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ABSTRACT

ORGANOMETALLIC, COORDINATION AND REDOX CHEMISTRY

OF RHODIUM(II) METALLORADICAL

SPECIES SUPPORTED BY AN OXYGEN

FUNCTIONALIZED TRIARYL PHOSPHINE

By

Steven Christopher Haefner

The study of mononuclear rhodium chemistry has focused primarily on

its monovalent and trivalent oxidation states with relatively little emphasis
on the chemistry of divalent species. The scarcity of mononuclear Rh(II)
complexes is due, in part, to the proclivity of these systems to either undergo
dimerization or disproportionation, consequently few paramagnetic Rh(II)
complexes have been the subject of comprehensive studies. Recent reports of
carbon monoxide and methane activation by Rh(II) metalloradicals have
sparked renewed interest in this under developed area of chemistry.

This work focuses on Rh(II) radical chemistry of the
multifunctionalized ether phosphine ligand tris(2,4,6-trimethoxyphenyl)-
phosphine (TMPP). The unique combination of steric bulk and chelating
abilities afforded by TMPP has allowed for the stabilization of a novel
mononuclear, six coordinate Rh(II) homoleptic phosphine complex, [Rh(n3-
TMPP),][BF4);. The steric bulk of the ligand precludes the formation of
dinuclear species, yet the presence of labile ether interactions permits the

complex to react with a variety of small molecules. Most notably, this
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metalloradical species readily reacts with m-acceptors such as carbon
monoxide and isocyanide ligands to form adducts of the type
[Rh(TMPP);Lo12+. In the case of CO, the complex is highly unstable and
immediately undergoes a series of redox reactions involving the formation of
Rh(I) and Rh(III) intermediates that ultimately regenerate the original Rh(II)
complex. In contrast, the reaction of [Rh(n3-TMPP),;][BF 4], with the weaker
n-acceptor ligands CNR (R = 'Bu, iPr) affords the stable four-coordinate Rh(I)
adduct [Rh(TMPP)2(CNR),][BF4]; .

In addition to the observed substitution chemistry with n-acceptors,
[Rh(n3-TMPP)g][BF4]; reacts with nucleophiles, resulting in dealkylation of a
bound methoxy-group to give a new Rh(II) complex ligated by one phosphine
and one phosphino-phenoxide ligand. This complex, formulated as
[Rh(TMPP)XTMPP-0)I[BF4], (TMPP-O = [P{C¢Ha(OMe)3}a(CsHo(OMe)20)]1),
reacts with carbon monoxide to form unusual paramagnetic adducts that
have been detected by IR and EPR spectroscopies.

The series of d7 phosphine complexes isolated in these studies are
among the first mononuclear Rh(II) complexes to be fully characterized by X-
ray crystallography, EPR and a variety of other spectroscopic techniques. An
account of the syntheses, characterization and reactivity of these rare
paramagnetic species is presented together with preliminary results

regarding the extension of this work to other radical systems.
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INTRODUCTION
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A. Role of Tertiary Phosphines in Transition Metal Chemistry

The use of tertiary phosphines as ancillary ligands has played a
prominent role in the development of modern coordination and organo-
metallic chemistry. This statement is most evident from the observation that
phosphine complexes are known for virtually all transition metals.! These
versatile ligands are capable of stabilizing a variety of metals in a range of
oxidation states. Furthermore, transition metal-phosphine complexes,

particularly those of the later transition metals, catalyze a number of

industrially important organic processes.2 These range from olefin
hydrogenation, hydroformylation, hydrosilation and hydrocyanation to
polymerization and oligomerization of olefins and acetylenes. In addition to
catalytic processes, transition metal phosphine complexes are also capable of
performing a number of stoichiometric organic transformations.? An
important aspect in the use of transition metal-phosphine complexes in
catalysis has been the potential for controlling catalyst activity and
selectivity by modifying the substituent groups of the phosphine. By varying
the R groups of a phosphine, both the electronic and steric properties of the
ligand may be changed. This in turn will affect the reactivity properties of
the metal to which the phosphine is bound. It is important to realize,
however, that steric and electronic effects are not independent of each
another; often, substitution of one of the R substituents results not only in a
change in the steric properties of ligands, but also the electronic properties as
well. For instance as the size of a phosphine is increased, the C-P-C angle is
forced to expand which affects the percentage of s-character in the
phosphorus lone pair and hence the phosphine donor properties.
Furthermore, sterically hindering substituents also affect the ability of the

