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Abstract

A new tetradentate tetraanionic chelating ligand has been
synthesized: 1,2-bis(3,5-dichloro-2-hydroxybenzamido)-4,5-dichloroben-
zene, H4CHBA-DCB. This ligand is one of a class of polyanionic chelating
(PAC) ligands synthesized by the Collins group for stabilizing high valent
metal centers. H4CHBA-DCB has an aromatic framework that is
chlorinated for added chemical resistance. Reacting equimolar amounts of
H4CHBA-DCB and K3[Os(OH)4(O)2] coordinates the ligand as trans-
K9[Os(n4-CHBA-DCB)(0)2], 3. Compound 3 undergoes reversible
protonation at an oxo ligand to produce trans-K[Os(n4-CHBA-
DCBXO)(OH)], 4. Compound 4 reacts with solid MgSO4 and forms the
square-pyramidal mono-oxo complex Os(n4-CHBA-DCB)O), 5. Most
oxidizing agents, with the exception of bromine, decompose 3 into a black
amorphous material. Bromination of 3 produces a compound similar to 4
and is proposed to be trans-K[Os(n4-CHBA-DCB)O)OBr)], 6.
Triphenylphosphine readily reduces Os(VI) 3 to a neutral Os(IV) complex,
trans-Os(n4-CHBA-DCB)(PPh3)g, 7. The ancillary phosphine ligands of 7
prove to be substitutionally labile and can be exchanged for other Lewis
bases (e.g., py, t-Bupy, bipy, dppe, and ¢-BuNC) to produce a series of
Os(IV) complexes. Using cyclic voltammetry, the formal potentials of the
Os(V/IV), Os(IV/II), and Os(III/II) couples are determined in CH2Cls. In
liquid SOg, the formal potentials of the Os(V/IV), Os(2+/+), and
Os(3+/2+) couples are measured for three compounds, the highest
potential being at +1.70 V vs. Fc*/Fc or ca. +2.4 V vs. NHE. A fourth
irreversible couple is observed at +2.12 to +2.20 V vs. Fc*/Fc. These

osmium complexes display temperature-independent paramagnetism.



vi

Os(IV) complexes with bidentate ligands (e.g., bipy and dppe) and
Lewis acid ligands (¢-BuNC) form cis complexes where the (n4-CHBA-
DCB)#4 ligand is non-planar, and the auxiliary ligands are cis to one
another. Two such complexes have been crystallographically
characterized: cis-B-Os(n4-CHBA-DCB)(bipy), 11, and cis-a-Os(n4-CHBA-
DCB)(PPh3)(¢-BuNC), 14. Compound 11 crystallizes with 0.5 equiv EtOH
solvate in the triclinic space group P1 with a = 10.860(3) A, b = 12.633(3)
A ¢ =12844(4) A, a = 117.42(2),° B = 90.42(3)°, y = 95.90(3)°, V =
1552.2(7) A3, Z = 2, Deale = 1.97 g/em3, and Ry = 0.047 (I > 0; 2888
reflections). Compound 14 crystallizes in the orthorhombic space group
Poca witha = 22.09(2) A, b = 19.92(2) A, c = 19.40(2) A, V = 8537(4) A3,
Z = 8, Deale = 1.69 g/ecm3, and Rf = 0.063 (I > 0; 1564 reflections). These
structures contain novel non-planar amide groups. The amount of
deformation in each amide is quantified by a torsion angle analysis. Two
bonding changes cause the amide non-planarity: amide C-N bond rotation
and pyramidalization of the amide nitrogen atom. Consistent with the
presence of non-planar amides, unusually high amide carbonyl stretching
frequencies are observed (1650-1695 cm-1), which imply that amide
delocalization stabilization has been restricted.

The cis-a and trans isomers of [Os(n4-CHBA-DCB)(¢t-Bupy)2]™* are
in equilibrium with one another. From the measured equilibrium constant
of 1.3 (in favor of the trans) and the formal reduction potentials for each
isomer, the equilibrium constants for the interconversion of the neutral
(3.4 x 103), anionic (2.4 x 1011), and dianionic (2.0 x 1015) species are
derived. The trend in equilibrium constants shows that the cis-a ligand set
is increasingly favored as the metal is oxidized. A linear free energy

relationship (LFER) is established between the cis-a %5 trans equilibrium
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constants of Os(n4-CHBA-DCB)(p-X-py)2 [X = MeO, ¢t-Bu, Et, Me, H, Br,
Cl, Ac] and both Fischer @ (p = -2.10, r = 0.948) and Hammett o, (p =
-1.60, r = 0.949) substituent parameters. The formal potentials of the
Os(V/IV), (IV/I), and Os(III/II) couples of both the cis-a and trans isomers
also correlate with G constants, showing that the electron density at the
metal center is perturbed in a predictable manner by the pyridine
substituents. These LFERs show that the isomerization equilibria are
controlled by electronic demand for stabilization at the metal center with
the cis-a ligand set being more electron-donating than the trans set. This
difference apparently results from the increased localization of the amide
nitrogen lone pair due to restricted amide delocalization in the non-planar
amide groups of the cis-a isomers. The localized lone pair probably
enhances o- and n-bonding between the amide nitrogen atoms and the
osmium center. The balance between the stabilization derived from the
cis-a isomer and the destabilization incurred from restricted amide
delocalization may determine which isomer is thermodynamically most
stable.

The mechanism for the interconversion of cis-a and trans isomers is
probed through kinetic rate measurements and ligand exchange studies.
Most of the results suggest that an intramolecular “twist” mechanism, T,
requiring no ligand dissociation steps, controls the isomerization
processes. The mechanism explains why no cis-f isomers are detected
during the isomerization of cis-a and trans isomers. The activation
parameters are derived for the cis-a -+ trans isomerizations of three
systems: Os(n4-CHBA-DCB)(¢-Bupy)2 (AH* = 21.6(19) kcal/mol; AS* =
-10(6) eu), Os(n4-CHBA-DCB)(O=PPh3)2 (AH* = 21.6(2) kcal/mol; AS*
= 0.3(6) eu), and [Os(n4-CHBA-DCB)O=PPh3)2]* (AH* = 23.7(6)
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kcal/mol; AS* = +17(2) eu). This suggests that the different rates of
isomerization result from entropic differences in the transition state, not
enthalpic differences. That is, the ¢-Bupy system has the “tightest”
transition state, as evidenced by the most negative AS*, and consequently
the slowest isomerization rate. The rates are observed to be faster in the

d3 Os(V) phosphine oxide system than in its d4 Os(IV) analog.
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Chapter 1

Introduction

Polyanionic Chelating (PAC) Ligands for the Production of New High

Valent Inorganic Complexes



This thesis encompasses three areas of research: synthetic,
physical inorganic, and kinetic studies of high valent osmium complexes
stabilized by a polyanionic chelating (PAC) ligand. The stability imparted
from the electron-donating PAC ligand makes possible the electro-
oxidation of neutral Os(IV) compounds to tricationic species at potentials
of up to +1.70 V vs. ferrocinium/ferrocene (Fc+/Fc) or ca. +2.4 V vs. NHE.
This chelate usually coordinates to the metal in a planar geometry through
phenolate and N-coordinated organic amido (N-amido) linkages. Under
oxidizing conditions, however, the ligand coordinatively isomerizes by
forming novel non-planar amide moieties. In doing so, the chelate becomes
an even stronger electron-donor and reduces the formal potentials of
osmium couples by up to 510 mV. A literature search reveals that these
are the first examples of non-planar amides bound to a metal center. The
final portion of the research probes the thermodynamic driving forces
behind this rearrangement and the mechanism through which it proceeds.
From these studies, we can discern how a PAC ligand interacts with an
oxidized metal center and what factors affect the metal-ligand bonding.

This research is part of a larger effort by the Collins group to pro-
duce new PAC ligand complexes and study the chemistries of them.6-8,10
To define the reasons for initiating my research, it is necessary to explain
the underlying concepts and goals of the overall PAC ligand project.

The objectives of the project are to determine (1) if inorganic
complexes of PAC ligands have more selective reaction chemistry than
high valent compounds not containing such ligands and (2) if these ligands
allow additional modes of reactivity for oxidized metal centers, reactivity
which is not possible with existing complexes. Many high valent metal

compounds are reagents or catalysts for organic oxidations (e.g., Ce(IV),



MnO4-, OsO4, and CrOs); hence, the ultimate goal of the PAC ligand
project is to create more selective inorganic oxidizing agents. Although the
project to date is best described as high valent inorganic chemistry, the
research pertains to a broader field: oxidation chemistry.

The extensive scope of oxidation chemistry is best revealed by the
fundamental processes that the field encompasses: organic hydrogen
elimination (CH3CH3 + HoC =CHg2 ~ HC =CH), oxygen atom transfer (CH4
+ CH30H » CH20 » HCO2H » COz2), and electron abstraction (Fe(II) »
Fe(Ill) + e~). The numerous substrates and inorganic reagents that react
via these processes make oxidation diverse and complicated. Excellent
references are available describing oxidation chemistry in more detail.l
Industrial applications include the epoxidation of ethylene with dioxygen,
the Wacker process, the Mid-Century process, and the Oxirane process.
Transition metal complexes catalyze all of these processes.

From the number of important oxidation processes, one might
assume that metal-based oxidations have been studied in detail and are
thoroughly understood. Unfortunately, mechanistic information often is
lacking.2 Rapid kinetic rates and numerous intermediates obscure
reaction steps. Radical reaction paths frequently participate. The role of
the inorganic component is rarely established. Its function is usually
inferred from product distributions alone. Multiple reaction paths often
reduce the chemoselectivity of an oxidation. These pathways include
homolytic, heterolytic and disproportionation events that are metal-
centered. Shuttling among several valence states simultaneously
generates multiple oxidants.

Chromic acid oxidation of a-tert-butylbenzyl alcohol is a

representative system that contains manifold oxidants.3 Mechanistic



studies reveal that two chromium catalysts of different oxidation states are
present and have excellent, but different, chemoselectivities: Cr(VI) and
Cr(IV). The alcohol is cleanly oxidized to phenyl tert-butyl ketone by
Cr(VI) reducing to a Cr(IV) intermediate (eq 1.1).

OH O

|
(CH3)3C-CH-Ph + Cr(VI) —> (CH3)3C-C-PH + Cr@IV)  (L.1)

The Cr(IV) intermediate, however, homolytically oxidizes more alcohol
and generates cleavage products: benzaldehyde and tert-butanol (eqs 1.2

and 1.3).

(I)H
(CH3)3C-CH-Ph +Cr(IV) —> (CH3)3C-+PhCHO+Cr(IIl) (1.2)
oxid.
(CH3)3C. — (CH3)sCOH (1.3)

Each chromium reagent produces different organic products from the

alcohol. The presence of both reagents limits the reaction efficiency.
Solvent, pH and temperature adjustments can marginally improve

yields. Controlling the redox changes at the metal center, however, is

imperative. Stabilization of the Cr(IV) intermediate discussed above
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Table 1.1. Known Os(VII) and Os(VIII) Compounds.

Os(VID) Ref Os(VIII) Ref

OsFq 4a 0s04

OsOFs5 4b,c 0OsO3F9 4d
OsO3sF3- 4d
OsO9N(OH) 4e
OSOn (N't-Bu)4-n 4f
(n =1-3)
Os(N-t-Bu)3(N-SOg2-Ar) 4g
(Ar = 2,4,6-Me3Ph;
2,4,6-i-Pr3 Ph;
4-MePh)

would confine oxidation to the heterolytic Cr(VLIV) pathway (eq 1.1);
Cr(VI) could then be considered a selective inorganic oxidant. Prudent
changes in the ligation of the metal center can control such inorganic redox
processes.

Only a limited number of ligands stabilizes high valent metal
centers while resisting oxidation. Most well-known examples are
monodentate, electronegative species such as F—, C1-, Br—, 02-,and N3-.
Useful exceptions include dianionic n2-peroxo and n4-porphyrinato
ligands. This limited number of ligands restricts the number of high
valent compounds available. A survey of all known Os(VII) and Os(VIII)
complexes illustrates this point. Only twelve Os(VII) and Os(VIII)
compounds have been well-characterized (Table 1.1). This number sharply
contrasts the thousands of low valent osmium complexes containing
phosphine, carbonyl, alkyl, cyclopentadienyl, hydride, and olefinic ligands,

among others.5



The limited number of ligands makes it difficult to fine-tune the
reactivity of high valent compounds; only coarse changes in ligation are
possible. Most of these ligands are poorly suited for spectroscopic
observation. As a result, monitoring the inorganic reagents in situ is
difficult, if not impossible. Before new oxidants can be created, a more
immediate problem must be solved—designing new ligands for high valent
metal centers. Additional ligands must be developed, and the chemistry of
complexes containing them must be explored.

The Collins group has prepared PAC ligands that are capable of
forming stable high oxidation state complexes. We consider the following

design criteria necessary for producing suitable ligands:

1. Incorporate hard donor atoms that are negatively charged
to provide chemically innocent binding sites and strong o-
donation.

2. Provide sufficient negative charge formation wupon
coordination to compensate for the high positive charge on
an oxidized metal center.

3.  Build chelating ligands, rather than monodentate ligands,
to provide strong binding to the metal and to limit the
number of available coordination sites about the metal
center.

4. Design ligands that form five- and six-membered
metallacycles upon coordination to ensure the formation of

monomeric vs. polymeric compounds.



5. Develop PAC ligands that are both oxidation- and
hydrolysis-resistant to ensure the integrity of complexes in
harsh environments.

6. Include a means of derivatization to vary the steric and
electronic properties of the ligand or even to incorporate
chiral substituents.

7. Devise simple and economical syntheses.

Several PAC ligands have been designed and coordinated to metal
centers. Of these ligands, those in Table 1.2 have been employed often by
the Collins group. The ligands in Table 1.2 are presented in the
chronological order of their design. H4HBA-Et was the prototype of the
ligand family. Chloride substituents and an aromatic bridge were added to
protect the ligand from oxidation (e.g., H4CHBA-Et, H4{HBA-B, and
H4CHBA-DCB). Recently, the aromatic framework has been replaced by
an aliphatic one (e.g., H{HMPA-B and H4fHMPA-DMP). The aliphatic
ligands have greater o-donating capabilities and greater resistance to
oxidation than the former aromatic ligands. Chromium,8,10j cobalt,10g,h;11
copper,11 iron,8,11 and osmium6;7;10a-f,i-k;11 complexes of PAC ligands
have been prepared thus far.

The chemistry of osmium complexes incorporating the ligand
H4CHBA-DCB is reported in this thesis. Deprotonation of both phenols
and both secondary amides produces a potentially tetradentate,

tetraanionic ligand, (n4-CHBA-DCB)4 -~ (Figure 1.1). The phenolatel2 and



Table 1.2. Frequently Employed PAC Ligands.a
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aRef 9 explains ligand abbreviations. b Refs 7,8. ¢Refs 6; 7;8;9a,b.f,i j,k.
d Refs 6; 8; 10c,d,e. ¢ Refs 10c,e,f,h,i. fRefs 10g 11. gRef11.
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Figure 1.1. PAC ligand (n4-CHBA-DCB)4- coordinated as a

tetradentate, tetraanionic ligand to metal M.

N-amidol3 moieties are strong o-donors. Electrochemical studies by
Margarum et al. of Cu(II) and Ni(II) intercalated in polypeptides reveal
that successive coordination of one to three N-amido ligands lowers the
formal potentials of the M(III/IT) couples by up to 0.43 V.14 Kimura et al.
use amide-containing cyclam ligands, such as 1,4,7,10,13-pentaaza-
cyclohexadeca-14,16-dione, to produce stable Ni(IIT) compound.15b,c These
ligands render Ni(Il) centers sufficiently basic to bind dioxygen.15ab
Nickel complexes of standard cyclam ligands without amide substituents
are unstable in the +3 oxidation state and cannot bind dioxygen. The
accessibilities of these high valent complexes of copper and nickel are
attributed to the exceptional electron-donation from the N-amido moieties.

The motivation for designing H4CHBA-DCB came from studies
documenting the deficiencies of HYCHBA-Et. Drs. Terry E. Krafft and
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Stephen L. Gipson showed that osmium complexes of H4CHBA-Et were
susceptible to oxidation at the ethylene bridge.6;7;10ab These were
octahedral Os(IV) complexes, trans-Os (n4-CHBA-Et)L2, where L
represents pyridine or 4-tert-butylpyridine (Scheme 1.1). Upon
electrochemical oxidation of these compounds, successive bridge-localized
reactions gave rise to a cascade of degradation products. First, the
ethylene bridge underwent dehydrogenation, producing an olefinic bridge.
In the presence of alcohol, this unsaturated bridge was further oxidized to
a 1,2-diether moiety. Cleavage of the bridging C-C bond followed by
hydrolytic loss of the alkoxide groups yielded a complex with two bidentate
residues, each binding through phenolate and organic N-imido donors.13
Stepwise hydrolysis of the two formyl groups produced a bis-salicylamido
complex that was structurally analogous to the initial (n4-CHBA-Et)4-
complex, except for the lack of an ethylene bridge. Protonated forms of the
final compound proved to be catalysts for the electrochemical oxidation of
alcohols. Although elucidating this cascade was scientifically challenging,
and the electrochemical oxidation catalysts warranted characterization
and testing, the ligand H4CHBA-Et did not fulfill design criteria #5
requiring PAC ligands to be chemically resistant. An improved ligand
was needed. We anticipated that a dichlorophenylene bridge would
alleviate the problem of the ethylene bridge oxidation.

Chapter 2 describes the synthesis of HfCHBA-DCB and osmium
complexes of it. The osmium complexes of (n4CHBA-DCB)4— show greater
resistance to oxidation than analogous (n14CHBA-Et)4- compoundsdo. As
previously mentioned, the neutral Os(IV) compounds display reversible
Os(3+/2+) couples at 1.70 V vs. Fe+/Fc in liquid SO2. Measurements of

the magnetic susceptibilities of five Os(IV) complexes show temperature-
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independent paramagnetism. In Chapter 3, complexes containing non-
planar N-amido ligands are presented. Two deformations generate non-
planar amides: pyramidalization at the amide nitrogen atom and amide C-
N bond rotation. X-ray crystallographic characterization of two systems
makes possible the quantification of amide non-planarity and an
assessment of the contribution from each type of deformation. The changes
in metal-ligand bonding induced by each deformation are compared.
Reduced delocalization in the non-planar amides is evidenced by high
amide carbonyl IR bands and basic amide nitrogen atoms. Chapter 4
includes a thermodynamic analysis of the free energy differences between
complexes with planar N-amido ligands and those with non-planar
ligands. This suggests that a non-planar N-amido ligand is more electron-
donating than its planar analog. A linear free energy correlation confirms
this hypothesis and reveals that electronic demands at the metal center
trigger these isomerizations. Oxidizing the metal center can induce a
planar to non-planar isomerization. In Chapter 5, the mechanism of this
isomerization is examined through kinetic rate measurements and ligand
exchange studies. An intramolecular twist rearrangement occurs, which
requires no bond cleavage prior to isomerization. Unless otherwise noted,
Dr. Stephen L. Gipson performed all of the electrochemistry in Chapters 2,
3, and 4.
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Chapter 2

H4,CHBA-DCB, A New Robust PAC Ligand, and High Valent Osmium

Complexes of It
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Introduction

The first task in this project was to synthesize the new PAC ligand
H4CHBA-DCB.1 Os(IV) complexes of a similar ligand, trans-Os(n4-CHBA-
Et)(py)2, had been shown to be susceptible to oxidation at the ethylene
bridge of the chelating ligand. In designing a more robust PAC ligand, a
dichlorophenylene (DCB) bridge was substituted for the ethylene unit in
H4CHBA-Et. This bridge replaces the aliphatic C-C and C-H bonds with
stronger aromatic bonds2 and is protected from aromatic substitution and
oxidation by the chloride substituents. The new ligand was synthesized
and coordinated to osmium as trans-Kg[Os(n4-CHBA-DCB)(0O)2]. Os(IV)
complexes were prepared analogous to those containing the ligand (n4-
CHBA-Et)4. These new compounds remain intact under oxidizing
conditions; hence, the DCB bridge effectively blocks oxidative
decomposition. Complexes of the new ligand undergo unprecedented
Os(IV) chemistry: (1) facile ligand substitution reactions, (2) reversible
electrochemistry at potentials of +2.00 V vs. ferrocinium/ferrocene
(Fe+/Fc) in liquid SOg, and (3) a ligand isomerization process whereby the
electron-donation of the chelate varies according to the demand for
electron density at the metal center.

The triphenylphosphine complex trans-Os(n4-CHBA-DCB)(PPh3)2
is a useful starting material for producing a series of Os(IV) compounds.
Upon gentle heating of this compound, Lewis bases (e.g., py, 4-t-Bupy, and
t-BuNC), L, readily displace one phosphine to produce complexes of the
type Os(n4-CHBA-DCB)(PPh3)L, 9-L. High temperatures usually effect
substitution of the second phosphine generating bis-substituted products,

Os(n4-CHBA-DCB)Lg,10-L. Bidentate Lewis bases such as bipy and dppe



19

displace both phosphines, producing monomeric complexes where the
chelate assumes a non-planar geometry. Non-planar chelate geometries
were not expected. We thought that the stiff aromatic framework and the
planarity of amide groups would necessitate planar coordination of the
ligand; this assumption, however, was wrong. Detailed studies
demonstrate that changes in chelate planarity cause variations in the
electron-donating capabilities of the PAC ligand.

In dichloromethane, the Os(IV) compounds exhibit reversible
Os(II/II), Os(IV/AI), and Os(V/IV) couples, as observed by cyclic
voltammetry. Beyond the Os(V/IV) couple, no anodic activity is observed
within the oxidative limit of dichloromethane, about +1.4V vs. Fe+/Fe.
Recent reports using liquid SO2 as an electrochemical medium place its
anodic limit at about +3.5V vs. Fc+/Fc.3 This remote limit prompted an
investigation of the Os(IV) electrochemistry in liquid SOg to determine the
potential limits at which the compounds degraded. For each of these
complexes, three reversible couples are observed, the highest of which has
a formal potential of +1.7V vs. Fc+/Fc. Irreversible oxidation of these
complexes occurs at potentials of ca. +2.2V vs. Fe+/Fc.4

The 1H NMR spectra of the Os(IV) complexes show well-resolved
paramagnetic shifts. For example, in the 31P NMR spectrum of Os(n4-
CHBA-DCB)(dppe) the signals of the dppe phosphorus atoms are at -992.9
and -1015.6 ppm relative to an 85% H3POy4 reference. To determine the
nature of the magnetic influence, variable temperature magnetic
susceptibility measurements were done on a number of Os(IV) compounds.
Temperature —independent paramagnetism was observed with no

detectable Curie-Weiss component for all complexes studied.
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Results and Discussion

Ligand Synthesis

The synthetic route used to make H{CHBA-DCB, 1, was originally
developed by Dr. George H. Spies5 for the production of other PAC ligands
(e.g. HyHBA-Et and H4HBA-B)! (Scheme 2.1). Commercially available
3,5-dichlorosalicylic acid is acetylated with acetylchloride in acetic
anhydride and then converted to the acid chloride with oxalyl chloride.
4,5-Dichlorophenylenediamine must be purified prior to use by reduction
with either sodium sulphite or triphenylphosphine followed by
recrystallization from hexane. Reacting two equivalents of the acid
chloride with the diamine produces the acetylated PAC ligand. Hydrolysis
removes the acetyl protecting groups. Multiple recrystallizations of the
crude product from THF/EtOH (1:1 v/v) are necessary for adequate
purification.

The yields of 1 from this synthesis varied between 10 and 60%.
These are in contrast with yields routinely attained in the synthesis of
other PAC ligands (60-90%).5.6 The conditions used for reacting the acid
chloride and the diamine were varied in hopes of optimizing the yield.
These modifications included heating under reflux (~ 50 °C), cooling with
an ice-bath (0 °C), activating the acid chloride with aluminum trichloride,”
and using an acid imidazolide reagent in place of the acid chloride.8 All of
these attempts proved useless.

