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Abstract

The synthesis, characterization, physical and chemical properties
of osmium complexes containing highly donating polyanionic chelating
(PAC) ligands are discussed.

The tetradentate tetraanionic ligand HBA-B (H4HBA-B = 1,2-bis(2-
hydroxybenzamido)benzene) coordinates to osmium to form a variety of
complexes. Reaction of H4HBA-B with K2[Os(OH)4(O)2] gives an osmi-
um(VI) trans-dioxo complex coordinating the PAC ligand through two de-
protonated phenol groups and two deprotonated amide groups. Reduction
of the dioxo species with triphenylphosphine gives the neutral osmi-
um(IV) species trans-Os(n4-HBA-B)(PPh3)2 (3). This complex 1is an ex-
cellent starting material to make a series of osmium(IV) complexes be-
cause of the lability of the phosphine ligands. Ligand exchange reac-
tions with nitrogen-base ligands, anionic two-electron donor ligands,
mono- and bidentate phbsphines, w-acid ligands, and bipyridines are
observed. Most of the osmium(IV) PAC ligand complexes prepared are
paramagnetic with M. ~1 BM. The paramagnetic osmium(IV) species all
exhibit well-resolved, paramagnetically shifted NMR spectra. The com-
plex trans-Os(n4-HBA-B)(PPh3)(py) (5) has twelve inequivalent sets of
protons, all of which are on aromatic rings. The twelve resonances
are observed in the !H NMR spectrum in the range +11 to —5 ppm. The
results of 2D-COSY and difference NOE experiments allow the complete
assignment of the ! H NMR spectrum.

Electrochemical studies of these osmium(IV) complexes, and the
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coordination chemistry observed indicate that these PAC ligands are
very good electron donors to osmium. The Os(IV/III) reversible cou-
ples for the neutral osmium(IV) species have potentials in the range
—-09 to —0.7 V s Fc+/Fc. The cation/neutral reversible couples have
potentials in the range +0.2 to +0.35 V vs. Fc+/Fc, but probably can-
not be called Os(V/IV) couples. Reaction of 3 with carbon monoxide
produces a rare osmium(IV) carbonyl complex, cis-a-Os(n*-HBA-B)-
(PPh3)(CO) (10). Reaction of ¢-butylisocyanide with 3 gives the anal-
ogous mono-phosphine mono-isocyanide. The stability of these complex-
es in an indication of the strong donating nature of the PAC ligand.

A crystal structure of 10 shows it to have a cis-a¢ coordination
geometry. Complexes with cis geometries can also be made by reacting
3 with bidentate ligands, such as dppe. Cis-a¢ and cis-8 osmium com-
plexes of the HBA-B PAC ligand, and other PAC ligand complexes, con-
tain the first nonplanar amide ligands. We have defined three causes
for the formation of nonplanar amide ligands: (1) structural require-
ments of the metal center (for instance coordination of a bidentate
dppe ligand forcing a cis geometry), (2) depletion of electron density
from the metal center (either by oxidgtion or coordination of an elec-
tron withdrawing ligand), causing the amide ligands to adopt the more
highly donating nonplanar structure and offset the depletion of elec-
tron density at the metal, (3) steric interactions forcing deformation
of the amide ligand to a nonplanar state.

The syntheses of osmium complexes containing the CHBA ligand
(H,CHBA =  3,5-dichloro-2-hydroxybenzamide) are discussed. Several

complexes, including trans-Os(n2-CHBA)z(PBu3)2 (26) and trans-Os(n?-
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CHBA)2(OPBu3)2 (27), have been prepared in attempts to make a long-
lived catalyst for the electrochemical oxidation of alcohols. The cy-
clic voltammetric experiments with 26 and 27 in the presence of alco-
hol are discussed. It appears that 27 exhibits catalytic behavior and
26 does not. A detailed study probing the catalysis has not been
done.

The results of reactions between K2[Os(OH)4(O)2] and ligands sim-
ilar to 2-(2-hydroxyphenyl)imidazole are reported. The reactions give
neutral osmium(VI) trans-dioxo complexes containing two 2-(2-
phenoxy)imidazole ligands coordinated as bidentate monoanions through
a phenoxy ligand and an imidazole ligand. This coordination mode con-
trasts with that observed for osmium complexes of 2-(3,5-dichloro-2-
hydroxyphenyl)-5,6-dichlorobenzimidazole, which coordinates as a

dianion.
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Chapter 1

Introduction



Oxidation chemistry, an important field of inorganic chemistry,
encompasses a wide range of topics from electrochemical redox reac-
tions of metal ions to oxidation of hydrocarbons by transition metal
catalysts.!  Oxidation reactions are used in many important areas in-
cluding large-scale industrial processes, drug syntheses, and labora-
tory-scale organic syntheses.!® When a specific oxidation of an or-
ganic functional group is the goal, one can find a specific oxidation
technology, including oxidizing agent and reaction conditions, that
will effect the desired oxidation. The problem with the available ox-
idation  technology is limited selectivity. In oxidation chemistry,
all  areas of  selectivity, including chemoselectivity, regioselectivi-
ty, and product selectivity, need improvement.} Many inorganic oxi-
dizing agents react with organic functional groups to give a mixture
of products. In some cases, a distribution of products can be ex-
plained by the presence of several oxidizing species in solution;“'f
for example, an oxidation using a chromium(VI) or manganese(VII) rea-
gent involves a three- o.r four-electron reduction of the metal, while
the organic substrate usually undergoes a two-electron oxidation.
This results in intermediate inorganic species that also oxidize the
organic substrate. Thus, several oxidizing species, each with its own
reactivity and selectivity, are present during the reaction. The con-
sequence of several oxidants reacting with one substrate is poor se-
lectivity. The goal of improving selectivity in the oxidation of or-
ganic substrates by transition metal compounds provides the overall
motivation for research in our group.

An approach to achieving the goal of improved selectivity with



inorganic oxidizing agents is to insure that there 1is a single two-
electron oxidizing agent present during the reaction. The approach we
have taken to work toward this goal is to design and synthesize che-
lating ligands to stabilize high oxidation state transition metals.
An inorganic complex containing such a chelate ligand, after oxidizing
an organic substrate, should be stable to further reduction, and a
clean two-electron oxidation would be the result. The chelating
ligand is present only to stabilize the metal center and should not be
involved in the chemistry. This approach seems to be effective, and
has produced catalysts for olefin epoxidation that could be cycling
between cobalt(V) and cobalt(III) species.?

Some examples of ligands designed to stabilize high oxidation
state metal centers are shown in Figure 1.1. A deprotonated ligand
can coordinate to a single metal center as a tetradentate tetraanion
through five- and six-membered chelate rings. (Figure 1.2.) The fig-
ures serve to demonstrate the features of the ligands deemed necessary
to stabilize highly oxidized metal centers. Coordination is through
four anionic groups that are known to be very good o-donors.® The
strong o-donation serves to stabilize a high formal positive charge on
the metal center. The five- and six-membered chelate rings encourage
monomer formation, and the chelating nature of the ligand will keep
the ligand coordinated to the metal throughout chemical reactions.
Another feature that is important for the chelating ligand to have is
inertness towards oxidation. The ligand should not participate in any
redox chemistry.

The major achievements of the overall project are briefly summar-



Figure 1.1. Commonly used polyanionic chelating (PAC) ligands.
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Figure 1.2. The desired mode of coordination of a PAC ligand.






ized below. This is a convenient way of putting the work discussed in
the body of the thesis in the context of the overall PAC ligand proj-
ect and its progress.

Early work with these polyanionic chelating (PAC) ligands in-
volved developing methods for coordinating them to transition metals.
Once proper coordination was achieved, high oxidation state chemistry
and any oxidative activity would be explored. The ligand 1,2-bis(3,5-
dichloro-2-hydroxybenzamido)ethane, H4CHBA-Et (see Figure 1.1), was
that most investigated in early coordination studies. Reacting
CrCl3+6H,O with one equivalent of H,CHBA-Et in pyridine gave a dinuc-
lear complex that was characterized by an X-ray crystal structure.*
The ORTEP of the complex, [Cr((H)CHBA-Et)(py)z]Z, is shown in Figure
1.3.  An interesting aspect of this complex is that it contains coor-
dinated amides in both possible coordination modes: through the amide
oxygen, and through the deprotonated nitrogen. Osmium(VI) oxo com-
plexes containing the CHBA-Et ligand were easily obtained,® and could
then be reduced to neutfal osmium(IV) complexes such as Os(n*-CHBA-
Et)(-py)z.sa Electro-oxidation of this compound. in the presence of al-
cohol led to a remarkable CHBA-Et ligand decomposition sequence in-
volving oxidation and hydrolysis of the ethylene bridge of the PAC
ligand, that produced fifteen characterized species en route to a com-
plex that was a catalyst for the electrochemical oxidation of alco-
hols.® ¢-8 (Scheme 1.1.) Besides producing interesting catalytic spe-
cigs, the decomposition sequence demonstrated that the CHBA-Et ligand
did not meet one of the criteria required of the PAC ligands; it was

sensitive to oxidation. This problem can be avoided by replacing the



Figure 1.3. ORTEP view of [Cr((H)CHBA—Et)(py)z]Z. Bond dis-

tances are in angstroms, and bond angles in degrees.
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Scheme 1.1. Oxidative and hydrolytic decomposition of

trans-Os(n* -CHBA-Et)(py)Z.
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ethylene bridge unit with a phenylene bridge as in H4CHBA-DCB. Elec-
trochemical experiments with Os(n4-CHBA-DCB)(py)2 show that solution-
stable oxidants with formal potentials in the region of 2 wvolts vs.
NHE can be produced.”

Along with the studies pursued with Os(CHBA-DCB) complexes, the
coordination chemistry of PAC ligands to cobalt was investigated. The
complex Co(n4-CHBA-DCB)(t-Bupy)2 (Figure 1.4) was prepared and shown

8

to be a stable cobalt(IV) complex,” demonstrating the highly donating

nature of the PAC ligand. Other PAC ligands coordinated to form rare

square-planar cobalt(III) complexes.®

Many of these cobalt(III) spe-
cies were catalysts for olefin epoxidation using iodosobenzene (Scheme
12) and may lead to the first cobalt(V) terminal oxo complexes?
(isoelectronic with iron(IV) ox0’s). Additionally, PAC ligand coordi-
nation to copper produced highly stabilized copper(III) complexes.!©
Complexes with III/II couples as low as —0.65 volts vs. SCE were pre-
pared. There is currently a debate about the participation of cop-
per(III) complexes in certain enzymatic oxidations.}?! Studies with
the copper(III) PAC ligand complexes could provide valuable informa-
tion regarding this topic.

A remarkable level of wunderstanding has been achieved regarding
the electron-donating properties of these new ligands. Isomerization
reactions have been discovered that involve a change in the coordina-
tion geometry of the PAC ligand, producing the first nonplanar amide
ligands.12 The nonplanar amide groups are much better donors than the

planar amides,!® so their formation greatly affects the donor proper-

ties of the PAC ligand and thus the nature of the inorganic complex.
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Figure 1.4. Structure of Co(n*-CHBA-DCB)(t-Bupy),.
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Scheme 1.2. Catalytic oxidation of styrene by iodosobenzene

and [Co(n*-HMPA-B)]".
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These nonplanar amide ligands can be caused by structural constraints
of the metal’s coordination sphere, electronic demands of the metal
center, or deformation of the PAC ligand due to steric interactions.

This thesis reports on three different projects, each involving a
different PAC ligand. Although the specific goals of the projects are
not related, the three types of ligands are similar, and the projects
are results of the group’s research efforts with transition metal PAC
ligand complexes. The one theme that ties the projects together is
the search for new and interesting properties demonstrated by complex-
es of PAC ligands and a clearer understanding of the unique properties
of this new type of ligand. Chapters 2 and 3 cover studies of the
chemistry of complexes of osmium with the tetradentate, tetraanionic
ligand HBA-B (Figure 1.1.) Some unusual coordination chemistry and an
interesting  isomerization feature of the HBA-B ligand, forming
nonplanar amides, alluded to above, are discussed. Chapter 4 reports
on the chemistry of osmium complexes with two bidentate dianionic
ligands as part of an atfcmpt to make improved catalysts for the elec-
trochemical oxidation of alcohols. Chapter 5 discusses the results of
coordination chemistry between osmium and bidentate ligands containing

imidazole and imidazoline groups.
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Chapter 2

Synthesis, Characterization, and Physical Properties of
Osmium Complexes of the Polyanionic Chelating Ligand

1,2-bis(2-hydroxybenzamido)benzene (H4HBA-B)
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Introduction

As our research with PAC ligands progressed, we learned a great
deal about the design features of the ligands that created problems.
Increased understanding of the PAC ligands led us to make design
changes in the ligands to overcome these problems. For example, dis-
covery of the oxidative decomposition of the ethane bridge in osmium-
(CHBA-Et) complexes initiated work with the more robust phenylene-
bridged ligands.! A problem with the phenylene-bridged ligands was
that a resonance form that reduces the metal’s formal oxidation state
existed, so new PAC ligands with aliphatic bridges were designed and
synthesizcd.2 Work in our group soon included a wide range of PAC
ligands. We found that slight differences between PAC ligands could
result in significant differences in the properties and reactivity of
the complexes of these ligands. A detailed understanding of the bind-
ing and donating properties of these new PAC ligands was necessary in
order to explain, and perhaps predict, differences between complexes
of different ligands.

The need for a complete understanding of the behavior of the
tetradentate, tetraanionic chelating ligands was the motivation for
the study of osmium complexes of the HBA-B ligand shown in Figure 1.1.
The choice to study the HBA-B ligand and its complexes might not seem
logical. Focusing on the ultimate goals of making high oxidation
state complexes and highly éxidizing complexes, the HBA-B ligand is

not a good choice. The ligand contains unprotected aromatic rings
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that are susceptible to oxidation. Additionally, the ligand has a
phenylene bridge, so complexes of this ligand would have the problems
associated with the diimine resonance form that formally reduces the
oxidation state of the metal by two units.

Osmium complexes of HBA-B were selected for study for several
reasons. Unlike some of the more robust PAC ligands, large quantities
of H4HBA-B were easy to obtain. A well-developed technology for coor-
dinating the PAC ligands to osmium existed.!® This seemed a good
place to begin to explore general coordination features of PAC
ligands. We quickly found that the HBA-B ligand easily formed com-
plexes with osmium, and the reaction chemistry of these complexes was
very clean and produced beautiful materials. This was an ideal system
to study the donor properties of the PAC ligand, the coordination
chemistry of the complexes, and the shortcomings of the particular
ligand design.

The study of the osmium HBA-B system produced a wide rahgc of re-
action chemistry, and a great deal was discovered about osmium com-
plexes of PAC ligands. Much of what was discovered was unique to this
system. The results were a detailed understanding of osmium-PAC
ligand coordination chemistry and the introduction of some new con-
cepts useful in interpreting the chemistry. This helped in continuing
the ever-changing ligand design that focuses on the ultimate goals of

the PAC ligand project.
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Results and Discussion

An important feature of the PAC ligands is that they are easy to
synthesize. The synthesis of 1,2-bis(2-hydroxybenzamido)benzene,
H,4HBA-B (1) is shown in Scheme 2.1.* Acetylsalicylic acid reacts with
excess oxalyl chloride to give the acid chloride. Two equivalents of
acid chloride then react with one equivalent of phenylenediamine, and
the ester groups are hydrolyzed by aqueous base to give 1 in 80%
yield. The molecule is characterized by 'H NMR, IR and elemental
analysis. The 1 H NMR data are recorded in Table 2.2.

Coordination of the HBA-B ligand to osmium is achieved by react-
ing one equivalent of 1 with K,5[Os(OH)4(0),]. The osmium(VI) starting
material is an excellent one to wuse to coordinate the PAC ligands.
K,[Os(OH)4(0),] contains four equivalents of base that react with the
protons released from the ligand; the reaction is rapid to give
K,[Os(HBA-B)(O),] (2) in quéntitative yield. (Scheme 2.2.)

The infrared spectrum of 2 has one amide CO stretch at 1600 cm™t.
Another band at 822 cm™* is in the region indicative of a trans-osmi-
um-dioxo asymmetric stretch.® Labeling both oxo groups with 1865
shifts this band down 40 cm™, which agrees with the shift calculated
for a trans-dioxo fragment. The presence of trans-dioxo groups in 2
indicates that the tetradentate ligand is coordinated in a planar
fashion occupying the four equatorial sites with oxo groups occupying
the axial positions, as shown in Scheme 2.2.

Kz[Os(HBA-B)(O)z] is diamagnetic and gives a normal diamagnetic
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Scheme 2.1. Synthesis of H, HBA-B (1).
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Scheme 2.2. Synthesis of K,[trans-Os(n*-HBA-B)(0),] (2).
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1H NMR spectrum. All the protons are on aromatic rings, so the NMR
spectrum shows all the signals between 6.5 and 9.1 ppm. The lH NMR
data, together with other spectroscopic data, are similar to those

found for other trans-dioxo osmium(VI) PAC ligand complexes,1

support-
ing the structure shown in Scheme 2.2.

Three possible coordination geometries of a PAC ligand such as 1
can be imagined for a me:tal with an octahedral coordination sphere.
The terminology for these isomers was introduced by Sargeson6 and is
given in Figure 2.1. The trans isomer coordinates the tetradentate
ligand in a planar geometry with the two auxiliary ligands occupying
equatorial  positions. If one arm of the tetradentate ligand is
twisted out of its equatorial position to an axial position, the re-
sult is the cis—B isomer. If both arms of the tetradentate ligand are
twisted into axial positions, the cis-o¢ isomer 1is formed. Compound 2
contains a planar HBA-B ligand, so it is referred to as Kj[irans-Os-
(n4-HBA-B)(O)2]. The results below show that osmium coordinates HBA-B
to make complexes of all three isomers.

The reactivity of 2 1is limited. Reaction with acid gives a blue
insoluble solid that has not been characterized. Reduction of 2 can
be achieved with excess triphenylphosphine in the presence of
trifluoroacetic acid to produce a dark green compound 3. (Scheme
2.3)

Compound 3 analyses as Os(HBA-B)(PPh3)2. A magnetic study shows
that 3 is paramagnetic with a room temperature magnetic moment of 1.0
BM. Compound 3 exhibits a well-resolved, paramagnetically-shifted 'H

NMR spectrum that indicates there are two triphenylphosphines per
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Figure 2.1. Nomenclature for the possible diastereomers of

a tetradentate ligand in an octahedral complex. (Ref. 6.)
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Scheme 2.3. Synthesis of trans-Os(n*-HBA-B)(PPhs), (3).
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HBA-B ligand, and that there is a plane or axis of symmetry in the
molecule. The infrared spectrum of 3 has HBA-B ligand bands in the
same position as in the IR spectrum of 2, implying the same ligand ge-
ometry. These data lead to the formulation of 3 as trans-Os(n* -HBA-
B)(PPh3),.

The mechanism of the reduction shown in Scheme 2.3 is not known,
but the reactivity of a related system gives evidence of a possible
pathway. The  trans-dioxo compound K2[trans-Os(n4-HMPA-DMP)(O)z]
reacts with acid to give the neutral osmium(VI) mono-o0xo compound.”

(Equation 2.1.)

K[trans—Os(n*~HMPA-DMP)(0),] B, 0s(n*-HMPA-DMP)(0) (2. 1)

The mono-oxo compound reacts with excess triphenylphosphine in pyri-

dine to give the bis-pyridine complex.”

This suggests that the reduction of 2 to give 3 in the presence of ac-
id and triphenylphosphine could be going through an osmium(VI) mono-
oxo intermediate. The oxo group is then removed as triphenylphosphine
oxide.®

Compound 3, trans-Os(n4-HBA-B)(PPh3)2, is an important compound
because the phosphine ligands are labile and 3 demonstrates a rich
ligand substitution chemistry. The reaction of 3 with excess tri-n-
butylphosphine produces the bis-substituted product trans-Os(n4-HBA-

B)(PBu3)2 (4). (Scheme 2.4.) Reaction of 3 with nitrogen
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Scheme 2.4. Reactions of trans-Os(n“-HBA-B)(PPh3)2 (3) with

neutral two-electron donor ligands.
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base ligands results in mono-substitution giving a mono-phosphine,
mono-L (L = py, ¢-Bupy, 4-pic, ImH) complex. Substitution of both
phosphines by two pyridine type ligands has never been observed, even

under forcing conditions.®

A mono-phosphine, mono-pyridine compound
will, however, exchange pyridine ligands quite readily as shown in
Scheme 2.4. A mono-phosphine, mono-pyridine compound will also react
with excess phosphine to reproduce the bis-phosphine compound.

The neutral osmium(IV) compound trans-Os(n4-HBA-B)(PPh3)2 is a

sixteen-electron compound, so both associative and dissociative ligand

exchange pathways are possible. A kinetic study of reaction 2.31°
trans-Os(n*~HBA-B)(PPhs); ' —F” trans-Os(n*-HBA-B)(PPhs)(¢t-Bupy) (2.3)

demonstrates that the reaction is first order in osmium complex con-
centration and zeroth order in ¢-Bupy concentration implying a disso-

ciative pathway. The Arhennius parameters of AH* 23.8 * 0.8 kcal

mol™! and AS* = 12 * 3 eu are consistent with such a mechanism. Ini-

tial kinetic results of the ligand exchange reaction 2.4

trans-Os(n*-HBA-B)(PPhs)(4-pic) 2, trans-Os(n*-HBA-B)(PPhs)(py) (2. 4)

indicate the reaction might be proceeding through two distinct steps.
The lack of a spectroscopic means to monitor the course of the reac-
tion over a wide range of 4-pic concentration prohibits a detailed
study.