phosphine to interact strongly with the metal center and therefore influence

————4
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the metal phosphorus bond strength. As a consequence of this
interrelationship, there is considerable interest in quantifing and separating
the factors that influence transition metal-phosphorus bonding.

The electronic properties of a particular phosphine molecule are
dominated by the donor capacity of the phosphorus lone pair of electrons
which is quite sensitive to the nature of the phosphine substituents, or R
groups. By altering the R groups, and therefore the donor ability of the
phosphine, the electron density at the metal center may be tuned in order to
increase or decrease the reactivity of the complex.

The electronic donating properties of phosphine ligands are typically
divided into ¢ and & contributions.# Generally, the ¢ contribution dominates
and 7 contributions are only evident for phosphines with electronegative
substituents such as -F, -OR, -Cl and -OAr. The m-accepting behavior of
phosphines has been debated for many years. Conventional wisdom has
traditionally maintained that the r-acceptor capability is facilitated through
back donation from filled metal d-orbitals into empty low-lying phosphorus-
3d orbitals,5 but, recent theoretical calculations suggest that the frontier
orbitals responsible for m-interactions consist primarily of phosphorus 3p
character having local ¢* symmetry with no involvement of phosphorus-3d
orbitals.6 Highly electronegative substituents, such as -F, Cl, and OR, result
in a highly polar P-X bond, which in turn, lowers the energy of the ¢* orbitals,
making them more accessible for metal n-donation.

Unfortunately, it is difficult to separate ¢ and = contribution due to
their inherent synergistic relationship.” Nonetheless, the importance of
understanding metal-phosphine bonding has prompted the search for
methods to quantify the individual contributions. Early methods of

measuring phosphine donor strength were performed by measuring the
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energy of the Aj carbonyl stretching vibration for the monosubstituted Ni
carbonyl complex, Ni(CO)3PR3.8 The energy of this band provides an
indication of the total donor ability (¢ + =) of the phosphine. The more
strongly donating a phosphine, the more electron density resides at the metal
center. Consequently, the degree of n-accepting of the carbonyl groups will
increase, resulting in a lowering of the carbonyl stretching frequencies.
Therefore, strongly donating phosphines will result in lower values of v(CO)
for Ni(CO)3L.

Another commonly used measure of phosphine donor strength is pK,.?
Values of pK, for the conjugate acid RgPH* provide an indication of the ¢
donor strength of the phosphine. However, it is often argued that these
values are not a good measure of ligand donor strength because pK, is a
measure of the phosphine's affinity for a hard acid and not a soft transition
metal. Furthermore, variations in phosphine size may result in differing
solvation energies that will effect the pK,. In spite of these considerations,
pK, values have been found to correlate well with other experimental
observations regarding phosphine basicity.10a,b

Others have sought more quantitative methods to measure ligand ¢
and n effects; these have met with mixed success.!! In particular, Giering et
al. have divided phosphine ligands into three classes based upon the
correlation of oxidation potential for the phosphine complex 13-

MeCpMn(CO)9PR3 and phosphine pK, values:11a

Class I (o-donor / n-donor)
PR3 (R = Et, Bu, Cy, etc.)

lass 11 (c-donor only)
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PR3 (R = Me), PPhg (R), (n =1, 2; R = Me, Et, Bu)
P(p-X-Ph); (X =H, Me, OMe)

1; 111 (o-donor / n-acceptor)
P(OR); R = Et, Ph, Pri, Me
P(p-X-Ph); X=F, Cl)

Similar correlations were found between pK,, Ey°, v¢o, cone angle and heats
of reactions for other systems.l1a-f Although Giering classified phosphine
ligands in terms of r-acidity and =n-basicity, it is important to stress that
these m-effects are relatively small compared to those observed for true n-
acids and bases such as CO or Cl-. Furthermore, the classification system is
specific to the particular system under investigation, although in practice,
these class boundries differ only slightly.

