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ABSTRACT

PHOTOPHYSICS AND PHOTOCHEMISTRY OF SINGLY BONDED

DIRHODIUM COMPLEXES

By

Janice Kadis

The photophysical properties of a structurally characterized

homologous series of dirhodium fluorophosphine complexes based on a

stable two-electron mixed-valence species have been investigated. The series

consists of Rh2(0,0), Rh2(O,II)X2 and Rh2(II,II)X4 (X=Cl, Br, I) singly

bonded dirhodium cores coordinated by three

bis(difluorophosphino)methylamine ligands. The electronic absorptions of

the complexes are identified as arising from do -> 0*, (X)o —> 0* and 1t* -—)

6* transitions. The excited state properties of the chloride and bromide

congeners are discussed with a focus toward the possibility of the two -

electron photochemical reductive - elimination of halogen from the

complexes. Crystalline solids of all of the complexes exhibit long lived

luminescence at 77 K. The lifetimes range from 74 to 300 us and excitation

profiles and temperature dependences of the emission bandwidths and

lifetimes of each member of the series are characteristic of luminescence



originating from a do* excited state. Temperature dependence studies of the

luminescence lifetimes reveal a temperature independent region below ~ 100

K followed by a monotonic increase in the radiative decay rate as the

temperature is increased. This temperature dependent behavior is consistent

with efficient nonradiative decay observed upon thermal population of an

excited state proximate to the lowest energy emissive excited state as seen

with LPthtmL tetraphosphates.

The discovery of photochemical reductive elimination of bromine

from the Rh2(0,II)Br2 complex marks an important step toward the design of

a catalytic H—X splitting system for energy storage. Few systems have been

developed in which the photoreagent can be regenerated from the

thermodynamically stable photoproduct because of the stability of metal —

halide bonds. Another system in which this reductive elimination

photochemistry is accomplished is [Pt2(pop)4X2]4-; comparison of our

system with this one begins to elucidate the elements necessary for the

systematic reductive - elimination photochemistry. These include a long-

lived excited state that contains ligand - to - metal charge transfer character

and a solvent dependence which is not yet well understood but could be a

factor in stabilizing the radicals formed photochemically.



To my dad, Anthony Kadis
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Chapter One

Introduction

A. Photosystems I and 11

Most designs of efficient systems for charge separation and energy

storage and conversion usually attempt to mimic the elegant function of the

photosynthetic system. In this natural process, shown schematically in

Figure 1, the light harvesting complex transfers energy to Photosystem (PS)

11 exciting the special pair. An electron from the excited special pair is

shuttled away from PS H through a series of energetically downhill steps.

The system consists of two types of quinones, cytochrome f, iron-sulfur

proteins, and a plastocyanine interacting in a manner to separate the electron

from the hole in distance and energy. Upon reaching PS I, the electron from

PS 11 fills the incipient hole created by excitation of PS I. The excited

electron from PS I is transferred through a series of acceptors, iron-sulfur

proteins, ferridoxin, and ferridoxin NADP+ reductase, where NADP+ is

reduced to NADPH. The strongly oxidizing equivalents created at PS 11 can

oxidize water to 02 through the cooperativity of the Oxygen Evolving

Complex, a cluster of four manganese atoms which can accumulate and store

four charge units before actual water oxidation occurs.
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The efficiency of Photosystems I and II is due to the fast electron

transfer and separation of the electrons and holes minimizing back electron

transfer. Figure 2 pictorially represents the time frame in which this electron

transfer occurs. In step (a), absorption of a photon yields the excited special

pair; step (b) shows electron transfer to the BPheo a occurring within 4 ps; in

(c), the electron is transferred to QA in 200 ps; and step (d) transfers the

electron to Q3 within 100 us. The intricacies of the system make design of

structures that can carry out multielectron transfers difficult. However,

attempts are being made to synthesize and study systems capable of fast

electron transfer,2 directionalization of redox equivalents3 and storage of

multiple charges.4

B. Single Electron Transfer

Systems capable of fast electron transfer include macrocycles of

Wasieliewski, 2(a) McLendon 2(a) and the triads, tetrads, and pentad of Gust

and Moore,2(b) shown in Figure 3. The pentad is structurally the most

sophisticated, featuring a cartenoid electron donor covalently linked to zinc

metallated porphyrin, which in turn is linked to a free base porphyrin bearing

a diquinone (napthoquinone and benzoquinone) species. This system mimics

several aspects of photosynthesis. In addition to yielding a long lived charge

separated state (1: = 55 us) with a quantum yield of approximately 0.83, it

does so using the multistep series of electron transfers shown in Figure 4.

Initial excitation of the free-base porphyrin leads to a charge separated state

C—PZn—P+—QA-—QB. Two secondary electron transfer reactions (steps

1 and 2), one involving electron transfer from the napthoquinone to the

benzoquinone to yield C—PZn— P—QA—QB'; the other forming



Figure 1. Schematic diagram of the photosynthetic assembly.
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Figure 2. The sequence of electron transfer steps in the bacterial

photosynthetic reaction center, taken from Reference 1. After excitation the

electron is transferred to BPheo in 4 ps. From there it is transferred to QA

within 200 ps and on to QB in 100 us.
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Figure 3. Molecular structure of the pentad that mimics the photosynthetic

system, taken from Reference 2b.
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Figure 4. Energetics and selected electron transfer pathways of the

molecular pentad, taken from Reference 2b.
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C—PZn+—QA-—-QB, compete with charge recombination to the ground

state. Electron transfer steps 3 and 4 followed by step 5 or 7 yield C—

Pzn+—P—QA—QB* which will directly decay to C+—PZn—P—QA—QB-

Alternatively, the complex C—PZn+—P—QA——QB can decay to yield

C+—PZn—P—QA-—QB ultimately yielding the charge separated C+—

PZn—P—QA—QB'.

Other efforts to achieve directional charge separation rely on the

construction of organized assemblies. Mallouk et al. have developed a

vectoral disposition of donor/acceptor/secondary acceptor/catalyst within the

cavity of a zeolite L or Y as depicted in Figure 5.3(a,b,i) The stepwise

construction of the triad is performed by implantation of platinum aggregates

into the zeolite. The secondary acceptor, benzylviologen (BV2+) is then

intercalated into the cavity, and the covalently linked sensitizer-acceptor,

tris(bipyridine)ruthenium(II)-N,N'-dialkyl-2,2'-bipyridinium (RuL32+-

nDQ2+) is ion exchanged onto the surface of the zeolite. The RuL32+-nDQ2+

is oriented on the zeolite surface in such a way that the nDQ2+ end enters the

open end of the structure. Evidence for this is given by the lifetime of the

charge separated complex (Ru3+-nDQ+) which is significantly longer for the

immobilized complex versus the complex in solution (0.44 us vs. < 5 ns).

This is explained by the the inhibited motion about the flexible ethylene

bridge which should slow both forward and back electron transfer. The

operation of this system begins with the harvesting of photons at the

sensitizer. Upon irradiation, the charge separated state (Ru3+—BV+) is

formed in less than 100 ns and persists for 37 us. Electrons donated by the

sensitizer are transferred through the primary and secondary acceptor to the

platinum catalyst where reduction of protons from water or acid can be
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Figure 5. Schematic diagram of vectorial disposition of donor / acceptor/

secondary acceptor / catalyst within a zeolite channel.
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accomplished. The photooxidized sensitizer is regenerated by a sacrificial

electron donor such as EDTA, to complete the oxidation / reduction cycle. In

systems similar to this, the reported efficiency for hydrogen production is <

3x10—5, attesting to the fact that the efficiency of this system is still far

removed from the successful function of natural photosynthetic systems.

A more efficient system is that of Gratzel 30) shown in Figure 6. The

function is derived from the photovoltaic response of a high surface area

TiOz semiconductor film deposited on a conducting glass sheet and coated

with a monolayer of a charge transfer dye of two ruthenium bis(bipyridyl)

units which serve as light gathering antennae funneling excitation to a

ruthenium bis(dicarboxybipyridyl) sensitizer from which electrons are

transferred to the semiconductor. Electrons and holes can separately migrate

to the semiconductor surface where water reduction and oxidation can occur

in the presence of a suitable catalyst. The higher efficiency of this system

over earlier semiconductor based photocells is derived from the higher

proportion of incident solar energy gathered (46% vs 1% for the earlier

semiconductor systems).

The systems described thus far are based on directional electron

transfer to prevent charge recombination and to make use of the

photogenerated redox equivalents. Another common approach is to use a

photoreductant or photoxidant in the presence of a sacrificial electron donor

or acceptor, respectively. 5 One of the most recent of this type of system is

by Frank et. al.6 who describe the use of the double salt complex

[Pthpy)212[Pt(pop)4] nH20 ("PBP0p"; bpy = 2.2' bipyridine and pep =

[1-12P205]2') as a photosensitizer for generating H2 from aqueous solutions

containing EDTA as an electron donor and a colloidal platinum catalyst. The

complex exhibits two forms. An orange form has approximately four waters
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Figure 6. Diagrammatic representation of energy and electron flow within a

modified semiconductor, from Reference 3m.
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of hydration and a yellow form is hydrated by approximately two waters.

Powder suspensions of both forms of PBPop are active photosensitizers,

with the yellow form being considerably more active. The maximum rate of

hydrogen production with the yellow PBPop photosystem is 77.6 ILL / h at

an excitation wavelength of 488 nm yielding a 215 uL of H2 after 175

minutes of irradiation. Photocatalytic activity of PBPop can be sustained for

a period of at least 51 hours during which time 4.72 mL of H2 is produced.

An eventual attenuation in the rate of H2 production is attributed to

consumption of EDTA, the sacrificial electron donor and a buildup of it's

decomposition products. While this system is superior to the inorganic

semiconductor or zeolite systems in terms of simplicity and ease of

synthesis, it requires the use of a sacrificial electron donor to effect charge

transfer.

C. Multielectron Transfer

The problems of charge separation and the need for a catalyst might

be circumvented by a molecular system with a long-lived excited state

capable of affecting multielectron transformations. Most research to date has

been in the direction of coupling the redox activity of metal centers in a

bimetallic core. The photochemistry of bimetallic complexes can be

generally grouped into reactions proceeding from either a dissociative or an

associative excited state depending upon whether the primary photoprocess

leads to fragmentation of the complex. The processes are shown in Figure 7.

Dissociative excited states can arise from the photolysis of either d7—

d7 or d9—d9 singly bonded metal complexes as exemplified by Mn2(CO)1o

and Cr2(CO)3, respectively. Irradiation of the lowest energy transition
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Figure 7. Absorption of a photon leading to the formation of either a

dissociative or associative biradical excited state.
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promotes an electron from a do bonding level into a 0* antibonding orbital,

leaving a net bond order of zero between the metals, and consequently

cleavage of the metal-metal bond is observed. Figure 8 shows the molecular

orbital diagram of Mn2(CO)1o and the electronic transition leading to

photofragmentation of the complex into 2 [-Mn(CO)5] radical fragments.

Wrighton showed that the radical could be trapped in degassed CC14 to give

Mn(CO)5Cl.7 He followed the reactions by UV-Vis or IR spectroscopy, and

determined the stoichiometries and quantum efficiencies to be consistent

with metal-metal bond cleavage. The noteworthy result of these experiments

is that electronic excitation produces a [-Mn(CO)5] radical species from

which sequential one electron chemistry is observed to effect an overall two

electron process.

Photofragmentation can be circumvented by strapping the two metal

atoms together with the coordination of bidentate ligands across the metal-

metal bond. This is dramatically illustrated by the comparison of the

photochemistry of Re2(CO)3L2 (L = C0, P(C6H5)3) and Re2(CO)3(PP) (PP

= bis(diphenylphosphino)methane, bis(dimethylphosphino)methane).8 The

Re(CO)3L2 dimers undergo rapid and efficient metal-metal bond cleavage to

form [-Re(CO)4L] radicals. Coordinating a PP bidentate ligand across the

metal-metal bond prevents photodegradation of the dimer as evidenced by

the observation of emission from the 0* excited state at low temperatures.

Another example showing the effect of bidentate ligands is found in

[Ir(COD)(u—pz)]2 (COD = 1,5-cyclooctadiene and pz = pyrazolyl).9 The

electronically excited [Ir(COD)(u-pz)]2 reacts with alkyl halides as shown in

Figure 9. The first step is halide abstraction by the electronically excited

compound to yield the mixed-valence intermediate species and the alkyl

radical. When the alkyl halide is dichloromethane, the alkyl radical
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Figure 8. Relative energy diagram for Mn2(CO)1o.
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Figure 9. Photoinduced birnolecular reaction of [Ir(COD)(u-pz)]2 with 1,2-

dichloroethane and with methylene chloride. Pyrazolyl groups are indicated

by the bowed lines strapping the metals.
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oxidatvely adds to the mixed valence compound yielding the two electron

oxidative addition product [Ir(COD)(|.t-pz)]2(C1CH2)(C1). When the alkyl

halide is 1,2 dichloroethane, the mixed valence intermediate abstracts a

second halide from the alkyl radical producing ethene and [Ir(COD)(u-

pz)Cl]2. In this manner the coupling of the one electron steps to effect an

overall two-electron process can occur at one metal center.

Another method used to accomplish two-electron transformations at a

single metal center is through the use of complexes which form associative

excited state.