It is interesting that while both triphenylphosphine ligands in 3

will be replaced by other phosphines, only one phosphine will be re-
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placed with pyridine, but the mono-phosphine, mono-pyridine, 5, will
freely exchange pyridine. One explanation is that a kinetic trans ef-
fect is responsible for the result. Phosphine is a much better trans-
labilizer than pyridine,11 so 3 would be expected to lose phosphine
more rapidly than 5. Complex 5 does exchange pyridine readily indica-
ting the ligand trans to phosphine is still labile.

Several physical techniques have been wused to characterize these
osmium(IV) species and to study their physical properties. One of the
properties studied is the magnetics. All the trans-osmium(IV) com-
pounds prepared are paramagnetic, demonstrating temperature independ-
ent paramagnetism, with room temperature effective magnetic moments
near 1 BM. (See Table 2.1.) These values are well below the spin-
only values for octahedral low-spin-d* configurations, but are common
for octahedral osmium(IV) specics.1 4

NMR spectroscopy is the most useful tool for characterizing the
osmium(IV) species. Most of the osmium(IV) complexes are paramagnet-
ic, but all exhibit ~well-resolved, narrow-lined, paramagnetically-
shifted NMR spectra. Paramagnetic NMR spectra for octahedral low-
spin-d* systems are commonly observed.!? The paramagnetic shifting
results in a wide chemical shift range for Os(IV)(HBA-B) complexes,
but line widths are comparable to those in spectra of diamagnetic com-
plexes. . Reliable integrations are obtained, indicating that relaxa-
tion times of different protons in the complexes are quite uniform.

It is often assumed that because a molecule is paramagnetic, NMR
spectroscopy is not only difficult to perform, but also that the spec-

tra obtained are not very useful. The osmium(IV) PAC ligand compounds
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Table 2.1. Solid-state, room temperature effective magnetic

moments of osmium complexes of HBA-B.
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Compound : Meff

K;[trans—Os(n*-HBA-B)(0)2] (2) d
trans-Os(n*-HBA-B)(PPhs); (3) 1.0
trans-Os(n*-HBA-B)(PBus); (4) 1.0
trans-Os(n*~HBA-B)(PPhs)(py) (5) 1.0
trans-Os(n*-HBA-B)(PPhs)(t+Bupy) (6) 1.1
trans-Os(n*-HBA-B)(PPhs)(4-pic) (7) 1.0
trans—Os(n*~-HBA-B) (PPh;)(ImH) (8) |
(NBuy)[trans-Os(n*-HBA-B)(PPh3)Cl] (9) 0.8

.

cis-a—0s(n*-HBA-B)(PPh;3)(CO) (10)

cis—a—0s(n*~HBA-B)(PPhg)(+-BuNC) (11) d
cis—3—0s(n*-HBA-B)(dppe) (12) d
Os(n®-(H)HBA-B)(PPhs)(bipy) (13) 1.5
Os(n®-(H)HBA-B)(PPh3)(DMBP) (14) 1.5
Os(n®~(H)HBA-B)(PPhs)(phen) (15) 1.4

d = diamagnetic
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give very useful NMR spectra which are in some cases easier to assign
than if they were spectra of diamagnetic compounds. As an example,
consider the *H NMR spectrum of trans-Os(n4-HBA-B)(PPh3)(py) (5). The
compound 1is paramagnetic with a room temperature effective magnetic
moment of 1.0 BM. The 400 MHz 'H NMR spectrum of this compound is
shown in Figure 2.2. Compound 5 has twelve inequivalent protons and
so should give twelve resonances in the 'H NMR spectrum. All the pro-
tons in the molecule are on aromatic rings, and for a diamagnetic com-
plex, would be expected to have chemical shifts between 7 and 9 ppm.
A spectrum with twelve resonances in that small range of chemical
shifts would be quite complicated. However, paramagnetic shifting in
the 'H NMR spectrum of 5 leads to twelve well-resolved resonances
spread over the range +11 to =5 ppm. In this case the paramagnetism
of the complex serves as an internal shift reagent and makes the NMR
spectrum easier to assign.

A complete assignment of the resonances in the lH NMR spectrum of
5 (Figure 2.2) can be made employing a variety of NMR experiments.
From the simple one-dimensional proton spectrum shown in Figure 2.2,
the three triphenylphosphine resonances (B, E, F), the three pyridine
resonances (D, H, J), and the six HBA-B ligand resonances (A, C, G, I,
K, L), can be identified on the basis of integration and coupling con-
stants. The two-dimensional (1 H-!H) COSY spectrum of 5'* is shown in
Figure 2.3. In the two-dimensional plot the presence of an off-diago-
nal peak indicates J-coupling between the two protons whose resonance
frequencies intersect at the peak. The COSY spectrum confirms the

identifications made from the one-dimensional spectrum. In addition,
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Figure 2.2. 400 MHz ! H NMR spectrum of trans-Os(n* -HBA-B)(PPh;)-

(py) (5). Obtained in CDC13 containing Me4Si.
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Figure 2.3. 2D-(* H—' H) COSY spectrum of trans-Os(n* -HBA-B)(PPhj)-

(py) (5). Obtained at 400 MHz in CDC13 solvent.
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it indicates which protons are coupled to each other, making a more
detailed assignment possible. The 2D-spectrum shows that the tri-
phenylphosphine resonance B is coupled to F, E is coupled to F, and F
is coupled to both B and E. Thus resonance B corresponds to the tri-
phenylphosphine ortho protons, E represents the para protons, and F
represents the meta protons. Likewise, pyridine resonance D is cou-
pled to H and J. This information, plus the integration, assigns D to
the pyridine meta proton, H to the para proton, and J to the ortho
proton. The HBA-B ligand resonance G is strongly coupled to resonance
K. This is the only coupling of these two resonances, assigning them
to the two inequivalent phenylene bridge protons. Resonances A, C, I,
and L must correspond to the four protons on the phenol ring. The
coupling from the 2D-spectrum indicates the four protons are arranged
around the ring in the order A—L—C-I1. We have assigned the pyridine
and phosphine resonances, and the HBA-B ligand bridge and phenol arm
resonances, but we still cannot completely assign the HBA-B ligand
resonances. That is, we Know that G and K are the bridge resonances,
but we do not know which corresponds to which proton. We also know
the ordering of the phenol arm resonances around the ring, but we can-
not say whether A is ortho to the phenol oxygen and I is ortho to the
amide, or vice versa. A set of Nuclear Overhauser Effect (NOE) exper-
iments'* answers these questions. A set of difference NOE spectra is
shown in Figure 2.4. The top four spectra are difference spectra re-
corded after irradiation at signals K, I, G, and A, respectively, with
the negative signals of the irradiated resonances omitted for clarity.

The bottom spectrum is the "normal" spectrum. Irradiation of reso-
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Figure 2.4. A set of 1 H difference NOE spectra of trans-Os(n4-

HBA-B)(PPh3)(py) (5). Obtained at 400 MHz in CDClj solvent.
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nance K shows an in-phase signal at resonance G indicating a strong
positive NOE enhancement of G. This is expected, as protons G and K
are bound to adjacent carbon atoms. Irradiation of resonance I shows
a positive NOE enhancement of C, which in turn causes the small nega-
tive effect observable for L.1° Irradiation of G gives the strong
positive enhancement of K expected and a weak positive NOE enhancement
of signal A, also. Irradiation of signal A leads to a strong enhance-
ment of L, with the accompanying small negative enhancement of C, and
also a weak enhancement of G. The observation that irradiation of A
or G leads to a weak enhancement of the other suggests that hydrogen
atoms A and G are nearby in the same molecule. Since irradiation of K
and I give no such enhancements the conclusion is that A is ortho to
the amide group, and G is also ortho to the amide group, which allows
a through-space interaction resulting in the NOE enhancement. This
gives the assignment of the spectrum shown in Figure 2.5.

All of the paramagnetic osmium(IV) species give 1H NMR spectra
with a similar arrangement of HBA-B ligand resonances. A complete as-
signment of the resonances as discussed above was done only for 5, but
assignment of resonances of other molecules can be made relying on the
similarity of the spectra. A complete listing of the 'H NMR data of
all the complexes discussed in Chapter 2 is given in Table 2.2.

Cyclic voltammetric experiments with the osmium PAC ligand com-
plexes have proven useful in obtaining information about the electron
density of the osmium center and the donating properties of the HBA-B
ligand. In general, a cyclic voltammogram of one of the osmium(IV)

PAC ligand species shows reversible electrochemistry. A typical CV
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Figure 2.5. Assignment of the resonances of the 400 MHz ! H NMR

spectrum of trans-Os(n* -HBA-B)(PPh3)(py) (5).
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Table 2.2. 'H NMR data for osmium complexes of HBA-B.
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consists of two reversible one-electron reductions, one reversible
one-electron oxidation, and one irreversible oxidation. The formal
potentials of the reversible couples give an indication of how elec-
tron-rich or electron-poor the osmium center is. A listing of the po-
tentials of these couples for the Os(n*-HBA-B) complexes is given in
Table- 2.3.1¢ The formal potentials vary as the auxiliary ligands are
changed, reflecting the relative donating abilities of the auxiliary
ligands; lower potentials indicate a more electron-rich osmium center.
Presumably the two one-clectron reductions correspond to the
Os(IV/III) and Os(III/II) couples. It is tempting to assume that the
reversible oxidation is osmium centered and corresponds to an Os(V/IV)
couple, but as we will see below, comparison of these potentials to
those of osmium complexes with other PAC ligands suggests that the re-
versible oxidation is not simply an oxidation to osmium(V).

Table 2.4 repeats some redox potentials for osmium(HBA-B) com-
plexes, along with some potentials for osmium complexes of other PAC
ligands, and one other osmium complex. Several conclusions can be
drawn by comparing these potentials. The IV/III couple of (rans-Os-
(n4-HBA-B)(PPh3)2 is over half a volt lower than the IV/III couple of
trans-OsC14(PPh3)2. This demonstrates just how donating the HBA-B
ligand is compared to four chloride donor ligands. We can see that
all the PAC ligands are very good donors. Also notice that the HBA-B
ligand is a good deal more donating than the CHBA-DCB ligand. A di-
rect comparison of the potentials for trans-Os(n4-HBA-B)(PPh3)(t-Bupy)
and Zrans~Os(n4-CHBA-DCB)(PPh3)(t-Bupy) shows that the better donation

of the HBA-B ligand results in a lowering by about 300 mV of the



56

Table 2.3. Electrochemical data for osmium complexes of HBA-B.
Cyclic voltammograms were measured in CH2C12/O.1 M TBAP with

a BPG working electrode (0.17 cm? ). Scan rate = 200 mV B,



Compound I11/11* IV /111 V/IVP

trans-Os(n*~-HBA-B)(PPhs). (3) (—1.73,-1.91)¢ —0.79 +0.21
trans—Os(n*-HBA-B)(PBugs), (4) - —0.88 +0.22
trans—Os(n*-HBA-B)(PPhs)(py) (5) (—1.94) —0.73 +0.34
trans—Os(n*~HBA-B)(PPhg)(¢+Bupy) (6) (—1.93) —-0.73 +0.33
trans-Os(n*~-HBA-B)(PPhs)(4-pic) (7) (—1.90) —-0.74 +0.34
trans—Os(n*-HBA-B)(PPhs)(ImH) (8) - —0.75 +0.25
(NBu4)[trans—Os( 4-HBA-B)(PPhs)C]] (9) (—1.68) (—0.98) —0.04
cis-a—0s(n*-HBA-B)(PPhs)(CO) (10) —1.17 —0.63 +0.90
cis-a-Os(n*~HBA-B)(PPhs)(+-BuNC) (11) - (—0.86)  +0.46
cis—,B—Os(n4—HBA B)(dppe) (12) —1.47 —0.68 +0.25
Os(n®~(H)HBA-B)(PPhs)(bipy) (13) ~1.09 0.29 +0.70
Os(n®~(H)HBA-B)(PPhs)(DMBP) (14) ~1.29 ~0.33 +0.66
Os(n®—(H)HBA-B)(PPhs)(phen) (15) —1.12 —0.31 +0.72
Os(n®~(CH3;CO)HBA-B)(PPhs) (phen) (16) 111 —0.28  (+0.68)

2All potentials listed vs. the Fct /Fc couple.

PAs discussed in the text, the “V/IV”and “VI/V”couples are not necessarily metal based.
¢Parentheses indicate an irreversible couple.

LS
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Table 2.4. Comparison of electrochemical data for osmium(IV)

compounds.



Compound I/
trans—Os(n*~-HBA-B)(PPhs). (3) (-1.73,—-1.91)P
trans-Os(n*-HBA-B)(PPhs)(py) (5) (—1.94)
trans—Os(n*-HBA-B)(PPhg) (¢ Bupy) (6) (—1.93)
trans-Os(n*-CHBA-DCB)(PPhg); © (—1.72)
trans-Os(n*~CHBA-DCB)(PPhs)(¢-Bupy) —1.63
trans-Os(n*-CHBA-DCB)(t-Bupy). —1.77
trans-Os(n*-CHBA-DCB)(py)2 —1.68
trans-Os(n*~-HMPA-DMP)(py). ¢ =
trans-Os(n*~-HMPA-DMP)(¢-Bupy). -

trans—0sCly(PPhg), f -

IV/II  V/IV
—0.79 +0.21
~0.73 +0.34
—0.73 +0.33
—0.46 +0.59
—0.44 +0.69
—0.51 +0.70
—0.44 +0.72
~1.31 +0.35
~1.36 +0.30
—0.12 +1.34

2All potentials listed in volts vs. the Fct /Fc couple.
PParentheses indicate an irreversible couple.
cCHBA-DCB complexes prepared by John Keech.1?

dHMPA-DMP complexes prepared by Brian Treco.!'®
¢See reference 19.

fTetra-n-butylammonium hexafluorophosphate supporting electrolyte.

6S
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f'ormal potentials. This reflects the reduction in donating ability
from the addition of six electron-withdrawing chlorine atoms to the
PAC ligand framework. A comparison of the potentials for the Os(HBA-
B) complexes to those for the Os(HMPA-DMP) complexes is also interest-
ing. The HMPA-DMP ligand with an all aliphatic backbone, including
tertiary alcohol donors is expected to be an extremely good donating
ligand; it should be much more donating than HBA-B. Comparing the
IV/III couples of Os(n*-HMPA-DMP)(py), and Os(n*-HBA-B)(PPh3)(py), it
is clear that HMPA-DMP is indeed the much better donor. What is sur-
prising is that the V/IV couple for trans-Os(n4-HBA-B)(PPh3)(py) is at
about the same potential as the V/IV couple for trans-Os(n*-HMPA-DMP)-
(py)p. This indicates that there 1is some stabilization of the oxi-
dized form of trans-Os(n4-HBA-B)(PPh3)(py) that is not present in the
oxidized form of trans-Os(n4-HMPA-DMP)(py)z. As pointed out in Chap-
ter 1, since the HBA-B ligand has aromatic rings, resonance forms
exist that shift electron density onto the osmium center, as shown in
Scheme 2.5. If the one-electron oxidation of trans-Os(n*-HBA-B)-
(PPh3)(py) were osmium centered, an electron-poor osmium(V) would be
the result. Since these resonance forms donate more electron density
to the osmium center, the oxidized species is probably not truly osmi-
um(V), but has some contribution from these resonance forms which sta-
bilizes the oxidized species and thus lowers the potential of the cat-
ion/neutral redox couple. In trans-Os(n4-HMPA-DMP)(py)z, the aliphat-
ic ligand has no such resonance mechanism to donate electron density
to the osmium center, and the oxidation is to a true osmium(V) spe-

cies, which is why its Os(V/IV) potential is higher than that for
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Scheme 2.5. Resonance structures of a coordinated HBA-B ligand.
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zrans-OS(n4-HBA-B)(PPh3)(py). It is difficult to estimate the extent
of the contributions of the resonance forms in Scheme 2.5 in the oxi-
dized form of trans-Os(n4-HBA-B)(PPh3)(py), but there can be no doubt
that there 1is some contribution, and the reversible oxidation cannot
be called an Os(V/IV) couple.

We conclude from the electrochemical data presented here that the
HBA-B ligand, and all of our group’s PAC ligands are very good donors,
and so are good at stabilizing higher-valent metal centers. We can
also conclude that at lIcast in the HBA-B ligand, non-innocence of the
aromatic rings is possible. That is, resonance can and does exist in
certain cases to donate electron density to the metal, reducing its
formal oxidation state. For the osmium PAC ligand species electro-
chemistry is a wuseful way to obtain valuable information about the
electron density of the metal, and the donating properties of the
ligands. A change in the donating properties of the ligands leads to
a change in the potentials of the redox couples. We will use the
redox potentials as a measure of the electron density of the osmium
center.

The substitution chemistry of trans-Os(n4-HBA-B)(PPh3)2 that has
been discussed to this point has been with neutral two-electron donor
ligands. Other ligands will also react with (rans-Os(n*-HBA-B)-
(PPh3)2. This substitution chemistry is discussed below.

An interesting ligand substitution reaction is the substitution
of a phosphine ligand with chloride. Reaction of trans-Os(n4-HBA-B)-
(PPh3)2 (3) with excess tetrabutylammonium chloride causes substitu-

tion of one phosphine ligand by chloride to give (NBu4)[trans-Os(n4-
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HBA-B)(PPh3)C1] (9) in high vyield, as shown in Scheme 2.6. Complex 9
is paramagnetic with a room temperature effective magnetic moment of
0.84 BM, and exhibits a well-resolved, paramagnetically-shifted lH NMR
spectrum. The 'H NMR data are given in Table 2.2. The spectrum indi-
cates the presence of one HBA-B ligand, one triphenylphosphine ligand,
and one tetrabutylammonium ion. There are six HBA-B ligand reso-
nances, implying a trans geometry, and the resonances are very similar
in chemical shift to the other trans-osmium(IV) complexes of HBA-B.
The formulation of 9 as (NBu4)[trans-Os(n4-HBA-B)(PPh3)C1] also agrees
with the elemental analysis. The chloride ligand of 9 is replaced
with triphenylphosphine or pyridine by reacting 9 with excess phos-
phine or pyridine.

The cyclic voltammogram of 9 consists of two irreversible one-
electron reduction waves, one reversible one-electron oxidation wave,
and one irreversible one-electron oxidation wave. (See Table 2.3.)
The potential of the reversible one-electron oxidation of =004 V s
Fct/Fc is quite low. This reflects the fact that a phosphine ligand
has been replaced by a chloride ligand to give an anionic complex.
Attempts to chemically oxidize 9 to a neutral species do not give any
characterizable product.?©

trans-Os(n4-HBA-B)(PPh3)2 (3) also reacts with =-acid ligands to
give some interesting osmium(IV) complexes. Bubbling carbon monoxide
through a solution of 3 gives a violet complex, 10, which can be iso-
lated in moderate yield. The complex analyses as Os(HBA-B)(PPh3)(CO).
It is diamagnetic and gives an NMR spectrum with normal chemical

shifts. The ! H NMR spectrum of 10 shows three triphenylphosphine res-
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Scheme 2.6. Reaction of trans-Os(n*-HBA-B)(PPhj), (3) with

chloride.
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onances and twelve HBA-B ligand resonances. The IR spectrum shows a
strong band at 1985 cm™} characteristic of a carbonyl ligand, and also
two bands in the amide carbonyl region at 1695 and 1640 cm™' corre-
sponding to the amides of the HBA-B ligand. These data indicate that
the osmium is complexed to an HBA-B ligand, a triphenylphosphine
ligand, and a carbon monoxide ligand. The twelve HBA-B ligand reso-
nances in the 'H NMR spectrum, and the two amide stretches in the IR
spectrum indicate there is no symmetry in the molecule, so the mole-
cule must have a cis-o¢ or cis-8 coordination geometry.

Structural quality single crystals of 10 were obtained and an X-
ray diffraction study was carried out?®! Complex 10, cis-a-Os(n*-HBA-
B)(PPh3)(CO), forms monoclinic crystals in the space group P2, /c. The
crystallographic details are listed in Table 2.5, and the full de-
tails of the data collection and refinement can be found in the exper-
imental section of this chapter. Figure 2.6 shows an ORTEP view of
10. A few bond distances and anglés are shown on the ORTEP, and a
full listing of bond distances and angles is given in Table 2.6. Fig-
ure 2.6 shows that the preliminary formulation of 10 is- correct and
that 10 1is the neutral species cis-a-Os(n4-HBA-B)(PPh3)(CO), with the
osmium center coordinating the HBA-B ligand in the cis-a geometry with
cis PPh3y and CO ligands. Two important features of this molecule are
apparent. First, a ligand isomerization has taken place; the ligand
is now coordinated in the cis-« geometry, rather that the trans geome-
try. This is the first evidence that the HBA-B ligand would coordi-
nate in such a gcomc:try.22 The second important result is that com-

plex 10 is an osmium(IV)-carbonyl compound. Oxidation state IV car-
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Table 2.5. Experimental data and cell parameters for the crystal

structure determination of cis-a-Os(n4-HBA-B)(PPh3)(CO) (10).



Formula
Formula weight
Space group

HE >N <2 ®R © o8
8
&

Reflections
Background time/scan time
Collected
Averaged
Final no. of parameters
Final cycle:

R

Raa

S
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OSC39H27N205P

824.83

P21/C

18.007(5)A

10.848(9)A

17.848(6)A

90°

106.85(3)°

90°

3337(1)A3

4

0.7107 A

2.389 mm™!

1.642 g/ml

6-20; 2.0°plus dispersion
4 < 20 < 50°, +h, £k, £¢£
0.5

11518 reflections

2146 reflections

203

0.059(1868°)
0.044(1512)
2.62(2146)

* The number of reflections contributing to sums in parentheses.
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Figure 2.6. ORTEP view of cis-a-Os(n* -HBA-B)(PPh3)(CO) (10).

Bond distances shown are in angstroms.
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Table 2.6. Bond angles and distances in cis-a-Os(n* -HBA-B)-

(PPh3)(CO) (10).