In addition to varying the electronic properties of the phosphine,
substitution of the R groups often affects the size of the ligand. Altering the
size can have major ramifications on the subsequent chemistry of the
phosphine, as in the case of phosphines with unusually large steric
requirements, such as tricyclohexylphosphine, tri-tert-butylphosphine, tri-o-
tolylphosphine and trimesitylphosphine; these ligands are capable of
kinetically stabilizing metal complexes with low coordination numbers,
thereby engendering electronically unsaturated metal centers that are highly
reactive.12 For example, bulky phosphines have been used to isolate a series
of two-coordinate, 14-electron complexes of Pt0 and Pd0.13 Although these
systems are formally electron deficient, their reactivity is governed by the

degree of steric overcrowding that is present.14
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Another example of the use of bulky phosphines to stabilize
electronically unsaturated metal centers is provided by the recent work of
Kubas and co-workers who used sterically hindering phosphines to create
coordinatively unsaturated Mo® and WO complexes with the general formula
trans-M(CO)3(PRg); (R = cyclohexyl, iso-propyl).15 These 5-coordinate
complexes are stabilized by an "agostic" interaction of a C-H bond on one of
the phosphines with the metal center. This interaction is readily displaced in
favor of small substrates including Ng and Hy. One consequence of steric
crowding is that these complexes tend to undergo intramolecular C-H bond
activation to form metallated phosphine complexes.16,17

Whitesides and co-workers have used steric effects to generate a highly
reactive "PtOLy" fragment in situ by reductive elimination of neopentane from
cis-Pt1i(dCype)H(CH2C(CHg)3) (dCype = bis(dicyclohexylphosphino)ethane,
(Cy)oP(CH3),P(Cy)s) (eq 1)18 14-electron complex activates a variety of aryl

Cy~P-Cyrj/ " cy Oy

\ R

Pt S pt® | + CHj 1
- -H EP‘ /\K

Cy” cy Cy’ \Cy

and aliphatic C-H bonds, but does not undergo intramolecular C-H activation,
due, presumably, to the bent configuration of the dCype moiety, which
precludes interaction of the C-H bonds of the cyclohexyl groups and affords
the substrate better access to the metal center.18

The steric interactions of phosphines is also implicated in the activity
of many homogenous catalysts by facilitating ligand dissociation that opens
up coordination sites for an incoming substrate. Mechanistic studies of

Wilkinson's catalyst, Rh(PPhg)Cl, have shown that initial dissociation of
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phosphine is a key step in olefin hydrogenation.1® The size of the ancillary
ligands also imparts selectivity to a number of reactions, a factor that is
particularly important in the development of homogeneous catalysts for
asymmetric synthesis.

Although it is certainly true that both steric and electronic properties
of phosphine play a role in the reactivity and catalytic behavior of transition
metal phosphine complexes, steric effects tend to dominate. In order to
address the size of a phosphine ligand, the concept of cone angle, ©, was
developed by Tolman.2® This method, which is based on rigid space filling
models, defines the cone angle of a phosphine as the apex angle of a solid
cone, centered 2.28 A from the phosphorus atom, that encompasses the
phosphine substituents atoms at their van der waal radii. Cone angles thus
described have been found to correlate well with a number of spectroscopic
and physical properties of transition metal phosphine complexes.21 A more
realistic description of ligand size was provided by the development of cone
angle profiles.22 This method, based on X-ray crystallographic data,
accounted for the clefts and intermeshing of the phosphine substituents and
gave a better indication of the true ligand requirements.