A recurring impurity was isolated and identified in attempts to
understand reaction paths leading to by-products. Characterization of the
impurity revealed it to be a condensation product from the synthesis, aryl-

substituted benzimidazole, HoCHP-DCBI (2, Scheme 2.2).1 Reactions of
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Scheme 2.1. Synthesis of H{CHBA-DCB.
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Scheme 2.2. Proposed Mechanism of HoCHP-DCBI Synthesis.
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acylating agents with o-phenylenediamine are known to form
benzimidazole products.9,10 Following the formation of one amide, the free
amine group condenses with the amide carbonyl group, producing the
benzimidazole heterocycle.  Apparently, there are two competitive
reactions of the mono-amide intermediate. Simple ring closure leads to 2,
whereas reaction with one equivalent of acid chloride produces acetyl-
protected 1. Syntheses carried out at high temperatures or using impure
acid chloride generate high yields of benzimidazole. At 0 °C, negligible 2 is
produced, but large amounts of unidentified by-products reduce the yield of
isolated 1. Reacting pure reagents over long reaction times (> 12 h) at
ambient temperatures gives the highest yields of 1 (> 50%).
H4,CHBA-DCB is soluble only in THF, in DMSO, and sparingly in
acetone. It is the least soluble of the PAC ligands, possibly because of the
six chloride substituents. It has been characterized by IR and 1H NMR
spectroscopies and elemental analysis. Its IR spectrum displays N-H and
O-H absorptions (VN.H = 3280 cm-1; vo.H = 3505 cm-1), amide I and II
absorptions (vamide 1 = 1650 cm-l; vamide I = 1552 cm-l) and a

complicated fingerprint region.11

Os(VI) Complexes of (n4-CHBA-DCB)4-

The ligand H4CHBA-DCB coordinates to osmium if reacted with
an equimolar amount of trans-Kg[Os(OH)4(O)2l], potassium osmate.6,12
Metathesis of osmate hydroxyl ligands with the donor atoms of 1 proceeds
rapidly, producing trans-Kg[Os(n4-CHBA-DCB)(O)2], 3, and eliminating
four equivalents of water (Scheme 2.3). This parallels known osmate

reactions with excess acid HX where X~ substitutes for the hydroxyl
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Scheme 2.3. Coordination of H{CHBA-DCB to Osmium.
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groups to produce trans-Ko[0sX4(0)2] (X~ = CI-, Br-, CN-, C2042-, and
NOy)132 Recrystallization of 3 from butyl ether/THF/MeOH affords an
85% yield of tan microcrystalline product.

Compound 3 has been characterized by IR, 1H NMR, and 13C NMR
spectroscopies and elemental analysis. The primary amide IR band
decreases from 1650 cm-1 (free ligand) to 1607 cm-1 (3) upon coordination.
This phenomenon is routinely observed for free vs. metal-bound amide
groupsl4 and serves as a diagnostic marker for N-amido ligand formation.
The drop in vc =0 suggests that the M-N bond is partially ionic, M 8*-N&-,
and that the anionic charge is delocalized through the amide, creating

lower C-O bond order (eq 2.1).14

o /H o Os /058*
AN
Os* + C—N ——> H'" + C—N =—>H" + C=N
Va Vs /o
0 @) 0 3
. (2.1)
covalent jonic

The single asymmetric dioxo stretch at 820 cm-1 establishes the trans
relationship of the two oxo ligands. 180 labelling lowers the dioxo band to
782 cm-1, which confirms the assignment. The 5d2 Os(VI) center is
diamagnetic, making NMR spectroscopy feasible. The 1H NMR spectrum
of 3 shows three signals for the six protons of the chelate: a singlet (bridge
protons) and two doublets (phenolate protons). Together the IR and 1H
NMR spectra require 3 to have Coy symmetry as pictured in Scheme 2.3.
Consistent with this symmetry, the 20 carbon atoms of the (n4-CHBA-
DCB)4~ ligand exhibit ten 13C NMR signals (Figure 2.1, top). An
INEPTNON 13C NMR spectrum enhances only methyne and methyl
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Figure 2.1. Top: 13C NMR spectrum of 3. Bottom: INEPTNON
spectrum of 3. This pulse sequence enhances only methyne

carbon signals. All others are nullified.

carbon signals while nulling all others. This spectrum of 3 makes partial
assignment of the 13C NMR spectrum possible.15

Unlike potassium osmate, none of the PAC ligand complexes shows
evidence of either chelate dissociation or amide hydrolysis in acidic,
oxidative, or reductive media. Compound 3 undergoes reversible acid-base
chemistry that is oxo-localized.

Brgnstead acids turn orange solutions of 3 deep blue. The IR
spectrum of the blue product, 4, has PAC ligand bands similar to those

recorded for 3 but has no trans-dioxo absorption. Furthermore, the
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appearance of a broad band in the hydroxyl region (3400-3500 cm-1)
suggests that mono-protonation of one oxo ligand has occurred, producing
trans-K[Os(n4-CHBA-DCB)(O)(OH)], 4. The 1H NMR spectrum of 4 is
almost useless in that it shows the same pattern of chelate signals
observed for 3 (one singlet and two doublets), but at new chemical shifts,
and does not detect the rapidly exchanging hydroxyl protons. If allowed to
remain in solution more than ca. 20 min, 4 precipitates and cannot be
redissolved. Being an unsaturated 16-electron compound, 4 may
polymerize through bridging hydroxyl groups. Hydroxyl-bridged dimers
are known for Cu(Il), Cr(Ill), Fe(III), Co(IlI), and Pb(III) metal centers.16
An isopiestic molecular weight determination proved unattainable due to
the limited solubility of 4.

The best evidence of 4 being protonated 3 is the efficient
reversibility of the reaction. Successive protonation and deprotonation of 3
can be followed by 1H NMR spectroscopy. Adding one drop conc. HC104 to
an acetone-dg solution of 3 produces 4. Subsequent addition of two drops
triethylamine cleanly regenerates 3 as its triethylammonium salt.

By passing an acetone/THF (1:1 v/v) solution of 4 through
anhydrous MgSOQy, 4 is transformed into neutral square-pyramidal Os(n4-
CHBA-DCB)(0), 5. Isostructural complexes with aliphatic PAC ligands
(n4-HMPA-B)4- and (n4¢-HMPA-DMP)4~ have been well-charac-
terized.17,18 New !H NMR signals characteristic of 5 are observed. The IR
spectrum of 5 is the same as that of 3 except for a higher amide carbonyl
band and a mono-oxo band in place of the trans-dioxo band (Table 2.1).
PAC ligand complexes Os-(n4-HMPA-B)(O) and Os(n4-HMPA-DMP)(O)
also exhibit high amide carbonyl bands, indicating that the amides may

donate more strongly in mono-oxo compounds than in dianionic trans-
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dioxo complexes because of more covalent Os-N bonds (eq 2.1). The mono-
oxo IR band of 5 is lower than those of either aliphatic PAC ligand or bis-
diolato complexes (Table 2.1).19 This implies that the osmium-oxo bond of
5 has lower bond order and, hence, weaker bond strength than the bonds of
these other complexes. That is, 5§ may be less stable than other osmium
(VI) mono-oxo complexes. Consistent with this, 5 rapidly reverts to 4 upon
exposure to traces of water, whereas mono-oxo complexes of aliphatic PAC
ligands are impervious to hydrolysis.

An objective of this project has been the one- or two-electron
oxidation of 3 to produce either an anionic Os(VII) or a neutral Os(VIII)
dioxo complex. These would be exemplary high valent compounds
stabilized by a PAC ligand. Unfortunately,most products from oxidation of
3 are difficult to characterize. Most oxidizing conditions (e.g., Clg/THF,
PhIO, and solid state autoxidation at 130°C) convert 3 into a black
amorphous material with only limited solubility. The oxidized product
exhibits no NMR spectrum, prompting speculation that it may be
paramagnetic Os(VII). The IR spectrum of it is almost able to be
superimposed on that of 3 (Figure 2.2), the only differences being the
absence of the 820 ¢m-1 trans-dioxo band of 3 and a new absorption at 875
cm-1 for the black material. This product may be the monoanionic Os(VII)
analog of 3 or, more likely, oligomers of such complexes linked through p-
peroxo units. The latter explanation is consistent with the limited
solubility, the lack of a 1H NMR spectrum, and the new IR band at 875

cm-1 (vo.o(p-peroxo) = 790-930 cm-1)13b of the oxidized product.
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Table 2.1. Mono-oxo and Amide Carbonyl IR Bands of Square-pyramidal
Os(VI) Mono-oxo Complexes.

Complex \()0051:1()) Ve :(grﬁrlr)lide)
Os(02(CHzg)2)2(0)b 992 a
Os(02(CMeg)2)2(0)b 978 a
Os(n4-HMPA-B)(O)c 962 1714
Os(n4-HMPA-DMP)(O)c 962 1710
Os(n4-CHBA-DCB)(0), 5, 939 1670

Ko[Os(n4-CHBA-DCB)(O)2], 3 820 1607
(dioxo)

a No amide groups. b Refs 17,18. ¢ Refs 1, 10.

No evidence for the formation of a neutral Os(VIII) dioxo complex
has been obtained. We suspect that 0OsX402 species may be
inherently unstable; the Os(VIII) fluoride analog of trans-Os(n4-CHBA-
DCB)(0)g, OsF40s9, is an unrealized synthetic target of fluorine chemists.
Reactions of osmium metal with oxygen and fluorine gases at ratios
varying between 0.5 and 2.0 (Pg,:PFr,) produce osmium complexes with
ensuing ratios of oxide to fluoride ligands: OsFg, OsF‘50, OsF40, and
OsF903.20 The formulation OsF40Os2 is not detected. The investigators
speculated that if OsF409 was formed, then it disproportionated into
OsF40 and Os.
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Figure 2.2. Superimposed IR spectra of 3 (top; 820 cm-1 trans-
dioxo band circled) and oxidized 3 (bottom; 875 cm-1 new band

circled).
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Bromine is the only oxidant that reacts cleanly with 3. Treatment
of an orange THF solution of 3 with dry bromine produces a new complex,
6, which has deep blue color and a 1H NMR spectrum similar to that of
protonated trans-dioxo, 4. These similarities between 4 and 6 prompted
speculation that they were identical. Trace HBr present in the bromine
may have produced 4. Compound 6, however, is unaffected by the addition
of excess triethylamine, whereas 4 reverts to 3 in the presence of excess
triethylamine. Furthermore, 6 is synthesized with a large excess of KoCOg3
present. The IR spectrum of 6 shows no oxo band and is similar to the
spectrum of 4. The spectrum of 4 shows a strong hydroxyl absorption at
3400-3500 cm-1, whereas 6 shows no activity in that region. The
similarities in the NMR and IR spectra of the complexes suggest that they
are isostructural. With these results and elemental analysis of 6, we
cautiously regard 6 to be a hypobromide complex, trans-K[Os(n4-CHBA-
DCB)O)(OBr)]. Presumably, treatment of 3 with bromine produces 6 and
one equivalent of KBr. The amide carbonyl IR bands for 4 and 6 are
strong, and no oxo band is apparent in either spectrum. Thus, the chemical
modification that transforms 3 into either 4 or 6 occurs at the oxo ligands.
Addition of ethanolic silver nitrate to a THF solution of 6 generates a
white precipitate, AgBr, indicative of free bromide in solution. 6 remains
unchanged for hours in the presence of Ag(I) but eventually decomposes
and precipitates. A UV-vis spectroscopic titration of the bromination of 3
was attempted using THF stock solutions of Brg and 3. Unfortunately, the
instability of the bromine concentration precluded the experiment.

The reduction of 3 with a large excess of molten

triphenylphosphine (ca. 250 °C) and trifluoroacetic acid (TFA) produces a
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dark green Os(IV) complex, Os(n4-CHBA-DCB)(PPh3)2, 7. The product is
purified by elution with dichloromethane or benzene through silica gel.
Recrystallization from hexane affords dark green crystals. Compound 7 is
soluble in most solvents, except water, and will even color hexane. The
stability of the complexed PAC ligand in the TFA-triphenylphosphine melt
demonstrates that the ligand is robust; obviously, the design criterion for
PAC ligand chemical resistance is satisfled by (n4-CHBA-DCB)4~. No
tractable products, much less Os(n4-CHBA-Et)(PPh3)2, can be isolated
from reactions of molten triphenylphosphine, TFA, and Ko[Os(n4-CHBA-
Et)(0)2].6 The lability of the phosphine auxiliary ligands of 7 makes

possible the synthesis of a large series of Os(IV) complexes.

Os(IV) Complexes of (n-CHBA-DCB)4-

Compound 7 has two triphenylphosphine ligands capable of ligand
exchange chemistry as illustrated in Scheme 2.4. Most compounds in
Scheme 2.4 have been characterized by 1H NMR and IR spectroscopies,
elemental analysis, and cyclic voltammetry. This series of Os(IV)
complexes gave us the opportunity to examine the stability imparted from
the PAC ligand (n4-CHBA-DCB)4~ to osmium compounds with various
auxiliary ligands and isomeric forms.

Three hypothetical isomers exist for an octahedral complex
containing a tetradentate ligand and two identical monodentate ligands;
trans, cis-B, and cis-a (Figure 2.3). In trans isomers, a planar chelate
coordinates around the metal center, while the auxiliary ligands reside

trans to one another.
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Scheme 2.4. Synthesis of Os(IV) Complexes.
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Figure 2.3. The three possible isomers of M(n4-L')(L)2

compounds (ref 21).

Trans isomers are achiral meso complexes with Coy symmetry. As a cis-f
isomer, one axial and three equitorial metal sites are occupied by the
chelating ligand. The two monodentate ligands bind cis to one another.
This isomer has the lowest symmetry of the three possible isomers, C1, and
is chiral, possessing both D and L forms. As a cis-a isomer, both terminal
ends of the chelate occupy axial metal sites, and the remaining ligation
occupies equitorial sites. This isomer possesses one Cg axis and is chiral,
having both D and L forms. In the absence of a chiral bias, cis complexes
exist as racemic mixtures. All cis compounds reported herein are racemic
DL mixtures. This nomenclature was first established by Sargeson et al. for
describing the Co(IIl) triethylenetetramine (trien) complexes of the type
[Co(trien)X2]*.21 The terminology has since been used to describe
complexes of tetradentate Schiff’'s bases, such as the [N,N'-ethylenebis-

(salicylideneimine)] ligand.22 Henceforth, isomeric forms will be included

N
)
L
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in naming PAC ligand complexes. For example, 7 is explicitly labelled
trans-Os(n4-CHBA-DCB)(PPhg)s.

Reacting 7 with o-iodosobenzoic acid oxidizes both phosphine
ligands rather than the Os(IV) metal center and produces red-brown trans-
Os(n4-CHBA-DCB)(O =PPh3)s, 8. Stronger oxidants (e.g., peroxides,
iodosobenzene and nitrous oxide) transform 7 into 8 but form
decomposition by-products also. Because o-iodosobenzoic acid is a single
oxygen atom source, two equivalences are necessary to produce 8 (although
an excess is actually used). Under the conditions to form 8, no mono-
oxidized intermediate, trans-Os(n4-CHBA-DCB)(PPh3)(O=PPh3), is
detected by TLC. Slow room temperature reactions of oxidants with 7
produce a transient turquoise product that is absent with additional
reaction time or higher reaction temperature. This complex may be the
half-oxidized complex. Unlike the phosphine groups of 7, the phosphine
oxide ligands of 8 do not exchange with excess phosphine or pyridine, a
somewhat surprising result for what is commonly considered a weak
ligand.

Gently warming a methylene chloride solution of 7 with 4-tert-
butylpyridine induces substitution of one phosphine by ¢-Bupy, forming
trans-Os(n4-CHBA-DCB)(PPh3)(¢-Bupy), 9-tBu. Substitution of the second
phosphine is more sluggish than the first. A neat t-Bupy solution of 7 is
heated under reflux, which generates high reaction temperatures and
high concentrations of t-Bupy. A 68% isolated yield of trans-Os(n4-CHBA-
DCB), 10-tBu, can be achieved using this procedure. Using neat pyridine
in place of t-Bupy produces trans-Os(n4-CHBA-DCB)(PPh3)(py), 9-H, and
trans-Os(n4-CHBA-DCB)(py)2, 10-H, substitution products. This

synthesis takes 16 hours, whereas production of 10-tBu requires only 15
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minutes. We pﬁresume that the lower boiling point of pyridine (115 °C)
compared to that of -Bupy (197 °C) necessitates longer reaction time. The
first :-Bupy substitution reaction is reversible. When added to a heated
chloroform solution of PPhs, 9-tBu reverts to 7. Furthermore, if 9-tBu is
heated in the presence of 4-acetylpyridine, then trans-Os(n4-CHBA-
DCB)(PPh3)(Acpy), 9-Ac, is produced. Bis-substituted products 10-tBu
and 10-H, on the other hand, show no propensity towards substitution in
the presence of excess phosphine or pyridines. The differences between the
9-L substitution reactions and the 10-L reactions suggest that kinetic
effects control the substitution processes rather than thermodynamic
effects (vide infra).

The first substitution proceeds more readily than the second. This
may be due to the greater kinetic trans effect of phosphine over pyridine
ligands.23a A trans effect is the through-metal influence of a static ligand
upon the substitution kinetics of a ligand trans to it; faster or slower
kinetic substitution rates can be achieved by changing the static ligand. In
the mono-substitution reaction of 7, the trans effect of one phosphine may
facilitate substitution of the other. In the conversion of 9-H to 10-H,
however, the pyridine ligand exerts a weak trans effect upon the trans
phosphine ligand, and forcing conditions are required to carry out
secondary substitution. The mixed-pyridine reaction of 9-tBu and Acpy
suggests that the substitutions are under kinetic control (Figure 2.4). The
Os-py bond should be stronger than the Os-PPh3 bond because of better

overlap between the osmium orbitals and the nitrogen orbitals. Under
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Figure 2.4. Different products expected from mixed-pyridine
substitutions of 9-tBu under thermodynamic and kinetic

controls.

strict thermodynamic control, the Acpy should displace the phosphine
ligand to produce the most stable product, trans-Os(n4-CHBA-
DCB)(py)(Acpy). Instead, the Acpy exchanges for the t-Bupy ligand
generating 9-Ac, the expected product if kinetic control dominates.

The mechanism of the phosphine substitutions has interested us.
The kinetics of the initial phosphine substitution of 7 by -Bupy have been
studied bySonnyC. Lee,an undergraduate in our group.24 Rates were
conveniently measured by UV-vis spectroscopy. The rate equation proved
to be first-order in concentration of 7 and independent of z-Bupy

concentrations over the range of 5 to 113 mM at 50 °C (Figure 2.5).
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Substitution products were identical to authentic samples when examined
by UV-vis spectroscopy and TLC. The activation parameters were
calculated from rates at temperatures of 35 to 65 °C: AH= = 29.7 + 0.6
kcal/mol; AS= = 19 + 2 eu. The large enthalpy factor and positive
entropy factor are consistent with a dissociative mechanism, D,232 where
extrusion of a phosphine ligand precedes t-Bupy coordination. This
mechanism also explains the apparent zero-order dependence on t-Bupy
concentration. This mechanistic result surprised us. Predissociation of a
phosphine ligand generates a 14-electron, square-pyramidal intermediate
of questionable stability. We anticipated an associative mechanism to
dominate where t-Bupy preassociates to 7 and phosphine is subsequently
extruded. Being coordinatively unsaturated, 7 could bind a seventh ligand
and produce an 18-electron intermediate. Stable seven-coordinate Os(IV)
complexes are known, in fact.25 A concerted displacement where both the
incoming and leaving groups are weakly bound to the metal center in the
transition state can account for the first-order rate expression without
inferring an unreasonable five-coordinate intermediate. Such a
mechanism has been termed dissociative interchange, I4, by Langford and
Gray.23a An extensive kinetic investigation would be necessary to
determine whether D or I4 mechanisms are responsible for the initial

substitution.23b-d,
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Figure 2.5. Rate of mono-phosphine substitution of 7 vs. -Bupy

concentration at 50 °C.

The phosphine lability of 7 is unprecedented in Os(IV)
chemistry.26,34 When heated in the presence of a Lewis base, L', osmium
compounds of the type OsX4Lg (X = Br, Cl; L = phosphine ligands)
generally form products of the type [OsXLgL'3]X2.26a The only analogous
example of substitution is dppe exchanging for two PPh(i-Bu)g ligands.26e
Two reasons may explain the different reactivities of halide and PAC
ligand complexes. The chelation of a PAC ligand restricts heterolytic
dissociation of it. The only exchangeable ligands are the phosphine
ligands. Strong o-donation of the PAC ligand may labilize the auxiliary
ligands by delivering sufficient electron density to the metal center to

activate the Os-P bond, a type of cis effect.23a This assertion, however,
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may be difficult to prove because cis effects are typically small and
irregular compared to trans effects.

Reacting potentially bidentate Lewis bases with 7 requires the
formation of cis-P or cis-a products. Assuming static structures in solution,
1H NMR spectroscopy is sufficient to distinguish the isomers. In cis-§
isomers, all six (n4-CHBA-DCB)4 ligand protons are unique, whereas in
cis-a isomers, the Co axis reduces the number to three inequivalent
protons.

Three such cis complexes have been synthesized using dppe and
bipy (Scheme 2.4). Reacting 7 with dppe produces cis-B-Os(n4-CHBA-
DCB)(dppe), 13, which can be isolated in high yields. The 1H NMR
spectrum of 13 contains the pattern of PAC ligand signals expected for the
cis-p isomer. The large number of aromatic protons and the low symmetry
of 13 makes for a highly congested aromatic region. Selective 1H
decoupling of each signal at 400 MHz is necessary to assign the spectrum.
Reacting 7 with bipy produces a mixture of both cis isomers: cis-f-Os(n4-
CHBA-DCB)(bipy), 11, and cis-a-Os(n4-CHBA-DCB)(bipy), 12. Column
chromatography with silica gel adequately separates the isomers, which
are subsequently recrystallized from CH9Clgo/hexane. As with 13, 1TH NMR
spectroscopy unambiguously identifies each isomer. In the spectrum of 11,
all of the bipy protons are inequivalent, yet well-separated. A 2-D COSY
spectrum was used to fully assign the spectrum in lieu of multiple spin
decoupling experiments.15,27  Compound 11 has been structurally
characterized by X-ray crystallography (see Chaper 2).

Two neutral Os(IV) complexes with monodentate ligands form
stable cis-a isomers. Mono-substitution of t-BuNC for a phosphine ligand

in 7 generates cis-a-Os(n4-CHBA-DCB)(PPh3)(¢-BuNC), 14. The 1H NMR
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spectrum shows six inequivalent PAC ligand protons, indicating that 14 is
a cis isomer. Structural characterization of 14 was necessary to prove its
cis-a geometry (see Chapter 2). In the IR spectrum, the C=N band at 2160
cm-1 is low for bound isocyanide ligands and suggests that back-bonding is
occurring. This implies that the Os(IV) metal center is electronrich. The
amide carbonyl band of 14 at 1650 cm-1is higher than those of trans Os(IV)
complexes (1590-1620 em-1), which indicates that more covalent Os-N
bonding is present (eq 2.1) and that there is stronger donation from the N-
amido ligands to the osmium metal center in the cis-a isomer than in trans
isomers.

Besides the substitution of phosphine ligands of 7, a second route
into neutral Os(IV) complexes exists that starts with trans-dioxo 3.
Reducing 3 with triphenylphosphine in the presence of an excess of the
desired ligand L produces an Os(Ill) intermediate, [Os(n4-CHBA-
DCB)L9]-. Oxidizing this with either bromine or hydrogen peroxide
cleanly converts it to the neutral Os(IV) complex Os(n4-CHBA-DCB)Lo.
This route was developed and optimized by Dr. Terry E. Krafft for
producing trans-Os(n4-CHBA-Et)(py)2.6 Direct reduction of 7 with
phosphine in the presence of excess t-BuNC generates the red Os(III)
intermediate [Os(n4-CHBA-DCB)(-BuNC)2]~. After bromine oxidation of
this intermediate, moderate yields of neutral trans-Os(n4-CHBA-DCB)(¢-
BuNC)9, 15, can be isolated. The 1H NMR spectrum of 15 reveals
equivalent tert-butyl groups and three chelate resonances. Initially, we
thought 15 was trans, but its IR spectrum shows two vN = bands at 2209
cm-1 and 2183 ecm-! (in both solid state and solution IR spectra),indicating
cis isocyanide ligands; 15 is actually a cis-a isomer, not trans. The

replacement of either one or both phosphines of 7 with n-acidic +-BuNC
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ligands generates cis-a isomer products. One might assume that the
incorporation of electron-withdrawing isocyanide ligands triggers the
formation of cis-a isomers. The enhanced donation to the metal from the
N-amido ligands of the cis-a isomers could compensate for the effects of the
n-acids. Electrochemistry has proven a useful tool for characterizing
compounds and determining the relative donating abilities of different

ligands and different isomeric forms.