Atom Atom  Dist(A) Atom Atom Dist(A) Atom Atom  Dist(A)
Os c 1.79(2) c1 ce 1.38(2)  P1 P2 1.36(2)
Os P 2.451(4)  C2 Cs 1.42(3) P1 P6 1.39(2)
Os 01 1.962(9) C3 C4 1.35(3) P2 P3 1.40(2)
Os 02 2.032(9)  C4 C5 1.36(3)  Ps P4 1.36(3)
Os N1 2.040(12)  C5 ce 1.44(3) P4 P5 1.34(3)
Os N2 1.973(12)  C6 c1 144(2)  P5 P6 1.41(3)
P P1 1.85(2) C8 Co 1.40(2) P71 P8 1.39(2)
P P7 1.79(2) c8 cis 140(2) . P7 P12 1.38(3)
P P13 1.81(2) Co C10 1.35(3) P8 P9 1.39(2)
c ) 1.19(2) C10 c11 1.39(3) P9 P10 1.38(2)
01 c1 1.85(2) c11 C12 1.37(2) P10 P11 1.36(3)
02 C20 1.36(2) C12 c1s 1.46(2) P11 P12 1.43(3)
0s c1 1.25(2) c14 C15 147(2) P13 P14 1.40(3)
04 C14 1.26(2) C15 C16 1.40(2) P13 P18 1.38(3)
N1 c1 1.43(2) C15 C20 1.42(2) P14 P15 1.48(3)
N1 c8 1.36(2) C16 c17 1.37(2) P15 P16 1.30(4)
N2 c1s 1.35(2) c17 C18 1.39(8) P16 P17 1.30(3)
N2 C14 1.40(2) C18 C19 1.37(2) P17 P18 1.46(3)
c1 C2 1.42(2) C19 C20 1.43(2)

€L



Atoms Angle(°)  Atoms Angle(°)  Atoms Angle(°)  Atoms Angle(°)
C-Os-P 90.9(6)  C8-N1-Os 117(1) C11-C10-C9 122(2) P3-P2-P1 120(2)
01-Os-P 92.2(3)  C8-N1-C7 119(1) C12-C11-C10 121(2) P4-P3-P2 119(2)
02-Os-P 78.0(3)  CI3-N2-Os 116(1) C13-C12-C11 117(2)  P5-P4-P3 123(2)
N1-Os-P 100.5(3)  C14-N2-Os 114(1) C8-C13-N2 116(1) P6-P5-P4 119(2)
N2-Os-P 157.9(4)  Cl14-N2-C13 121(1) C12-C13-N2 123(1) P5-P6-P1 119(2)
01-0s-C 87.3(7)  C2-C1-01 114(1) C12-C13-C8 121(1) P8-P7-P 122(1)
02-0s-C 93.2(6)  C6-C1-O1 127(2) N2-C14-04 122(2) P12-P7-P 119(1)
N1-Os-C 167.0(7)  C6-C1-C2 120(2) C15-C14-04 121(2) P12-P7-P8 119(2)
N2-Os-C 95.8(7)  C3-C2-C1 120(2) C15-C14-N2 118(2) P9-P8-P7 121(2)
02-0s-01 170.2(7) C4-C3-C2 119(2) C16-C15-C14 120(2) P10-P9-P8 120(2)
N1-0s-01 86.0(4)  C5-C4-C3 124(2) C20-C15-C14 119(1) P11-P10-P9 121(2)
N2-0s-01 109.0(4) C6-C5-C4 119(2) C20-C15-C16 122(2) P12-P11-P10 120(2)
N1-0s-02 95.2(4) C5-C6-C1 119(2) C17-C16-C15 121(2) P11-P12-P7 120(2)
N2-05-02 80.7(4)  C7-Cé-C1 126(2) C18-C17-C16  118(2) P14-P13-P 118(1)
N2-Os-N1 75.8(5)  C7-C6-C5 115(2) C19-C18-C17 123(2) P18-P13-P 122(1)
P7-P-P1 104.5(7)  N1-C7-08 122(1) C20-C19-C18 122(2) P18-P13-P14 120(2)
P13-P-P1 104.6(7)  C6-C7-0O8 123(2) C15-C20-02 127(1) P15-P14-P13 122(2)
P13-P-P 107.1(8)  C8-C7-N1 115(1) C19-C20-02 118(1) P16-P15-P14 109(2)
0-C-Os 175(2)  C9-C8-N1 181(2)  C19-C20-C15  115(1)  P17-P16-P15  136(2)
C1-01-Os 126.6(9)  C13-C8-N1 111(1) P2-P1-P 122(1) P18-P17-P16 114(2)
C20-02-Os 119(1) C13-C8-C9 119(2) P6-P1-P 118(1) P17-P18-P13 119(2)
C7-N1-Os 123(1) C10-C9-C8 120(2) P6-P1-P2 120(1)

vL
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bonyl compounds are rare.?3

Carbon monoxide is a ligand that requires
w-donation from the metal center for bonding, so it is wusually found
with low-valent metal centers. In compound 10 the carbonyl C—O dis-
tance of 1.19(2) A, and the C—O stretching frequency of 1985 cm™' in-
dicate that there is some =-donation from the metal to the CO r*-or-
bital,“ and that the metal center is not very electron deficient.
The existence of an osmium(IV)-carbonyl complex is another demonstra-
tion of the powerful donating nature of the HBA-B ligand.

The question of phenylene bridge resonance is raised again here.
Referring to 10 as an osmium(IV) carbonyl complex suggests there is no
contribution from the diimine resonance form possible with the phenyl-
ene bridge of the HBA-B ligand. (Scheme 2.5.) Examination of certain
bond lengths in the crystal structure of 10 should provide information
about this resonance question. The bond lengths in the ligand bridge
of complex 10, and other representative bond lengths are listed in
Figure 2.7. If a diimine resonance form reducing the oxidation state
of the metal by two unité were dominant, we would expect C—N double
bond distances on the order of 1.28—1.35 A, and shortening of the
C9—Cl10 and CI11-Cl12 carbon—carbon bonds in the benzene ring. For a
purely aromatic ring and carbon—nitrogen single bonds, we expect C—N
bond distances of 1.45—1.51 A and uniform C—C distances of ~1.40 A
around the benzene ring. The structure has C—N distances between the
two extreme cases and a slight shortening of the C9—Cl10 and Cl1-Cl2
bonds. The relatively high sigma values on the bond distances and the
lack of a large amount of structural data for similar complexes makes

it difficult to draw conclusions from the available data. It does
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Figure 2.7. Representative bond distances for some metal-ligand

fragments. Distances are in angstroms.



o7 o
/

Nz

77

25a
C=0 1.28-1.30

25a
C=C 1.43-1.45

25a,b
C-O 1.34-1.36

25a,b
C-C 1.38-1.41

25c¢,d
C-N 1.45-1.51

25e,f
C=N 1.28-1.35
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seem, however, that there is some contribution of the diimine reso-
nance form to better donate electron density to the osmium center.

The carbonyl complex 10 1is quite stable and demonstrates very
little reactivity. The carbonyl ligand is  not susceptible to
nucleophilic attack; it does not react with a variety of nucleo-
philes.2® The carbon monoxide ligand is also not at all labile; no
reaction of 10 with two-electron donor ligands (py, PPhjy) is observed
thermally or photochemically. Oxidation of 10 by one-electron is pos-
sible. The cyclic voltammogram of 10 shows a reversible one-electron
oxidation at +090 V s. Fc+/Fc. The oxidized product 1is stable at
room temperature on the CV time-scale but decomposes in minutes even
at low temperature, so isolation of the product is not possible.

Isocyanide reacts with trans-Os(n4-HBA-B)(PPh3)2 (3) in a manner
similar to CO to give a cis-a complex. (Scheme 2.7.) Reaction of 3
with excess t-butylisocyanide gives cis-a-Os(n4 -HBA-B)(PPh3)(t-BuNC)
(11) in quantitative vyield. The lH NMR spectrum of 11 (Table 2.2)
shows twelve HBA-B ligand resonances indicating a cis coordination ge-
ometry. The IR spectrum of 11 has the C—N isocyanide stretch at
2135 cm™', and two amide carbonyl stretches at 1680 and 1625 cm’!.
These values for the amide bands suggest the cis-a¢ formulation for 11.
(A cis conformation of the PAC ligand requires significant distortion
of the coordinated amide groups, forming non-planar amides. The non-
planar amides have higher C—O stretching frequencies than the planar
amides. The IR spectrum of 11 indicates two non-planar amides, which
requires the cis-a¢ geometry. This isomerization phenomenon and the

non-planar amide ligands are discussed in detail in Chapter 3% 7) In
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Scheme 2.7. Reactions of trans-Os(n*-HBA-B)(PPhs), (3) with

r-acid ligands.
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light of the formation of complexes with cis-a¢ geometries, the reac-
tivity of trans-Os(n4-HBA-B)(PPh3)2 (3) with bidentate ligands was ex-
plored in an attempt to force the formation of cis-«¢ and cis-8 com-
plexes.

Reacting 1,2-bis(diphenylphosphino)ethane (dppe) with trans-Os-
(n4-HBA-B)(PPh3)2 (3) results in substitution of the two triphenyl-
phosphine ligands with one bidentate dppe ligand to give 12. The -re-
action is shown in Scheme 2.8. The elemental analysis and 'H NMR
spectrum of 12 are consistent with the formulation Os(n*-HBA-B)(dppe).
The 'H NMR spectrum (Table 2.2) has twelve HBA-B ligand resonances and
the 3P NMR spectrum has two resonances indicating that 12 has the
cis-B geometry as shown in Scheme 2.8.

The synthesis of  cis-B-Os(n*-HBA-B)(dppe) (12) means that
octahedral osmium complexes of HBA-B in all three geometries (trans,
cis-a, and cis-8 [Figure 2.1]) are accessible. The IR spectrum of 12
has two amide carbonyl bands at 1657 and 1600 cm™. This IR spectrum
is quite different from those of the trans complexes and those of the
cis-a¢ complexes. Trans complexes contain the HBA-B ligand in a planar
geometry, and the result is one amide carbonyl stretching frequency at
about 1600 cm™. A cis-8 geometry requires the twisting of one arm of
the HBA-B ligand into an axial position and leads to two amide carbon-
yl stretching frequencies. One amide stretching frequency goes up to
1657 cm'l, presumably due to the distortions of the amide group caused
by twisting the phenol arm into an axial position. The other "half"
of the ligand remains planar, so that amide carbonyl band remains at

1600 cm™ . The cis-a geometry requires twisting of both arms of the
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Scheme 2.8. Reaction of trans-Os(n4-HBA-B)(PPh3)2 (3) with dppe.
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ligand out of the equatorial plane to occupy axial positions, so dis-
tortions are required of both amide groups. This leads to an IR spec-
trum showing shifting of both amide bands to higher frequencies. The
infrared spectrum of a complex is then diagnostic of the geometry,
and thus infrared spectroscopy is a very useful structural tool for
these complexes; the IR spectrum of a new complex clearly indicates in
which geometry (trans, cis-B, or cis-a) the PAC ligand coordinates.

The reaction of trans-Os(n*-HBA-B)(PPhs), (3) with dppe to give
12 is not surprising, since as indicated above, the phosphine ligands
of 3 are labile and can both be replaced by other phosphine ligands.
We also know that reaction of 3 with excess pyridine leads only to
mono-phosphine substitution. It will be interesting to see the re-
sults of the reaction of trans-Os(n* -HBA-B)(PPh3)2 3) with
bipyridine. The reaction of 3 with either 2,27-bipyridine (bipy),
4,47 -dimethylbipyridine (DMBP), or 1,10-phenanthroline (phen) cleanly
gives a brown product. The brown product, 15, of the reaction of 3
with phen is paramagnetic with a room temperature effective magnetic
moment of 1.4 BM and does not give an ' H NMR spectrum at room tempera-
ture. The complex analyses as Os(HBA-B)(PPh3)(phen). The formula-
tion of Os(HBA-B)(PPh3)(phen) means there are seven potentially coor-
dinating atoms around the osmium center. Interest in the possibility

of a seven-coordinate species28

prompted an X-ray crystal structure
determination. X-ray quality single crystals of 15 were isolated from
a dichloromethane/ethanol solution. (Table 2.7 includes unit cell da-

ta and parameters of intensity data collcction.”) Complex 15 crys-

tallizes in the triclinic space group Pl. The complex is monomeric
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Table 2.7. Experimental data and cell parameters for the
crystal structure determination of Os(n® -(H)HBA-B)(PPh3)-

(phen) (15).



86

Formula
Formula Weight
Unit Cell Constants

Dc (Z = 2)

Space group

Crystal size
p(MoK,)

Scan type and speed
Scan range

Background counting

Collection range

No. of reflections measured
No. of unique data, m

No. of data with I > 0

No. of data with I > 30(1I)
No. of parameters refined, p
R® (for I > 0)

R (for I > 30(I))

Goodness of fit

OsCsoH;sN,O,P-2C, H; OH

1069.2

a = 10.448(4) A, b = 14.454(6) A,
= 16.598(7) A, o = 89.27(3)°,

B = 99.74(3)°, v = 111.44(3)°

V = 2296(1) A®

1.546 g cm™3

P1

0.26 x 0.39 x 0.45 mm

30.4 cm™!

6 — 20, 4°min~!

1° below K,, to 1° above K,,

Stationary counts for one half of scan

time at each end of scan

+h, +k I 4° < 28 < 50°

+h, £k, —1; 4° < 20 < 40°

13395

8145

7897

6986

596

0.054

0.047

2.90

(a) R = Z||Fo| — |Fc||/Z|Fo]|- (b) Goodness of fit = [w(F2 — F%)?/(m — p)]*/?
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Figure 2.8. ORTEP view of Os(n® -(H)HBA-B)(PPh3)(phen) (15).

Bond distances are in angstroms.
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Table 2.8. Bond distances (&) and angles (°) in Os(n®-(H)HBA-

B)(PPhy)(phen) (15).
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Atom Atom Distance Atom Atom Distance
o P 2.373(2) Os o1 1.922(5)

Os N1 2.067(5) Os N2 2.069(6)

Os N3 2.106(6) Os N4 2.093(6)

P C33 1.838(7) P C39 1.836(7)

P C45 1.832(7) 01 C1 1.318(8)

02 c1 1.257(9) 03 C14 1.251(10)
04 Ci6 1.352(11) N1 (74 1.319(9)

N1 (o} 1.453(9) N2 C13 1.442(9)

N2 C14 1.364(9) N4 C30 1.339(9)

N3 C32 1.364(9) N3 C21 1.325(10)
N4 C31 1.374(9) 4] c2 1.413(11)
C1 Cé 1.410(10) C2 C3 1.352(12)
C3 C4 1.401(14) C4 Cs 1.381(13)
Cs Cé 1.386(11) Cé o1 1.513(10)
Cs C9 1.397(10) C8 C13 1.391(10)
C9 C10 1.382(11) C10 et 1.372(12)
C11 C12 1.383(12) C12 C13 1.393(10)
C14 C15 1.477(11) C15 C16 1.405(12)
C15 C20 1.381(13) Ci6 C17 1.400(14)
C17 C18 1.35(2) C18 C19 1.394(15)
C19 C20 1.381(13) C21 C22 1.404(12)
C22 C23 1.354(13) C23 C24 1.387(13)
C24 C25 1.431(13) C24 C32 1.405(11)
025 C26 1.344(14) C26 C27 1.446(13)
C27 C28 1.388(13) cer C31 1.393(11)
C28 C29 1.362(13) C29 C30 1.388(12)
C31 C32 1.419(10) C33 C34 1.382(10)
C33 C38 1.393(10) C34 C35 1.388(12)
C35 C36 1.354(13) C36 Cs7 1.373(13)
C37 C38 1.386(12) C39 C40 1.410(10)
C39 C44 1.378(10) C40 C41 1.378(12)
C4a1 C42 1.390(12) C42 C43 1.350(11)



Atom Atom Distance Atom Atom distance
C43 C44 1.386(10) C45 C46 1.390(10)
C45 C50 1.394(10) C46 C47 1.365(13)
Cc4T7 C48 1.383(14) C48 C49 1.377(13)
C49 C50 1.363(12) C51 C52 1.43(3)
C52 05 1.42(2) 06 C54 1.31(3)
C53 Cs4 1.60(3)
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Atom Atom Atom Angle Atom Atom Atom Angle
ST Os P 95.57(14) N1 Os P 89.3(2)
N2 Os P 95.1(2) N3 Os P 178.4(2)
N4 Os P 99.89(2) N1 Os 01 90.8(2)
N2 Os 01 166.3(2) N3 Os 01 84.1(2)
N4 Os o1 82.9(2) N2 Os N1 80.7(2)
N3 Os N1 92.3(2) N4 Os N1 169.4(2)
N3 Os N2 85.5(2) N4 Os N2 103.7(2)
N4 Os N3 78.5(2) C33 P Os 116.5(2)
C39 P Os 116.4(2) C45 P Os 113.3(2)
C39 P C33 100.8(3) C45 P C33 103.4(3)
C45 P C39 104.5(3) C1 01 Os 127.1(4)
67 N1 Os 128.7(5) C8 N1 Os 111.5(4)
cs8 N1 C7 119.8(6) C13 N2 Os 110.1(4)
C14 N2 Os 123.6(5) C14 N2 C13 114.4(6)
C21 N3 Os 127.1(5) C32 N3 Os 113.6(5)
C32 N3 C21 119.2(6) C30 N4 Os 129.7(5)
C31 N4 Os 113.8(4) C31 N4 C30 116.2(6)
C2 C1 01 115.8(6) Cé 5 01 125.8(7)
Cé C1 C2 118.3(7) C3 c2 121.9(8)
C4 C3 &0 120.4(9) C5 C4 C3 118.0(9)
Ceé Cs C4 123.1(8) Cs Cé gi 118.2(7)
C7 Cé C1 126.0(7) c7 Cé Cs 115.7(7)
N1 C7 02 124.0(7) Cé o7 02 116.4(7)
Cé C7 N1 119.6(7) C9 c8 N1 126.4(7)
C13 c8 N1 114.8(6) C13 C8 C9 118.6(7)
C10 Co C8 120.4(7) c11 C10 C9 120.5(8)
C12 C11 C10 120.3(8) C13 C12 C11 119.5(8)
C8 C13 N2 118.0(6) C12 C13 N2 121.1(7)
- C12 C13 Cs 120.7(7) N2 Cl4 03 122.7(7)
. C15 C14 03 118.4(7) C15 C14 N2 118.9(7)

. C16 C15 C14 118.4(8) C20 C1s C14 121.9(8)
' C20 C15 C16 119.7(8) Ci15 C16 04 122.8(8)
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Atom Atom Atom Angle Atom Atom Atom Angle
;17 C16 04 119.0(9) o17 C16 C15 118.2(9)
C18 C17 C16 121.2(10) C19 C18 C17 120.9(11)
c20 C19 C18 118.7(10) C19 C20 C15 121.2(8)
c22 (301 N3 121.3(8) C23 C22 C21 120.4(9)
C24 C23 C22 119.2(9) C25 C24 C23 123.9(9)
C32 C24 C23 118.6(8) C32 C24 C25 117.5(8)
B 26 C25 C24 121.3(9) C27 C26 C25 121.6(9)
28 C27 C26 124.0(9) C31 C27 C26 118.2(8)
. cst C27 C28 117.8(8) C29 C28 C27 119.4(9)
B C30 C29 C28 120.0(9) C29 C30 N4 123.1(8)
* c27 C31 N4 123.6(7) C32 C31 N4 116.7(7)
\ C32 C31 C27 119.7(7) C24 C32 N3 121.3(7)
f C31 C32 N3 117.1(7) C31 C32 C24 121.6(7)
? C34 C33 P 123.2(6) C38 C33 P 117.7(6)
B C33 C33 C34 119.2(7) C35 C34 C33 119.8(8)
~ 36 C35 C34 121.2(9) C37 C36 C35 119.6(9)
. C38 C37 C36 120.7(9) Cat C38 C33 119.6(8)
| 40 C39 P 118.9(6) C44 C39 P 122.1(6)
C44 C39 C40 118.9(7) C41 C40 C39 119.6(8)
& Ca2 c41 C40 119.9(8) C43 C42 C41 120.7(8)
o C43 Cc42 120.2(8) - C43 C44 C39 120.7(7)
- C46 C45 P 123.3(6) C50 C45 P 119.5(6)
~ C50 C45 C46 117.2(7) C47 C46 C45 121.2(8)
e C47 C46 120.4(9) C49 C48 C47 119.5(9)
- 050 C49 C48 119.8(8) C49 C50 C45 122.0(8)

- 05 C52 C51 103.7(14) C53 C54 06 112(2)




94

and is formulated as Os(n®-(H)HBA-B)(PPhj)(phen). An ORTEP view of
the molecule is shown in Figure 2.8. The most surprising feature of
the structure of 15 is the coordination mode of the PAC ligand. The
HBA-B ligand is three coordinate through one phenolate and two N-amido
donors. The second phenol of the PAC ligand 1is not coordinated.
(This is the first case we have observed of a three-coordinate PAC
ligand of this type.so) The pseudo-octahedral coordination geometry
about the osmium 1is completed with a bidentate phenanthroline ligand
and a triphenylphosphine ligand. Table 2.8 gives a listing of impor-
tant bond distances and angles in 15. Loss of one triphenylphosphine
ligand has accompanied coordination of the phenanthroline ligand, but
rather than lose a second phosphine ligand, dissociation of one arm of
the HBA-B ligand occurs. This is an interesting demonstration of the
high affinity the osmium center has for the second phosphine ligand.
No reaction of the osmium(HBA-B)-phosphine complexes has been observed
to produce a complex without a phosphine ligand.