B. Development of Ether-Phosphines

An important aspect in any homogenous catalytic process is the
availability of accessible coordination sites in which an incoming substrate
molecule may bind.23 Typical catalysts employing tertiary phosphine
complexes rely on the steric bulk of the phosphine to promote ligand
dissociation in order to create a coordinately unsaturated metal center.
Another strategy is to incorporate weak donor atoms (e.g. solvent molecules)
into the metal coordination sphere that can be easily displaced in favor of the

incoming substrate. For example, recent work with zirconium
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cyclopentadienyl systems has shown that replacement of a chloride ion with
THF in the coordination sphere creates a highly reactive cationic metal
center, capable of performing a variety of organic transformations.24 A
number of compounds that incorporate solvent into their coordination sphere
have been found to be quite effective hydrogenation, hydroformylation and
polymerization catalysts.25 Furthermore, although many catalyst precursors
use olefins as supporting ligands, under catalytic conditions, the olefins are

hydrogenated and replaced by solvent to form the active catalyst (eq 2).26

RgP /\_| . solv RsR ,s°lv_| i
M

+ 2H, —» M 2)
RgP’ \/ RsP” solv

An alternative approach to the design of a new catalyst with open
coordination sites is to structurally modify the ancillary phosphine ligands by
incorporating weak donor groups directly into the phosphine. A variety of
functional groups that are capable of acting as weak donors have been
combined with phosphines to form polydentate ligands;27 these provide
additional stabilization to the complex by chelating to the metal center, but
because of their weak donor nature these groups are easily displaced in favor
of the incoming substrate. After the transformations are complete and the
product dissociates, the tethered donor atom is able to quickly reassociate.28
As a result of this "arm on/arm off" behavior, these functionalized ligands
have been described as being hemi-labile.29 A further advantage of a
tethered donor group, particularly an oxygen donor atom, is the observed rate
enhancement for oxidative addition reactions, which are well recognized as

important steps in many catalytic processes.3? These reactions are facilitated
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by the presence of the oxygen atom, which provides anchimeric assistance to
the oxidative addition of polar substrates.

The successful implementation of phosphine ligands bearing oxygen
donor substituents to catalysis has been demostrated in a number of
important reactions.2’” For example, Shells Higher Olefin Process (SHOP)
uses a nickel complex ligated by the phosphino-carboxylate ligand,
PhyoPCH,COgH, to selectively polymerize ethylene in the presence of other
olefins.3! Further work in this area was carried out by Knowles and co-
workers who developed a series of chiral phosphines (shown below) that
incorporate ortho substituted phenyl groups.32 Cationic rhodium complexes
supported by these chiral ligands successfully hydrogenate pro-chiral olefins,
an important step in the synthesis of a-amino acids, achieving enantiomeric

excesses > 95%. The asymmetric hydrogenation of

oo OO
o ~28 § P

MeO

pamp camp dipamp .

(N-acylamino)-cinnamic acid catalyzed by the diphosphine complex
[Rh(cod)X(diPAMP)]!+ (diPAMP = (R,R)-1,2-bis[2-methoxyphenyl)phenyl-
phosphinolethane), a key step in Monsanto's L-Dopa synthesis, represents
the first commercialized catalytic asymmetric process.33 The development of
these catalysts ignited a revolution in the area of asymmetric hydrogenation
promoted by transition metal complexes. Although the role of the ortho-
methoxy group is primarily steric in nature, replacement of the methoxy

substituent with sterically equivalent groups resulted in lower catalytic
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activity, suggesting that the methoxy groups provide an electronic influence
as well.34

Although a variety of donor groups, ranging from amines and
thioethers to enolates and diketonates, have been used as functional groups
on phosphine ligands, ether donors are the most prevalent.272 Being
uncharged, ethers are very weak donors, which renders them highly highly
labile, particularly for the soft late transition metals, with which they are
relatively incompatible.

