

any case, since complexation does not cause any dramatic

change in the chemical shifts of the pyridyl protons, we

accept that pyridyl ketone ligand hydrochloride salts are

reasonable models for the Ruthenium complexes. Multiplying

the 0(11) of each Ruthenium complex by the ratio (R) of the

extinction coefficients at 313 nm of the Ruthenium complex

to the corresponding ligand hydrochloride salt, we obtain

the corrected quantum yield of the Ruthenium complex for

partial light absorption by the ketone chromophore. Table

23 compares the observed and the corrected quantum yields of

all the complexes studied.

1 values for the Ruthenium complexes studied in this

thesis (Table 8) have been calculated accepting 1x101° M'1

see"1 as the kq value for ethyl sorbate in acetonitrile,ase

using the relation 7 = qu/(l.0x101°) and have been

corrected for the bimolecular self-quenching effect of

Ruthenium complexes mentioned above; in other words, (kr+kd)

values .represent the sum of the rate constants of chemical

reaction and decay of the Ruthenium complexes if no

bimolecular quenching was taking place and have been
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calculated from (28), which has been derived from (27). 1‘1

and (kr+ka) values are cited in Table 24.

“l

r = kr + kc + kq [complex] (27)

kr + kd = 7'1 -ka [complex] (28)

Table 24. Lifetime Data for Ruthenium Complexes.a

 

 

Ruthenium Complex 1/7°,(sec‘1) 0.02xkq (kr + kd)¢,(sec‘1)

[Ru(NHa)s(4PhBP)]2+ 1.4x109 6.0x107 l.3x10°

cis-[Ru(bipY)2(4PhBP)212* 2.9x109 4.0x107 2.9x109

[Ru(NH's)s(4EsterBP)]“-’+ 1.5x10a 6.0x107 9.0x107

cis-[Ru(bipy):(4EsterBP)2]2* 4.2xlO8 4.0x107 3.8x10°

 

‘ 7'1 values concern 0.02 M solutions of the corresponding complex in

acetonitrile.

b Fnallhbbeit

C From Equation 28.

As it is noted in Table 23, the corrected quantum yield

of [Ru(NHa)s(4PhBP)]2* is approximately equal to the quantum

yield of 4PhBP.HC1, while the corrected quantum yield of

[Ru(NHa)s(4EsterBP)]2* is about 3.6 times lower than the

quantum yield of 4EsterBP.HCl. What keeps the quantum yield

low even after correction for partial light absorption by
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the ketone chromophore are probably both concentration self-

quenching and a competing Internal Conversion process.

Table 25 compares the quantum yields of

[Ru(NHa)s(4PhBP)]3* and [Ru(HHa)s(4RsterBP)]3* with the

quantum yields of [Ru(NHa)s(4-Va1erylpyridine)]2*,

[Ru(NRa)s(p-methyl-4-butyrylpyridine)]2* and [Ru(NHa)sr-

methyl-4-butyry1pyridine)lat, which are taken from reference

17.

Table 25. Comparison of the Quantum Yields of Type II

Products of Various Pentaammine Ruthenium

 

 

Cmmflemes.

complex .(I!) _ korr

[Ru(NHs)s(4PhBP)]2+ 0.014' 0.058

[Ru(NHa)s(4EsterBP)]2* 0.0051' 0.027

[Ru(NHs)s(Me48P)]2* ' 0.023” ' 0.099

[Ru(NHa)s(4VP)]2’ 0.019b 0.093

[Ru(NEa)s(1Me4VP)]2* 0.02m 0.096

 

' Acetonitrile solutions 0.02 M in Ru complex irradiated

at 313 nm.

D Acetonitrile solutions 0.01 M in Ru complex irradiated

at 313 nm.

The Type II products quantum yield is given by equation

11: 0(1x) = O<xsc>xsx[kr/(kr+kd)]; s is the probability that

the 1.4-biradical (intermediate) will cleave to form enol

and olefin. For para substitution, O<xsc> and a are
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constant. 0(11) for [Ru(NRa)s(4PhBP)]2* is within

experimental error equal to the 0(xx) of

[Ru(NHs)s(flMe48P)]2*, [Ru(NHs)s(4VP)]2+ and

[Ru(HRs)s(yMe4BP)]3*. Therefore, for 0(11) to be constant,

the term kr/(kr+ka) in equation 11 has to be one or kr>>ka.

In other words, for [Ru(NHa)5(4PhBP)]2*, hr = kr+ka = 1.3

10° sec‘l (Table 24). Using this value as a calculation

basis, the k: and kc values of [Ru(NHa)s(4RsterBP)]3* are

calculated from (31) which is derived as follows:

0 ([Ru(NHa)s(4PhBP)]‘-’*) = Rise) x ex krlTZHexperimental) (29)9
' n

3
' ll 0 (Ru complex) = .(ISC) x ex krz 12(experimental) (30)

(31) is obtained by dividing (29) by (30):

(1/12)experimental

kra = kri X [92/01] x
(31)

(U1: )experimentsl

 

This way, it has been calculated from (31) that R: =

5.1 107 sec"1 for [Ru(NRs)s(48sterBP)]2*. The (kr+ka) value

for this complex is 9.0x107 sec'1 (Table 24). Therefore, kc

= 3.9x107 sec‘l. Assuming the same k4 value for

[Ru(NHe)s(4PhBP)]3', it is calculated from kr+ka = 1.3x109

sec‘1 that kr = 1.3x10’ sec'l. We started this method of

calculation by assuming that R: for [Ru(NHa)s(4PhBP)]3* was

1.3x109 sec’l, and we verified this value after one cycle of

calculations by obtaining the same value and a slow rate of
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Internal Conversion (3.9x107 sec‘l). The calculated value

of kc (kd = 3.9x107 sec'l) verifies the upper limit (108

sec‘l) that was set previously for the rate of the Internal

Conversion of the Ruthenium Pentaammine complexes.n This

value for the rate of the Internal Conversion has to be

taken with caution, though, because it is about half the

rate of self quenching (0.02xkq = 6.0x107 sec"; Table 24),

which means that the main deactivation process is by self

quenching and not by Internal Conversion. Subtraction of

two large numbers (k: and 0.02xkq) from a llarge number

(experimental l/r value) leaves a large uncertainty in the

result. Therefore, it is suggested here that the calculated

ka value for the Ruthenium pentaammine complexes to be

considered as an upper limit for the Internal Conversion

rather than an absolute value.

For the bis(2,2'bipyridine) complexes, the picture is

somewhat similar. Comparing the quantum yield of cis-

[Ru(bipy)z(4PhBP)z]3* to the one of cis-

[Ru(bipy)2(4BsterBP)2]3’ (Table 23), it can be seen that the

quantum yield of the second complex is 3 times lower than

the one of the first complex. What lowers the quantum yield

has to be an increased contribution of the internal

conversion (kc) in the (kr+kd) value. In order to find the

exact hr and kc values for both bis(2,2'bipyridine)

complexes, we assume for the moment that there is no

internal conversion competing with the Type II chemical

reaction from the ligand, in the case of cis-
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[Ru(bipy)2(4PhBP)2]2*, i.e. kr>>ka. That means that for

cis-[Ru(bipy)z(4PhBP)2]2*, kr = 2.9x109 sec“. Using (31)

where 01 is the quantum yield for cis-[Ru(bipy)z(4PhBP)2]2*

and 02 is the quantum yield for cis-

[Ru(bipy)2(48sterBP)2]3*, for cis-[Ru(bipy):(4Bster8P)a]3*,

hr = 9.9x107 sec’l. Introducing this value in the equation

kr+k¢ = 3.8x10a sec‘l, k4 = 2.8x10° sec‘l. This value of ka

has to be the same for cis-[Ru(bipy)2(4PhBP)2]z*, so setting

kc = 2.8 10° sec‘1 for cis-[Ru(bipy)2(4PhBP)2]3*. produces

kr = 2.6x109 seC'l. We started this method of calculation

by assuming that k: for [Ru(bipy)2(4PhBP)z]3* was 2.9x10’

sec-1, and we obtained a better estimate (k: = 2.6x109

sec'l). The cycles have to be repeated until two successive

calculations of the kr value are identical (self

consistent). Introducing the new R: value for cis-

[Ru(bipy)z(4PhBP)2]2+ into equation (31), we obtain for cis-

[Ru(bipy)2(48sterRP)2]3*, k: = 8.9x107 sec" and k4 =

2.9x10' sec-1. Rd is the same for cis-[Ru(biPY)2(4PhBP)2]z*

so k: for the latter complex is found to be 2.6x10’ sec“1

(self consistent).

kr and kc values for all four complexes are cited in

Table 26. ka’s are given as his (rate constant for internal

conversion). If the Chart values (Table 23) are used in

equation 31, then the rates of the Internal Conversion are

calculated as a 2.6 107 sec"1 and 2.7 10° sec"1 for the

pentaammine and. bis(2,2'bipyridine) Ru(II) complexes,

respectively.
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gable 26. Rates of R—dbatraction and Rates of Internal Conversion of Ruthaniu

 

 

Complexes.

RuCowlex Mn 1:: + h(sec“) kr(sec") ku:(sec‘1)

[hams )s(4PhBP)]3’ 0.014 1.3):10' 1.3 10' S 3.9x10"

[Ru(luh )a (4hter89)]" 0.0051 9.0x10' 5. 1x107 5 3.9::10"

cia-[Ru(bipy)s(41’hll’)a I" 0.0072 2. 9x10“ 2. 6x10. . 2.9:(10‘

cis-[Ru(bipy)a(48ater81’)z P’ 0.0017 3.8x10' 8.93:107 2.93:10'

 

In the case of the Pentaammine Ruthenium complexes,

Internal conversion means deactivation from the upper IL

excited state to lower-lying LF and MLCT states. In the

case of the bis(2,2'bipyridine) complexes, an additional

deactivation path seems reasonable; ipgp, triplet energy

transfer from the nr‘ excited pyridyl ketone to lower-lying

planar bipy triplets. Comparing the kxc values between the

pentaammine and the bipy complexes cited in Table 26, the

increased values for the bipy complexes might originate from

this additional deactivation path.

A final point needing comment is that in the case of

cis-[Ru(bipy)z(4PhBP)z]3*, the corrected quantum yield is

about 3 times higher than that of 4PhBP.HCl, while in the

case of cis-[Ru(bipy)z(4BsterBP)2]2*, the two quantum yields

are approximately equal. In a possible explanation, the



14S

elevated value of the Ocorr of cis-[Ru(bipy)2(4PhBP)2]2+

implies an intramolecular singlet energy transfer

(sensitization); flat 2,2'bipyridines absorb strongly at 313

nm, operate as antennas, collecting the light and

transferring some of the singlet energy to the reacting

ligand 4PhBP, resulting in a higher quantum yield than the

one expected due to only partial absorption of light by

4PhBP. Experiments using [Ru(bipy)3](BF4)2 as a sensitizer

failed to sensitize the Type II reaction from aliphatic

ketones. The efficiency of singlet energy transfer depends

on the lifetime of the singlet excited state109 and

[Ru(bipy)3](BF4)2 has to intersystem cross fast due to heavy

atom effect. Perhaps, if 4,5-diazafluorene is employed as a

sensitizer, the results should be positive.

The case of cis-[Ru(bipy)2(4EsterBP)2]2* is different.

The corrected quantum yield and the quantum yield of

4EsterBP.HC1 are almost identical. This fact is rather

coincidental and cannot be attributed to a slow rate of

Internal Conversion. Rather, it has to be attributed to the

fact that ktc is about four times larger than kr for this

compound (Table 26). Intramolecular singlet sensitization

is expected to give quantum yields higher than the expected

ones but fast Internal Conversion, competing with kr lowers

the quantum yield again.

In order to obtain insight into the inter-ligand energy

transfer, we consider Figure 50, which displays a three*

dimensional structure of the Internal Ligand nt‘ excited



 

  
 

Figure 50. Internal Ligand nn* excited state of
 

cis-[Ru(bipy)2(4-pyridyl ketone)2]2+ Complex.
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state of a bis(2,2'bipyridine)-bis(4-pyridyl ketone)

Ruthenium(II) complex. The plane of the pyridyl ring, in

order to maximize I-back bonding, bisects the dihedral angle

of the xz and yz planes. This arrangement places the n

orbital of the carbonyl above the dxy orbital, but the

distance is too large to have efficient energy transfer. It

seems reasonable to assume that energy transfer to the 1—

orbitals of 2,2‘bipyridine has to be more efficient since

these r-orbitals are directed upwards towards the n-orbital

of the carbonyl. If we split the ktc into two terms, one

for energy transfer to the MLCT excited state and one for

energy transfer to 2,2‘bipyridine, and if we assume that the

energy transfer to MLCT is equal.in the pentaammine and the

bis(2,2'bipyridine) complexes ($3.9x107 sec'l, Table 26), we

calculate that the energy transfer to 2,2'bipyridine is

~2.5x10° sec-1, 4 times higher than the energy transfer to

MLCT, which reinforces the speculation based on Figure 50.

For the Ruthenium porphyrines, the corrected quantum

yields are about 3 to 7 times lower than those of 4PhBP.HCl.

The difference might be due to intermolecular quenching or

most probably to fast internal conversion as well as

intramolecular energy transfer (quenching) from the excited

ketone to the porphyrine ring. Lack of lifetime data

prevented further corrections based on intramolecular

quenching, eventhough there is a clear dependence of Type II

products quantum yield on ground state complex concentration

(Figure 16). A rather crude model for the Ruthenium
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porphyrine complexes is the cis~[Ru(phen)2(4AP)z]2* complex

which is found to quench excited ketones rapidly (Table 21).

A proposed Jablonski diagram for the cis-[Ru(bipy)2(4-

pyridyl ketone)2] complexes is given in Figure 51.

There have been two cases in the literature where other

workers have assumed slow internal conversion to explain

their data, or they have given an estimate for the rate of

the internal conversion. Wrighton has observed dual

emission in systems like fac-[(CH3CN)Re(C0)3(phen)]+11° or

fac-[ClRe(CO)3(3-benzoylpyridine)z]111 at 77°K. The short—

lived emission component (~10-20 us) is the structureless

ReLCT transition, while the long-lived component (>50 us)

has the same features of ‘1,10-phenanthroline or 3-

benzoylpyridine emissions, and lifetimes 75 us and 1400 us,

respectively. In order to explain the dual emission,

Wrighton assumed slow and endothermic internal conversion

from the IL excited state to the low ReLCT.

Finally, Whitten speculated,32 without measuring rate

constants, that kxc = 5x1012 sec"1 for cis-[Ru(bipy)2(4-

stilbazole)2]2*. Sensitized isomerization of complexed 4-

stilbazole was inefficient, and he attributed the direct

photoisomerization of complexed stilbazole to a singlet

state reaction. He concluded the above value for kxc by

considering and arbitrarily correcting, for complexation,

the values for fluorescence rate constant and quantum yield

of trans-4-stilbazole.
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Ruthenium A2,2'bipyrimidine and Rutheniug:0sgium

2pgjbipyripidine Bridged Complexes.

All these complexes were synthesized in order to be

used in resonance Raman spectroscopy. Resonance Raman

Spectroscopy has proven to be a nice and relatively simple

method to resolve the origin of the broad and structureless

CT absorption bands of transition metal complexes. It was

shown, for example, that [Ru(bipym)3]2*, under its peculiar

absorption spectrum, hides two different MLCTtransitions."3

The same behavior is exhibited by the rest of the

monometallic and bimetallic complexes cited in Tables 10 and

11.104

Tungsten Carbonyls.

Efforts to transfer the same technique used in

Ruthenium complexes (ipgp, estimation of Internal Conversion

from IL to MLCT excited state by competition with fast

internal ligand reaction) failed eventhough 148 of the light

at 313 nm goes into the internal ligand nt* state, compared

to only SX in the case of [Ru(NH3)s(4AP)]2* complex. This

lack of an internal ligand Type II reaction is probably due

to a fast Internal Conversion to lower excited states, which

seem to give photochemistry of their own. In the present

study, the high concentration of W(CO)s(4VP) (0.02 M) needed

for Type II products observation was helpful since the

initially yellow solutions of W(CO)s(4VP), upon 313 nm

irradiation, rapidly turned a deep red color, a fact missed
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by earlier workers who used less than 10" M complex

concentration. These low concentrations were essential

since the photochemical reaction of W(CO)sL (L = substituted

pyridine) was followed by measuring changes in the visible

absorption spectra of W(CO)sL. As noted in the

introduction, the photochemical studies of W(CO)s

(substituted pyridine), in the literature, always included

an entering ligand in order to scavenge the W(C0)s

and W(CO)4L intermediates. The photochemistry of this class

of compounds in the absence of an entering ligand was never

attempted, and it was considered complicated.63 Our results

led to the stoichiometric reaction (32).

hr

2 W(CO)s(4VP) -----) W(CO)s + cis-W(CO)4(4VP)2
(32)

glggtronic Apggrption and Emission Spectgg.

W(CO)s(4VP) absorption spectra both in benzene and in

methylcyclohexane follow the same pattern as already

reported for the W(CO)s(4AP) (4AP = 4-Acetylpyridine)

complex.°9 The higher energy absorption band maximum at 402

nm in benzene is essentially unshifted by variations of the

solvent medium (Figure 24). The lower energy band maximum

is observed at 437 nm (methylcyclohexane) and is blue

shifted in benzene, appearing as a shoulder to the red of

the peak at 402 nm. The absorption bands at 402 nm and 430-

437 nm have been assigned previously to a ligand field (LF)



152

1A1(e‘b22) ----) lE(e3b22a11) symmetry allowed transition

and a metal-to-ligand charge transfer (MLCT) transition,

respectively.°° The weak absorption maximum at ~330 nm does

not shift at all when the solvent is varied. This

absorption band has been previously assigned to LF

transitions.°9

Room temperature emission is observed (Table 13) in

agreement with previous observations.°3'59 The emission

maximum does not change drastically by varying the solvent,

but it does by changing the ligand. In methylcyclohexane, a

short wavelength shoulder appears, the origin of which is

uncertain. Due to structural and spectral similarities,

W(CO)s(4VP) is expected to behave like W(CO)s4AP and the

other complexes having an MLCT lowest excited state. The

broad structureless emission is assigned to a MLCT emission.

Photochemistry of W(CQ);(4VP).

Most of the studies reported here were performed using

W(CO)s(4VP) which has certain advantages over W(CO)s(4AP) or

W(CO)s(4Cpr). W(CO)s(4VP) has higher solubility than both

W(CO)s(4AP) and W(CO)s(4CNpY). so one can make much more

concentrated solutions of the former complex in

methylcyclohexane, as high as in benzene. It also proved to

be ideal for HPLC analysis (short retention times of both

W(CO)s(4VP) and cis-W(CO)4(4VP)2).

Irradiations were performed at both 410 nm, which

presumably populates the LF transition exclusively, and at
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490 nm, where W(CO)s(4VP) absorbs 10% as much as its maximum

at 402 nm in benzene. According to Adamson,69 assuming a

gaussian shape for the LF absorptions, 490 nm irradiation

populates primarily the MLCT excited state.

The quantum yields for direct LF population are 100 and

700 times higher than at 490 nm irradiation, in benzene and

methylcyclohexane, respectively (Table 16). This fact can

be interpreted either as a relatively inert, independently

reacting MLCT state or as an unreactive MLCT state thermally

populating the higher energy, reactive LF state. The latter

is the standard interpretation.53'65 0n the other hand, the

quantum yields in benzene and methylcyclohexane at 410 nm

irradiation are comparable (0.066 vs. 0.026, respectively;

Table 16), while at 490 nm irradiation, they differ

substantially. In benzene, the 490 nm quantum yield is 16

times higher than in methylcyclohexane (Table 16). Taking

into consideration the absorption spectra of W(CO)s(4VP),

this variation of the quantum yields is consistent with the

standard model for the photobehavior of W(CO)s(substituted

pyridine) complexes.53»°5 Irradiation at 490 nm populates

some higher vibrational level of the MLCT lowest excited

state which relaxes rapidly to the zero vibrational level of

this excited state. The zero vibrational levels of the LF

and MLCT excited states are closer in benzene than in

methylcyclohexane, so thermal population of the LF state is

more effective in benzene than in methylcyclohexane, with

resulting higher quantum yields in the former solvent.
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The small concentration dependence of the quantum yield

at both short and long wavelengths of irradiation in benzene

(Figures 35 and 36) probably represents two competing

processes: a dissociative mechanism at all concentrations

competing with an associative one at higher concentrations.

According to Scheme 3, if an excited state reacts with a

ground state substrate, it is expected that the reciprocal

quantum yield of a product will be a linear function of the

reciprocal concentration of the substrate (equation 19). At

both 410 and 490 nm irradiation wavelengths,' an identical

dependence of the tetracarbonyl product quantum yield on

ground state complex concentration was observed, which seems

to be what is anticipated if both mechanisms displayed in

Schemes 2 and 3 take place simultaneously.

Gray has suggested an associative mechanism as a

possible reaction path of the MLCT excited states.‘ An

associative process for W(CO)s(4VP) to produce W(CO)s and

cis-W(C0)4(4VP)2 from an MLCT excited state requires the

reaction of a long-lived MLCT state with a ground state

molecule, which goes through a seven-coordinate transition

state. Eventhough there are no seven-coordinate complexes

of Tungsten in the +1 oxidation state it possesses in the

MLCT state, there are several such Molybdenum complexes

known, like [qs-CsRsMo(CO)3]2.9‘° Therefore, it seems

reasonable for Tungsten to form a seven-coordinate

transition state, and it is suggested here that the MLCT

excited state of W(CO)s(4VP) reacts bimolecularly with the
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ground state to give W(CO)5 and cis-W(CO)4(4VP)2. As noted

in the introduction, LF states are dissociative in nature

and, therefore, are anticipated to react unimolecularly. In

any case, the variation of the quantum yield with complex

concentration is small, especially at 410 nm irradiation, a

fact indicating that the main reaction path is through a

unimolecular cleavage. The identical dependence of the

tetracarbonyl product formation on ground state complex

concentration at both 490 and 410 nm irradiations reinforces

the hypothesis that the W(CO)s(4VP) complex reacts through

interconverting excited states independent or where it is

irradiated, a fact verified by quenching experiments

described below.

Energy transfer quenching in benzene does not show a

clear-cut concentration dependence of lifetime on ground

state complex concentration (Table 17). Successive Stern-

Volmer quenching though of emission and product formation at

490 nm irradiation gives identical lifetimes, within

experimental error, at the same W(CO)s(4VP) concentration

(Table 17, Figures 39 and 40). Linear Stern-Volmer plots

yield qu value of 547 t 17 M‘1 at 10"3 M, and 160 i 4 M‘1

at 5x10'3 M complex concentration in benzene. Therefore,

the photoreactive state for long wavelengths of irradiation

and the emitting state are kinetically identical. The fact

that at 410 nm irradiations the quenching plots obtained

have intercepts in general higher than unity (Figure 37)

might be interpreted as two excited states being
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quenched,112 a short-lived one (presumably LF) and a long-

lived one (presumably MLCT). The presentation so far

implies that the two excited states interconvert but they do

not equilibrate. If equilibration were taking place, the

Stern-Volmer quenching plots would be identical,

independently of where excitation was taking place. Lack of

equilibration is most probably due to fast chemical reaction

from the upper photolabile LF state. Our quenching plots of

cis-W(CO)s(4VP)2 formation are similar to what Adamson

obtained for the quenching of the photoexchange in

W(CO)s(4Cpr) by ethanol in methylcyclohexane, implying that

the same excited states are reponsible for the pyridyl

ligand photoexchange reaction and the tetracarbonyl product

formation.