Electrochemistry of Os(IV) Compounds

The electrochemistry of the Os(IV) (n4-CHBA-DCB)4~ complexes
was examined, and, as we had hoped, it showed reversible oxidations of
Os(IV) to Os(V). In 0.1 M TBAP in CH29Clo9, the complexes show reversible
Os(III1I), Os (IV/), and Os(V/IV) couples by cyclic voltammetry. The
cyclic voltammogram (CV) of 10-tBu is exemplary both in appearance and
in simplicity of the electrochemistry of these Os(IV) compounds (Figure
2.6). Thus, the replacement of the ethylene bridge in (n4-CHBA-Et)4~ with
a dichlorophenylene bridge to produce (n4-CHBA-DCB)4~ eliminates
undesirable oxidative degradation reactions. This initial objective of the
(n4-CHBA-DCB)4- project was fulfilled. The electrochemical data for the
Os(IV) complexes described previously are summarized in Table 2.3.

The formal potentialsof the Os(II/II), Os(IV/I), and Os(V/IV)
couples vary substantially depending upon the auxiliary ligands. For
example, the potential for the Os(V/IV) couple of 10-H is at +0.72 V,
whereas that of 8 is at + 0.47 V. This variation suggests that the
electrochemical couples are metal-centered rather than chelate-centered.
Thus, the oxidations are Os(V/IV) couples. Being stable to bulk

electrolysis, stable solutions of cationic Os(V) complexes have been
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produced. Compounds at the Os(V) oxidation state were previously
thought to be unstable.28 This has been commonly attributed to a
characteristic instability of osmium at that oxidation state. The powerful
electron-donation of the (n4-CHBA-DCB)4- ligand stabilizes this valence
state making possible the production of solution-stable Os(V) complexes.
When the Os(V/IV) couple is considered, however, quinoidal resonance
forms of the PAC ligand may contribute at the higher Os(V) oxidation
state affecting the formal oxidation state assignment. These resonance
forms, shown in Figure 2.7, can be both bridge-localized
(benzoquinonediimine, A, and semibenzoquinonediimine, B) and arm-
localized (quininoid, C). Crystal structure data of compounds 11 and 14
show little foreshortening of either the bridge C-N bonds or the phenolate
C-O bonds, which would be expected if structures A, B, or D contributed
significantly. (See Tables 3.1 and 3.3 for bond length data.) These
resonance forms cannot contribute to the dianionic Os(II) complexes
without violating the 18-electron rule for transition metal complexes. No
structural data are yet available for an Os(V) complex where bond length
changes should be most pronounced. The formal potential for the oxidation
of trans-Os(n4-CHBA-Et)(py)2 in liquid SOg, + 0.86 V, is only slightly
higher than that of 10-H, +0.82 V. Because structures A and B do not
exist for the aliphatic-bridged (n4-CHBA-Et)4~ ligand, a larger difference
would be anticipated if the resonance forms contributed to [10-H]*.
Although structural and electrochemical evidence suggests that quinoidal
resonance structures do not contribute, the oxidation states of the cationic
complexes are cautiously regarded as Os(V).

The extraordinary stabilization derived from the PAC ligand is

demonstrated by comparing the formal oxidation potentials of 7, trans-
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OsCl4(PPh3)9, and [OsClg]2- (Table 2.4). The oxidation of trans-
OsCl4(PPhs3)g occurs at a potential 750 mV higher than that of 7. The
cationic product is not stable as evidenced by the irreversibility of the
couple. Because the oxidation of trans-OsCl4(PPh3)s is irreversible, its
formal potential cannot be measured. The subsequent chemical reaction
causing the irreversibility lowers the anodic peak potential; hence, the
750 mV estimated difference in formal potentials is a lower limit. The
PAC ligand is more inert to oxidation and a better electron-donor to the
metal center than simple chloride ligands. The formal potential of the
Os(V/IV) couple of 7 is also lower than that of dianionic
hexachloroosmate. The Os(III/II) formal potential of 7 is 340 mV lower
than that of trans-OsCly(PPh3)e. We cite these systematic differences
between the formal potentials of the oxidation and reduction couples of 7
and those of related halide complexes as unambiguous evidence that PAC
ligands are more powerful electron-donors to a metal center than
traditional halide ligands.

Electro-oxidation of the Os(IV) complexes in CH2Clg is limited by
the oxidative limit of the solvent, ca. +1.4 V vs. Fc+/Fc. Up to this
threshold, no anodic activity past the Os(V/IV) couple can be observed. A
solvent with a higher anodic range was required to probe the higher
oxidations of the osmium compounds. Liquid SOg provides sufficient
anodic range for these experiments. It is an aprotic, dipolar solvent
(dielectric constant of 24.9 at -69 °C) with a wide liquid range (-75 to -10

°C).30 Recent reports in the literature by Bard et al. have documented its
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Table 2.4. Comparisons of Formal Potentials of 7 with Os(IV) Halide
Complexes.

Formal Potential (V)a
Compound
Os(IV/III) Os(V/IV)
trans-Os(n4-CHBA-DCB)(PPh3s)g, 7 -0.46 +0.59
trans-OsCly(PPh3)ob -0.12 (+1.34)c
[OsClg]2-4 -1.19 +0.74

a Measured in CH2Clo/0.1 M TBAP and referenced to Fc*/Fc internal
(sltandard. b Ref 29. ¢ Peak potential of irreversible oxidation to Os(V).
Ref 28g.

use as an electrochemical solvent.3 With TBAP as the supporting
electrolyte, the anodic limit of liquid SOg is about +3.0 V vs. Fc+/Fc,and
with TBABF4 or TBAPFg as the supporting electrolyte, about 3.5 V vs.
Fc+/Fe.

The CV of 7 in liquid SO2 is shown in Figure 2.8. The Os(IV/III)
couple is seen at Ef = -0.14 V vs. Fc+/Fc, and three reversible oxidations
are seen at +0.72, +1.29, and +1.71 V. Following the third reversible
oxidation, irreversible anodic activity begins. An almost identical CV was
recorded for 10-H in liquid SO2. The second and third oxidations of 15 are
not completely reversible. All of the data from the liquid SO2
electrochemistry of 7, 10-H, and 15 are summarized in Table 2.5.

Large variations in the formal potentials for oxidation and
reduction couples with different auxiliary ligands, which are cited as
evidence for metal-centered activity, are not observed in the Os(2+/+),

Os(3+/2+), and irreversible Os(4 +/3 +) oxidations of 7 and 10-H. The
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formal potentials for oxidation of 15 are less certain due to the problems
with electrochemical reversibility. The similarity in the formal potentials
of the second, third, and fourth oxidations of 7 and 10-H indicates that
these oxidations may be ligand-localized and do not represent Os(VL/V),
Os(VII/VI), and Os(VIII/VII) couples.

The stabilities of the second and third oxidation products of 7 and
10-H were investigated by controlled-potential electrolysis experiments.
As observed in CHsClg solvent, the first oxidation product of each
compound is stable with only occasional minor impurities detectable in the
CVs following electrolysis. Several attempts at isolating [10-H]* by
precipitating it from SOg with benzene or chlorobenzene had only limited
success. Dicationic [10-H]2* is stable in solution or as a solid under
vacuum at -40 °C . When the solid is warmed to room temperature, it
rapidly decomposes to a brown material having no reversible
electrochemistry. Reactions using a solution of [10-H]2* to oxidize a
substrate at -40 °C are feasible but have not been conducted. The third
oxidation product, [10-H]3*, decomposes in solution at -40 °C. The second
and third oxidation products of 7 are even less stable than those of 10-H.
The marginal stability of [7]3*, [10-H]2*, and [10-H]3* will hinder
potential application of them as oxidants. These results have prompted
efforts to synthesize new PAC ligands with protected aliphatic frameworks

that may be more stable in highly oxidizing conditions.10
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Magnetic Properties of Os(IV) Complexes

All of the trans and cis-B complexes exhibit well-resolved,
paramagnetically shifted NMR spectra. For example, in the 1H NMR
spectrum of 10-H , the ortho pyridine protons appear upfield of TMS at
-7.15 ppm, whereas the meta protons appear at +8.30 ppm in the normal
region for aromatic protons. The 31P NMR signals for the dppe ligand of 13
are measured at -992.9 and -1015.6 relative to an 85% H3PO4 standard.27b
Spectra of this type have been observed previously for Os(IV) complexes.34
Though trans and cis-p isomers are paramagnetic, cis-a isomers 14 and 15
are diamagnetic. Changes in the energy levels and relative order of the
osmium molecular orbitals (MOs) resulting from isomerization may
account for the diamagnetism of the cis-a isomers. We wanted to
investigate the magnetic properties of the osmium in order to understand
the effects seen in NMR spectra and ultimately to ascertain the molecular
orbital configuration at the metal center. If Curie-Weiss behavior
dominated or if a triplet-singlet state equilibrium existed, information
could be derived concerning orbital energy splittings.

The magnetic susceptibilities of complexes 7, 8, 10-H, 11, and 13
were measured between 6 and 300 K on the SQUID susceptometer at the
University of Southern California. All of the compounds exhibited
temperature-independent paramagnetism, TIP, of between 303 x 10-6 and
1400 x 10-6 cgs/mol and magnetic moments at 300 K of 0.85 to 1.80 ng, all
below the spin-only value of 2.83 p; for a triplet state (Figure 2.9, Table
2.6). No Curie-Weiss component to the magnetic susceptibility was
detected. Thus, no information could be derived from the magnetic study

concerning the metal MOs. Other Os(IV) complexes have similar magnetic
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moments. Hexahalogenoosmates, [0sXg]2- (X = F, Br, I), have magnetic
moments at 300 K of 1.21 to 1.76 pu,35 and tetrachloro-bis-phosphine
complexes, OsCl4(PR3)2, between 1.5 and 1.6 ug at 300 K.26d,e TIP results
from the large spin-orbit coupling commonly associated with osmium

metal centers.35b

Table 2.6. Magnetic Properties of Os(IV) Complexes

Studied.

Os(n4-CHBA-DCB)Lg Xm x 106 Beff

Lo = (cgs/mol)a (pB)P
(PPhj3)e, 7¢ 952 1.51
(O=PPhj)g 8¢ 1030 1.56
(py)2, 10-He 1400 1.80
(bipy), 11d 877 1.44
(dppe), 13d 303 0.85

a Average of Xm values between 100 and 300 K. b pefr
calculated from xp, value at 300 K. ¢ Trans isomers. d Cis-a
isomers.
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Table 2.7. Magnetic Susceptibilities of the Compounds Studied (cgs/mole).2

T
6 2530 1100 1720 1040 303
7 2320 1100 1780 998 304
8 2160 1090 1740 984 303
9 2030 1080 1720 1110 303
10 1920 1110 1680 932 303
12 1770 1070 1690 955 303
14 1660 1090 1660 947 303
16 1570 1080 1660 948 303
18 1510 1090 1640 945 304
20 1460 1060 1620 926 303
22.5 1620 928 303
25 1360 1080 1640 945 303
27.5 1600 913 303
30 1300 1070 1510 929 303
32.5 1600 913 303
35 1250 1010 1580 921 303
37.5 1500 908 303
40 1220 1060 1560 905 303
42.5 1480 905 303
45 1470 909 303
47.5 1460 907 303
50 1180 1020 1460 913 303
52.5 1460 907 303
55 1450 898 303
57.5 1440 901 303
60 1140 1040 1450 906 303

a x;n values rounded to three significant digits. Blank entries indicate that no
measurement was recorded at that temperature. Diamagnetic corrections for the
PAC and auxiliary ligands can be found in the Experimental Section.
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Table 2.7. (continued).

R
65 1450 908 303
70 1150 1130 1450 913 303
75 1440 891 303
80 1130 1130 1450 902 303
85 1440 910 303
90 1110 1040 1450 909 303
95 1440 871 303
100 1100 1040 1440 872 303
120 1080 1110 1430 880 303
140 1020 1030 1420 878 303
160 1010 1020 1420 879 303
180 1000 1020 1410 898 303
200 994 1020 1390 894 303
220 983 1030 1400 878 303
240 971 1020 1390 874 303
260 964 1020 1380 853 303
280 959 1020 1370 876 303
300 953 1020 1350 862 303
325 949 1020
350 947 1030

a ym values rounded to three significant digits. Blank entries indicate that no
measurement was recorded at that temperature. Diamagnetic corrections for the
PAC and auxiliary ligands can be found in the Experimental Section.
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Conclusions

The new PAC ligand H4{CHBA-DCB is synthesized according to the
procedure for producing H4CHBA-Et. The ligand can be easily coordinated
to osmium as trans-Ko[Os(n4-CHBA-DCB)(0O)2]. This trans-dioxo complex
reacts cleanly with Brgnstead acids and bromine to form K[Os(n4-CHBA-
DCBXOX0X)] (X = H, Br), but reactions with chlorine or autoxidation
produce an amorphous, intractable product.

Reduction of the trans-dioxo with triphenylphosphine generates a
neutral Os(IV) complex, trans-Os(n4-CHBA-DCB)(PPh3)2. The phosphine
groups of this complex can be oxidized with iodosobenzoic acid to produce
trans-Os(n4-CHBA-DCB)(O =PPh3)2. The unexpected lability of the
phosphine ligands makes substitution of them by other Lewis bases a
convenient route to synthesize a series of Os(IV) compounds. Lewis bases
that were reacted with the phosphine complex include 4-tert-butylpyridine,
pyridine, 1,2-bis(diphenylphosphino)ethane, 2,2-bipyridine, and tert-
butylisocyanide. The phosphine lability is unprecedented in Os(IV)
chemistry and is thought to proceed by either a dissociative, D, or a
dissociative interchange mechanism, I4, based on rate measurements of
the first phosphine substitution by t-Bupy. The I mechanism seems more
likely than the D, based on the feasibility of the seven-coordinate
transition state in the I mechanism vs. a five-coordinate, unsaturated
intermediate implied in the D mechanism.

These Os(IV) complexes exhibit clean electrochemistry in both
CH2Cl3 at room temperature and SOg at -40 °C. The Os(IILI), Os(IV/II),
and Os(V/IV) couples are fully reversible in CH2Clg, and the formal

potential associated with each couple shifts with varying auxiliary



59

ligands. This suggests that these couples are metal-centered. Stable

solutions of monocationic Os(V) complexes can be generated by controlled-
potential electrolysis of the neutral Os(IV) precursors. The Os(V)
oxidation state is considered rare. In liquid SOg, the Os(2+/+),
Os(8+/2+), and Os(4+/3+) couples can be observed due to the high
anodic limit of SOg, ca. +3.5V vs. Fct/Fc with TBABF4 or TBAPFg
supporting electrolyte. The formal potentials of Os(3+/2+) couples are
measured at +1.7V vs. Fc+/Fe. The Os(2+/+) and Os(3 +/2 +) couples of
trans complexes are fully reversible, but the Os(4+/3+) couple is
irreversible. These couples, unlike those observed in CHg2Clg, are
invariant with different auxiliary ligands, which indicates that they may
be ligand-centered oxidation couples. Bulk electrolysis experiments reveal
that of the di- and tricationic osmium species, only [trans-Os(n4-CHBA-
DCB)(py)2]2+ is stable at -40 °C over an extended period of time.
Solutions of this complex warrant examination as potent oxidants of
organic substrates (Ef(2+/+) = +1.29V vs. Fc*/Fcor ca. +2.0 vs. NHE).
The TIP exhibited by the Os(IV) centers induces large shifts in
NMR spectra without broadening the peaks. Well-resolved spectra are
always observed for these complexes, which aid the characterization of
them. The lack of any Curie-Weiss component in the magnetic
susceptibility renders magnetic measurements useless for deriving triplet-
singlet or MO energy separations. This type of magnetism is common for
osmium complexes because of large spin-orbit coupling associated with the

element.
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Experimental Section

Materials. All solvents were reagent grade (Aldrich, Baker,
Mallinckrodt, M.C.B., or U.S.I.) and were used as received unless
otherwise noted. Acetic anhydride (reagent, Mallinckrodt), acetyl chloride
(reagent, Baker), 4-acetylpyridine (98%, Aldrich), 2,2"-bipyridine (99.5%,
Aldrich), 1,2-bis(diphenylphosphine)ethane (Strem), bromine (reagent,
Baker), butyl ether (98%, EM Science), tert-butylisocyanide (>98%,
Fluka), 4-tert-butylpyridine (99%, Aldrich), 3,5-dichlorosalicylic acid
(Pfaltz and Bauer), HCl (conc., Mallinckrodt), HC104 (60%, Mallinckrodt),
H2032 (30% Superoxol, Baker), o-iodosobenzoic acid (reagent, Sigma), KOH
(reagent, Baker), OsO4 (99.8%, Alfa), H3PO4 (85%, Baker), pyridine
(reagent, Mallinckrodt), toluene (reagent, Aldrich), triethylamine
(reagent, M.C.B.), trifluoroacetic acid (reagent, M.C.B.) and
triphenylphosphine (99%, Aldrich) were used as received. Oxalyl chloride
was freshly distilled under Na. 4,5-dichloro-o-phenylenediamine was
dissolved in THF containing excess PPh3, gently heated for 15 min, passed
through a silica gel plug with THF, and recrystallized from THF/hexane.
4-Acetylpyridine was vacuum distilled prior to use. Silica gel was 60-200

mesh (Davidson).

Physical Measurements. 1H NMR spectra were recorded at 90
MHz on a Varian EM-390 at 89.83 MHz on a JEOL FX90-Q spectrometer,
at 399.782 MHz on a JEOL GX-400 spectrometer or at 500.135 MHz on a
Bruker WM-500 spectrometer. 1H chemical shifts are reported in ppm (8)
vs. Me4Si with the solvent (CDCl3 8 7.24, CD2Cl2 § 5.32, Me2SO-dg 8 2.49
or MeaCO-dg 6 2.04) as internal standard. 13C NMR spectrum of 3 and the

spectrum using the INEPTNON pulse sequence were recorded at 22.50
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MHz on a JEOL FX90-Q spectrometer. 13C chemical shifts are reported in
ppm (8) vs. Me4Si with MeaCO-dg 8 206.0 as internal standard. 31P NMR
spectra were recorded at 36.28 MHz on a JEOL FX90-Q spectrometer or at
109.352 MHz on an IBM/Bruker WP-270SY spectrometer. 31P chemical
shifts are reported in ppm (8) vs. 85% H3PO4 external standard. Infrared
spectra were recorded on a Beckman IR 4240 spectrophotometer or on a
Mattson Serius 100 FTIR spectrophotometer. 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. All electrochemical experiments were performed by

Dr. Stephen L. Gipson at Caltech. Details can be found in ref 4.

Synthesis. All reactions were carried out in air unless otherwise
noted. Ks[Os(OH)4(0)2]3! and 3,5-dichlorosalicylic acid32 were prepared
as described in the literature.

H4CHBA-DCB, (1).1 3,5-Dichloroacetylsalicylic acid (12.55 g,
50.39 mmol) was converted to the acid chloride by gently warming in 10-15
mL of neat oxalyl chloride under Ng for 12 h. After distilling off the excess
oxalyl chloride in vacuo, the residue was thrice washed with 30 mL
aliquots of CH2Cly and distilled to dryness in vacuo. 4,5-Dichloro-o-
phenylenediamine (3.78 g, 21.3 mmol) was dissolved in 100 mL of CH2Cl2
and 15 mL of THF. The acid chloride was dissolved in 50 mL of CH2Clg
and slowly added to the diamine solution at room temperature. After
stirring for 1 h, 12 mL (>1 equiv) of triethylamine were added, and the
solution was stirred for an additional 12 h at room temperature. This
mixture was then treated with ca. 200 mL of 1 M NaOH and heated in

vacuo to remove the organic volatiles. Ethanol was added to the resulting
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mixture until it became homogeneous. The solution was then slowly
neutralized with 1 M HC1O4. A beige precipitate was collected, washed
with water, and recrystallized from THF/ethanol multiple times until
clean 1H NMR spectra were observed: yield 7.28 g (61%); lH NMR (Table
2.8); IR (Nujol) 1651 em-1 vco (amide); Anal. caled. for C2oH10ClgN204: C,
43.28; H,1.82; N, 5.05. Found: C,43.34; H,1.95; N, 5.00.

H2CHP-DCBI, (2).1 3,5-Dichloroacetylsalicylic acid (15.02 g,
64.47 mmol, 2.4 equiv) and 4,5-dichloro-o-phenylenediamine (4.74 g, 26.7
mmol) were worked up as in the synthesis of 1. The CH2Clg solution of acid
chloride, however, was added to a neat THF solution of the diamine
already heated under reflux. The triethylamine was added 30 min later,
and the reaction mixture remained heated under reflux (under Ng) for 16
h. The cooled reaction mixture was worked up (hydrolysis,
recrystallization) as in the synthesis of 1 to yield a coarse white powder:
yield 6.86 g (74%); 1H NMR (Table 2.8); IR (Nujol) lacks the vc=0 at 1651
cm-1 present in 1; mass spectrum (m/e), 346 (M +, 35Cl); small anomalous
peaks were detected for masses greater than M+;  Anal. caled. for
C13HgCI4N20: C, 44.87; H,1.74; N, 8.05. Found: C,45.18; H,2.05; N, 7.77

trans-Ko[Os(n4-CHBA-DCB)(0)2], (3). K2[Os(OH)4(0)2] (1.345 g,
3.65 mmol) was dissolved in 150 mL of warm methanol, and the solution
was flushed with N9 for 0.5 h. H4CHBA-DCB (2.00 g, 3.60 mmol) was
dissolved in 100 mL of THF and also flushed with N2 for 0.5 h. The blue
osmate solution was added to the ligand solution at room
temperature producing a deep orange color indicative of product formation.
The solution was stirred for 10 min under Ng, evaporated to dryness, and
placed under vacuum for 2 h to completely remove solvents.

Recrystallization from butyl ether/THF/MeOH afforded a brown
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microerystalline solid: yield 2.620 g (86%); 1H NMR (Table 2.8); 13C NMR
§ (Me2CO-dg): 167.43 (0s-0-C), 164.57 (-NC(0)-), 150.21, 132.11 (aromatic
C-H), 130.68 (aromatic C-H), 126.53, 126.39, 124.02, 121.88 (aromatic C-
H), 118.56 ppm; IR (Nujol) 820 em-1 v5350s0, (vs), 1607 cm-1 vco (amide);
Anal. caled. for CooHgClgKoN20gOs- 1.5 (H20); C, 27.40; H, 1.01; N, 3.20.
Found: C, 27.60; H, 1.03; N, 3.19. Incorporation of 180 was effected by
dissolving the complex in dry THF, adding excess H2180 and placing the
solution under N2 for three days: IR (Nujol) 782 cm-1, v350s1803 (vs).

trans-K[Os(n4-CHBA-DCB)(0)(OH)], (4). Three drops of conc.
HC! were added to an acetone/H20 (1:5 v/v) solution of trans-Kg[Os(n4-
CHBA-DCB)(0O)2] (100 mg, 0.114 mmol). A blue color was immediately
produced. After 5 min, a fine dark blue precipitate of monoprotonated 3
was filtered away and washed twice with H90. The precipitate was
recrystallized from acetone/H20: yield 80 mg (86%); 1H NMR (Table 2.8);
IR (Nujol) 1619 cm-1 vco (amide), the vas0sOg stretch of 3 at 820 cm-1 was
absent; Anal. caled. for CogH7N20gClgOsK: C, 29.53; H, 0.87; N, 3.44.
Found: C,29.79;H, 1.87; N, 3.13.