There are two possible formulations of 15: (1) a neutral osmi-
um(III) complex with the free phenol of the HBA-B ligand being proto-
nated, and (2) an osmium(IV) zwitterion consisting of an osmium cation
and phenolate anion. These two possibilities cannot be differentiated
on the ©basis of the «crystal structure data alone. No distinctive
v(OH) band can be located in the IR spectrum, but hydrogen bonding
with the amide oxygen 1is expected, and the intramolecular O(3)—0(4)
distance of 2.58(1) A is consistent with such bonding®' The -cyclic
voltammogram of 15 (Table 2.3) shows a reversible one-electron reduc-

tion at —1.12 V, a reversible one-electron oxidation at —0.31 V, and a
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second reversible one-electron oxidation at +0.72 V vs. Fc¢¥/Fc. The
potentials of the three reversible couples and the fact that there are
two oxidations and one reduction imply that 15 is an osmium(III) com-
plex. (Oxidation of an osmium(IV)-phenoxide zwitterion 1is expected to
occur at a potential at least 1 V positive of that observed.) The os-
mium(III) formulation could also explain the absence of an NMR spec-
trum. Further support for this formuldtion 1is obtained by treating
15 with acetic anhydride to give the mono-acetlyated product 16 as
shown 1in Scheme 2.9. Acetylation has likely occurred at the phenol
oxygen. The analysis shows that 16 is a neutral species, and has the
formulation Os((CH3CO)HBA-B)(PPh3)(phen) consistent with acetylation
of a protonated phenol. (Acetylation of an osmium(IV) zwitterion
would give a cationic species.)) The cyclic voltammogram of 16 is al-
most‘idcntical to that of 15, as would be expected. The formal poten-
tials for the reversible couples of 16 are —1.11 V, —0.28 V, and +0.68
V (irreversible) vs. Fct/Fc. The IR spectrum of 16 is also quite sim-

ilar to that of 15, except for the new ester band at 1767 cm™*.
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Scheme 2.9. Acetylation of Os(n® -(H)HBA-B)(PPh3)(phen) (15).
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Conclusions

The synthesis of osmium(HBA-B) compounds presented in this chap-
ter demonstrates the wealth of ligand substitution chemistry and syn-
thetic  versatility available to these complexes. trans-Os(n* -HBA-B)-
(PPh3)2 has ;;roven to be a valuable starting material to make a varie-
ty of osmium(IV) complexes, due to the lability of the phosphine
ligands. Phosphine substitution will occur with neutral two-electron
donor ligands (phosphines, pyridines, imidazoles), with anionic two-
electron donors (chloride), and with neutral =-acid ligands (carbon
monoxide, isocyanides). Because of the rich substitution chemistry
with a variety of ligands, we were able to make a group of very dif-
ferent osmium complexes of HBA-B, which allowed us to study the prop-
erties of the PAC ligand in a variety of environments.

A very important property of the PAC ligands is their donating
ability. The properties 'and reactivity of the Os(HBA-B) complexes
give valuable information concerning the donating ability of the PAC
ligands. The electrochemical properties of the complexes, specifical-
ly the low formal potentials of the redox couples, indicate that the
PAC ligands are indeed very good electron donors. Further testimony
to the powerful donating nature of the HBA-B ligand comes from the
synthetic chemistry. Not only were osmium(IV) complexes of carbon
monoxide and ¢-butylisocyanide synthesized and found to be quite sta-
ble, but the C=0 and C=N stretching frequencies imply a degree of =-

back-bonding that is surprising for such high oxidation state complex-
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es. This is only possible because the HBA-B ligand is such a good do-
nor to the osmium center. Perhaps this donation, and the softness of
the metal center also account for the high affinity we have observed
of the osmium for a soft phosphine ligand.

Included in the discussion of the donating ability of PAC ligands
is the question of non-innocence of aromatic rings of the PAC ligands.
We see that if the osmium center is made too electron-deficient, the
PAC ligand can compensate through resonance, shifting electron densi-
ty to the osmium from a benzene ring. This has important implications
for the future of PAC ligand design. If the goal is to make high oxi-
dation state complexes, PAC ligands with an aliphatic framework must
be used to avoid the problems of oxidation state formalism. If the
goal is to make highly oxidizing complexes this type of resonance
should also be Ilimited, so thgt a mechanism to lower the oxidizing
power of the metal does not exist.

Another important discovery concerns the coordination geometries
of the HBA-B ligand. Tﬁis area was initiated by the discovery of the
cis-aa complexes formed with =n-acid ligands, and led to the intentional
synthesis of cis complexes wusing bidentate ligands. In thinking about
inorganic PAC ligand complexes it is important to know that all coor-
dination geometries of the PAC ligands are possible; the HBA-B ligand
need not always be planar. In the case of cis-B-Os(n4-HBA-B)(dppe)
the HBA-B ligand is forced to assume a non-planar geometry. In the
case of cis-ot-Os(n4-HBA-B)(PPh3)(CO) and cz’s-oc-Os(n4-HBA-B)(PPh3)(t-
BuNC) the HBA-B ligand is not forced to adopt a cis conformation by

coordination of a bidentate ligand. There must be a reason for these



100

complexes to adopt the cis-a¢ geometry. We will see in Chapter 3 that
a significant change in the donating ability of the PAC ligand accom-
panies the change in coordination geometry and drives the formation of

cis-o¢ complexes.
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Experimental

Materials. Acetone (Mallinckrodt), benzene (thiophene free,
Aldrich), di-n-butyl ether (EM Science), diethyl ether (Baker), ethan-
ol (US. Industrial), hexanes (Aldrich), and methanol (Baker) were re-
agent grade and were used as received, unless otherwise noted. Di-
chloromethane (Baker) and tetrahydrofuran (Baker) were distilled from
calcium hydride prior to wuse. Acetic anhydride (Mallinckrodt), 2-ace-
tylsalicylic acid (Aldrich), t-butylisocyanide (Alfa), 4-¢t-butyl-
pyridine (Aldrich), carbon monoxide (Matheson), 4-(N,N-dimethyl-
amino)pyridine  (Aldrich),  4,4”-dimethylbipyridine  (Fluka), 2,2’-di-
pyridyl (99%, Aldrich), ethylene-bis-(diphenylphosphine) (97%,
Aldrich), hydrochloric acid (conc., Mallinckrodt), imidazole (MCB),
methyl iodide (Aldrich), osmium tetraoxide (99.8%, Alfa), 1,10-phenan-
throline  (Aldrich), 4-picoline (MCB), potassium hydroxide (Baker),
pyridine  (Baker), sodium hydroxide (Baker), tetra-s-butylammonium
chloride  (Kodak), tri-n-butylphosphine (Aldrich), triethylamine (rea-
gent, MCB), trifluoroacetic acid (98.5%, MCB), and triphenylphosphine
(99%, Aldrich) were all used as received. Oxalyl chloride (Aldrich)
was freshly distilled under nitrogen prior to use. The o-phenylene-
diamine (Aldrich) was recrystallized from toluene (Baker). Silica gel

used in column chromatography was 60-200 mesh (Davison).

Physical Measurements. 1H NMR spectra were recorded at 90 MHz on

a Varian EM-390 spectrometer, at 89.83 MHz on a JEOL FX90-Q spectrome-
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ter, at 399.7822 MHz on a JEOL GX-400 spectrometer, or at 500.135 MHz
on a Bruker WM-500 spcctrometer.32 'H chemical shifts are reported in
ppm(8) vs. Me4Si with the solvent (CDC13, 6 7.24; acetone-d,, & 2.04)
as internal standard. 3!P NMR spectra were recorded at 36.28 MHz on a
JEOL FX90-Q spectrometer. 31p chemical shifts are reported in ppm(d)
vs. an 85% phosphoric acid external standard. Infrared spectra were
recorded on a Beckman IR 4240 spectrometer. Magnetic moments were ob-
tained on a Cahn Faraday magnetic susceptibility balance equipped with
a permanent magnet. The magnetic balance was calibrated using
HgCo(SCN),4. Elemental analyses were obtained at the Caltech analyti-
cal facility. Solvents of crystallization were quantified by 'H NMR
spectroscopy of the authentic samples submitted for elemental analy-

S€ES.

Electrochemical Procedures. Dichloromethane (Mallinckrodt) used
in cyclic voltammetric experiments was reagent grade and was further
purified by distillation from calcium hydride. TBAP supporting elec-
trolyte (Southwestern Analytical Chemicals) was dried, recrystallized
twice from acetone/diethyl ether, and then dried under vacuum. The
TBAP concentration in all solutions was 0.1 M. BPG electrodes (Union
Carbide Co., Chicago) used for cyclic voltammetry were cut and mounted
as previously described.® ® The reference electrode was a saturated
KCl silver/silver chloride electrode (Ag/AgCl). In all cases
ferrocene was added at the conclusion of the experiment as an internal
potential standard.!® All potentials are quoted with respect to the

formal potential of the ferrocinium/ferrocene couple which, wunder
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these conditions, we have consistently measured as +048 V vs. SCE, or
ca. +0.70 V vs. NHE.

Cyclic voltammetry and controlled potential electrolyses were
performed with a Princeton Applied Research Model 173/179
potentiostat/digital coulometer equipped with positive feedback IR-
compensation and a Model 175 wuniversal programmer. Current-voltage

curves were recorded on a Houston Instruments Model 2000 X-Y recorder.

X-ray Data Collection and Structure Determination of 10. A crys-
tal approximately 0.1 x 0.1 x 03 mm of cis-or-Os(n4-HBA-B)(PPh3)(CO)
was obtained from an dichloromethane/ethanol solution. Oscillation
and Weissenberg photographs indicated a monoclinic space group, and
the systematic absences (h0R, 2 = 2n+l; 0k0, k = 2n+l) verified the
space group P2, /c (Cgh, No. 14). The intensity data were collected on
an Enraf-Nonius CAD4 diffractometer with graphite monochromator and Mo
Ka radiation (A = 0.7107 A). The unit cell parameters were obtained
by least-squares refinement of the orientation matrix based on twenty-
five reflections in the range: 15.0° < 26 < 24.1°. The intensity
measurements were recorded for all reflections in one hemisphere (4.0°
< 28 < 50°) wusing ©6—26 scans at a variable scan speed. The three
check reflections indicated no decomposition, and the data were re-
duced to Fg’s; the variances of the intensities were obtained from
counting statistics plus an additional term (0.02 X scan counts)z.
The form factors were taken from The International Table for X-ray
Crystallography, Vol. IV, Table 2.2B2* Those of osmium and phospho-

rous were corrected for anomalous dispersion. Details of the data
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collection are summarized in Table 2.5.

The atomic position of the Os atom was derived from the Patterson
map. Subsequent Fourier and difference maps revealed all non-hydrogen
atoms of the ligands. After several cycles of least-squares refine-
ment, hydrogen atoms were placed at a distance of 095 A from their
respective carbon atoms by assuming ideal geometry, with fixed U =
0.065 AZ. Several cycles of full-matrix least-squares refinement min-
imizing ZW[Fg = (Fc/k)zj]2 on all non-hydrogen atoms with anisotropic
thermal parameters for Os and P, and isotropic thermal parameters for
all other atoms, vyielded RF = 0.059, R3o = 0.044, and GOF = 2.62;
data-to-parameter ratio = 10.6.

X-ray Data Collection and Structure Determination of 15. A crys-
tal of Os(n3-(H)HBA-B)(PPh3)(phen) was obtained from a dichloro-
methane/ethanol solution. Intensity data were collected on a Nicolet
P2, diffractometer using the 6—26 scanning technique. Three check re-
flections monitored every 100 data measurements showed a decrease in
intensity of about 2% during the 250 hours of X-ray exposure. The in-
tensities were corrected for a linear decay and reduced to |F0| 8,
Multiple observations were averaged to vyield 8145 independent reflec-
tions. No absorption correction was applied.

The positions of the osmium and phosphorous atoms were obtained
from a three-dimensional Patterson function and the rest of the non-
hydrogen atoms were recovered from subsequent Fourier and difference
Fourier syntheses. The R factor was 0.25.

Refinement was carried out by full-matrix least-squares methods.

The quantity minimized was Zw(F(Z) — Fg)z, with weight w = l/oz(Fg).
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Atomic scattering factors with the real part of anomalous dispersion
applied to these for osmium and phosphorous were obtained from the In-
ternational Tables.®* Calculations were carried out on a VAX 11750
computer using the CRYM system.

After several cycles of least-squares adjustment of the coordi-
nates for all non-hydrogen atoms, anisotropic thermal parameters for
osmium and phosphorous, and isotropic thermal parameters for the rest,
the R factor was reduced to 0.066. At this stage all hydrogen atoms,
except those attached to oxygen atoms, were inserted in their calcu-
lated positions with assigned isotropic thermal parameters the same as
their parent carbon atoms. During the last four cycles a list of 596
parameters was adjusted: atomic coordinates and anisotropic thermal
parameters of all the non-hydrogen atoms, a scale factor and a second-
ary extinction coefficient. Atomic coordinates of all except the sol-
vent atoms were Kkept in one matrix, the scale factor, the secondary
extinction coefficient, and the anisotropic thermal parameters of all
except the carbon atoms in the triphenylphosphine group of the osmium
complex in a second matrix, and the rest of the parameters in a third
matrix. Parameters of the hydrogen atoms were not refined.

The final R index for 7897 reflections was 0.054 and the final
value of the secondary extinction parameter was (0.26 £ 0.03) x 167%.

A list of experimental parameters is given in Table 2.7.

Syntheses. All reactions were carried out in air unless other-

wise noted. K,[Os(OH)4(0),] was prepared as described in the litera-

turc.3 5
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H,HBA-B (1). 2-Acetylsalicylic acid (50.0 g; 0.27 mol) was
heated at 30°C in oxalyl chloride under a nitrogen atmosphere (4 h).
Excess oxalyl chloride was removed under reduced pressure. The resi-
due was dissolved in dichloromethane (30 mL) and the dichloromethane
was removed under vacuum. This washing process was repeated three
times. The residue was then dissolved in dichloromethane (100 mL) and
chilled to 0°C. This solution was added dropwise to a stirred,
chilled solution of o-phenylenediamine (150 g; 0.138 mol) in di-
chloromethane (100 mL) that was cooled continuously in an ice-bath.
The mixture was stirred (I h), excess (>2 -equivalent) triethylamine
was added, and the mixture was again stirred (0.5 h). The mixture was
treated with 6 M NaOH solution (100 mL) and the organic volatiles were
removed on a rotary evaporator. The remaining aqueous solution was
decanted from the wundissolved organic residue. The residue was dis-
solved in a small amount of acetone and then treated with an addi-
tional portion of 6 M NaOH solution (100 mL). The aqueous solutions
were combined and slowly acidified with concentrated HCI. The pre-
cipitate was collected, washed with water, and recrystallized from ac-
etone/water. Yield: 783 g (81%). Anal. Caled for CyoHgN,Oy4 G,
68.96; H, 4.63; N, 8.04. Found: C, 69.04; H, 4.75; N, 8.14. IR
(Nujol): 1640 cm™ (s), v(amide); 1610 cm™ (s), v(amide); 1590 cm™
(s), v(amide). ' H NMR: See Table 2.2.

Kzltrans—Os(n4-HBA-B)(O)zl-HZO (2). A solution of
K2[Os(OH)4(O)2] (2.01 g; 5.46 mmol) in methanol (500 mL) was added to
a solution of H,HBA-B (1.90 g; 5.46 mmoi) in THF (200 ml) that was

continuously stirred. The solution was heated on a hotplate (ca.
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40°C; 0.5 h). After cooling, the clear brown solution was evaporated
to dryness on a rotary evaporator. The residue was dissolved in eth-
anol, di-n-butyl ether was added and the ethanol was removed on a
rotary evaporator to give brown crystals. The product was filtered
and washed with diethyl ether. Yield: 3.60 g (100%). Anal. Calcd
for C20H12N2K204OS°H20: C, 36.25; H, 2.13; N, 4.23. Found: C, 36.35;
H, 2.40; N, 4.07. IR (Nujol): 1600 cm™ (vs), v(amide); 822 cm™
(s), V,(0s(0),). 'H NMR: See Table 2.2.

trans-Os(n*-HBA-B)(PPh3);,  (3).  K,[trans-Os(n*-HBA-B)(0),]* H,0
(1.02 g; 158 mmol) and triphenylphosphine (2.0 g; 6.32 mmol) were
dissolved in a mixture of ethanol (25 mL) and THF (45 mL). Excess
CF3C02H (0.5 mL) was added and the solution was stirred at room tem-
perature (10 min), after which the solution turned from brown to dark
green. Ethanol (20 mL) was added and the THF was removed on a rotary
evaporator to give dark green crystals. The product was filtered and
washed with ethanol and hexanes. The solid was recrystallized from
dichloromethane/ethanol containing PPh, (250 mg). The final product
was filtered and washed with ethanol and hexanes. Yield: 123 g
(73%).  Anal. Caled for Cg¢HyoN,0,40sP, «0.5(H,0)*0.5(CH3CH,OH): C,
62.74; H, 4.26; N, 257. Found: C, 62.67; H, 444; N, 245 IR
(Nujol): 1600 cm™ (s), v(amide). ' H NMR: See Table 2.2.

trans-Os(n4-HBA-B)(PBu3)2 (4). Benzene (100 mL) was degassed by
bubbling nitrogen through it (20 min). trans-Os(n4-HBA-B)(PPh3)2
(200 mg; 0.19 mmol) was dissolved, and PBu, (1.0 mL; 4.0 mmol) was
added via gastight syringe. The solution was stirred under N, at room

temperature (6 h). The solvent was removed on a rotary evaporator and
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the residue was dissolved in a minimum of dichloromethane. The solu-
tion was purified by chromatography on a silica gel column eluting
with dichloromethane. The red-brown band was collected and the prod-
uct crystallized from a small amount of pentane. Yield: 100 mg
(56%). Anal. Caled for Cy4HgocN,O40sP: C, 5627, H, 7.08; N, 298
Found: C, 5639, H, 6.89; N, 3.06. IR (Nujol): 1604 cm™ (s),
v(amide). 'H NMR: See Table 2.2.

trans-Os(n* -HBA-B)(PPh3)(py) (5).  trans-Os(n*-HBA-B)(PPh;), (98
mg; 925 x 107° mol) was dissolved in dichloromethane (15 mL). Excess
pyridine (0.25 mL) was added and the solution was stirred at room tem-
perature (5 min). The solution was stripped to dryness on a rotary
evaporator and the residue was dissolved in a minimum of dichlorometh-
ane. The product was purified by chromatography on a short silica gel
column, eluting first with dichloromethane to remove excess PPh3, and
then with 4/1 dichlpromethane/acetone to remove the purple product.
The compound was crystallized from dichloromethane/hexanes. Yield:
77 mg (92%). Anal. Caled for Cy3H;35N3040sP+0.33(CcH 4 C, 59.74; H,
4.09; N, 4.65. Found: C, 59.71; H, 4.12; N, 4.62. IR (Nujol): 1604
em™ (s), v(amide). ' H NMR: See Table 2.2.

trans-Os(n* -HBA-B)(PPh;)(t—Bupy)  (6). trans-Os(n* -HBA-B)(PPh3),
(121 mg; 0.11 mmol) was dissolved in dichloromethane (15 mL). Excess
4-t-butylpyridine (0.25 mL) was added and the solution was stirred at
room temperature (5 min). The solution was stripped to dryness on a
rotary evaporator and the residue was dissolved in a minimum of di-
chloromethane. The purple solution was purified by column chromatog-

raphy on silica gel, eluting first with dichloromethane to remove ex-
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cess PPh3, and then with 4/1 dichloromethane/acetone to remove the
product. The product was crystallized from dichloromethane/hexanes.
Yield: 83 mg (78%). Anal. Calcd for C52H4ON3O4OSP-0.33(C6H14): C,
61.25; H, 4.69; N, 4.38. Found: C, 61.28; H, 4.66; N, 437. IR
(Nujol): 1603 cm™ (s), v(amide). ! H NMR: See Table 2.2.

trans-Os(n* -HBA-B)(PPh3)(4-pic) . trans-Os(n* -HBA-B)(PPhs),
(300 mg; 0.28 mmol) and 4-picoline (0.3 mL) were dissolved in di-
chloromethane (25 mL). The solution was stirred at room temperature
(5 min). The resulting purple solution was stripped to dryness on a
rotary evaporator. The residue was dissolved in a minimum of di-
chloromethane and purified by chromatography on a silica gel column.
Elution was done first with dichloromethane to remove excess PPh3, and
then with 4/1 dichloromethane/acetone to remove the purple product.
Crystallization was from dichloromethane/hexanes. Yield: 200 mg
(79%).  Anal. Caled for Cy4H34N3040sP+0.33(CH,Cl,)*0.33(H,O0): (6
58.00; H, 3.81; N, 458 Found: C, 5789, H, 392; N, 454 IR
(Nujol): 1604 cm™ (s),v(am'idc). 1 H NMR: See Table 2.2.

trans-Os(n4 -HBA-B)(PPh3)(ImH) (8). trans-Os(n* -HBA-B)(PPh3)2
(400 mg; 0.38 mmol) was dissolved in dichloromethane (25 mL) and imid-
azole (80 mg; 1.2 mmol) was added. The mixture was stirred at room
temperature (5 min). The solvent was removed on a rotary evaporator
and the residue was dissolved in a small amount of dichloromethane.
The solution was run down a silica gel column eluting the excess PPhj
with dichloromethane, and eluting the product as a purple band with
4/1 dichloromethane/acetone. The product was crystallized from di-

chloromethane/hexanes. Yield: 289 mg (88%). Anal. Caled for
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C41H31N4040sP+0.13(CH,Cl;)*0.13(CoH;OH): C, 56.47; H, 3.65; N, 6.35.
Found: C, 56.50; H, 3.64; N, 6.31. IR (Nujol): 1596 cm™! (s), v(am-
ide). 'H NMR: See Table 2.2.