Associative excited states are exemplified by the d8-«d3 metal

complexes [Pt2(pop)4]4’ and [Rh2(bridge)4]2+ [pop = (P205H2) bridge =

1,3-diisocyanopropane]. Molecular orbital calculations have determined the

ground state configuration as (o ) 2(o*) 2 with the excited state configuration

being (0 ) 2(O'*) 1(p0’) 1. For these compounds the lowest energy transition

promotes an electron from an antibonding orbital to one that is metal-metal

bonding resulting in an increased metal-metal interaction in the excited state,

hence the designation associative. The rich photooxidation chemistry of

these complexes is well documented. Reactions include the 550 nm

irradiation of [Rh2(bridge)4]4+ in 12 M HCl to produce H2 and

[Rh2(bridge)4C12]2+ 10. In the first step, [Rh2(bridge)4]4+ reacts thermally

with HCl to produce H2 and the mixed - valence tetranuclear complex

[Rh4(bridge)3C12]6+, which reacts photochemically with HCl to produce the

final photoproduct [Rh2(bridge)4C12]4+ and another half mole of H2.

This chemistry, even though successful, results in the formation of

metal-halide bonds. The problem lies in the thermodynamic stability of such

bonds. Comparison of metal-halide bond dissociation energies with that of

metal carbonyls shows impressively AH Mn—Cl = 54 kcal / mol while AH



26

Mn—CO = < 7 kcal / mol.11 Because of this few systems have been

developed in which the photoreagent can be regenerated from the

photoproduct .12 One system in which photoregeneration of the reagent from

photoproduct is realized is [Pt2(pop)4]4'. This complex reacts

photooxidatively with halides to yield [Pt2(pop)4X2]4-. The oxidized

photoproduct can then undergo photoreduction to regenerate the initial

reagent [Pt2(p0p)4]4- via a long lived excited state.

This provided the motivation for our group to focus on the design of a

series of bimetallic complexes, with each member of the series differing in

oxidation state by two and each possessing a long lived excited state. A

series of multi-electron photoreagents designed in such a way as depicted in

Figure 10, would possibly allow for photoconversion of the

thermodynamically stable tetrachloride complex back to the initial

photoreagent.

Our synthetic strategy for developing mixed-valence complexes to

engender multielectron reactivity relied on employing a ligand capable of

stabilizing metal centers through a wide range of oxidation states and

geometry changes (because multi-electron transformations are usually

accompanied by significant changes in structure). An obvious choice on this

basis was the bis(difluorophosphino)methylamine ligand. Studies by King 13

showed this ligand’s capacity to stabilize a metal core to an overall six

electron change in formal oxidation state. The chemistry is summarized in

Figure 11. The dicobalt complex, C02[CH3N(PF2)2]3(CO)2 with three

bridging fluorophosphine ligands and two axially coordinated carbonyl

groups features D3 symmetry. The coordination about each cobalt atom is

trigonal bipyramidal with the equatorial plane composed of three

phosphorous atoms from the bridging ligands and the axial carbonyl group



Figure 10. Potential energy diagram for a series of photoreagents and

photoproducts each having an excited state allowing for the regeneration of

the photoreagent from the thermodynamically stable photoproduct.
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Figure 11. Redox chemistry of C02[CH3N(PF2)2]3(CO)2.
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and the neighboring cobalt atom forming the apices of the pyramid. Two

electron reduction of C02[CH3N(PF2)2]3(CO)2 affords a Coz(-1, -1) anion

with the same geometry. Reaction of the parent complex with Brz gives

C02[CH3N(PF2)2]3Br4, a C02(II,II) complex with C2 symmetry. The

coordination geometry around each cobalt atom is pseudo-octahedral, the

equatorial plane occupied by three phosphorous atoms from the

fluorophosphine ligands along with a bromine atom. The apices are capped

by the neighboring cobalt atom and the axial bromine. Attesting to the fact

that the ligand can accommodate significant structural changes, the

coordination sphere around each cobalt atom changes from trigonal

bipyramidal for C02[CH3N(PF2)2]3(CO)2 to slightly distorted octahdral

structure of the C02[CH3N(PF2)2]3Br4

The diverse oxidation chemistry engendered by the fluorophosphine

ligand has been exploited by our group to prepare a “four electron” series of

“two electron” photoreagents.14 Figure 12 shows the inner coordination

sphere of each of the three complexes. The complexes,

[Rh2(CH3N(PF2)2)3PF3 1. mm ( C H 3 N (P F 2 )2)3(PF3)C12 ] a n d

[Rh2(CH3N(PF2)2)3(PF3)Cl4] referred to as Rh2(0,0), Rh2(0,II)C12 and

Rh2(II,II)Cl4, each consist of a dirhodium core bridged by three

bis(difluorophosphino)methylamine ligands with a terminal PF3 occupying

the axial site on the Rh(O) center. The chlorines on the Rh(H) center are

arranged in the axial and equitorial positions. Analogous to the cobalt series

of King and coworkers, the coordination about the zero valent rhodium is

nearly ideally trigonal bipyramidal with the equatorial plane consisting of

three phosphorous atoms from the bridging fluorophosphine ligands and the

apical positions occupied by a phosphorous of the terminal PF3 and the other

rhodium atom. The coordination sphere of the divalent rhodium is
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Figure 12. View of the inner coordination sphere of Rh2(0,0) (a),

Rh2(O,II)C12 (b), and Rh2(II,II)Cl4 (c). Phosphorous atoms are from the

ligand [CH3N(PF2)2] which bridges the two metal centers.
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pseudo-octahedral with the three phosphorous atoms from the

fluorophosphine ligands and one chlorine forming the equatorial plane. The

pseudo-octahedron is completed with an axial chloride and the other

rhodium center forming the apices.

Red luminescence is observed from solids and low temperature

glasses of all three compounds. Each exhibits an intense band in the red

region and Rh2(0,0) and Rh2(II,II)Cl4 feature an additional emission to

higher energy. Luminescence from solid Rh2(II,II)Cl4 can be detected up to

room temperature while emission from the other two complexes reaches the

limits of our instrumentation at ~ 220 K. The emission spectra of all the

complexes are vibrationally featureless even at temperatures as low as 10 K.

There is a slight variation in the emission maximum of the Rh2(0,II)C12

complex varying from 730 to 780 nm depending on the preparation method

used.15 The observation of luminescence from the complexes opens the

possibility for regeneration of the Rh2(0,0) complex from either of the other

two because there exists an excited state allowing for escape from the

thermodynamic well of the metal—halide bonds.

The focus of my work begins with the achievement of an intimate

understanding of the photophysical properties of these systems. This

knowledge may then be used toward the exploitation of the photochemical

driving force of the excited states of the compounds in escaping the

thermodynamic barriers of metal—halide complexes. Prior to attempting

photochemistry with the complexes, more detailed spectroscopy is

necessary. Characterization of the electronic absorbance transitions must be

made and a thorough understanding of the emissive excited state is necessary

to rationally elaborate the reaction chemistry to lead to the desired

photoproduct. Chapter Three addresses the spectroscopic characterization of
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the compounds. The identification of the electronic absorption transitions is

accomplished by comparison of the absorbances as the axially coordinated

halides are changed from chloride to bromide and to iodide. The syntheses

and characterization of the new compounds are included. The nature and

lifetimes of the luminescent excited states are determined through excitation

spectroscopy and temperature dependent emission lifetime measurments.

Chapter Four describes the photoreduction chemistry of the new

complexes. Some interesting comparisons to [Pt2(pop)4X2]4'

photochemistry are noted and some emerging trends in reductive elimination

photochemistry recognized.



Chapter Two

Experimental

A. Solvent Purification

1. Synthesis

All solvents for synthetic use were refluxed under N2 for no less than 8

hours and freshly distilled prior to use. Hexane, cyclohexane, pentane

diethyl ether, benzene toluene and tetrahydrofuran were refluxed over

sodium. In the case of the latter three solvents, small amounts of

benzophenone were added to form the blue or purple ketyl radical anion or

dianion, respectively, as an indicator of water content. Methylcyclohexane

and acetonitrile were refluxed over calcium hydride and all halogenated

solvents were refluxed over P205.

2. Photochemistry and Spectroscopy

All solvents used for UV-Visible spectroscopy and photochemistry

were spectroscopic grade (Burdick and Jackson Laboratories) or HPLC

grade (Aldrich). Each of the solvents was deoxygenated by the freeze-pump-

thaw method (10'6 torr) and then vacuum distilled into storage flasks

36



37

equipped with Kontes high-vacuum stopcocks. Dichloromethane was stored

over Linde 4 A molecular seives, which had been activated under dynamic

vacuum (10—6 torr) at 250 °C for 12 hours. Hexane, benzene, toluene and

tetrahydrofuran were stored over mixtures of sodium-potassium alloy. Small

amounts of benzophenone were added to the latter three solvents. Because of

the high water content of THF, it was first predried for two days over sodium

/benzophenone and then vacuum transferred to a storage flask containing the

Na / K alloy and benzophenone indicator.

Solvents used for NMR spectroscopy were deuterated THF,

(Cambridge Isotope Laboratories, 99.95%) dichloromethane (Cambridge

Isotope Laboratories, 99.96%) and chloroform (Cambridge Isotope

Laboratories, 99.8%). THF was dried over sodium for 48 hours, vacuum

transferred into a storage flask and deoxygenated by the freeze-pump-thaw

method (10-6 torr) before use. Dichloromethane and chloroform were

deoxygenated by the freeze-pump-thaw method (10-6 torr) and vacuum

distilled into a storage flask containing Linde 4 A molecular seives, which

were activated as described in the previous paragraph.

B. Synthesis

1. General Procedures

All synthetic manipulations and filtrations, unless otherwise noted

were performed under a purified argon atmosphere using standard Schlenk-

line techniques with rigorously deoxygenated and dried solvents. All

chemicals were reagent grade and used as received unless otherwise noted.
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Cobaltocene was purchased from Aldrich Chemical Company and

phosphorous trifluoride was obtained from Ozark-Mahoning Company.

2. Synthesis of Starting Compounds

The bis(diflurophosphino)methylamine ligand was prepared by the

method of Nixon16 and characterized by 1H NMR spectroscopy.

[RhCl(PF3)2]2, [RhBr(PF3)2]2 and [RhI(PF3)2]2 were prepared by literature

methods17 as was C121C6H5.18 The compounds Rh2(0,II)C12 and

Rh2(II,II)Cl4 used for lifetime studies were prepared by Dr. Joel Dulebohn

and those used for photochemistry were prepared according to his methods

(Rh2(0,II)C12 was prepared by method ii ).15 The latter two compounds were

characterized by UV-Visible, and 1H NMR spectroscopy

3. Synthesis of Dirhodium Fluorophosphine Bromide Complexes

a. Rh2[u-CH3N(PF2)2]3[(PF2)NCH3(F2P)]Br2 (l). The starting

material [RhBr(PF3)2] was obtained by reacting [RhCl(PF3)2]2 with excess

NaBr.14 Upon addition of CH3N(PF2)2 (0.50 mL, 4.3 mmol) to

[RhBr(PF3)2]2 (0.13 g, 0.184 mmol) in 15 mL of benzene, the yellow

solution turned dark red and PF3 gas was liberated. The solution color

lightened within seconds. Following nine hours of heating at reflux

temperature the red-orange precipitate of the Rh2(0,II)Br2 compound was

collected by filtration, washed with benzene, and dried under vacuum.

Various methods were employed in an effort to obtain crystals suitable for

X-ray crystallographic analysis. Among these were slow evaporation of a

CH2C12 solution of the complex, diffusion of hexane vapor into a CH2C12
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solution of the complex, and diffusion of a solvent in which the complex is

insoluble into a solution of the compound. Various solvent systems were tried

including acetone / hexane, THF / hexane, CH3CN / hexane CH2C12 /

benzene, CH2C12 / hexane. The systems were layered in a variety of ratios of

the two solvents and some were allowed to diffuse at room temperature while

others were kept at 0° C. Most crystallization attempts yielded crystals,

however they were either multiples or were too small to be useful. Crystals

suitable for X-ray studies were obtained from slow diffusion of hexane into a

solution of the compound in CH2C12 at room temperature. This method,

however was not invariably successful and yielded unsuitable crystals many

times prior the successful attempt. Identification of the compound was made

by mass spectrometry and X-ray crystallography.

b. Rh2[CH3N(PF2)2]3Br4 (2). In a typical synthesis, CH3N(PF2)2 (0.2

mL, 1.73 mmol) was added via syringe to a 10 mL benzene solution of

[RhBr(PF3)2]2 (0.16 g, 0.22 mmol) causing the solution to turn from yellow

to dark red and PF3 gas to be evolved. The color of the mixture lightened

within seconds. This reaction mixture was charged with bromine (0.02 mL,

0.39 rrunol) and the solution was heated at reflux temperature for 3.5 hours.

The solvent volume was reduced by two-thirds under an argon flow, and

hexane (6 mL) was added to promote precipitation. The ensuing precipitate

was filtered and dried under vacuum. Numerous attempts to obtain X-ray

quality crystals of 2 were made by diffusing a solvent in which the complex

was insoluble into a solution of the compound in another solvent. The solvent

systems tried were CH2C12 / benzene, acetone /hexane, acetone / pentane, and

CH2C12 / hexane employing various ratios of each solvent in each system. X-

ray quality crystals were obtained by diffusion of hexane into a CH2C12
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solution of the complex. This method was not always successful. Although

always yielding crystals, many times the crystals obtained were either

multiples or too small for X-ray analysis. Identification of the compound was

made by mass spectrometry and X-ray crystallographic analysis.