In the preceding discussion, 490 and 410 nm

irradiations imply monochromatic light, which was achieved

by a monochromator, while in the discussion to follow Airr >

400 nm means light including all the wavelengths above 400

nm. Correspondingly, lirr > 475 nm means light which

includes all the wavelengths above 475 nm. Since 0(410) )>

0(490), we accept the common interpretation that irradiation

with a 400 nm cutoff filter gives products coming primarily

from the LF state, while irradiations with wavelengths

longer than 475 nm give products originating from the

initial population of the MLCT excited state.

As noted in the introduction, it has been speculated

that excited W(CO)sL species (L is a nitrogen, oxygen or
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phosphorous ligand) react by losing cis- or trans- CO or

L,55'5°-55 and several models have been employed‘hfil-G-‘M113

to explain the reactivity patterns.

In our experiments, free ligand quenches cis-

W(CO)4(4VP)2 formation with a good Stern-Volmer relation at

both short (lirr>400 nm) and long (Air: > 475 nm)

wavelengths of irradiation (Figure 42). At both wavelengths

of irradiation most tetracarbonyl product seems to be formed

through a unimolecular process giving a W(CO)s intermediate,

which is effectively scavenged by the free ligand. Little,

if any, CO photoliberation seems to be responsible for the

tetracarbonyl product formation at least for visible light

irradiation. No CO has been detected by gc/ms when

W(CO)s(4VP) was irradiated in benzene in the absence of any

entering ligand. If tetracarbonyl product was originating

from loss of CO, addition of free ligand (4VP) would enhance

the quantum yield, instead of quenching it. The fact though

that at Air: > 400 nm we observe less efficient quenching

than at lirr > 475 nm (Figure 42) implies that at shorter

irradiation wavelengths, loss of CO becomes more

significant, the main reaction path for tetracarbonyl

product formation remaining the 4VP loss.

Further proof for the intermediacy of W(CO)s, as a

primary photoproduct,61 came from trapping experiments. 4BP

traps the intermediate W(CO)s, quenching the formation of

cis-W(CO)4(4VP)2 (Table 19), the main product being

W(CO)s(4BP). Two other tetracarbonyl products are produced:
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cis-W(CO)4(4VP)(4BP) and cis-W(CO)4(4BP)2. The total

tetracarbonyl product formation is quenched with good Stern-

Volmer relation both at 11:: > 400 nm and 11:: > 475 nm

(Figure 49). The slopes are different, with the larger

slope obtained at 11:: > 475 nm, consistent with the product

quenching by 4VP. Figures 46 and 47 display the product

distribution, taken from Table 19, at 11:: > 400 nm and 11::

> 475 nm, respectively. Only at low concentrations of 4BP

cis-W(CO)¢(4VP)2 and cis-W(CO)4(4VP)(4BP) are producted as

major products. If loss of CO was a competitive route, cis-

W(CO)4(4VP)(4BP) should always be a major product. While

the concentration of cis-W(CO)4(4VP)2 decreases monotonously

with increasing concentration of 4BP, the concentration of

cis-W(CO)4(4VP)(4BP), at 11:: > 475 nm, increases then

eventually decreases. At 11:: > 400 nm, this behavior of

the latter compound is less pronounced; the concentration of

cis-W(CO)4(4VP)(4BP) is almost constant, a fact which allows

the possibility that there is some CO loss and the

W(CO)s(4VP) intermediate is trapped by the excess of 4BP.

Another point which counts towards a minor CO loss

hypothesis at 11:: > 400 nm comes from Table 19. For

comparable W(CO)s(4BP) formation at both 11:: > 400 nm and

11:: > 475 nm, the total tetracarbonyl product formation is

always lower in the latter irradiation by a factor of 7-9.

If we assume W(CO)5 is the major intermediate responsible

for photoproduct formation, then by increasing the

concentration of 4BP, the intermediate is trapped more
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efficiently, with resulting increase in the concentration of

W(CO)s(4BP). The most probable route for this intermediate

to give tetracarbonyl products is to react with the ground

state W(CO)s(4VP), to give W(CO)e and W(CO)4(4VP).

W(CO)4(4VP) finds itself in an environment of progressively

increasing concentration of 4BP, so the concentration of

cis-W(CO)4(4VP)(4BP) increases, while the concentration of

cis-W(CO)4(4VP)2 decreases. Then it comes a point where the

concentration of 4BP becomes high enough to trap more

effectively the W(CO)5 intermediate, so the concentration of

cis-W(CO)4(4VP)(4BP) decreases.

Small amounts of cis-W(CO)4(4BP)2 produced have to come

either from the photochemical reaction of photoproduced

W(CO)s(4BP) or by thermal reaction of cis-W(CO)4(4VP)(4BP)

with 4BP. Figure 48 shows that despite what happens to the

concentrations of cis-W(CO)4(4VP)2 and cis-W(CO)4(4VP)(4BP),

the concentration of cis-W(CO)4(4BP)2 increases by

increasing the concentration of 4BP. The photochemical

reaction seems reasonable since the concentration ratio of

the photoproduced W(CO)s(4BP) to unreacted W(CO)s(4VP) at

high 4BP concentrations is 1:3. But also the thermal

formation of cis-W(CO)4(4BP)2 from cis-W(CO)4(4VP)(4BP) is

consistent. Control experiments (Figure 45) prove that cis-

W(CO)4(4VP)2 reacts in a first order thermal reaction with

48? to give cis-W(CO)4(4VP)(4BP). This thermal reaction has

been implied in the literature but the reports seem to

contradict each other. Wrighton claims67 that photolysis of
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cis-W(CO)4X2 (X = py, 4Cpr, 4szy, etc.) in the presence of

PPha gives cis-W(CO)4(PPha)X. On the other hand, photolysis

of cis-W(CO)4X2 with a bidentate ligand (L-L) like 1,10-

Phenanthroline is believed to give cis-W(CO)4X(L-L) which

thermally57'53 gives CiS‘W(CO)E:1. Our results suggest

that the reaction is a first order thermal reaction (Figure

44) from the very beginning. On the other hand, cis-

Mo(CO)4(CsH10NH)2 reacts smoothly1H at 40°C with L to give

cis-Mo(CO)¢L(CsH:oNR) and then cis-Mo(CO)4L2 which

reinforces the thermal reaction hypothesis.

Wrighton“ investigated the effects of entering group

concentration on photosubstitution in W(CO)spip (pip =

piperidine) and his results are displayed in Table 1.

Eventhough he interpreted these results as there being no

concentration effect on piperidine substitution, the trends

he found parallel ours for short (11:: > 400 nm) wavelengths

of irradiation (small variations in the quantum yields).

Wrighton’s complex has highly reactive LF as the lowest

excited state, so it is expected to behave photochemically

like W(CO)s(4VP) when the latter complex is irradiated in

its LF excited state. Ris data in Table 1 parallel ours

cited in Table 19 and Figure 42.

A mechanism consistent with our results requires that

the W(CO)5 intermediate reacts not only with free ligand but

also with ground state W(CO)s(4VP) to yield W(CO)s and Cev-

or Cs-W(CO)¢(4VP). As has been proposed,62 the Cgv-geometry
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Scheme 13

W(CO)s(AVP)

490 nm 4l0 nm

k 11.. . k.

c s (_.1_2_ [mm]. < k” —> [LF) —;)(..s.O 0 IC

k2[C] qu[4VP| kL kCO

C.S. W(CO)4(4VP) + CO

H C0 + 4VP

U(C0)6 + cis-W(CO)6(4VP)2
( )5

k4: = rate of decay (including phosphorescence).

In. = rate of quenching of MLCT excited state by 4VP.

er = rate of then-a1 activation.

kxc = rate of internal conversion.

k2 = bimolecular rate constant.

k1 = rate of decay of the LF excited state directly to

ground state.

kt = unimolecular rate constant for loss of 4VP.

kco = unimolecular rate constant for loss of 00.

k-co = rate constant for the coupling of the W(CO)4(4VP)

intermediate with 00.

k1 = kt + kco.

Ran

W(00)s + 4VP

 

) W(CO)s(4VP)

has

("(00): + 48? - > W(CO)s(4BP))

kax

 "(00): + W(CO)s(4VP) > W(CO). + Cs-"(C0)o(4VP)

kfast

Cs-W(CO)4(4VP) + 4VP --> cis-W(CO)¢(4VP)2

 

kaa = rate constant for the Back Reaction.

ken = rate constant for the Bimolecular Reaction of

W(CO)s with a ground state molecule.

kfaat = rate constant for coupling of W(CO)s(4VP)

intermediate with 4VP.
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can rearrange to the Cs, so the final product is the cis-

disubstituted tetracarbonyl and not the trans.

Scheme 13 indicates a possible mechanism which explains

the cis-W(CO)4(4VP)2 formation.

The mechanism suggests that. the two excited states

(MLCT and LF) interconvert, with the LF reacting

dissociatively to give primarily W(CO)s, which reacts with a

ground state molecule to yield W(CO)s and Cs-W(CO)4(4VP).

The latter eventually finds a free 4VP to give cis-

w<co>.(4vp)2. '4

In an original attempt to explain why chemical

quenching Stern-Volmer plots have different slopes at 11:: >

400 and 11:: > 475 nm (Figures 42 and 49), it was thought

that a free ligand, besides trapping the W(CO)s

intermediate, quenches some excited state. The most

probable excited state to be quenched by 4VP is MLCT, which

has been assumed to be involved in redox reactions but to be

substitution inert.1°'115'116 Scheme 14 shows a degenerate

electron transfer mechanism, which accounts for MLCT

quenching by free ligand.

Scheme 14.

'(-) qu '(-)

(CO)sW(I)(py-x) +py-x ------> (CO)sW(I)(py-X) + py-x

MHHP

G.S.
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Figures 43 and 44 prove that free ligand (4AP or 4VP)

quenches the emission from the MLCT excited state but this

quenching is too inefficient to explain the big difference

(450 M'l) in the Stern-Volmer slopes at 11:: > 400 and 11::

> 475 nm.

As mentioned above, less efficient quenching would be

reasonable at 11:: > 400 nm if some dissociation of CO was

responsible for some Cs-W(CO)4(4VP) production, which in the

presence of 4VP leads to the tetracarbonyl product.

If the mechanism proposed in Scheme 13 is correct,

kinetic expressions derived from it should be consistent

with experimentally measurable quantities.

It is reasonable to assume that thermal activation of

MLCT populates lower ligand field states, responsible for

loss of 4VP only, while higher energy wavelengths (around

400 nm) populate simultaneously higher ligand field states,

responsible for loss of CO. Figure 52 shows this situation.

Therefore, at 11:: > 475 nm, k1 = kL.

According to Scheme 13, irradiation at 11:: > 475 nm

populates the MLCT state which gives products coming from

the bimolecular reaction of this state with the ground state

or from the LF state which is populated thermally from the

MLCT state. Equation 33 describes this situation.



 

 

 

 

 
 

__‘t__ dx2__y2

.—
*An: >400 nm

+——
~a—-Thermal Activation

TT*

+———————~————-—)\irr_::>475
nm.1 dxy

1‘, 41‘» dx2.dYZ

 

F' ure 52 MLCT and LF transitions in W(CO)s(4VP).
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k2[C] kTA (p

O = kxsc>1 + +

”‘75 k2[C]+koz+qu[4VP]+k1'A k2 [C]+koz+k1q[4VP]+k'rA

kxc k2[C] k71

( + (P-+

111 +111 c+k1 k2 [C]+k82+k1 q [4VP]+er kn [C]+kdz+k1q [4VP]+ku

kxc k2[C] er

( + (P-+

k1 +k1c+k1 k2 [C]+kaz+k1q [4VP]+krA k2[C]+koz+k1q [4VP]+k1-1

ktc k2 [C] kTA

( + * ' (P +

k1+k1c+k1 k2[C]+kdz+k1q[4VP]+er kz[C]+knz+k1q[4VP]+krA

ktc kzlcl

( + .................... ] (33) 

k1+k1c+k1 k2[C]+k82+k1q[4VP]+kTA

P is the probability the thermally populated LF state will

give products and is best described according to Scheme 13

and Figure 52 as:

 

 

 

kL RBNIC]
P = -----——- x (34)

k2+kxa+k1 ksw[C] + ksa[4VP]

Equation 33 describes the situation the directly

lute
populated MLCT state will react (9(1SC) ] )

kat¢l+kaa+k1.[4vrl+er

or will thermally populate the LF state

11:

(Rise) ‘ ) , which either reacts with

h [C]+lus+ku [4VP]+ku

probability P, or internally converts to MLCT with
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k

probability -—::—~ , which either reacts,

ki+k1c+k1

or thermally populates the LF to react or repopulate the

MLCT. This continuous interconversion between the two

states is described by the infinite terms in 33.

To simplify equation 33, let:

 

 

k2[C]

= A (35): Probability MLCT reacts.

k2[C]+kdz+k1q[4VP]+krA

kra

= B (36): Probability MLCT populates

k2[C]+kd2+qu[4VP]+kTA thermally the LF state.

inc
.

------ = D (37): Probability LF internally

k1+k1c+k1 converts to MLCT state.

Substituting 35, 36 and 37 into 33, one obtains equation 38.

a x>475 = case) [A+ B(P+ D(A+ B(P+ D(A+ B(P+ D(A+ B(P+...] (38)

Equation 38 can be written as 39.

o 1.475 = arse) [(A+ BP)(1+BD+BZD2+8303+B‘D‘+...)] (39)

B and D are positive and less than unity, therefore, the sun

of the infinite terms of the series

(1+BD+BZDZ+B3D3+B‘D‘+ ..... ) converges to l/(l-BD);

therefore, eq. 39 becomes 40.
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l

O was = OHSC) (A+ BP)( ) (40)

1‘80

 

Both B and D represent efficiencies; therefore, they are

both less than unity. B is expected to be much less than

unity since thermal activation is slow compared with other

exoergonic processes like radiative or radiationless decay

to ground state. Therefore, BD<<1 so 40 becomes 41.

4: ms: .(ISC) [A+ BP] (.41)

Substituting back into 41, the expressions from 35, 36 and

 

 

37 one obtains, after performing the multiplications, 42.

k2[C] er

01.1n 2 Rise)[ * P] on)
. k2[C]+ksz+k1q[4VP]+kn kzICI+ksz+k1qI4VPl+kn

Inverting 42, one obtains 43.

.1>47«;‘1 z -
firsc>1 [ J on)

he [C] It's?

4»

kaICl+k¢s+k1gf4VPl+krA kaICI+ksa+kiaf4VPl+kTA

 

 

Multiplying the numerator and denominator of 43 by l/[C], we

obtain 44.
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. "‘75-! 2 inc ‘1 l 1
) I

l 0“)

k8 krAP [C]

9

hICI+ha+k1qI4VPI+ku [CHks [Clfluaflueflw’lflnsl

 

 

It is obvious from 44 that by increasing l/[C], the

slope decreases, as found experimentally (Figure 35).

Equation 42 can be approximated by considering that the

bimolecular reaction plays only a minor role at low values

of [C], the main reaction path being the unimolecular

reaction from the thermally activated LF state. In other

words, kTAP>)k2[C]. This hypothesis is valid if one

considers the quantum yield difference at 490 nm irradiation

in benzene and methylcyclohexane; if the bimolecular

reaction was an important component of the 0 >475 the two

quantum yields should not be substantially different. Under

this point of view, 42 is modified to 45.

lflAP

O “475 -'- «13(3) ( .
) (45)

k2 [C]+ksz+k1q [4VP]+ku

 

Substituting-34 into 45, we obtain 46.

h.1>475 = .(ISCH A In. x— IONIC] (46)

) (
1

It: [Clflteaflnq [4VP]+hA h+k1c+k1 kaw [CltkanHVP]

Equation 46 in the absence of 4VP becomes:
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Ina kL

Ono'ls 3 .(ISC) ( ) ( ) (47)

k2[C]+kd2+krA kL+ktc+k1

 

 

Considering that kiq [4VP] is too low (Figures 43 and 44)

and dividing 47 by 46, one obtains the Stern-Volmer equation

for quenching by free ligand (4VP).

ken

(F/O) 1>475 = l + [4VP] (48)

ksn[C]

 

The slope of 48 at [complex] = 0.02 M is 732 8-1, therefore,

ken/ken = 15.

At 11rr>400 nm, we have to take into consideration that

two processes might give products; loss of CO (kco) and loss

of 4VP (kL). The quantum yield is given by 49. 1

¢ l > ' be In [C] kn

" fixac>[r+
(p,

( +

k1+k1c+k1 kaICl+ksa+k1QI4VPl+kra ksIC]+kss+kie[4VP]+kra

 

 
 

k1c ( k2[C] kra kxc

+ (P + ----------

ki+k1c+k1 ka(C]+kss+qu[4VP]+kn k2[C]+ksz+ku[4VP]+kn k1+k1c+k1

ksIC] kn kxc

+ (p + ——-——----

k2[C]+k¢z+k1q[4VP)+k11 k2[C]+kea+k1q(4VP]+kn k1 +k1c+k1

hIC]

 ( +

kalCl+kaa+k1qt4vrl+kri ] (49)
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P is the probability with which the Ligand Field state will

give products and is best described according to Scheme 13

and Figure 52 as:

  

ice kfaat [4VP] kl. kill [C]

P = r + x (50)

h‘tksi hast [4VP]+k-co [W] In His: Raw [China [4VP]

kai includes both deactivation processes: internal

conversion (kxc) and direct deactivation of the LF excited

state to ground state (k1). The infinite terms in 49 are

needed to describe the fact that LF partially deactivates to

the lower MLCT which thermally repopulates the LF excited

state and the cycle is repeated.

Substituting 35, 36 and 37 into 49, one obtains 51.

o i>4oo = 0113c) [P+ D(A+ B(P+ D(A+ B(P+ D(A+ B(P+ D(A+ B(P+ ..... l (51)

51 can be written as 52.

0 H400 = kxsc>[P+ AD](1+DB+D282+D383+D4B4+ ....... ] (52)

(1+DB+0282+D383+0484+ ..... ) converges to l/(l-DB),

therefore, 52 becomes 53.
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l

0 1)400 = RISC) [(P + DA)("""""")] (53)

l-BD

DB<<1, so 53 becomes 54.

0 H400 e fixsc>[P + DA] (54)

Substituting back into 54, the expressions for 35, 36 and

37, one obtains 55.

k2[C] kxc

0 1>4oo '-'- Ousc>[P +( X )1 (55)

k2[C]+kdz+k1q[4VP]+kTA ki+k1c+k1

  

Inverting 55 and multiplying the numerator and

denominator by l/[C], one obtains 56.

[01“

O M400“1 2 9(13C)‘1 (56)

.2. + kgkxc

[C] (k2[C]+kd2+qu[4VP]+kTA)(k1+k1C+ki)

 

It is obvious from 56 that increasing l/[C] the slope

decreases, as found experimentally (Figure 36).

Equation 55 can be approximated by considering the fact

that 0410 >> 0490. In other words, the reaction originating

from direct population of the LF state is much faster than
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the reaction taking place through the MLCT state, i.e.,

bimolecular reaction of MLCT and thermal activation to LF

state.

k2[C] kxc

P>>( x ), so 55 becomes 57.

k2[C]+k42+qu[4VP]+ka k1+kxc+k1

  

O 1)4OO 2'- .(Iscfl’ (57)

Substituting 50 into 57, one obtains 58.

Res krsotl4VP] kt kanIC]

+.“<"" = .(ISC)( ”— r
ki+ksi krsscI4VPl+kbcoIOOI ki+ksi kamICI+kan[4VP]

(58)

It is assumed that kfast [4VP]>>k-co[CO] at all 4VP

concentrations. This is a logical assumption since CO is a

gas and, after its generation, diffuses to the vacuum space

above the degassed samples, until its chemical potential is

equal in the two phases. 58 reduces to 59.

kco k1. kaw [C]

O M400 = .(ISC)(--“‘-—-- + x

k1+kdi k1+koi ksw[C]+ksa[4VP]

 

) (59)

In the absence of 4VP, 59 becomes 60.

kco kl.

011400 2 .(ISC)(-------- + ) (60)

ki+kai kl+kdl

 

The Stern-Volmer equation is obtained from 59 and 60 and is

given by 61.
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kLkan

(“/O) M400 3 1+ ------------------------------- [4VP,I (61)

kco(ken[C]+ksa[4VP])+kLksH[C]

To obtain an estimate of kL/kco, equation 61 was

simulated for various kL/kco values, considering that

ken/kau[C] = 732, as was found from equation 48. Figure 53

displays the situation. For kco = 0 equation 61 reduces to

equation 48 for irradiation with 11:r>475 nm. As the ratio

kL/kco decreases, the simulated, through equation 61, lines

fall between the lines obtained at 11rr>475 and 11::)400

irradiations. At approximately kL/kco 2.5, the theoretical

line simulates the experimental points at 11rr>400 nm well.

The small discrepancy is due rather to experimental error.

We assumed that for 11:: > 400 nm in the presence of

4VP, part of the tetracarbonyl product formation originates

from loss of 4VP and part from loss of CO. This hypothesis

explained the less efficient quenching of cis-W(CO)4(4VP)2

formation at 11:: > 400 nm since the slope of 61 is

obviously less than the slope of 49 and gave us an estimate

of the relative ratio of the rate constants for CO and 4VP

loss from the LF excited state.

Of course, the presence of an entering ligand like 4VP

or 4BP complicates the situation. CO loss in the absence of

any entering ligand produces W(CO)4(4VP) which recombines

with either CO or 4VP to give starting material or
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Figure 53. Simulation of equation 61 for the Stern Volmer
 

quenching by 4VP of cis—W(CO)4(4VP)2 formation from W(CO)s(4VP)

at various kL/kCO values.

The experimental points shown have the same meaning as in

Figure 42.
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tetracarbonyl product, respectively. One might argue that

cis-W(CO)4(4VP)2, in the absence of 4VP originates from this

very process which is illustrated by 62 and 63.

hr

W(CO)s(4VP) ------- > W(CO)s + 4VP (62)

hv

W(CO)s(4VP) ------- ) W(CO)4(4VP) + CO (63)

Cross recombination is expected to give W(CO)8 and cis-

W(CO)4(4VP)2. This process though seems inprobable since

presence of free 4VP would not quench the tetracarbonyl

product formation. Instead, it would enhance it.

The only precedent dispropotionation reaction 32 has in

the literature is the reaction 64:

hv

2 W(CO)s(PPha) ------ > W(CO)8 + cis-W(CO)s(PPh3)2 (64)

suggested by not elaborated by link.117

In conclusion, the synthesis of cis-W(CO)4L2 by

irradiation of W(CO)sL with UV light in the presence of L is

still valid since, even if we assume that all tetracarbonyl

products originate from a W(CO)s intermediate, the

photoproduced W(CO)s reacts further to form W(CO)sL so that

the yield of the final product is increased. In cases

though where the ligand L is reactive under UV light

irradiation (like 4VP which gives the Type II reaction), in

order to make cis-W(CO)4L2, one has to irradiate W(CO)sL
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with visible light in the absence of L, limiting the

chemical yield to 50* but avoiding ligand side

photoreactions.

Summary.

The results described in this thesis indicate that for

the Ester-pyridyl ketone ligand in pentaammine or

bis(2,2'bipyridine) Ruthenium(II) complexes, internal

conversion to lower excited state competes directly with the

chemical reaction from the nr‘ Internal Ligand upper excited

state. This competition allows an accurate estimation of

the rate of the internal conversion. In the case of the

bis(2,2'bipyridine) complexes, we obtained some evidence

that an inter-ligand communication may exist. Possibly

singlet energy transfer from 2,2‘bipyridine to coordinated

pyridyl ketones and triplet energy transfer from the

coordinated pyridyl ketones to 2,2'bypyridine.