Os(n4-CHBA-DCB)(0), (56). Eluting an acetone solution of 4
through a short column of MgSOg with excess acetone produced a red
solution, presumably diprotonated and dehydrated 3. Addition of excess
hexane yielded a red microcrystalline solid, tentatively identified as the
mono-oxo Os(n4-CHBA-DCB)(0O), (5); 1H NMR (Table 2.8); IR (Nujol) 1626
cm-1 vco (amide), 939 cm-1 vOsO (vs), the v;30s09 band of 3 was absent.
Addition of three drops H20 turned a red acetone solution of 5 to a blue
solution of 4. Addition of two drops of triethylamine changed the solution
to orange. 1H NMR and IR spectroscopies verified the final orange product
astrans-(NEt3H)9[Os(n4-CHBA-DCB)(0)2].
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trans-K[Os(n4-CHBA-DCB)(O)(OBr)], (6). trans-Ko[Os(n4-
CHBA-DCB)(0)2] (103 mg, 0.117 mmol) was dissolved in 10 mL
THF/CH2Cls (10:1 v/v), and K9CO3 (2.1 g, 15 mmol) was added but did not
dissolve. After stirring for 5 min, excess bromine diluted with THF was
added dropwise, and the solution was stirred for another 5 min.
Dichloromethane was added (20 mL), and the solution was passed through
a Celite pad, after which the product was recrystallized from
THF/CHoClo/hexane: yield 75 mg (91%); 1H NMR (Table 2.8); IR (Nujol)
1622 c¢cm-l veoo (amide); Anal. caled. for CooHgN2BrClgOsOgK-0.75
(C4HgO): C,29.19; H, 1.28; N, 2.96. Found: C,29.15; H,1.14; N, 3.186.

trans-0s(n4-CHBA-DCB)(PPh3)2, (7). To a 50-mL Erlenmeyer
Flask with stir bar were added trans-Ko[Os(n4-CHBA-DCB)(O)2] (221 mg,
0.260 mmol), triphenylphosphine (450 mg), ca. 5 mL of trifluoroacetic acid,
and 10 mL of THF. The orange solution was heated until the THF had
evaporated, and a dark green molten triphenylphosphine mixture
remained (ca. 10 min). After cooling, the mixture was dissolved in 10 mL
of CH2Cls and placed on a short silica gel column. Elution with CHClo
removed the product as a green band. Recrystallization from
CHClo/hexane yielded the product as a dark green crystalline solid: yield
236 mg (72%); 1H and 31P NMR (Table 2.8); IR (Nujol) 1613 cm-1 vco
(amide); Anal. caled. for C56H3gClgN2040sP2: C, 53.14; H, 2.87; N, 2.21.
Found: C,53.33;H,2.94; N, 2.22.

trans-0s(n4-CHBA-DCB)(O=PPhg)2, (8). trans-Os(n4-CHBA-
DCB)(PPh3)2, (75 mg, 59 pmol) was dissolved in 10 mL of THF. Addition of
o-iodosobenzoic acid (150 mg, 9.5 equiv (excess)) and heating gently for 10

min changed the solution color from green to red. The cooled solution was
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placed on a short silica gel column and eluted with excess THF. The red
band was collected, evaporated to dryness and recrystallized from
CH2Clg/MeOH to yield the product as a dark red crystalline product: yield
18 mg (24%); 1H and 31P NMR (Table 2.8); IR (Nujol) 1608 cm-1 vco
(amide); Anal. caled. for C5gH3gClgN20gOsP2: C, 51.83; H, 2.80; N, 2.16.
Found: C, 51.86; H, 2.92; N, 2.18.

trans-Os(n4-CHBA-DCB)(PPh3)(t-Bupy), (9-tBu). trans-Os(n4-
CHBA-DCB)(PPh3)2 (75 mg, 59 umol) was dissolved in 50 mL of CH2Cla.
Addition of 4-tert-butylpyridine followed by gentle warming for 0.5 h
produced a color change from dark green to turquoise. Removal of solvents
in vacuo followed by recrystallization from CHgClg/hexane yielded the
product as a dark blue crystalline solid: yield 58 mg (86%); lH NMR (Table
2.8); IR (Nujol) 1620 cm-l1 vco (amide); Anal. caled. for
C47H34ClgN3040sP-0.5 (CgH14): C, 50.82; H, 3.50; N, 3.56. Found: C,
50.72; H, 3.51; N, 3.53.

trans-Os(n4-CHBA-DCB)(t-Bupy)2, (10-tBu). trans-Os(n4-
CHBA-DCB)(PPh3)2 (200 mg, 0.158 mmol) was dissolved in 20 mL of neat
t-Bupy. The solution was heated under reflux for 15 min, during which
time the color changed from green to dark blue, almost black. The ¢-Bupy
was removed in vacuo, and the crude product was recrystallized from
CH2Clo/hexane to yield a dark crystalline solid: yield 108 mg (68%); 1H
NMR (Table 2.8); IR (Nujol) 1620 ecm-1 vco (amide); Anal. caled. for
C38H32ClgN4040s.0.25 (CgH14): C, 45.92; H, 3.46; N, 5.42. Found: C,
46.20; H, 3.52; N, 5.37.

trans-0Os(n4-CHBA-DCB)(py)2, (10-H), and trans-Os(n4-CHBA-
DCB)(PPh3)(py), (9-H). trans-Os(n4-CHBA-DCB)(PPh3)2 (400 mg, 0.316

mmol) was dissolved in 10 mL of neat pyridine under Ng and heated under
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reflux for 16 h, during which time the green color changed to tan. The py
was removed in vacuo. The remaining residue was redissolved in
THF/CH2Cls (1:3 v/v) and oxidized with a dilute Bro/CH2Cl2 solution.
During 10 min of stirring, the solution color turned dark blue. After
vacuum removal of the excess Bro, the solution was eluted through a short
silica gel column with excess CH2Clg. Partial recrystallization from
CHoClo/hexane precipitated very dark crystalline 10-H: yield 219 mg
(77.1%); 1H NMR (Table 2.8); IR (Nujol) 1590 ¢cm-1 vco (amide); Anal.
caled. for C30H16C1gN4040s-(H20): C, 39.28; H, 1.98; N, 6.11. Found: C,
39.26; H, 1.96; N, 6.14. Continued recrystallization of the mother liquor
yielded dark blue crystalline 9-H: yield 60 mg (17.5%); tH NMR (Table
2.8).

cis-a-0s(n4-CHBA-DCB)(bipy), (12). trans-Os(n4-CHBA-
DCB)(PPh3)2 (400 mg, 0.316 mmol) and 2,2'-bipyridine ( 800 mg, 5.12
mmol) were dissolved in toluene (25 mL) and heated under reflux (0.5 h)
during which time the color darkened. The cooled solution was eluted
through a silica gel column with excess CHgClg. Three bands separated: a
front-running green band, a red band and finally a black band. The green
material was isolated and recrystallized from CH2Clg/hexane. It proved to
be unreacted starting material (67 mg). Isolation of the red material
followed by recrystallization from CHgClg/hexane afforded red
microcrystalline product: yield 59 mg (25%; adjusted for recovered starting
material); 1H NMR (Table 2.8); IR (Nujol) 1631 cm-1 vco (amide); Anal.
caled. for C30H14ClgN4040s.0.33 (CgH14): C, 41.79; H, 2.03; N, 6.05.
Found: C, 41.75; H,2.07; N, 5.98.

cis-B-Os(n4-CHBA-DCB)(bipy), (11). The final black material off

the column in the previous synthesis was isolated and recrystallized from
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CHzClo/hexane to afford a black microcrystalline product: yield 12.5 mg
(5.8%; adjusted for recovered starting material); 1H NMR (Table 2.8); IR
(Nujol) 1635 cm-1 vco (amide), 1622 cm-1 vco (amide); Anal. calcd. for
C3oH14CIgN4040s: C,40.15; H,1.57; N, 6.24. Found: C, 40.44;H,1.74; N,
6.25.

cis-p-0Os(n4-CHBA-DCB)(dppe), (13). trans-Os(n4-CHBA-
DCB)(PPh3)2 (80 mg, 63 pmol) and 1,2-bis(diphenylphosphinolethane (35 mg, 0.41
mmol) were dissolved in benzene (10 mL) and heated under reflux (15 min).
The solution color remained green during heating. After cooling, the
solvent was removed on a rotary evaporator. The resulting residue was
eluted through a short silica gel column with excess CH2Clz and
recrystallized from CHgClo/hexane to yield a green crystalline product:
yield 67 mg (93%); 1H and 31P NMR (Table 2.8); IR (Nujol) 1670 cm-1 vco
(amide), 1608 ocm-1 vco (amide); Anal. caled. for
C46H30ClgN2040sP2.0.5(CgH14): C, 49.76; H, 3.15; N, 2.37. Found: C,
49.64; H, 3.10; N, 2.36.

cis-a-0Os(n4-CHBA-DCB)(PPh3)(t-BuNC), (14). trans-Os(n4-
CHBA-DCB)(PPh3)2 (20 mg; 16 pmol) and excess tert-butylisocyanide were
dissolved in benzene (10 mL) under nitrogen and heated under reflux (6
min) during which time the color changed from green to dark purple. The
benzene was removed in vacuo, and the residue was recrystallized from
CH3Clo/hexane to give a dark crystalline product: yield 15 mg (85%); 1H
NMR (Table 2.8); IR (Nujol) 1650 cm-1 vco (amide), 2160 em-l vCc=N;
Anal. caled. for C43H30ClgN3040sP: C, 47.53; H, 2.78; N, 3.87. Found: C,
47.79; H, 2.99; N, 3.81.

cis-a-0Os(n4-CHBA-DCB)(t-BuNC), (15). trans-K2[Os(n4-CHBA-
DCB)(0)2] (120 mg; 0.135 mmol), triphenylphosphine (81 mg, 2.2 equiv),
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and tert-butylisocyanide (0.27 mL, 16 equiv) were dissolved in 10 mL of
THF and gently heated for 0.5 h, during which time the color changed from
orange to red-brown. The brown intermediate was precipitated with
excess hexane, filtered, and twice recrystallized from THF/hexane. The
precipitate, redissolved in THF and oxidized with Brg, became deep blue.
After removal of the solvent in vacuo, the blue product was eluted with
excess CH2Cly through a short silica gel column and was recrystallized
from CH2Clo/hexane to yield a dark blue erystalline solid: yield 27 mg
(23%); 1TH NMR (Table 2.8); IR (Nujol) 2209 cm-1 vgc=N (vs), 2183 cm-1
ve=N (vs), 1653 cm-1 vco (amide); Anal. caled. for C30H24Cl6N4040s: C,
39.71; H, 2.67; N, 6.17. Found: C,39.75;H,2.70; N, 6.19.

Exchange Reaction of 9-t-Bu and Acpy. 9-t-Bu (35 mg, 31
mmol) was dissolved in 4-acetylpyridine (4 mL) and heated to 75°C for 1.5
h while stirring. After cooling the solution, 30 mL of H20 was rapidly
added to precipitate the crude product, which was then filtered off and
washed with more H20O. The dark green product was dissolved in 10 mL
CH3Cly, dried over MgS0Qy4, and eluted down a short silica gel column with
CH,Clo/THF (2:1 v/v). The product was collected and recrystallized from
CHsClg/hexane to yield dark green crystalline solid: yield 12mg (35%); 1H
NMR (Table 2.8); IR (Nujol) 1710 cm-1 v¢o (acetyl), 1611 cm-1 vco (amide).

Kinetic Rate Measurements. Rates for the conversion of 7 into
10-tBu were measured at different temperatures and concentrations of ¢-
Bupy. These experiments were carried out by Sonny Lee using UV-vis
spectroscopy. UV-vis spectra were recorded on a Hewlett-Packard
HP8450A spectrophotometer equipped with an HP89100A temperature

controller and an HP89101A temperature-control unit. A toluene solution
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of 7 (2.5-3.0 mL) was added to a glass cuvette, which was sealed with a
septum, flushed thoroughly with nitrogen, and heated to the desired
temperature. ¢t-Bupy was added by syringe and automatic data collection
was started. Pseudo-first-order conditions were maintained, i.e., [t-
Bupy]> >[7] (>400:1). Data were collected for greater than three half-
lives at wavelengths of 460, 550, 570, 640, and 800 nm and were analyzed
by the Kedzy-Swinbourne method for first-order rate analysis.33
Activation parameters were determined from rate measurements at
temperatures of between 35 and 65 °C. Rate dependence on the
concentration of t-Bupy was investigated by varying the ¢-Bupy

concentration between 5.0 and 113 mM.

Magnetic  Susceptibility = Measurements. Magnetic
susceptibility measurements were performed on an S.H.E. 905 SQUID
susceptometer at the University of Southern California. Measurements
were recorded between 6 and 300 K on sample sizes of 20-80 mg. Samples
were analytically pure and were ground before being loaded into a
titanium bucket for the magnetic measurement. The magnetization of the
empty bucket was determined by a blank run without a sample and was
subtracted out of the Os(IV) measurements. The following diamagnetic
corrections were applied, x, (cgs/mole): (n4-CHBA-DCB)4-, -168 x 10-6;
PPhgs, -167 x 10-6; O =PPhs, -168 x 10-6; dppe, -85 x 10-6; py, -49 x 10-6;
bipy, -192 x 10-6. All paramagnetic Os(IV) compounds exhibited
temperature-independent paramagnetism, TIP, with negligible Curie-
Weiss behavior. The x,, values for 7 increased at low temperatures (6-50
K), suggesting that small amounts of paramagnetic impurities were

present.
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Chapter3

Non-planar Amide Groups as Ligands
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Introduction

In Chapter 2, the synthesis and reactivity of many Os(VI) and
Os(IV) compounds are reported that incorporate the PAC ligand (n4-
CHBA-DCB)4- for stabilization.l This ligand frequently assumes planar
coordination around the osmium, which together with two axial ligands
forms the trans isomer. We presumed that only trans isomers would be
produced because of the rigidity of the chelate framework. The stiff
aromatic arms and bridge, together with N-amido linkages, which are
typically planar, were thought to make the ligand resistant to
deformation. Complexes of bidentate ligands (bipy or dppe) or electron-
withdrawing tert-butylisocyanide, however, have non-planar PAC ligands
and are characterized as cis-a or cis-p isomers, thus disproving our
presumption.We were curious as towhichdeformations were responsible for
the production of cis isomers. Two cis complexes have been structurally
characterized by X-ray crystallography: cis-p-Os(n4-CHBA-DCB)(bipy),
11, and cis-a-Os(n4-CHBA-DCB)(PPh3)(¢-BuNC), 14.1 The orteps of these
compounds reveal the presence of novel non-planar N-amido ligands.

The organic amide functional group, one of the most important
building blocks in biological systems, is almost always found in its
characteristic planar form. Rotational processes around the amide C-N
bond disrupt amide delocalization and consequently are subject to
substantial activation barriers (10-35 kcal/mol).2 Non-planar amides have
been recognized in formamide3 and in some constrained molecules such as
certain lactams4.9 (including penicillin and cephalosporin antibiotics5),
polycyclic spirodilactamsé and anti-Bredt bridgehead nitrogen

compounds? (Figure 3.1). With the growth of peptide conformation
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analysis, many methods have been established for using structural data to
quantify deviations from planarity in secondary amides.89 We have
applied one such method? to our systems by considering the osmium bound
to the N-amido moiety (RC(O)NR'Os) in place of the secondary amide
hydrogen atom (RC(O)NR'H).

Inorganic N-amido ligands are typically planar for the same reason
that organic amides are planar—amide delocalization.10 To locate other
examples of non-planar N-amido groups in the literature, we employed the
Cambridge crystallographic database.l9 We sought to identify all
structurally characterized compounds containing N-amido ligands and
subsequently calculate the non-planarity parameters of each N-amido
unit. Based on this investigation, our complexes contain amide ligands
that are substantially more non-planar than any other class of compounds

containing N-amido groups.
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Results and Discussion

Structural Data. As discussed in Chapter 2, the PAC ligand is
sufficiently flexible to allow the production of cis-B and cis-a isomers.
Crystals suitable for X-ray diffraction were grown of two of these cis
complexes: the cis-Bp complex 11 and the cis-a complex 14. A
crystallographic structure determination was completed for each
compound. We wanted to learn which bond deformations occurred upon
movement of a phenolate arm out of the equitorial plane to an axial site.

The ortep of 11 shown in Figure 3.2 shows an octahedral osmium
coordination sphere. The PAC ligand of the cis- complex occupies three
equitorial and one axial site with the bipy ligand filling the remaining two
binding sites. All bond distances and bond angles are normal compared to
structures of other Os(IV) PAC ligand complexes completed by the Collins
group to date (Tables 3.1 and 3.2). The unexpected structural feature in
this ortep is the non-planarity of one N-amido ligand, C3B-C2B (02B)-
N1B(Os)-C1B. The carbonyl group of this amide is in the plane of the
attached phenolate arm rather than in the plane of the ligand bridge. The
other amide is coplanar with both the other phenolate arm and the bridge
of the chelate. Two non-planar amide ligands are seen in the structure of
14.

The ortep of 14 (Figure 3.3) again shows octahedral coordination
around the osmium with both axial sites occupied by the phenolate arms of
(n4-CHBA-DCB)4~. No unusual bond distance or bond angles are seen in
the structure of 14 (Tables 3.3 and 3.4). As in the structure of 11, the
significant feature in this structure is the non-planar N-amido ligands.

Isomerization to form the cis-a isomer is achieved principally through



85

12. 4(9)

(I4) \. 977(9)
1.408(16)
2. uz(s) Ci4B
| 801(4) . ' G) e
2003(9
'

| 403
4i6(14)
120.0(9 (

@ 2
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amide C-N bond rotation, which makes possible phenolate coordination to
the axial site of the metal center. Viewing the ortep down the amide C-N
bond better displays this point (Figure 3.4). In the center of the foreground
of the ortep can be seen the “front” amide carbonyl C7-0O3. The nitrogen
atom of this amide, N1, can be partially seen behind C7. The carbonyl
group of this amide is in the plane of the arm of the PAC ligand rather than
in the plane of the bridge. The front amide obstructs the view of the rear
amide carbon and nitrogen atoms. Only the carbonyl oxygen, O4, can be
seen. If the positions of the hidden atoms are approximately behind those
of the front amide, then the rear carbonyl is similarly in the plane of the
rear PAC ligand arm.

The view of the PAC ligand in Figure 3.4 establishes three distinct
planes comprised of each phenolate arm and the bridge. The dihedral
angles between these elements have been calculated from the fitted least-
squares planes (Table 3.5) and are shown unbracketed in Figure 3.4. The
dihedral angles (51(2)° and 62(2)°) provide a measure of the PAC ligand
distortions that are necessary to form the cis-a isomer. Certain amide C-N
torsion angles, @w(03-C7-N1-C8) and «(04-Cl4-N2-C13), describe the
extent of C-N bond rotation that occurs upon isomerization. These values
are shown in brackets in Figure 3.4 (52(3)° and 61(3)°). Within the
standard deviations, the dihedral angle and amide torsion angle are equal
for each side of the PAC ligand. Because the dihedral angles result from
gross chelate deformations, the similarity of these angles with the amide
torsion angles strongly suggests that amide-centered C-N bond rotations
make possible the formation of cis isomers. Flexibility of the chelate

primarily results from the changes in N-amido ligand bonding.
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Table 3.5. Best Least-squares Planes of the PAC Ligand Phenolate Arms
and Bridge for 14.

CA Best Plane (PAC ligand arm)
Atoms: N1,C7,03,Ce6,C5,C4,C3,C2,C1.

Direction cosines of plane normal: -0.4828,0.0781, 0.8723.

Origin-to-plane distance : 2.740 A

Deviations of atoms from plane CA:

Atom Dev. (A) Atom Dev. (A)
N1 -0.0523 C4 -0.0601

C7 -0.0027 C3 0.1257

03 0.2092 C2 0.1049

Cé -0.1476 C1 -0.0416

C5 -0.1356

CB Best Plane (PAC ligand arm)
Atoms: N2, C14, 04, C15,C16,C17,C18, C19, C20.

Direction cosines of plane normal: 0.2397,0.8891,-0.3899.
Origin-to-plane distance: 1.747 A

Deviations of atoms from plane CB:

Atom Dev. (A) Atom Dev. (A)
N2 -0.1804 C17 -0.0509
C14 0.0221 C18 -0.1028
04 0.0361 C19 -0.0077
C15 0.1136 C20 0.1637

C16 0.0062
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Table 3.5. (continued).

D Best Plane (PAC ligand bridge)
Atoms: C7,N1,C8,(C9,C10,C11,C12,C13,N2, C14.

Direction cosines of plane normal: -0.1095, 0.9097, 0.4006.

Origin-to-plane distance: 3.575 A

Deviations of atoms from plane D:

Atom Dev. (R) Atom Dev. (A)
C7 0.0453 C11 -0.0291
N1 -0.1205 C12 0.0334
C8 0.0060 C13 0.0787
C9 -0.0087 N2 0.1223

C10 -0.0208 Cl4 -0.1067
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Amide Non-planarity Parameters. We have used the analysis
method of Dunitz and Winkler to quantify the non-planarity of the N-
amido groups in 11 and 14. In their studies of amide group conformations,
Dunitz and Winkler defined two out-of-plane bending parameters, xN and
xc (which describe trigonal planar to pyramidal distortions at the amide
nitrogen and carbonyl carbon atoms), and a twist parameter, t (which
approximates the angle between the nitrogen and carbonyl carbon pn
orbitals.)9 These parameters measure the degree to which the three
conditions contribute to amide non-planarity. The diagram in Figure 3.5
describes how t, xN and xc are derived from amide C-N torsion angles w1,
w2, and w3 calculated from structural data.ll Linear combinations of the
three meaningless torsion angles generate three quantities pertinent to
understanding amide non-planarity. For a rigorously planar amide, both
the nitrogen and carbonyl carbon atoms are sp2 hybridized, so xN and x¢
are both equal to 0°. The limiting value of t can be 0° if the parent organic
chain has cisoid geometry or 180° if it has transoid geometry. Carbon-
nitrogen pn overlap is expected to be close to zero when tis * 90°. Here we

define a modified version of t, T, such that

T = (v)modn.

In contrast to t, this new term does not distinguish cisoid and transoid
geometries. However, T provides an approximate measure of the smaller
angle between the nitrogen and carbonyl carbon pn orbitals and is easily
visualized (-90° < T < 90°). According to the measures, xC, XN, and T, the
N-amido ligands of 11 and 14 are decidedly non-planar (Table 3.6). The

magnitudes of the T and xN values are frequently greater than those of xc.
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f = ((w1 + w2)/2)modr

XN = (w2 — w3 + m)mod27

xc = (w1 — wz + m)mod2r

Figure 3.5. Parameters for describing non-planarity in N-amido

groups.
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Table 3.6. Selected Amide Torsion Angles and Calculated Non-

planarity Parameters for 11 and 14.

Atoms Torsion Angle (°) Parameter Value(®)

Compound 11

(planar amide)

C3A-C2A-N1A-C1A ®la 180(2) Xca 3(3)
02A-C2A-N1A-Os ©2a -178(2) Xna 5(2)
02A-C2A-N1A-C1A ®3a -3(3) A -1(3)

(non-planaramide)

C3B-C2B-N1B-C1B W1b 136(2) Xcb -4(3)
02B-C2B-N1B-Os W2b 155(2) XNb 15(2)
02B-C2B-N1B-C1B W3b -40(3) b -35(3)

Compound 14

(amide trans to t-BuNC)

C6-C7-N1-C8 W1a 124(2) XCa 4(3)
03-C7-N1-Os W2a -138(2) XNa -10(2)
03-C7-N1-C8 W3a 52(3) Ta 49(3)
(amide trans to PPh3)

C15-C14-N2-C13 W1ib -117(2) Xc - 2(3)
04-C14-N2-Os W2b -143(2) Xnb -24(2)

04-C14-N2-C13 W3b 61(3) b 50(2)
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This trend is also observed in organic amide analyses. Amide
deformations generally occur through C-N bond rotation and nitrogen
atom pyramidalization with retention of planarity at the carbon atom. The
T values in Table 3.6 for the non-planar amides are remarkably high
compared to organic amide groups. No range of T, xN, and xc values,
however, has been defined as normal for N-amido ligands, so we undertook
to determine them.

The Cambridge crystallographic database was used to locate all
structurally characterized RC(O)NR'M and RC(OM')NR'M functionalities
(R- and R'- are general groups, but do not include H). Bibliographic
references, coordinate data and complete amide torsion angle analyses of
these compounds were then compiled utilizing the Cambridge database
programs.12-16 In Figures 3.6-3.9 the values of T and xN for 11 and 14 are
compared with those of all other reported RC(O)NR'M and RC(OM')NR'M
functionalities by plotting T vs. xx and T vs. xc. Besides the structures of
11 and 14 reported here, other complexes found to contain non-planar N-
amido ligands are summarized in Table 3.7.