4. Synthesis of Dirhodium Fluorophosphine Iodide Complexes

3. halil-CH3N(PF2)2]3[(PF2)CH3N(F2P)]12 (3). The starting

material [RhI(PF3)2]2 was obtained by the reaction of [RhCl(PF3)2]2 with

excess NaI. 14 To a solution of [RhI(PF3)2] (0.1820 g, 0.223 mmol) in 10 mL

of benzene was added CH3N(PF2)2 (0.17 mL, 1.46 mmol). The mixture

turned dark red and PF3 gas was liberated. The solution color then lightened.

This mixture was stirred for 2 hours, after which time the ensuing precipitate

was filtered under argon, washed with benzene and dried under vacuum.

After numerous attempts employing the same methods used to obtain crystals

of 1, X-ray quality crystals of the compound were grown from CH2C12

solutions of the complex layered with hexane. The compound was identified

by mass spectrometry and X-ray crystallography.

b. Rh2[CH3N(PF2)2]3I4 (4). The starting material for this synthesis was

Rh2[CH3N(PF2)2]3(PF3)2 which was provided by Dr. Joel Dulebohn and was

prepared according to methods described elsewhere.15 To a solution of

Rh2[CH3N(PF2)2]3(PF3)2 (0.0343 g, 0.0388 mmol) in 10 mL of benzene was

added 12(s) (0.0637 g, 0.251 mmol) and the solution was heated to reflux

temperature for two hours. The mixture was cooled and the solvent volume

was reduced by half under an argon flow at which time hexane was added to

promote precipitation. No precipitate was obtained and the solvent was
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removed by vacuum, yielding a dark solid. The ensuing solid was redissolved

in benzene and precipitated with hexane two times. The final solid compound

was filtered under argon and dried under vacuum. The compound was

characterized by mass spectrometry. Attempts to obtain crystals suitable for

X-ray crystallographic analysis were made using methods described in

Section 3 (a) and all resulted in multiples.

5. Synthesis of Rh2[|.l-CH3N(PF2)2]3[(PF2)NHCH3)2 (5)

The starting material [RhCl(PF3)2]2 (0.070 g, 0.111 mmol) was

dissolved in 15 mL of CH2C12 and CH3N(PF2)2 (0.12 mL, 1.03 mmol) was

added via syringe. After PF3 gas was evolved, cobaltocene (0.10 g, 0.528

mmol) was added. The solution was stirred for one-half hour during which

time PF3(g) was slowly bubbled in. The solution was filtered under argon

and the filtrate was taken to dryness under vacuum. The resulting product

was dissolved in CH2C12, introduced onto a Florasil column and eluted with

15% CH2C12 in hexane. The product was characterized by mass spectrometry

and NMR and IR spectroscopy.

C. Spectroscopic Instrumentation and Methods

1. Electronic Absorption Spectroscopy

Electronic absorption spectra were recorded on either a Cary 17 or

Varian 2300 UV-Vis-NIR spectrometer. Molar absorptivities were

determined using 1 cm quartz cuvettes, by standard procedures from
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solutions prepared in a glove box and calculated from Beer-Lambert plots of

at least four experimental points.

2. Steady-State Luminescence Spectroscopy

Steady-state luminescence spectra were recorded on a high resolution

emission spectrometer constructed at Michigan State University.19

Excitation light (7. = 365 nm) from a 200 W Xe-Hg lamp was selected by a

double monochromator in conjunction with an Oriel 365 nm interference

filter. The luminescence from the sample was directed through a single

monochromator and onto a dry ice cooled PMT (R-316-02 Harnamatsu). A

715 nm cutoff filter was installed in front of the emission monochromator

and slit widths were 5 mm / 5 mm and 3 mm / 3 mm for excitation and

emission monochromators, respectively. Samples employed for

measurements were in crystalline or powder form in EPR tubes that were

immersed in liquid nitrogen in a finger Dewar flask.

3. Excitation Spectroscopy

Unpolarized excitation spectra were recorded on the aforementioned

emission spectrometer with modifications fully described elsewhere.20

Samples were prepared and handled in the same manner as described for

emission measurements.
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4. Time Resolved Luminescence Spectroscopy

A Nd:YAG pulsed laser system (A. = 355 nm, fwhm = 8 ns) was

employed for lifetime measurements. Temperature dependent measurements

were achieved by cooling of the samples with an Air Products cryogenic

system, by methods described elsewhere,21 with a slight modification of the

sample preparation procedure for the dirhodium fluorophosphine bromide

complexes. The samples were dissolved in CH2C12, deposited on the sample

holder and allowed to dry under an argon atmosphere in a glove box. Data

fitting was accomplished by the use of KaleidaGraph data analysis / graphics

application program published and distributed by Synergy Software.

5. Nuclear Magnetic Resonance Spectroscopy

The NMR spectra were recorded at the Max T. Rogers NMR facility at

Michigan State University. The 31P{1H} NMR spectra were recorded on a

Varian VXR-3OOS spectrometer Phosphorous chemical shifts are reported

in parts per million (5 scale), and measured relative to 85% H3PO4. Positive

chemical shifts are downfield from the standard. The 1H spectra were

recorded on either a Varian VXR-300S or Varian Gemini 300 spectrometer

and chemical shifts were referenced to the chemical shifts of the deuterated

solvent.

6. Mass Spectrometry

The fast atom bombardment mass spectra (FABMS) were recorded on

a JEOL HX 110 double focusing mass spectrometer housed in the NIH / MSU
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Mass Spectrometry Facility. Samples were dissolved in o-nitrobenzyl alcohol

matrices. The acceleration potential for this work was 10 kV. Data were

acquired, stored, and processed on a JEOL DA5000 data system. Fast Atom

Bombardment (FAB) ionization was performed using a 6 kV neutral beam of

Xenon atoms.

7. Infrared Spectroscopy

Infrared spectra were obtained as KBr pellets on a Nicolet IR/42

spectrometer.

D. Crystal Structure Determinations

1. General Procedures

Crystal structure determinations were performed by Dr. Donald L.

Ward of the X-ray Crystal Structure Facility at Michigan State University.

The diffraction data for the complexes were collected on a Rigaku AFC6S

diffractometer using graphite monochromated MoKoc (I. = 0.71069 A)

radiation and a 2 KW sealed tube generator. The intensity data were collected

by using (0 - 20 scans at a rate of 4.0 / min (in a); three rescans) for Rh2[u-

CH3N(PF2)2]3[(PF2)NCH3(F2P)]Br2, 16.0 / min (in (a); two rescans) for

Rh2[CH3N(PF2)2]3Br4 and 2.0 / min (in to; three rescans) for Rh2[p.-

CH3N(PF2)2]3[(PF2)NCH3(F2P)]12. Calculations were performed on a VAX

11/750 computer using the TEXSAN 22 crystallographic software package

provided by Molecular Structure Corporation.
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2. Methods

a. halu-CH3N(PF2)2]3[(PF2)NCH3(F2P)]Br2 (1) A deep maroon

irregular crystal of l (approximate dimensions, 0.14 x 0.20 x 0.30 mm) was

mounted at the end of a glass fiber and coated with N-Paratone oil. The cell

parameters and an orientation matrix were obtained from a least squares

refinement of 25 reflections in the range 15.50 < 20 < 19.21. The space

group was found to be P212121.

A total of 2614 reflections were collected at a temperature of -90 :l:

3°C. The structure was solved by direct methods. The non-hydrogen atoms

were refined anisotropically. The final cycle of full-matrix least squares

refinement was based on 1748 observed reflections (I > 3.00 o (1)) and 320

variable parameters and converged (largest parameter shift was 0.11 times

it’s esd) with weighted and unweighted agreement factors of 0.052 and 0.062,

respectively. The largest peak in the final difference map was 1.12e / A3.

b. Rh2[CH3N(PF2)2]3Br4 (2) An orange irregular crystal of 2

(approximate dimensions, 0.08 x 0.12 x 0.20 mm) was mounted on a glass

fiber. The cell parameters and an orientation matrix were obtained from a

least squares refinement using the setting angles of six carefully centered

reflections in the range 20.48 < 20 < 22.61 corresponding to a monoclinic

cell. The space group was determined to be C2/c.

The data were collected at a temperature of 23 i 1°C. A total of 2389

reflections were collected of which 2279 were unique. The intensities of

three representative reflections, which were measured after every 150

reflections, declined by 0.080%. A linear correction factor was applied to the

data to account for this phenomenon. The structure was solved by direct
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methods. The non-hydrogen atoms were refined either anisotropically or

isotropically. The final cycle of full-matrix least squares refinement was

based on 729 observed reflections (I > 3.006 (1)) and converged (largest

parameter shift was 0.01 times it’s esd) with weighted and unweighted

agreement factors of 0.058 and 0.056, respectively. The largest peak in the

final difference map was 1.09 e / A3.

c. haltl-CH3N(PF2)2]3[(PF2)NCH3(F2P)]12 (3). A dark red

irregular crystal of 3 (approximate dimensions 0.06 x 0.12 x 0.17 mm) was

mounted on a glass fiber. Cell parameters and an orientation matrix were

obtained from a least squares refinement using the setting angles of seven

carefully centered reflections in the range 5.72 < 20 < 15.80 corresponding

to an orthorhombic cell. The space group was determined to be P212121.

The data were collected at a temperature of 23 i 1 °C. and a total of

1283 reflections were collected. The intensities of three representative

reflections which were measured after every 150 reflections declined by

0.71%. A linear correction factor was applied to the data to account for this

phenomenon. The structure was solved and non-hydrogen atoms were

refined as for the previous structure. The final cycle of full matrix least

squares refinement was based on 800 observed reflections (I > 3.00 o (I))

and 165 variable parameters and converged (largest parameter shift was 0.00

times it’s esd) with unweighted and weighted agreement factors of 0.059 and

0.069 respectively. The largest peak in the final difference map was 1.03 e /

A3.
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E. Photochemistry

Photoreactions were monitored in a specially adapted high—vacuum

UV-Vis cell consisting of a 1 cm quartz cuvette and a 10 mL side-arm. The

two chambers were separated by two Kontes high-vacuum quick release

Teflon stopcocks. The samples were placed in the cuvette and the

photoreagent (CH3N(PF2)2 when used) was transferred to the 10 mL side-

arm by high vacuum distillation. After freeze-pump-thaw degassing of the

photoreagent (10-6) the appropriate solvent was then transferred to the side-

arm bulb by high vacuum distillation. After subsequent freeze-pump-thaw

cycles the photoreagent and solvent were mixed with the sample. When

photolysis was carried out in only the presence of solvent, the sample was

placed in the cuvette and the solvent was vacuum distilled into the sidearm.

After freeze-pump-thaw degassing of the solvent, it was mixed with the

sample.

Irradiations were performed using an Oriel 1000 W Xe / Hg high

pressure lamp, powered by an Oriel 1 kW power supply. The beam was

collimated and passed through a circulating water bath which absorbed the IR

light and cooled the Schott high-energy cutoff filter used for wavelength

selection. The collimated and filtered beam was then focussed onto the

sample isolated in a separate glass water circulating bath, by use of an Oriel

fused silica lens (f/ N = 5). The experimental apparatus used for photolysis is

shown in Figure 13. The sample temperatures were therrnostatted using a

Neslab Exacal 200 water circulator / heater in conjunction with a Neslab 200

Endocal refrigerator.

Photochemical reactions were followed by UV-Vis spectroscopy,
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monitoring the disappearance of absorptions of starting material. Upon

completion of the photoreactions, as determined by UV-Vis spectroscopy,

solvent was removed from the photoproducts under vacuum.



49

Figure 13. Experimental apparatus for photolysis.
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Chapter Three

Dirhodium Fluorophosphine Haiides: Molecular Structures and

Photophysical Properties

A. Introduction

The electronically excited molecule is the crucial reactant in a

photochemical transformation. Therefore a clear understanding of the

electronic structure and excited state properties of the photoreactant is

imperative. To this end, photophysical studies of the dirhodium

fluorophosphine complexes were undertaken in an effort to assign the

transitions in the absorption spectra of the complexes and determine the

nature and lifetimes of the excited states.

We began by considering the simple molecular orbital diagrams of the

dirhodium fluorophosphine complexes, shown in Figure 14. MO theory

predicts that in the case of the d9 Rh(O) center, eight electrons reside in

orbitals of it (dxz, dyz) and 5 (dxy, dx2-y2) symmetry, with the remaining

electron occupying the o ((122) level, as is the case for the Co(CO)4 fragment

of Co(CO)3.23 For the case of the d7 Rh(II) center, we predict six electrons

to occupy orbitals of 1c (dxz, dyz) and 8 (dxy) symmetry with the remaining

electron occupying the o ((122) level, and the dx2-y2 level to be destabilized to

high energy due to metal-ligand interactions in the equatorial plane; this same

51
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Figure 14. Qualitative energy level diagrams for Rh2[CH3N(PF2)2]3(PF3)2,

Rh2[CH3N(PF2)2]3(PF3)C12, and Rh2[CH3N(PF2)2]3C14 generated by

mixing of the appropriate C3v and C4v fragments.
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picture applies to the Mn(CO)5 fragment of Mn2(CO)1o.24 MO level

diagrams for each of the three complexes can the be formed by mixing of the

appropriate fragments. Within this framework, we see that the complexes

Rh2[CH3N(PF2)2]3(PF3)2 and Rh2[CH3N(PF2)2]3C14 are isoelectronic with

C02(CO)3 and Mn2(CO)1() respectively with Rh2[CH3N(PF2)2]3(PF)3Cl2

completing the series. For all three of our dirhodium fluorophosphine

complexes the lowest energy transitions are predicted to be (11: -’ do* and

do -’ do*.