The case of Tungsten carbonyl complexes is different.

Internal Conversion is much faster than chemical reaction.

Lower excited states (LF and MLCT) give distinct

photochemistry. Research towards this direction forced us

to introduce a new mechanism for cis-W(CO)4L2 formation.

This product comes from W(CO)sL primarily not by loss of CO

(at least for irradiations at wavelengths longer than 400

nm), as was believed, but by loss of L and subsequent attack

of the W(CO)5 intermediate on a ground state molecule. It

appears that the classical photoexchange reaction
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hr

W(CO)sL + X -------> W(CO)sX + L

and the Tungsten Tetracarbonyl formation

hv

2 W(CO)sL ---) W(CO)8 + cis-W(CO)4L2
 

follow the same mechanism.

Spggestions for Fprther Stpgy.

The problem of the bimolecular photochemical reaction

of the coordinated pyridyl ketone ligandw remains. A

reactive hydrogen donor-like sodium succinate should be a

good candidate for intramolecular photoreduction of

coordinated 4-Acetylpyridine. Another direction would be to

move to complexes having LF lowest excited state, but

because of geometric and bonding reasons, photodissociation

would be avoided. A good candidate would be trans-

[Rh(cyclam)(4PhBP)2](BF4)2 (cyclam = l,4,8,ll-

Tetraazacyclotetradecane).118 Thus, a direct comparison

between IL ----> MLCt and IL -—--> LF Internal Conversion

rates would be made.

The Tungsten carbonyls open a new chapter in the

possible carbonyl exchange reactions between coordinatively

unsaturated carbonyls and coordinatively saturated ones. It

would be interesting to see in other systems like Fe(CO)s,

irradiated with PPhs and yielding Fe(CO)3L2,119 if the

mechanism followed is Mechanism I or Mechanism II, according

to our model.
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Mechanism 1.

 

 

 

 

hv,L

Fe(CO)s --------- > Fe(CO)4L + CO

hv

Fe(CO)4L --------- > Fe(CO)3L + CO

L

Fe(CO)3L --------- > Fe(CO)3Le

Mechani§p_ll.

hml.

Fe(CO)5 ) Fe(CO)4L + C0

by

Fe(CO)4L > Fe(CO)4 + L

Fe(CO)4 + Fe(CO)4L > Fe(CO)s + Fe(CO)3L

Fe(C0)aL + L ————————> Fe(C0)3L2

A more careful study at high entering ligand and

W(CO)sL concentrations would elucidate any minor bimolecular

mechanism taking place in parallel to the dominating

unimolecular process. A nice experiment to prove any

bimolecular process involving the MLCT excited state would

be to find an efficient quencher with intermediate triplet

energy between LF and MLCT excited states. High

concentrations of this quencher would quench all reactions

originating from the LF excited state. By varying the

complex concentration, a plot of 1/9 vs. l/[complex] for

tetracarbonyl product formation at long wavelength

irradiation would be linear. It would be easier to perform
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this experiment in methylcyclohexane since the spacing

between the two excited states is larger than in benzene and

the thermal activation would be slower.
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nxnmumxmnu.

Instrpmentation

All compounds were identified on the basis of their

physical and spectroscopic properties using the instruments

described below.

Nuclear magnetic resonance spectra (nmr: Proton and

Carbon-13) at 250 MHz were obtained with a Bruker WM-250 MHz

Fourier Transform Nuclear Magnetic Resonance

Spectrophotometer. All chemical shifts (6) are reported in

parts per million (ppm) downfield from tetramethylsilane

(TMS). All coupling constants (J) are reported in Hz.

Infrared absorption spectra (IR) were determined either

on a Perkin Elmer model 2838 or on a Perkin Elmer model 599

spectrophotometer. All absorptions are reported in

wavenumbers (cm‘l) and are characterized as broad (b),

strong (s), medium (m) and weak (w).

Low resolution mass spectra (ms) were determined on a

Finnigan 4021 Gc-Ms at an ionization potential of 70 eV for

electron impact ionization. Melting points (mp) were

181
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determined with 8 Thomas Hoover capillary melting point

apparatus. All melting points are uncorrected. Elemental

analyses were performed by Spang Microanalytical Laboratory,

Eagle Harbor, Michigan_ 49951. Absorption spectra were

measured with a Varian Cary 21 spectrophotometer, courtesy

of Dr. Chang (all t are reported in units of M‘1 cm’l).

Emission spectra were measured on a Perkin Elmer MPF-44A

fluorescence spectrophotometer equipped with a differential

corrected spectra unit and Hitachi phosphorescence

accessory.

Preparative scale separations were done on a Varian

Aerograph model 920 gas chromatograph fitted with a thermal

conductivity detector. Analytical scale separations were

done either on a model 1200 Varian Aerograph fitted with a

flame ionization detector or on a High Pressure Liquid

Chromatography system composed of two model 110A Beckman

pumps, 8 DuPont Instruments column compartment fitted with

an injection port, and a model LC-75 Perkin Elmer

spectrophotometric detector. Relative peak areas were

determined using an infotronics CRS 309 Computing Integrator

for gas chromatographic analysis or a model 3380 Hewlett

Packard recorder-integrator for HPLC analysis.

Chemicals

Solvents

Benzene: 3.5 liters of thiophene-free benzene (Fischer

Scientific or Mallinckrodt Chemical Co.) was stirred over
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several changes of concentrated sulfuric acid (300 nm) until

the sulfuric acid remained colorless. The benzene was

washed first with distilled water (2 x 300 ml), then with

saturated sodium bicarbonate (3 x 300 m1) until a white

precipitate no longer formed. It was then washed with

distilled water (2 x 200 m1) and dried over anhydrous

magnesium sulfate. It was refluxed over phosphorous

pentoxide overnight and distilled through a one meter column

packed with stainless steel helices; the first and last 300

ml being discarded: bp = 80.0°C. '1

Acetonitrile: Aldrich Gold Label acetonitrile was used

as received. Acetonitrile (Fischer Scientific Co.) was

purified according to the procedure of O’Donnell.12°

Analytical grade acetonitrile was distilled from 10 g

anhydrous sodium carbonate and 15 g potassium permaganate,

made slightly acidic with concentrated sulfuric acid,

decanted from the precipitated ammonium sulfate and

distilled through a half meter column packed with stainless

steel helices: bp = 82°C.

Methylcyclohexane: Methylcyclohexane (Fischer

Scientific, Eastman Chemical Co.) was purified according to

the procedure of Foster.121 Methylcyclohexane (500 ml) was

stirred over several changes of concentrated sulfuric acid

(100 m1) until the sulfuric acid remained colorless. It was

washed with distilled water (3 x 200 ml), saturated

potassium carbonate (3 x 100 ml), distilled water (2 x 100

ml) and dried over anhydrous potassium carbonate. It was
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distilled through a 30 cm Vigreaux column over lithium

aluminum hydride; the first and last 50 ml being discarded:

bp = 101°C.

Tetrahydrofuran: Tetrahydrofuran (Fischer Scientific,
 

EM Science or Mallinckrodt Chemical Co.) was purified

according to a procedure cited in Organic Smtbeses.122

Tetrahydrofuran (1.5 l) was refluxed over 10 g cuprous

chloride overnight and distilled through a 30 cm Vigreaux

Column, then it was distilled three times over lithium

aluminum hydride; the first and the loot 10x being

discarded: bp = 66°C.

Ethanol: Ethanol was refluxed overnight over sodium

metal and distilled; the first and last 10% being discarded:

bp = 78°C.

Methanol: Methanol (Mallinckrodt SpectAR and J. T.

Baker Spectrophotometric grade) was used as received.

Dichlorgpethgpg: Dichloromethane (Fischer Scientific

Co.) was distilled over lithium aluminum hydride; the first

and the last 10% being discarded: bp = 39.5°C.

Hexane: UV grade Hexane (Burdick & Jackson

Laboratories, Inc.) was used as received. Mixed Hexane (EM

Science) was purified by washing with sulfuric acid in a

manner similar to benzene, dried with anhydrous sodium

sulfate, magnesium sulfate or potassium carbonate and

distilled over calcium hydride; the first and the last 10-

203 being discarded: bp = 69 : 2.5°C.
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Ethyl Acetate: UV grade Ethyl Acetate (Burdick &
 

Jackson Laboratories, Inc.) was used as received.

Interngl Standards

 

n-hexadecane (016): was available from previous work.

n-tetradecane (014): n-tetradecane, pure grade was
 

obtained from Phillips Petroleum Co. and used as received.

n-tridecane (C13): was available from previous work.

p-dichlorobengene (229;): was obtained .from Matheson

Coleman & Bell Chemical Co. and used as received.

Methyl benggggg: was obtained from Aldrich Chemical Co.

and used as received.

Externgl Standards

gggtophgpone: acetophenone (Fischer Scientific Co.) was

passed through an. alumina column and then fractionally

distilled through a 30 cm Vigreaux column; the first and

last 208 being. discarded. Pure acetophenone (>99.SX by

g.c.) was obtained by subsequent spinning band distillation.

n-heptadecane (017): was obtained from Chemical Samples

00. and used as received.

entacarbon l- 4-acet l ridine Tun sten 0 : See

below.
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Quenchers

 

Ethyl sorbggg: ethyl sorbate was used as received from

Aldrich Chemical Co.

Anthracene: Anthracene (blue-violet fluorescence) was

used as received from Matheson Coleman & Bell Chemical Co.

4-Vglerylpyridine: See below.

Actinopeterg

Velerophenone: was prepared by the Friedel Crafts

acylation of benzene by valeryl chloride by Dr. B. P. Giri.

o-methylvalerophenone: was prepared earlier by Dr. C.

P. Chen.9°

 

o—methylbptyrophenone: was prepared earlier by Dr. C.

P. Chen.°°

Potgssiu! Reineckate: was prepared from the ammonium
 

Reinecke’s salt ([(NH4Cr(NH3)2(SCN)4].HzO - Aldrich Chemical

00.) according to the procedure of Adamson.°a The ammonium

Reinecke’s salt (10 g, 28.2 mmol) was dissolved in 50 ml of

warm (40-50°C) water. Solid potassium nitrate (28.5 x 1.5

mmol) was added followed by cooling over ice and filtration.

The product was recrystallized from a warm, 5% potassium

nitrate solution in water, washed with 2 m1 of cold water

and dried over phosphorous pentoxide under vacuum. All the

operations were carried out in dim red light. UV—Vis. 1a.:

392 nm, broad absorption between 480 and 580 nm; IR (KBr):

3600-2800 (b.s), 3310 (s), 3200 (3), 2240-1800 (b.s), 1605
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(s), 1395 (s), 825 (w), 710 (s), 520 (m), 480 (m), 352 (s)

cm“.

Uggnyl nitrggg: uranyl nitrate (UOz(NOa)2.6H20) -

Analytical reagent was used as received from Mallinckrodt

Chemical Company.

 

Ketones

_cetophenone: See above.

Benzophenone: received from Aldrich Chemical Co. and
 

recrystallized twice from petroleum ether; mp., 49-50°C.

l-phenyl-l-butanone; bptyrophenopg:123 n-butyl bromide

(59 g, 0.43 mol) in 80 ml of ether was added to a well-

stirred mixture of 11.7 g (0.48 mol) of magnesium turnings

and 30 ml of anhydrous ether; when the reaction was

completed, 25 g (0.24 mol) of benzonitrile in 100 ml of

ether was added, and the reaction mixture was refluxed for 7

hrs. Then 200 ml of 10 M HCl was added and reflux continued

for another 12 hrs. At the end of the period, the reaction

mixture was cooled and transferred to a separatory funnel

where the ether layer was collected. The water layer was

washed three times with ether and the ether extracts were

combined with the original ether layer which subsequently

was washed with water followed by saturated potassium

carbonate solution; dried with anhydrous potassium

carbonate. Ether was removed under reduced pressure and the

slightly yellow product was fractionally distilled twice to

give 16.9 g (46*) product which was >99.QX pure by gc., bp =
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117°C (9.3 Torr); UV (CHaCN) 1aox 277 mm (c 954), 317.5 nm

(a 56), £313 = 54.50 M"1 cm“; H-nmr (00013): (6) 1.0

(t,3R), 1.5-2.0 (qui,2R), 2.9 (t,2H), 7.4-7.6 (m,3H

aromatic), 7.9-8.1 (m,2H aromatic); m/e (rel. int.): 148

(28), 106 (12), 105 (100), 77 (8), 55 (2); IR (0014): 3090

(w), 3070 (w), 2965 (s), 2940 (m), 1694 (s), 1601 (m), 1451

(s), 1414 (w), 1370 (m), 1360 (m), 1214 (s), 1180 (m), 900

(w) cm’l.

gzpcetylpyridine; 4AP: was obtained from Aldrich

Chemical Co. and vacuum distilled before use or was prepared

by the method described by Rosemary Bartoszek, Ph.D. Thesis,

Michigan State University, 1981.

4-bepgoylpyridine; 4szy: was obtained from Aldrich

Chemical Co. and recrystallized three times from petroleum

ether prior to use; mp., 72°C.

1-(4-pyridyl)bp£§none (4-butyrylpyridine); 4BP:12‘h125

A solution containing 59 g (0.48 mol) of n-propyl bromide in

80 ml of anhydrous ether was added dropwise to a well-

stirred mixture of 11.7 g (0.50 mol) of magnesium turnings

and 30 ml of anhydrous ether. After the reactions subsided,

a solution containing 25 g (0.24 mol) of 4-cyanopyridine in

60 ml of anhydrous ether and 40 ml of benzene was added to

the stirred solution over 5 min. The resultant mixture was

refluxed with stirring for 7 hrs. At the end of the period,

200 ml of a 10 M hydrochloric acid solution was added slowly

with cooling, and reflux was continued for another 12 hrs.

Then, upon cooling, the solution was made basic with solid
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potassium carbonate and solid potassium hydroxide.

Filtration removed the precipitated salts which were washed

with ether. The aqueous solution was extracted with ether

until the ether extracts were colorless. The ether extracts

were combined, washed three times with 30 ml saturated

potassium carbonate solutions, one time with 30 ml of a

saturated salt solution, and dried with anhydrous potassium

carbonate. Ether was removed under reduced pressure to

leave a brown oil which was distilled three times under

vacuum to give 6.4 g (188) of product which was >99.93 pure

by gc. UV (methylcyclohexane) 1a.: 279 nm (a 3390); H-nmr

(00013): (6) 1.01 (t,3H), 1.78 (hext,28), 2.97 (t,2H), 7.74

(dd,2H aromatic), 8.80 (dd,2H aromatic); m/e (rel. int.) 149

(M,25), 121 (27), 106 (100), 78 (93), 51 (79); IR (0014):

3075 (w), 3030 (w), 2970 (s), 2940 (w), 1700 (s), 1412 (s),

1271 (m), 1217 (m), 1206 (s), 1063 (w), 990 (w), 900 (w)

cm".

l-(4-pyridyl)pentanone (4-valerylpyridine); 4VP:12“'125

was synthesized by the method used for l-(4-pyridy1)butanone

 

using 79 g (0.58 mol) of n-butylbromide, 14 g (0.59 mol) of

magnesium turnings and 30 g (0.29 mol) of 4-cyanopyridine.

The synthesis gave a brown oil which was distilled four

times under vacuum to give 15 g (328) of the product which

was >99.QX pure by gc. bp., l40-l4l°C (10 Torr); UV

(methylcyclohexane) Xmax 279 nm (t 2892); H-nmr (Cst): (6)

0.81 (t,3H), 1.20 (hex,2H), 1.52 (qui,ZH), 2.44 (t,28), 7.33

(dd,ZH aromatic), 8.58 (dd,2H aromatic); (CD013): (6) 0.80
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(t,3H), 1.25 (hex,2H), 1.55 (qui,2H), 2.85 (t,2H), 7.59

(dd,2H aromatic), 8.63 (dd,2H aromatic); C-nmr (CeDs; 2.5x

Cr(acac)3 added): (6) 13.9, 22.5, 25.9, 38.4, 121, 142.9,

151.1, 199.1; IR (0014): 3080 (w), 3030 (w), 2960 (s), 2935

(s), 1705 (s), 1595 (w), 1555 (w), 1410 (s), 2269 (m), 1222

(m), 1210 (m), 1070 (w) cm’l; m/e (rel. int.): 164

(M+l,100), 121(62), 106(66), 78(18), 51(11).

4-phenyl-l-(flrpyrigyl)bp£gnone: 4PhBP: A solution

containing 43.8 g (0.22 mol) of l-bromo-3-phenyl propane

(Aldrich Chemical Co.) in 80 m1 of anhydrous ether was added

dropwise to a well-stirred mixture of 5.35 g (0.22 mol) of

magnesium turnings and 30 m1 of anhydrous ether in a flame-

dried, three-neck, round bottom flask equipped with a

mechanical stirrer. The reaction was assisted to start by

traces of iodine. After the vigorous reaction subsided, the

reaction mixture was refluxed for 10 hrs. under argon until

all the magnesium had been consumed. Then a solution

containing 20.8 g of 4-cyanopyridine in 200 ml of 3:2 (v/v)

anhydrous ether - benzene was added to the stirred solution

upon cooling over 5 min. The resultant mixture was refluxed

with stirring for 12 hrs. At the end of the period, 200 ml

of a 10 M hydrochloric acid solution was poured slowly with

cooling. Reflux was continued for another 24 hrs. Then,

upon cooling, the solution was made basic by addition of

solid potassium carbonate. Filtration removed the

precipitated salts which were washed with ether. The

aqueous solution was extracted with ether until the ether
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extracts were colorless. All the ether solutions were

combined, washed three times with 30 m1 saturated potassium

carbonate solution and dried with anhydrous potassium

carbonate. Ether was removed under reduced pressure to

leave a brown oil which was fractionally distilled under

vacuum to give a yellow solid. This product was dissolved

in benzene, decolorized with decolorizing carbon and

precipitated by the addition of pentane and cooling in the

refrigerator for 24 hrs. to give 22.4 g (45X) of white

flakes. (Pure product was also obtained by a.'spinning-band

distillation following the first fractional distillation).

mp., 38-39°C; bp., 156-15700 (11.6 Torr); uv (cascu) 1....

280 nm (e 2078), £313 = 124 M’1 cm"; nmr (00013): (6) 2.08

(qui,2H), 2.72 (t,2H), 2.96 (t,ZH), 7.1-7.3 (m,5H aromatic),

7.65 (dd,2H aromatic), 8.76 (dd,2H aromatic); IR (0014):

3040 (w), 3010 (m), 2920 (b,w), 2840 (w), 1690 (s) cm‘l; m/e

(rel. int.): 225(M,16), 205(20), 104(100), 91(46), 78(32),

65(14), 51(32).

p;pptyl-4-[(4-pyridyl)carbonyl] butyrate; 4EsterBP: was

prepared from the enaminelzs'lZ7 derivative of 4-

acetylpyridine which was added to n-butyl acrylate (Aldrich

Chemical Co.).

4-Acety1pyridine (10 g, 0.0826 mol); pyrrolidine (30 g,

0.422 mol, 5 molar excess) and a catalytic amount of p-

toluene sulfonic acid (0.2 g) were dissolved in 150 ml of

purified (as described above) benzene and refluxed for 24

hrs. with continuous removal of water (dean stark). Benzene
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and excess pyrrolidine were removed under reduced pressure

and the resulting oil was diluted with 80 m1 of

acetonitrile. n—Butyl acrylate (16 g, 1.5 molar excess) was

added and the solution was refluxed for 24 hrs. with a

drying tube on the top of the condenser. Then 30 ml of an

aqueous solution containing 14 g of sodium acetate and 14 g

of an 80% acetic acid solution was added. The resulting

solution was refluxed for another 2.5 hrs. At the end of

the period, 100 ml of water was poured into the solution and

addition of a large excess of solid potassium carbonate

resulted in the separation of two phases. The lower water

layer was washed several times with ether and the ether

extracts were combined with the upper organic layer. The

solution was dried with anhydrous potassium carbonate and

the ether was removed under reduced pressure. Distillation

under vacuum gave a slightly brown oil collected between 150

and 200°C. .This oil was passed through an Alumina column

(Alumina Activated 80-200 mesh: dimensions: 20 cm x 1 cm;

solvents: eluent, 100 m1 hexane followed by 858 hexane, 15%

ethyl acetate) collecting 10 ml fractions. In the first 60

m1, there were only impurities. Between 100 and 150 ml,

there was found only product. Analysis of the fractions was

performed by gas chromatography (gc column 0 at 210°C). All

solvents were removed and the product was distilled under

vacuum once more to give 0.82 g (48). bp., 163-164°C (11

Torr); UV (CH3CN) 1.3x 274.5 nm (e 1884), e313 = 112 M’1

cm‘l; H-nmr (CD013): (6) 0.92 (t,3H), 1.38 (hex,2H), 1.61
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(qui,2H), 2.07 (qui,2H), 2.45 (t,2H), 3.09 (t,2H), 4.10

(t,2H), 7.75 (dd,2H aromatic), 8.81 (dd, ZR aromatic); IR

(0014): 2965 (s), 2938 (s), 2875 (m), 1718 (s), 1703 (s),

1405 (s), 1218 (s), 1202 (s), 1150 (m), 1065 (m), 1048 (m),

812 (m) cm’l; m/e (rel. int.): 249 (M,4), 175 (23), 147

(25), 121 (12), 106 (100), 85 (21), 78 (61), 51 (37).

Pyridyl getone Hydrochloride Selig

Both hydrochloride salts were prepared by bubbling

hydrogen chloride gas through an ether solution of the

pyridyl ketone. The salts were purified by repeating

recrystallizations from methylene chloride and n-pentane

until a colorless product was received. The final product

was washed with ether and dried under vacuum.

4-phenyl-l-(4-pyridyl)butanone hygrochloride; 4PhBP.HCl:

mp., l30-131°C, decomposes; UV (CH30N) 133x 275 nm (e 1238),

£313 = 104 M‘1 cm'l; (082012) 1.3x 274 (z 2734), £313 = 166

M‘1 cm‘l; R-nmr (020): (6) 8.82 (d,2H,J=6.l), 8.20

(d,2H,J=6.4), 7.23-7.12 (m,5H), 3.07 (t,ZH,J=7.0), 2.61

(t,2H,J=7.6), 1.96 (qui,2H,J=7.0); IR (KBr): 3190 (w), 3090

(m), 3062 (s), 3029 (s), 1700 (s), 1593 (s), 1487 (s), 1223

(m), 1192 (m), 790 (s), 744 (s), 695 (s) cm'l.

pzpptYl-4-(4-pyridyl)cgrbonyl bptyrate hydrochloride;

4EsterBP.HCl: mp., 137-138°C, decomposes; UV (CHaCN) 134x

271 nm (E 2941), £313 = 82 M"1 cm‘l; H-nmr (D20): (6) 8.88

(d,2H,J=5.8), 8.33 (d,2H,J=5.8), 4.00 (t,2H,J=6.4), 2.41

(t,2H,J=7.3), 1.94 (qui,2H,J=7.0), 1.50 (qui,2H,J=7.0), 1.23
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(hex,2H,J=7.3), 0.77 (t,3H,J=7.3); IR (KBr): 3050 (w), 2960

(w), 1725 (s), 1700 (s), 1593 (s), 1491 (s), 1381 (m), 1280

(s), 1228 (s), 1178 (s), 1078 (m), 800 (s), 745 (s) cm'l.