There are 457 data points in each of Figures 3.6 and 3.7. Of these
points, 118 represent cases of monodentate N-amido ligands where the
parent free-base ligand is a secondary organic amide functional group.
The secondary amide data are plotted separately in Figures 3.8 and 3.9.
The large values of T (>25° found for 14 and 1612a (Table 3.7) are
unprecedented for N-amido complexes that have the option to reduce T by
isomerizing at the metal center. The primary cause of the non-planarity in
these two complexes appears to be increased thermodynamic stal;ilization
resulting from the trans to cis-a isomerization. The cis-p PAC ligand

complexes 11 and 1712f (Table 3.7) exhibit large T values apparently
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Figure 3.6. Plot of T vs. xn for all RC(O)NR'M and
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Table 3.7. Amide Non-planarity Parameters for RC(O)NR'M and
RC(OM')NR'M Fragments where t > 25°,

Compound T(°) xN(°) xc(®  Ref
0
0
Ph3p”"'c|> N]@ 4 -6 6 12
s -
oc” | "N g
0 73 -33 6
0
16
5 Co/ o
N F\NE 22 6 7 12f
o
@)_OII\N/H 44 -4 1
N
« O
17

N ~-
©_O~/"(!]s"\.o 30 25 3 12f




Table 3.7. (continued).
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Compound T(°) xN (%) xc(®)  Ref.
Mel
\c-—o
(0l 7/ \ .
/ OS(VOig -28 -53 -1 14cx
(CC,LOs
\ / -38 -52 1
Q==
\
H
CHB W%Hb
O\ / "~
N g o 88 5 3 14xi
xi
c\N,/ AN
H\
/N—CsHs
H O=C
) AN
N\, /N\i 29 0 -2 14xxxvi
Ni
~ \S/N
Ty
N .
/ < 27 3 3 14cvi
((CoHs WPIRN N—CeHs
\ < -15 8 3
/N
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because of the structural constraints of the coordination sphere forcing the
formation of non-planar N-amido ligands. Complex 18 also shows an

unusually high T value.12f It is likely that the non-planarity partially

results from distortions caused by the osmium atom sitting 0.55 A out of
the plane of the coordinated nitrogen and oxygen atoms. In the other four
cases where the T values of RC(O)NR'M and RC(OM')NR'M groups are
greater than 25° (Table 3.7), the nitrogen atom has formal multiple bonds
to its R' substituent, or the carbonyl group is involved in multiple bonding
withitsR substituent.14 None of the RC(O)NR'-ligands in these four cases
is derived from parent organic amide functional groups. Theoretical
studies of amide group deformations8,9b conclude that pyramidalization at
the nitrogen atom is energetically less demanding than pyramidalization
at carbon or rotation about the C-N bond. Consistent with these results,
there is a wider distribution of xN values than either xc or T values in
Figures 3.6-3.9. Amide non-planarity has been considered previously for
N-amido groups that exhibit large xN values.13xxiv

Amide Bonding Changes. The resulting amide geometries
indicate an alteration of the amide bonding characteristics. The resonance
structures for an N-amido ligand are shown below. Because of the C-N
bond rotation that occurs in forming cis isomers, the overlap between the
carbonyl m* orbital and the nitrogen lone pair decreases; hence, the

contribution from the dipolar resonance

O .0 ,. (o]
N" SN > NN > NTNE
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form on the right is attenuated. The amide carbonyl groups of cis isomers
should have correspondingly higher C=0 bond order and IR stretching
frequencies than those of trans isomers. The IR spectrum of 11 shows two
bands in the carbonyl region: one at 1622 cm-1 for the planar amide and
the other at 1635 cm-1 for the non-planar amide. The IR spectrum for cis-a
14 shows one carbonyl band at 1650 cm-1. Other cis complexes described in
Chapter 2 also have high carbonyl stretching frequencies. The complex
cis-a-Os(n4-CHBA-DCB)(t-BuNC)g, 15, has a carbonyl band at 1653 cm-1
and cis-p-Os(n4-CHBA-DCB)(dppe), 13, displays bands at 1607 cm-l
(planar amide) and 1670 cm-1 (non-planar amide). Unusually high amide
carbonyl stretching frequencies also have been seen in organic compounds
containing non-planar amide moieties.4-7

We wanted to correlate the structural non-planarity parameters of
11 and 14 to data reflecting amide bonding changes, specifically the IR
carbonyl bands. Only negligible carbon atom pyramidalization occurs in
forming non-planar amides. Of the two other deformations measured by T
and xN, theoretical studies reveal C-N bond rotation to be energetically
more demanding; therefore, we expected the best correlation to be that of
vco and some quantity derived from T. Molecular orbital calculations
show that as two adjacent m orbitals rotate about a common axis, the
overlap integral changes as a function of cos(0), where 6 is the torsion
angle between the two orbitals.17 Aligned orbitals (8 =0°) achieve optimal
overlap, whereas orthogonal orbitals (6=90°) have no overlap. The
contribution from the amide dipolar resonance form should be dependent
upon the overlap of the n orbitals or, alternatively, cos(%). We. chose to
correlatecos(t)to vco. The amide carbonyl IR bands of 11 and 14 vary

linearly with cos(T) and a least-squares fit of the data reveals a correlation
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coefficient (r) of 0.998 (Figure 3.10). Three of these N-amido groups are
non-planar, and one is planar, yet all four correlate well to cos(®). If xNn
deformations had any effect on vco, then with the large range of xN values
for 11 and 14 (5° < xN < 24°) we would expect a poorer correlation to cos(T)
alone. Apparently, the different auxiliary ligands of 11 (bipy) and 14
(PPhgs, t-BuNC) negligibly affect the carbonyl bands. For these Os(IV)
complexes, N-amido C-N bond rotation primarily determines the vco
observed. At other osmium states, with a different PAC ligand, or for
complexes of other metals, however, other effects may perturb vco, such as
nitrogen pyramidalization, different ligation, or the inherent Lewis acidity
of the metal center. This correlation might be more appropriately carried
out with force constants in place of the vco values.

Complex 14 is a thermodynamically stable diastereomer, as upon
heating isomerization is not observed. The amide nitrogen lone pair,
which in the planar amide ligand can be delocalized onto both the metal
and the amide carbonyl group, is more available for n-donation to the
metal in the non-planar ligand. The amide nitrogen might also be
expected to become a better o-donor in the non-planar form. It is
interesting that the geometry about the amide nitrogen atom remains very
close to trigonal-planar for the amide trans to the m-acceptor :-BuNC
ligand, which suggests that n-donation is occurring through the metal
center. The pyramidal distortions are larger for the N-amido ligands trans
to the phosphine (Table 3.6). Metal-ligand bonding is probably greater
with non-planar N-amido ligands relative to the planar ones. C‘onf:eivably,
this increased bonding could compensate for the substantial
destabilization resulting from the loss of amide delocalization. Evidence

will be presented in Chapter 4 showing that there is a significant increase
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in metal-ligand bonding for non-planar N-amido ligands relative to planar

N-amido ligands in these systems.
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Figure 3.10. Plot of amide vco vs. cos(t) for the N-amido

groups of 11 and 14.
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Conclusions

The crystallographic structural determinations of 11 and 14 show
novel non-planar N-amido ligands. These N-amido linkages of the PAC
ligand (n4-CHBA-DCB)4~ provide sufficient flexibility to allow for the
formation of cis-p and cis-a complexes. This is established by the similar
magnitudes of PAC ligand distortions (measured by dihedral angles) and
deformation in N-amido planarity (measured by the torsion angle w(O-C-
N-C). N-Amido non-planarity can originate from three types of bonding
changes: C-N bond rotation and pyramidalization at the nitrogen and
carbon atoms. Using measures of these effects (I, xN, and xc), we can
assess the relative contributions from the bonding changes in a non-planar
amide. Little non-planarity due to xc distortions is observed. Of the other
two parameters, T distortion is more destabilizing than that of xn. A
survey of all characterized amide ligands shows ours to be the most non-
planar examples known to date. Correlatingthesedata, a wider range of xN
values is observed than T values, which would be expected because xN is
the lower energy deformation.

The formation of non-planar amides changes the bonding
characteristics of the N-amido ligand. Higher vco bonds are observed in
cis complexes because of the reduced contribution from the amide dipolar
resonance form. The frequency of the carbonyl stretch linearly correlates
with the amount of carbon and nitrogen pm orbital overlap estimated by
cos(¥). The successful correlation of two different isomers with
different auxiliary ligands suggests that,for neutral Os(IV) corrfplexes, T
deformations primarily determine the degree of amide delocalization

present. By restricting delocalization, the nitrogen atom should be more
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basic from the increased localization of the nitrogen lone pair, which can
exert stronger ligand — metal bonding. The stabilization from this
increased bonding may be the factor that compensates for decreased amide
delocalization stabilization. Chapter 4 discusses this point in detail and
shows evidence for increased bonding from the non-planar N-amido group

to the osmium metal center compared to the planar N-amido ligands.
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Experimental Section

Syntheses. The syntheses of cis-B-Os(n4-CHBA-DCB)(bipy), 11,
and cis-a-Os(n4-CHBA-DCB)(PPh3)(t-BuNC), 14, are reported in Chapter
2. Dr. Robert J. Coots performed the crystallographic structure
determination of 11, and Tracy T. Furutani took the preliminary
photographs and collected the X-ray data for 14.

X-ray Data Collection and Structure Determination of 11. A
crystal of 11 was obtained from a solution of CH2Clo/EtOH. Oscillation
and Weissenberg photographs indicated that the space group was triclinic.
A hemisphere of intensity data was collected with unit cell parameters
obtained by least-squares refinement of the orientation matrix using
fifteen reflections in the range: 10.9 < 26 < 19.8°(Table 3.8) with positive
20 measurements only. The three check reflections, remeasured after
every 100 reflections, indicated no significant decay over the 89 h of data
collection. Absorption corrections were deemed unnecessary. The data
were reduced to Fo2 with anomalous dispersion corrections included for Os.
The atomic position of the Os atom was derived from the Patterson map.
Subsequent Fourier and difference maps revealed all non-hydrogen atoms.

Several cycles of full-matrix least-squares refinement on all non-
hydrogen parameters yielded Rr = 0.047, RF' = 0.044, and GOF = 3.44;
final shift/errors < 0.10; data-to-parameter ratio = 11.0. All atomic
coordinates as well as the scale factor, k, and Gaussian ellipsoids
(anisotropic for all atoms except carbon and hydrogen) were in one;block.

A difference map calculated after all non-hydrogen atoms had been

located revealed the presence of additional electron density near a center of
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symmetry. This was determined to be an ethanol molecule with the two
carbon atoms related by the center of symmetry, and the oxygen atom
disordered over two sites. |

Hydrogen atoms were placed at a distance of 0.95 A from their
respective carbon or oxygen atoms by assuming ideal geometry and were
not refined. The hydrogen atom temperature factors were set equal to the
temperature factor of the atom to which they were attached.182

X-ray Data Collection and Structure Determination of 14. A
suitable crystal was obtained by slow crystallization from CH2Clg/hexane.
A series of oscillation and Weissenberg photographs indicated
orthorhombic symmetry. Intensity data to 26 = 30° were collected on a
locally-modified Syntex P2 diffractometer with graphite monochromator
and MoKa radiation (A = 0.7107 A) using w scans. Three check
reflections, monitored after every 100 data measurements, indicated no
decay for the first 3255 reflections (£ h, +k, +£), but the intensity rapidly
decreased thereafter; no further data were collected. The intensities were
reduced to Fy’s, and multiple observations were averaged to yield 1706
reflections. No absorption correction was applied. Details of the data
collection are summarized in Table 3.8.

The coordinates of the osmium atom were obtained from a three-
dimensional Patterson function, and the remainder of the structure was
determined from subsequent Fourier maps. Refinement was carried out by
full-matrix least-squares, the quantity minimized was Zw(A2) with A =
Fo2 - F2 and weight @ = 1/062(F,2). Form factors, with f added for
osmium, phosphorus, and chlorine , were obtained from The I rite;national
Tables for X-ray Crystallography, Vol. IV, Table 2.2B. Calculations were
carried out on a VAX 11/750 computer using the CRYM system.
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Anisotropic Gaussian amplitudes were used for the osmium,
phosphorus, chlorine, and methyl carbon atoms. The hydrogen atoms were
fixed with U = 0.20 A2. Several cycles of least-squares refinements of the
coordinates and thermal parameters of the non-hydrogen atoms yielded
GOF =m: 1.35, n = 1706 reflections, v = 288 parameters,
with RF = Z|Fo- 1Fe | I/ZF, = 0.063 (I > 0, 1564 reflections), and R3g =
0.035 (I > 3,1, 1093 reflections).18b

Cambridge Database Search. Programs used were (i)
CONNSER for searching for entries of structures with N-amido
connectivity (M-N-C=0), (ii) BIBSER for retrieving the bibliographic
references of the entries, (iii) RETRIEVE for retrieving the
crystallographic data of each structure, and (iv) GEOM 78 for calculating

w1, w9, and w3 torsion angles of each N-amido group.19,20
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The cis-diammineplatinum a-pyrrolidonato complex
[Pt4(NH3)g(C4HgNO)4)(NO3)5 48-3H20, which is an apparent
mixture of two tetranuclear species at different oxidation states,
shows several abnormally large xc (21°, 25°, 26°, 30°, 36°, 45°, -45°;
there are two distinct molecules per unit cell) and xn (35°, -39°,
-48°) parameters that are difficult to rationalize. This ;tructure
also contains abnormal bond distances. For instance, C-C single

bond distances vary from 1.36-1.90 A. The points derived from this
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work are not included in Figures 3.6-3.9. Matsumoto, K
Takahashi, H.; Fuwa, K. J. J. Am. Chem. Soc. 1984, 106, 2049-
2054. The related pyrrolidinato, mixed-valence, tetranuclear
species [Pt4(NH3)g(CgHgNO)4)(NO3)g-H2O has been the subject of
two reports: Matsumoto, K.; Fuwa, K. J. Am. Chem. Soc. 1982,
104, 897-898.; Matsumoto, K.; Takahashi, H.; Fuwa, K Inorg.
Chem. 1983, 22, 4086-4090. In the former report, a trihydrate is
claimed for which several xc values are extremely large (-24°, 39°).
In the latter a dihydrate is claimed where one xc value is

unreasonable (-74°) and another is at least inexplicably large

(-28°). Presumably, some atomic coordiantes are inaccurate. The

authors noted difficulties with this determination. The points for
these structures are also excluded from Figures 3.6-3.9.

Complete bibliographic references can be found in refs 13-15.
Calculated torsion angles for all of the compounds can be found in
the supplementary material to ref 12g.

Streitweiser, A., Jr. “Molecular Orbital Theory for Organic
Chemists”; John Wiley and Sons: New York, 1961; pp 14-16.

(a) Structure factor amplitudes of 11 can be found in the
supplementary material of ref 12a. (b) Structure factor amplitudes
of 14 can be found in the supplementary material of ref 12g.
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Chapter 4

Thermodynamic and Bonding Differences Between Planar and Non-planar

N-amido Ligands
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Introduction

Evidence for the formation of novel non-planar N-amido ligands is
discussed in Chapter 3. Although some precedent for non-planar organic
amide groups can be found in the literature, no comparable inorganic
examples of non-planar N-amido ligands exist. This has been verified by
an extensive search for all structurally characterized N-amido groups,
followed by a complete torsion angle analysis of each ligand. The increased
amide carbonyl IR stretching frequencies observed for non-planar N-amido
groups signal that less amide delocalization resonance and a distinctly
different bonding occur in a non-planar amide compared to its planar
analog. We wanted to elucidate these changes and understand what
factors were responsible for the formation of cis complexes. In Chapter 3, it
is suggested that restricted amide resonance leads to greater localization of
the lone pair on nitrogen, making the nitrogen atom more basic in a non-
planar N-amido moiety than in a planar one. Presumably, strong o- and n-
bonding between the metal and N-amido ligand compensates for the
destabilization resulting from reduced amide delocalization. An original
objective in designing PAC ligands was to produce a strongly donating
chelate for stabilizing a high valent metal center. The unexpected
isomerization phenomenon apparently increases this capacity for electron-
donation. We wanted to verify this effect and quantify the thermodynamic
consequences of it.

A system in which like cis and trans isomers interconverted was
needed to study equilibria conditions and thereby obtain thermodynamic
information. All of the compounds reported in Chapter 2 and those

structurally characterized in Chapter 3 are isomerically static. In
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controlled-potential electrolysis experiments, we discovered an
isomerizing system. The oxidation of trans-Os(n4-CHBA-DCB)(t-Bupy)s,
10-tBu, in a bulk electrolysis experiment produces two compounds proven
to be in equilibrium with one another: { 10-tBu]+ and [cis-a-Os(n4-CHBA-
DCB)(t-Bupy)2l+, [19-tBu]+. The equilibrium constant between the two
isomers can be measured by normal pulse voltammetry. The trend in this
equilibrium constant over different osmium oxidation states is consistent
with the cis-a isomer being a stronger donor than the trans. Synthesesof
compounds with various substituents in place of the tert-butyl group in 10-
tBu made is possible to establish linear free energy relationships (LFER)
between isomerization equilibrium constants and the basicities of the free
pyridines. This demonstrates that demand for electron density at the
metal center can induce isomerization from the trans to cis-a isomer, which
contains the more donating non-planar N-amido ligands. Finally, by
comparing these results to those of osmium complexes containing two
bidentate salicylamide ligands and no chelate bridge, the strong electron-
donation of the cis-a isomers can be shown to be amide-centered. The effect
does not emanate from the different ligand positions in cis-a and trans

coordination spheres.
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Results and Discussion

Thermodynamic Studies of trans = cis-a Equilibrium
Processes. The cyclic voltammogram (CV) of trans-Os(n4-CHBA-DCB)(¢-
Bupy)2 , 10-tBu,is shown in Figure 4.1a. The CV shown in Figure 4.1b is
obtained following room temperature, controlled-potential electro-
oxidation of 3 by one Faraday per mole of osmium.l1 The oxidation
produces a mixtures of [10-tBul+ and a new compound, [19-tBul+, as
indicated by the appearance of a new set of waves. The peak currents for
the couples associated with 10-tBu in Figure 4.1a equal the sum of the
peak currents associated with [10-tBul+ and [19-tBul+ in Figure 4.1b;
hence, material balance is maintained. When the oxidized solution is
reduced at +0.60 V, between the 10-tBu Os(V/IV) couple at +0.70 V and
the new couple at +0.50 V, the couples of 10-tBu steadily increase while
those of the new compound conversely decrease until the original CV in
Figure 4.1a is restored. If, on the other hand, the mixture of [10-tBul+
and [19-tBul+ is rapidly reduced by the addition of excess ferrocene at -78
°C, a stable solution of neutral 10-tBu and 19-tBu is produced, which can
be separated by column chromatography on silica gel, using
chlorobenzene/bromoethane (1:1 v/v) eluent. Recrystallization of the new
red complex from CHoClo/hexane affords analytically pure 19-tBu. This
compound is stable at room temperature. 1H NMR and IR spectroscopies
establish 19-tBu to be the cis-a isomer of Os(n4-CHBA-DCB)(¢-Bupy)2. The
couples of isolated 19-tBu match the new couples in Figure 4.1b.
Evidently, oxidation of the trans isomer produces a mixture of both
cationic trans and cis-a isomers.2 Electro-oxidation of 10-tBu or 19-tBu

by one Faraday per mole of osmium at -78 °C affords pure solutions of [10-
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Figure 4.1. Cyclic voltammograms of 4.1 mM 10-tBu in
CH3Cl9/0.1 M TBAP at 0.03 cm3 Pt electrode. Scan rate = 200
mV/sec. (A) Os(IV). (B) Os(V).
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tBul+ or [19-tBul+ as determined by CVs. Isomerization occurs upon
warming each solution to room temperature, and identical distributions of
[10-tBul+ and [19-tBul+ are produced, each displaying a CV identical to
that shown in Figure 4.1b. Hence, the cationic Os(V) isomers are at
equilibrium at room temperature. Assuming that [10-tBul+ and [19-
t{Bul+ have similar diffusion coefficients, the limiting current from the
normal pulse voltammogram (NPV) of each isomer can be used to measure
the equilibrium concentration ratio.3 The ratio of these limiting currents
is equal to the equilibrium constant for [19-tBul+ = [10-tBul+, K+,
which at 22 °C is 1.3 in favor of the trans isomer.

The formal potentials of each diastereomer, together with K+,
form three sides of a thermodynamic cycle whereby the fourth side, K° (the
equilibrium constant for the neutral species), can be derived (Scheme 4.1).
Similarly, the equilibrium constants at the Os(III) and Os(II) oxidation
states, K- and K2-, can be calculated. The value of K°, 3.4 x 103 in favor of
the trans isomer, is sensible in light of the synthesis of 10-tBu where 19-
tBu is never observed. This equilibrium constant indicates that 19-tBu
isolated from the ferrocene reduction of the cationic isomer mixture is
thermodynamically unstable. Compound 19-tBu does, indeed, revert to
10-tBu upon warming (t; = 2.7 x 104 s in 1,2-dichloroethane at 60 °C).4
The derived values for K- and K? at 22 °C are 2.4 x 1011 and 2.1 x 1015 in
favor of the trans isomer. The equilibrium constants in Scheme 4.1 show
an informative trend. The equilibrium constants shift increasingly toward
the cis-a isomer as the oxidation state of the osmium increases until at
Os(V) the equilibrium constant is ~1 and the isomers are approximately
isoenergetic. This suggests that the cis-a isomer better stabilizes the metal

than the trans isomer as the metal becomes progressively more electron-
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Scheme 4.1. Thermodynamic Ladder for the cis-a & trans Equilibrium of

Os(n4-CHBA-DCB)(¢-Bupy)g at Os(V), Os(IV), Os(III), and Os(IT) Oxidation
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deficient. This cis-a ligand set is apparently more electron-donating than
the trans set. When the metal is electron-rich in the Os(II) state, cis-a
stabilization is not needed,so the equilibrium lies far to the right. This
hypothesis about the relative donating strengths of the two isomers can
also be deduced from the CV in Figure 4.1b. The formal potentials of the
cis-a couples are consistently lower than those of the trans couples by as
much as 460 mV. This is consistent with the cis-a ligand set being more
electron-releasing than the trans set, which could conceivably arise from
the greater basicity of the nitrogen atoms in non-planar N-amido groups as
hypothesized in Chapter 3. Electronic demands at the metal center seem
to control the isomer equilibria.

The isomerization processes are also affected by the steric influence
of the monodentate ancillary ligands. CV and controlled-potential
electrolysis studies reveal that trans-[Os(n4-CHBA-DCB)(PPhg)2]+ is the
only isomer formed upon oxidation of the Os(IV) precursor at room
temperature. Presumably steric factors prohibit the formation of cis
phosphine ligands. We wanted to verify the influence of electronic factors
in the absence of these types of steric effects. One approach for confirming
the role of electronic factors in equilibrium processes is to establish linear
free energy relationships (LFER).5a,b In such a study, experimental rate
constants (k) or equilibrium constants (K) are correlated, as some chosen
substituent is varied, with substituent constants (o) that have been
predetermined by employing the Hammett equation for a related parent

system (eq 4.1).
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log (k/ky) = po or log (K/K,) = po (4.1)

A good correlation shows that the system being studied responds to the
electronic properties of the substituents as a linear function of the response
of the parent system. This implies that perturbations induced by other
effects are minimal. The LFER also provides information about the
sensitivity of the response relative to the parent system. The sensitivities
are reflected in the p values, i.e., the slopes of the linear relationships.
Because the Hammett equation is a single equation in two variables, all
LFERs are related to the parent system from which the original o values
are derived by arbitrarily setting p at 1. For the original Hammett
substituent parameters, o, the parent system is based on substituted
benzoic acid pK, values.5¢c Another set of substituent parameters

pertinent to our study is Fischer G constants, which are based on
substituted pyridinium pK, values or, conversely, substituted pyridine
basicities.6

If the isomerization process was under electronic control, then in
the absence of steric effects we would expect variations in the donating
ability of the pyridine ligands to predictably alter the equilibrium
constants. With electron-donating substituents, the equilibrium should
shift toward the less donating trans isomer, whereas with electron-
withdrawing substituents the cis-a isomer should be favored. This

hypothesis was tested by synthesizing the series of complexes trans-Os(n4-

CHBA-DCB)(p-X-py)z, 10-X (X = MeO, Et, Me, H, Cl, Br, and CH3CO),



150

measuring the formal potentials and K+ of each compound, and deriving
the complete equilibrium data for comparisons with the p-tert-
butylpyridine system. All of the substituted complexes were synthesized
by reducing the trans-dioxo Os(VI) complex, 3, with triphenylphosphine in
the presence of p-X-py and oxidizing the resulting Os(II) residue with
bromine. This affords good to moderate yields of products. Only para
substituted pyridine complexes were studied because it was anticipated
that undesirable steric interaction of meta substituents in the cis-a isomer
would affect the equilibrium constants. One compound was synthesized
with meta substituents, trans-Os(n4-CHBA-DCB)(3,4-Me2py)2 (10-Me2).
This compound does not correlate with the 10-X series of complexes, as was
anticipated. Even in the absence of meta substituents, there is sufficient
steric “friction” of the ¢-Bupy ligands in cis-a 19-tBu to hinder pyridine
rotation about the Os-N axes (Figure 4.2). At 30 °C, two broad peaks are
seen for the aromatic pyridine protons in the 400 MHz 1H NMR spectrum.
As the temperature is lowered to 0 °C, the peaks broaden and disappear
into the baseline. At -50 °C, four doublets are observed for the pyridine
protons. Although at room temperature the pyridine rotation averages the
ortho signals and averages the meta signals, at -50 °C the rotation is
sufficiently slow to distinguish each of the four protons. The activation
energy for pyridine rotation is calculated at 13 * 1 kcal/mol at 0 °C from
coalescence experiments.” As the temperature is lowered, neither the
PAC ligand nor the tert-butyl! protons signals change except for slight
variations in chemical shift. Thus, even without meta substituents, steric
interaction of the two pyridine ligands can be detected. ”

For a strong LFER between the equilibrium constants and the

pyridine basicities, the metal center must be influenced by the different
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-40°C

Figure 4.2. Low temperature 400 MHz 1H NMR spectra of 19-
tBu showing coalescence of aromatic ¢-Bupy signals.