The diagram in Figure 14 does not consider ligand orbitals for

simplicity. Let’s bring one halide ligand to the metal—metal bond along the

axial direction. This orbital can interact with the metal bonding and

antibonding pair yielding a o orbital that is mostly ligand based. As shown in

Figure 15, a Cl(o) -+ do* transition may be seen for the dichloride and the

tetrachloride dinuclear complexes. This introduction of a L(o) —) do“

transition has been postulated for other M—M complexes and it is known to

red shift on substitution of bromide and more so on substitution of iodide in

the complexes,25 whereas the drt -* do* transition should remain relatively

unaffected by halide substitution.

According to this model, excited state luminescence from the

complexes is predicted to arise from the do* excited state. Despite the

synthesis of several bridged complexes, where photodissociation is prevented

by spanning the M—M cores with bidentate ligands, do* luminescence has

only been recently observed for these types of compounds.26 This fact

underscores the subtle electronic factors play in the deactivation of do“

excited states. Photophysical studies performed by our group on singly

bonded LPthtmL (L = Cl, Br, and H20) tetraphosphates 27 clearly show
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Figure 15. Molecular orbital diagram showing the interaction of Rh2 with

one halide ligand in the axial coordination site. The allowed electronic

transitions are indicated by the arrows.   
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this to be the case. Time resolved spectroscopy of these diplatinum complexes

reveals a significant temperature dependence of the do* luminescence arising

from the thermal population of an Eu state in the 3(d1t*do*) manifold, which

acquires significant singlet character via a spin-orbit coupling mechanism. It

is reasonable to consider that luminescence of this series of fluorophosphine

complexes is similar to that originating from the d1t*do* excited state of

LPthtmL tetraphosphates.

Our efforts at elaborating the photophysics of the dirhodium

fluorophosphine complexes begin with the synthesis and characterization of

the parallel bromide and iodide series. X—ray crystallographic studies

revealed that whereas the chloride and bromide complexes of

Rh2[CH3N(PF2)2]3X4 are structurally analogous, the PF3 bound axially to

the Rh(0) center is replaced by a singly coordinated

bis(difluorophosphino)methylamine ligand in the dibromide and diiodide

complexes to give RhZIIl-CH3N(PF2)2]3X2.[(F2P)CH3N(PF2)] (X = Br, 1).

Absorption spectra, however suggest the halide congeners to be

electronically similar. Electronic transitions followed the postulated

molecular orbital model, allowing the absorption spectral transitions to be

identified. Characteristics of emission from the complexes are also consistent

with the proposed molecular orbital scheme and suggestive of a do* emissive

state. Temperature dependent emission lifetime studies reveal long lived

emission at temperatures below 100 K followed by a monotonic increase in

efficient nonradiative decay analogous to the platinum tetraphosphates.
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B. Results and Discussion

1. Synthesis

The compounds RhZIIl-CH3N(PF2)2]3[(PF2)NCH3(F2P)]Br2 and

halil-CH3N(PF2)2]3[(PF2)NCH3(F2P)]I2 are obtained from the reaction of

the symmetric Rh2(I,I) complexes, [RhBr(PF3)2] and [RhI(PF3)2],

respectively with an excess of bis(difluorophosphino)methylamine. The

reactions proceed smoothly yielding the Rh(0,H)Br2 or Rh(0,H)I2 cores

ligated by three bridging fluorophosphine ligands. Similar to our

observations for the analogous chloride complex, the reaction corresponds to

an intramolecular disproportionation of the Rh2(I,I) starting material. When

Br2 is introduced to the [RhBr(PF3)2] complex in the presence of the

bidentate fluorophosphine, the two electron mixed valence compound is not

stable and the fully oxidized Rh2(II,II)Br4 core is obtained. The fully

oxidized Rh2(II,II)I4 complex is obtained from direct oxidation of Rh2(0,0).

The dirhodium fluorophosphine halide complexes were characterized by

mass spectroscopy and the bromide compounds and the diiodide complex

were characterized by x-ray crystallography. X-ray quality crystals of the

tetraiodide complex were never obtained.

2. Characterization and Structural Interpretation

a. Fast Atom Bombardment Mass Spectrometry

Figure 16 shows the isotope intensity pattern arising from compounds

containing varying numbers of bromine atoms.28 Comparison of this figure
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Figure 16. Isotope peak intensity pattern for ions containing the indicated

number of bromine atoms, taken from Reference 28.
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to the mass spectra of the compounds shows the correct number of bromine

atoms present for all the proposed fragments. Figure 17 is the mass spectrum

of Rh2[u-CH3N(PF2)2]3[(PF2)NCH3(F2P)]Br2 in the mass / charge [M / Z]

range 600 -1000 amu. A molecular ion peak is not observable for this dimer.

The highest formula weight peak at 965 amu corresponds to loss of PF2 from

the complex. Peaks at 884 amu and 866 amu, respectively indicate loss of one

bromine and loss of a fluorophosphine ligand. Observable peaks at 785, 699,

and 618 amu correspond to loss of bromine and a fluorophosphine, loss of

two fluorophosphines, and loss of a bromine and two fluorophosphines. To

rule out the possibility of the formation during synthesis of the hydrolysis

product, Rh2[u-CH3N(PF2)2]3[(PF2)CH3NH]Br2, infrared spectroscopy was

performed. No N—H stretch was observed in the IR spectrum.

The FAB mass spectra of Rh2[CH3N(PF2)2]3Br4 in the [M / Z] range

of 650-1050 is presented in Figure 18. No molecular ion peak is observed.

Fragmentation peaks at 947, 866, 788, 699, and 618 amu correspond to loss

of one bromine, two bromine, one bromine and one fluorophosphine ligand,

two bromine and one fluorophosphine, and three bromine and one

fluorophosphine.

Displayed in Figure 19 is the FAB mass spectrum of Rh2[u—

CH3N(PF2)2]3[(PF2)NCH3(F2P)]I2 in the [M/Z] range 600-1100 amu. As

with the complex Rh2[u—CH3N(PF2)2]3[(PF2)NCH3(F2P)]Br2 a molecular

ion is not observed. The peak of the highest mass at 1060 amu conesponds to

loss of PF2 from the complex. Peaks at 960 and 834 amu correspond to loss

of one fluorophosphine ligand and one flourophosphine and one iodine.

Fragmentation peaks at 793 and 666 amu show loss of two fluorophosphine

ligands and two fluorophosphines and one iodine. The peak at 932

corresponds to loss of PF2 and one iodine.
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Figure 17. FAB mass spectrum of Rh2[u-CH3N(PF2)2]3-

[(PF2)NCH3(F2P)]Br2 in the mass / charge range 600 — 1000 amu.
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Figure 18. FAB mass spectrum of Rh2[CH3N(PF2)2]3Br4 in the mass /

charge range 600 — 1100 arnu.
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Figure 19. FAB mass spectrum of Rh2[u—CH3N(PF2)2]3-

[(PF2)NCH3(F2P)]I2 in the mass / charge range 600 — 1100 amu.
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Figure 20. FAB mass spectrum of Rh2[CH3N(PF2)2]3I4 in the mass /

charge range 700 — 1100 amu. Molecular ion peak is shown in the inset.
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Shown in Figure 20 is the FAB mass spectrum of the complex

Rh2[CH3N(PF2)2]3I4 in the [W2] range 700-1100 amu. A small molecular

ion peak is observed at 1215 amu, as shown in the inset. Peaks in the spectrum

correspond to loss of one iodine at 1088 amu, two iodine at 961 amu, one

iodine and one fluorophosphine at 921 amu, three iodine at 834 amu, and two

iodines and two fluorophosphines at 794 amu.

b. X-ray Crystallography

Crystal parameters and details of intensity collection for l, 2 and 3 are

listed in Table 1. Positional parameters for 1, 2 and 3 are given ill Tables 2-

4, respectively.

The ORTEP diagrams of the complexes 1, 2 and 3 are shown in

Figures 21-23. The structural features observed for the Rh2(0,II)C12 and

Rh2(II,II)C14 cores are retained in these complexes with trigonal

bipyramidal geometry observed about the Rh(O) center and a pseudo-

octahedral coordination sphere surrounding the Rh(II) center. Preference

for axial coordination of only one phosphorous of the ligand CH3N(PF2)2 as

opposed to coordination of a small rt-accepting ligand such as PF3 has been

observed previously in the reaction of C02(CO)3 with CH3N(PF2)2 to yield

C02[CH3N(PF2)213[(PF2)NCH3(F2P)12. 29

' Inspection of selected bond distances as given in Tables 5-7 reveal

trends similar to those observed for the compounds Rh2(0,II)C12 and

Rh2(II,II)Cl411. In all cases the Rh—X bond trans to a Rh—P bond are

significantly shorter than Rh—X bonds trans to the Rh—Rh axis. Along the

same lines, Rh—P bonds which are trans to a halide are consistently shorter

than Rh—P bonds which are trans to another phosphorous. These trends
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were previously explained by simple bonding considerations. The good it

accepting ability of the fluorophosphine ligand should enhance the 1t

donation from trans halide atoms. Accordingly, the it backbonding between

the rhodium and the halide will be strengthened resulting in a shortening of

the Rh—Xeq or Rh—P bond trans to the halide. The dirhodium complexes

display bond lengths characteristic of Rh—Rh single bonds,30 which arise

from the pairing of an odd electron residing in the dzz orbital of the d9 Rh(0)

fragment or the d7 Rh(II) fragment to yield species with d-electron

configurations of (d3)d1—dl(d3), (d3)d1—d1(d6) and (d6)d1—dl(d6), for

the Rh2(0,0), Rh2(0,II)X2 and Rh2(II,II)X4 cores, respectively. The increase

in Rh—Rh bond length along the series Rh2(II,II) < Rh2(0,II) < Rh2(0,0) that

was seen for the chloride series and explained by the larger atomic radius of

Rh(O) as compared to Rh(II) is preserved in the =Br and X=I complexes

also. Both axial and equatorial Rh—X bond distances increase by ~ 0.14 A

upon substitution of chloride by bromide and ~O.31 A when chloride is

replaced with iodide. These figures are consistent with the larger atomic

radii of bromine and iodine atoms, ( r (C1) in C12 = 0.994 A, r (Br) in Br2 =

1.141 A, rI in 12 = 1.333 A) Ar = 0.14721 and 0.33913. between chlorine and

bromine and chlorine and iodine, respectively. The Rh—Rh separation of a

given complex increases when X = Br and again when X = I. These trends

have been observed for other binuclear compounds including Rh2X6(dppm)2

where the Rh—Rh separation increases by 0.102 A and the Rh—X bond

length increases by 0.131 A upon substitution of bromide for chloride.22
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Figure 21. ORTEP drawin 'g and numbering scheme of Rh -

CH3N(PF2)2]3[(PF2)NCH3(F2P)]Br2 with 50% probability ellipsoids. 2W
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Figure 22. Ortep view of Rh2[CH3N(PF2)2]3Br4 showing the numbering

scheme. Thermal parameters are shown at the 50 % level.
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Figure 22
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Figure 23. ORTEP drawing and numbering scheme for Rh2[11-

CH3N(PF2)2]3[(PF2)NCH3(F2P)]I2 showing 50% probability ellipsoids.
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Table 2 Atomic Positional and Isotropic Displacement Parameters (A2) for

79

 

 

(1)

Atom x y z B/A2

Br(l) 0.4995(2) 0.5754(1) 0.2384(2) 2.7(1)

Br(2) 0.3205(2) 0.6729(2) 0.4319(2) 3.2(1)

P(l) 0.6366(5) 0.5686(4) 0.4639(5) 2.0(3)

P(2) 0.6346(5) 0.6027(5) 0.7041(6) 2.1(3)

P(3) 0.4196(5) 0.4968(4) 0.5033(6) 2.2(3)

P(4) 0.3594(5) 0.5747(4) 0.7028(6) 1.8(3)

P(5) 0.5358(5) 0.7458(4) 0.4031(5) 2.1(3)

P(6) 0.4960(6) 0.7921(4) 0.6328(4) 2.0(3)

P(7) 0.4835(6) 0.6905(4) 0.8709(5) 2.4(3)

P(8) 0.2962(6) 0.7714(5) 0.8504(6) 3.3(4)

F(l) 0.712(1) 0.608(1) 0.383(1) 3.2(7)

F(2) 0.649(1) 0.479(1) 0.425(1) 4.0(9)

F(3) 0.713(1) 0.655(1) 0.760(1) 3.8(8)

P(4) 0.648(1) 0.525(1) 0.786(1) 4(1)