The first crystallographic evidence for the coordinating ability of a
pendent ether group was reported for the Rh(III) arsine complex
RhClg[MeAs(0-CgH4(OMe)].35 Later in the mid 1970's, research on the
chemistry of ether-phosphines expanded due to the independent work of
Roundhill, Rauchfuss and Shaw.3¢ These groups were able to show that
ortho-substituted phenylphosphines were capable of binding a variety of late
transition metals through both the oxygen and phosphorus atoms. Rauchfuss
found that the coordinated methoxy groups were loosely bound and could
dissociate readily, thus generating vacant coordination sites. As a result,
many of these complexes exhibit stereochemically non-rigid behavior and
reversible substrate addition.

More recently, Lindner and co-workers have developed a
comprehensive series of ether-phosphines in which the ether group is
tethered by an ethylene group as opposed to a rigid phenyl ring.37 In addition
to being the first to use a more flexible linkage in a ether-phosphine ligand,
Lindner has also pioneered the use of chiral and cyclic ether donors such as
THF and dioxane. His work has focused on the use of these chelating
phosphines for the development of catalysts that assist in the carbonylation

of methanol to acetic acid. These phosphino-ether complexes, like others in
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the same category, exhibit fluxional behavior, reversible substrate binding,
and enhanced oxidative addition and reductive elimination chemistry
promoted by the on/off nature of the ether donors. Others have found similar
results with both mono- and di- phosphines containing pendent ether
substituents.38

C. Chemical Aspects of Tris(2,4,6-trimethoxyphenyl)phosphi

Although the use and development of ether-phosphines is extensive,
largely due to the recent efforts of Lindner et al., none of the aforementioned
systems have addressed the combined effects of high basicity and steric bulk
on complex stability and reactivity. We are interested in developing the
coordination chemistry of ether-phosphine ligands that combine steric bulk
and strong donor capability with chelating ability to stabilize complexes in
highly reactive and uncommon oxidation states. To this end, we have
undertaken the comprehensive study of the coordination chemistry of the
highly basic and sterically hindering ether-phosphine, tris(2,4,6-
trimethoxyphenyl)phosphine (Figure 1).

The molecule tris(2,4,6-trimethoxyphenyl)phosphine, which we refer to
as TMPP, was originally prepared by Soviet chemists in the late 1950's.39
The phosphine later reappeared in literature in the mid 1980's, when Wada
and co-workers described its extraordinarily high basicity (pK, = 11.2) and
steric properties (cone angle ~ 184°).40 Wada has exploited the phosphine's
unusual basic properties in a variety of organic transformations, including
mild ring opening reactions of terminal epoxides and facile dealkylations.4!
More recently, the basicity and solubility properties of its phosphonium salts
have been applied in the extraction of metal ions.42 The unusual properties
of this phosphine are derived from the presence of the methoxy groups in the

ortho and para positions. The electron releasing nature of the methoxy
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substituents increases the nucleophilicity of the phosphorous lone pair via the
mesomeric effect of the phenyl rings. The affect of sequential methoxy
substitution at the ortho and para ring positions on the phosphine's basicity
is shown in Table 1.42b As the number of methoxy substituents is increased,
there is an increase in the basicity. Substitution of a -OMe group in the para
position has a greater effect on the basicity than substitution in the ortho
positions. In addition, the presence of two or more methoxy groups on one
ring results in a dramatic increase in nucleophilicity of the phosphine. For
example, the presence of one 2,6-dimethoxy substituted ring results in a
higher basicity (pK, = 5.39) than either of the tris 2-ortho- or para-
substituted phosphines (pK, = 4.47 and 4.75). In any event, there is an
overall increase in phosphine basicity as the number of substituted aryl
groups are increased. The electron donating effect of the methoxy groups is
dramatically illustrated by the comparison of the pK, of TMPP with that of
the unsubstituted phosphine, triphenylphosphine (pK, = 2.73).43