Temperature range = -50 to 30 °C. Solvent = CD2Cls.
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pyridine ligands. The formal potentials of the compounds would be
expected to change if the metal was affected by the different pyridine
substituents (Table 4.1). Correlation of the formal potentials and the
pyridine basicities confirms this condition. In Figure 4.3, the formal
potentials for the couples of all of the compounds are plotted against the &
substituent constants. As observed in the electrochemistry of 10-tBu and
19-tBu, the cis-a complexes consistently have formal potentials negative of
the trans potentials. For a given couple, the expected trend is observed.
That is, compounds with electron-donating substituents have formal
potentials lower than those of compounds with electron-withdrawing
substituents. The data correlate well with the exception of the formal
potentials for the Os(IV/III) and Os(IIII) couples of 10-Ac and 19-Ac.
When the formal potential data are converted to log K values for the

equilibria

[Os(n4-1)(p-X-py)2] n + Fe =[0s(n4-1)(p-X-py)2] n-1 + Fe+, (4.2)

the derived p/2 values (p/2 being the sensitivity per pyridine) are in the
range of 1.19 to 4.58, signaling a moderate to substantial sensitivity of the
couples to the electronic effects of the pyridine substituents (Table 4.2).
The slopes of the plots increase as the osmium becomes more reduced.
Whereas we expected the greatest sensitivity of the formal potential with

the substituted pyridines to be at the electron-deficient Os(IV) oxidation
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Figure 4.3. Plot of formal potentials versus Fischer G
substituent  parametersé for Os(n4-CHBA-DCB)(p-X-py)2.
Data measured in CH9Clg at 22 = 1 °C. (A) trans-Os(V/IV)
couples; slope = 0.140. (B) cis-a-Os(V/IV) couples; slope =
0.239. (C) trans-Os(IV/II) couples; slope = 0.347.2 (D) cis-a-
Os(IV)/MI) couples; slope = 0.231.2 (E) trans-Os(IILII) couples;
slope = 0.537.2 (F) cis-a-Os(III/TI) couples; slope = 0.518.2

aDatum for p-Acpy systems not included in correlation.
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state, the slopes of the correlations show that the saturated Os(II) center is

most influenced by the pyridine substituent effects.

Table 4.2. Values for Correlation of Formal Potentials with

G Constants.

Couple pa r
trans-Os(V/IV) 2.39 0.975
cis-a-Os(IV/IV) 4.08 0.977
trans-Os(IV/II) 5.91 0.985
cis-a-Os(IV/III) 3.94 0.977
trans-Os(II/IT) 9.17 0.992
cis-a-Os(II/II) 8.85 0.981

a Ref 10.

Note that the formal potentials for the p-acetylpyridine system lie
on the line for the Os(V/IV) couples, but deviate with increasing
magnitude from the line as the oxidation states are lowered. The
deviations imply that the acetyl substituents exert a much larger electron-
withdrawing effect in these redox processes than expected from the
correlation. N-aromatic heterocycles have been described as being a
general class of moderately strong n-acids8a and persuasive arguments for
the existence of m-backbonding in ruthenium and osmium systems are
based upon a considerable amount of experimental data.8 It is tempting to
speculate that the increase in the deviation with increasing metal basicity
signals the presence of unusual n-acceptor properties for p-acetyipyridine

relative to the other pyridine ligands.
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The plots of formal potentials vs. & in Figure 4.3 show positive
slopes and good correlations (r) for all couples. Assuming that all of the
couples are metal-centered, then the different pyridine ligands perturb the
osmium in a predictable manner. With K+ measured for each compound,
the other equilibrium constants were derived (Table 4.1) and examined for
LFER:s.

The log K’ values for the equilibrium 19-X < 10-X were plotted
against a variety of substituent parameters.5¢ The best fits at the Os(IV)
oxidation state were found for the substituent parameters o, (p = -1.60, r
= 0.949, Figure 4.4) and Fischer G (the substituent parameter for
pyridinium acid dissociation, p = -2.10, r = 0.948, Figure 4.4)fa,b The
existence of these LFERs supports the suggestion that K° responds to
electronic effects. As the ancillary pyridine ligands become less donating,
the equilibrium favors the more donating cis-a ligand geometry. Since two
pyridine ligands affect the isomerization reactions, p/2 is a more
appropriate measure of the relative sensitivities for pyridine. The p/2
value of -1.05 found for the correlation with @ issmaller thanthe p value
found for the correlation of pyridinium pKj, constants to G, 6.01.6a The
smaller p value for the isomerization process may result from the electro-
neutrality of both species involved. Although the degree of fit for both
plots (~ 0.95) is poor by the standards of physical organic chemistry, the
correlations are thought to be meaningful considering the differences
between this isomerization process and pyridinium and benzoic acid
deprotonation reactions to which it is compared.

No LFER was found between K* and any substituent parameters.
We anticipated that one might be made with o™ parameters, because

resonance forms can be drawn that delocalize the cationic charge of the
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Os(V) center onto the pyridine ring and adjacent to the substituent.5b.d
This, however, was not observed. LFERs were not sought with K- or K2-
equilibrium constants because the propagated errors associated with these

data were considered too large for meaningful correlations to be made.9

LFERs have been established for other inorganic equilibrium
processes involving pyridine ligands. For instance, a p value of -1.64 was
found for G correlation with the equilibrium constants for the replacement
of piperidine by p-substituted pyridines in an alkyl(piperidine)cobaloxime
complex in chloroform at 25 °C.11a The p values of -1.50,11b -2.211c  and
-3.111c were found for the op correlations with the stability constants for
formation of pyridine adducts of zinc, cadmium and mercury tetra-
phenylporphyrin complexes, respectively. When the correlation of
pyridine basicities with the binding constants of p-substituted pyridine
ligands to meso-tetrakis[a4-2-(neopentylcarbonylamino)phenyl]-por-
phyrinato-cobalt(Il) at 25 °C in toluene is converted to a correlation with &,
a p value of -1.38 (r = 0.99) is found.11d Similarly, p values of -2.25 (r =
0.99) and -4.62 (r = 0.98) have been derived from Jones’ and Twiggs 'data
for the correlation of @ with the first and second binding constants,
respectively, of p-substituted pyridine ligands to iron(Il) phthalocyanine in
DMSO at 25 °C.1le While the p value of -2.10 for the isomerization
equilibria studied in this work lies in the general range of the values for
ligand-binding equilibria, any comparison is limited by the differences of
the processes involved. Also, two pyridine ligands influence our
isomerization systems, whereas only one is involved in each of the other

studies mentioned.
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Role of Non-planar N-Amido Ligands. The reduction in amide
resonance that accompanies distortions from planarity should increase the
o- and n-basicity of the amide nitrogen. Evidence is now presented that
suggests that non-planar N-amido ligands play an important role in the
reduction of formal potentials found for the cis-a complexes and in the
related increased donor capacities of the cis-a ligand set.

In Chapter 3, structural characterization of complexes 11 and 14
revealed remarkable non-planar N-amido groups. While none of the 19-X
series of compounds has been structurally characterized, certain properties
are common to both cis-a complexes [19-X]+ and 14. Each compound has
an electron-deficient metal center that apparently causes the
isomerization. Compounds [19-X]+ are depleted of electron density
through electro-oxidation, whereas 14 has a n-acidic t-BuNC ancillary
ligand. Unusually high amide carbonyl IR bands are seen for both types of
complexes. The shift is presumably due to the loss of amide resonance
expected in the non-planar form, which enhances the electron-donation
from the amide nitrogen. In Chapter 3, the increase in vCO bands is
correlated to the cosine of a structural parameter, T, which is a measure of
the torsion angle between the carbon and nitrogen n orbitals. The value
cos(T) approximates the change in overlap between the m orbitals as a
function of T and thus, roughly determines the degree of amide
delocalization possible. The vC =0 band can be considered a crude measure
of the N-amido donation to the metal center. An interesting progression of
vCO bands is seen for 10-tBu, 19-tBu, [10-tBu]+, and [19-tBu]+ (Figure
4.5, top).18 At the neutral Os(IV)oxidation state, the vc=0 only mildly
increases in isomerizing from trans 10-tBu to cis-a 19-tBu (Avco = +20

cm-1). At the cationic Os(V) state, where more stabilization should be
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Figure 4.5. Amide carbonyl IR bands for neutral and cationic
forms of both cis-a- and trans-Os(n4-CHBA-DCB)Lo, where L =
t-Bupy (top) and O =PPh3 (bottom).



161

needed by the osmium, a greater change is recorded in going from [10-

tBult+ to [19-tBu]lt (Avcot = +57 cm-1). Besides structural

deformations of the N-amido group causing increased V¢, enhanced
Lewis acidity of the metal center may be thought to increase Vco without
structural changes taking place. In this osmium system, however, no
evidence for this phenomenon is observed. In oxidizing 10-tBu to [10-
tBul+, only planar N-amido ligands should be present and Avco equals
only +2cm-1.

A system analogous to the t-Bupy complexes, except with O =PPhj
auxiliary ligands in place of #-Bupy, has been synthesized. These
complexes are more convenient for studying the cationic isomers because
the lower oxidation potentials of the compounds make chemical oxidation
possible with solid nitrosonium salts in lieu of electrochemical oxidation.19
The synthesis of the neutral trans isomer, 8, is described in Chapter 2. As
with 10-tBu, oxidation of 8 generates a mixture of trans and cis-a isomers,
[8]+ and [20]+. Addition of excess ferrocene at -78 °C reduces the mixture
to the neutral isomers. Neutral cis-a-Os(n4-CHBA-DCB)(O =PPh3)g, 20,
rapidly isomerizes back to trans 8, so the resulting mixture from the
ferrocene reduction must be quickly separated by flash chromatography12
at 5 °C and crystallized out of solution. The phosphine oxide system shows
the same vcQ pattern that the t-Bupy compounds show for cis-a and trans
isomers at both neutral and cationic states (Figure 4.5, bottom). The
increase found for cis-a complexes is consistent with the presence of non-
planar N-amido ligands and suggests that cationic compounds distort
further from planarity than do neutral compounds. Apparently, as the
metal needs more stabilization, the PAC ligand incurs greater C-N bond

rotation to deliver more electron density to the osmium.
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Consider the process of moving the in-plane phenolate donors of 10-
tBu to the axial position of 19-tBu. In structurally characterized Os(IV)
complexes (Chapter 3), C-N bond rotation principally enables this
movement. Removal of the dichlorophenylene bridge, as in trans-Os(n2-
salicylamido)o(t-Bupy)e (Figure 4.6), should free the N-amido ligand
permitting Os-N bond rotation during isomerization, a process that
preserves N-amido planarity in  cis-a-Os(n2-salicylamido)2(¢-Bupy)g
(Figure 4.6). The vco bands of these salicylamide complexes are found at
1618 cm-1! for the trans isomer and 1620 ¢cm-1 for the cis-a isomer. These
complexes were synthesized in a related PAC ligand project.13 If the added
stabilization of the cis-a ligand set actually results from the different
relative positions of the ligands about the osmium coordination sphere,
and the N-amido deformations are inconsequential, then the same effect
should occur in the salicylamide compounds upon trans - cis-a
isomerization. Unlike the large formal potential differences for 10-tBu
and 19-tBu, the trans and cis-a salicylamide complexes exhibit similar
Os(IV/II) and Os(II/I) formal potentials (-0.70 V and -1.99 V for trans; -
0.70 V and -1.97 V for cis-a).14 The Os(V/IV) couples are irreversible for
both isomers. Even at elevated temperatures, the trans and cis-a isomers
unfortunately do not equilibrate, so equilibrium constants cannot be
determined. This is not important because the trend in equilibrium
constants observed with different oxidation states is more informative
than the actual constants themselves (as in the discussion of Scheme 4.1).
If K° is arbitrarily assigned a value of 1.0 for the neutral Os(IV)
equilibrium, then a ladder-type derivation predicts that K- also equals 1.0
and K2- equals ca. 2.2 in favor of the cis-a isomer. The values of K2- and K°

differ by a factor of two for the bridgeless compounds, whereas for the 10-
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Figure 4.6. Bridgeless complexes of salicylamide ligands.
(A) trans-Os(n2-salicylamido)(¢-Bupy)2.
(B)cis-a-Os(n2-salicylamido)(t-Bupy)s.
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tBu = 19-tBu equilibrium, they are separated by twelve orders of
magnitude. These thermodynamic results are not particular to this pair of
bridgeless compounds. Others have been synthesized and show similar
formal potentials for the trans and cis-a isomers.13 These comparisons
demonstrate that the non-planar N-amido ligands are primarily
responsible for the reduction in formal potentials and the greater donation
by the chelate in the cis-a 19-X series relative to the PAC ligand in the
trans 10-X series of complexes.

To date, cis-a Os(II) and Os(IIT) complexes have neither been
studied by IR spectroscopy nor isolated. While lower formal potentials for
the Os(IV/II) and Os(III/II) couples are found for the cis-a isomers relative
to the trans isomers, there is as yet no physical evidence for non-planar
amides in the cis compounds at these oxidation states.

From the evidence provided, it seems likely that the balance of two
opposing effects determines which isomer is thermodynamically most
stable for a given complex. One of these factors, which has been focused
upon in this chapter, is the increased electron-donating capacity of the cis-
a ligand set due to non-planar N-amido groups. Enhanced ligand-metal
bonding can stabilize an electron-deficient metal center. However, there is
a cost for this electron-donation. Amide delocalization resonance, which is
the driving force for planarity in amides, provides from 10 to 35 kcal/mol of
stabilization as determined from dynamic 1H NMR studies of amide
rotational processes. For an electron-rich complex that requires little
donation from the PAC ligand, amide delocalization should favor the
formation of trans isomers with planar N-amido groups. If these two

effects balance one another, then both isomers should equilibrate. This
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may be the case for the complexes [10-X1+ and [19-X1+, where K* is
approximately equal to one.

If this scenario is valid, then reduction of a cis isomer should
initiate isomerization to a more planar, less electron-donating isomer. For
example, the cis-a complexes of i acids should isomerize to trans or cis-§
isomers upon reduction; this does indeed occur (Scheme 4.2). The purple
compound cis-a-Os(n4-CHBA-DCB)(¢-BuNC)g, 15, is easily synthesized
(Chapter 2). IR and 1H NMR spectroscopies establish its cis-a formulation.
The CV of a pure solution of 15 in dichloromethane is shown in Figure 4.7a.
No change is observed upon reduction to Os(III), but a new species is
produced upon reduction to Os(II) (Figure 4.7b). The new couples are found
at the same potentials as small waves that appear in the CV of the cis-a
compound on cycling to Os(II). Thus, the process that occurs upon
formation of Os(Il) is rapid on the CV time scale. The CV of Figure 4.7b is
retained upon re-oxidation of the Os(II) solution of Os(IV). A new green
Os(IV) compound, 21, was isolated and shown by 1H NMR and IR
spectroscopies to be the cis-f isomer of 15.20 Upon heating under reflux in
xylene, cis-f 21 is converted completely to cis-a 15, with some
decomposition. It is interesting that reduction to Os(Il) produces the cis-p
ligand set, not the less-donating trans ligand set. The n-acid isocyanide
ligands might be sufficiently electron-withdrawing to require that a more
donating isomer than the trans be adopted. Alternatively, the mutual
trans disposition of the n-acid isocyanide ligands in the trans diastereomer
might be unfavorable. We favor the former explanations because
controlled-potential electro-reduction of cis-a-Os(n4-CHBA-DCB)(PPh3)(¢-
BuNC) by two Faradays per mole also produces the cis-f isomer.l This

experiment does not verify that the two effects (strong Os-N bonding and
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Figure 4.7. Cyclic voltammograms of 1.2 mM cis-a-Os(n4-
CHBA-DCB)(t-BuNC)2 in CH2Clp/0.1 M TBAP at 0.03 cm2 Pt
electrode. Scan rate = 200 mV/sec. (A) Os(IV). (B) Os(II).
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amide delocalization) control the isomerization reactions, but it is

consistent with such a description.

Cis-p Complexes. Thus far, this discussion has focused on trans
and cis-a isomers when a third isomer, intermediate to these isomers in the
degree of PAC ligand deformation, exists—the cis-p isomer. Fewer cis-§
complexes have been synthesized and studied than either trans or cis-a
complexes. It is interesting that in the trans s cis-a equilibrium
experiments, cis-p intermediates are not observed. This will be shown in
Chapter 5 to be a consequence of the particular mechanism of
isomerization. Three cis-p compounds have been discussed, which
incorporate bipy (11), dppe (13), and two ¢-BuNC ligands (21). The IR
spectra of all of the complexes show two vc=0 bands: a high band due to
the non-planar N-amido group and a normal frequency band due to the
planar group (Table 4.3).

Only one compound has been synthesized in all three isomers,
Os(n4-CHBA-DCB)(p-Cl-py)2. The trans (10-Cl) and cis-a (19-Cl) isomers
were synthesized in the course of the LFER study. A small amount of the
cis-p isomer, 22, was isolated from a bad synthesis of 10-Cl. The formal
potentials for the three isomers are shown in Table 4.4. Consistent with
the progression of from zero to two non-planar N-amido groups in going
from trans to cis-B to cis-a isomers, the formal potentials of the cis-p isomer
lie between those of the trans and cis-a isomers. The formal potentials of
the Os(V/IV) couple for the cis-a and cis-f isomers, however, are similar.
This electrochemical evidence, as well as the IR vco pattern for cis-f
isomers, suggests that the isomeric order of donation from the PAC ligands

is cis-a > cis- > trans.
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Table 4.3. Amide Carbonyl IR Bands for Three cis-f-Os(n4-CHBA-

DCB)Lg Complexes.
Non-planar Planar
Amide vc=0 Amide vc=0
Compound L (cm-1)a (cm-1)a
11 (bipy) 1635 1620
13 (dppe) 1670 1608
21 (t-BuNC)g 1694 1622

aNujol mull samples

Table 4.4. Formal Potentials of the Three Isomers of
Os(n4-CHBA-DCB)(p-Cl-py)a.

Formal Potential (V)a
Isomer
Os(IIII) | Os@V/II) | Os(V/IV)
trans -1.59 -0.39 +0.74
cis-f b -0.48 +0.60
cis-a -1.81 -0.89 +0.58

a Measured in CH9Cl2/0.1 M TBAP and referenced to
Fc*/Fcinternal standard. b Not observed.
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Conclusions

It has been shown that the trans-[Os(n4-CHBA-DCB)(p-X-py)2]n
complexes become increasingly favored upon stepwise reduction of the
cationic compounds to the dianionic oxidation state. The cis-a ligand set is
the thermodynamically stable diastereomer at the neutral Os(IV)
oxidation state when electron-withdrawing mn-acid ligands are present.
These results suggest that the complexes undergo trans to cis-a
isomerization when increased donation is required by the metal center. It
has been demonstrated that the cis-a complexes contain non-planar N-
amido ligands for the Os(IV) and Os(V) complexes, whereas the trans
complexes contain planar N-amido ligands at these oxidation states.
Because all the ligands in the cis-a and trans complexes have different
positions in the osmium coordination sphere, one might expect the
different donor capacities of the two ligand sets to be the sum of many
small changes in o-donor, n-donor and n-acceptor properties for all of the
coordinated groups. However, the reduction in formal potentials observed
for the cis-a complexes appears to be due to the presence of the non-planar
N-amido ligands. Thus, the increased donor capacity of the cis-a ligand set
is also derived from this source. The equilibrium processes likely reflect a
balance between the influence of amide resonance, which stabilizes the
trans isomer, and increased donation from the cis-a ligand set, which
stabilizes the cis-a isomer in the oxidized complexes. The increased
donation may also destabilize the cis-a isomer in the reduced species. The
increase in ligand-to-metal bonding in the stable cis-a complexes must be

substantial, since rotational processes around the C-N bond of organic



171

amides are typically subject to large activation barriers.15 These results
imply that the trans — cis-a isomerizations occur specifically to produce
non-planar amido ligands. The cis-f compounds appear to have donating
characteristics intermediate to those of the trans and cis-a complexes. From
this, the isomeric order of PAC ligand donation is cis-a > cis-p > trans.
An unexpected PAC ligand design principle is implicit in this work.
If N-amido PAC ligands are being designed to produce highly oxidizing
metal complexes, then it might be important to design the PAC ligands
where spontaneous formation of non-planar N-amido ligands is blocked.
Incorporation of the N-amido ligand in an inflexible macrocyclic ligand
might be a sufficient constraint. If,on the other hand, stabilized complexes
are desirable, then PAC ligands capable of isomerization can deliver added

electron density to a metal center as needed.21
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Experimental Section

Materials. Diethylether (Baker), hexanes (Aldrich), and toluene
(Baker) were reagent grade and were used as received, unless otherwise
noted. Dichloromethane (Baker) and tetrahydrofuran (Baker) were
distilled from calcium hydride prior to use. 1,2-Dichloroethane was
distilled from P2Os prior to use. p-Acetylpyridine (98%, Aldrich), bromine
(reagent, Baker), bromoethane (98%, Aldrich), chlorobenzene (99%,
Aldrich), p-ethylpyridine (98%, Aldrich), ferrocene (98%, Aldrich), 3,4-
lutidine (98%, Aldrich), nitrosonium hexaﬂuo‘rophosphate (Pfaltz and
Bauer), p-picoline (M.C.B.), potassium hydroxide (Baker), and
triphenylphosphine (99%, Aldrich) were all used as received. A 9.2 M
solution of p-chloropyridine in diethylether was prepared from p-
chloropyridine hydrochloride (97%, Lancaster Synthesis) by dissolving it
in aqueous 1 M KOH and extracting it into diethylether. Molarity was
estimated by 1H NMR spectroscopy. An 8.8 M solution of p-bromopyridine
in diethylether was prepared similarly from p-bromopyridine
hydrochloride (95%, Aldrich). p-Methoxypyridine was prepared from its
N-oxide (Lancaster Synthesis) using PCl3 by the method of Ochaia.16
Silica gel used in column chromatography was 60-200 mesh (Davidson).
Preparatory TLC plates were silica gel (GF2000, Analtech).

Physical Measurements. 1H NMR spectra were recorded at 90
MHz on a Varian EM-390, at 89.83 MHz on a JEOL FX90-Q spectrometer,
at 399.782 MHz on a JEOL GX-400 spectrometer or at 500.135 MHz on a
Bruker WM-500 spectrometer. 1H chemical shifts are reported in ppm (6)
vs. Me4Si with the solvent (CDCl3 § 7.24, CD2Clg 8 5.32, Me2SO-dg & 2.49
or MeaCO-dg § 2.04) asinternal standard. 31P NMR spectra were recorded
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at 36.28 MHz on a JEOL FX-90Q spectrometer. 31P chemical shifts are
reported in ppm (8) vs. 85% H3PO4 external standard. Infrared spectra
were recorded on a Beckman IR 4240 spectrophotometer or on a Mattson
Serius 100 FTIR spectrophotometer. 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.

Electrochemical Procedures. Dr. Stephen L. Gipson performed
all cyclic voltammetry, controlled-potential electrolyses, and normal pulse
voltammetry reported in this chapter. Details of these procedures can be
found in ref 1.

Deviation of Successive Equilibrium Constants. Given the
following Scheme:

K+

[cis-a]* + F¢ = [trans]* + Fc¢

Ef 1l W Edf
KO

[cis-a]*+ Fc * = [trans]+ + Fc*,

where K+ is determined by normal pulse voltammetry and E¢f and E.f are
determined by cyclic voltammetry, KO can be calculated as follows:

Since
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AGY = — RTInK* = G(trans]®) — Glcis—al*)
and
AG([trans]+/[trans]) = —FE{ = G(trans)) + G(Fc+) - G([trans]+) — GFo
AG(cis—a]  ficis—a]) = —FE’: = G(cis—a]) + GFcT) = G(cis—al™) = G(Fe),
then

AGY + AG(trans)” fltrans) — AG(cis—al* lcis—al) = G(trans]) — Glcis—a) = AG.

Alternatively,
F
— — f
KO=K" exp [RT (E, —EC)],
which at 22 °C can be expressed in the general form

K" = Kn+lexp [39.32 (E(tf(n+1/n) _ Ei(n-*l/n))].