F(5) 0.485(1) 0.4195(8) 0.526(2) 6(1)

F(6) 0.365(1) 0.456(1) 0.410(1) 5(1)

F(7) 0.353(1) 0.5251(9) 0.818(1) 2.8(7)

F(8) 0.255(1) 0.6063(9) 0.709(1) 3.0(7)

F(9) 0.638(1) 0.758(1) 0.350(1) 4.2(9)

F(10) 0.482(1) 0.7857(7) 0.301(1) 4.0(8)

 



Table 2 (cont’d)
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Atom x y z B/A2

F11 0.566(1) 0.846(1) 0.705(1) 3.5(7)

F12 0.408(1) 0.8540(9) 0.648(1) 5(1)

F13 0.571(1) 0.743(1) 0.917(1) 4.0(9)

F14 0.498(1) 0.6147(9) 0.954(1) 4.0(7)

F15 0.284(2) 0.861(1) 0.902(2) 7(1)

F16 0.214(1) 0.736(1) 0.928(2) 7(1)

N1 0.694(2) 0.569(1) 0.586(2) 3(10

N2 0.343(1) 0.496(1) 0.612(2) 2(1)

N3 0.533(2) 0.821(1) 0.500(2) 3(1)

N4 0.391(2) 0.736(1) 0.933(2) 3(1)

Cl 0.796(2) 0.540(2) 0.598(2) 3(1)

C2 0.271(2) 0.433(2) 0.629(2) 2(1)

C3 0.557(2) 0.907(2) 0.470(2) 2.5(5)

C4 0.395(2) 0.753(2) 1.059(2) 4(1)

 

The equivalent isotropic temperature factor is defined in reference 21
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Table 3 Atomic Positional and Isotropic Displacement Parameters (A2)for

 

 

(2)

atom x y z B/AZ

1111(1) 0.0529(02) 0.2343(02) 0.1841(02) 2.2(1)

Br(l) 0.1345(03) 0.2348(03) 0.0476(02) 5.0(2)

Br(2) 0.1992(02) 0.1495(03) 0.2966(02) 4.1(2)

P(l) 0.0105(06) 0.0558(07) 0.1549(05) 2.8(4)

0(3) -0.0665(O6) 0.3196(07) 0.0872(07) 3.9(4)

P(4) -O.1270(06) 0.3859(07) 0.2481(07) 3.9(4)

17(1) 0.0821(12) -0.0160(13) 0.1205(12) 4.7(9)

F(2) -0.0790(12) 0.0222(13) 0.0726(11) 5(1)

F(5) 0.0415(12) 0.4007(13) 0.0156 5(1)

F(6) -0.1931(11) 0.249(02) 0.0115(1 1) 5..4(9)

F(7) -0.0884(1 1) 0.4982(13) 0.2971 4.5(9)

F(8) 0.2307(11) 0.4000(01) 0.252(01) 6(1)

N(1) 0 0.014(03) 1/4 2.9(7)

N(2) 0.134(02) 0.406(02) 0.132(02) 4(1)

C0) 0 -0.138(O4) 1/4 6(1)

C(2) 0.200(02) 0.489(03) 0.075(02) 4.7(7)
 

The equivalent isotropic temperature factor is defined in reference 21
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Table 3 Atomic Positional and Isotropic Displacement Parameters (A2)for

 

 

(2)

atom x y z BIA2

Rh(l) 0.0529(02) 0.2343(02) 0.1841(02) 2.2(1)

Br(l) 0.1345(03) 0.2348(03) 0.0476(02) 5.0(2)

Br(2) 0.1992(02) 0.1495(03) 0.2966(02) 4.1(2)

P(l) 0.0105(06) 0.0558(07) 0.1549(05) 2.8(4)

P(3) -0.0665(O6) 0.3196(07) 0.0872(07) 3.9(4)

P(4) -O.1270(O6) 0.3859(07) 0.2481(07) 3.9(4)

F(1) 0.0821(12) -0.0160(13) 0.1205(12) 4.7(9)

P(Z) 0.0790(12) 0.0222(13) 0.0726(11) 5(1)

P(S) 0.0415(12) 0.4007(13) 0.0156 5(1)

F(6) -0.1931(11) 0.249(02) 0.0115(11) 5..4(9)

F(7) -0.0884(1 1) 0.4932(13) 0.2971 4.5(9)

F(8) 0mm 1) 0.4000(01) 0.252(01) 6(1)

N(1) 0 -0.014(03) 1/4 2.9(7)

N(2) 0.134(02) 0.406(02) 0.132(02) 4(1)

C(l) 0 -O.138(O4) 1/4 6(1)

C(2) 0.200(02) 0.489(03) 0.075(02) 4.7(7)
 

The equivalent isotropic temperature factor is defined in reference 21
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Table 4 Atomic Positional and Isotropic Displacement (A2) Parameters for

 

 

(3)

atom x y z BIA2

1(1) -0.0079(4) 0.9214(3) 0.7654(3) 3.8(3)

1(2) 0.1861(3) 0.8199(3) 0.5796(4) 3.3(2)

Rh(l) 0.0106(4) 0.8780(3) 0.5416(4) 2.0(3)

Rh(2) 0.0206(4) 0.8371(3) 0.3087(3) 2.1(3)

P(l) -0.133(1) 0.924(1) 0.518(1) 3.0(4)

P(2) -0.117(1) 0.891(1) 0.282(1) 3.2(5)

P(3) -0.033(1) 0.751(1) 0.589(1) 3.1(4)

P(4) 0.015(1) _ 0.704(1) 0.364(1) 3.0(4)

P(S) 0.080(1) 0.996(1) 0.498(2) 3 .5(4)

P(6) 0.143(1) 0.920(1) 0.296(1) 2.7(4)

P(7) 0.029(1) 0.804(1) 0.130(1) 3.0(4)

P(8) 0.214(1) 0.730(1) 0.154(2) 4.1(5)

F(1) -0.154(2) 1.014(2) 0.555(3) 4(1)

F(2) -0.207(3) 0.890(2) 0.600(3) “(1)

F(3) -0.l32(2) 0.966(2) 0.197(3) 3.6(9)

P(4) -0.192(2) 0.839(2) 0.224(2) 3.4(8)

F(5) -0.138(3) 0.748(3) 0.629(3) 7(1)

F(6) 0.012(3) 0.714(2) 0.691(2) 3.6(8)

F(7) -0.055(2) 0.651(2) 0.291(3) 4.3(9)

F(8) 0.101(3) 0.646(2) 0.357(3) 4(1)

F(9) 0.014(3) 1.071(2) 0.469(3) 6(1)

F(10) 0.144(3) 0.651(2) 0.595(4) 7(1)

 



Table 4 (cont’d)
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atom x y z B/A2

F(11) 0.147(3) 0.975(2) 0.183(3) 5(1)

F(12) 0.246(2) 0.895(2) 0.283(3) 3.4(8)

F(13) 0.019(3) 0.880(2) 0.050(2) 3.7(7)

F(14) 0.053(3) 0.755(2) 0.081(3) 5(1)

P(IS) 0.294(4) 0.760(3) 0.073(4) 9(1)

F(16) 0.227(3) 0.644(3) 0.107(4) 8(1)

N(1) 0.186(4) 0.926(3) 0.389(4) 3(1)

N(2) 0.023(3) 0.678(3) 0.493(3) 2(1)

N(3) 0.150(3) 0.996(3) 0.388(3) 2(1)

N(4) 0.119(5) 0.759(3) 0.073(4) 3(1)

C(l) 0.281(5) 0.945(4) 0.381(6) 5(2)

C(2) 0.055(5) 0.591(4) 0.526(5) 4(2)

0(3) 0.229(6) 1.068(5) 0.380(7) 8(3)

C(4) 0.119(5) 0.731(4) 0.047(6) 4(2)
 

The equivalent isotropic temperature factor is defined in reference 21
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Table 5 Selected Bond Distances (A) and Bond Angles (deg) for (1)

 

Bond Distances

 

 

 

 

 

 

atom 1 atom 2 distance

Rh(l) Rh(2) 2.798(2)

Rh(l) Br(l) 2.579(3)

Rh(l) Br(2) 2.524(4)

Rh(l) P(l) 2.185(7)

Rh(l) P(3) 2.241(7)

Rh( 1) P(S) 2.247(7)

Rh(2) P(2) 2.229(7)

Rh(2) P(4) 2.246(7)

Rh(2) P(6) 2.243(6)

Rh(2) P(7) 2.203(6)

Bond Angles

atom 1 atom 2 atom 3 angle

Rh(2) Rh(l) Br(l) 177.1(1)

Rh(2) Rh(l) Br(2) 90.0(1)

Rh(2) Rh( 1) P( 1) 91 .9(2)

Rh(2) Rh( 1) P(3) 87.0(2)

Rh(2) Rh(l) P(S) 91 .7(2)

Br(l) Rh(l) Br(2) 92.9(1)

Br(l) Rh(l) P(l) 85.2(2)

Br(l) Rh(l) P(3) 93.1(2)

Br( 1) Rh( 1) P(S) 88.7(2)

Br(2) Rh( 1) P( 1) 178.0(2)

Br(2) Rh(l) P(3) 86.0(2)

Br(2) Rh(l) P(5) 84.9(2)

P(l) Rh(l) P(3) 94.8(3)

P( 1) Rh( 1) P(S) 94.4(3)

P(3) Rh(l) P(S) 170.8(3)
 



Table 5 (cont.)
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Bond Angles (c0nt.)

 

 

 

 

 

 

atom 1 atom 2 atom 3 angle

Rh(l) Rh(2) P(2) 89.2(2)

Rh(l) Rh(2) P(4) 86.8(2)

Rh(l) Rh(2) P(6) 87.6(1)

Rh(l) Rh(2) P(7) 178.7(2)

P(2) Rh(2) P(4) 1 18.4(3)

P(2) Rh(2) P(6) 111.5(3)

P(2) Rh(2) P(7) 91.9(3)

P(4) Rh(2) P(6) 129.6(3)

P(4) Rh(2) P(7) 92.0(3)

P(6) Rh(2) P(7) 92.7(2)

Torsional Angles

atom 1 atom 2 atom 3 atom 4 angle

P( l) Rh( 1) Rh(2) P(2) -3.3(3)

P(3) Rh(l) Rh(2) P(4) -27.2(3)

P(S) Rh(l) Rh(2) P(6) 13.8(3)
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Table 6 Selected Bond Distances (A) and Bond Angles (deg) for (2)

 

Bond Distances

 

 

 

 

 

 

atom 1 atom 2 distance

Rh(l) Rh(l)’ 2.750(8)

Rh(l) Br(l) 2.555(6)

Rh(l) Br(2) 2.519(9)

Rh(l) P(l) 2.271(9)

Rh(l) P(3) 2.17(1)

Rh(l) P(4) 223(1)

Bond Angles

atom 1 atom 2 atom 3 angle

Rh(l) Rh(l)’ Br(l) 173.9(2)

Rh(l) Rh(l)’ Br(2) 95.7(3)

Rh(l) Rh(l)’ P(l) 87.1(2)

Rh(l) Rh(l)’ P(3) 86.2(3)

Rh(l) Rh(l)’ P(4) 89.9(3)

Br(l) Rh(l) Br(2) 89.9(3)

Br(l) Rh(l) P(l) 91.3(2)

Br(l) Rh(l) P(3) 88.4(3)

Br(l) Rh(l) P(4) 93.4(3)

Br(2) Rh(l) P(l) 82.2(3)

Br(2) Rh(l) P(3) 175.3(3)

Br(2) Rh(l) P(4) 80.6(3)

P(l) Rh(l) P(3) 102.2(4)

P(l) Rh(l) P(4) 162.2(3)

P(3) Rh(l) P(4) 95.2(4)
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Table 6 (cont.)

 

Torsional Angles

 

 

atom 1 atom 2 atom 3 atom 4 angle

P(l) Rh(l) Rh(l)’ P(l)’ 32.5(4)

P(3) Rh(l) Rh(l)’ P(3)’ -122.6(5)

P(4) Rh(l) Rh(l)’ P(4)’ 67.7(6)
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Table 7 Selected Bond Distances (A) and Bond Angles (deg) for (3)

 

Bond Distances

 

 

 

 

 

 

atom 1 atom 2 distance

Rh(l) Rh(2) 2.822(6)

Rh(l) 1(1) 2.737(6)

Rh(l) 1(2) 2.713(8)

Rh(l) P(l) 2.20(2)

Rh( 1) P(3) 224(2)

Rh( 1) P(S) 224(2)

Rh(2) P(2) 218(2)

Rh(2) P(4) 227(2)

Rh(2) P(6) 222(2)

Rh(2) P(7) 218(2)

Bond Angles

atom 1 atom 2 atom 3 angle

Rh(2) Rh( 1) 1(1) 177.0(3)

Rh(2) Rh(l) [(2) 91.0(2)

Rh(2) Rh(l) P( l) 90.0(4)

Rh(2) Rh( 1) P(3) 92.0(5)

Rh(2) Rh(l) P(5) 87.7(5)

1(1) Rh(l) 1(2) 91 .9(2)

1(1) Rh(l) P(l) 86.6(5)

1(1) Rh(l) P(3) 8856)

1(1) Rh(l) P(S) 923(5)

[(2) Rh(l) P(l) 178.2(5)

1(2) Rh(l) P(3) 84.0(6)

1(2) Rh(l) P(S) 86.2(6)

P(l) Rh(l) P(3) 94.9(7)

P( 1) Rh(l) P(5) 94.9(7)

P(3) Rh(l) P(S) 170.1(8)
 



9O

3. Photophysical Studies

The electronic absorption spectrum of Rh2[CH3N(PF2)2]3(PF3)2,

shown in Figure 24, provides a benchmark for interpreting the electronic

absorption spectra of this series of singly bonded metal-metal compounds.