(NBu“)[tram:-Os(n4 -HBA-B)(PPh3)(Cl)] 9). trans-Os(n 4 -HBA-B)-
(PPh3)2 (200 mg; 0.19 mmol) and NBuyCl were dissolved in dichlorometh-
ane (40 mL). The solution was stirred at room temperature (45 min),
and the solvent was removed on a rotary evaporator. The residue was
dissolved completely in a small amount of ethanol (5 mL). After a mi-
nute or two crystals of the product came out of solution. The mixture
was allowed to stand (1 h) to allow full crystallization. The purple
crystals were filtered and washed with a small amount of ethanol, and
diethyl ether. Yield: 162 mg (80%). Anal. Calcd for C54Hg3N3ClO4Os-
P+0.25(CH,Cl,). C, 5945; H, 584; N, 383 Found: C, 5927; H,
578; N, 3.86. IR (Nujol:: 1600 cm™ (s), v(amide). 'H NMR: See
Table 2.2.

cis-a-Os(n4-HBA-B)(PPh3)(CO) (10). Benzcné (100 mL) was de-
oxygenated by bubbling a nitrogen stream through it (20 min). trans-
Os(n4-HBA-B)(PPh3)2 (500 mg; 0.47 mmol) was dissolved in the benzene
and carbon monoxide was bubbled through the solution at room tempera-
ture (1.5 h). Methyl iodide (1 mL) was added and CO bubbling was con-
tinued (0.5 h). Another portion of Mel (1 mL) was added and CO bub-
bling continued (0.5 h). The resulting violet solution was passed
down a silica gel column by elution with a large quantity of benzene
until the eluent was colorless. The benzene was removed on a rotary
evaporator and the residue was crystallized from dichloromethane/eth-

anol to yield violet crystals. Yield: 125 mg (32%). Anal. Caled for
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C39H27N20505P: C, 56.79; H, 3.30; N, 340. Found: C, 5659, H,
3.44; N, 338. IR (CH,Cly): 1985 cm™ (vs), v(C=0); 1695 cm™ (s),
v(amide); 1640 cm™ (s), v(amide). ' H NMR: See Table 2.2.

cis-a-Os(n‘-HBA-B)(PPh3)(t—BuNC) (11). Benzene (100 mL) was de-
oxygenated with a nitrogen stream (20 min). trans-Os(n4-HBA-B)(PPh3)2
(500 mg; 0.47 mmol) was dissolved, and excess ¢-butylisocyanide (0.10
mL; 0.89 mmol) was added. The solution was stirred under a nitrogen
atmosphere (30 min) at room temperature and then reduced to a small
volume on a rotary evaporator. The solution was placed on a short
silica gel column and eluted with dichloromethane. The violet solu-
tion was collected, the solvents were removed on a rotary evaporator,
and the product was crystallized from dichloromethane/hexanes. The
violet microcrystalline solid was filtered and washed with ice-cold
hexanes. Yield: 402 mg (97%). Anal. Caled for Cy3H34N3040sP*0.75-
(CH2C12): C, 55.69; H, 4.01; N, 445. Found: C, 5560; H, 4.17; N,
443. IR (Nujol): 2135 cm™ (vs), v(C=N); 1680 cm™ (s), v(amide);
1625 cm™! (s), v(amide). 1 NMR: See Table 2.2.

cis-B-Os(n*-HBA-B)(dppe)  (12). trans-Os(n* -HBA-B)(PPh3), (500
mg; 0.47 mmol) and diphenylphosphinoethane (200 mg; 2.36 mmol) were
dissolved in dichloromethane (100 mL) and the solution was stirred
overnight at room temperature. Ethanol was added and the dichloro-
methane was removed on a rotary evaporator to produce a green solid.
The solid was filtered and washed with a small portion of ice-cold
ethanol, and hexanes. Yield: 359 mg (82%). Anal. Caled for CygHqe-
N,040sP,: C, 59.22; H, 3.89; N, 3.00. Found: C, 59.22; H, 3.89; N,

3.04. IR (Nujol:: 1657 cm™ (s), v(amide); 1600 cm™!  (s), v(amide).



112

!H NMR: See Table 22. *!P NMR (CDCl3): 6 —64.08 (s, 1P); —86.55
(s, 1P).

Os(n3-(H)HBA-B)(PPh3)(bipy) (13). trans-Os(n4-HBA-B)(PPh3)2 (500
mg; 0.47 mmol) and 2,27-bipyridine (125 mg; 0.80 mmol) were dissolved
in dichloromethane (100 mL) and the solution was stirred at room tem-
perature (18 h). Ethanol was added and the dichloromethane was re-
moved on a rotary evaporator to effect crystallization. The brown
crystals were filtered washing with ethanol and hexanes. Yield: 381
mg (85%). Anal. Calcd for C48H36N4O4OSP-(H20): C, 59.31; H, 3.94; N,
576. Found: C, 59.40; H, 4.10; N, 578. IR (Nujol): 1620 cm™
(s), v(amide); 1600 cm™ (s), v(amide).

Os(n®-HBA-B)(PPh3)(DMBP) (14).  trans-Os(n*-HBA-B)(PPh3), (200
mg; 0.19 mmol) and 4,4”-dimethylbipyridine (50 mg; 0.27 mmol) were
dissolved in dichloromethane (50 mL) and the solution was stirred at
room temperature (7.5 h). Ethanol was added and the dichloromethane
was removed on a rotary evaporator to give brown crystals. The prod-
uct was filtered and washed with ethanol and diethyl ether. Yield:
160 mg (86%). Anal. Calcd for C50H40N4O4OSP: C, 61.15; H, 4.11; N,
570. Found: C, 60.56; H, 4.12; N, 565 IR (Nujol): 1620 cm™
(s), v(amide); 1600 cm™ (s), v(amide).

Os(ns-HBA-B)(PPh3)(phen) (15). trans-Os(n4-HBA-B)(PPh3)2 (1.00
g; 094 mmol) and 1,10-phenanthroline (200 mg; 1.11 mmol) were dis-
solved in dichloromethane (100 mL) and the solution was stirred at
room temperature (30 min). Ethanol was added and the product was
crystallized by removal of dichloromethane on a rotary evaporator.

The brown crystals were filtered and washed with ethanol and diethyl
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ether. Yield: 846 mg (92%). Anal. Calcd for C50H36N4O4OSP: C,
61.40; H, 3.71; N, 5.73. Found: C, 6095 H, 3.86; N, 556. IR
(Nujol): 1610 cm™ (s), v(amide); 1595 cm™! (s), v(amide).
Os(n®-(CH3CO)HBA-B)(PPh3)(phen)  (16).  Os(n®-(H)HBA-B)(PPhy)-
(phen) (50 mg; 1.1 x 10® mol) was dissolved in dichloromethane (10
mL). 4-(N,N-dimethylamino)pyridine (5 mg; 4.1 X 1075 mol),
triethylamine (1 mL), and acetic anhydricie (1-2 mL) were added. The
solution was stirred at room temperature (20 min). The solution was
stripped to dryness on a rotary evaporator and the residue was dis-
solved in a small amount of dichloromethane. The mixture was columned
on silica gel eluting first with dichloromethane and then with 3/2 di-
chloromethane/acetone to remove the brown product. The product was
crystallized from  dichloromethane/hexanes. Yield: 35 mg (67%).
Anal. Calcd for C52H38N4O505P°(C6H6)z C, 63.43; H, 4.04; N, 5.10.
Found: C, 6349; H, 4.11; N, 509. IR (Nujol): 1767 cm™  (m),

v(C=0, ester); 1600 cm™ (s), v(amide).
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Chapter 3

Nonplanar amide ligands
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Introduction

The results in Chapter 2 demonstrated the synthetic value of
trans-Os(n4-HBA-B)(PPh3)2 (3). The lability of the phosphines allowed
the synthesis of many osmium(IV) species with varied auxiliary
ligands. Reaction of 3 with carbon monoxide resulted in a cis-aa com-
plex, coordinating the tetradentate ligand in a nonplanar geometry.
Following this discovery, other PAC ligand complexes with cis geome-
tries were synthesized. For instance, reaction of 3 with 1,2-bis-
(diphenylphosphino)ethane  (dppe) gave cis-B-Os(n* -HBA-B)(dppe)  (12).
John Keech! found in his work with the PAC ligand CHBA-DCB that cis-8-
Os(n* -CHBA-DCB)(bipy)? and cis-a-Os(n* -CHBA-DCB)(PPh;)(t-BuNC)®
(H4CHBA-DCB = 1,2-bis(3,5-dichloro-2-hydroxybenzamido)-4,5-dichloro-
benzene) could be made.

When the tetradentate HBA-B ligand changes from planar coordina-
tion in a trans complcx' to nonplanar coordination in a cis complex,
what are the accompanying structural changes in the HBA-B ligand? Ex-
amination of crystal structures of cis-o¢ complexes shows that twisting
the planar ligand in a trans complex to be nonplanar in a cis-a com-
plex results in substantial rotation about the amide C—N bonds, for-
ming nonplanar amide ligands.

Nonplanar amides in organic molecules are rare, and the PAC
ligand complexes discussed here contain the first examples of non-
planar N—amido ligands. A review of the crystallographic database for

all secondary amide ligands demonstrates that the degree of non-pla-
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narity of the amide ligands in the osmium PAC ligand complexes is in-
deed unusual.

Rotation about amide C—N bonds disrupts amide resonance delocali-
zation and consequently rotation is subject to substantial activation
barriers (10—35 kcal-mol'l).4 Formation of nonplanar amide ligands
must be accompanied by an energy gain that makes the process favora-
ble. We have discovered three causes for the formation of nonplanar
amide ligands: (1) structural constraints of the coordination sphere
force the formation of nonplanar amides, (2) formation of nonplanar
amides is thermodynamically favored because of increased metal-ligand
bonding of the nonplanar compared to the planar N—amido ligand, and
(3) non-planarity is caused by steric constraints. All three types of

nonplanar N—amido ligands are demonstrated by osmium complexes of HBA-

B.
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Results and Discussion

Our interest in osmium-PAC ligand complexes with cis-« and cis-B°
geometries began with the discovery of the cis complexes. As dis-
cussed in Chapter 2, reaction of trans-Os(rf*-HBA-B)(PPh3)2 (3) with
carbon monoxide leads to a tetradentate ligand isomerization and the
product cis-ot-Os(n4-HBA-B)(PPh3)(CO) (10). The geometry of 10 is de-
termined from the crystal structure, which is also reported in Chapter
2. For the isomerization of the HBA-B ligand from its coordination
geometry in a trans complex to its coordination geometry in a cis com-
plex to occur, what structural changes of the HBA-B ligand are neces-
sary? That is, what are the degrees of freedom in the PAC ligand that
allow it to twist from a planar arrangement and adopt a cis geometry?
A close examination of the crystal structure of the cis-a complex,
cis-o-Os(n* -HBA-B)(PPh3)(CO) (10), answers this question.

Figure 3.1 shows an ORTEP view of 10. (An alternate view is
shown in Figure 26.) In this particular view, the viewing axis is
along one of the coordinated amide carbon-nitrogen bonds. The Cl14—04
vector lies at an angle of 76° from the amide nitrogen plane defined
by N2, Os, C13, and Cl4. The phenol arm of the HBA-B ligand (02, Cl15,
Cl6, Cl17, C18, Cl19, C20) and the amide carbonyl group (Cl4, O4) are
still planar, and the phenylene bridge with the amide nitrogen atoms
(C8, C9, C10, C11, Cl12, C13, NI, N2) is also planar. (The other amide
group shows a similar distortion.) In forming a cis-8 complex from a

trans complex, one arm of the PAC ligand moves from an equatorial co-
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Figure 3.1. ORTEP view of cis-a-Os(n* -HBA-B)(PPh3)(CO) (10)

showing nonplanar amide groups.
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ordination site to an axial site. A cis-a¢ complex is formed by twist-
ing both arms of the PAC ligand out of the equatorial plane to occupy
axial positions. (See Figure 2.1.) The major deformation in the HBA-
B ligand resulting from the twisting of an arm to an axial position is
rotation about the amide C—N bond. The rotation about these bonds re-
sults in nonplanar amide ligands. A cis-8 PAC ligand complex contains
one nonplanar amide ligand and a cis-a& complex contains two nonplanar
amide ligands.

In organic chemistry, nonplanar amides are quite rare. The rea-
son for this is the amide resonance delocalization shown in Scheme
3.1. This resonance requires a planar amide group, demonstrated by
high barriers to rotation (10—35 kcal*mol™*)* about the amide C—N
bonds. Nonplanar amides have been recognized in several instances.
These include formamide,6 some constrained molecules such as certain

7

lactams (including penicillin and cephalosporin antibiotics®), poly-

cyclic spirodilactams,9

and anti-Bredt bridgehead nitrogen com-
pounds.!© (Figure 3.2.)

Dunitz and Winkler have carried out a detailed structural analy-
sis of nonplanar organic amides. They define three parameters 7, X,

1 The most obvious deformation

and X, to describe nonplanar amides.}
of a planar amide to a nonplanar amide is twisting about the amide C—N
bond. Dunitz and Winkler have found that accompanying this twisting
is a degree of pyramidalization at both the amide nitrogen and carbon
atoms. 7T approximates the angle between the unperturbed nitrogen and

carbonyl-carbon p-w-orbitals and measures the twisting about the C—N

bond. XN and X are measures of the out-of-plane bending around the
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Scheme 3.1. Organic amide resonance.
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Figure 3.2. Organic molecules containing nonplanar amide groups:
penicillin, a spirodilactam, and an anti-Bredt bridgehead

nitrogen molecule.
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nitrogen and carbon atoms, respectively.12 Figure 3.3 shows how these
three parameters are derived from three amide torsion angles, @5 @y,

and o calculated from the structural data. (The figure shows a pro-

3>
jection down the amide C—N bond, with the nitrogen directly behind the
carbon. The nitrogen is shown bound to osmium. In an organic amide
the Os 1is replaced by H.) For a rigorously planar amide, both the
nitrogen and carbonyl carbon atoms are sp? hybridized and X and X,
are both equal to 0°. However, the value of T can be either 0° or
180° depending upon whether the parent organic chain of the amide has
a cisoid or transoid geometry. The limiting values of these parame-
ters for a totally nonplanar amide and sp® hybridization at nitrogen
and carbon are T = *90°, Xy Xg = +60°. We have defined a modified
version of T, T, such that T = (t)modw. In contrast to 7T, this term
does not distinguish cisoid and transoid geometries. However, T pro-
vides an approximate measure of the smaller angle between the unper-
turbed nitrogen and carbonyl carbon = orbitals, and 1is easily visual-
ized (=90° £ T < 90°).

These amide angular parameters have been calculated for the two
amides in cis-x-Os(n* -HBA-B)(PPh3)(CO) (10). The T values of 46° and
73° indicate that both amide groups are decidedly nonplanar. Since
nonplanar organic amides are so rare, we wondered if these nonplanar
amide ligands were unusual in inorganic chemistry. As measured by the
angular parameters T, Xy, and X,, all amide ligands will exhibit some
degree of nonplanarity. In order to evaluate the degree of nonplanar-

ity of the amide ligands in 10 an extensive study was carried out. A

search of the Cambridge crystallographic database was undertaken for
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Figure 3.3. Projection down the amide C—N bond of a coordina-

ted amide showing the derivation of the angular parameters.
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7= ((w1 + w3)/2)mod2x

XN = (w3 — w3 + 7)mod2r

Xc = (w1 — w3 + 7)mod2r



132

all structurally characterized N-coordinated secondary amide
(RC(O)NR“M and RC(OM”)NR’M , R and R’ are general groups but do not
include H) functionalities. Bibliographic references and coordinate
data were obtained, calculations to give the T, XN and X parameters
for each N-amido ligand were carried out, and the results were com-
piled using the Cambridge database progfams. In Figure 3.4(A and B)
the calculated values of T, XN and Xy are plotted. Each point repre-
sents an amide ligand. There are 457 data points in Figure 3.4(A and
B), which include the data obtained from the Cambridge files,!® and
the data from structurally characterized PAC ligand complexes prepared
in our group.!* Of the 457 data points, 118 represent cases of mono-
dentate N-amido ligands where the parent free-base ligand is a second-
ary organic amide functional group. These data are plotted separately
in Figure 3.4(C and D). The dots represent points from the litera-
ture, and the diamonds represent points for osmium complexes of PAC
ligands where | T | values of > 25° are found.

The first thing to notice in these plots is that the scattering
is greater along the XN axis than it is along the T or Xo axes. This
agrees with several theoretical studies!!®»'®  which conclude that
pyramidalization at nitrogen is energetically less demanding than
pyramidalization at carbon or rotation about the C—N bond. The plots
also show that X is always quite small.

The second thing to notice is that very few amides have high T
values (| ¥ | > 25°) indicating substantial twisting about the amide C—N
bond. Table 3.1 shows all the complexes with RC(O)NR’M or RC(OM”)NR’'M

fragments where | T | > 25°, and lists their angular parameters. Com-
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Figure 3.4. Plots of angular parameters for all structurally
characterized RC(O)NR“M and RC(OM”)NR“M fragments. Dots rep-
resent literature points. Diamonds represent points for PAC

ligand complexes with | T | > 25°. (A and B): all data.

(B and C): all points for fragments where the free base

ligand is a secondary amide.



134

60
304
g .
Xc (o) 0 . ‘ o
N
_30-
—60 T T T T
-90 -60 -—-30 30 60

90



135

60

30 =

—30-

—60
—-90

—60



136

90

60

o
O
e
°
o
O
e
“§§- o.- o °
RIC BT <
ol % v
L
o
_
O
Nej
_
(@)
| | O_u
(@) o o -
(ap) (ap] e
— _ |
<

Xx



137

60
30
xo (1) 0 ; -&{E} * %
_30-
—60 . : | |
—90 -60 -—30 0 30 60 90



138

pounds 18 and 19 are PAC ligand compounds with a bidentate auxiliary
ligand and a cis-8 coordination geometry. They apparently exhibit
large T values because the structural constraints of the coordination
sphere force the formation of nonplanar N-amido ligands. Compounds 10
and 17 are cis-«-PAC ligand complexes so each has two nonplanar amide
ligands. The nonplanarity of the N-amido ligand in 20 is likely a re-
sult of the distortions of the PAC ligand arising from the osmium atom

14a In

sitting 0.55 A out of plane of the nitrogen and oxygen atoms.
the other four cases where the T values are large, the amide nitrogen
atom is involved in formal multiple bonding with its R’ ligand and/or
the C(O) group 1is involved in multiple bonding with its .R ligand.
This allows resonance delocalization further than the amide fragment.
None of the RC(O)NR’ ligands in these four cases is derived from a
parent organic amide functional group.

If we adopt the somewhat arbitrary criterion that an amide with
| ¥ | > 25° is a nonplanar amide, the plots in Figure 3.4 and Table 3.1
demonstrate that there are very few nonplanar amide ligands. The os-
mium complexes of PAC ligands form "very" nonplanar amide ligands, and
are the only nonplanar amide ligands derived from parent organic amide
functional groups. They also demonstrate one of the reasons for the
formation of nonplanar amides in the PAC ligand complexes. Structural
constraints imposed on the coordination sphere can force the PAC
ligand to coordinate in a geometry that requires nonplanar amides.
Complexes 10 and 17 also contain the PAC ligands in geometries requir-
ing nonplanar amides, but in these cases no structural constraints

exist. An energy stabilization of the cis-a isomers must exist for
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Table 3.1. Angular parameters for RC(O)NR“M and RC(OM”)NR’'M

fragments with | T | > 25°.
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b O
Ni

T

N —< =27 3 -3 h

CaHPd N—CeHs
>N—< ~15 8 3
CeHs 0

2 See ref. 2.

b See ref. 14a.
¢ Reported in this chapter.
d See ref. 3.

€ Einstein, F.W.B.; Nussbaum, S.; Sutton, D.; Willis, A.C. Organo-
metallics 1984, 3, 568-74.

f Uchiyama, T.; Takagi, K.; Matsumoto, K.; Ooi, S.; Nakamura,
Y.; Kawaguchi, S. Chem. Lett. 1979, 1197-200.

& Weiss, J.; Thewalt, U. Z. Anorg. Allg. Chem. 1966, 3483, 274-89.

b Hoberg, H.; Oster, B.W.; Kruger, C.; Tsay, Y.H. J. Organomet.
Chem. 1983, 252, 365-73.
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these complexes to offset the loss in energy from twisting the amide
C—N bonds.

As discussed above, the major change in the PAC ligand upon isom-
erization from a trans complex to a cis complex is the formation of
nonplanar amide groups. This 1is necessarily the result of isomeriza-
tion, because twisting about the amide C—N bond is the only way to al-
low a cis coordination geometry of the tetradentate PAC ligands. We
now show that in the cases of complexes 10 and 17, nonplanar amides
are thermodynamically favored, and isomerization occurs in order to
form nonplanar amide ligands. To explain why this is the case we must
look in more detail at the resonance picture of amides.

Scheme 3.2 shows resonance structures important for a coordinated
amide group. The structure with delocalization of negative charge to
the electronegative oxygen atom is an important contributor to the
overall structure. In a nonplanar amide twisting about the C—N bond
will limit the contribution from this resonance structure, and the
other resonance structures will dominate.

Examination of the IR spectra of some representative complexes
confirms the presence of this effect. The planar amides of the HBA-B
ligand, for example in trans-Os(n“-HBA-B)(PPh3)2, give rise to amide
carbonyl stretches at 1600 cm™ . The cis-B-Os(n4-HBA-B)(dppe) complex
contains one planar amide and one nonplanar amide. The IR spectrum

shows a carbonyl stretch at 1600 cm™ for the planar amide. The

nonplanar amide stretch is at 1657 cm'l, as a result of the decrease
in importance of the delocalization resonance structure and an accom-

panying increase in the C—O bond order. In a cis-o¢ complex such as
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Scheme 3.2 Resonance in a coordinated amide.
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cz's-a-Os(n“-HBA-B)(PPh3)(CO) (10) or cis-ot-Os(n4-HBA-B)(PPh3)(t-BuNC)
(11) both amide groups are nonplanar, and we observe a shift of both
amide stretches to higher frequency: 1695 and 1640 cm™ for 10 and
1680 and 1625 cm™ for 11. As pointed out in chapter 2, this effect
makes IR spectroscopy a good structural indicator for these complex-
es.