Nitrggen Coordingtihngiggnds

Methyl-(4-pyridyl)forggte (Methyl glsonicotingte);

MeINic: was obtained from Aldrich Chemical Co. and was

distilled under reduced pressure; the first and last 10%

being discarded.

4-Cygnopyridine; 4Cpr: was used as ’received from

Aldrich Chemical Co.

‘2L2;pipyridineL bipy: was used as received from Aldrich

Chemical Co.

1,10-Phengnthroline, ,ponohydrate; phen: was used as

received from J. 1. Baker Chemical Co..

2gg;bipyripidine; bipyg: was used as received from Alfa

Products.

Tetrgphenylporphyripei TPP: was used as received from

Aldrich Chemical Co.

Octgethylporphyrine; GEE: was obtained from Dr. Chang

and was used without any further purification.

Pyrazine; pyz: was used as received from Aldrich

Chemical Co.

4,5-Diazafluorene: was used as obtained from Dr. W. R.

Cherry; University of Louisiana.
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Photoreduction Products

In the photoreduction of acetophenone by THF99, the

following products were identified by gc/ms:

Octahydro-2,2'bifuran: m/e (rel. int.): 142 (0.7), 97
 

(0.5), 84 (2), 73 (0.9), 72 (4), 71 (100), 70 (39), 55 (3),

43 (30), 42 (5), 41 (12), 40 (3).

g;(2-tetr§hydrofpryl) acetaldimine: One molar solution

(2.8 ml) of acetophenone in 1:1 (v/v) THF/CH30N was degassed

and irradiated for two days at 313 nm. The product was

isolated by preparative gas chromatography using a U-shaped

trap containing CD013 and kept in a mixture of acetone/dry

ice; nmr (CD013): (6) 2.00-1.88 (m,4H), 2.19 (s,3H), 2.62

(s,lH; the size of this peak descreases by addition of 020),

3.85-4.00 (m,3H); m/e (rel. int.): (by gc/ms) 71 (81), 44

(5), 43 (100), 42 (4), 41 (37), 40 (23).

l-phenyl l-(2-tetrghydrofpryl) ethgnol: m/e (rel.

int.): 192 (M,1), 121 (100), 105 (8), 77 (4), 71 (26), 43

(30).

p-(g-tetrghydrofpryl):gcetophenone: m/e (rel. int.):

147 (2), 122 (31), 121 (6), 107 (100), 103 (4), 80 (3), 79

(60), 78 (14), 77 (34), 53 (3), 51 (9), 45 (3), 43 (11), 40

(2).

 

Acetophenone pingcol: Identified by comparison of the

g.c. retention time to an authentic sample which had been

synthesized and purified by Dr. M. J. Thomas.
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Type II Products

n-bptylggcrylgge: A 0.02 M solution (2.8 ml) of cis-

[Ru(bipy)3(4EsterBP)2](BF4)2 in acetonitrile was degassed

and irradiated for a week at 313 nm. The photoproduced n-

butyl acrylate was identified by comparison of the g.c.

retention time to an authentic sample (obtained from

Aldrich). Its identity was also verified by gc/ms.

Photochemically Prodpcegf n-bptylgcrylggg: m/e (rel.

int.): 113 (0.23), 99 (1.32), 85 (6.39), 73 (35), 69 (1.44),

57 (4.5), 56 (44), 55 (100).

n-butyl acrylate obtained. from Aldrich: m/e (rel.

int.): 129 (M,0.38), 113 (0.34), 99 (1.38), 85 (6.5), 73

(41), 69 (1.58), 57 (5.9), 56 (56), 55 (100).

gpthenip! Complexes

Chloropentgpgpine Rpthenipp(ll) dichlorigg;

Ru NH Cl 01 :123,129 Hexaammine Ruthenium(III) trichlor-

ide (Strem Chemical, Inc.) (20 g, 6.5 mmol) was dissolved in

70 ml of 6 M hydrochloric acid solution with warming. The

solution was refluxed for 4 hrs., during which a yellow

precipitate formed. The mixture was cooled and filtered.

The precipitate was washed first with 10 m1 of 6 M

hydrochloric acid solution then with 5 ml of methanol and

was dried under vacuum to give 1.25 g (663) of bright yellow

crystals. IR (KBr): 3600-3000 (b.s), 1618 (m), 1300 (s),

800 (m) cm’l.
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Pentagmminepyridine Ruthenium(II) tetrafluoroboggte Egg

the pyridineggpbstitpted derivatives: These complexes were

synthesized by a modification of Ford and Taube’s

methods.15'75

Genergl synthetic procedure: Silver oxide (158 mg,

0.683 mmol) was dissolved in 4 ml of distilled water by the

dropwise addition of trifluoroacetic acid with stirring.

Chloropentaammine Ruthenium(III) dichloride (200 mg, 0.683

mmol) was added. The resultant mixture was stirred, then

digested (heated to boiling to complete the precipitation of

silver chloride). After 20 min., the precipitate was

filtered then washed with two 5 ml portions of distilled

water. The filtrate was diluted to 25 ml with distilled

water and placed in an addition funnel. The pyridyl ketone

ligand, in 3-10 molar excess, was flushed with argon in a 3-

neck 100 m1 round bottom flask covered with aluminum foil.

Methanol (2 ml) was added to improve ligand solubility in

the resultant aqueous solution.

Granular zinc (50 g) was washed with 50 ml of 1.2 M

hydrochloric acid solution. The acid solution was decanted

and 5 g of mercuric chloride was added to the zinc, which

reacted immediately to give the amalgam. Water, 150 ml, and

5 m1 of concentrated sulfuric acid were added on the top and

the whole mixture was stirred for 10 min. The zinc mercury-

amalgam was washed with distilled water until the washings

were slightly acidic, then with acetone and finally with
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ether. It was air dried and packed into a column which was

fitted to the middle neck of a 3-neck round bottom flask

containing the ligand. The other two necks were stoppered

with rubber septums. On top of the zinc-mercury amalgam

column (reduction column) was fitted a funnel containing the

Ruthenium(III) solution, on top of which was attached

another funnel containing 20 ml of distilled water. The

entire system was flushed with argon for 10 min.

The light yellow Ruthenium(III) solution (25 ml) was

passed through the reducing column over -a period of 30

minutes, giving a deep yellow Ruthenium(II) solution which

was added to the stirred ligand slowly. When the addition

was completed, the reducing column was washed with two 10 ml

portions of distilled water. Stirring was continued for 30

min. and then ammonium tetrafluoroborate (144 mg, 0.683 x 2

mmol) was added directly to the flask. The resultant

solution was refrigerated for a minimum of 12 hrs. The

water was then removed under reduced pressure. The

resultant precipitate was dissolved in the minimum amount of

dry acetone and added dropwise to 500 m1 of argon bubbled

ether. The precipitated complex was immediately filtered.

The product was purified by reprecipitation from

acetone/ether repeating the method of the original complex

isolation. The precipitate was dried under vacuum for 12

hrs. and stored in the dark.

Pentaamminepyridine Ruthenium(II) tetrgflporoborgte;

|Ru(NH3)s(py)|(BF4)2:1°l was synthesized using 200 mg (0.683
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mmol) of [Ru(NH3)sCl]Clz and 2 ml of pyridine (1.97 g, 0.683

x 3.7 mmol). The complex was recrystallized once from

acetone/ether to yield 180 mg (60*). UV-Vis. (water) 133x

244 nm (£ 3798), 407 nm, (e 4900); IR (KBr): 3700-3000,

1636, 1525-1350, 1290, 1225-925, 760, 700 cm‘l.

Pentaampgne 4-acetylpyridine Rpthenium(II) tetrafluoro-

boggte; [8!(NH3)5(4AP)](BF4)2:1°1 was synthesized using 200

mg (0.683 mmol) of [Ru(NHa)sCl]012 and 580 mg of 4-

acetylpyridine (0.683 x 7 mmol). The complex was

recrystallized twice from acetone/ether to. yield 230 mg

(70%). UV-Vis. (CH30N) 1.3x 268.5 nm (£ 3696), 509 nm (£

11256), £313 = 336 M'1 cm'l; H-nmr (D20): (6) 8.60

(d,J=6.8), 7.53 (d,J=6.2), 2.52 (s); IR (KBr): 3650-3050

(b.s), 1685 (s), 1639 (w), 1590 (m), 1420 (m), 1365 (w),

1282 (s), 1200 (s), 1170 (w), 1225-925 (b.s), 1005 (s), 962

(w), 835 (w), 796 (w), 754 (w), 729 (w) cm‘l.

Pentaammine methyligonicotinate Rpthenip!(ll) tetra;

filpgroborateyy [Ru(NHglg(MeINic)](BF4)3:7°r101 was

synthesized using 200 mg (0.683 mmol) of [Ru(NH3)sCl]Clz and

936 mg (0.683 x 10 mmol) of methylisonicotinate. The

complex was recrystallized twice from acetone/ether to yield

296 mg (87%). UV-Vis. (CHaCN) 133x 264 nm (a 4044), 488.5

nm (E 11865), £313 = 319 M"1 cm'l; IR (KBr): 3700-3000

(b.s), 3360 (s), 3290 (s), 1730 (s), 1634 (m), 1606 (s),

1342 (m), 1325 (m), 1234 (m), 1200 (s), 1107 (s), 1150-850

(b.s), 761 (w), 740 (w), 675 (m), 610 (m), 573 (w) cm'l.
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Pentaammine 4-phenyl-l-(4-pyridyl)butanone RptheniumfII)

tetrgflpgroborgge; LRp(NH3)s(4Ph§P)1(§£i);: was synthesized

using 200 mg (0.683 mmol) of [Ru(NHa)sCl]Clz and 768 mg

(0.683 x 5 mmol) of 4-phenyl-l-(4-pyridyl) butanone. The

complex was recrystallized twice from acetone/ether to yield

316 mg (79X). UV-Vis. (CH30N) 1.3x 268 nm (£ 3860), 505 nm

(a 10572), £313 = 432 M‘1 cm’l; H-nmr (D20): (6) 8.35

(d,2H), 7.28 (d,2H), 7.25-7.10 (m,5H), 2.95-2.80 (broad,2H),

2.7-2.5 (broad, 2H), 2.0-1.9 (broad,2H); IR (KBr): 3700-2900

(b,s), 1720-1557 (b,s), 1690 (s), 1680 (s), 1592 (s), 1405

(s), 1300 (m), 1200 (s), 1160-960 (b,s), 745 (w), 692 (w)

cm‘l.

Pentaammine n-butyl-4-[(4-pyridyl) cgrbopyl] pptyrgtg

Rpthenipp(ll),tetrgfluorohorate; LRp(NH3)s(4EsterBP)|(BFg)g:

was synthesized using 200 mg (0.683 mmol) of [Ru(NHa)sCl]Clz

and 850 mg (0.683 x 5 mmol) of n-buty1-4-[(4-pyridyl)

carbonyl] butyrate. The complex was recrystallized twice

from acetone/ether to yield 334 mg (80%). UV-Vis. (CH3CN)

1.3x 266.5 nm (£ 2989), 507 nm (£ 8853), £-313 = 433 M‘1

cm‘l; H-nmr' (D20): (6) 8.60 (d,2H), 7.52 (d,ZH), 4.00

(t,2H,J=6.2), 3.00 (t,2H,J=5.5), 2.38 (t,2H,J=6.3), 1.91

(qui,2H,J=6.6), 1.49 (qui,2H,J=7.0), 1.23 (hex,ZH,J=6.6),

0.76 (t,3H,J=6.9); IR (KBr): 3680-3020 (b,s), 2975 (m), 2870

(m), 1717 (s), 1685 (s), 1635 (s), 1592 (s), 1420 (m), 1290

(s), 1200 (3), 1230-900 (b,s), 835 (m), 750 (m), 540 (m)

cm'l.
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Pentagpmine 4-cyanopyridine Ruthenium(II) tetraflpgro-

borpte; [Rp(NH3)s(4Cpr)](BF4)2:1°° was synthesized using

200 mg (0.683 mmol) of [Ru(NHa)sCl]Clz and 284 mg (0.683 x 4

mmol) of 4-cyanopyridine. The complex was recrystallized

twice from acetone/ether to yield 161 mg (518). UV-Vis.

(water) 1.3x 257.5 nm (a 22680), 402 nm (£ 9536); IR (KBr):

3700-3000 (b,s), 2180 (s), 1691 (s), 1610 (s), 1429 (s),

1290 (s), 1200 (s), 1225-925 (b,s), 820 (w), 798 (w), 718

(w) cm‘l.

Diaguo cis-bis(2,2fbipyridine) Rutheniu!(II) dichloride;

cis-[Ru(biQY)2ClzlggH20: was prepared by Dwyer’s

method.7°'79'131 Potassium hexachlororuthenate (Strem

Chemicals, Inc.) (1.15 g, 2.67 mmol) was dissolved in 6.6 ml

of 1.0 N hydrochloric acid solution. 2,2'bipyridine (1.114

g) was added and the resulting suspension was stirred for 10

days with a magnetic stirrer at room temperature in .a

stoppered flask covered with aluminum foil. The brownish-

orange precipitate was collected, washed with water, and air

dried to yield 1.46 g of [bipyR][Ru(bipy)Cl4].H20. IR

(KBr): 3650-3300 (b,s), 3200-2750 (b,s), 1618 (s), 1604 (s),

1583 (s), 1525 (s), 1470 (s), 1450 (s), 1431 (s), 1420 (s),

1320 (s), 1310 (s), 1268 (m), 1244 (m), 1230 (m), 1171 (s),

1160 (s), 1027 (m), 1010 (m), 990 (m), 980 (w), 919 (s), 868

(m), 774 (s), 768 (s), 725 (s), 638 (w), 622 (w), 602 (m)

cm‘l.

[bipyH][Ru(bipy)Cl4].H20 (l g) was suspended in 20 m1

of pure DMF and the mixture was refluxed for 3 hrs. The
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initially formed brown solution soon turned to a deep brown-

violet and finally to a deep violet color. During the last

hour, most of the solvent was slowly distilled off, leaving

a volume of about 5 m1. .Then the solution was cooled and

suspended in cold acetone (20 m1); 894 mg of dark, almost

black crystals was collected. This product was

recrystallized/ reduced by suspending it in 100 m1 of 1:2

(v/v) water - ethanol and refluxing until all the solid had

been dissolved to form the deep .-brown cis-

[Ru(bipy)2(H20)C1]* complex. This solution was gravity-

filtered, 10 g of LiCl was added into the filtrate solution

and evaporated over a stream bath down to 45 ml. The

solution remained at room temperature for 16 hrs. to

complete crystallization. The crystals were washed with 20

m1 of water then 10 m1 of acetone and were dried under

vacuum to give 593 mg (573) of the deep purple cis-

[Ru(bipy)zclz'].2nzo. UV-Vis. (CDsCN) a." 244 nm (a 31981),

297 an (t 53208) sh 288 nm, 378 nm (e 8632), 553 nm (e

9057); H-nmr (00013): (6) 10.32 (d,J=5.9), 8.13 (d,J=8.1),

7.99 (d,J=8.1), 7.85 (t,J=7.9), 7.66-7.55 (m), 7.47

(t,J=8.0), 6.90 (t,J=6.8); IR (KBr): 3650-3150 (b,s), 3100

(w), 3070 (w), 1618 (m), 1600 (s), 1464 (s), 1444 (s), 1420

(s), 1310 (w), 1268 (w), 1120 (w), 1018 (m), 765 (s), 760

(s), 726 (m), 650 (w) cm‘l.

Agueous cisebig(1,10-Phengnthroling) _§g£§gnigg(II)

dichlorigg;_cis-[Ru(phen22C12|.2820:73:79 was synthesized by

the same method used for cis-[Ru(bipy)2Clz].2820 using 1.15
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g (2.67 mmol) of potassium hexachlororuthenate (Strem

Chemicals, Inc.) and 1.328 g (2.98 mmol) of 1,10-

phenanthroline monohydrate. 487 mg (34%) of the deep purple

- almost black - product was obtained. UV-Vis. (CDsCN) l-ax

216 nm (1 86159), 266.5 nm (c 78476), 547 nm (c 12012) sh

460 nm; IR (KBr): 3700-3100 (b,m), 3065 (w), 3042 (w), 1517

(m), 1421 (s), 1407 (s), 1283 (m), 1247 (m), 1195 (m), 1095

(m), 1088 (m), 840 (s), 765 (m), 714 (s) cmrl.

Diaquo cis-bis(2,2'bipyridine) Ruthenium(II) dichloride

and aqueous cis-bis(l,10-phenanthroline) Ruthenium(II)

dichloride were transformed to the cis-bis(pyridine) or

bis(substituted pyridine) bis(2,2'bipyridine) (or bis(1,10-

Phenanthroline)) Ruthenium(II) tetrafluoroborate salts by

refluxing them for 6 hrs. in 1:1 (v/v) water/methanol

solution, containing 3-5 molar excess of the pyridyl

1igand.7°v79 Addition of ammonium tetrafluoroborate and

removal of all the solvents over a steam bath left the deep

yellow-orange crude product which was dissolved in dry

acetone, filtered, and precipitated by dropwise addition to

500 m1 of ether. The product was recrystallized by

dissolving it in dry acetone followed by the dropwise

addition of ether until no more precipitation was observed;

cooling in an ice bath completed the crystallization; the

product was dried under vacuum.

cis-bis(2,2;gipyridine)-bis(pyridine) #ggtheniug(11)

tetrafluoroborate; cis-[Ru bi 2 2 BFc 2:35'132 was

synthesized using 100 mg (0.192 mmol) of cis-
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[Ru(biPY)2C12].2820 and 1 ml (0.98 g, 12.7 mmol) of

pyridine. The complex was recrystallized twice from

acetone/ether to yield 101 mg (70%). UV—Vis. (water) luau

243 (t 29700) sh 254 nm, 289.5 nm (a 67412), 338 nm (a

20364), 463 nm (t 14382) sh 428 nm; IR (KBr): 3420 (s), 3140

(s), 3049 (s), 2820 (w), 1600 (m), 1467 (s), 1445 (s), 1410

(s), 1160 (m), 1200-925 (b,s), 760 (s), 725 (s), 700 (s)

cm'l.

cis-bis(2,2'bipyridine)- is 4-acet 1 ridine Ruthenium-

(II) tetrafluoroborate; cig—[Ru‘bipngi4APzg[(BF113:133 was

synthesized using 86.5 mg (0.166 mmol) of

cis-[Ru(bipY)2C12].2H20 and 108 mg (0.166 x 2 mmol) of 4-

acetylpyridine. Ammonium tetrafluoroborate (37.5 g, 0.166 x

2.2 mmol) was added. The complex was recrystallized twice

from acetone/ether to yield 115 mg (783) of the product.

UV-Vis. (water) A-ax 243.5 nm (t 20793) sh 254 nm, 288 nm (5

67005), 445 nm (2 14890) sh 392 nm; (CH3CN) Inez 244 nm (t

18467) sh 252 nm, 286 nm (t 49957), 422.5 nm (a 11280) sh

364 nm, c313 = 7588 M‘1 cm’l; H-nmr (CDacN): (6) 2.54

(s,6H), 7.15-8.49 (m,168), 8.9 (d,28), 9.86 (d,2R); IR

(KBr): 3650-3200 (b,s), 3070 (w), 1695 (s), 1604 (m), 1584

(w), 1465 (m), 1442 (m), 1425 (m), 1360 (m), 1260 (s), 1200-

925 (b,s), 966 (m), 830 (s), 765 (m), 735 (m), 655 (w) cm'l.

cis-bis!2,2'bipyrigjne2-bis(4-g§gnxl-1-(4-pyridyl2

 

butanone) ~Ruthenium(II) tetrafluoroborate; cis—

Ru bi 4PhBP 2 BFq : was synthesized using 500 mg

(0.961 mmol) of cis—[Ru(bipY)2012].2H20 and 1.161 g (0.961 x
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5.4 mmol) of 4-pheny1-1-(4-pyridy1)butanone. Ammonium

tetrafluoroborate (216 mg, 0.961 x 5.4 mmol) was added. The

complex was recrystallized twice from acetone/ether to yield

608 mg (613) of the product. UV-Vis. (CHaCN) A-ax 248 nm (3

21557), 254 nm (t 21972), 288 nm (a 52180), 359 nm (t 8997),

422 nm (: 12768), 443 nm (a 12353), £313 = 7682 M“1 cm‘l; R-

nmr (020): (a) 10.10 (d,J=l.10), 8.85 (d,J=5.5, Aromatic

4PhBP), 8.42 (d,J=6.2, Aromatic 4PhBP), 8.36 (d,J=8.4), 8.28

(d,J=8.4), 8.08 (t,J=7.7), 7.91-7.84 (m), _7.77-7.68 (m),

7.36-7.25 (m), 6.97-6.82 (m), 2.85 (t,J=6.7), 2.51

(t,J=7.7), 1.91 (qui,J=6.8); IR (KBr): 3700-2900 (b,m), 1687

(s), 1605 (m), 1468 (m), 1442 (m), 1412 (m), 1170-970 (b,s),

765 (s), 728 (m), 698 (m) cm'l.

cis-bis!2,2'bipyridine)-bi§(n-bgty1-4-[(4-pyrig11)

carbonyl] butanoate) Ruthenium(II) tetrafluoroborate; cis;

|Ru(bipy)g(48sterBP)g|(BF4)2: was synthesized using 500 mg

(0.961 mmol) of cis-[Ru(bipy)2C12].2820 and 1.196 g (0.961 x

5 mmol) of n-buty1-4-[(4-pyridyl) carbonyl] butanoate which

were refluxed in 20 m1 of 1:1 (v/v) water/n-butanol for 6

hrs. Ammonium tetrafluoroborate (216 mg, 0.961 x 2.1 mmol)

was added. . The product was recrystallized twice from

acetone/ether to yield 916 mg (88X). UV-Vis. (CHaCN) Ann:

293 nm (t 64077) sh 255 nm, 365 nm (a 10785), 403.5 nm (a

12072), 456 nm (t 13367) sh 483 nm, £313 é 7895 M‘1 cm'l; H-

nmr (CDCla): (6) 10.02 (d,J=4.8), 9.05 (d,J=5.0, Aromatic

4EsterBP), 8.54 (d,J=5.1), 8.40 (d,J=8.4), 8.29 (t,J=9.4),

8.08-7.98 (m), 7.86-7.55 (m), (all the aromatic region
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accounts for 24 H’s), 4.05 (t,4H,J=6.6), 2.99 (t,4H,J=6.6),

2.38 (t,4R,J=7.1), 1.98 (broad m,4H,J=6.6), 1.58 (broad

t,4H,J=6.6), 1.35 (broad m,4H,J=7.3), 0.90 (t,6H,J=7.3);

(D20): (0) 9.60 (d,J=5.1), 8.89 (d,J=5.9), 8.55-8.45 (m) ,

8.34-8.25 (m), 8.17-8.00 (m), 7.10 (broad t,J=6.6), (all the

aromatic region accounts for 24 H’s), 3.88 (t,4H,J=6.6),

2.98 (t,4H,J=6.6), 2.32 (t,4H,J=7.0), 1.87 (broad

t,4H,J=7.3), 1.34 (broad t,4H,J=8.4), 1.08 (broad

t,4H,J=7.7), 0.61 (t,GH,J=7.3); IR (KBr): 3700-3100 (b,s),

1725 (s), 1695 (s), 1635 (s), 1603 (s), 1461 (m), 1445 (m),

1418 (m), 1122 (s), 1082 (s) cm'l.

cis-bis(1.10-Phenanthroline)-bis ridine Ruthenium II

tetrafluoroborate; LRugphenzggpy)g|(BFgzgz79 was synthesized

using 50 mg (0.091 mmol) of cis-[Ru(phen)zC12].HzO and 1 m1

 

(0.97 g, 12.6 mmol) of pyridine. Ammonium tetrafluoroborate

(19 mg, 0.091 x 2 mmol) was added. The complex was

recrystallized twice to yield 55 mg (763) of the product.