The absorption spectrum is typical of M—M compounds with an intense 305

nm band attributable to the allowed do —9 o* transition and the less intense

band at 440 nm consistent with d7t* —-) do* promotion. The high optical

electronegativity of the terminal PF3 ligands reduces configurational mixing

of the do and Lo orbitals, which is observed when more easily ionizable

ligands such as halides or pseudohalides are coordinated axially to a M—M

core.31 Accordingly, the importance of configurational mixing of the Lo and

do orbitals for the dirhodium fluorophosphines is apparent upon comparison

of the spectra of Rh2(0,II)X2 and Rh2(H,II)X4 (X=Cl, Br, I) 25 to that of

Rh2(0,0).

The absorption profiles of the d7—d7 dimers Rh2(II,II)Cl4 and

Rh2(II,II)Br4, shown in Figure 25, are more congested in the uv spectral

region. Though the Rh—Rh separation differs by no more than 0.15 A in this

set of complexes, no absorption comparable in energy to the 305 nm do—>o*

transition is observed. However, intense transitions to higher and lower

energy of the Rh2(0,0) do -) o* absorption are present (Xmax/nm(e/M'1cm'

1) = 265 (18,700) and 335 (23,000) for Rh2(II,II)C14; (kmax/nm(e/M‘1cm'1)

= 289 (19,600) and 398 (11,400) for Rh2(II,II)Br4. Notably, these

transitions exhibit a ~3,500 - 4,500 cm'l red shift with the replacement of

chloride by bromide. In contrast, the energy of the lowest band is much less

sensitive to halide substitution (kmax/nm(e/M'1cm'1) = 445 (9,430) for

Rh2(II,II)C14;(Kmax/nm(e/M'1cm'1) = 462(11,700) for Rh2(II,II)Br4. The
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Figure 24. Electronic absorption spectrum of Rh2[CH3N(PF2)2]3(PF3)2

taken in CH2C12 at room temperature.
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Figure 25. Electronic absorption spectra of Rh2[CH3N(PF2)2]3C14 (—) and

Rh2[CH3N(PF2)2]3Br4 (---) dissolved in CH2C12 at room temperature.
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Figure 26. Electronic absorption spectra of Rh2[CH3N(PF2)2]3(PF3)C12

(—) and Rh2[ll-CH3N(PF2)2]3[(PF2)NCH3(F2P)]Br2 (---) dissolved in

CH2C12 at room temperature.
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energy shift on replacing chloride by bromide is approximately 1,000 cm-1

This trend is also observed in the absorption spectra of the Rh2(0,II)X2

compounds shown in Figure 26. Absorption profiles show bands in energy

regions similar to Rh2(II,II)X4 and a red shift is observed upon bromide

substitution. Figures 27 is the electronic absorption spectrum of the complex

Rh2(II,II)I4. Each peak shows a marked red shift from it’s chloride

counterpart and again from the bromide analog. Additionally, as previously

encountered, the lower energy band shows less of a halide dependence than

the two bands to higher energy, red shifting 4,400 cm'1 as compared to 7,600

cm'1 and 6,000 cm'1 red shifts for the other bands on replacement of

chloride with iodide. A similar situation is observed for the diiodide

complex. This result is not surprising in view of the similarities of the

frontier molecular orbitals of the d7—d7 and d9—d9 dirhodium compounds.

These spectral trends of the dirhodium fluorophosphine series are

comparable to those of the d7—d7 Rh2TMB4L2n+ compounds (TMB = 2,5-

dimethyl-2,5-diisocyanohexane); L = H20, CH3CN (n = 4); L = Cl, Br (11 =

2). In the cases of L: H20 or CH3CN, a single intense absorption is observed

at 308 nm and assigned to do —> do* 25(3) The considerable red shift of the

do —> do* transition upon substitution of L by axial chloride and further red

shift with bromide (~2200 cm‘l) is attributed to extensive mixing of the

metal do orbital with the axial (X)o orbitals of the halide substituted

compounds. As expected from a configurational interaction scheme, the

ligand-to-metal charge transfer transition, (X)o —-> do*, appears to higher

energy of the do -> do* transition. The lowest energy dlt —-) do* transition

shows only a moderate halide dependence, red shifting less along a halide

series.
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Figure 27. Electronic absorption spectrum of Rh2[CH3N(PF2)2]3I4

dissolved in CH2C12 at room temperature.
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Despite similarities in the energy of the spectral profile of Rh2(0,II)X2

and Rh2(II,II)X4 to other M—M dimers, there are notable differences. For a

typical M—M compound, the spectrum is dominated by the do —) do* band

and the higher energy configurationally mixed (X)o -—) do* bands exhibit

weaker intensity; the weakest transition is usually d7t* -—) do*. Conversely,

the intensities of the three bands in the absorption manifold of the

Rh2(0,II)X2 and Rh2(II,H)X4 complexes are similar. Undoubtedly this result

is due, in large part to the lower molecular symmetry of the dirhodium

complexes as compared to the D41, symmetry of the many M—M dimers

reported to date. In these lower symmetry molecules, configuration

interaction between metal- and ligand-based orbitals will be more extensive.

Hence, it is difficult to quantitatively correlate the transitions arising from

the dlt and d5 orbital symmetries in D4), dimers with those of Rh2(O,H)X2

and Rh2(II,II)X4 complexes. Thus definitive assignments for the dirhodium

fluorophosphine series based on spectral trends of higher symmetry D41.

M—M complexes is tenuous. Nonetheless, the band shapes and energy trends

of the absorption profile observed in this dirhodium series are consistent

with transitions involving the promotion of an electron from

configurationally mixed Lo and do orbitals to do* and with a low energy

transition manifold of d7t* —-> do* parentage.

The luminescence of the dirhodium compounds further support an

electronic structure dominated by M—M parentage. Table 8 lists the

luminescence band energy maxima and emission lifetimes (T = 77 K). The

luminescence spectral features are commensurate with the emerging

characteristics of do* luminescence.31 The full-width at half height of the

emission bands exhibit a substantial temperature sensitivity, increasing by

more .than 1,500 cm'1 from 10K to the highest temperatures at which
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emission can be detected for each complex. Moreover, luminescence is not

detected from solutions at temperatures equivalent to those at which the

crystalline solids emit.

Several data suggest that the state parentage of the do* luminescence is

the promotion of an electron from the (d7t*, do*) manifold that is triplet

paired. First, the nature of the halide affects the emission energy only

marginally across the series, as shown in Figure 28. This energy insensitivity

is consistent with the expectation of only small configurational mixing of the

do* orbital (owing to the large energy gap between (L)o and do* orbitals)

and, as observed in the absorption spectra, with the slight energy dependence

of the lowest energy absorption manifold. Second, excitation spectra of the

dirhodium series suggests that the emission arises from the spin forbidden

states of this lowest energy manifold. The excitation spectrum for

Rh2(0,II)C12 in Figure 29 is representative of the dirhodium series.

The luminescence from each of the bimetallic complexes decays

monoexponentially. Figures 30 — 32 depict the temperature dependencies of

the Rh2(0,0), Rh2(0,H)X2 and Rh2(II,II)X4 fluorophosphines respectively.

The lifetimes exhibit a temperature independent regime followed by a

monotonic decrease with increasing temperatures. The temperature

dependence accords well with a two-state Boltzmann distribution in which a

state possessing facile decay to ground state is accessed with increasing

temperature according to the relation,

k0 + k1 exp(-AE/kBT) 1

1 + exp(-AE/kBT) ( )
 

kobs =

Calculated rate constants and energy gaps for the dirhodium series are

summarized in Table 9 where k() and k1 are decay constants for lower and
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Figure 28. Emission spectra of Rh2[CH3N(PF2)2]3(PF3)2 (a),

Rh2[CH3N(PF2)2]3C12 (---) and halu-CH3N(PF2)2I3[(PF2)NCH3(F2P)lBr2

(—) (b). Rh2[CH3N(PF2)2]3C14 (---) and Rh2[CH3N(PF2)2]3Br4 (—) (C)-

All obtained at 77 K as the solids.
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Figure 29. Unpolarized excitation spectrum of crystalline

Rh2[CH3N(PF2)2]3(PF3)C12 at 77 K. Emission monitored at 810 nm.
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Table 9 Calculated Decay Rate Constants and Energy Gaps of Dirhodium

Fluorophosphine Complexes

 

 

Compound AE/cm'l kn / 8'1 k1 / S‘l

Rh2(0,0) 369 1.1 x 104 1.2 x 106

Rh2(0,II)C12 425 3.3 x 103 3.4 x 105

Rh2(0,II)Br2 596 5.4 x 103 2.1 x 106

Rh2(II,II)Cl4 439 3.0 x 103 2.8 X 105

Rh2(II,II)Br4 895 1.3 x 104 1.6 x 107
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upper excited states respectively, in thermal equilibrium and AB is the

energy gap. Best fits to Equation 1 are indicated by the solid lines in Figures

30 — 32. The experimentally determined decay constant of the higher energy,

thermally accessible excited state is 102 — 103 greater than that of the lower

energy state. Additionally, the calculated energy gap increases with increased

halide substitution (AE(Rh2(0,0) < AE((Rh2(0,H)X2) < AE(Rh2(II,H)X4)).

For a given complex, the energy gaps of the bromide derivative is larger than

that for it’s chloride counterpart, as is the decay constant from the upper

excited state (kl/k0 ~ 103 for bromide compounds, as compared to only 102

for the chloride compounds).

These trends in Boltzmann behavior and the halide dependence of the

photophysical properties have been previously observed for the singly

bonded LPthtmL tetraphosphates”, and more recently for LPthtmL

tetrasulfates.32 For the former, these trends have been adequately explained

by a spin-orbit coupling model where the luminescence originates from a

spin-orbit excited state that is predicted to nearly pure triplet in character,

with the temperature dependence arising from the thermal population of the

Eu(3Eu) state in the 3(do*d1t*) manifold acquiring significant singlet

character from it’s energetically proximate counterpart of singlet parentage

Eu(1Eu). This model is represented in Figure 33, where AB is the energy gap

between the weakly coupled singlet and triplet of the excited state for the

two—state Boltzmann model, where the upper excited state provides a facile

pathway to ground state.

For the Rh2(0,II)X2 and Rh2(H,II)X4 complexes, however descent in

symmetry to Cs and C2 molecular symmetry point groups allows for

extensive mixing and the lowest energy excited states do not necessarily

remain unique from the l(d7t"‘do"‘) manifold under a spin-orbit coupling



109

Figure 30. Plot of the temperature dependence of the observed emission

decay constant for a solid sample of Rh2[CH3N(PF2)2]3(PF3)2. The solid

line is the fit of the data to Equation 1.
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Figure 31. Plot of the temperature dependence of the observed emission

decay constant from solid samples of Rh2[CH3N(PF2)2]3(PF3)C12 (a) and

Rh2[11-CH3N(PF2)2]3[(PF2)NCH3(F2P)]Br2 (b). The solid line is the fit of

the data to Equation 1.
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Figure 32. Plot of the temperature dependence of the observed emission

decay constant from solid samples of Rh2[CH3N(PF2)2]3Cl4 (a) and

Rh2[CH3N(PF2)2]3Br4 (b). The solid line is the fit of the data to Equation 1.
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Figure 33. Potential energy diagram showing a singlet excited state in close

proximity to a triplet excited state. AB is the energy gap between the two

states. Radiative decay is represented by zig-zag arrow; non-radiative decay

by dotted line.
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mechanism, as shown in Figure 34. Nevertheless, the importance of spin-

orbit coupling to the luminescent properties is suggested by the increased

energy gap and enhanced nonradiative decay of the deactivating state in the

bromide complexes as compared to the chloride series. Thus, even though the

overall molecular symmetry is low, the electronic structure of these

compounds appear to reflect the pseudo—octahedral and trigonal bipyramidal

symmetry of the rhodium group fragments.

Alternatively, in view of the low symmetry mixing of states, the data

may be better represented by either a weak coupling model in which the

emissive state is vibrationally coupled to the ground state, or a model in

which the excited state is strongly coupled to a third state, allowing

deactivating transitions to occur at the barrier crossing. The functional form

of the equation for such a model would remain the same with only Eact the

activation energy being substituted for AB. The strong coupling model

applies principally to relaxation processes via rearrangement, whereas weak

coupling is generally presumed to be the situation for small configurational

changes and intersystem crossing.

The coupling of the metal—metal stretching frequency to a ground state

vibration is shown in Figure 35. The coupling would then allow for non-

radiative decay to ground state. There is precedence for this explanation of

the thermal variation of the emission lifetimes. Steigman and Miskowski8

suggest hot band effects involving v(Re2), as an important factor in the

temperature dependence of the emission from solid samples of

Re2(dmpm)2(CO)6. These thermal effects are well known for metal-metal

do —> do* absorption transitions, due to the low frequency, thermally

accessible, ground state metal-metal stretch.25(a) This being the case for the
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Figure 34. Proposed energy diagrams of the lowest energy excited states of

Pt2 (III,III) tetraphosphates and dirhodium fluorophosphine compounds.