The reduction in amide delocalization in a nonplanar amide makes
this amide ligand a better donor than the planar amide. The increase
in basicity (a deprotonated amine vs. a deprotonated amide) would make
the nonplanar amide a better o-donor. The localization of the nitro-
gen p-x electrons on the amide nitrogen would make the nonplanar amide
a better w-donor. This difference in donation ability between planar
and nonplanar amide ligands is' beautifully demonstrated by the elec-
trochemistry of some osmium(CHBA-DCB) complexes prepared by John

Keech.l-1®

All three isomers (trans, cis-8 and cis-a) of Os(n4-CHBA-.
DCB)(p-Clpy), have been isolated. Table 3.2 lists the electrochemical
data for these three isomers. The formal reduction potentials for the
reversible couples of the cis-a isomer are lower than those for the
cis-8 1isomer which are in turn lower than those for the trans isomer.
Clearly, the donating ability of the PAC ligand is different depending
on the coordination geometry, with the - order of decreasing donating

g The cis-ax isomer of the PAC

ability being cis-a > cis-8 > trans.!
ligand has two nonplanar amides, the cis-8 isomer has one nonplanar
amide, and the trans isomer does not have any nonplanar amides. Since

nonplanar amides are better donors than the planar amides, the PAC

ligand coordinated in the cis-a geometry is the strongest donor, and
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Table 3.2. Formal potentials of the redox couples of the three
isomers of Os(n4-CHBA-DCB)(p-chloropyridinc)z. Measured

in CH,Cl,/0.1 M TBAP and referenced to the Fct/Fc couple.
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isomer Os(I11/11) Os(IV /III) Os(V/IV)

trans -1.59 -0.39 +0.74
cis—f - -0.48 +0.60

cis—a -1.81 —0.89 +0.58
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the PAC ligand coordinated in the trans geometry is the weakest donor.

Another explanation can be suggested as to why a PAC ligand coor-
dinated in a cis complex is a better donor than if it were coordinated
forming a trans complex. It could be argued that a different arrange-
ment of donor groups about the metal leads to a change in donating
power. In a trans complex the powerful donating groups of the PAC
ligand are all coordinated in the equatorial plane, while the auxilia-
ry ligands occupy the axial sites. In this case the four strong donor
groups of the PAC ligand are all interacting with the same two metal
orbitals. In a cis-aa complex two of the PAC ligand donors are in
equatorial positions and two are in axial positions, so they have more
metal orbitals available for interaction. This arrangement of donat-
ing atoms could lead to better donation by the cis-«¢ complex than by
the trans.

This argument can be discounted by the following observations.
Table 3.3 shows the cis-« and trans diastereomers of Os(nz-CHBA)Z(Z-
Bupy)2 (H,CHBA = 3,5-dichloro-2-hydroxybenzamide). = These complexes
have both been isolated and their cyclic voltammograms recorded.!®
Table 3.3 also lists the formal reduction potentials for these two
diastereomers. The table shows that there is essentially no differ-
ence in the formal potentials in going from the trans to the cis-a
isomer. The differences in formal potentials for a reversible couple
between the trans and cis-a isomers of an Os(n4-CHBA-DCB)(L)2 complex
can be as much as 500 mV.!® In the osmium-(CHBA-DCB) case the two
arms of the ligand are connected by the phenylene bridge, which, as we

have shown, leads to distinctly nonplanar amide groups in cis-a com-
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Table 3.3. Electrochemical data for the trans and cis-o¢ isomers
of Os(n? -CHBA)2(py)2. Potentials were measured in CH2C12/O.1 M

TBAP.
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Standard Reduction Potentials in Volts vs. Fct /Fc.

Compound /i 1v/il

-1.97 -0.71

-1.99 -0.71
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plexes. In the case of Os(CHBA), complexes, there is no bridge con-
necting the two bidentate ligands, so an additional degree of freedom
exists. Isomerization from the trans diastereomer to the cis-a
diastereomer can occur with rotation about the Os—N bonds moving the
amide hydrogens out of the equatorial plane, leaving the amide ligands
planar. The cis-aa and trans complexes of Os(nz-CHBA)z(t-Bupy)z have
different arrangements of donor atoms about the osmium center, but
contain no nonplanar amides, and there is no difference in their redox
potentials. The increased donor ability of the cis-¢ geometries of
the tetradentate PAC ligands HBA-B and CHBA-DCB is certainly due to
the presence of nonplanar amide ligands.

Further evidence against the argument of better donation through
a different arrangement of the donor atoms comes from some osmium
chemistry with the PAC ligand CHBA-Pr. Table 3.4 shows the three iso-
mers (trans, cis-8, and cis-a) of Os(rf‘-CHBA-Pr)(py)z (H4CHBA-Pr =
1,3-bis(3,5-dichloro-2-hydroxybenzamido)propane) and the electrochem-
ical and infrared data for these complexcs.19 As with the Os(nz-
CHBA),(L), complexes, there is little change in the redox potentials
between isomers. Apparently the propane bridge has enough flexibility
to allow formation of cis-8 and cis-a complexes, without the formation
of nonplanar amides. The amide CO stretching frequencies for the dif-
ferent isomers are identical, implying there is no formation of
nonplanar amide groups.

With the knowledge that the HBA-B ligand, coordinated in a cis-a
or cis-8 complex, contains nonplanar amide groups, and that nonplanar

amides are much better donors than planar amides, we can now explain
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Table 3.4. Electrochemical and IR data for isomers of
Os(n4-CHBA-Pr)(py)2. Potentials were measured in CH,Cl,

with 0.1 M TBAP, and are references to the Fc+/Fc couple.
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the ligand isomerizations in the formation of 10 and 11. PAC ligand
isomerization, if not forced by coordination of a bidentate auxiliary
ligand, can still occur to change the donating properties of the PAC
ligand. Consider the cis-a carbonyl complex 10. To make this com-
plex, we react carbon monoxide with the trans complex trans-Os(n4-HBA-
B)(PPh3)2. A phosphine ligand 1is replaced by a carbon monoxide
ligand. For carbon monoxide to form a strong bond to the osmium, the
osmium must be electron rich enough to participate in =-backbonding
with the CO n*-orbitals. The osmium center is already in the +4 oxi-
dation state, and =-donation to the CO ligand will further remove
electron density from the osmium, so the HBA-B ligand isomerizes, co-
ordinating in the better donating cis-o¢ form, to offset the withdrawal
of electron density by the w=-acid ligand. The same thing happens when
a phosphine ligand is replaced with an isocyanide ligand. The effect
of * coordination of the new ligand to made the osmium less electron
rich is compensated by better donation from a new PAC ligand coordina-
tion geometry.

Additional support for this hypothesis is generated from the
electrochemical behavior of trans-Os(n“-CHBA-DCB)(z-Bupy)z.16 The cy-
clic voltammogram (Figure 3.5(A)) shows two reversible one-electron
reductions and one reversible one-electron oxidation, representing the
Os(III/1I), Os(IV/III), and Os(V/IV) couples. If a Dbulk electrolysis
is done at a potential more positive than the Os(V/IV) couple, the os-
mium species is completely converted to the osmium(V) cation. Figure
3.5(B) shows a CV of the solution following the electrolysis to osmi-

um(V). The CV shows the three reversible waves due to the presence of
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Figure 3.5. Cyclic voltammograms of Os(n* -CHBA-DCB)(¢-Bupy),.
Recorded on 4.1 mM complex in CH2C12/O.1 M TBAP with a 0.03
cm? platinum electrode. Scan rate was 200 mV s™*.

(A) Osmium(IV).

(B) Osmium(V).



Current, LA

157

i 1 ] 1B
B (A) )}
(B)
| | | |
2 -| 0 |

Fc'/Fe



158

[trans-Os(n4-CHBA-DCB)(t-Bupy)2]+, and also has three new reversible
redox couples. If the solution is bulk reduced back to osmium(IV),
and a CV of the solution taken, the CV in Figure 3.5(A) is reproduced.
It has been shown that following the electrolysis to osmium(V), the
solution contains an equilibrium mixture of [trans-Os(n*-CHBA-DCB)(t-
Bupy),]* and [cis-a-Os(n*-CHBA-DCB)(t-Bupy),]*.  The three reversible
waves for the cis-a isomer are all present in the CV and come at lower
potentials than the corresponding waves for the trans isomer. This
fits with the suggestion that the PAC ligand in a cis-a¢ complex is a
better donor than the PAC ligand in a trans complex. What happens in
the electrochemical experiment is as follows: trans-Os(n4-CHBA-
DCB)(¢+-Bupy), is oxidized by one electron forming the osmium(V)
cation. Depletion of the electron density at the osmium center makes
the more donating cis-o¢ conformation more favorable energetically, and
the CHBA-DCB ligand isomerizes to the cis-o¢ coordination geometry to
give an equilibrium mixture (which 1is approximately 1:1) of the trans
and cis-a isomers. Knowing the equilibrium constant of the trans to
cis-o¢ equilibrium at the osmium(V) cation stage, and the three reduc-
tion potentials for each isomer, the equilibrium constants for the
isomerization can be calculated for the other osmium oxidation

L Scheme 3.3 shows the isomers at the different oxidation

states.?
states and the equilibrium constants for the isomerizations. When the
osmium center is electron rich at the osmium(II) stage, the trans iso-
mer is highly favored. As the oxidation state increases, the osmium

center becomes less electron rich and the cis-a isomer 1is increasingly

favored. Changing  the electron  density at  the metal  center
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Scheme 3.3. Thermodynamic relationships between cis and
trans isomers of different oxidation states of Os(n*-CHBA-

DCB)(t-Bupy)z.
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electrochemically can cause ligand isomerization to match its donating
capability with what is best suited for the metal center.

None of the osmium-(HBA-B) complexes demonstrates this electro-
chemical behavior. Bulk oxidations of trans-Os(n? -HBA-B)(PPh3)2,
trans-Os(n* -HBA-B)(PPh3)(py), and cis-B-Os(n* -HBA-B)(dppe) do not
cause any isomerization. Perhaps this is because the HBA-B ligand is
a better donor than the CHBA-DCB ligand, so isomerization is not re-
quired. Bulk reductions of cis-a-Os(n4-HBA-B)(PPh3)(CO) and cis-a-
Os(n“-HBA-B)(PPh?’)(t-BuNC)21 do not cause any isomerization to isomers
containing a less donating PAC ligand.

A nonplanar amide is expected to be both a better o-donor and a
better =w-donor than a planar amide. Indeed, we have shown that
nonplanar amides are better donors than planar amides. It would be
interesting to know if this is due mainly to better o-donation or to
better w-donation. Table 3.5 lists the angular parameters for the two
nonplanar amides of the carbonyl complex 10. Both amides are quite
nonplanar as indicated by the high T values. Both amides also show
just a small amount of distortion toward a pyramidal amide carbon atom
(XC). The amide trans to the triphenylphosphine ligand has a high XN
value indicating considerable pyramidalization at the amide nitrogen.
The amide trans to the carbon monoxide ligand, however, has almost no
pyramidalization. The high degree of pyramidalization at amide 2 in-
dicates localization of the nitrogen p-m electrons in the nitrogen p-x
orbital. The very low value of Xy for amide 1 indicates that although
the amide C—N bond is greatly twisted, the nitrogen p-wx electrons are

not localized on the amide nitrogen. Donation of these x-electrons to
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Table 3.5. Angular parameters for the two amide ligands

of cis-a-Os(n* -HBA-B)(PPh3)(CO) (10).
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the osmium center would explain the low X value for amide I. It is
interesting that the amide trans to the strong w=-accepter (CO) ligand
(amide 1) 1is participating in =x-donation to the osmium center while
the amide trans to the phosphine ligand (amide 2) localizes the amide
nitrogen w-electrons largely on the nitrogen. We Dbelieve that this is
evidence for w=-donation form a nonplanar amide to the metal center.
Although we cannot conclude whether a o- or =-effect is the major con-
tributor to the increased donation, this is evidence that increased =-
donation is prcsent.2 4

Calculation of the angular parametcrs. for the two amides of the
PAC ligand in Os(n3-(H)HBA-B)(PPh3)(phen) (15) shows that one of the
amides is quite planar, while the other exhibits a high degree of non-
planarity. Figure 3.6 shows the ORTEP of 15 indicating the angular
parameters for the two amides. The amide between the coordinated phe-
nol and the phenylene bridge is reasonably planar, having no unusual
angular parameters. The N-amido ligand attached to the uncoordinated
phenol is distinctly nonplanar with a T value of —40° and a XN value
of —49°., Only five monodentate metallo-N-amido groups derived from
parent mono-N-substituted amides have T values of greater magnitude.
The Xy Vvalue is the largest in magnitude discovered to date. The X,
value of —10° is also unusual, with only two other cases having lxcl
values as great as 10°. The osmium(III) center should not require a
nonplanar amide for increased donation. The cause of the nonplanarity
of the amide appears to be a steric clash Dbetween the entire
carboxyphenol N-substituent and the bidentate phenanthroline ligand.

The dihedral angle between the best planes of the carboxyphenol arm
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Figure 3.6. ORTEP view of Os(n®-(H)HBA-B)(PPh3)(phen) (15)

showing the angular parameters for the two amide ligands.



166

P = -12°, XN = -1°, xc < i1°

C4 \CS
c3 f @ cé 1.257(9)
(=

N

1 318(8)

1.8442(9)
- P4
N2 3
1.364(9) S

Ci4
0 1.251(10)
F = -40°, xny = -49°, xc = -10°



167

and the phenanthroline is 12°. Distances between the atoms of the
carboxyphenol arm and the plane of the phenanthroline ligand vary from
270 A to 3.50 A. The shorter contacts are within Van der Waals dis-

23

tances. Compound 15 represents the third class of inorganic com-

pounds with nonplanar N-amido ligands, where the primary cause of the

nonplanarity is a steric effect.
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Conclusions

An exciting result of the formation of cis-«¢ osmium PAC ligand
complexes is the discovery of nonplanar amide ligands. Using the
angular parameters defined by Dunitz and Winkler, we have been able to
compare the planarity of all the structurally characterized N-amido
ligands. Clearly the amides of the PAC ligands of some of the com-
plexes discussed here are unusual in their degree of nonplanarity and
can be called the first nonplanar amide ligands.

So far we have observed three classes of nonplanar amide ligands.
The first class is caused by structural constraints of the metal’s co-
ordination sphere. Complexes that are forced to adopt cis geometries
to accommodate a bidentate auxiliary ligand such as bipy or dppe char-
acterize this class. The second cause of nonplanar amide ligands is
electronic perturbation of the metal center. Depleting the metal cen-
ter of electron density can cause the formation of the more highly do-
nating nonplanar amides to minimize this depletion. The formation of
cis-a complexes upon coordination of a strong cicctron withdrawing
ligand such as CO or RNC, and isomerization to a cis-a& geometry upon
electrochemical oxidation demonstrates this class. The third class of
nonplanar amide includes those that are the result of steric pressure
imparted on the R groups attached to the amide ligand. The osmi-
um(III) complex Os(ns-HBA-B)(PPh3)(phen) is the example of this final
class.

Certainly the most interesting type of nonplanar amide ligand is

that caused by the electronic requirement of the metal. In these
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cases all coordination geometries are available to the complexes, and
the amides have a ‘"choice" to be planar or nonplanar. The amides
"choose" the geometry that will give them the donor properties most
suited for the metal center. Since the nonplanar amides are better
donors than the planar amides, the PAC ligands will adapt themselves
to meet the electronic requirements of the metal, coordinating in a
cis geometry forming nonplanar amides when strong donation is re-
quired, and coordinating in a trans geometry through planar amides
when the stronger donating power is not needed.

The discovery of the isomerization possibilities of the tetra-
dentate PAC ligands and the formation of nonplanar amide ligand frag-
ments has important consequences in considering the design of PAC
ligands. If N-amido PAC ligands are being designed to produce highly
oxidizing inorganic complexes it will be important to design the PAC
ligands such that spontaneous formation of nonplanar N-amido ligands
cannot occur to reduce the oxidizing power of the metal center.
Building more rigidity into the PAC ligand backbone would be a way to

prevent nonplanar amide formation.
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Experimental

The syntheses of the osmium(HBA-B) complexes discussed in this
chapter can be found in the experimental section of Chapter 2. That
experimental section also includes the details of the structure deter-
minations for compounds 10 and 15. The osmium complexes of PAC
ligands besides the HBA-B ligand were made by other members of the
group. Experimental details concerning these complexes can be found
in the references listed where these complexes appear in the text.

The structural data for the coordinated amides were obtained
through the Cambridge database which covers the literature through
1985. The programs available with the Cambridge files used were:
CONNSER for searching the data for entries with the specified connec-
tivity giving amide ligands, BIBSER for retrieving the bibliographical
information for these entries, RETRIEVE for collecting the crystallo-
graphic data for each structure, and GEOM 78 for calculating the tor-

sion angles @, ®,,and o, for each entry.

2,
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Definitions of amide nonplanarity parameters (ref. 11): 1 = (@,

+ ©,)/2, with the necessary condition | @, — @, | < = When this

2
condition is not obeyed v = ((0; + ®,)/2) mod 2x. For —90° < 7 <
90° the amide is cisoid along the principal chain, and for —180°

< T < =90° or 90° < T < 180° the amide is transoid along the

principal chain; Xy = (0, T o

" + x) mod 27 X, = (©, — @

g 3+7()

3

mod 2x. Amide torsion angles are as follows: 0, = C-C-N-C; 0, =
O—C-N—-Os; @, = O—C—N-C. Torsion angles have been numbered to co-
incide with those wused previously for organic secondary amides
with Os replacing H in o, and are consistent with the recommenda-
tions of the IUPAC-IUB Commission on Biochemical Nomenclature; J.
Mol. Biol. 1970, 50, 1-17.

The complete listin'g of references for the structures giving
points in Figure 3.4 can be found in reference 3. The cis-
diammineplatinum «-pyrrolidonato complex, [Pt4(NH3)8(C4H6NO)4]-
(NO3)5'48°3H20, which is an apparent mixture of two tetranuclear
species of different oxidation levels, shows several abnormally
large Xo (21, 25, 26, 30, —36, 45, —45°, there are two distinct
molecules per unit cell) and % (35, —39, —48°) parameters which
are difficult to rationalize. This structure contains other ab-

normal bond parameters. For instance, C—C single bond distances

vary from 1.36—1.90 A. The points derived from this work by
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Matsumoto, Takahashi, and Fuwa are not included in Figure 3.4
(Matsumoto, D; Takahashi, H; Fuwa, K. J. 4Am. Chem. Soc. 1984,
106, 2049-54). The related pyrrolidonato, mixed-valence,
tetranuclear  species, [Pt4(NH3)8(C6H6NO)4](NO3)6-HZO, has been
the subject of two reports by Matsumoto and Fuwa, and Matsumoto,
Takahashi, and Fuwa (Matsumoto, K., Fuwa, K. J. Am. Chem. Soc.
1982, 104, 897—8, Matsumoto, K., Takahashi, J., Fuwa, K. [norg.
Chem. 1983, 22, 4086—90). In the former a trihydrate is claimed
for which several Xq values (—24, 39°) are extremely large. In
the latter, a dihydrate is claimed where one X value is unrea-
sonable (—74°), and another is at least inexplicably large
(—28°). Presumably some atomic coordinates are inaccurate. The
authors noted difficulties with this determination. The points
for these structures are also excluded from Figure 3.4.

(a) Barner, C.J.; Collins, T.J.; Mapes, B.E.;, Santarsiero, B.D.
Inorg. Chem. in press. (b) Christie, JA. Collins, T.J,;
Krafft, T.E; Santérsiero, B.D.; Spies, B.J. J. Chem. Soc.,
Chem. Commun. 1984, 198-9. (¢) Collins, T.J.; Santarsiero,
B.D.; Spies, GH. J. Chem. Soc., Chem. Commun. 1983, 681-2.
(d) Anson, F.D.; Collins, T.J,; Coots, R.J.; Gipson, S.L.;
Richmond, T.G. J. Am. Chem. Soc. 1984, 106, 5037—8. (e) Col-
lins, T.J.; Richmond, T.G., Santarsiero, B.D.;, Treco, B.G.R.T.
J. Am. Chem. Soc. 1986, 108, 2088—90.

(a) Ramachandran, B.N.; Lakshminarayanan, A.V.; Kolaskar, A.S.
Biochim. Biophys. Acta 1973, 303, 8-—13. (b) Kolaskar, A.S,;

Lakshminarayanan, A.V.; Sarathy, K.P.; Sasisekharan, V. Biopoly-
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mers 1975, 14, 1081—94.

Anson, F.C; Collins, T.J.; Gipson, S.L., Keech, J.T.,; Krafft,
T.E.; Peake, G.T. J. Am. Chem. Soc. 1986, 108, 6593—605.

Complexes of HBA-B have not been found to give more than one iso-
mer of the same compound.

(a) Anson, F.C; Collins, T.J.; Gipson, S.L.; Krafft, T.E. un-
published results. (b) Krafft, T.E. Ph.i). Dissertation, Cali-
fornia Institute of Technology, Pasadena, California, 1985.

Lee, S.C. unpublished results.

Since AG = —RTInK for the equilibria between trans and cis-o¢ iso-
mers of a particular oxidation state, and AG = —FE! for different
oxidation states of the same isomer, measuring the equilibrium
constant at the cation stage and measuring the formal potentials
of the redox couples allows one to calculate the equilibrium con-
stants at the other oxidation states.

These electrolyses tests were carried out by Stephen Gipson.

It is true that amide 2 has a more severe twist angle about the
C-N bond than amide 1, which arguably would lead to a larger X
value for amide 2. We feel that the moderately larger T value of
amide 2 does not account for the very different X values of the
two amides.