UV-Vis. (water)133 2.3x 224 mm (c 57916), 265 nm (a 75707),

316 nm (3 9337) sh 336 nm, 415 nm (3 11375) sh 450 nm; IR

(KBr): 3650-3125 (b,s), 3050 (s), 1632 (s), 1600 (s), 1580

(m), 1480 (m), 1443 (s), 1425 (s), 1410 (s), 1339 (m), 1298

(m), 1203 (m), 1200-900 (b,s), 840 (s), 763 (s), 719 (s),

700 (s) cm‘l.

cis-bis(1,10-Phenanthroligel-gig(4-gcety1pyrigine)

Ruthenium(II) tetrafluoroborate; cis;

Ru hen 4AP BF4 : was synthesized using 80 mg (0.150

mmol) of cis-[Ru(phen)2C12].H20 and 90.8 mg (0.150 x 5 mmol)
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of 4-acety1pyridine. Ammonium tetrafluoroborate (32.8 mg,

0.150 x 2.1 mmol) was added. The complex was recrystallized

twice from acetone/ether to yield 99.6 mg (768). UV-Vis.

(water) 2.3x 222 nm (£ 66608), 263 nm (£ 70625), 415.5 nm (£

19341) sh 434 nm; (CR3CN) luau 221 nm (£ 61195), 264 nm (£

66534), 409 nm (£ 16375) sh 440 nm, £313 = 4813 M‘1 cm'l;

nmr (CDaCN): (a) 8.9-7.6 (m,22H), 2.65 (s,6H); IR (KBr):

3650-3300 (b,s), 3240 (m), 3150 (m), 3045 (m), 1696 (s),

1429 (s), 1413 (s), 1268 (s), 1200-1000 (b,s), 840 (s), 718

(s) cm‘l.

bis(2,2'bipyridine)-1,10-Phengnthroligg; Ruthenium(II)

tetrafluoroborate' Ru bi hen BF :13‘1135 was

synthesized using 101 mg (0.195 mmol) of cis-

[Ru(bipy)2C12].2R20 and 97.6 mg (0.195 x 5 mmol) of 1,10-

Phenanthroline monohydrate. Ammonium tetrafluoroborate (45

mg, 0.195 x 2.2 mmol) was added. The complex was recrystal-

lized twice' from acetone/ether to yield 116 mg (78*). UV-

Vis. (water) 1.3x 227 nm (£ 48284), 264 nm (£ 62426), 285.5

nm (£ 64260), 451 nm (t 14426) sh 480 nm; IR (KBr): 3650-

3000 (b,s), 1625 (w), 1600 (w), 1465 (m), 1444 (m), 1425

(m), 1200-925 (b,s), 840 (m), 765 (s), 725 (m), 715 (m)

cm‘l.

2,2'bipyridine-bis(1,10-Phgggnthroline) Ruthenium(II)

tetrafluoroborate; [Ru(bipyzgphen2gIgflfszgzas was

synthesized using 200 mg (0.189 mmol) of cis-

[Ru(phen)2Clz].RzO and 73.8 mg (0.189 x 2.5 mmol) of

2,2'bipyridine. Ammonium tetrafluoroborate (39.5 mg, 0.189
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x 2.1 mmol) was added. The complex was recrystallized twice

from acetone/ether to yield 71 mg (473). UV-Vis. (water)

1.3: 223 nm (£ 57063), 263.5 nm (£ 85317), 450 nm (£ 14532);

IR (KBr): 3650-3175 (b,s), 3050 (w), 1629 (m), 1600 (m),

1464 (m), 1445 (m), 1426 (s), 1410 (s), 1140 (s), 1200-925

(b,s), 842 (s), 765 (s), 718 (s) cm‘l.

Trig(l,10-Phenanthroline) Ruthenium(II) tetrafluoro-

borate; [Ru(phen)31(BF4)2: was synthesized using 104 mg

(0.194 mmol) of cis-[Ru(phen)2C12].H20 and 193_mg (0.195 x

5.0 mmol) of 1,10-Phenanthroline monohydrate. Ammonium

tetrafluoroborate (40.8 mg, 0.195 x 2.0 mmol) was added.

The complex was recrystallized twice from acetone/ether to

yield 101 mg (643). UV-Vis. (water) 1.3x 222 nm (£ 73495),

262 nm (£ 97816) sh 288 nm, 421 nm (£ 15037) sh 388 nm, 447

nm (£ 15681); IR (KBr): 3660-3000 (b,s), 1628 (s), 1429 (s),

1413 (m), 1390 (w), 1209 (w), 1148 (m), 1190-900 (b,s), 849

(s), 780 (w), 726 (s) cm'l.

Tris(2,2'bipyridine) Ruthenium(II) tetrafluoroborate;

|Ru§bipy);|(BF4)2:1°'13° was synthesized using 200 mg (0.384

mmol) of cis-[Ru(bipy)2C12].2H20 and 300 mg of

2,2'bipyridine (0.384 x 5.0 mmol). Ammonium

tetrafluoroborate (100 mg, 0.384 x 2.5 mmol) was added. The

volume of the solution was reduced over a steam bath until

the first crystals appeared on its surface. Crystallization

was induced by addition of saturated aqueous ammonium

tetrafluoroborate solution. The product was recrystallized

once from acetone/ether to yield 206 mg (72x) of orange
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microcrystals. UV-Vis. (CH3CN) Anax 244 nm (£ 18513) sh 252

nm, 287 nm (£ 54895), 450 nm (£ 10273) sh’s 420 nm and 390

nm; H-nmr (020): (6) 8.41 (d,6H,J=8.4), 7.92 (t,6R,J=8.1),

7.71 (d,6H,J=5.5), 7.24 (t,6H,J=7.3); IR (KBr): 3700-3000

(b,m), 1600 (m), 1461 (m), 1442 (m), 1421 (m), 1200-950

(b,s), 764 (s), 727 (m) cm‘l.

 

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

Ru bi m Cl : was synthesized by a modification of Ludi

and Runziker’s method.36 Anhydrous Ruthenium trichloride (K

& K Laboratories, Inc.) (100 mg, 0.482 mmol) was refluxed

with 267 mg (0.482 x 3.5 mmol) of 2,2'bipyrimidine in 20 m1

of pure DMF for 12 hrs. Then DMF was distilled off until

only 3 ml was left; 20 m1 of cold acetone was added in

portions. The dark reddish-brown precipitate (presumably

cis-[Ru(bipym)2012]; IR (KBr): 3700-3200 (b,s), 3095 (w),

3070 (w), 3040 (w), 1570 (s), 1538 (s), 1400 (s), 1190 (m),

1070 (m), 1014 (s), 820 (s), 778 (m), 740 (s), 634 (m) cm'l)

was filtered, air dried and dissolved in 20 m1 1:1 (v/v)

water/methanol. 2,2'bipyrimidine (76 mg, 0.481 mmol) was

added and the resultant solution was refluxed for 10 hrs;

then 10 ml of n-butanol was added and the solution was

refluxed for another 14 hrs. LiCl (40 mg) was added and the

solution was concentrated over a steam bath until the first

crystals appeared on the surface of the solution; cooling

completed the precipitation of the crude product which was

recrystallized once from methanol/ether to yield 237 mg

(763) of the product. UV-Vis (water) Aaax 246.5 nm (£
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38463), 331 nm (t 10398) sh’s 360 nm, 412 nm and 452 nm; IR

(KBr): 3650-2600 (b,s), 1625 (s), 1562 (s), 1543 (s), 1400

(s), 1098 (m), 1075 (m), 1020 (s), 810 (s), 762 (m), 744 (m)

   

 

cm'l.

bis(2,2'bipyridine) 2,2fbipyrigidine Ruthenium(II)

tetrafluoroborate; {Ru(bipy)z(bipym BFq 2:35-37 was

synthesized using 100 mg (0.192 mmol) of cis-

[Ru(bipy)2Clz].2820 and 152 mg of 2,2'bipyrimidine (0.192 x

5.0 mmol). Ammonium tetrafluoroborate (43 mg, 0.192 x 2.2

mmol) was added. The orange product was recrystallized

twice from acetone ether to yield 120 mg (84*). UV-Vis.

(water) 1.3: 243.5 nm (t 28046), 283 nm (£ 44754), 417 nm (e

9995); IR (KBr): 3650-3050 (b,s), 1629 (w), 1600 (m), 1571

(m), 1542 (w), 1467 (m), 1446 (m), 1402 (3), 1200-925 (b,s),

769 (s), 750 (m), 729 (w) cm‘l.

2,2'bipyrimidine-bis(l,10-Phengnthroline) Ruthenium(II)

tetrafluoroborate; [Ru(bipzngphen1g|§BF42gz was synthesized

using 200 mg (0.364 mmol) of cis-[Ru(phen)zClz].H20 and 297

mg (0.364 x -5 mmol) of 2,2'bipyridine. Ammonium

tetrafluoroborate (79 mg, 0.364 x 2 mmol) was added. The

complex was recrystallized twice from acetone/ether to yield

192 mg (66X). UV-Vis. (water) 1.3x 222.5 nm (£ 25043), 262

nm (£ 36752) sh 290 nm, 392.5 nm (£ 6205) sh 424 nm; IR

(KBr): 3650-3250 (b,s), 3140 (s), 3050 (s), 1630 (w), 1570

(m), 1542 (m), 1428 (s), 1405 (s), 1200-975 (b,s), 840 (s),

745 (m), 718 (s) cm‘l.



(bisf2,2'bipyridine1-242'bipygigidine) figthgnigggII)-

bis 2 2'bi ridine Ruthenium(II) tetrafluoroborate;

Ru bi bi m Ru bi 2 BFo 4:35'37'39 was synthesized

using 100 mg (0.192 mmol) of cis-[Ru(bipy)2012].2H20 and

15.8 mg (0.192 x 2 mmol) of 2,2'bipyrimidine. The mixture

was refluxed in 1:1 (v/v) water/methanol for 15 hrs.

Ammonium tetrafluoroborate (43 mg, 0.192 x 2.5 mmol) was

added at the end of the period. The green product was

recrystallized twice from acetone/ether to yield 105 mg

(41X). UV-Vis. (water) laax 245 nm (£ 34203), 278.5 nm (£

67137), 411 nm (£ 21403) with broad sh 560 nm, 609 nm (£

5444); IR (KBr): 3650-2600 (b,s), 1635 (m), 1604 (s), 1469

(s), 1445 (s), 1403 (s), 1310 (m), 1245 (m), 1189 (s), 1200-

925 (b,s), 800 (s), 767 (s), 725 (m) cm'l.

Synthesis of Monocarbonyl Tetraphenylporphyrinato

Ruthenium(II);.11__I_ITI’1’CO(TIII‘):30‘82

In a typical synthesis, 500 mg (0.813 mmol) of

Tetraphenylporphyrine and 500 mg (0.782 mmol) of Ruthenium

dodecacarbonyl (Aldrich Chemical Co.) was dissolved in 50 m1

of pure and dry toluene (purified in a manner similar to

benzene by Dr. C. K. Chang’s group) and refluxed under Argon

for 3 days in a flask covered with aluminum foil. Toluene

was removed under reduced pressure, the residue was

extracted with benzene and passed through an alumina column

(Fischer Scientific Co., Alumina Neutral, Brockman Activity

1, 80-200 mesh; dimensions: 10 cm x 5 cm). Blution with
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benzene removed some green impurities, followed by elution

with 4:1 (v/v) benzene/THF which eluted the red band of the

product. The product was recrystallized from methylene

chloride/methanol to yield 271 mg (422) of reddish-purple

microcrystals. UV-Vis. (CH2012) A-ax 299.5 nm (£ 9959) sh

312 nm, 411.5 nm (£ 130027), 528 nm (£ 11658) sh 560, £313 =

9171 M“ cm'l; IR (KBr): 3050 (w), 3020 (w), 1955 (s), 1815

(w), 1593 (s), 1530 (m), 1485 (m), 1438 (s), 1350 (s), 1306

(m), 1205 (w), 1174 (s), 1068 (s), 1008 (s), ’830 (s), 790

(s), 749 (s), 712 (s), 696 (s), 660 (m) cm‘l.

Synthesis of g§i§(4-phenyl-l-(4-pyridy1) butanone)

Tetraphenylporphyrinato Ruthenium(II): ggTPP(Ph§P)2:

RuTPP(4PhBP) was synthesized by a modification of the

method reported for the preparation of bis(pyridine)

tetraphenylporphyrinato Ruthenium(II).3° RuTPPCO(TRF) (271

mg, 332 mmol) was suspended in 200 ml of 3:1 (v/v)

THF/benzene (both purified and dried) and irradiated in room

temperature for 24 hrs. with the medium pressure Hg - lamp

equipped with a pyrex filter, while Argon was bubbled

through the solution. After the irradiation was stopped,

150 mg (0.332 x 2 mmol) of 4-pheny1-1-(4-pyridy1) butanone

was added to the solution, and all solvents were removed

under reduced pressure. The product was dissolved in the

minimum amount of benzene and was passed through a Silica

column (J. T. Baker Chemical Co. Silica Gel, 60-200 mesh;

dimensions: 35 cm x 5 cm), eluting first with 9:1 (v/v)

Hexane/Ethyl Acetate. A brown band moved fast, and when it
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was completely eluted, there were added successively 300 ml

each of 1:1 (v/v) benzene/hexane, 1:1 (v/v)

benzene/methylene chloride, and pure methylene chloride.

The last 900 ml were combined and the solvents were removed

under reduced pressure. The product was recrystallized

twice from methylene chloride/benzene to yield 292 mg (723)

of blue-purple fine microcrystals. UV-Vis. (CHzClz) 1.3x

283 nm (£ 39909) sh’s 250 nm and 308 nm, 418.5 nm (£ 144207)

sh 404 nm, 507 nm (£ 25000) broad sh 532 nm, £313 = 9756 M'1

cm‘l; R-nmr (Cst): (6) 8.12 (s,8R), 8.1-8.0 (m,88), 7.7-7.6

(m,12R), 7.15-7.05 (m,68), 6.9-6.8 (m,4R), 5.51 (d,4R), 3.40

(d,4H), 2.80 (t,4H), 2.00 (t,4H), 1.50 (qui,4H); IR (KBr):

3053 (w), 3024 (w), 2935 (w), 2860 (w), 1693 (s), 1599 (s),

1530 (m), 1495 (w), 1442 (m), 1350 (m), 1309 (w), 1230 (m),

1203 (m), 1178 (m), 1074 (m), 1005 (s), 794 (m), 755 (s),

718 (m), 704 (s), 672 (w) cm‘l.

. Synthesis of bigL4-pheny1-l-(4-pyridy12 butanone)

octaethylporphyringto,figthenigg(II); RuOEP‘4PhBP22:

It was synthesized by the same method as RuTPP(4PhBP)2

using 500 mg (0.936 mmol) of Octaethylporphyrine and 500 mg

(0.782 mmol) of Ruthenium dodecacarbonyl. The intermediate

RuOEPCO(TRF) could not be recrystallized quntitatively

although enough crystals were obtained from

trichloroethylene/heptane for spectroscopic identification:

UV-Vis. (082012) Aaax 254 nm (£ 23710), 303 nm (£ 19362),

321.5 nm (£ 19478), 392 nm (£ 249275), 514 nm (£ 16986), 547

nm (£ 41014), £313 = 18957 M‘1 cm‘l; H-nmr (00013): (6) -
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2.65 (8,38; in our efforts to recrystallize the compound

from methylene chloride/methanol, THF was propably

substituted by methanol, the protons of which give this

resonance), 1.94 (t,12H), 4.03 (q,8H), 9.95 (s,4H); IR

(KBr): 2960, 2930, 2860, 1930, 1590, 1450, 1275, 1230, 1150,

1020, 990, 960, 845, 745 cm'l. All the compound received

from the first step was dissolved in 200 m1 1:1 (v/v)

THF/benzene (both purified and dried) and irradiated in room

temperature for 24 hrs. with the medium pressure Rg-lamp

equipped with a pyrex filter, while Argon was bubbled

through the solution. At the end of the period, 200 mg

(0.888 mmol) of 4-pheny1-1-(4-pyridy1) butanone was added to

the solution; and all solvents were removed under reduced

pressure. The product was dissolved in the minimum amount

of benzene and was passed through an alumina column (Fischer

Scientific Co., Alumina Neutral, Brockman Activity I, 80-200

mesh; dimensions: 10 cm x 5 cm), eluting with benzene. A

yellow band moved fast followed by the blue-purple band of

the RuOEP(4PhBP)2, leaving brownish impurities on the top of

the column. There was obtained 129 mg (133) of the product.

UV-Vis. (CH2012) 133x 285 nm (£ 41095), 401.5 nm (£ 85085),

498 nm (t 14558), 524.5 nm (£ 30098), 619 nm (£ 10545), £313

= 21810 M‘1 cm‘l; R-nmr (00013): (6) 9.33 (s,4H), 7.1-6.95

(m,BH), 6.85-6.75 (m,4H), 5.15 (d,4H), 3.80 (qt,l6R), 2.15

(t,4H), 1.9-1.7 (m,>20H), 1.59 (d,4H), 1.40 (qui,4H); IR

(KBr): 2960 (s), 2930 (s), 2870 (m), 1695 (s), 1598 (s),
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1545 (w), 1455 (m), 1277 (m), 1235 (m), 1206 (w), 1015 (s),

960 (w), 840 (w), 750 (w), 705 (w) cm‘l.

Synthesis of Carbonyl pyrazino tetraphenylporphyrinato
 

Ruthenium(II); RaTPPCOpya:

RuTPPCO(THF) (50 mg, 0.061 mmol) was refluxed overnight

in 50 ml of benzene in the presence of 1 g (12.5 mmol) of

pyrazine. Color changed from purple-red to orange-red; and

at the end of the period, the solution was cooled and passed

through an alumina column (Fischer Scientific Co., Alumina

Neutral, Brockman Activity I, 80-200 mesh; Dimensions: 10 cm

x 5 cm), eluting with benzene. The orange-red band moved

slowly and required between 1 and 2 1 of benzene to pass

through the column. The product was recrystallized twice

from benzene/pentane to yield 28 mg (56%) of orange-red

microcrystals. UV-Vis. (CBHB)'3max 409 mm (c 241176) sh 490

nm, 530 nm (£ 13753), 564 nm (£ 2906); IR (KBr): 3105 (w),

3055 (w), 3025 (w), 2958 (w), 2930 (w), 1961 (s), 1600 (m),

1530 (m), 1490 (m), 1445 (m), 1420 (w), 1354 (m), 1310 (m),

1210 (w), 1180 (w), 1075 (m), 1010 (s), 839 (w), 799 (s),

756 (s), 720-(s), 704 (s) cm‘l.

Synthesis of Carbonyl (Carbonyl pyrazino

tetraphenylporphyrinato Ruthenium(II)) tetraphenylpor-

phyrinato fiathenium(II); CORuTPPpyaTPPRugg:

 

RuTPPCO(THF) (100 mg, 0.123 mmol) was refluxed in

benzene overnight in the presence of 5 mg (0.063 mmol) of

pyrazine. The product was dissolved in the minimum amount
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of benzene and loaded on an alumina column (Fischer

Scientific Co., Alumina Neutral, Brockman Activity 1, 80-200

mesh; dimensions: 10 cm x 5 cm), eluting first with 2 Its of

benzene, followed by 300 m1 of 9:1 (v/v) benzene/methanol.

The product was recrystallized once from benzene/pentane to

yield 71 mg (373) of deep red microcrystals. UV-Vis. (CsRs)

133x 408 nm (c 428198) sh 492 nm, 530 nm (£ 34987), 563 nm

(£ 5574); H-nmr (00013): (6) 8.30 (s,l6H), 7.95, 7.70-7.45

(d,m,40H), -0.56 (3,48); IR (KBr): 3055 (w), 3025 (w), 1958

(s), 1812 (w), 1526 (s), 1595 (s), 1440 (s), 1415 (w), 1350

(s), 1304 (m), 1206 (w), 1175 (m), 1155 (w), 1129 (w), 1070

(s), 1010 (s), 830 (w), 790 (s), 749 (s), 712 (s), 695 (s),

660 (w) cm‘l.
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W

Aqueoaaacia-biaigyg'bipyrigine) Osaiam(II) chloriae; cia;

Lga(bipy)gC12].820:°2

Ammonium Hexachloroosmate (Aldrich Chemical Co.) (500

mg, 1.094 mmol) was suspended in 11 m1 of DMF and refluxed

for 1 h. with 346 mg (1.094 x 2 mmol) of 2,2'bipyridine.

The solution darkened in color, was cooled, filtered and 10

ml of methanol was added. This solution was added to 500 m1

of ether and the product precipitated as brown flakes.

Recrystallization from methanol/ether gave 711 mg of the

product, presumably cis-[Os(bipy)2012]x820. IR (KBr): 3600-

2700 (b,s), 3350 (s), 3000 (s), 2780 (w), 1603 (s), 1465

(s), 1444 (s), 1420 (s), 1312 (s), 1242 (m), 1165 (m), 1158

(s), 1070 (w), 1023 (m), 891 (m), 768 (s), 720 (s) cm'l.

All material obtained from the above synthesis was

dissolved in 30 m1 of 2:1 (v/v) DMF/methanol and cooled in

an ice bath. Water (200 ml) was bubbled with Argon for 15

min.; sodium dithionite (0.5 g) was dissolved in it and this

solution was added slowly to the DMF/methanolic solution

upon cooling and stirring. The resultant solution remained

in the ice bath for 15 min. while dark red-purple

microcrystals precipitated. The product was washed with

water, methanol, ether and air dried to yield 450 mg (708).

UV-Vis. (CRaCN) 2.3x 236.5 nm (£ 22426), 297 nm (£ 40059),

385 nm (£ 7278), 460 nm (£ 6391), 555 nm (£ 7929); IR (KBr):



3650-3100 (b,m), 3090 (w), 3070 (m), 3045 (m), 1600 (m),

1590 (m), 1465 (s), 1452 (s), 1413 (s), 1250 (s), 1010 (s),

990 (m), 795 (w), 754 (s), 719 (m), 711 (m), 654 (m) cm'l.

Aqaeoas bia(1,10-phenanthroline) OsmiumgII) chloride;

aia:[0§(phen)2012].H;Q;92 was synthesized by the same method

used for the synthesis of cis-[Os(biPY)2C12].Rzo using 500

mg (1.094 mmol) of Ammonium Hexachloroosmate (Aldrich

Chemical Co.) and 454 mg (1.094 x 2.1 mmol) of 1,10-

Phenanthroline monohydrate. The first step produced 767 mg

of product, presumably cis-[0s(phen)2C12]x820. IR (KBr):

3650-2850 (b,s), 2760 (m), 1625 (m), 1600 (m), 1579 (m),

1510 (w), 1460 (m), 1430 (s), 1410 (s), 1221 (w), 1095 (w),

1020 (w), 845 (s), 711 (s) cm‘l. Treatement with 200 m1 of

an Argon-bubbled aqueous solution containing 0.5 g of sodium

dithionite, produced 518 mg (74%) of the dark purple

microcrystalline product. UV-Vis. (CHaCN) 1.2x 220.5 nm (£

92556), 266.5 nm (£ 97256), 532.5 nm (£ 16053) sh’s 460 and

640 nm; IR (KBr): 3700-3100 (b,m), 3080 (w), 3050 (w), 1645

(m), 1630 (m), 1605 (m), 1560 (m), 1498 (m), 1428 (s), 1409

(m), 1275 (s), 1194 (s), 1092 (s), 1053 (s), 911 (m), 835

(s), 730 (m), 710 (s) cm’l.