State manifolds are derived from the spin-orbit coupling perturbations of the

13E, states arising from one electron (d7t*—->do*) promotions. The point

groups D3, Cs, and C2 correspond to the complexes Rh2(0,0), Rh2(0,II)X2

and Rh2(II,II)X4 respectively.
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ground state of metal-metal singly bonded complexes, it is not unreasonable,

then, to expect a thermally proximate metal-metal stretching frequency in the

excited state where weakening of the M—M bond should even lower the

energy of the metal-metal stretch.

Along similar lines, another possible explanation for the observed

temperature dependency of the excited state lifetimes could be thermal

promotion of an electron to an excited vibrational level leading to a twisting

motion along the internuclear axis as depicted in Figure 36.-Once at the top

of the activation barrier, other deactivation pathways for the excited complex

could become available, since it is well known that radiationless deactivations

often take place at “critical” molecular configurations where touching or

crossing of potential energy surfaces occur.33

At this point, either the spin-orbit coupling model or the vibrational

coupling model are the perfered explanations, in view of the fact that this

temperature dependent behavior is observed from the complexes in the solid

phase where twisting about the M—M bond should be hindered.

The electronic properties of the dirhodium fluorophosphine halides

are well described by molecular orbital theory. These trends in absorbance

and emission spectra along the series of halides are consistent with a L(o) —>

do* transition for the highest energy absorbance , followed by a do —-) do*

transition, with the lowest energy transition being 1t* —> do*. The greater

shifts for the two higher energy transitionsalong the halide series is expected

on the basis of configurational mixing arguments. The L(o) orbital will mix

most strongly with do orbitals as compared to orbitals with dlt symmetry.

The lesser red shift in luminescence from the compounds is also consistent

with emission arising from a (d7t*do*) excited state, which is also supported
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Figure 35. Potential surface illustrating coupling between vibrational levels

of the excited state and ground state. Radiative decay is shown by zig-zag

line; non-radiative by dotted line.
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Figure 36. Potential surface showing radiative and nonradiative

deactivation pathways from an excited state which is strongly coupled to a

second twisted excited state. Radiative transitions are depicted by zig-zag

lines; non-radiative by dotted lines.
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by excitation spectroscopy. Temperature dependence of the emission

lifetimes are constent with a two—state Boltzmann model which places a

nonradiatively deactivating state ~ 400 — 1,000 cm -1 above the emissive

excited state. The nonradiative decay rate constant of the upper excited state

is 102 —103 and 103 — 104 greater than the emissive excited state for

complexes with X = Cl and X = Br, respectively.

The relatively long lifetimes of this ds* based excited state for these

compounds, which is attenuated in fluid solution, is suggestive of a

dissociative photochemistry for the complexes. Accordingly, studies were

undertaken to investigate the photochemistry of these complexes in fluid

solutions.



Chapter Four

Dirhodium Fluorophosphine Halides: Photochemistry

A. Introduction

Examples of photochemical oxidative addition of substrates to

bimetallic complexes are numerous and include quadruply bonded

compounds, dimetallic compounds strapped by a bidentate ligand across a

core in which there is no metal—metal bond 10,32 and singly bonded metal

complexes.936 Examples, however, of reductive elimination from these

complexes to leave the dimetallic core intact are far less known. For

example, the compound [Rh2(bridge)4C12]2+, is obtained by photolysis of

[Rh2(bridge)4]2+ in the presence of HCl.10 Attempts to reductively eliminate

halides photochemically from this complex have resulted in only very small

amounts of photoreduction. It is suggested that the dominant decay pathway

of the do —) do* excited state is nonradiative decay to ground state with an

excited state lifetime of less than 20 ps.25(a) This observation underscores the

importance of a long lived excited state to this chemistry.

Even when reductive elimination photochemistry is observed, a

number of conditions must be correct.12(a) UV-Visible irradiation of

[Pt2(pop)4X2]4- [X = Cl, Br, I, H, CH3I, Irn (ImH = Imidazole)] in methanol

results in the production of [Pt2(pop)4]4- with nearly quantitative yield in all

126
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cases. The proposed mechanism for the reaction begins with excitation of the

[Pt2(pop)4X2]4‘ complex producing (o)1(o"‘)l and (7t)1(o"‘)1 singlet and

triplet excited states. These excited states having one electron in a o*

antibonding orbital have distortions along the Pt2 axis which would perturb

the Pt—X bonds causing axial ligand dissociation. Homolytic cleavage of the

Pt—X bond generates the mixed valence X-—-PtHI-—PtII intermediate which

could then disproportionate to give [Pt2(p0p)4]4- and [Pt2(pop)4X2]4—- The

photoreactions are wavelength dependent and suggestive of chemistry from

more than one excited state, with the quantum yield from the higher energy

excitation being almost ten times greater than from any lower excitations, in

all cases. This phenomenon is attributed to the fact that the X —-) PtIII charge

transfer character in the (o)1(o"‘)1 higher energy state should promote redox

reaction with the formation of X—PtIH—PtII and halide radical species. In

addition the photochemistry is solvent dependent as exemplified by the fact

that even though the reactions are almost quantitative in methanol, the yield

decreases to ~ 40 % when water is the solvent employed. These differences

dramatically point to the role that conditions can play in either promoting or

hindering the photoreductive elimination.

In attempting to effect multi-electron reduction of the dirhodium

fluorophosphine halide complexes it will be shown that factors such as choice

of solvent and wavelength of irradiation are tremendously important.
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B. Results and Discussion

1. Attempted Photoreduction In the Presence of Excess Phosphine

Early attempts at photoreduction were undertaken employing

Rh2(II,II)C12 with CH3CN as solvent. The compound was irradiated using a

435 nm cutoff filter for wavelength selection and PF3 was slowly bubbled

into the photocell through a septum while the reaction was thermostatted at

20 °C. The solution was irradiated for a total of 120 min and the solvent was

removed under vacuum. The FAB mass spectrum of the photoproduct was

consistent with decomposition with no observable mass peaks above 512 amu.

The same result was observed for the reaction when carried out in the dark at

room temperature. These results were indicative of either impurities in the

gas causing decomposition or oxygen leaking in through the needles or

around the septum. An easier and more rigorous method involved the use of

a solid or liquid phosphine which could be purified and rigorously

deoxygenated prior to use. This method also could be carried out in a sealed

photocell circumventing the need for a septum and the possibility of any

leaks.

A variety of phosphines and phosphites were substituted in place of

PF3 based on electronic and steric properties.30 The electronic property

monitored was phosphine or phosphite basicity and the steric property

phosphine cone angle. Attempts were made employing PMe3, PEt3, PPh3,

P(CH3CH2N)3, P(OMe)3, and P(OEt)3. Table 10 lists the solvents and

conditions employed for irradiations carried out in the presence of PMe3,

PEt3, PPh3, P(CH3CH2N)3, P(OMe)3, and P(OEt)3 and summarizes the

observed results. In all cases, any phosphine or phosphite that reacted
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Table 10 Reaction Conditions and Observed Results for Photolysis of

Rh2(0,II)C12 in the Presence of Excess Phosphine or Phosphite

 

 

Phosphine or Solvent Temp / °C Reaction Time Result

Phosphite

P(CH3CH2N)3 CH2C12 20 110 min NR

PMe3 CHzClz 20 Instantaneous A Reaction

PEt3 CH2C12 20 Instantaneous A Reaction

PPh3 CH2C12 20 180 min NR

P(OMe)3 CH2C12 20 Instantaneous A Reaction

P(OEt)3 CH2C12 —20 12 hr A Reaction

CH3N(PF2)2 CH2C12 20 12 hr A Reaction
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photochemically with the complex would also react thermally. The trends in

reactivity followed neither trends in phosphine bascity nor sterics and is

probably due to some combination of both.

2. Attempted Photoreduction In A Coordinating Solvent

Because PR3 reacted thermally with the Rh2(0,II)C12 complex,

irradiations were performed in the absence of excess ligand. The rationale

was that CH3CN would occupy the axial coordination site upon photoinduoed

reductive elimination. This solvent is known to stabilize a [Rh2]4+ center

requiring no other ligands for coordination.37 Irradiation of Rh2(0,II)C12

was carried out at 0 °C at wavelengths greater than 375 nm. After two hours

there was a minimal reduction of starting material as evidenced by UV-

Visible spectroscopy. This result suggested the use of a chloride radical trap

may drive the reaction further toward completion.

The radical trap chosen was 2,3- dimethyl-l,3- butadiene. As no

comparison of the Cl- radical trapping abilities of various compounds could

be found, my choice was based on information concerning the various classes

of olefms toward methyl radical addition.38 In this study isolated dienes show

reactivities approximately twice as high as the corresponding monoolefins

with the reactivities of conjugated dienes much greater. This is due to the

resonance stabilization of the radical formed. The presence of methyl groups

on C(2) and C(3) can further stabilize the radical through hyperconjugation.

Because this compound is not soluble in CH3CN, the coordinating solvent

THF, was employed in it’s place for the photolysis.
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3. Photochemistry In Tetrahydrofuran

Irradiation was undertaken on a solution of Rh2(0,II)C12 in THF,

containing 2,3-dimethyl-l,3-butadiene. The solution in the photocell was

thermostatted at —10 °C and a 375 nm cutoff filter was employed to select the

wavelengths for irradiation. Figure 37 displays the changes in the UV-

Visible spectrum during 195 min of photolysis. The absorption spectrum

displays an isosbestic point which is maintained during 105 min of photolysis.

There is also a band at 570 nm which is observed to grow in during the first

105 min of the reaction and then disappear in the final spectrum. The

removal of the solvent and subsequent FAB mass spectral analysis of the

remaining solid exhibited peaks only indicative of the starting compound.

Heating of a similar solution to 50°C, while protecting the cell from light for

11 hours resulted in no reaction as evidenced by UV—Vis spectroscopy.

The appearance and subsequent disappearance of the band at 570 nm in

the photoreaction indicated the possibility of formation of a one - electron

mixed valent species. Low energy transitions within the drt and d8 levels are

possible with the removal of an electron. from the complex, accounting for

the observed blue color in solution. An analogous mixed valent species is

formed by the thermal reaction of HCl and [Rh2(bridge)4]2+. That reaction

proceeds according to the equations below;

A

[Rh2(bridge)4]2+ + HQ -> [Rh4(bn'dge)3C1]6+ + 1/2 H2 (1)

IN

[Rh4(bridge)3Cl]6+ + HCl ——) [Rh2(bridge)4C12]2+ + 1/2 H2 (2)
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Figure 37. Electronic absorption spectral changes during photolysis (A >

375 nm) of a THF solution of Rh2(0,II)C12 containing 2,3-dimethyl-1,3-

butadiene at —10 °C. Total irradiation time was 195 min.
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A blue mixed valent intermediate is formed in step 1 where

[Rh2(bridge)4]2+ abstracts a chloride radical from HCl yielding a half mole

of H2 and forming a tetranuclear complex made up of two binuclear

[Rh2(bridge)4]3+ units linked by a Rh—Rh bond. The C1- ion bridges the

[Rh4(bridge)g]6+ units forming a linear infinite chain of repeating Rh4Cl

units. This complex is the active species which then goes on to do the

photochemistry in step 2 yielding another half mole of H2 and the binuclear

[Rh2(bridge)4C12]2+ cation. However, while the mixed valent

Rh4(bridge)gCl]6+ cation was stable enough to obtain crystals for X—ray

analysis, our blue species is unstable when the solution is warmed to room

temperature.10(c) Attempts to observe this species by low temperature EPR

(—10 °C) failed yielding no signal.

If the photochemical reductive elimination from the dirhodium

fluorophosphine dichloride species proceeded by a radical mechanism, with

the primary activation step being M—X cleavage, perhaps reductive

elimination of bromine from the dibromide complex would be facilitated

owing to the weaker metal halide bond. Proceeding on this assumption, a

tetrohydrofuran solution of the dibromide complex containing 2,3-dimethyl-

1,3-butadiene was irradiated for two hours employing a 375 nm glass cutoff

filter while thermostatted at 0° C. No reaction occurred during this time.

However when the wavelength of irradiation was changed by switching to a

305 nm cutoff filter the photolysis proceeded quickly to yield a product with

the UV-Visible spectrum observed in Figure 38. The photoreaction shown in

the figure occurred within 115 min. The two lower energy bands are reduced

significantly during this time and the band at 305 nm is observed to grow ill.

The 305 nm absorption peak is indicative of the formation of a reduced
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Figure 38. Electronic absorption spectral changes during photolysis (70 >

305 nm) of a THF solution of Rh2(0,II)Br2 containing 2,3-dlmethyl-ls3-

butadiene at -—10 °C. Total irradiation time was 115 min.
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species; the complex Rh2[CH3N(PF2)2](PF3)2 having a similar absorption

profile.12 It is interesting to note that the same photochemistry is observed

whether or not the radical trap is employed and even when no trap is used

there occurs no significant amount of thermal back reaction over a period of

10 days.

The FAB mass spectrum of the photoproduct is shown in Figure 39.