These distances can be compared with layered trimesic acid
(benzene-1,3,5-tricarboxylic acid) structures where the inter-
layer distances are 3.31 and 3.32 A. Herbstein, F.H.; Marsh,
R.E. Acta Crystallogr, Sect. B 1977, B33, 2358—67. The Iinter-

sheet separation in B-graphite is 3.35 A. Pauling, L. Proc.
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Natl. Acad. Sci. U.S.A. 1966, 56, 1646—52.
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Chapter 4

Synthesis and Characterization of Osmium Complexes of

3,5-dichloro-2-hydroxybenzamide (H,CHBA)
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Introduction

This chapter reports the results of some syntheses of osmium com-
plexes of the ligand 3,5-dichloro-2-hydroxybenzamide (H2CHBA). This
ligand coordinates as a bidentate dianionic ligand through a deproton-
ated phenol group and a deprotonated amide. To explain why osmium
compounds of this ligand are interesting to wus, it is necessary to re-
view some previous results obtained in our group.

As stated 'in Chapter 1, the electro-oxidation of trans-Os(CHBA-
Et)(py)2 (H4CHBA-Et = 1,2-bis(3,5-dichloro-2-hydroxybenzamido)ethane
[Figure 1.1]) in the presence of alcohol-caused ligand decomposition
through a complex sequence of oxidation and hydrolysis steps of the
PAC ligand’s ethylene bridge. A large number of the intermediates
were isolated and characterized to give remarkable knowledge of the
decomposition sequence.! *? This decomposition sequence is shown in
detail in Scheme 1.1. The final product isolated from the decomposi-
tion sequence was cis-a-Os(n2-CHBA)2(py)2 (21) shown in Figure 4.1.
The oxidation and hydrolysis reactions cleave the ethylene bridge and
remove the two carbon atoms to give two bidentate ligands containing
primary amide groups. Also during the decomposition, isomerization
occurs to give the cis-a isomer of 21. Further electrochemical exper-
iments with 21 showed that a solution of 21 with added primary or sec-
ondary alcohol would effect the catalytic electrochemical oxidation of
the alcohol.?»®

Interest in the catalytic properties of this compound, 21,
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Figure 4.1. Structure of cis-a-Os(n2-CHBA),(py), (21).
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prompted attempts at alternative syntheses of osmium compounds con-
taining two CHBA ligands and two pyridine-type ligands. A synthetic
method analogous to that used for osmium with tetradentate PAC ligands
was developed. K2[OS(OH)4(O)2] reacted with two equivalents of H2CHBA
to give the trans-dioxo osmium(VI) complex, K2[Os(n2-CHBA)2(O)2].
This compound was reduced to osmium(III) with triphenyl phosphine in
4-t-butylpyridine and then oxidized with hydrogen peroxide to give a
mixture of osmium(IV) complexes, which included trans-Os(nz-CHBA)z(t-
Bupy), (22), cis-a-Os(n®-CHBA),(t-Bupy)y  (23), trans-Os(n®-CHBA),(t-
Bupy)(OPPh3) (24), and cis-Os(n2-CHBA)2(t-Bupy)(OPPh3) (25). (Scheme
4.1)% Each of these compounds was found to exhibit electro-catalytic
activity with alcohols.

Detailed studies of the electrochemical catalysis were carried
out that gave a good deal of information about the catalysis. The ox-
idation reactions with primary or secondary alcohols gave the corre-
sponding aldehydes or ketones. Selectivity was very good. No further
oxidation was observed, and it was shown that the osmium complexes
would not electro-oxidize aldehydes or ketones. A variety of alcohols
could be oxidized, and all four complexes, 22, 23, 24, and 25 exhibit-
ed catalytic activity. Although the oxidation reactions were very se-
lective, the catalysts were not long-lived, and the "best" oxidations
gave turnover numbers of about 200.

Decomposition of the osmium catalysts begins with the passage of
current. Evidence obtained suggests that decomposition is due to dis-
sociation of a monodentate ligand (loss of ¢-butylpyridine or tri-

phenylphosphine oxide) at the osmium(V) state. Electrochemical oxida-
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Scheme 4.1. Synthesis of Os(n? -CHBA),(L), complexes.
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tion of the osmium species leads to two competing reactions: oxida-
tion of alcohol and decomposition of the active catalyst. The decom-
position of the «catalyst is fast enough that the catalysts are short-
lived.

Since catalyst decomposition is believed to involve loss of the
monodentate pyridine or phosphine oxide ligand, replacing the two
monodentate auxiliary ligands with a bidentate ligand (for example
bipy or dppe) should slow ligand dissociation and improve catalyst
lifetimes. The goal is to synthesize a complex analogous to 21 with
one bipyridine ligand replacing two pyridine ligands. This has proved

to be a difficult synthetic problem.
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Results and Discussion

As shown in Scheme 4.1, a fair amount of synthetic chemistry of
Os(nz-CHBA)z species had already been developed, and the species cis-
a-Os(nz-CHBA)z(t-Bupy)z (23) had been prepared. The simplest strategy
to make a bipyridine compound was a ligand exchange reaction with 23,
replacing the two t-butylpyridine ligands with a bipy ligand.

cz's-o:-Os(n2-CHBA)Z(t-Bupy)z (23) does not react with bipyridine
in either the Os(III) or Os(IV) oxidation states. The reactions have
been tried with both neutral 23, and with anionic Os(III) 23 produced
by reduction of the Os(VI) dioxo with triphenylphosphine in the pres-
ence of ¢-butylpyridine. In both cases the pyridine ligands are not
labile and ligand exchange reactions are not observed. Increasing the
temperature of the reactions leads to decomposition of the complexes
before any ligand exchange is observed.

The second approach to making the desired bipyridine product is
to reduce the osmium(VI) dioxo, K2[Os(n2-CHBA)2(O)2], with triphenyl-
phosphine in the presence of bipyridine rather than pyridine. This
approach has also been wunsuccessful. Reduction of the dioxo in the
presence of bipyridine leads to a mixture of wuncharacterizable prod-
ucts.

Our experience with PAC ligand complexes of osmium has shown that
osmium(IV) phosphine complexes are quite reactive to replacement of
phosphine ligands by other donor ligands.4 For example, trans-Os(n4-
HBA-B)(PPh3)2 and trans-Os(n4-CHBA-DCB)(PPh3)2 react readily with

phosphines, pyridines, and bipyridine. If a complex such as Os(n? -
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CHBA)2(PPh3)2 were made, it might be susceptible to ligand exchange,
and exchange two phosphine ligands for a dppe or bipy ligand.

The osmium(IV) bis triphenylphosphine complexes containing the
tetradentate PAC ligands are prepared by reducing the osmium(VI)
dioxos with a large excess of triphenylphosphine. Acid is needed to
allow the reaction to proceed. Reaction of K2[tran$-Os(n2-CHBA)2(0)2]
with triphenylphosphine and acid, with no pyridines present, gives
many products, none of which have been characterized.

Using a more reducing phosphine, we have been able to reduce the
dioxo species with water as the only acid present. Dissolving K2-
[trans-Os(nz-CHBA)z(O)z] in a THF/ethanol/water mixture and adding ex-
cess tri-n-butylphosphine gives an immediate color change from light
orange to deep red. The deep red color is usually indicative of the
osmium(IIT) oxidation state. Oxidation with solid K2S208 gives a pur-
ple solution that contains a mixture of products. After successive
column chromatography and preparative thin-layer chromatography, the
two major products of the reaction, a blue species and a red species,
can be isolated. Both compounds are paramagnetic with room tempera-
ture u_, of ~0.9 BM, but both give well-resolved 1H NMR spectra. The
1H NMR spectra of the blue and red species are quite similar, both in-
dicating the presence of two CHBA ligands and two PBu, ligands per

osmium. The mass spectrum®

of the blue species shows a molecular ion
peak at 1004 mass units, suggesting the formulation Os(nz-CHBA)z-
(PBuj)y, which has a molecular weight of 1002.9.° The NMR spectrum

indicates a symmetry element present in the molecule, requiring the

trans or cis-¢ geometry. The two possibilities cannot be distin-
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guished by the spectroscopic evidence, but we feel that cis tri-n-
butylphosphine ligands would be unfavorable, and we formulate the blue
compound as trans-Os(n2-CHBA)2(PBu3)2 (26). The mass spectrum of the
red compound shows a molecular ion at 1035 mass units, which is cons-
istent with the formulation of Os(nz-CHBA)z(OPBu3)2 (M.W. = 1034.9).
Again, the 'H NMR spectrum suggests the geometry 1is trans or cis-o.
We favor the formulation of the red species as trans-Os(nz-CHBA)z-
(OPBu3)2 (27) for the same reason that we formulate 26 as the trans
isomer.

The PBu3 and OPBu3 ligands are not as labile as we had hoped, al-
though we would expect them to be less labile than PPh3 ligands.
Complex 27 shows no evidence of ligand exchange, and 26 gives a limit-
ed substitution chemistry. The blue 26 reacts with ¢(-butylpyridine to
give the bis pyridine species, Os(nz-CHBA)z(t-Bupy)z, but does not
react at all with bipyridine. Triphenylphosphine also does not react,
but 26 reacts with dppe in refluxing toluene to give a mixture of com-
pounds. The only species isolated is a bright yellow compound, 28,
obtained in low yield after chromatography of the reaction mixture.
The yellow material is diamagnetic. Its 1H NMR spectrum shows a mul-
titude of resonances between 6.3 and 7.6 ppm that make the spectrum
unassignable. The lH NMR spectrum also shows broad resonances in the
1.5 to 3.0 ppm range indicative of dppe bridge resonances. The cyclic
voltammogram of a dichloromethane solution of 28 shows two reversible
oxidations at +0.06 and +0.28 V vs. Fct/Fc, and an irreversible oxida-
tion at +0.77 V s Fc+/Fc. The small separation (220 mV) of the

potentials of the redox couples suggests that 28 might be a dimer.
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The fact that only oxidations are observed, and that 28 is diamagnet-
ic, suggests that the oxidation state of the osmium is Os(II). A mass
spectrum of 28 shows a molecular ion peak at 2359 mass units, confirm-
ing the dimer formulation. (A solution molecular weight determination
also supports this.) The IR spectrum shows a moderate N—H stretch at
3200 cm™', and a strong amide carbonyl stretch at 1650 cm™. It also
shows a moderate peak at 2190 cm™!.

Crystals of 28 were grown from a dichloromethane/ethanol solution
and an X-ray diffraction study was carried out.” The complex crys-
tallizes in the space group P21/n. The structure of the dimeric mole-
cule is shown in Figure 4.2. The molecule consists of two octahedral
osmium(II) centers linked by a dppe ligand. Each osmium also coordi-
nates one bidentate dppe ligand, one bidentate CHBA ligand, and one
monodentate 3,5-dichloro-2-hydroxybenzonitrile ligand. The
benzonitrile ligand is formed from dehydration of a CHBA ligand amide
group. The phenol groups of these ligands are protonated and are not
coordinated. For this structure, data collection was stopped before a
complete second shell of data was collected, due to decomposition of
the crystal. A disorder of a solvent molecule of crystallization is
also present. The shortage of data for such a large molecule, com-
bined with the disorder problem, makes good refinement of the data
difficult. The structure of the molecule 1is determined, but due to
the poor refinement, reliable bond distances and angles are not avail-
able. Since the discussion of 28 does not rely on bond distances or
angles in this complex, these data aire not reported here. It is pos-

sible that modeling of the disorder, or constrained refinement would
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1 -
Figure 4.2. Structure of [Os(dppe)(n®-CHBA)(n' -CHBN)],

(dppe) (28).
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lead to more accurate structural parameters.8

Complex 28 is formulated as [Os(I)(dppe)(n®-CHBA)(n'-CHBN)],-
(dppe) (CHBN =  3,5-dichloro-2-hydroxybenzonitrile). The osmium(II)
formulation fits with the magnetic properties and the l1H NMR spectrum.
The calculated molecular weight of 28 is 2359.7, in agreement with the
mass spectral data. In the course of the reaction the PBuj ligands
have been lost, and dppe ligands coordinate, and also the osmium is
reduced to the Os(II) state, perhaps by excess phosphines in the reac-
tion mixture. An interesting aspect of this reaction is the formation
of the nitrile ligands. Partial dissociation of one of the CHBA
ligands on each metal has occurred and the amide has been dehydrated
to a nitrile ligand. (The nitrile ligands explain the band at
2190 cm™ in the IR spectrum.) Dehydration of a primary amide to give
the corresponding nitrile is not uncommon,’ but usually a dehydrating
agent is required. The reverse reaction, partial hydrolysis of a ni-
trile to produce an amide, is known to be effected by transition metal
spccies.10

Osmium complexes of CHBA, with bidentate auxiliary ligands have
not been made, but some new osmium(IV) complexes containing two CHBA
ligands have been, namely trans-Os(n2-CHBA)Z(PBuS)z (26), and trans-
Os(nz-CHBA)z(OPBu3)2 (27). Since these complexes are similar to the
complexes known to be electrochemical catalysts, 26 and 27 have been
tested for catalysis. In the cases of catalysts 22—25, a cyclic
voltammogram of a solution of the catalyst, with added 1 M benzyl al-
cohol, shows an anodic wave indicating a catalytic oxidation. Similar

experiments with 26 and 27 have been carried out.
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From the previous catalytic studies it is postulated that the ac-
tive catalytic species is the monoprotonated form of Os(nz-CHBA)z(L)z.
A good way of testing a complex for catalytic electro-oxidation is to
add a strong acid and 1 M benzyl alcohol to the osmium complex solu-
tion and record the cyclic voltammogram, scanning to a potential high
enough to oxidize the osmium complex. If catalytic oxidation is
occurring, a large anodic wave should be observed.

The cyclic voltammogram of a dichloromethane solution of ¢rans-
Os(nz-CHBA)z(PBu3)2 (26) is shown in Figure 4.3(A). The Os(IV/III)
couple is at —0.73 V vs. Fct/Fc. The CV also shows an irreversible
oxidation at +0.54 V vs. Fct/Fc. Figure 4.3(B) shows a CV of the same
solution after a large excess of HC104 is added. In the protonated
species, the Os(IV/III) couple is shifted to +0.26 V. If benzyl alco-
hol is added to give a concentration of 1 M, the CV shown in Figure
43(C) 1is the result. We still observe the Os(IV)/III) couple, and
there is a peak at +0.8 V vs. Fct/Fc. It is difficult to say what the
new peak at +0.8 V is due to, but it seems there is no catalytic oxi-
dation of benzyl alcohol.

The CV of a dichloromethane solution of trans-Os(nz-CHBA)z-
(OPBu3)2 (27) is shown in Figure 4.4(A). The OPBuj ligands are better
donors than the PBu3 ligands, and the Os(IV/III) couple is observed at
—1.25 V vs. Fct/Fc. An irreversible oxidation is seen at +0.50 V.
Adding excess HCIO4 shifts the Os(IV/III) couple to —0.28 V s,
Fct/Fe. (Figure 4.4(B).) There is still an irreversible oxidation at
about +0.8 V. Adding benzyl alcohol to give a concentration of 1 M

gives the CV shown in Figure 4.4(C). At about +0.8 V a large anodic
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Figure 4.3 Cyclic voltammograms of trans-Os(n? -CHBA),-

(PBuj), (26).

Recorded in CH,Cl,/0.1 M TBAP containing 1 mM 26, using a BPG
working electrode (0.17 cm?). Scan rate = 200 mV s™!. Scale is
referenced in volts vs. the Fct/Fc couple.

(A) only 26.

(B) 26 with excess HCIOy .

(C) 26 plus HCIO4 plus 1 M benzyl alcohol.
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Figure 4.4. Cyclic voltammograms of trans-Os(n2 -CHBA)2(OPBu3)2
(27). Recorded in CH,Cl,/0.1 M TBAP containing 1 mM 27, using
a BPG working electrode (0.17 cm?). Scan rate = 200 mv s™*.
Scale is in volts vs. the Fct/Fc couple.

(A) 27.

(B) 27 plus excess HC10y .

(C) 27 plus excess HCl1O4 plus 1 M benzyl alcohol.
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current begins to flow. Compared to some of the catalytic waves ob-

served previously,! ™

it is small, but nonetheless it appears to be a
catalytic wave.

Of the catalysts studied previously, 22—25, some were Dbetter
catalysts than others, and gave larger catalytic waves in the CV than
the others.!™ The CV’s of some of the catalysts show catalytic oxi-
dation waves that are almost imperceptible. In order to determine if
compounds 26 and 27 are really catalysts for the electro-oxidation of
alcohols, and to get an idea of how good they are, a series of experi-
ments must be done. Electrolyses experiments measuring the charge
consumed, analysis of organic products, control electrolyses with al-
dehydes and ketones, experiments varying catalyst concentration, alco-
hol, alcohol concentration, et cetera, are some of these experiments.
A thorough study of these complexes has not yet been undertaken.

It is interesting that trans-Os(nz-CHBA)2(PBu3)2 (26) does not
appear to be an electro-cataiyst. The redox potentials of this com-
plex might not be at the proper potentials to give catalysis. It is
possible that the Os(V/IV) couple of the protonated. 26 is at a high
enough potential that oxidation to Os(V) does not occur in the CV ex-
periment. An unfavorable steric interaction between the bulky PBu3
ligands and alcohol substrate might also be a factor. In trans-Os(nz-
CHBA)2(OPBu3)2 (27), the redox potentials are lower and might allow
oxidation to Os(V) starting a catalytic cycle. The OPBuy ligands
would also allow more room around the metal than the PBu3 ligands,
which might be why 27 appears to be a catalyst and 26 does not. Ques-

tion as these cannot be answered without a detailed study.
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Conclusions

This project had the goal of preparing an Os(n2-CHBA)2(bipy) com-
plex. What should be thermodynamically stable proved to be syntheti-
cally difficult to obtain. In the process of working toward the tar-
get molecule, some interesting compounds were prepared and we gained
knowledge of these ligand systems, but the goal was not realized.

Several reasons the target molecule is difficult to synthesize
can be expressed. We have seen that ligand exchange reactions of the
osmium(IV) species are not facile. The simple pyridine exchange reac-
tions are not facile. In the case of the complex with PBuj ligands,
which does show some ligand exchange reactivity, we also observe no
exchange with bipyridine. We have not observed isomerization in a re-
action of these osmium(IV) species, Os(nz-CHBA)(L)z, converting a
trans complex to a cis complex, or vice versa. Production of cis com-
plexes only occurs in reductions from Os(VI) to Os(IV), or in the
electrochemical decomposition sequence. It may well be that not only
ligand exchange, but also trans to cis isomerization, is very slow in
these complexes. If trans to «cis isomerization 1is not favorable, it
will be difficult to make a bipyridine product starting with a trans
Os(IV) species. Perhaps a more promising route to the desired com-
plexes starts with the osmium(VI) dioxo, K2[Os(n2-CHBA)2(O)2], and re-
duces it with dppe or dmpe. Experiments along these lines have also

been tried, but the results are not promising.
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Experimental

Materials. Acetone (Mallinckrodt), chlorine (Matheson), diethyl
ether (Baker), ethanol (U.S. Industrial), hexanes (Aldrich), and tolu-
ene (Aldrich), were reagent grade and were used as received, unless
otherwise noted. Dichloromethane (Baker) and tetrahydrofuran (Baker)
were distilled from calcium hydride prior to use. 2,27 -bipyridine
(99%, Aldrich), 1,2-bis(diphenylphosphino)ethane (97%, Aldrich), osmi-
um tetraoxide (99.8%, Alfa), potassium persulfate (Baker), pyridine
(Baker), tri-n-butylphosphine (Aldrich) (98.5%, MCB), and triphenyl-
phosphine (99%, Aldrich) were all used as received. Silica gel used
in column chromatography was 60-200 mesh (Davison). Preparative TLC

plates were silica gel (GF 2000, Analtech).

Physical Measurements. lH NMR spectra were recorded at 399.7822
MHz on a JEOL GX-400 spectrometer. 1H chemical shifts are reported in
ppm(§) vs. Me,Si with the solvent (CDC13, 8 7.24) as internal stand-
ard. Infrared spectra were recorded on a Beckman IR 4240 spectrome-
ter. Magnetic moments were obtained on a Cahn Faraday magnetic sus-
-ceptibility balance equipped with a permanent magnet. The magnetic
balance was calibrated using HgCo(SCN),. Mass spectra were obtained
from the Southern California Regional Mass Spectral facility at the
University of California, Riverside. Elemental analyses were obtained
at the Caltech analytical facility. Solvents of crystallization were

quantified by 'H NMR spectroscopy of the authentic samples submitted
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for elemental analyses.

Electrochemical Procedures. Dichloromethane (Mallinckrodt) used
in cyclic voltammetric experiments was reagent grade and was further
purified by distillation from calcium hydride. TBAP supporting elec-
trolyte (Southwestern Analytical Chemicals) was dried, recrystallized
twice from acetone/diethyl ether, and then dried under vacuum. The
TBAP concentration in all solutions was 0.1 M. BPG electrodes (Union
Carbide Co., Chicago) used for cyclic voltammetry were cut and mounted
as previously described. (See Chapter 2, ref. 33) The reference
electrode was a  saturated KCl  silver/silver  chloride  electrode
(Ag/AgCl). All potentials are quoted with respect to the formal po-
tential of the ferrocinium/ferrocene couple which, under these condi-
tions, we have consistently measured as +0.48 V vs. SCE, or ca. +0.70
V vs. NHE.

Cyclic voltammetry was performed with a Princeton Applied Re-
search  Model 173/179 - potentiostat/digital coulometer equipped  with
positive feedback IR-compensation and a Model 175 wuniversal program-
mer. Current-voltage curves were recorded on a Houston Instruments

Model 2000 X-Y recorder.