Ruthenium-Osmium 2,2'bipyrimidiae bridged, mixed ligand

binaglaar com lexes; were synthesized essentially as

described by Meyer.39

In a typical procedure [Ru(biden)2(bipym)](BF4)2 (biden

= bidentate ligand: 2,2'bipyridine or 1.10-Phenanthroline)

was refluxed with 1.5 molar excess of cis-
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[0s(biden)2Clz].HzO, in 25 m1 of 2:2:1 (v/v/v)

water/methanol/n-butanol for 2 days. Then all solvents were

removed over a steam bath and the residue was dissolved in

water, filtrated and passed through a cation exchange column

(Sephadex C-25; dimensions: 35 cm x 1 cm). Elution with 100

m1 of an aqueous ammonium tetrafluoroborate solution removed

yellowish-brown impurities; then 100 m1 of a 20% ammonium

tetrafluoroborate aqueous solution eluted the green product.

The eluent was evaporated to dryness, the _product was

extracted with dry acetone and precipitated by addition to

ether. Purification was achieved by recrystallization

(twice) from acetone/ether.

(bis(2,2'bipyridine)-bipyriaigine agathenia!(II)) big;

(gyggbipyriaidine) 0smium(II) tetrafluorobogate; [Ru(bipy13-

(bipym)0s(biDY)2J(BF4)4;39 was synthesized using 50 mg

(0.067 mmol) of [Ru(bipy)z(bipym)](BF4)2 and 60 mg (0.067 x

1.5 mmol) of cis-[0s(bipy)2C12].H20 to yield 38 mg (408) of

the product. UV-Vis. (water) 2.3x 243 nm (£ 13788) sh 250

nm, 283.5 nm (£ 23372), 417 nm (£ 5665) sh’s 396 nm, 500 nm

and 560 nm, 623 nm (£ 731); IR (KBr): 3700-3000 (b,s), 3320

(w), 3110 (w), 1608 (w), 1440 (s), 1295 (m), 1300-890 (b,s),

770 (m), 730 (w), 670 (w), 664 (w) cm‘l.

bis‘2,2'bipyridinez-bipyrimidine Rutheniaaylll) gig;

(1,10-Phenanthroline) Osmium(II) tetrajlaaraaorate;

Ru bi 2 bi m Os hen BF4 4; was synthesized using 51

mg (0.068 mmol) of [Ru(bipy)2(bipym)](BF4)2 and 66 mg (0.068

mmol) of cis-[Os(phen)2012].H20 to yield 51 mg (513) of the
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green product. UV-Vis. (water) 1.3x 264 nm (£ 18302) sh 280

nm, 410 nm (£ 5951), 631 nm (£ 1453); IR (KBr): 3075 (w),

1640 (w), 1605 (m), 1545 (w), 1469 (m), 1450 (m), 1433 (m),

1407 (s), 1200-900 (b,s), 845 (m), 769 (s), 752 (m), 732

(w), 720 (m) cm'l.

bis(l,lO-Pheaanthroline)-2y2'bipyriajdine Ruthenium(II)

   

bis(2,2'bypyridine) Osmium(II) tetrafluorobarate;

Ru hen 2 bi m 0s bi BF4 4; was synthesized using 53

mg (0.067 mmol) of [Ru(phen)2(bipym)](8F4)2 and 44 mg (0.067

x 1.1 mmol) of cis-[Os(bipy)2012].820 to yield 42 mg (43%)

of the green product. UV-Vis. (water) 133x 261 nm (£ 43248)

sh 280 nm, 407 nm (c 12096) sh’s 510 nm and 560 nm, 629 nm

(£ 2799); IR (KBr): 3660-3000 (b,s), 1632 (w), 1608 (w),

1428 (s), 1184 (m), 1230-865 (b,s), 845 (m), 769 (m), 724

(m), 708 (w) cm“1.

bis(l,10-Pheaanthroline)-2,2'bipyrimidine Ruthenium-

(II)) bis(1,10-Phenanthrolina) 0smium(II) tetrafluoroagrate;

Ru hen bi m 0s hen BFq 4; was synthesized using 50

 

 

mg (0.063 mmol) of [Ru(phen)2(bipym)](BF4)2 and 44 mg (0.063

x 1.1 mmol) of cis-[Os(phen)2Clz].H20 to yield 30 mg of the

product (29x). UV-Vis. (water) Xmax 222 nm (£ 102083), 262

nm (£ 126304), 392 nm (£ 22610) sh’s 412 and 560 nm, 623 nm

(£ 2280), 766 nm (£ 1259); IR (KBr): 3680-3150 (b,s), 3080

(m), 1630 (w), 1603 (w), 1579 (w), 1430 (s), 1415 (m), 1184

(w), 1200-900 (b,s), 845 (s), 720 (s) cm‘l.
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Pentacarbonyl (4-substituted-pyridine) Tungsten(O) Complexaa;

were synthesized by the classical method of Strohmeier.‘9 In

a typical synthesis, 1.41 g (4 mmol) of Hexacarbonyl

Tungsten(O) (Alfa Products) was dissolved in 150 m1 of dry

THF and under continuous Argon bubbling through the solution

irradiated for 2 hrs. with a Ranovia 450 watt medium

pressure Hg-lamp equipped with a Pyrex filter.- The solution

turned yellow and at the end of the irradiation period, 4.0

to 4.2 mmol of the ligand was added, dissolved in 5 m1 of

dry THF. The solution turned immediately to reddish-brown.

Solvents were removed under reduced pressure and the residue

was dissolved in the minimum amount of benzene or ethyl

acetate and chromatographed on alumina (Look for the column

specifications under each .separate compound.). Solid

products were recrystallized from petroleum ether.

Pentacarbaayl (4-acetylpyridine) Tungsten(O);

W(CO)s(4AP);°°'59 was synthesized using 1.41 g (4 mmol) of

Hexacarbonyl Tungsten(O) and 485 mg (4 mmol) of 4-

acetylpyridine. The product was chromatographed _once on

alumina (Alumina Activated, Alcoa, Type F-20, mesh 80-200;

dimensions: 35 cm x 5 cm) eluting with 4:1 (v/v)

benzene/hexane. The yellow band was' collected and the

product was recrystallized once from petroleum ether to

yield 908 mg (513) of the yellow W(CO)s(4AP). mp., 114°C,

decomposes; Vis. (CsHe) 1.22 402 nm (£ 9210) sh’s 430 nm and
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332 nm, £313 = 2308 M‘1 cm’l; (methylcyclohexane) 1.3: 404

nm (£ 8244) sh 332 nm, 441 nm (£ 8109); R-nmr (CeHe): (6)

8.03 (dd,2H,J=5.2,1.7), 6.40 (dd,ZR,J=4.9,1.5), 1.76 (3,38);

C-nmr (Cons; 13 (w/v) Cr(acac)3 added): (6) 25.9, 122.8,

142.2, 156.8, 194, 199.2, 202.2; m/e (rel. int.): 444 (7),

417, 338 (10), 360 (4), 351 (15), 332 (18), 295 (11), 267

(32), 121 (73), 106 (85), 78 (93); IR (KBr): 2075 (s), 2200-

1750 (b,s), 1695 (s), 1414 (s), 1360 (m), 1333 (w), 1265

(s), 1212 (m), 960 (w), 824 (m), 597 (s), 564 (m), 372 (s)

cm‘l. OI

Pentacarbonyl Methyl-(4-pyriayl) formate Tungsten(O);

W(CO)s(MeINic); was synthesized using 1.41 g (4.0 mmol) of

Rexacarbonyl Tungsten(O) and 596 mg (4.0 mmol) of methyl

isonicotinate. The product was chromatographed on alumina

(Alumina Activated, Alcoa, Type F-20, mesh 80-200;

dimensions: 35 cm x 5 cm) eluting with 3:2 (v/v)

benzene/petroleum ether. The yellow band was collected and

used without any further purification. Received 102 mg of

product (5.53). mp., 110°C, decomposes; Vis. (0583) 1.3: 402

nm (£ 8483) sh 332 nm, £313 = 1983 M'1 cm‘l;

(methylcyclohexane) luax 405 nm (£ 9549) sh’s 430 nm and 332

nm; C-nmr: (CsHs; 13 (w/v) Cr(acac)3 added): (a) 52.6,

124.8, 156.7, 163.9, 199.1, 202.3; m/e (rel. int.): 461 (5),

352 (9), 295 (5), 266 (15), 240 (8), 212 (10), 184 (13), 137

(37), 106 (100), 78 (68); IR (KBr): 2970 (s), 2943 (s), 2065

(5), 2100-1775 (b,s), 1730 (s), 1430 (m), 1410 (s), 1285
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(s), 1260 (s), 1224 (m), 1135 (s), 1110 (s), 855 (w), 795

(s), 764 (s), 700 (m) cm'l.

Pentacarbonyl (4-benaoylpyridine) Tungsten(O);

W(CQ)§(4Bapy);°9 was synthesized using 1.41 g (4 mmol) of

Rexacarbonyl Tungsten(O) and 732 mg (4 mmol) of 4-

benzoylpyridine. The product was chromatographed once on

alumina (Alumina Activated, Alcoa, Type F-20, mesh 80-200;

dimensions: 35 cm x 5 cm) eluting with 9:1 (v/v)

benzene/hexane. The yellow band was icollected and

recrystallized once from petroleum ether to yield 863 mg

(433) of the W(CO)s(4szy). mp., 127°C, decomposes; Vis.

(CsRs) Anax 403 nm (£ 9424) sh’s 430 nm and 332 nm;

(methylcyclohexane) 1.32 405 nm (£ 8082) sh 332 nm, 435 nm

(£ 7106); H-nmr (cone): (6) 8.00 (dt,ZH,J=4.9,1.5), 6.49

(tt,28,J=7.6,1.5), 6.00-5.95 (m,5H); C-nmr (CsRs; 13 (w/v)

Cr(acac)3 added): (6) 124.9, 130.2, 134, 135.7, 144.3, 156,

192, 198.3, 202; m/e (rel. int.): 508 (4), 480 (4), 452,

425, 354 (30), 296 (16), 268 (52), 240 (30), 212 (43), 184

(60), 105 (100), 77 (48); IR (KBr): 2075 (s), 1990 (s), 1965

(s), 1865 (s), 2150-1750 (b,s), 1664 (s), 1460 (m), 1428

(m), 1284 (s), 950 (w), 945 (w), 845 (w), 700 (m), 650 (m)

cm‘l.

Pentacarbonyl (4-cyanopyridine) Tungsten(O);

W(CO)§(4Cpr);°3'°° was synthesized using 1.41 g (4 mmol) of

Hexacarbonyl Tungsten(O) and 416 mg of 4-cyanopyridine. The

product was chromatographed on alumina (Alumina Activated,
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Alcoa, Type F-20, mesh 80-200; dimensions: 35 cm x 5 cm)

eluting with 9:1 (v/v) benzene/petroleum ether. The yellow

band was collected and the product was recrystallized once

from petroleum ether to yield 508 mg (303) of the yellow

W(CO)s(4Cpr). mp., 107.5-108.5°C; Vis. (0585) 1.32 404 nm

(c 7364) sh’s 330 nm and 430 nm; H-nmr (Cane): (6) 7.67

(dd,J=5.2,1.8), 5.73 (dd,J=5.0,1.8); C-nmr (CDCls): (6)

114.9, 121.2, 127.1, 157.1, 198.1; m/e (rel. int.): 428 (2),

372 (2), 344 (7), 316 (4), 288 (4), 261 (6), 104 (100), 77

(40); IR (KBr): 2065 (s), 2200-1750 (b,s), 1484 (w), 1445

(m), 1355 (w), 1220 (w), 1155 (w), 822 (w), 755 (s), 700 (m)

cm'l.

Pentacarbonyl 1-(4-pyriay1) butanone Tungsten(0);

w CO 48?); was synthesized using 1.41 g (4 mmol) of

Hexacarbonyl Tungsten(O) and 597 mg (4 mmol) of 4-

butyrylpyridine. The product was chromatographed once on

alumina (Alumina Activated, Alcoa, Type F-20, mesh 80-200;

dimensions: 35 cm x 5 cm) eluting with 3:2 (v/v)

benzene/petroleum ether. The yellow band was collected and

the product was recrystallized from petroleum ether to yield

930 mg (493) of the W(CO)s(4BP). mp., 81.2-82.2°C; Vis.

(CsHs) 3.3x 402 nm (£ 8967) sh’s 430 nm and 332 nm;

(methylcyclohexane) 1.32 405 nm (£ 7305) sh 332 nm, 438 nm

(£ 7069); R-nmr (0383): (6) 8.10 (dd,ZH,J=5.0,1.4), 6.51

(dd,28,J=4.0,1.5), 2.12 (t,28,J=7.0), 1.51 (hex,ZH,J=7.3),

0.81 (t,3H,J=7.3); C-nmr (Cans; 13 (w/v) Cr(acac)3 added):

(0) 14, 17, 40, 123, 143, 157, 196, 199, 202; m/e (rel.
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int.): 473, 445, 417, 389, 352 (8), 268 (17), 240 (10), 212

(14), 184 (19), 149 (24), 121 (25), 106 (100), 78 (65); IR

(KBr): 2970 (s), 2940 (s), 2888 (m), 2075 (s), 2200—1750

(b,s), 1696 (s), 1420 (s), 1405 (m), 1363 (s), 1272 (s),

1241 (s), 1220 (m), 1209 (s), 1000 (s), 903 (w), 818 (s)

cm'l.

Pentacarbonyl [1-(4-pyriay1) pentaaonej Tungsten(O);

W(CO)s(4VP); was synthesized using 1.41 g (4 mmol) of

Hexacarbonyl Tungsten(O) and 685 mg (4.2 mmol) of 1-(4-

pyridyl) pentanone. The product was chromatographed on

alumina (Alumina Acid, Brockman Activity I, mesh 80-200;

dimensions: 35 cm x 5 cm) twice; the first time, it was

eluted with Hexane until a yellowish impurity had been

completely removed, followed by 85:15 (v/v) Hexane/ethyl

acetate which eluted the yellow-orange product. The second

time it was passed through the column, it was eluted with

85:15 (v/v) Hexane/ethyl acetate until the yellow

W(CO)s(4VP) had been completely eluted. All solvents were

removed under reduced pressure to yield 660 mg (343) of a

thick oil which was identified as W(CO)s(4VP) based on its

spectra data. Vis. (Gene) 1322 402 nm (£ 8534) sh’s 430 nm

and 332 nm, £313 = 2220 M'1 cm‘l; (methylcyclohexane) lmax

405 nm (£ 8353) sh 332 nm, 437 nm (£ 7664), £313 = 2206 M'1

cm'l; H-nmr (Cst): (6) 0.86 (t,3H), 1.23 (hex,28), 1.52

(qui,2H), 2.23 (t,3H), 6.59 (dd,2H), 8.17 (dd,28); (00013):

(6) 0.98 (t,3H), 1.44 (hex,ZH), 1.74 (qui,2H), 2.98 (t,2H),

7.70 (dd,28), 9.02 (dd,2H); C-nmr (Cst; 2.53 (w/v)
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Cr(acac)3 added): (a) 14, 23, 26, 38.4, 122.8, 142.9, 156.8,

196.7, 199.4, 202.5; (CD013; 2.53 (w/v) Cr(acac)3 added):

(a) 13.5, 22, 25.8, 38.4, 123, 143, 156.8, 197, 198, 202; IR

(0014): 2950 (s), 2915 (s), 2850 (m), 2060 (s), 1900 (s),

1700 (s) cm‘l.

Photaprnduct Isolation and Identification

cis-Tetracarboayl Abi§(1-(4-pyrid l entanone Tun sten 0

aia:W(CO)4L4VP12:

About 1 g of pentacarbonyl 1-(4-pyridy1)pentanone

Tungsten(O) was dissolved in 25 m1 of purified benzene,

transferred to eight elongated test tubes and degassed with

four freeze-pump-thaw cycles. The tubes were flame sealed

and irradiated for four days with visible light above 400 nm

(Look at the "methods and techniques" part of the

experimental section of this thesis.). Then tubes were

opened, benzene was removed under reduced pressure and the

residue was dissolved in 3 ml of ethyl acetate and

chromatographed on alumina (Alumina Acid, Brockman Activity

I, mesh 80-200; dimensions: 35 cm x 1 cm) eluting first with

85:15 (v/v) hexane/ethyl acetate until all the unreacted

W(CO)s(4VP) (yellow band), and all the W(00)s (moving with

the front of the solvent), having been produced in parallel

to the product had been removed followed by 1:1 (v/v)

hexane/ethyl acetate which eluted the 'red band of the

product. All solvents were removed under reduced pressure

and the product was isolated as dark red needles after
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recrystallization from ethyl acetate-hexane. The product

was dried under vacuum to give about 260 mg (about 203).

mp., sublimes above 260°C; Vis. (CsHs) 2.3: 490.5 nm (£

8798) sh 390 nm; £soo = 2834 M'1 cm‘l; (methylcyclohexane):

broad absorption in the visible region with maximum around

520 nm, broad sh around 620 nm; H-nmr (Cst): (6) 0.81

(t,3H), 1.17 (hex,28), 1.48(qui,28), 2.21 (t,23), 6.72

(dd,28), 8.44 (dd,28); (CD013): (6) 0.95 (t,3H), 1.40

(hex,28), 1.70 (qui,23), 2.95 (t,2H), 7.65 (dd,2H), 8.90

(dd,2H); C-nmr (Cst; 1x (w/v) Cr(acac)3 added): (a) 13.9,

22.5, 26, 38.4, 122.8, 142.9, 155.7, 197, 205.5, 213;

(cnc13; 2x (w/v) Cr(acac)3 added): (a) 13.9, 22.5, 26, 39.

122.9, 142.9, 156, 198, 204.8, 213; IR (KBr): 2955 (m), 2930

(m), 2870 (m), 1990 (s), 1880 (s), 1855 (s), 1810 (s), 1695

(s), 1605 (s), 1410 (s), 1220 (w), 1200 (m), 980 (w), 840

(w), 790 (w) cm'l; Elemental Analysis Data: Calculated for

W024N282s0s: (3) C, 46.31; N, 4.50; H, 4.21; W, 29.55.

Found: C, 45.93; N, 4.47; R, 4.14; W, 27.08.

Hexacarbonyl Tungsten(0):

Hexacarbonyl Tungsten(O) precipitated partially out of

concentrated (~0.05 M) benzene or methylcyclohexane

solutions of W(CO)s(4VP) after prolonged irradiation. In

one case, it was collected and identified by its mass and

Carbon-13 nmr spectra by comparison with an authentic sample

obtained from Alfa Products.
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Photoprodaced “(00);: C-nmr (Cst): (6) 191; m/e (rel.

int.): 352 (36), 324 (7), 296 (32), 268 (100), 240 (50), 212

(60), 184 (66).

W(CO)e obtained froa AlfaProducta: C-nmr (CsDe): (o)

191; m/e (rel. int.): 352 (97), 324 (18), 296 (19), 268

(61), 240 (31), 212 (54), 184 (100).

lumbomlamdfhxtmflmmm

gzggggniancfl'gggfles

Photochaaical Glasswaga: Class A pipets, Class A

volumetric ware and Pyrex syringes with chrome-plated brass

needles were used to prepare sample solutions for

photolysis. All glassware was cleaned by rinsing with

acetone, then distilled water, followed by boiling in a

distilled water solution of Alconox Laboratory Glassware

Detergent for one hour then pouring out the hot solution and

changing for five times the distilled water in the

container, followed again by boiling in fresh sample of

distilled water for one hour with subsequent changes of the

distilled water for another five times. All glassware was

dried at 140°C in an oven used only for photochemical

glassware.

Irradiation Tubes: Photolysis tubes (13 x 100 nm Pyrex

culture tubes) were cleaned in a manner identical to the

photochemical glassware. The necks were drawn out to the

desired length by rotation in an oxygen flame.
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Stock Solutions and Photolysis Solatioaa: A Sartorious

Model 2403 balance (accurate to i 0.001) was used to weight

the desired amount of substrate into a volumetric flask

which was then diluted to volume with the appropriate

solvent. Solutions were used directly or by pipetting an

appropriate aliquot into another volumetric flask and

diluting to volume.

Qagassing_Procedagaa: A 5 m1 syringe was used to fill

the irradiation tubes with 2.8 m1 of the appropriate

solution. The tubes were attached to a vacuum line on a

manifold fitted with 12 stopcocks using one-hole rubber

stoppers (size 00). For room temperature emission studies,

the test tubes were attached to the vacuum line on another

manifold using ground joints, sealing being ensured by) the

use of high-vacuum silicon grease. All samples were

degassed by four freeze-pump-thaw cycles (for emission

studies the cycles were six): frozen by the cold vapor over

the surface of liquid nitrogen followed by slow immersion

into it, pumped for 10-20 minutes at 5 x 10 Torr. then

allowed to thaw by standing in air. At the end of the final

cycle, the tubes being frozen, were sealed with an oxygen

torch under vacuum.

Irradiation Procedures: Photochemical studies involved

the use of four different irradiation apparati. Three of

these involved the use of Ranovia 450 watt medium-pressure

mercury lamps cooled by quartz immersion wells which were

placed inside a "merry-go-round" apparatus (7 mm slit
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width). The entire apparatus was placed inside a large

crock filled with distilled water. All tubes were

irradiated in parallel to ensure that each received an equal

amount of light. Three different filter solutions were

employed.

Filter A. To isolate the 313 nm region, an aqueous

filter solution of 0.001 M potassium chromate and 13

potassium carbonate was used.

Filter 8. To cut all the light below 400 nm while

equally transparent at all longer wavelengths, an aqueous

filter solution of l M sodium nitrite was used.

Filter C. In order to cut all the light below 475 nm

an aqueous filter solution of 0.05 M potassium chromate and

13 potassium carbonate was used.

The fourth apparatus was a 1000 watt Hg-Xe lamp in line

with a Bausch & Lomb high-intensity grating monochromator

(catalog No. 33-86-76) (Filter D) held 3 cm from the quartz

window of a jar containing a merry-go-round apparatus with

windows on the outside of sample holders.

Aaalysiaiof Saaples

Iaaatification of paatoproducts: Photoreduction

products using THF as a hydrogen donor were identified by

their mass spectrometric data (gc/ms).

The alkene photoproducts of phenyl ketones, phenyl

ketone hydrochloric salts and pentaammine or

bis(2,2'bipyridine) Ruthenium complexes (styrene and n-butyl
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acrylate) were identified by comparison with the gas

chromatographic (gc) retention times of authentic samples.

Styrene becomes apparent from its characteristic odor, while

n-butyl acrylate was also identified by gc/ms.

Cis-tetracarbonyl bis(4-va1erylpyridine) Tungsten(O)

being produced by the irradiation of Pentacarbonyl (4-

valerylpyridine) Tungsten(O) was isolated (see above) and

identified based on its spectral and elemental analysis

data.

Rexacarbonyl Tungsten(O) produced with Tetracarbonyl

bis(4-valerylpyridine) Tungsten(O) upon irradiation of

pentacarbonyl (4-va1derylpyridine) Tungsten(O) was

identified by its HPLC retention time, by its characteristic

carbon-13 nmr resonance peak at 191 ppm, and its mass

spectrum.