Observed are peaks indicative of a variety of products including

Rh2[CH3N(PF2)2]3[(F2P)CH3NH]2. This compound was prepared

independently and the mass spectrum is displayed in Figure 40. Peaks

common to both specta include 905 amu corresponding to

Rh2[CH3N(PF2)2]3[(F2P)CH3NH]2, 806 amu resulting from

Rh2[CH3N(PF2)2]3[(F2P)CH3NH], and 707 amu, the mass of

Rh2[CH3N(PF2)2]3. Obviously, however there was not only one product

formed in the reaction. Peaks at 874 and 776 correspond to

Rh2[CH3N(PF2)2l3[(F2P)CH3NH1(PFzH) and Rh2[CH3N(PF2)l3(PF2H)-

Also observed are unknown peaks at [M/Z] 894, 787, and 688 amu. These

unknown peaks do not correspond to any reasonable structure in which a

rhodium center is coordinated by THF, to stabilize the photoproducts.

Extremely noticeable however, is the role played by the fluorophosphine

ligands in stabilizing the photoproducts. This fact led to attempting the

photochemistly in the presence of excess fluorophosphine ligand.

A THF solution of Rh2(0,II)Br2 containing 2,3-dimethyl-l,3-

butadiene and CH3N(PF2)2 was irradiated 7». > 305 nm. Irradiation was

continued, while monitoring by UV-Vis spectroscopy for one hour and the

spectrum shown in Figure 41 was obtained. During photolysis the two lower

energy bands decrease and a band at 312 nm is grows in. This absorption

maximum is found for the previously mentioned complex
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Figure 39. FAB mass spectrum of the photoproducts isolated from

photolysis (l > 305 nm) of Rh2(0,II)Br2 in a THF solution containing 2.3-

dimethyl-1,3-butadiene at —10 °C. Assignments of the peaks in the spectrum

correspond to: (a) Rh2 [ C H 3 N (P F 2 )2]3[(PF2)CH3NH]2 , (b)

Rh2[CH3N(PF2)2131(PF2)CH3NH](PF2H). (C) unknown.
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Figure 40. FAB mass spectrum of the compound

Rh2[CH3N(PF2)2]3[(F2P)CH3NH]2 in the [M / 2] range 650 — 950 amu.

 

 



fillsualul 0111113193

 
P
=
h
a
L
J
L
'
z

L
=
C
H
3
N
(
P
F
2
)
2

L
'
=
(
P
F
2
)
C
H
3
N
H

 
6
5
0

P
-
2
L
’ 7
5
0

P
-
L
’

 

[
M
]

I
a
m
u

F
i
g
u
r
e
4
0

8
5
0

 
 

9
5
0

141



142

Figure 41. Electronic absorption spectral changes during irradiation ()t >

305 nm) of a THF solution of Rh2(0,II)Br2 containing 2,3-dimethyl-1,3-

butadiene and CH3N(PF2)2 in excess at -10 °C. Total irradiation time was

60 min.
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Rh2[CH3N(PF2)2]3[(FzP)CH3NH)]2. The absorption spectrum of the

independently prepared complex is shown in Figure 42. This complex,

however, while present, does not appear to be the predominant product of

this reaction as evidenced by the FAB mass spectrum of the photoproduct,

Figure 43. While this spectrum is complex and the low intensity of the peaks

above the baseline noise make it more complicated, clearly a peak at 976

amu, corresponding to Rh2[CH3N(PF2)2]4[(F2P)CH3NH)] which was not

present in the spectrum of the previous photoproduct is observed. (No

product of mass higher than 905 amu was observed in the mass spectrum of

the products from the previous photoreaction.) This fact suggests that when

excess fluorophosphine ligand is available, it will coordinate to the open axial

site formed by reductive elimination of bromine. A thermal check of this

reaction produced a different product which was not characterized.

Figure 44 summarizes the photochemistry which has been identified

from the fast atom bombardment mass spectra and absorption data.

Photolysis of the Rh2(0,II)Br2 complex in THF with no excess

fluorophosphine present yields the products Rh2[CH3N(PF2)2]3-

[(F2P)CH3NH]2 and Rh2[CH3N(PF2)2]3[(FzP)CH3NH](PF2) along with one

or two unknowns. The same photochemistry occurs in the presence of excess

fluorophosphine along with the production of

Rh2[CH3N(PF2)2]4[(F2P)CH3NHl-

The observation of a photoreaction with irradiation of the dirhodium

fluorophosphine dibromide complex at wavelengths greater than 305 nm

which is not observed with irradiation at wavelengths greater than 375 nm is

consistent with irradiation of the (X)o —-) o* transition.The considerable

charge transfer character of this transition allows more facile cleavage of the

Rh—X bonds.
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Figure 42. Electronic absorption spectrum of

Rh2[CH3N(PF2)2]3[(F2P)CH3NH]2. dissolved in CH2C12 at room

temperature.
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Figure 43. FAB mass spectrum of the photoproducts isolated from

photolysis (7t > 305 nm) of Rh2(0,II)Br2 in a THF solution containing 2,3-

dimethyl-l,3-butadiene and CH3N(PF2)2 in excess at —10 °C. Peak at [M/

Z] 976 amu corresponds to Rh2[CH3N(PF2)2]4[(F2P)CH3NH)]. Other

observable masses correspond to fragmentation peaks from (a)

Rh2[CH3N(PF2)2l3[(F2P)CH3NH12. (b) Rh2(0.U)Br2. and (C) unknown-
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Figure 44. Summary of the photoproducts formed by the photolysis of

Rh2(0,II)Br2 which have been identified by FAB mass spectroscopy and

absorption spectroscopy.



1
1
1
1
2
0
1
0
1
3
1
2

h
v

A
>
3
0
5
n
m

C
H
3
N
(
P
F
2
)
2

=
_

R
h
2
|
C
H
3
N
(
P
F
2
)
2
]
4
[
(
F
2
P
)
C
H
3
N
H
]

>
R
1
1
2
1
C
H
3
N
(
P
F
2
)
2
1
3
1
(
F
2
P
)
C
H
3
N
H
]
2

 

>
h
a
l
C
H
s
N
(
P
F
2
)
2
]
3
l
(
F
2
P
)
C
H
3
N
H
1
(
P
F
2
)

F
i
g
u
r
e
4
4

150



151

Both of the photoreductions discussed are likely to proceed via a

radical mechanism. The formation of the blue intermediate when X = Cl is

indicative of a radical species.10 When X = Br the FAB mass spectrum of the

photoproduct shows no evidence of formation of Rh2(II,II)Br4. That

information coupled with the fact that the reverse of the photochemical

reaction doesn’t proceed to any measurable degree makes it unlikely that Br2

is formed during the photolysis. It should be noted that bromine is an

efficient oxidant in the synthesis of Rh2(H,II)Br4. One possibility is that the

Br- radicals formed are scavenged by the solvent .

While a crystallographic analysis of the photoproduct (photoproducts)

formed in the reaction will be important in pinning down the mechanism of

this photochemistry, discussion of a possible pathway can be attempted.

Consistent with the distribution of photoproducts, is the possibility that as the

excited Rh2(0,II)Br2 complex loses 2 Br- radicals, leaving an open

coordination site. This site is stabilized by coordination of one end of a

difluorophosphine ligand which is singly coordinated to another molecule, as

shown in Figure 45. Cleavage of this ligand to yield fragments (F2P)CH3N-

and (FzP-) and subsequent trapping by a good hydrogen atom donor solvent

would afford the products seen in the mass spectrum.

With the parallels between the reductive elimination photochemistry

of the dirhodium fluorophosphine dihalides and that of diplatinum

pyrophosphite dihalides some important trends in the design and use of

birnolecular systems capable of photochemical reductive elimination begin to

emerge. Firstly the system must posses a long lived excited state from which

photoelimination is possible. This is evidenced by the fact that while these

two systems undergo reductive elimination photochemistry, the complex
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Figure 45. Possible reaction pathway followed by Rh2(0,II)Br2 upon

excitation. Heterolytic cleavage of two Br- radicals followed by stabilization

of the open coordination site by a difluorophosphine axially coordinated to

another molecule. Cleavage of the coordinating ligand into fragments which

are stabilized by H- from the solvent THF.
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[Rh2(bridge)4X2]2+, possessing an excited state with a lifetime of less than 20

ps is only marginally capable of reductive elimination photochemistry.

Secondly, in both complexes, reductive elimination is greatly enhanced (in

the case of Rh2(0,II)Br2, it is only possible) when irradiation promotes

ligand - to — metal excitation. Thirdly, solvent choice is very important to the

photochemistry of both of the systems. Whether the solvent acts to stabilize

the photoproduct or to trap photochemically generated radicals remains

however, to be elucidated.

Future studies should include photolysis in the presence of other

hydrogen donor solvents to determine if, in fact, a hydrogen atom donor

solvent is necessary for photoreactivity. Transient absorption is a powerful

tool in the determination of lifetimes and identities of intermediates and

could possibly help to elucidate the mechanisms of the reactions. In order to

test the validity of the proposed intermediate posessing a fluorophosphine

bridging two of rhodium dimers, similar photochemistry should be

attempted employing the compounds with the axially coordinated PF3 instead

of the axial fluorophosphine.



Chapter Five

Concluding Remarks

The discovery of reductive elimination photochemistry from the two-

electron mixed-valence complex Rh2(0,II)Br2 represents a significant step in

the construction of an efficient energy storage system. Two-electron

complexes complexes appear to be a promising route to overcome the

thermodynamic barriers hindering regeneration of a multielectron reagent

from its’ photoproduct.

The ability to surmount such a thermodynamic barrier is crucial to the

realization of a catalytic photochemical scheme for energy storage as

described by the equation:

2HX —> H2 + X2 (3)

where X = C1 or Br. Both of the reactions are energetically uphill processes;

the standard reduction potentials (E0) being -1.36 V and —1.07 V,

respectively.

The utility of such an energy storage system lies in its’ ability to store

energy in a compact chemical form (such as hydrogen) making it easily

transportable and storable. Such an energy source could be used to

supplement our fossil fuel supply. The do* excited states of Rh2(0,0),
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Rh2(0,II)X2, and Rh2(II,II)X4 complexes, along with their photoreductive

elimination constitute basic components to the realization of HX energy

storage photochemistry.

We beleive that a plausible system for HX splitting photochemistry

based on the dirhodium fluorophosphines begins with addition of the

binuclear Rh2(0,0) to an HX saturated solution with thermal and / or

photochemical production of hydrogen and Rh2(0,II)X2. The final step

would be the photochemical reduction of the dirhodium fluorophosphine

dihalide regenerating the initial photoreagent. If the first step produces a

hydrido—halide, as shown in Figure 46, irradiation of this resultant hydrido—

halide at wavelengths capable of breaking either the hydride or halide bonds

while leaving the other intact might be feasible.

A number of factors will be necessary in order for this chemistry to

occur. Thermal addition of HX to the Rh2(0,0) complex must yield structures

similar to the Rh2(0,II)X2 and Rh2(II,II)X4 complexes in order for the

excited state properties to be preserved. The excited state chemistry present;

H2 and X2 photochemical elimination must be preferred over elimination of

HX. On the basis of this scheme, it is encouraged that the hydrido-halo

chemistry of the dirhodium fluorophosphine complexes be investigated in the

near future. The possibilities for the future photochemistry of these

complexes are looking bright.
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Figure 46. Possible four electron chemistry which could be accomplished

with a series of multi-electron photoreagents.
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Table 2 Atomic Positional and Isotropic Displacement Parameters (A2) for

 

 

(1)

Atom x y z B/A2

Br(l) 0.4995(2) 0.5754(1) 0.2384(2) 2.7(1)

Br(2) 0.3205(2) 0.6729(2) 0.4319(2) 3 .2( l)

P( 1) 0.6366(5) 0.5686(4) 0.4639(5) 2.0(3)

P(2) 0.6346(5) 0.6027(5) 0.7041(6) 2.1(3)

P(3) 0.4196(5) 0.4968(4) 0.5033(6) 2.2(3)

P(4) 0.3594(5) 0.5747(4) 0.7028(6) 1.8(3)

P(5) 0.5358(5) 0.7458(4) 0.4031(5) 2.1(3)

P(6) 0.4960(6) 0.7921(4) 0.6328(4) 2.0(3)

P(7) 0.4835(6) 0.6905(4) 0.8709(5) 2.4(3)

P(8) 0.2962(6) 0.7714(5) 0.8504(6) 3.3(4)

P(l) 0.712(1) 0.608(1) 0.383(1) 3.2(7)

P(2) 0.649(1) 0.479(1) 0.425(1) 4.0(9)

P(3) 0.713(1) 0.655(1) 0.760(1) 3.8(8)

P(4) 0.648(1) 0.525(1) 0.786(1) 4(1)

P(5) 0.485(1) 0.4195(8) 0.526(2) 6(1)

F(6) 0.365(1) 0.456(1) 0.410(1) 5(1)

P(7) 0.353(1) 0.5251(9) 0.818(1) 2.8(7)

P(8) 0.255(1) 0.6063(9) 0.709(1) 3.0(7)

F(9) 0.638(1) 0.758(1) 0.350(1) 4.2(9)

F(10) 0.482(1) 0.7857(7) 0.301(1) 4.0(8)
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