In addition to increasing the nucleophilicity, the presence of the
methoxy groups in the 2 and 6 positions also serves to augment the steric
bulk of the ligand. The cone angle of TMPP was reported by Wada and later
confirmed by our group to be approximately 184°. Comparision with other
phosphines reveals that TMPP is one of the most sterically encumbering
phosphines known (Figure 2). The cone angle of TMPP is nearly 40° larger
than that of triphenylphosphine, commonly considered a sterically hindering
ligand (cone angle = 145°).20 As evidenced by the results of numerous
studies, sterically encumbering ligands lend kinetic stability to normally very
reactive transition metal centers, thus creating electron deficient complexes.
Such complexes would be expected to exhibit unusual reactivity not normally

observed for complexes ligated by more conventional ligands.
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Table 1.  pK, values for methoxy substituted triphenylphosphines (from

reference 42b).

2-MeO 4-MeO 2,6-MeO 2,4,6-MeO
(x-MeOPh)sP 4.47 4.75 9.33 11.2
(x-MeOPh);PPh 4.01 4.06 7.28 8.22
(x-MeOPh)PPhy 3.33 3.67 5.39 5.77
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Figure2. Tolman cone angles for various tertiary phosphines.
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Perhaps most importantly for the purpose of our research goals, the
presence of ether donors in the ortho positions provide the opportunity for
multidentate coordination modes for the phosphine. Unlike other ether-
phosphines that contain only one ether substituents, the presence of methoxy
groups in the ortho positions of all three aryl rings allow for TMPP to
participate in n! through n3 bonding arrangements (Figure 3). Most other
ether-phosphines typically have only one ether donor and therefore may only
participate in n! or n2 type bonding. The multiple chelating ability of TMPP
will be of paramount importance in this work for the stabilization of
coordinatively unsaturated, electronic deficient, metal diphosphine
complexes. Moreover, the multidentate capabilities afford versatility, by
facilitating adjustments to the electronic requirements dictated by the metal
center. As the electronic requirements of the metal change, TMPP
compensates by altering its bonding mode. As a result, the phosphine may
accommodate a number of different metal oxidation states. The physical and
structural properties of TMPP and its corresponding oxide are fully described
in Chapter 2.

The combination of the chelate effect provided by the multidentate
capability of TMPP, together with the kinetic stability afforded by the steric
size of the ligand, render TMPP an excellent ligand to stabilize highly
reactive metal centers in unusual oxidation states. Moreover, unlike other
transition metal complexes stabilized by bulky phosphines, the presence of
hemi-labile ether donors will provide these complexes with open coordination
sites in which further chemistry, particularly with small substrates, may
take place. Interestingly, with the exception of our work, only four reports of

transition metal TMPP complexes have appeared in the literature.44







Figure 3.
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D. Chemistry of Mononuclear Rh(II) Complexes

Based on these considerations, our goal is to exploit the unique
properties of TMPP in order to stabilize, isolate and study the chemistry of
odd electron transition-metal systems. We are particularly interested in the
chemistry of mononuclear d7 rhodium complexes. A survey of the literature
reveals that the bulk of rhodium coordination and organometallic chemistry
is dominated by the catalytically important +1 and +3 oxidation states.45
These oxidation states form the basis for oxidative addition and reductive
elimination reactions that are key steps in many important catalytic
processes.46 In contrast to the ubiquity of mononuclear Rh(I) and Rh(III)
complexes, the chemistry of the paramagnetic, divalent oxidation state
remains relatively unexplored. Generally, these species exist only as highly
reactive, fleeting intermediates or as impurities in the chemistry of d6 and d8
rhodium.47 The lack of stability of mononuclear Rh(II) complexes is a result of
the proclivity of these systems to (a) dimerize to form a metal-metal bonded
species and (b) disproportionate to the more stable Rh(I) and Rh(III)
oxidation states. These factors notwithstanding, a number of the Rh(II)
metallo-radicals are known.48