Cis-tetracarbonyl bis(4-acy1pyridine) Tungsten(O)

produced from W(CO)s(4AP), W(CO)s(4szy) and W(CO)s(4BP)

were identified from the carbonyl peaks in the carbon-13 nmr

spectrum by comparison of the spectrum before and after

irradiation; the photochemical reactions in these cases were

carried out, in four freeze-pump-thaw cycle degassed and

flame-sealed nmr tubes originally attached to ground glass

Joints.

Ligand Fragmentation: Samples after irradiation were

checked for ligand fragmentation by the comparison of the gc

or HPLC retention time with an authentic sample.
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Gas Chromatography Procedagaa: On column, sample

injections of 0.2 to 0.4 microliters were made into 1/8 inch

diameter aluminum columns using nitrogen as the carrier gas.

The hydrogen flow rate was 30 ml/min and the air flow rate

300 ml/min. The following columns were employed:

Colaan A: 19.43 FFAP, Chromosorb P 60:80 DMCS, 30

ml/min (Nitrogen flow rate); 8’ x 1/8"; 140°C Column, 200°C

injector, 280°C detector (styrene analysis);. 120°C Column,

200°C injector, 280°C detector (n-butyl acrylate analysis);

180°C column, 200°C injector, 280°C detector (acetophenone

analysis); 190°C column, 200°C injector, 280°C detector (0-

methyl acetophenone analysis).

Column 8: 53 QF-l, 1.253 Carbowax 20 M, Chromosorb G

60:80 DMCS acid washed, treated with MeaSiNRSiMe3; 25 ml/min

(Nitrogen flow rate); 8’ x 1/8"; 140°C column, 200°C

injector, 280°C detector (acetophenone analysis); 130°C

column, 200°C injector, 280°C detector (4-acety1 pyridine

analysis); 98°C column, 230°C injector, 250°C detector

(2-(2-tetrahydrofury1) acetaldimine analysis); 105°C column,

230°C injector, 250°C detector (octahydro-2,2'bifuran

analysis).

Column 0: 53 SR-30, Chromosorb W 60:80 DMCS acid

washed; 30 ml/min (Nitrogen flow rate); 5’ x 1/8"; 210°C

column, 250°C injector, 280°C detector (4-pheny1-l-(4-

pyridyl) butanone and n-butyl-4-[(4-pyridyl) carbonyl]

butanoate analysis).
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Column D: 193 FFAP, Chromosorb G 60:80 DMCS; 30 ml/min

(Nitrogen flow rate); 12' x 1/8"; 175°C column, 230°C

injector, 290°C detector (2-(2-tetrahydrofuryl) acetaldimine

analysis); 200°C column, 230°C injector, 290°C detector

(octahydro-2,2'bifuran analysis). ‘

High-Pressure Liquid Chromatography Procedures: Through

an injector accessory, sample injections of 20 microliters

 

were made into a 25 cm normal phase silica column using

mixtures of UV-grade Hexane and Ethyl Acetate as mobile

phase, pushed through the column by two high-pressure pumps;

the ratio of the solvents was automatically set by a

microprocessor. The following column was employed:

Column E: Ultrasphere Si 5um (Altex Scientific, Inc.);

25 cm x 4.6 mm; 1.5 ml/min (carrier solvent flow rate); 35°C

column temperature; 853 Hexane, 153 Ethyl Acetate, detector

at 270 nm (Pentacarbonyl(4-Butyrylpyridine) Tungsten(O) and

Cis-Tetracarbonyl bis(4-va1erylpyridine) Tungsten(O) analy-

sis); 953 Hexane, 53 Ethyl Acetate, detector at 290 nm

(Rexacarbonyl Tungsten(O) analysis).

Actinometry and Quantum Yield Determination

Internal standards were used for all analyses except

the following cases in which external standards were

employed:

a) Analysis of 4-acety1pyridine being produced from

cis-bis (2,2'bipyridine)-bis (4-phenyl-1-(4-pyridyl)

butanone) Ruthenium(II) tetrafluoroborate.
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b) Analysis of Hexacarbonyl Tungsten(O) being produced

from Pentacarbonyl (4-Valerylpyridine) Tungsten(0).

c) One Stern-Volmer experiment, quenching Pentacarbonyl

(4-Va1erylpyridine) Tungsten(O) with anthracene.

No particular standard was used for photochemical

experiments in benzene analyzed by HPLC with the detector at

270 nm; the solvent (benzene) played the role of a standard.

No standard was necessary for experiments analyzed by

visible light absorption at 600 nm.

For the experiments analyzed by gc or HPLC, the

photoproduct concentration was determined using the ratio

(area of product/area of internal (or external) standard).

A detector response factor (RF) was determined to account

for the difference in molar response for each compound. The

response factor is the reciprocal slope of the plot of

concentration ratio of compound to standard versus area

ratio of compound to standard. Response factors are listed

in Table 27. Product concentrations are determined from

(65). When the solvent (benzene) was used as internal

.Kproduct) = RF x [Standard] x (area of product/area of standard) (65)

standard, the response factor determined (RFoss) is the

product of the real. Response factor (RF) times the

concentration of benzene. i.e., RFoss = RF x [benzene];

[benzene] is constant since benzene is the solvent.
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Internal (external) standard: Compaund analyzed

p-dichlorobenzene:

p-dichlorobenzene:

methyl benzoate:

methyl benzoate:

n-tridecana:

n-tetradecane:

n-hexadecane:

n-hexadecane:

n-hexadecane:

n-heptadecane:

benzene:

benzene:

benzene:

acetophenone:

benzene:

benzene:

 

RF

octahydro-2,2'bifuran 1.0'

2-(2-tetrahydrofuryl) acetaldimine l.2°

octahydro-2.2'bifuran 1.08P

TRFCR3CN 1.3'

n-butyl acrylate 2.22

styrene 1.57

acetophenone 2.25

o-methyl acetophenone 2.0°

4-acetylpyridine 3.01

4-acetylpyridine 3.06‘

cis-W(CO)¢(4VP)2 0.0126

cis-W(CO)4(4VP)(4DP) 0.0126”

cis-fl(00)4(4DP)2 0.00554

W(CO)s 0.0355

4VP 0.0255

40? 0.0257

 

' The response factor was calculated by the formula RF = (No. of carbons of

standard)/(No. of carbonds of compound); carbons single bonded to oxygen

counted as one half; carbons double bonded to oxygen not counted at all.

° Compound not available.

W(CO)s(4VP)2.

RF considered equal to the one measured for cis-
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Valerophenone Actinoaetry; was used for product quantum

yield determinations at 313 nm irradiations. For extremely

long 313 irradiations (one week or more; cases of cis-

[Ru(bipy)2(4EsterBP)2](BFd)2, RuTPP(4PhBP)2 and

RuOEP(4PhBP)2), o-methyl valerophenone and o-methyl

butyrophenone were used as actinometers.9° A 0.1 M solution

of the actinometer in benzene containing a known

concentration of Rexadecane (internal standard) was

irradiated simultaneously with the desired compound in the

merry-go-round apparatus and analyzed in Column A or E.

Photoproduct quantum yields were determined from (66). The

quantum yields for 0.1 M valerophenone, 0.1 M o-methyl

valerophenone and 0.1 M butyrophenone are 0.33, 0.016, and

0.0014 mol/einstein, respectively.°° In some experiments,

[product]

.(product) = X Q.Y.(of actinometer) (66)

[product from actinometer]

 

the quencher was absorbing part of the light; an absorbance

correction was made by multiplying Oproduct by the following

quantity based on Beer's Law:

([quencher] £313 quencher + [ketone] £313 ketone)

([ketone] £313 ketone)
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When the reacting compound (ketone) concentration is

low and therefore does not absorb all the incident

irradiation, a correction has to be made again by

multiplying the photoproduct quantum yield by the quantity

(68) based also on Beer’s Law.

[l-T(act1nometer)1/[1-T(ketono)1 (68)

Photoreduction Quantum Yields were determined by the

irradiation of a constant aliquot of stock ketone solution

in the presence of a hydrogen donor. The absolute quantum

yields of photoproduct formation were determined by adding

various aliquots of stock donor solution to a constant

aliquot of stock ketone solution and diluting to volume.

The tubes were prepared, irradiated and analyzed in the

usual manner. A plot of (Oproductr1 versus [hydrogen

donorl'1 yields a line in which the slope divided by the

intercept equals kd/kr.

Type II quantum yields were determined by analyzing for

the alkene or for the acetophenone.

Uranyl Oxalate Actinoaetry;°7 was used for cis-

W(CO)4(4VP)2 quantum yield determination at 410 nm

irradiation. An aqueous solution (2.8 ml) with precisely

known concentrations of uranyl nitrate and oxalic acid (in

the range of 0.01 M and 0.05 M, respectively) was irradiated

in parallel to the Pentacarbonyl (l-(4-pyridy1) pentanone)

Tungsten(O) samples, while another sample was kept in dark
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as blank. Oxalic acid is consumed photochemically in the

presence of Uranyl nitrate sensitizer according to the

equation (69):

by

8000-0008 -> 00 + 002 + 820 (69)
 

The oxalic acid consumed was determined by titration of

both the blank sample and the irradiated sample with a

standardized potassium permaganate solution (~6.0 x 10’3 M).

Potassium permaganate reacting with 020424- decolorizes.

Titration was completed when the pink color of potassium

permaganate remains in the titrated solution.

The quantum yield for the oxalic acid consumption upon

irradiation at 410 nm is 0.56 mol/einstein and photoproduct

quantum yields were determined from (70):

ibroduct = [product]/[oxalic acid consumed] x 0.56 (70)

Potassium Reineckate Actinometry“B was used for the

cis-tetracarbonyl (l-(4-pyridyl) pentanone) Tungsten(O)

quantum yield determinations at 490 nm irradiations. An

aqueous solution (2.8 ml) of the potassium Reinecke’s salt

(about 0.01 M) was irradiated in parallel to the

pentacarbonyl (l-(4-pyridyl pentanone) Tungsten(O) samples

while another sample was kept in dark as blank. Potassium

Reinecke’s salt photoreleases SCN' according to the equation

(71):
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 KCr(NHs)2(SCN)d > Cr(N83)2(SCN)3H2O + KSCN (71)

After the irradiation, 10 ml of an aqueous ferric

nitrate solution (about 0.1 M) containing perchloric acid

(0.5 M) was added to the actinometer solution (and to the

blank). The totally released SCN' forms a red 1:1 complex

with Fe(III), the concentration of which was determined

spectrophotometrically at 450 nm. (£ FeSCN complex at 450 mm

= 4.3 x 103 M'1 cm‘l). The concentration of the

photoreleased SCN' is found as the difference between the

irradiated and the blank sample.

The quantum yield for the SCN' photoreleased upon

irradiation at 490 nm is 0.305"8 and photoproduct quantum

yields were determined from (72):

Chroduct = [productJ/[photoreleased SCN‘] x 0.305 (72)

Complex disappearance quantum yields were determined by

comparing the complex with the internal (or external)

standard area ratios of the solutions before and after

irradiation. The factor R, given in (73), when multiplied

by the original complex concentration and the result

subtracted from the original complex concentration, gives

the change in complex concentration (74) from which the

disappearance quantum yield is calculated.
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[(area of complex)/(area of standard)].:£or irradiation

 

= R (73)

[(area of complex)/(area of Standard)]bafora Irradiation

[CO-plex]ortsinal - R x [complexlortstn-x = [complex] (74)

Concentration Dependence of quantum yields were

determined by two methods. Either by using an actinometer

in parallel to the tubes irradiated containing varying

concentrations of the substrate or by normalization when the

quantum yield at one point (concentration) was known from

another experiment. The normalization factor (NF) is given

in (75):

NF = (Quantum yield of the Photoproduct at the concentration

of known Q.Y.)/(Physical property of the photoproduct

at the concentration of known Q.Y.) (75)

The Quantum Yield at any other concentration is given

by (76): Physical Property is either (photoproduct/standard)

Quantum yield of the photoproduct at any concentration =

NFx(Physical property of the photoproduct at this concentration) (76)

area ratios for gc and HPLC analysis or Corrected Absorbance

for visible light absorption analysis. The Corrected

Absorbance of the photoproduct at 600 nm method was applied

in cis-W(CO)4(4VP)2 analysis and is valid for low

conversions: it is based on the equation (77):
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A(600)corrected = A<600)after irradiation " A(600)before irradiation (77)

In the normalization method, the sample with the

concentration of known quantum yield from an independent

experiment plays the role of actinometer.

Stern Volaer Stadiaa Photoprodact Qaenchiag.

For the pyridyl ketone Norrish Type II. fragmentation

studies or for the pentacarbonyl (1-(4-pyridy1) pentanone)

Tungsten(O) disproportionation studies, a constant aliquot

of stock ketone (or Tungsten complex) solution was pipetted

into several volumetric flasks. Varying aliquots of stock

quencher solution were also pipetted into the flasks and

diluted to volume. For the pyridyl ketone hydrochloride

salts and for the pyridyl ketone Ruthenium complexes Norrish

Type II fragmentation studies, solubility reasons prevented

us from making stock solutions so the appropriate amount of

the pyridyl ketone salts or the Ruthenium complexes were

weighted directly into the volumetric flasks which, after

the addition of the quencher solution and dillution to

volume, gave the final solution for irradiation. Tubes were

prepared, degassed, irradiated, and analyzed the way

described before. The slope of O°/O versus [Quencher] gave

qu for the reacting state. ‘

ggiaaion Qagnchiag. Samples of known concentration of

pentacarbonyl (1-(4-pyridyl) pentanone) Tungsten(O) in
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benzene were prepared as described for emission studies;

emission spectra were recorded for each sample and the peak

intensity was taken to be proportional to the emission

quantum yield (09-). The slope of .Em°/.em versus

[Quencher] gave qu for the emitting state.

Absorption Spectga

Absorption Spectra were taken using 10 mm matched

quartz cells. A Beckman recording quartz spectrophotometer

with Gilford accessories was used to determine the

extinction coefficients at 313 nm and to analyze runs with

visible light absorption at 600 nm. Full spectra were

recorded on a Varian Cary 21 UV-Vis. spectrophotometer.

Eaiaaion Spectra

Emission Spectra at room temperature were obtained

using 13 x 100 mm Pyrex culture tubes degassed as described.

Emission Spectra at 77°K were taken using a quartz dewar for

liquid nitrogen. Sample solution concentrations were in the

range of 10" to 10-5 M. A fast-turning chopper was used to

cut short-lived emissions. Triplet energies in kcal/mol

were calculated from the wavelength (1) by the formula (78):

E(T) = 2860/l (nm) (78)
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APPBIDIX

This section contains all the raw data obtained

experimentally.

All concentrations are reported in mole/L(M).

Numbers in parentheses do not correlate well with the others

And have not been considered in the calculations of the

slopes of the corresponding double reciprocal or Stern-

Volmer plots. -

A11 bis(2,2'bipyridine) or bis(l,10-phenanthroline)

complexes are of the cis- geometry.

abbreviationa

pDCB = p-dichlorobenzene

ArCOOMe = Methyl Benzoate

013 = n-Tridecane

014 = n-Tetradecane

016 = n-Hexadecane

017 = n-Heptadecane

EtOAc = ethyl acetate
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Table 29. Double Reciprocal for DTHF vs. [THFI‘l in the Photoreduction of

acetophenone by THF.

8”. 1..

[THF] [THFl'l area DTHF/area pDCB [DTHF] Obvur Cbrur"

0.80 1.250 0.264 0.00233 0.0121 82.4

1.20 0.833 0.338 0.00299 0.0156 64.1

1.60 0.625 0.365 0.00323 0.0168 59.5

2.00 0.500 0.416 0.00367 0.0191 52.3

2.40 0.417 0.478 0.00422 0.0220 45.5

 

'313 nm (Filter A), (C column B at 105°C acetonitrile solvent, [acetophenone]

= 0.10 M, [p008] = 0.00833 M, I = 0.192 81" (Valerophenone actinometry).

 

 

 

RBI 2..

[THF] [THFl'l area DTHF/area pDCB [DTHF] .DTI' Cbtsr"

0.40 2.50 0.224 0.00197 0.00872 114.7

0.80 1.25 0.375 0.00332 0.0147 68.0

1.20 0.833 0.482 0.00426 0.0188 53.2

1.60 0.625 0.524 0.00462 0.0204 49.0

2.00 0.500 0.580 0.00512 0.0227 44.1

2.40 0.427 0.629 0.00555 0.0246 40.7

nm (Filter A). gc Column B at 105°C, acetonitrile solvent, [acetophenone]'313

0.10 M [p008] = 0.00883 M, I = 0.226 81" (Valerophenone actinometry).

 

 

RBI 3.‘

[THF] [THFl'1 area DTHF/area pDCB [DTHF] Corns Obtur“

0.80 1.25 0.322 0.00319 0.0166 60.1

1.60 0.625 0.458 0.00453 0.0236 42.4

2.40 0.417 0.499 0.00494 0.0257 38.9

3.20 0.313 0.555 0.00549 0.0286 35.0

 

.313 nm (Filter A). gc column 0 at 175°C, benzene solvent, [acetophenone]

= 0.10 M, [p008] = 0.00990 M, I = 0.192 31" (Valerophenone actinometry).
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mm 4.-

[TRF] [THF]“ area DTHF/area pDCB [DTHF] Obrur Gotur"

0.20 5.0 0.124 0.00123 0.00544 183.8

0.130 0. 00129 0.00571 175.1

1.57» 0.637 0.416 0.00404 0.0179 55.9

2.40 0.417 0.529 0.00524 0.0232 43.1

3.20c 0.313 0.232 0.00230 0.0359 27.9

0.209 0.00207 0.0323 31.0

 

'313 nm (Filter A). gc column D at 175°C, benzene solvent, [acetophenone]

= 0.10 M, [pDCB] = 0.00990 M, I = 0.226 81“ (Valerophenone actinometry).

°[pDCB] = 0.00970 M, [acetophenone] = 0.098 M.

cI = 0.064 81" (valerophenone actinometry).
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Igle 37. Stern Volmer Data for 4-pheny1-1-(4-pyridy1) butanone.

 

 

mm 1..

[0] area styrene/area 014 [styrene] O’lO

0.0 0.384 0.00378 --

0.0 0.369 0.00363 --

0.0999 0.192 0.00189 1.96

0.200 0.130 0.00128 2.90

0.300 0.0992 0.000977 3.80

0.400 0.0633 0.000623 (5.96)

0.600 0.0526 0.000518 (7.16)

0.600 0.0402 0.000396 (9.37)

 

'0 = Ethyl sorbate, 313 nm (Filter A, 0.5 hrs.). gc column A at 120°C,

acetonitrile solvent, [4PhBP] = 0.040 M, (014] = 0.00627 M.

 

 

In. 2..

[0] area styrene/area 014 [styrene] 4°].

0.0 0.173 0.00161 --

0.0 0.159 0.00148 ---

0.0503 0.115 0.00107 1.45

0.151 0.0723 0.000673 2.30

0.201 0.0577 0.000537 2.89

0.302 0.0358 0.000333 (4.65)

0.402 0.0332 0.000309 5.02

 

‘0 = Ethyl sorbate, 313 nm (Filter A, 0.5 hrs.). gc column A at 120°C.

acetonitrile solvent. [4PhBP] = 0.0401 M, [014] = 0.00593 M.
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Igle 42. Quantum Yield and Stern Volmer date for Penaammine 4-Pheny1-l-(4-pyridyl)butanone

Rutheniu( II) Tetrafluoroborate.

 

 

80' 1.-

[RHWHDhHPhBPHUh )2 [Q] area styrene/area 014 [styrene] . 0,.

0.0200 0.0 0.254 . 0.00272 --

0.0200 0.0 0.260 0.00279 ---

0.0193. 0.113 0.217 0.00210 1.31

0.0202 0.229 0.125 0.00134 2.06

0.0200 0.343 0.0931 0.000998 2.77

0.0200 0.458 0.0644 0.000691 3.99

0.0200 0.572 0.0594 0.000637 4.33

0.0201 0.686 0.0424 0.000455 (6.07)

 

'0 8 Ethyl sorbate. 313 nm (Filter A, ~20 hrs.), gc column A at 120°C. acetonitrile solvent,

 

 

[014] = 0.00683 M. I = 0.214 El" (Valerophenone actinometry). 6 ° = 0.013.

.[014] = 0.00615 M.

lum_2.-

[Ru(Nlb): (4PhBP)](BF4 )2 [Q] area styrene/area 014 [styrene] O °/O

0.0200 0.0 0.190 0.00174 ---

0.0201 0.0 0.166 0.00152 ---

0.0201 0.0 0.153 0.00140 --

0.0201 0.114 0.138 0.00126 1.23

0.0201 0.228 0.0911 0.000832 1.86

0.0200 0.343 0.0624 0.000570 2.72

0.0201 0.457 0.0451 0.000412 3.76

0.0200 0.571 0.0364 0.000333 4.65

0.0201 0.685 0.0301 0.000275 5.64

 

'0 = Ethyl sorbate, 313 nm (Filter A, ~15 hrs.), gc calm A at 120°C, acetonitrile solvent.

[014] = 0.00582 M, I = 0.172 E1" (Valerophenone actinometry). 4 ° = 0.0090: rejected.



269

Iaale 43. Quantum Yield and Stern Volmer Data for cis-bis(2,2'bipyridine) bis(4-Pheny1-l-

(4-pyridy1)butanone) Ruthenium(II) Tetrafluoroborate.

 

 

In. 1..

(Ru(bipy)2(4PhBP)2](BF4)2 [Q] area styrene/area 014 [styrene] O °/O

0.0200 0.0 0.123 0.00137 ---

0.0200 0.0 0.121 0.00135 ---

0.0200 0.114 0.0817 0.000913 1.49

0.0200 0.229 0.0692 0.000774 1.76

0.0200 0.458 0.0487 0.000544 2.50

0.0188° 0.754 0.0373 0.000392 3.47

 

'0 8 Ethyl sorbate, 313 nm, (Filter A. ~25 hrs.), gc column A at 120°C, acetonitrile solvent

[014] = 0.00712 M, I = 0.191 111‘1 (Valerophenone actinometry). 41° = 0.0071.

°[Cl4] = 0.00670 M.

 

 

80' 2..

[Ru(bipY)2(4PhBP)2](BF4)2 [Q] area styrene/area 014 [styrene] 4'°/0

0.0200 0.0 0.157 0.00168 --

0.0200 0.0 0.153 0.00164 -~-

0.0201 0.114 0.0954 0.00102 1.63

0.0200 0.229 0.0902 0.000967 1.72

0.0200 0.343 0.0707 0.000758 2.19

0.0200 0.457 0.0638 0.000684 2.43

0.0201 0.572 0.0491 0.000527 3.15

0.0201 0.686 0.0411 0.000441 3.76

0.0200 0.800 0.0393 0.000421 3.94

 

°Q = Ethyl sorbate, 313 nm. (Filter A, ~25 hrs.), gc column A at 120°C, acetonitrile solvent,

[014] = 0.00683 M, I = 0.231 El" (Valerophenone actinometry). O>° = 0.0072.



T
a
b
l
e

4
4
.