X-ray Data Collection and Structure Determination of 28. A crys-
tal of [Os(dppe)(n2-CHBA)(nl-CHBN)]z(dppc) (28) was obtained from a
dichloromethane/ethanol solution. Intensity data were collected on an
Enraf-Nonius CAD4 diffractometer with graphite monochrometer using Mo

Ky radiation (A = 0.7107 A). Intensity measurements were recorded for
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all reflections in one quadrant (26 < 30°). Only partial data collec-
tion was completed for 30° < 26 < 40° due to decomposition of the
crystal. A total of 16,358 reflections were measured and averaged
over 2/m symmetry to yield 7757 total averaged reflections. The posi-
tions of the osmium atoms were derived from a Patterson map. Subse-
quent Fourier and difference maps revealed all remaining nonhydrogen
atoms. Refinement was carried out by full-matrix least-squares meth-
ods, minimizing XW(FZ = F?"_)2 for all nonhydrogen atoms, with isotropic
thermal parameters for all atoms. A disorder in the solvent molecule
of crystallization prevented final refinement. Cell constants and

collection data are given in Table 4.1.

Syntheses. All reactions were carried out in air wunless other-
wise noted. 3,5-dichloro-2-hydroxybenzamide (HZCHBA) was obtained by
chlorination of salicylamide with C12 gas.2 Kz[trans-Os(nz-CHBA)z_
(0)2] was prepared according to a method previously developed.!?!

trans-Os(n? -CHBA),(PBuj), (26) and trans-Os(n*-CHBA),(OPBus),
27). K2[trans-Os(n2-CHBA)z(O)z] (400mg; 0.56 mmol) was dissolved in
a THF/ethanol/water mixture (60 mL/40 mL/3 mL). Tri-n-butylphosphine
(1.5 mL; 6.0 mmol) was added and the mixture was stirred at room tem-
perature (1 h). K25208 (15 g) was added and the heterogeneous mixture
was stirred at room temperature (8—24 h). The mixture was filtered
through silica gel washing the purple solution through with THF.
Water (10 mL) was added and the THF was removed on a rotary evapora-
tor. The residue was extracted with diethyl ether, and the ether so-

lution was washed with a saturated sodium chloride solution and dried
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Table 4.1. Collection data and cell constants for the crystal

structure determination of 28.



Formula
Formula Weight

Unit-cell Constants

Z

Space group
u(MoK,)

Scan type and speed
Scan range
Background counting

Collection range

(partial shell)

No. of reflections measured
No. of unique data, m

No. of data with I > 0

No. of data with I > 3¢(I)
R? (for I > 0)

R (for I > 30(I))

Goodness of fitP

"R =3 [|Fo| = |Fe||/ X | Fol
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C106Hg4N4ClgOgOs2Pg

2359.7

a = 18.306(2)A, b = 22.630(3)4,
c = 25.288(4)A, B = 103.226(12)°
V = 1019743

4

P21/n

30.4 cm™!

6 — 26; 4° min~!

1° below K, to 1° above Kq,
stationary counts for one half of scan
time at each end of scan

+h, £k, £l; 20 < 30°

+h, +k, £I; 30° < 20 < 40°
16358

7757

6895

5885

0.136

0.120

4.57

PGoodness of fit = [w(F2 — F2)?/(m — p)]'/?
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over MgSOy. After filtration, the ether was removed on a rotary evap-
orator and the residue was dissolved in a small amount of dichloro-
methane. The solution was chromatographed on a silica gel column, e-
luting excess tri-n-butylphosphine with dichloromethane. When  Dblue
products started to come off the column, elution with 5/1 dichloro-
methane/acetone was begun, the blue eluent collected, and later the
red eluent collected separately. Eluting with acet'one removed any re-
maining red product from the column. The compounds were further puri-
fied by several preparative TLC’s (silica gel, 2000 microns, 5/1
CH,Cl,/acetone).

The blue 26 was crystallized from ethanol/water, and the red 27
was crystallized from dichloromethane/hexanes. Yields were variable
depending on the reaction time with persulfate. Longer reaction times
increased the yield of 27 and decreased the yield of 26.

26. Yield: 90-163 mg (16—29%). Anal. Caled for C3gHgoN,Cl40y-
OsP2: C, 4551; H, 6.03; N, 2.79. Found: C, 4543; H, 597, N,
2.72. 1'H NMR (CDCl3): & 2554 (s, 2H) CHBA(NH); 9.65 (d, 2H, J=3Hz)
CHBA; 844 (d, 2H, J=3Hz) CHBA; 154 (broad s, 12H) PBuj; 1.19 (a,
12H, J=7Hz) PBug; 0.84 (t, 18H, J=7Hz) PBujy; =—0.65 (broad s, 12H)
PBuj. IR (Nujol): 3260 cm™! (m), v(NH); 1615 cm™ (s), v(amide).

27. Yield: 15-67 mg (3—11%). Anal. Caled for C3gHgoN,Cl40¢0s-
Py: C, 44.10; H, 584; N, 271. Found: C, 4382; H, 5.79; N, 2.7l
1H NMR (CDCI3): & 21.17 (s, 2H) CHBA(NH); 9.77 (d, 2H, J=3Hz) CHBA;
8.62 (d, 2H, J=3Hz) CHBA; 1.89 (m, 12H) OPBujy; 143 (q, 12H, J=7Hz)
OPBu3; 0.90 (t, 18H, J=7Hz) OPBu3; 0.69 (broad s, 12H) OPBu3. IR

(Nujol): 3260 cm™ (m), v(NH); 1620 cm™! (s), v(amide).
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[Os(dppe)(n?-CHBA)(n' -CHBN)l,(dppe)  (28). trans-Os(n® -CHBA),-
(PBu3)2 (100 mg; 1.0 x 10° mol) and 1,2-bis(diphenylphosphino)ethane
(dppe) (280 mg; 0.70 mmol) were dissolved in toluene (35 mL) and
heated at reflux, under a nitrogen atmosphere (2h). The toluene was
removed on a rotary evaporator, and the residue was dissolved in a
small amount of dichloromethane. The solution was chromatographed on
a silica gel column, eluting with dichloromethane to remove excess
dppe, and then with 5/1 dichloromethane/acetone to collect brown and
yellow bands. The products were evaporated to dryness on a rotary
evaporator and the residue was dissolved in a small amount of di-
chloromethane. Preparative TLC (silica gel, 2000 microns) with 30/1
dichloromethane/acetone allowed the separation of a Dbright yellow
band. The yellow product was washed from the silica gel with THF and
crystallized from dichloromethane/ethanol. Yield: 43 mg (37%).
Anal. Caled for C;)eHgyN4ClgOgOsyP+0.25(CH,Cly): C, 53.60; H, 3.58;
N, 2.35. Found: C, 53.37; H, 3.50; N, 240. 'H NMR (CDCl5): 8 9.00
(s, 2H) CHBA(NH); 6.3—7.7 (m, 64H) aromatic; 5.59(m, 4H) aromatic;
1.4-3.2 (broad singlets, 12H) dppe, —CH2—. IR (Nujol): 3200 cm™!

(m), ¥(NH); 2190 c¢cm™ (m), v(C=N); 1620 cm™ (s), v(amide).
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Chapter 5

Synthesis of Osmium Complexes Containing

2-(2-hydroxyphenyl)imidazole Ligands
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Introduction

In the course of developing methods for coordinating PAC ligands
to transition metals, a fusion reaction of (NHy),[OsClg] with the PAC
ligand H4HBA-DMB (H4HBA-DMB = 2,3-bis(2-hydroxybenzamido)-2,3-di-
methylbutane) (Figure 5.1) was  tried. Fusion of finely-ground
(NH4),[OsClg] with two equivalents of H,HBA-DMB at 320—330°C resulted
in a black residue. An osmium complex was isolated from this residue
and crystals of the complex suitable for an X-ray structure were
grown.1 The structure of the complex, trans-OsClz(nz-2-(2-phenoxy)-
4,4,5,5-tetramethylimidazolinc)2 (29) is shown in Figure 5.2. The
complex is a neutral osmium(IV) species coordinating two chloride
ligands and two bidentate imidazoline-phenoxide ligands. At the high
temperatures of the fusion reaction the H4HBA-DMB molecule had decom-
posed forming the imidazoline ring and eliminating one of the
hydroxybenzamide units.

We became interested in osmium compounds with this type of che-
lating ligand, and were interested in comparing the properties and ox-
idation chemistry associated with this type of complex, with osmium
complexes of the tetradentate tetraanionic PAC ligands. Imidazole
and imidazoline ligands can coordinate as neutral two-electron donor
ligands or, when deprotonated, as anionic two-electron donor ligands.
Bidentate imidazole-phenoxide ligands similar to those in 29 were es-
pecially interesting to us. These ligands, coordinated. as dianions,

have a resonance mechanism available to reduce the oxidation state of
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the metal center (Scheme 5.1). This might enable these ligands to
stabilize highly oxidized metal centers. In light of the versatile
coordination chemistry available to these ligands, we thought that os-
mium complexes of these ligands would have interesting oxidation prop-
erties.

The goals of the project were to make bidentate imidazole and
imidazoline ligands containing phenoxide groups. After the ligands
had been prepared the coordination chemistry and the oxidation chemis-

try would be investigated.
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Figure 5.1. The PAC ligand HyHBA-DMB.
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Figure 5.2. Structure of OsC12(n2 -2-(2-phenoxy)-4,4,5,5,-

tetramethylimidazoline),.
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Scheme 5.1. Resonance of coordinated phenoxide-imidazole

ligands.
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Results and Discussion

Several ligands with the desired features have Dbeen prepared.
The prototype ligand, 2-(2-hydroxyphenyl)imidazole, is reported 1in the

literature.?

Its synthesis is shown in Scheme 5.2. This synthesis
gives two potential ligands, 2-(2-hydroxyphenyl)imidazoline (30), and
2-(2-hydroxyphenyl)imidazole (31). This synthetic strategy has been
used to prepare the additional compound, 2-(5-t-butyl-2-hydroxy-
phenyl)imidazoline (32), and a fourth ligand, 2-(2-hydroxyphenyl)-5,6-
dimethylbenzimidazole (33), is available from Aldrich. (Figure 5.3.)

These ligands all react with K5[0s(OH)(O),] in similar ways to
give neutral osmium(VI) trans-dioxo complexes (Scheme 5.3). Mixing
methanol solutions of K,[Os(OH)4(0),] and the bidentate ligand (2 eq)
results in precipitation of the product as orange crystals.®

The IR spectra of these complexes all show strong bands in the
840—850 cm™! range, indicative of osmium trans-dioxo asymmetric
stretches.* Labeling the o0xo groups of 37 with 120 shifts the 840
cm™? band to 804 cm™® confirming the assignment. The IR spectra also
show strong bands in the 3200—3400 cm™' range, indicative of N-—H
stretching modes. These data lead to the formulation of the osmium
products as neutral osmium(VI) trans-dioxo complexes containing two
bidentate, monoanionic chelating ligands, as shown in Scheme 5.3.

The only complex that exhibits any solubility is 37. The 1H NMR
spectrum of this complex indicates that a symmetry element relates the
5

two bidentate ligands, supporting the proposed structure.

The poor solubility of the osmium complexes prohibits further re-
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actions of these compounds. Attempts at making analogous ligands with
attached ¢-butyl groups to improve the solubility of the complexes

were unsuccessful.
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Scheme 5.2. Synthesis of 2-(2-hydroxyphenyl)imidazole (31).
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Figure 5.3. The two ligands 2-(5-t-butyl-2-hydroxyphenyl)-
imidazoline (32) and 2-(2-hydroxyphenyl)-5,6-dimethyl-

benzimidazole (33).
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Scheme 5.3. Synthesis of osmium complexes of 2-(2-

hydroxyphenyl)imidazole ligands.
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Conclusions

It appears that coordination of the bidentate imidazole-phenoxide
ligands to osmium is easily achieved. The ligands coordinate as
monoanions through a deprotonated phenol and a nitrogen atom of the
imidazole or imidazoline ring. Further reactions of these complexes
and investigation of their high oxidation state chemistry would be in-
teresting, but solubility problems preclude such studies with the com-
plexes available.

Since the time work on this project was discontinued, other
ligands of this type have become available, and a limited investiga-
tion of their coordination chemistry has been carried out.® For exam-
ple, 2-(3,5-dichloro-2-hydroxyphenyl)-5,6-dichlorobenzimidazole has
been prepared, and reacts with K,[Os(OH)4(0),] as shown in Scheme 5.4.
It is interesting that this ligand 1is found to coordinate as a
dianion, giving the osmium(VI) trans-dioxo dianion (38), in contrast
to what 1is observed for "~the ligands discussed above. Reaction of 38
"with one equivalent of triphenylphosphine »in THF produces a complex,
39, in low (<30%) vyield. An X-ray crystal structure determination’ of
39 shows it to have the structure shown in Scheme 5.4. The complex is
a neutral osmium(IV) complex with the bidentate ligands coordinated as
dianions, and triphenylphosphine oxide and tetrahydrofuran auxiliary
ligands.

Perhaps with the availability of new 2-(2-hydroxyphenyl)benz-
imidazole ligands, and a synthetic route to octahedral osmium(IV) com-

plexes coordinating the bidentate ligands as dianions, the oxidation
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chemistry of these complexes, and the donor properties of these

ligands can be investigated in detail.
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Scheme 5.4. Osmium complexes with 2-(3,5-dichloro-2-hydroxy-

phenyl)-5,6-dichlorobenzimidazole ligands.
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Experimental

Materials. Benzene (thiophene free, Aldrich), diethyl ether
(Baker), diphenyl ether (MCB), ethanol (U.S. Industrial), hexanes
(Aldrich), and methanol (Baker) were reagent grade and were used as
received, unless otherwise noted. Dichloromethane (Baker) was dis-
tilled from calcium hydride ©prior to use. 2-(2-Hydroxyphenyl)-4,5-
dimethylbenzimidazole (Aldrich, Alfred Bader), methyl salicylate
(MCB), osmium tetraoxide (99.8%, Alfa), and palladium on carbon (10%,
Aldrich) were wused as received. Ethylenediamine (MCB) was freshly
distilled prior to wuse. Silica gel used in column chromatography was

60—200 mesh (Davison).

Physical Measurements. !H NMR spectra were recorded at 90 MHz on
a Varian EM-390 spectrometer. 1H chemical shifts are reported in
ppm(8) vs. Me,Si with the solvent (CDCl3, 8 7.24; DMSO-dg, 8 2.49) as
internal standard. Infrared spectra were recorded on a Beckman IR
4240 spectrometer. Elemental analyses were obtained at the Caltech
analytical facility. Solvents of crystallization were quantified by
1H NMR spectroscopy of the authentic samples submitted for elemental

analyses.

Syntheses. All reactions were carried out in air wunless other-
wise noted. K2[Os(OH)4(O)2]8 and 2-acetyl-5-t-butylsalicylic acid®

were prepared as described in the literature.
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Methyl-5-t-butylsalicylate. 5-t-butylsalicylic acid (1.99 g;
10.2 mmol) was dissolved in methanol (28 mL). Concentrated HZSO4 (1.0
mL) was added and the solution was heated at reflux (1 h). The mix-
ture was cooled to room temperature and added to water (10 mL). The
organic product was extracted into diethyl ether (10 mL). The ether
solution was washed with water (7 mL) and portions (7 mL) of 5%
NaHCO3(aq) ﬁntil the washings were basic. A final wash with saturated
NaCl(aq) was done and the ether solution was dried over MgSO4. The
solvent was removed under vacuum to give a white solid. Yield: 1.51
g (71%). 'H NMR (CDCly): 6 7.8 (d, 1H, J=3Hz) H,; 7.6 (dd, 1H,
J=9,3Hz) H,; 69 (d, 1H, J=9Hz) H,; 3.9 (s, 3H) CHs; 13 (s, 9H) ¢
butyl. IR (Nujol): 3200 cm™ (s), wvw(OH); 1682 cm™* (s), wv(CO).
M.P.. 39—41°,

2-(2-hydroxyphenyl)imidazoline (30). This imidazoline, and the
imidazole following were prepared according to the procedure outlined
in the literature.? The - details of the procedure are included here
because the - report in the literature is not detailed.
Methylsalicylate (8.5 mL; 656 mmol) was added to freshly distilled
ethylenediamine (13.4 mL; 198 mmol) and the mixture was heated at re-
flux (12 h). The volatiles were removed on a rotary evaporator leav-
ing a vyellow oil. Diphenyl ether (100 mL) was added to the oil and
the solution was heated at reflux (4 h) under a nitrogen atmosphere.
The solution was allowed to cool and a solid precipitated. The solid
was filtered and washed with a large quantity of diethyl ether. Re-

crystallization from ethanol/hexanes gave tan needles. Yield: 1.0 g
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(9.4%). The 1 H NMR spectrum and the IR spectrum match those reported.
2-(2-hydroxyphenyl)imidazole (31). 2-(2-hydroxyphenyl)imidazol-
ine (1.8 g; 11.1 mmol) was dissolved in diphenyl ether (12 mL), and
palladium on carbon (10%, 150 mg) was added. The mixture was stirred
and heated at reflux (5 h) under a nitrogen atmosphere. The hot reac-
tion mixture was filtered through a pad of celite and allowed to cool
The mixture was chromatographed on a silica gel column eluting first
with benzene to remove the diphenyl ether, and then with diethyl
ether. The ether solution was reduced to a few milliliters on a rota-
ry evaporator and placed in an ice bath to precipitate white crystals.
The imidazole was filtered and washed with hexanes. Yield: 127 g
(71%). The ' H NMR and IR spectra match those reported.
2-(5-t-butyl-2-hydroxyphenyl)imidazoline (32). Methyl-5-t-butyl-
salicylate (199 g; 9.56 mmol) was added to freshly distilled
ethylenediamine (20 mL; 296 mmol) and the mixture was heated at reflux
(12 h). The excess ethylenediamine was removed under vacuum leaving a
thick golden oil. The oil° was washed with two portions (5 mL)‘ of di-
chloromethane, and each was removed under vacuum. Diphenyl ether (20
mL) was added and the solution was heated at reflux (4.5 h) under a
nitrogen atmosphere. The mixture was chromatographed on a silica gel
column eluting with dichloromethane to remove diphenyl ether and other
impurities, and then with ethanol to remove the product. Hexanes were
added to the ethanol solution to give pale yellow crystals. The solid
was filtered and washed with hexanes. Yield: 0.40 g (20%). lH NMR

(CDCl3): 8 82 (broad s, 1H) NH; 7.3 (m, 2H) H,, Hg;

s 69 (d, 1H,

J=9Hz) H,; 3.8 (s, 4H) —CH,CH,—; 1.3 (s, 9H) t-butyl.
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trans-Os(2-(2-phenoxy)imidazoline),(0), (34). K,[Os(OH)4(0),]
(100 mg; 0.27 mmol) was dissolved in methanol (30 mL) and the solution
was filtered. 2-(2-hydroxyphenyl)imidazoline (92 mg; 0.57 mmmol) was
dissolved in methanol (10 mL) and the two methanol solutions were
poured together and stirred once. After a few minutes orange crystals
precipitated from solution. The product was filtered and washed with
methanol. Yield: 113 mg (76%). Anal. Calcd for C18H18N4O4Os: C,
39.70; H, 3.33; N, 10.29. Found: C, 39.82; H, 345, N, 1029. IR
(Nujol): 3370 cm™ (s), v(NH); 855 cm™ (s), v, (OsO,).

trans-Os(2-(2-phenoxy)imidazole),(0), (35). K,[0s(OH)4(0),] (50
mg; 0.14 mmol) was dissolved in methanol (30 mL). This solution was
added to a solution of 2-(2-hydroxyphenyl)imidazole (47 mg; 0.29 mmol)
in methanol (10 mL). The solution was allowed to sit until product
crystals had settled out. The volume of the solution was reduced on a
rotary evaporator and the orange product filtered and washed with
methanol. Yield: 35 mg (48%). Anal. Calcd for C18H14N4O4Os: C,
3999; H, 262; N, 1037. Found: €, 3991; H, 2.76; N, 10.25. IR
(Nujol): 3200 cm™ (s), v(NH); 820 cm™ (s), v_ (0sO,).

trans-Os(2-(5-t-butyl-2-phenoxy)imidazoline),(0), (36). K,[Os-
(OH)4(O)2] (100 mg; 0.27 mmol) was dissolved in methanol (25 mL). A
solution of 2-(5-t-butyl-2-hydroxyphenyl)imidazoline (122 mg; 0.56
mmol) in methanol (10 mL) was added to the osmium solution. After a
minute orange crystals settled out and were filtered, and washed with
methanol.  Yield: 112 mg (63%). Anal. Caled for CygH34N4040s: C,
47.54; H, 523; N, 853. Found: C, 47.76; H, 5.17; N, 847. IR

(Nujol): 3370 cm™ (s), v(NH); 840 cm™ (s), v (OsO,).
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trans-Os(2-(2-phenoxy)-5,6-dimethylbenzimidazole)2(0)2 37). K,-
[Os(OH)4(O)2] (100 mg; 0.27 mmol) was dissolved in methanol (60 mL).
This solution was added to a solution of 2-(2-hydroxyphenyl)-5,6-di-
methylbenzimidazole (130 mg; 0.55 mmol) in methanol (15 mL) and
stirred once. The volume of the solution was reduced on a rotary
evaporator, and brown crystals were precipitated by slowly adding
diethyl ether. The crystals were filtered and washed with a small
amount of methanol, and diethyl ether. Yield: 132 mg (70%). Anal.
Calcd for C30H26N4O4Os-(H20)z C, 50.27; H, 394; N, 7.81. Found: C,
50.24; H, 3.71; N, 7.80. 'H NMR (DMSO-d,): & 8.1 (d, 2H, J=8Hz)
phenyl; 7.3 (t, 2H, J=8Hz) phenyl; 7.2 (s, 2H) phenyl; 6.9 (d, 2H,
J=8Hz) phenyl; 6.7 (t, 2H, J=8Hz) phenyl; 6.3 (s, 2H) phenyl; 2.4 (s,
2H) NH; 2.2 (s, 6H) methyl; 1.7 (s, 6H) methyl. IR (Nujol): 840 cm™?

(s), v as(OsO?_).
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