Under suitable conditions, sterically encumbering phosphines react
with Rh(III) trihalides in alcohol to yield paramagnetic Rh(II) compounds
formulated as trans-RhCly(PRg)e (PRg= PCyg, P(o-tolyl)s, P(But);Me).4® With
a few exceptions, these complexes are poorly characterized, prone to
decomposition and invariably contaminated with diamagnetic hydrido
species. As a result, there has been no comprehensive investigation of the
chemistry of these paramagnetic species undertaken and only a few studies

have appeared.5? In fact, only recently, the first structural studies of such
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species were finally reported.51,52 Paramagnetic mononuclear species of
rhodium that are coordinated by less sterically demanding ligands are also
known; these complexes , however, are ligated by "non-innocent" ligands in
which extensive delocalization of the unpaired electron is possible.5¢
Typically, such species are not considered to be authentic metallo-radicals.

In addition to the aforementioned phosphine complexes, a variety of
meta-stable mononuclear Rh(II) complexes have been generated by
electrochemical oxidation and reduction of Rh(III) and Rh(I) species.53 Few
stable mononuclear Rh(II) organometallic complexes have been reported;
many of these exist as short-lived intermediates and hence are poorly
characterized.’¢ A recent exception is the unprecedented Rh(II) dialkyl
species Rh(2,4,6-PrigCgHp)a(tht)y (tht = tetrahydrothiophene) prepared by
Wilkinson and co-workers from RhIIIClg(tht)3.55 This complex is one of the
rare examples of a paramagnetic Rh(II) complex to be structurally
characterized by X-ray crystallography.

By far the most promising results for Rh(II) complexes have been found
in the realm of Rh(II) porphyrin chemistry. Highly reactive, short-lived
Rh(II) species have been implicated in a number of unusual and fundamental
organometallic reactions involving mononuclear and dinuclear rhodium
porphyrin complexes.??” Wayland and co-workers have reported strategies
that favor the existence of these paramagnetic intermediates that involve
introducing bulky substituents onto the porphyrins that discourage metal-
metal bond formation through steric interactions. By studying such key
systems, they were able to isolate Rh(II) radicals that reversibly couple
carbon monoxide to form dimetal-a-diketones (eq 3 - 5).58 Through the use of
even more sterically demanding porphyrins, dimerization of the carbonyl

radicals is disfavored and a 17 electron Rh(II) monocarbonyl species may be
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(por)RhIII -CH; —hv—r (por)Rh™s 3)
benzene
0]
Il
(por)RhYe + CO 3 - (por)RhI—-C* (4)
(0] (0]
] ]
2 (porRRI-C* 2 = eonREM =N _Rhlfpor)  (5)
i
(por) = tetramesitylporphyrin 0]

observed directly.58¢ In contrast to other 17 electron d7 carbonyl complexes,
the nonlinear RhCO" unit behaves as an acyl radical, undergoing reactions at
the carbon and not at the metal center. Even more fascinating are the recent
reports that these Rh(II) porphyrin systems reversibly and selectively
activate methane to form Rh(III)-hydride and Rh(III)-alkyl species (eq 6).59
Thermodynamic data point to the presence of a linear four-centered
transition state that precludes the activation of aromatic C-H bonds due to
steric inhibition by the porphyrin ligands. As a result, these Rh(II) porphyrin
systems are highly selective towards the activation of alkyl versus aryl C-H
bonds. Recent results by Wayland and co-workers indicate that these Rh(II)
metalloradicals also react with acrylates to produce C-C bonded oligomers. 0

CH, 5 (por)Rh™.CH,
2 (por)Rh's === (por)Rh-- _C‘--H--Rh(por)‘: + (6)
If H (por)Rh™-H