Errors were propagated according to the equation

S (E )2 |

D ¢

02"
Fe

where F = F(xi, %2, ... xn). Uncertainties were calculated at the 95%

confidence level.17 Errors of = 5 mV for Ef and *+ 2 K for temperature

were assumed. Error in K+ measurements can be found in Table 4.1.
Syntheses. All reactions were carried out in air unless otherwise

noted. The syntheses of the following compounds are reported in Chapter
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2: Koltrans-Os(n4-CHBA-DCB)(0)2], 3; trans-Os(n4-CHBA-DCB)(PPhj3)q,
7: trans-Os(n4-CHBA-DCB)(py)2, 10-H; trans-Os(n4-CHBA-DCB)(¢-
Bupy)z, 10-tBu; cis-a-Os(n4-CHBA-DCB)(PPh3)(t-BuNC), 14; cis-a-Os(n4-
CHBA-DCB)(t-BuN(C)9, 15; trans- Os(n4-CHBA-DCB)(O =PPhjy)2 , 8.
cis-a-0Os(n4-CHBA-DCB)(t-Bupy)z, (19-tBu). trans-Os(n4-CHBA-
DCB)(¢-Bupy)2 (200 mg; 0.198 mmol) was electro-oxidized by one Faraday
per mole (1.42 V vs. Fe+/Fc, CH2Clo/0.1 M TBAP). At room temperature,
isomerization to the equilibrium mixture of isomers had occurred when the
electrolysis was complete. The solution was cooled (-78 °C) and reduced
with excess ferrocene dissolved in dichloromethane. The solvent volume
was reduced on a rotary evaporator at room temperature, and the
supporting electrolyte was precipitated with diethylether and collected by
filtration. The procedure was repeated to ensure complete TBAP removal.
Separation of the cis-a and trans isomers was achieved by column
chromatography using silica gel (32-63 micron, Woelm, 150 g) and
chlorobenzene/bromoethane (1:1 v/v) eluent. The front-running ferrocene
band was collected and discarded. The next red band and the final dark
band were separately collected, and the solvents were removed on a rotary
evaporator. Both residues were recrystallized from CH2Clp/hexane. The
red compound was the pure cis-a isomer: yield 64 mg (74% based on K* =
1.3: 32% based on recovered osmium); 1H NMR (Table 4.5); IR (Nujol) 1645
cm-1 vco (non-planar amide, br); Anal. caled. for C3gH32N4040sClg-0.25
(CgH14): C,45.92; H, 3.46; N, 5.42. Found: C, 45.90; H, 3.46; N, 5.42. The
dark band proved to be a mixture of cis-a and trans isomers (1:2.6 by 1H
NMR: yield 75 mg (48% of 10-tBu and 34% of 19-tBu based on K+ = 1.3;

38% based on recovered osmium).
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trans-Os(n4-CHBA-DCB)(p-MeOpy)2, (10-MeO). Koftrans-
Os(n4-CHBA-DCB)(0)2]-4H20 (300 mg; 0.350 mmol), triphenylphosphine
(210 mg; 0.801 mmol), and p-methoxypyridine (4 mL; ca. 40 mmol) were
dissolved in water (3 mL) and gently heated (20 min). After cooling, all
volatiles were removed in vacuo. The residue was purified by twice
precipitating it from THF with hexane. The precipitate was dissolved in
THF (10 mL) and oxidized with excess bromine. After removal of the
solvent on a rotary evaporator, the product was eluted through a short
silica gel column with CH2Clg and recrystallized from CH2Clo/hexane to
yield a blue microcrystalline powder: yield 211 mg (63%); 1H NMR (Table
4.5); Anal. caled. for C39H29N4Clg0s0g-0.15 (CeH14): C, 40.64; H, 2.29; N,
5.76. Found: C,40.61; H, 2.24; N, 5.74.

trans-Os(n4-CHBA-DCB)(p-Etpy)2, (10-Et).  Ko[trans-Os(n4-
CHBA-DCB)(0)2]-4H20 (120 mg; 0.130 mmol), triphenylphosphine (85
mg; 0.324 mmol), and p-ethylpyridine (3.7 g; ca. 35 mmol) were dissolved
in water (3 mL) and gently heated (45 min). After cooling, all volatiles
were removed in vacuo. The residue was purified by twice precipitating it
from THF with hexane. The precipitate was dissolved in THF (10 mL) and
oxidized with bromine. After removal of the solvent on a rotary
evaporator, the product was eluted through a short silica gel column with
CH3Cls and recrystallized from CHgClo/hexane to yield a blue crystalline
product: yield 60 mg (48%); 1H NMR (Table 4.5); Anal. calcd. for
C34H24N4Clg0s04.0.2 (CgH14): C, 43.46; H, 2.78; N, 5.76. Found: C,
43.12; H,2.84; N, 5.70. 7

trans-Os(n4-CHBA-DCB)(p-Mepy)2, (10-Me). Kaftrans-Os(n4-
CHBA-DCB)(0)2]-4H20 (120 mg; 0.130 mmol), triphenylphosphine (85

mg; 0.324 mmol), and p-picoline (3.8 g; ca. 41 mmol) were dissolved in
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water (3 mL) and gently heated (45 min). After cooling, all volatiles were
removed in vacuo. The residue was purified by twice precipitating it from
THF with hexane. The precipitate was dissolved in THF (25 mL) and
oxidized with bromine. After removal of the solvent on a rotary
evaporator, the product was eluted through a short silica gel column with
CHsCls and recrystallized from CHgClo/hexane to yield a dark blue
crystalline solid. An analytical sample was obtained by purification on a
preparatory TLC plate using toluene eluent followed by recrystallization
from CH9Clo/hexane: yield 74 mg (65%); 1H NMR (Table 4.5); Anal.
caled. for C3oHooN4Clg0s04.0.3(CgH14): C, 42.58; H, 2.56; N, 5.88.
Found: C,42.90;H, 2.44; N, 6.18.

trans-0s(n4-CHBA-DCB)(p-Clpy)2, (10-Cl).  Kpa[trans-Os(n4-
CHBA-DCB)(0)2]-4H20 (200 mg; 0.217 mmol), triphenylphosphine (140
mg; 0.534 mmol), and 4 mL of ca. 9.2 M p-chloropyridine solution in
diethylether (ca. 37 mmol) were dissolved in water (2.5 mL) and gently
heated (0.5 h). After cooling, all volatiles were removed in vacuo. The
residue was purified by twice precipitating it from THF with hexane. The
precipitate was dissolved in THF (25 mL) and oxidized with bromine.
After removal of the solvent on a rotary evaporator, the product was eluted
through a short silica gel column with CH2Clg and recrystallized from
CH2Clo/hexane to yield a dark blue microcrystalline powder: yield 143 mg
(68%); 1H NMR (Table 4.5); Anal. caled. for C30H14N4ClgOsO4: C, 37.21;
H, 1.46; N, 5.79. Found: C,37.28;H,1.61;N,5.71,

trans-Os(n4-CHBA-DCB)(p-Brpy)2, (10-Br).  Kgltrans-Os(n4-
CHBA-DCB)(0)2]-4H20 (120 mg; 0.130 mmol), triphenylphosphine (85
mg; 0.324 mmol), and 2.7 mL of ca. 8.8 M p-bromopyridine solution in
diethylether (ca. 24 mmol) were dissolved in water (1.8 mL) and gently
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heated (0.5 h). After cooling, all volatiles were removed in vacuo. The
residue was purified by twice precipitating it from THF with hexane. The
precipitate was dissolved in THF (25 mL) and oxidized with bromine.
After removal of the solvent on a rotary evaporator, the product was eluted
through a short silica gel column with CH2Cly/THF (10:1 v/v) and
recrystallized from CHoClo/hexane to yield a dark blue crystalline product:
yield 65mg (47%); 1H NMR (Table 4.5); Anal. caled. for
C30H14N4BreClgOs04. C, 34.08; H, 1.33; N, 5.30. Found: C, 34.34; H,
1.58; N, 5.10.

trans-0Os(n4-CHBA-DCB)(p-Acpy)2, (10-Ac). Kgltrans-Os(n4-
CHBA-DCB)(0)2]1.4H20 (120 mg; 0.130 mmol), triphenylphosphine (85
mg; 0.324 mmol), and p-acteylpyridine (4.4 g; 36 mmol) were dissolved in
water (3 mL) and gently heated (1 h). After cooling, all volatiles were
removed in vacuo. The residue was purified by twice precipitating it from
THF with hexane. The precipitate was dissolved in THF (25 mL) and
oxidized with bromine. After removal of the solvent on a rotary
evaporator, the product was eluted through a short silica gel column with
excess CH2Clg and recrystallized from CHgClg/hexane to yield a dark blue-
green crystalline solid: yield 73 mg (57%); 1H NMR (Table 4.5); Anal.
caled. for C34H29N4Clg0s0g-0.1(CgH14): C,41.89; H,2.17; N, 5.65. Found:
C,42.00; H,2.21; N, 5.67.

trans-0s(n4-CHBA-DCB)(3,4-Mezpy)2, (10-Meg). Koltrans-
Os(n4-CHBA-DCB)(0)2]-4H20 (120 mg; 0.130 mmol), triphenylphosphine
(84 mg; 0.324 mmol), and 3,4-lutidine (1.9 g; 18 mmol) were dissolved in
water (3 mL) and gently heated (25 min ). After cooling, all volatiles were
removed in vacuo. The residue was purified by twice precipitating it from

CHClo/hexane. The precipitate was dissolved in THF (10 mL) and
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oxidized with bromine. After removal of the solvent on a rotary
evaporator, the product was eluted through a short silica gel column with
excess chloroform and recrystallized from CHCls/hexane to yield a dark
blue microcrystalline product: yield 95 mg (77%); 1H NMR (Table 4.5);
Anal. caled. for C34H24N4ClgOs0y. C, 42.74; H, 2.53; N, 5.86. Found: C,
42.93;H,2.63; N, 5.80.

Mixture of trans- and cis-a-[Os(n4-CHBA-DCB)(O =PPh3)2]-
[PFgl, ( 8*) and (20%). trans-Os(n4-CHBA-DCB)(O=PPh3)2 (30 mg;
0.023 mmol) was dissolved in dichloromethane (5 mL), and excess solid
nitrosonium hexafluorophosphate was added, but did not dissolve. The
solution was sealed with a septum and stirred at room temperature (0.5 h),
during which the solution turned from red to purple,indicative of product
formation. The purple solution was filtered away from unreacted
NO[PFg], and the solvent was removed in vacuo to afford deep purple
crystalline product: yield 30 mg (96%); IR (KBr) 1680 cm-1 vco (non-
planar amide, cis-a isomer); 1605 cm-1 vco (planar amide, trans isomer);
Anal. caled. for C56H36ClgFeN20g0sP3-H20 (solvate was not quantified);
C, 46.05; H, 2.62; N, 1.92. Found: C, 46.08;H, 2.57; N, 1.95.

Mixture of trans- and cis-a-Os(n4-CHBA-DCB)(O =PPhjy)e, ( 8)
and (20). trans-Os(n4-CHBA-DCB)(O =PPh3)2 (150 mg; 0.116 mmol) was
dissolved in dichloromethane (15 mL), and excess solid nitrosonium
hexafluorophosphate was added but did not dissolve. After stirring the
solution at room temperature (15 min), the resulting purple solution was
filtered away from unreacted NO[PFg] , cooled (-78 °C) and reduced with
ferrocene (1.5 equiv ). In a walk-in cold room (5 °C) the material was flash
chromatographed12 through silica gel (250 g) with pre-cooled

dichloromethane. The front-running ferrocene band was collected and
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discarded. The subsequent red band was collected and crystallized from
CH2Clo/hexane at -20 °C to yield a red powder. The 1H NMR of this
material revealed it to be a 3:1 mixture of cis-a and trans isomers: yield
90.2 mg (60% based on recovered osmium); 31P and 1H NMR (Table 4.5); IR
(Nujol) 1626 cm-1 vco (non-planar amide, br).
cis-B-0s(n4-CHBA-DCB)(:-BuNC)2 (21). cis-a-Os(n4-CHBA-
DCB)(t-BuNC)2 (15 mg; 15 pmol) was electro-reduced by two Faradays per
mole at -1.20 V vs. Fc+/Fc. The solution turned green. The solution was
reoxidized by two Faradays per mole and diethylether was added (ca. 300
mL) to precipitate the supporting electrolyte. After filtration, the solvent
was removed on a rotary evaporator, and the product was eluted through a
silica gel column with excess CHaClo/THF (100:1 v/v). Recrystallization
from CHsClo/hexane afforded a green microcrystalline product: yield 12
mg (80%); 1H NMR (Table 4.5); IR( Nujol) 1694 cm-1 vco (non-planar
amide), 1622 cm-1 vco (planar amide), 2154 cm-1 v =N, 2002 cm-1 ve=N.
cis-B-Os(n4-CHBA-DCB)(p-Clpy)g, (22). Kg[trans-Os(n4-CHBA-
DCB)(0)2]-4H50 (200 mg; 0.217 mmol), triphenylphosphine (140 mg; 0.534
mmol), and 3 mL of ca. 9.2 M p-chloropyridine solution in diethylether (ca.
28 mmol) were dissolved in water (2.0 mL) and gently heated (0.5 h). After
cooling, all volatiles were removed and the residues dried in vacuo for 24 h.
After dissolving the residues in 10 mL dry THF, excess bromine was added
and the solution kept at 10 °C for ca. 4 weeks, after which all volatiles were
removed on a rotary evaporator and the remaining material separated
using flash chromatography!2 with silica gel and toluene eluent. A green
band was isolated and the solvent removed to yield a green

microcrystalline product: yield 6 mg (3%); 1H NMR (Table 4.5); Anal.
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Caled. for C30H14N4Clg0s04. C, 37.21; H, 1.46; N, 5.79. Found: C, 37.10;
H, 1.67; N, 5.55.
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Chapter 5

Kinetics and Mechanism of the Isomerization of cis-a and trans PAC

Ligand Complexes
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Introduction

In Chapters 3 and 4, the structural and thermodynamic differences
between trans and cis-a isomers are discussed. The differences in N-
amido bonding and electron delocalization of the non-planar N-amido
groups compared to the planar N-amido ligands give rise to the
characteristics that distinguish the cis-a and trans isomers. Another
aspect of the isomerization process is the mechanism of interconversion.
That is, what are the intimate steps responsible for transforming a cis-a
isomer into a trans isomer and vice versa? Three systems from Chapter 4
are well-suited for mechanistic study. Oxidation of trans-Os(n4-CHBA-
DCB)(O =PPhj)s, 8, by either chemical or electrochemical means produces
both the cis-a and trans cationic complexes, [20]* and [8]*. The neutral
cis-a phosphine oxide compound 20 can be isolated using low temperature
techniques. Warming 20 in solution rapidly converts it into trans 8.
Finally, the ¢-Bupy complex cis-a-Os(n4-CHBA-DCB)(¢-Bupy)2, 19-tBu,
can be isolated. Heating a solution of 19-tBu cleanly generates 10-tBu,
the trans isomer. These isomerizations can be followed conveniently by
UV-vis spectroscopy (Figure 5.1). From the kinetic investigations of these
three systems, it is possible to compare (1) the cationic Os(V) ([20]*
[8]*) and neutral Os(IV) (20 — 8) isomerization mechanisms, and (2) the
cis-a — trans isomerization mechanisms of the Os(IV) phosphine oxide
complex (20 — 8) and the Os(IV) t-Bupy complex (19-tBu — 10-tBu).

Four isomerization mechanisms, which can account for these
processes, are shown in Scheme 5.1. The simplest mechanism is the
intramolecular “twisting” mechanism, T, shown in the middle of Scheme

5.1. The auxiliary ligands and the terminal arms of the PAC ligand
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exchange coordination sites simultaneously. No bond breaking or bond
forming steps are necessary in this concerted mechanism. The other three
mechanisms are dissociative “bond rupture” mechanisms. The mechanism
shown in the upper half of Scheme 5.1,Dy,, is dissociative in the ancillary
ligand L. Extrusion of L is followed by the isomerization of the five-
coordinate intermediate. Recapture of L yields the final product. The
mechanisms shown in the lower half of Scheme 5.1 extrude a phenolate
arm of the PAC ligand, after which the five-coordinate intermediate can
isomerize. Reassociation of the PAC ligand arm yields the product. The
dissociation of the phenolate arm from the osmium can proceed by
homolytic Os-O bond cleavage to produce a dangling phenoxy radical arm
and an Os(III) center, Dc., or by heterolytic Os-O bond cleavage to
generate a phenoxide anion and a cationic Os(IV) center, Dc..

These mechanisms have been considered before in isomerization
and racemization processes of octahedral chelate complexes.l-3 Such
processes include A & A isomerizations of tris-p-diketonate complexes, cis
and trans isomerization of M(n2-L L)2X2 compounds, and scrambling of
the numerous isomeric forms of M(bzac)s complexes and other such
compounds  containing  unsymmetrical  p-diketonate  ligands.l
Isomerization mechanisms can be regarded as two general types of
mechanisms: those that involve momentary cleavage of a metal-ligand
bond (e.g., the Dy, D¢, and D¢. mechanisms) and those that involve no
bond cleavage, only a concerted reorganization of the metal coordination

sphere (e.g., T).
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Scheme 5.1. Possible Isomerization Mechanisms.
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Results and Discussion

Mechanistic Probes. The isomerization of PAC ligand complexes
have thus far involved only cis-a and trans isomers. No cis-p intermediates
have been detected in these reactions. If sequential isomerization of each
PAC ligand phenolate arm occurs, then a cis-f intermediate necessarily
must be formed. One might argue that the cis-f intermediate is unstable
and immediately proceeds to the cis-a or trans product. This, however,
seems unlikely in light of the stable cis-p complexes that can be isolated
with bipy (11), dppe (13), or two t-BuNC ligands (21). Compound 21, in
fact, is thermodynamically less stable than its cis-a isomer, 15, but
isomerizes to 15 only when heated under reflux in p-xylene. The absence of
cis-p isomerization products suggests that the twist mechanism, T,
controls the isomerizations. A one-step isomerization can be conceived
whereby the ancillary ligands and the phenolate groups of the PAC ligand
exchange sites in a concerted T process. Based on this argument, we
anticipated at the beginning of this study that the T mechanism controlled
the isomerization rather than the Dy, D¢., or Dc. mechanism.

Of the four mechanisms, the Dj, mechanism is the most
straightforward to probe for. High concentrations of free ligand L can
decrease the observed rate by inhibiting the initial step in which L is
extruded and the five-coordinate intermediate is formed. This rate
suppression, however, is not always observed. Figure 5.2 contains the rate
laws for the T and Dj, mechanisms. In the T mechanism, the observed rate
constant, kobs, equals the reaction rate constant, k1. In the Dy, mechanism,
however, kops has the complex expression shown. Rates kg and k_g describe

the equilibrium between bound and unbound L. Rate k3 describes the
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irreversible rate of isomerization of the five-coordinate intermediate.
From the denominator of kobs, it is evident that when k3 >> k.o [L], no
rate suppression will be observed with added concentrations of L. The
conclusive test for the D, mechanism is the addition of labelled ligand, L',
to the isomerizing complex. If the Dy mechanism takes place,
incorporation of L' into the product should be detected. Both of these tests
for the D, mechanism were carried out with the three systems that were
studied. In the isomerization of the t-Bupy complex, neat pyridine-ds was
used as L'. In the phosphine oxide systems, a 100-fold excess of O=P (p-
tolyl)s was used as L.

Evidence of the T, D¢, and D¢. mechanisms is less definitive than
that of the D, mechanism. Without an exchangeable ligand (such a L),
solvent effects, effects of added radical traps, and activation parameters
must be used to justify the importance of these mechanisms.

The Dc. mechanism invokes a zwitterion intermediate with
sufficient charge separation to enable the five-coordinate intermediate to
isomerize and then reassociate the phenoxide anion in the product.
Depending on the degree of charge separation, varying the solvent polarity
should affect the stability of the dipolar intermediate. The following
solvents in order of increasing polarity (as indicated by the dielectric
constants) were used: benzene (e95°c = 2.3)42 < dichloromethane (e25 °C
= 8.9)4b =~ 1 2-dichloroethane (e25 °c = 10.4)4a < acetonitrile (e25°c =
36.2).4b  The free phenoxide anion should interact with protons.
Experiments were run in 100 mM p-toluene sulfonic acid in CH3CN the
hope of detecting increased rates. The A — A isomerization of [Co(0x)313-
takes place by anionic oxalate dissociation, Dc., which is acid-catalyzed."

Finally, 100 mM TBAP solutions in either dichloromethane or 1,2-
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dichloroethane were used to probe rate changes as a function of ionic
strength.

The D¢, mechanism is the most difficult to probe for. Hydrogen
atom sources can be used as radical traps for the phenoxy radical
intermediate (e.g., 2-mercaptoethanol and hydroquinone). Positive
reactions between these reagents and the osmium complexes would be
expected to generate different isomerization products, which would be
detected in the kinetic experiments. 2-Mercaptoethanol is commonly used
by biologists as a reducing agent to cleave disulfide bonds between cysteine
residues.5 Reactions of thiols with Mn(acac)s produces Mn(acac)e,
acetylacetone and 0.5 equiv of disulfide.6a Similar reactions occur between
thiols and Fe(octanoate)s, producing Fe(oct)2, octH, and 0.5 equiv of
disulﬁde.cb Unfortunately, thiols can also react as electron-transfer
reagents.6c The oxidation of 2-mercaptoethanol is pH-dependent. At pH
11.5, the formal potential for its oxidation is at -0.54 vs. SCE.7 The
reduction strength of the thiol was sufficient to reduce [8]*, [20]F, 10-
tBu.and 19-tBu to Os(III). This limited the use of 2-mercaptoethanol to
the isomerization of 20 — 8.

Reactions proceeding through the intramolecular twist
mechanism, T, display solvent-independent rates.8a-<c  There are
discrepancies in the literature about the range of entropies of activation
(AS*) to expect for such a process. In the first reported evidence for a twist
mechanism, Ray et al. found highly negative entropy factors (-41.5 and
-55.3 eu) for the rates of optical inversion of tris-(biguanide)cobalt(IlT) and
tris-(phenylbiguanide)-cobalt(II).3 Similarly, entropy factors of between
-119 and -177 eu have been derived from electrochemically measured rate

constants for the cis — trans isomerization of [M(CO)2(DPM)2]* and
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[M(CO)9o(DEM)2]* (M = Cr, Mo, and W; DMP = bis(diphenyl-
phosphino)methane; DEM = bis(diethylphosphino)methane). These
entropy factors seem intuitively too negative for a process that involves no
association in the transition state. Entropies of activation closer to zero
seem more appropriate. In 1H NMR and IR spectroscopic rate
measurements of isomerizations proceeding through the T mechanism,
entropy factors between -9.8 and -0.44 eu are derived.8e.g  The best
evidence for a T mechanism is the lack of ligand exchange (L') during
isomerization, the lack of evidence for D¢, and D¢. mechanisms, and

solvent-independent isomerization rates.

Isomerization of cis-a 19-tBu — trans 10-tBu. In Chapter 4, the
isolation and characterization of cis-a-Os(n4-CHBA-DCB)(t-Bupy)gz, 19-
tBu, are described. In addition to the pure sample of 19-tBu that was
isolated, a sample contaminated with the trans isomer 10-tBu (2.6 equiv)
was collected and used for kinetic rate experiments. All kinetics were
first-order in osmium concentration. The temperature range for
convenient rate measurements (45 - 70 °C) made it necessary to use 1,2-
dichloroethane as the primary solvent medium. The calculated rate
constants in various solvent systems and at different temperatures are
contained in Table 5.1.

Activation parameters were calculated from the rate constants at
temperatures of 35 to 65 °C: AH* = 21.6 (19) kcal/mol; AS™ = -10(6) eu.
An Eyring = plotof these data is shown in Figure 5.4A. These values will
be compared to the activation parameters of the other compounds that
were investigated (vide infra). Rates in many solvent systems were

measured at 60 °C. The rate is insensitive to the various solvent conditions
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employed. A minor rate increase is observed with increasing solvent
polarity: k(CgHg) < k(CH2Clg) < k(CH3CN). While this may support a
Dc. mechanism, no rate change is seen in 100 mM p-toluene sulfonic acid
or 100 mM TBAP . A slight rate decrease is observed with increasing
pyridine concentration, which might be consistent with the D
mechanism. If this is the case, then from the expression for kops in Figure
5.2, a plot of 1/kqps against the concentration of pyridine should be linear.
This criterionis not fulfilled. If a D, mechanism was present, then
liberated pyridine would be expected to interact with the sulfonic acid,
which would perturb the rate. As mentioned, however, no rate change is
seen in the acidic environment.