C
o
n
c
e
n
t
r
a
t
i
o
n

D
e
p
e
n
d
e
n
c
e

o
f

t
h
e
Q
u
a
n
t
u
m

Y
i
e
l
d

o
f

t
h
e

T
y
p
e

I
I
C
l
e
a
v
a
g
e

o
f

P
e
n
t
a
a
m
m
i
n
e

4
-
P
h
e
n
y
l
-
l
-
(
4
-
p
y
r
i
d
y
l
)
b
u
t
a
n
o
n
e

R
u
t
h
e
n
i
u
m
(
I
I
)

T
e
t
r
a
f
l
u
o
r
o
b
o
r
a
t
e
.
°

 

[
R
u
(
N
H
3
)
5
(
4
P
h
B
P
)
]
(
B
F
h
)
2

.
a
r
e
a

s
t
y
r
e
n
e
/
a
r
e
a
0
1
4

[
s
t
y
r
e
n
e
]

0
°

 

0
.
0
0
4
0
3

0
.
1
0
5

0
.
0
0
1
0
9

0
.
0
0
6
8

0
.
0
0
5
0
6

0
.
1
2
7

0
.
0
0
1
3
2

0
.
0
0
8
2

0
.
0
0
7
1
1

0
.
1
5
8

0
.
0
0
1
6
5

0
.
0
1
0

0
.
0
0
9
2
3

0
.
1
9
6

0
.
0
0
2
0
4

0
.
0
1
3

0
.
0
1
5
2

0
.
2
3
2

0
.
0
0
2
4
2

0
.
0
1
5

0
.
0
2
0
1

0
.
2
1
6

0
.
0
0
2
2
5

0
.
0
1
4

0
.
0
4
0
1

0
.
0
9
8
4

0
.
0
0
1
0
3

0
.
0
0
6
4

 ‘
3
1
3

n
m
,

(
F
i
l
t
e
r

A
,

~
1
2

h
r
s
.
)
,

g
c

c
o
l
u
m
n

A
a
t

1
2
0
°
C
,

a
c
e
t
o
n
i
t
r
i
l
e

s
o
l
v
e
n
t

[
0
1
4
]

=
0
.
0
0
6
6
4

M
.

b
Q
u
a
n
t
u
m

Y
i
e
l
d
s

w
e
r
e

c
a
l
c
u
l
a
t
e
d

u
s
i
n
g

a
s
n
o
r
m
a
l
i
z
a
t
i
o
n

b
a
s
e

0
=
0
.
0
1
4

f
o
r

[
R
u
(
N
l
h
b
(
4
P
h
B
P
)
]
(
B
F
4
)
2

=
0
.
0
2
0
1

M
.

270



T
a
b
l
e

4
5
.

C
o
n
c
e
n
t
r
a
t
i
o
n

D
e
p
e
n
d
e
n
c
e

o
f

t
h
e
Q
u
a
n
t
u
m

Y
i
e
l
d

o
f

t
h
e

T
y
p
e

I
I

c
l
e
a
v
a
g
e

o
f

c
i
s
-
b
i
s
(
2
,
2
'
b
i
p
y
r
i
d
i
n
e
)
-
b
i
s
(
4
-
P
h
e
n
y
1
-
l
-
(
4
-
p
y
r
i
d
y
l
)
b
u
t
a
n
o
n
e
)

R
u
t
h
e
n
i
u
m
(
I
I
)

T
e
t
r
a
f
l
u
o
r
o
b
o
r
a
t
e
.
‘

 

[
R
u
(
b
i
p
y
)
2
(
4
P
h
B
P
)
2
]
(
B
F
4
)
2

a
r
e
a

s
t
y
r
e
n
e
/
a
r
e
a
0
1
4

[
s
t
y
r
e
n
e
]

0
‘
3

 

0
.
0
0
4
1
8

0
.
1
7
2

0
.
0
0
1
8
0

0
.
0
1
1
2

0
.
0
0
5
9
9

0
.
1
7
3

'
0
.
0
0
1
8
1

0
.
0
1
1
2

0
.
0
0
8
0
2

0
.
1
6
3

0
.
0
0
1
7
0

0
.
0
1
0
6

0
.
0
1
0
1

0
.
1
5
3

0
.
0
0
1
6
0

0
.
0
0
9
9

0
.
0
2
0
0
b

-
-

0
.
0
0
1
1
6
9

0
.
0
0
7
2
b

0
.
0
3
0
1

0
.
0
8
9
6

0
.
0
0
0
9
3
5

0
.
0
0
5
8

0
.
0
4
0
1

0
.
0
7
5
0

0
.
0
0
0
7
8
3

0
.
0
0
4
9

 '
3
1
3

n
m

(
F
i
l
t
e
r

A
,

~
2
5

h
r
s
.
)
,

g
c

c
o
l
u
m
n
A

a
t

1
2
0
°
C
,

a
c
e
t
o
n
i
t
r
i
l
e

s
o
l
v
e
n
t
,

[
0
1
4
]

=
0
.
0
0
6
6
5

M
.

b
I
t

i
s

n
o
t

a
r
e
a
l

p
o
i
n
t
;

c
a
l
c
u
l
a
t
e
d
b
y
p
l
o
t
t
i
n
g

[
s
t
y
r
e
n
e
]

v
s
.

[
R
u
(
b
i
p
y
)
2
(
4
P
h
B
P
)
2
]
(
B
F
4
)
2
.

°
Q
u
a
n
t
u
m

Y
i
e
l
d
s
w
e
r
e

c
a
l
c
u
l
a
t
e
d
u
s
i
n
g

a
s

n
o
r
m
a
l
i
z
a
t
i
o
n
b
a
s
e

4
'
:

0
.
0
0
7
2

f
o
r

[
R
u
(
b
i
p
y
)
2
(
4
P
h
B
P
)
2
]

=

0
.
0
2
0
0
M

(
T
a
b
l
e

8
)
.

271



T
a
b
l
e

4
6
.

S
t
e
r
n

V
o
l
m
e
r

d
a
t
a

f
o
r

t
h
e

c
i
s
-
b
i
s
(
2
,
2
'
b
i
p
y
r
i
d
i
n
e
)
-

b
i
s
(
4
-
P
h
e
n
y
l
-
l
-
(
4
-
p
y
r
i
d
y
l
)
b
u
t
a
n
o
n
e
)

R
u
t
h
e
n
i
u
m
(
I
I
)

T
e
t
r
a
f
l
u
o
r
o
b
o
r
a
t
e

U
s
i
n
g
C
o
m
p
l
e
x
C
o
n
c
e
n
t
r
a
t
i
o
n

0
.
0
1
0

M
.
‘

 

[
R
u
(
b
i
p
y
)
2
(
4
P
h
B
P
)
2
]
(
B
F
k
)
2

[
Q
]

a
r
e
a

s
t
y
r
e
n
e
/
a
r
e
a
0
1
4

[
s
t
y
r
e
n
e
]

O
'
°
/
O

 

0
.
0
1
0
0

0
.
0

0
.
1
0
1

0
.
0
0
1
1
2

-
-

0
.
0
1
0
0

0
.
0

0
.
0
9
7
1

0
.
0
0
1
0
8

-
-

0
.
0
1
0
0

0
.
1
1
4

0
.
0
7
2
0

0
.
0
0
0
7
9
7

1
.
3
8

0
.
0
0
9
9
8

0
.
2
2
9

0
.
0
5
1
8

0
.
0
0
0
5
7
3

.
1
.
9
2

0
.
0
1
0
0

0
.
3
4
3

0
.
0
4
4
7

0
.
0
0
0
4
9
5

2
.
2
2

0
.
0
1
0
0

0
.
4
5
8

0
.
0
3
8
6

0
.
0
0
0
4
2
7

2
.
5
8

0
.
0
0
9
9
8

0
.
5
7
2

0
.
0
3
3
0

2
0
.
0
0
0
3
6
5

3
.
0
1

272

 '
0

=
E
t
h
y
l

s
o
r
b
a
t
e
,

3
1
3

n
m
,

(
F
i
l
t
e
r

A
,

~
1
6

h
r
s
.
)
,

g
c

c
o
l
u
m
n
A

a
t

1
2
0
°
C
,

a
c
e
t
o
n
i
t
r
i
l
e

s
o
l
v
e
n
t
,

[
0
1
4
]

=
0
.
0
0
7
0
5

M
.



273

Table 47. Mass Balance Styrene and 4-acetylpyridine Produced from the Type II Cleavage

of cis-bis(2,2‘bipyridine)-bis(4-Phenyl-1-(4-p
yridy1)butanone) Ruthenium(II)

 

 

Tetrafluoroborate.

EIPIREMEIT 1.°

area styrene/area 014° [styrene] area 4AP/area 017° [4AR]°

0.153 0.00168 0.0125 0.000590

 

I313 nm, (Filter A, ~25 hrs.), acetonitrile solvent, [Ru(bipy)2(4PhBP)2l(BF4)2 = 0.0200 M.

°gc column A at 120°C, [014] = 0.00683 M.

°Samp1e refluxed for 24 hrs. in acetonitrile in the presence of 147 mg PPhs: than 0.0104

017 was added and diluted to 5.66 ml; [017] = 0.00764 M; gc column B at 130°C. ’

‘[4AP] = 0.000292 M as determined directly from the go trace; reduced to 2.8 ml (original

volume of the irradiated sample - to be directly comparable to [styrene]) [4AP] =

0.000590 M.

 

"

ares styrene/area 014° [styrene] area 4AP/area 016c [4AP]°

 

0.153 0.00164 0.00117 0.0000743

 

'313 nm, (Filter A, ~25 hrs.). acetonitrile solvent, [Ru(biPY)2(4PhBP)2](BF4)2 = 0.0200 M.

°gc column A at 120°C, [014] = 0.00683 M.

cSample refluxed for 24 hrs. in g-butyronitrile in the presence of 147 mg PPhs:

than 0.0113 g 016 was added and the sample was diluted to 5 ml with a-butyronitrile;

[016] = 0.0118 M; gc column B at 130°C.

°[4AP] = 0.0000416 M as determined directly from the gc trace; reduced to 2.8 m1 (original

volume of the irradiated sample - to be directly comparable to [styrene]) [4AP] =

0.0000743 M.
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Table 48. Quantum Yield and Stern-Volmer Data for the Type II Cleavage of n-buty1-4-

[(4-pyridy1)carbonyllbutyrate.

In! 1'

(0] area n-butyl acrylate/area 013 [n-butyl acrylate] O>°/0

0.0 0.122 0.00228 ~--

0.0 0.122 0.00228 ---

0.00353 0.0812 0.00152 1.50

0.00706 0.0598 0.00112 2.04

0.0106 0.0452 0.000845 2.70

0.0141 0.0368 0.000688 3.31

0.0176 0.0323 0.000604 3.78

0.0212 0.0267 0.000499 4.57

0.0283° 0.0238 0.000441 5.17

 

'Q = Ethyl sorbate, 313 nm, (Filter A. 0.5 hrs.), gc column A at 10890. acetonitrile solvent.

[4EsterBP] = 0.0204 M, [013] = 0.00842 M.

°[4Ester8P] = 0.0202 M, [013] = 0.00834 M.

 

 

RUM 2..

[Q] area n-butyl acrylate/area 013 [n-butyl acrylate] O’°/O

0.0 0.166 0.00242 ---

0.0 0.164 0.00240 ---

0.00337 0.108 0.00158 1.53

0.00673 0.0751 0.00110 2.19

0.0135 0.0522 0.000763 3.16

0.0168 0.0430 0.000628 3.84

0.0202 0.0353 0.000516 4.67

0.0270 0.0238 0.000348 (6.93)

 

'0 = Ethyl sorbate, 313 nm. (Filter A. 0.5 hrs.), gc column A at 108°C, acetonitrile solvent,

[4EsterBP] = 0.0208 M, [013] = 0.00658 M, I = 0.00543 81" (Valerophenone actinometry). 41°

0.44.
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Tab e 53. Stern-Volmer Data for the Type II Cleavage of Cis-Bis (2,2'bipyridine)

bis(n-buty1-4~[(4-pyridy1)csrbonyl]butyrate) Ruthenium(II) Tetrafluoro-

 

 

borate.

IBM 1..

area n-but.ac;ylate

[Ru(bipy)2(4EsterBP)2](BF!)2 [0] area 013 [n-but.acry1ste] 4‘°/0

0.0200 0.0 0.0356 0.000620 --

0.0200 0.0 0.0360 0.000627 --

0.0200 0.00772 0.0323 0.000562 1.11

0.0200 0.0154 0.0282 0.000491 1.27

0.0200 0.0309 0.0219 0.000381 1.64

0.0200 0.0463 0.0175 0.000305 2.05

0.0200 0.0618 0.0153 0.000266 2.35

 

° 0 = Ethyl sorbate, 313 nm, (Filter A, ~2 days), gc column A at 108°C, acetonitrile

solvent. [013] = 0.00784 M.

 

 

IBM 2..

a -b .ac ate

[Ru(biPY)2(4EsterBP)2](BF4)2 [0] area 013 [n-but.acrylate] 41°/O

0.0200 0.0 0.0761 0.00106 -

0.0200 0.0 0.0726 0.00101 --

0.0200 0.00799 0.0631 0.000880 1.18

0.0200 0.0160 0.0512 0.000714 1.45

0.0200 0.0320 0.0405 0.000565 1.84

0.0200 0.0559 0.0319 0.000445 2.33

 

° Q = Ethyl sorbate, 313 nm, (Filter A, ~4

solvent. [013] = 0.00628 M.

days), gc column A at 10890. acetonitrile
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Tabla 54. Determination and Concentration Dependence of the Quantum Yield of

cis-bis(2.2'bipyridine)-bis(n-butyl-4-[(4-pyridyl)carbonyllbutyrate)

Ruthenium(II) Tetrafluoroborate.°

 

area n-but l acr late

 

[Ru(bipy)2(4EsterBP)2l(3F¢)2 area 013 [n-butyl acrylate] 4

0.0200 0.159 0.00237 0.0016

0.0200 0.164 0.00244 0.0017

0.00995 0.263 0.00391 0.0027

0.00499 0.250 0.00372 0.0026

0.00249 0.131 0.00195 0.0013

 

Actinometry for the determination and concentration dependence of the Quantum Yield of

the Type II cleavage of cis-bis(Z,2'bipyridine)-bis(n-butyl-4-[(4-pyridyl)carbony1]~

butyrate) Ruthenium(II) tetrafluoroborate.D

There were used two sets of actinometers.

SIT l.c

 

Actinometer area o-sethyl acetophenoag

 

 

 

 

No. 016 [o-methyl acetophenone] I

1 0.217 0.00234 1.671

2s 0.201 0.00242 1.726

2b 0.180 0.00216 1.545

Iaverasa = 1.647 81".

m 2“

Actinometer area o-me h ace 0 henone

. 016 [o-methyl acetophenone] I

1 0.464 0.0211 1.317

2s 0.405 0.0197 1.230

2b ' 0.419 0.0204 1.273

 

leverage = 1.273 81".

° 313 nm, (Filter A. ~7 days), gc column A at 108°C, acetonitrile solvent, [013] =

0.00670 M, I = 1.46 El“.

° It was used o-methyl butyrophenone and o-methyl valerophenone actinometry.

° SET 1: Actinometer

Actinometer

Actinometer

° SET 2: Actinometer

Actinometer

= o-methyl butyrophenone, gc column A at 190°C.

No.

No.

1:

2:

[o-methyl butyrophenone]

[o-methyl butyrophenone]

0.104 M, [016]

0.108 M, [016]

= o-methyl valerophenone. gc column A at 190°C.

Actinometer No. 1:

No. 2:

[o-methyl valerophenone]

[o-methyl valerophenone]

0.104 M. [016] =

0.105 M, [016] =

0.00539 M.

0.00601 M.
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Table 56. Stern-Volmer Data for the Quenching of Butyrophenone by cis-bis

(2,2‘bipyridine)bis(4-acetylpyridine) Ruthenium(II) Tetrafluoroborate.

 

 

 

 

 

m 1..

[Q] area PhCOCHa/area 016 [PhCOCHs] [PhCOClbleorr.‘ 4 °/4 O °/Ocorr.‘

0.0 0.612 0.0340 0.0340 -- -

0.0 0.624 0.0347 0.0347 - -

0.00106 0.237 0.0132 0.0171 .2551 2.01

0.00210 0.157 0.00873 0.0138 3.94 2.49

0.00311 0.109 0.00606 0.0113 5.68 3.04

0.00432 0.0759 0.00422 0.00926 8.15 3.71

0.00507 0.0518 0.00288 0.00691 (11.94) (4.98)

HUN 2..

[Q] area PhCOClls/area 016 [P1100083] [PhCOCl-lalcorr.c 4 °/4 4 °lkorr.‘

0.0 1.027 0.0550 0.0550 -- ---

0.0 1.047 0.0561 0.0561 -- “--

0.00106 0.448 0.0240 0.0311 2.32 1.79

0.00208 0.314 0.0168 0.0265 3.31 2.10

0.00323 0.206 0.0110 0.0209 5.06 2.66

0.00420 0.162 0.00868 0.0188 6.41 2.96

0.00514 0.132 0.00707 0.0172 7.86 3.23

 

Q = [Ru(biPY)2(4AP)2l(BF4 )2. 313 nm. (Filter A), gc column A at 180°C, acetonitrile solvent,

[butyrophenone] = 0.502 M. [016] = 0.0247 M.

° Q = [Ru(biPY)z(4AP)2](BF4 )2. 313 nm, (Filter A). gc column A at 180°C. acetonitrile solvent.

[butyrophenone] = 0.502 M, [016] = 0.0238 M. I = 0.144 El" (Valerophenone

actinometry), 0° = 0.39.

Corrections were made for partial light absorption by the ketone.

n
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Table 60. Data for the Calculation of the Response Factors of Various Compounds

vs. Benzene for the HPLC Analysis.

Data for I(@)s (4|?) .'

 

 

 

 

 

 

 

 

 

 

 

W

Height of W(CO)s(4IP) [W(00)s (45?” area 47? R!"

0.0096“ 0.00203 2.749 0.00558

0.0107“ 0.00226 2.431 0.00549

Data for 4W3

Den:

Height of 4VP [471’] area 47? If

0.0138: 0.00339 7.281 0.0247

0.0126” 0.00773 3.384 0.0262

Data for 4IP.‘

Height of 43? [43?] area 48? R!

0.0155‘ 0.00416 6.078 0.0253

0.0109 0.0113 2.311 0.0261

Data for eis-I(m)e (4")s.‘

W

Height of cis-W00); (4VP): [cu-mm). (4VP)2] area cis-”(00). (47?): RI‘

0.0019‘ 0.00102 13.661 0.0139

0.0027. 0.000338 33.13 0.0112
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Data {or «00)..-

 

 

wottht of W

Height of H(CO)e [H(00)e] acetophenone [acetophenone] area «00). 8!

0.0111. 0.00315 0.1047” 0.0871 1.258 0.0455

0.0030. 0.00852 0.0810“ 0.0674 2.192 0.0277

 

' lle analysis; detector at 270 II. EPIC coin-I D eluting with as henna, 15x ethyl

acetate at 1.5 all-in. Detector attenuator at 64, recorder attenuator at 4.

'inlOnlbensena.

cinZ5nll>ensene.

‘ in 3n1bensena.

' W analysis: detector at 290 1.. W ooh-n D eluting with m hex-la, 5x ethyl acetate

at 1.5 al/nin. Benzene does not show up in the EPIC trace. Detector attenuator at 64,

recorder attenuator at 4.
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29C)

‘1'ng 63. Quanti- Yield Data for Pentacarbonyl l-(4-pyridy1)pentanone Tungsten(O) Photolysis

at 490 II.

Solvent Bensge.‘

 

is-H 47?

area cis-H(m)0 (4VP)a/area benzene: 0.00117 1.47 10"

Aaoo: 0.125 4.41 10"

0 = 6.58 10“ t 3.29 10"

Solvent Methylmlobeggg.’

lcis-Hfgh (12)“

area cis-H(w)a (4VP)s/area benzene: 0.000234 2.94 10“

Mon: 0.002 7.06 10"

0 8 4.08 10" t 2.49 10"

Actinometn (figtassium Reineckate)!

Act Ho. [ICr(lfla)(ICS)0] Aaso, blank Auo [SCH'lauuns [SCH’]‘,(M)

1 0.0103 1.016 2.522 5.87 10" 0.00160

2 0.0101 1.415 2.230 5.19 10" mm

3 0.00946 0.784 2.054 4.78 10“ 0.00135

4 0.0106 0.972 2.447 5.69 10“ 0.00157

5 0.0113 1.113 2.684 6.24 10“ 0.00167

6 0.0102 ' 1.405 ' 0.648' 1.51 10-0 0.00107

7 0.0104 1.240 2.737 6.37 10“ 0.00159

8 0.0100 1.338 0.623' 1.45 10“ 0.00189

9 0.0109 . 1.238 2.391 5.56 10" 0.00123

(Whats! ' 0.01” H.

 

O [H(OQ)s(4VP)] 8 0.0504 M, filter D, -42 hrs.

' [w(oo).(4vr)) 1: 0.0501 M, Filter D, --42 hrs.

‘ [sch actinometer wu irradiated for Mt 6 hrs., I a 0.0447 81".

‘ These concutrations are the ones reduced to the original 2.8 ml solution of

the actinometer, since in order to naasure the SCH‘ photoreleased, 10 ml of

a solution of "(103 b.9050. 0.1 M, containing $10. (0.5 M) was added to

the actinometer solution after irradiation.

' These solutions were too concentrated so they were diluted 1:5 before the

absorption at 450 I- was aeaaured.

'
"
.
'
}
A
'
|
r
i

.
a
.
1
.
7

 

n
r
~
-
.
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Iable 64. Quenti- Yield Data for Pentacarbonyl 1-(4-pyridy1)pentanone ‘mngsten(0)

Photolysis at 410 1..

Solvent Benzene. 0

s-H 47?

area cis-H(CQ)0(4VP)a/area benzene: 0.0404 5.09 10"

A000: 0.634 2.24 10“

O = 0.0657 1: 0.0160

So v t ohex .'

[egg-Mg), (5W); |

area cis-H(CO)0(4VP)s/area benzene: 0.0140 1.76 10“

A000: 0.508 1.79 10"

O = 0.0285 t 0.0283

cti Oxa ate .¢

Solution 1.

[Uranyl Nitrate] = 0.0102 M.

[Oxalic Acid] = 0.0504 M.

Solution 2.

[ml 8 0.00651 11.

Ag;inoaeter Solution No. V f ut 1

Blank 8. 60

l 8.05

2 7. 95

[0881“: Midlresctad = 3.49 10‘3 14.

 

' [H(CO)s(4VP)] 0.0504 M, Filter D, ~24 hrs.

" W(CO)s(4VP)] 0.0501 M, Filter D, ~24 hrs.

c I = 0.00623 ll".
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Table 76. Chemical Quenching Stern-Volmer Data for W(CO)s(4VP) Irradiated at

h > 400 nm.‘

RUM 1.9

[4VP] area cis-H(CO)4(4VP)z/area benzene [cis-H(CO)4(4VP)2] O’°/0

0.0 0.174 0.00219 -~

0.0 0.172 0.00217 --~

0.00106 0.135 0.00170 1.28

0.00318 0.0867 0.00109 2.00

0.00424 0.0797 0.00100 2.18

0.00742 0.0617 0.000777 2.81

I“! 2.c

0.0 0.272 0.00343 --

0.0 0.291 0.00367 ---

0.00110 0.206 0.00260 1.37

0.00220 0.167 0.00210 1.69

0.00440 0.122 0.00154 2.31

0.00660 0.0933 0.00118 3.02

0.00770 0.0830 0.00105 3.40

0.00880 0.0728 0.000917 3.87

 

‘ benzene solvent (standard), l-(4-pyridyl)pentanone quencher, HPLC analysis

column 0, eluting with 853 Hexane, 158 Ethyl Acetate;

” [W(CO)s(4VP)]

c [H(CO)s(4VP)]

0.0201 M, Filter 8,

0.0206 M, Filter 8,

~6 hrs.

~9 hrs.

1.5 ml/min.

 'F
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