(por) = tetramesitylporphyrin or tetraxylylporphyrin

In light of these recent results, the study of rhodium based odd electron

systems is becoming an important area of research. In general, these species
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must be afforded kinetic stabilization by sterically encumbering ligands that
preclude dimerization. In the case of Rh(II), further stabilization must be
provided by electronic factors that favor the +2 oxidation state relative to the
+1 and +3 oxidation states, hence avoiding undesirable disproportionation
reactions. The work in this thesis supports the use of TMPP as a good
candidate for providing the proper combination of kinetic and thermodynamic
stability for the isolation of mononuclear Rh(II) complexes. As a backdrop for
this work we note that Shaw and co-workers had earlier demonstrated that
mixed phosphorus and oxygen donor chelate ligands are capable of stabilizing
d7 metal centers.61 Reactions of P(But)3(0-MeOCgH,) with MClgexH0 (M =
Rh, Ir) in refluxing alcohol produced the paramagnetic mononuclear Rh(II)
and Ir(II) complexes, M(P(But)y(0-OCgHy)); (eq 7). During the reaction the
metals are reduced from M(II) to M(II) and the phosphine undergoes
dealkylation to form a phosphino-phenoxide chelating ligand. The Ir complex
represents one of the few crystallographically characterized examples of a
stable Ir(II) mononuclear species. The remarkable stability of these species

illustrates the potential for other bulky mixed P,O chelates to stabilize odd

. o R
MClg  xH,0 + 2 RgP 2o, M j@ @
A PI \O
MeO R,
M =Rh, Ir R =Me, ‘Bu

electron systems.
This thesis reports the results of investigations concerning the
isolation and reactivity of paramagnetic Rh(II) centers using the triaryl

phosphine ligand TMPP. Our entry into the area of mononuclear d7 rhodium
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chemistry began with the synthesis of the bis-phosphine complex [cis-Rh(n3-
TMPP),][BF 4], from a reaction between TMPP and the solvated dinuclear
salt [Rhg(MeCN)(l[BF4]4. The details of the synthesis and characterization
of this metalloradical is presented in chapter 3 together with its associated
redox chemistry. Chapter 4 examines in detail the reversible CO chemistry
that was observed for [cis-Rh(n3-TMPP),][BF4]o. This rather complicated
chemistry involves the disproportionation of [RhII(n3-TMPP)5]2+ to give Rh(I)
carbonyl and Rh(III) species that upon loss of CO, recombine to form the
original Rh(II) species. The reversible CO behavior of the Rh(I) carbonyl
species is examined more closely in chapter 5, wherein we describe the
potential application of this process for the development of a CO sensing
composite material by incorporation the Rh(I) carbonyl species into a porous
sol-gel derived glass. As an extension of the reversible CO chemistry
discussed in chapter 3, reactions of [Rh(n3-TMPP),][BF 4], with isocyanide
ligands is presented in chapter 6. Unlike the complex electron transfer
chemistry that was observed with CO, the weaker n-acidity of isocyanides
allows for the isolation of paramagnetic Rh(II) diisocyanide complexes, rare
examples of stable organometallic Rh(II) complexes. The redox properties
and reactivity of these organometallic species are also discussed. Chapter 7
examines the effect of nucleophiles on the stability of Rh(II) and Rh(III) bis-
TMPP complexes. Nucleophilic attack on [Rh(n3-TMPP),][BFlo results in
dealkylation of a coordinated methoxy substituent to yield a Rh(II) complex
stabilized by a phosphino-phenoxide interaction. The chemistry of this
species is discussed along with its relationship to analogous Rh(III)
compounds formed from dealkylation reactions of [Rh(ﬂa-TMPP)g][BF4]3.
Chapter 8 discusses the formation of Rh(I) and Ir(I) olefin species with TMPP

and the subsequent formation of the Ir(I) dicarbonyl cation
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[Ir(TMPP)3(CO)3]1+, which, unlike its rhodium counterpart, is stable with
respect to CO loss. Attempts to oxidize this complex to yield an Ir(II) species
are also presented. Finally, the application of the n3-bonding mode to group
VI metal tricarbonyl fragments is presented in Appendix B. Specifically, the
isolation and characterization of the highly fluxional molecular species (n3-

TMPP)Mo(CO)3 is discussed.
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