A rate measurement was attempted in 2-mercaptoethanol, but the
thiol reduced the complex to the Os(Ill) oxidation state. The formal
potential for the Os(IV/II) couple of 19-tBu is at ca. -0.49 V vs. SCE and is
at ca.-0.06 V vs. SCE for 10-tBu. As mentioned, the formal potential for p-
mercaptoethanol oxidation is at -0.55 V vs. SCE.7 Hence, simple reduction
of the osmium complexes by the thiol seems reasonable. The rate in
hydroquinone is elevated somewhat, but the expected product is observed
following the isomerization. From this information, Dc. mechanism
cannot be eliminated.

A ligand exchange experiment was conducted to further probe for
evidence of the D1, mechanism. An NMR tube was charged with 1:1 19-
tBu/10-tBu (6 mg) and pyridine-ds (1 mL). Thermolysis of the material at
80 °C was intended to induce isomerization. After 10 half-lives (30 min),
the 1H NMR spectrum of the solution revealed little change in the cis-a 19-
tBu concentration, but the concentration of trans 10-tBu decreased.

Continued thermolysis for 1.25 h at 80 °C decomposed most of the trans
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isomer, but the cis-a isomer remained unchanged. Free t-Bupy was also
detected. Analytical TLC revealed the reaction products to be 19-tBu,
trace 10-tBu, 10-H (the double pyridine-exchange product), and a new
complex that may be trans-Os(n4-CHBA-DCB)(t-Bupy)(py) (the single
pyridine-exchange product). The same experiment was carried out with
genuine 10-tBu to verify that the exchange occurred with the trans isomer.
The 1H NMR spectrum showed free ¢-Bupy, and analytical TLC showed
both 10-H and the presumed single pyridine exchange product. The
solution from the isomerization rate measurement in 1.0 M pyridine was
examined. Analytical TLC revealed the products to be primarily 10-tBu
and a faint spot with the same Ryt as the single pyridine exchange product.
Because of the ambiguity introduced from the pyridine exchange with the
trans isomer, additional experiments would be necessary to determine
conclusively whether pyridine exchange occurs only in the trans product or if
it also exchanges with the cis-a starting material in the course of the
isomerization reaction. The exchange experiment could be carried out at
lower temperatures where pyridine exchange with 10-tBu does not occur.
Based on the available information, the T mechanism is favored because of
the solvent-independence of the rate data and the slightly negative
entropy factor. If t-Bupy dissociation precedes isomerization, then a

positive entropy factor might be expected.

Isomerization of cis-a 20 — trans 8. In Chapter 4, the isolation
and characterization of cis-a-Os(n4-CHBA-DCB)(O=PPh3)g, ~20, are
discussed. Besides the pure cis-a sample, an additional sample was
isolated that was contaminated with trans isomer 8 (0.33 equiv). This was

used for kinetic rate experiments. Dichloromethane solvent was used in
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the variable temperature rate measurements. Calculated rate constants
in various solvents and at different temperatures are contained in Table
5.2. All kinetics are first-order in the concentration of osmium.

Activation parameters were calculated from the rate constants at
temperatures of 5 to 35 °C: AH* = 21.6 (2) kcal/mol; AS* = +0.3(6) eu.
An Eyring plot of these data is shown in Figure 5.4B. The activation
parameters will be compared to the parameters of other examined systems.
The entropy factor of +0.3(6) seems consistent with the T mechanism.
Rates in various solvent conditions were measured at 35 °C. As with the
rate constants for the isomerization of 19-tBu to 10-tBu, the rates are
insensitive to different solvent systems. @ Whereas the {-Bupy system
isomerized faster in polar solvents, the isomerization of 20 into 8 is slightly
faster in non-polar solvents: k(CH3CN) < k(CH2Clg) < k(CgHg). This
suggests that the Dc. mechanism is not important. The rate shows no
systematic decrease with increasing concentration of O =PPh3 up to 2.0 M.
This is approximately a 6000-fold excess of phosphine oxide to osmium. In
neat 2-mercaptoethanol, the rate is depressed by a factor of only two. The
UV-vis spectrum of the product from the isomerization in 2-
mercaptoethanol showed it to be trans 8. No reaction between the thiol
and 20 had occurred. The decrease in rate may be merelya consequence of
the high polarity of 2-mercaptoethanol, just as using polar CH3CN solvent
also depresses the rate. This suggests that the Dc. mechanism is not
important.

A labelled phosphine oxide, O =P(p-tolyl)3, was used to determine
if ligand exchange occured during isomerization of 20 into 8. A blank was
first run on trans 8. After 100-fold excess of the labelled phosphine oxide

was stirred with 8 for 3.5 h, the osmium products were isolated. 1H and



204

Table 5.2. Measured Rate Constants for cis-a — trans Isomerization of

Os(n4-CHBA-DCB)(O =PPh3)s.2

T (°C) Solvent kobs = ky (s-1)
5 CH,Clp 7.38(5) x 105
10 CH:Clp 1.54(1)x 104
15 CH,Cl, 2.84(1) x 10-4
20 CH,Cl, 5.56(2) x 10-4
25 CH,Cl, 1.07(2) x 103
30 CH4Cly 2.01(1) x 10-3
35 CHClg 3.72(2) x 10-3
35 1 mM OPPh3/CH4Cly 3.60(1) x 10-3
35 10 mM OPPh3/CHsCly 3.61(1)x 10-3
35 50 mM OPPh3/CH;Clg 3.54(1) x 10-3
35 100 mM OPPhy/CH3Cly 3.37(1) x 10-3
35 500 mM OPPhy/CH:Cly 3.19(4) x 103
35 1.0 M OPPh3/CH2Cl3 2.90(2) x 10-3
35 1.5 M OPPh3/CH4Cl; 3.03(1) x 103
35 2.0 M OPPhy/CHsCly 2.45(3)x 10-3
35 100 mM TBAP/CH;Clz 7.19(19) x 103
35 CH3CN 2.98(3)x 10-3
35 100 mM CH3CgH4SO3H/CH3CN 1.89(19) x 103
35 CeHg 6.31(12) x 10-3
35 100 mM p-CgHa(OH)o/CH3CN 2.62(5)x 103
35 HSCH,CH20H 1.86(4) x 103

a Values in parentheses are standard deviations in the last digit.
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31P NMR spectroscopies showed no evidence of exchange. A sample of cis-
a 20 was stirred with 100-fold excess of OP(p-tolyl)3 and allowed to isomerize
to 8 over a period of 3.5 h (10 half-lives). Again, the osmium products were
isolated and examined by !H and 31P NMR spectroscopies. No evidence of
exchange could be detected by either method. From these experiments, the
D[, mechanism can be discounted. Based on this negative exchange
experiment and the kinetic rate determinations, the T mechanism best

describes the isomerization of cis-a 20 to trans 8.

Thermodynamic Studies of the [20]* s [8]* Equilibrium. In
Chapter 4, a thermodynamic ladder is derived for the equilibrium of trans
10-tBu and cis-a 19-tBu at the Os(V), Os(IV), Os(III), and Os(II) oxidation
states. This is accomplished by measuring the equilibrium constant at the
Os(V) oxidation state, K+, with normal pulse voltammetry (NPV) and
then combining this with the formal potentials for the Os(V/IV), Os(IV/III),
and Os(ITII/IT) couples of the cis-a and trans isomers. Prompting this study
was the observation that both the [trans]* and [cis-a]* isomers existed in
equilibrium upon controlled-potential electrolysis of neutral trans 10-tBu
to the cationic state. A similar isomerization occurs with the O=PPhj
complex 8 when it is oxidized by either chemical (vide infra) or
electrochemical means.

We wanted to derive the thermodynamic ladder for the 20 < 8
equilibria. Moreover, measurements of K* at different temperatures
would make it possible to calculate the reaction enthalpy, AH®, and
entropy, AS°, from a van’t Hoff plot.

A sample of 8 was bulk electrolyzed to the cationic Os(V) oxidation

state. The ratio of the concentration of each isomer, or K*, was determined
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by NPV. The temperature of the three-compartment electrochemical cell
was adjusted by immersing the cell into the reservoir of a refrigerated
circulating bath. Equilibrium constants were measured between the
temperatures of -2.2 and 30.2 °C (Table 5.3). A smooth progression of K*
values from 1.74 in favor of the trans isomer at 30.2 °C to 0.140 at -2.2 °C
was observed. The van’t Hoff plot of thesedata (Figure 5.3) displays
acceptable linearity and has a least-squares correlation of fit (r) of -0.986.
Fromthesedata, the reaction parameters were calculated: AH = +12(3)
kcal/mol; AS’ = +42(9) eu. The enthalpy is consistent with the observed
K* values; as the temperature decreases, the cis-a isomer, [20]F, is
thermodynamically more favored. Apparently, the cis-a isomer must
derive more stability from the non-planar N-amido bonding than the trans
isomer gains from planar N-amido delocalization stabilization.

From the van’t Hoff plot, the calculated value of K* at 22 °C is 1.02.
By combining this with the formal potentials of 8 (found in Table 2.3) and
20 (found in Chapter 4, ref 19), the equilibrium constants at the Os(IV), KO,
and Os(III), K-, oxidation states can be calculated: K° = 6.15 x 104 in
favor of the trans isomer; K- = 8.16 x 109. These equilibrium constants
show the same trend that is discussed in Chapter 4 for the equilibrium of
19-tBu s 10-tBu. As the osmium oxidation state increases, the cis-a
isomer is increasingly favored because it is more electron-donating than

the trans isomer.
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Figure 5.3. van’t Hoff plot of [20]T = [8]* equilibrium data against 1/T(K).

Error bars are at 95% confidence level.
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Table 5.3. Measured Equilibrium Constants for cis-a £ trans

Equilibrium of [Os(n4-CHBA-DCB)(O =PPh3)2] + .2

o K([trans])/ ° K([trans]/
TCO [cis-a]) T(C) [cis-a])
30.2 1.74 16.6 0.615
25.9 1.38 12.0 0.438
21.3 1.06 7.5 0.345
21.2 1.05 2.0 0.269
21.0 0.919 2.2 0.140

a Measured by normal pulse voltammetry with 100 mM TBAP/CH2Cl2
as solvent. Errors in measurement estimated at + 10%.

Isomerization of trans [8]* s cis-a [20]*. Whereas at room
temperature the oxidation of 8 produces an equilibrium mixture of [cis-a]
and [trans]* isomers, at -78 °C only [trans]* is generated. Low
temperatures stop the isomerization process, but clean oxidation of 8 with
nitrosonium salts (NO™) still proceeds. Nitrosonium is a useful oxidant at
low temperature.8¢,9 Because of its insolubility in CH2Cly, filtration is
sufficient to remove excess NO*. From a -78 °C stock solution of [8]*, an
aliquot is removed for each kinetic rate measurement. Because of the
reversibility of the cationic isomerization, the observed rate constant, kobs,
equals the sum of the forward and reverse rate constants, k; + k.j, for the
equilibrium of [8]* and [20]* (see Experimental). The composite rate
constants measured in various solvent conditions are compared just as the
rate constants for the neutral 20 - 8 and the 19-tBu —; 10-tBu
isomerizations have been compared. Composite rate constants are
contained in Table 5.4. The variable temperature datahavebeen combined

with the equilibrium data to separate the forward and reverse rates (Table
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5.5). All kinetic datahavefirst-order dependence on the concentration of
osmium.

Separate activation parameters for the forward and reverse rates
are calculated from the composite rate constants (k3 + k.1) and K~
equilibrium constants (k/k_1) at temperatures between 0 and 20 °C. For
the forward rate constants ([20]* — [8]*), AH* = 23.7 (6) kcal/mol; AS* =
+17(2) eu. For the reverse rate ( [81* — [20]*), AH® = 11.5(6) kcal/mol
and AS* = -25(2). Eyring plotsof thesedata are shown in Figures 5.4C
and 5.4D. By the principle of microscopic reversibility, the forward and
reverse processes should proceed through the same mechanistic path. The
difference in the forward and reverse activation parameters seems large
for a single mechanism to be in effect. This difference is necessary, though,
because the measured reaction parameters AH° and AS° equal the
differences between the forward and reverse rate activation parameters.

The composite rate constants for the isomerization of the BF4 and
the PFg salts of [8]+ are identical. Thus, no unusual anion effects alter
the composite rates (Table 5.4). The rate constants are independent of the
concentration of O=PPhjs up to 500 mM in CH2Cly. The composite rate
constants remain unchanged in both 100 mM TBAP in CH2Cl2 and 100
mM sulfonic acid in acetonitrile. The rate decreases slightly in neat
acetonitrile, which is opposite of the expected change if a Dc. mechanism is
present. The consistent insensitivity of these composite rate constants
suggests that the T mechanism is predominant. 2-Mercaptoethanol and
hydroquinone could not be used in these experiments because both
reagents reduce [8]+ back to neutral 8, making it impossible to probe for

the Dc. mechanism.
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The O=P(p-tolyl)s exchange experiment was conducted for the
[20]* s [8]+ equilibrium system. Cold [8] (-78 °C) in solution with a 100-
fold excess of O =P(p-tolyl)s in CH2Cly was warmed to room temperature
rapidly and allowed to isomerize for 2 min. Excess ferrocene was added to
reduce the mixture to neutral 8 and 20, which was subsequently stirred for
3.5 h to allow for complete isomerization back to pure 8. The osmium
products were isolated and examined by 1H NMR spectroscopy. Minute
signals were seen in the aliphatic region. If they were from bound O =P(p-
tolyl)3, then an upper limit of 3% incorporation could be estimated from the
integration. Of the three systems studied, the least rate sensitivity to
solvent conditions (including added O =PPhj3) was observed for the cationic
equilibrium of [8]* and [20]*. Thus, we ascribe that the T mechanism

controls this equilibrium.

Table 5.5. Derived Forward (k1) and Reverse (k_1) Rate Constants
for cis-a & trans Equilibrium of [Os(n4-CHBA-DCB)(OPPhg)2]*.2

T (°C) ki(s1) k(s

2.96(2) x 10-3

1.57(10) x 10-2

6.06(3) x 10-3

2.14(10) x 10-2

10 1.47(5) x 10-2 3.54(12) x 10-2
15 3.16(10) x 10-2 5.16(16) x10-2
20 5.91(24) x 10-2 6.7 (3) x 10-2

a Values in parentheses are standard deviations in the last digits.
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Conclusions

The three systems examined show little sensitivity to a variety of
solvent conditions. Based on kinetic rate measurements and ligand
exchange experiments conducted on the three isomerization systems, it is
possible to evaluate which mechanisms control these systems. The cis-a —
trans isomerization of Os(n4-CHBA-DCB)(¢t-Bupy)z , 19-tBu — 10-tBu , is
the slowest isomerization of those examined (Table 5.6). The insensitivity
of the rates on solvent conditions suggests that a twist mechanism, T,
takes place. The ambiguous results from the ligand exchange experiment,
however, raise the possibility that a mechanism invoking t-Bupy
dissociation, Dj,, controls the isomerization. The fact that this is the
slowest isomerization of the three systems may indicate that a different
mechanism than those present in the other reactions (T) may take place.

The neutral cis-a — trans isomerization of Os(n4-CHBA-
DCB)(O =PPh3)s (20 — 8) and the cationic equilibrium of [Os(n4-CHBA-
DCB)(OPPh3)9]* ([20]* s [8]") are insensitive to various solvent conditions
and show little evidence for the incorporation of external labelled ligand,
O =P(p-tolyl)3,during isomerization. An intramolecular twist mechanism,
T, controls these reactions. This is the simplest of the four possible
isomerization mechanisms and explains why no cis-f intermediates are
observed. At 25 °C, the Os(V) isomerizations are two orders of magnitude
faster than the Os(IV) isomerizations. The forward and reverse activation
parameters for the cationic equilibria can be derived using variable

temperature equilibrium measurements (Table 5.6).
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It is interesting that the enthalpies of activation for all three cis —
trans isomerizations are very close (Table 5.6). If the three isomerizations
proceed through the T mechanism and no intermediates are formed during
the isomerization, then the similarities in the AH* parameters suggest
that comparable “bond relaxation” must exist in the three different
transition states. At 22 °C, the three systems have different isomerization
rates, which result from the different entropies of activation (Table 5.6).
The trend in AS* values suggests that the t-Bupy system has the tightest
transition state (AS® <0),and the cationic equilibrium has the loosest
transition state (AS® > 0), The transition states may have trigonal-
prismatic symmetry as suggested in the “Bailar Twist” mechanism for
octahedral isomerization2 or rhombohedral symmetry as in the closely
related “Ray and Dutt” isomerization mechanism.3

By combining the Gibbs free energy changes derived in the
thermodynamic ladder for [20]" < [8]" (n = -1, 0, +1) equilibria and the
rate data for the neutral and cationic isomerization, a reaction profile can
be constructed for the phosphine oxide system (Figure 5.5). The energies of
the cis-a isomers are arbitrarily made equal to illustrate the trends in AG®
and AG* values over different oxidation states. As the osmium becomes
increasingly reduced, the AG" between the cis-a and trans isomers
becomes substantially more negative. The activation barriers, on the
other hand, become more positive. Although AG* for the Os(II)
isomerization ([20] < [8]~) is not known, if the trend continues, then it
should be greater than the 21.5 kcal/mol barrier for th;: Os(IV)
isomerization. The trends in Figure 5.5 seem counterintuitive. As the
AG° values become more negative, it might be assumed that the AG™

barriers would become smaller until a highly exergonic isomerization
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Table 5.6. Kinetic Rates and Activation Parameters for Investigated

Systems.a
Process k(22 °C)(s-1)b AH* AS*
19-tBu + 10-tBu
cis-a trans 5.03(7)x 10-6 21.6(19) -10(6)
20+ 8
cis-a trans 7.34(3)x 104 21.6(2) +0.3(6)
[20]* - [8]*
cis-a trans 8.17(3)x10-2 23.7(6) +17(2)
(8] »[20]*
trans cis-a 8.06(4)x10-2 11.5(6) -25(2)

a Values in parentheses are standard deviations in the last digit.
b Extrapolated to 22 °C from the Arrhenius data.

could proceed rapidly. The observed trend, however, is the reverse of this
assumption. This phenomenon accounts for why in CVs we can observe
reversible Os(IIITI) couples for the cis-a isomers, even though the
equilibrium constant for isomerization is as high as 2 x 1015 (Table 4.1).
The opposing trends of the AG® and AG* values may result from
the T mechanism through which the isomerizations proceed. If the
isomerizing bonds in the osmium coordination sphere must pass over filled
osmium orbitals, then increased electron-electron repulsions may generate
higher AG* barriers. Consistent with this, the Os(V) isomerizations
(where the metal is d3) are faster than the Os(IV) isomerizations (where
the metal is d4). This rate dependence on metal oxidation state_is observed
in other systems that undergo T isomerizations, where the isomerization

rates of 18-electron metal complexes are slower than those of the related

oxidized systems, which have 17-electron metal centers.8,9
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Figure 5.5. Reaction profile for the isomerization of [20]-** to [8]>F at
22 °C. Free energies of the cis-a isomers are made equal to demonstrate
the positive change in AG™ vs. the negative change in AGo with increasing

reduction of the osmium metal center.
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Experimental Section

Materials. Acetonitrile (Mallinckrodt) and dichloromethane
(Baker) were distilled from calcium hydride prior to use. Benzene
(thiophene free, Aldrich) was washed thrice with conc. H2SO4 and then
distilled. 1,2-Dichloroethane (Aldrich) was distilled from fresh P20s.
Bromoethane (98%, Aldrich), calcium hydride (Aldrich), chlorobenzene
(99%, Aldrich), hydrogen peroxide (30%, Baker), hydroquinone (M.C.B.),
magnesium  sulfate (Baker), methanol (Baker), nitrosonium
hexafluorophosphate (Pfalz and Bauer), nitrosonium tetrafluoroborate
(Aldrich), potassium sulfite (M.C.B.), pyridine-ds (99% atom D, Aldrich),
sulfuric acid (conc., Baker), p-toluene sulfonic acid (98%, M.C.B.), and tri-
p-tolylphosphine (Strem) were used as received. 2-Mercaptoethanol (98%,
M.C.B.) was vacuum distilled prior to use. Ferrocene (98%, Aldrich) was
sublimed prior to use. A 0.3 M solution of tri-p-tolylphosphine oxide in
dichloromethane was prepared by reacting a dichloromethane solution of
the parent phosphine with aqueous H202 (30%) for 30 min, washing once
with saturated aqueous K2SO3 and thrice with distilled water, and drying
over MgS04. Molarity was estimated by 1H NMR spectroscopy. Dry TBAP
was provided by Dr. Thomas Guarr. Silica gel used in column

chromatography was 60-200 mesh (Davidson).

Physical Measurements. 1H NMR spectra were recorded at

89.83 MHz on a JEOL FX-90Q or at 399.782 MHz on a JEOL GX-400. 31P
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NMR spectra were recorded at 36.28 MHz on a JEOL FX-90Q. Errors were

propagated according to the equation

0l =
o=

172

Z(£>202
i §X. X.

i 1

where F = F (x4, x9,... Xxp).11 Errors of = 5 mV were assumed for Er.

Syntheses. All reactionswere carried out in air unless otherwise
noted. The syntheses of trans-Os(n4-CHBA-DCB)(O =PPh3)2 8, and trans-
Os(n4-CHBA-DCB)(t-Bupy)2,10-tBu, are reported in Chapter 2. The
syntheses of cis-a-Os(n4-CHBA-DCB)(t-Bupy)2, 19-tBu, and cis-a-Os(n4-
CHBA-DCB)(O=PPhj)g, 20, are reported in Chapter 4.

trans-[0s(n4-CHBA-DCB)(0O =PPh3)2lBFy4, [8]". trans-Os(n4-
CHBA-DCB)(O=PPh3)2 (11.8 mg, 9.09 pmol) and excess nitrosonium
tetrafluoroborate were added to a round bottom flask (25 mL), which was
subsequently sealed with a rubber septum and cooled (-78 °C). Precooled
dichloromethane (-78 °C, 10 mL) was syringed into the flask and the
mixture was kept cold for 2 h, during which the insoluble nitrosonium salt
reacted with the complex to afford a 0.91 mM solution of turquoise product

in dichloromethane.

Equilibrium Measurements. Controlled-potential electrolysis
was used to oxidize trans-[Os(n4-CHBA-DCB)(O =PPhj3)9], 8, to the [8]*
and [20]* isomers. Compound 8 (12.4 mg, 9.55 pmol) and TBAP (enough to
produce a 0.1 M solution upon CH2Cly addition) were added to a three-

compartment vacuum line electrochemical cell. Working and counter
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electrodes were platinum gauze. A silver wire was used as a quasi-
reference electrode. After drying the loaded cell in vacuo for 12 h,
dichloromethane was vacuum transferred into the cell to a predetermined
level. Controlled-potential electrolysis was performed with a Princeton
Applied Research Model 173 potentiostat equipped with a Model 179
digital coulometer using positive feedback IR-compensation and a Model
175 universal programmer. Current-voltage curves were recorded on a
Houston Instruments Model 2000 X-Y recorder. Bulk electrolysis by one
Faraday per mole of osmium cleanly generated a mixture of [8]* and [20]".

Normal pulse voltammetry was used to measure K* for the
equilibrium between the [cis-a]* and [trans]* isomers. It was performed
on a Bioanalytical Systems, Inc. BAS-100 Electrochemical Analyzer using
a 0.03 cm-1 platinum disk working electrode. Parameters used were a
pulse width of 50 ms, a pulse period of 1 s, and a scan rate of 20 mV/s. The
equilibrium constant was taken to be equal to the ratio of wave heights
from the two Os(V/IV) reductions. The temperature of the cell was
regulated by immersing it into the reservoir of a Neslab Endocal RTE-4
refrigerated circulating bath filled with aqueous ethylene glycol (35% by
weight). The recorded cell temperature was actually the reservoir
temperature, which was monitored with a thermometer calibrated to 0 °C
in a distilled water ice bath. After changing the reservoir temperature,
twenty minutes were allowed for the cell to come to thermal equilibrium
before taking the measurements. Equilibrium constants were measured

between -2.2 and 30.2 °C.

Kinetic Rate Measurements. Kinetic rates for the cis-a —» trans

isomerizations of Os(n4-CHBA-DCB)(t-Bupy)2 and Os(n4-CHBA-
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DCB)O =PPhs)s , and the cis-a & trans equilibrium of [Os(n4-CHBA-
DCB)(O=PPh3)s]* were measured by UV-vis spectroscopy in various
solvent systems and at different temperatures. UV-vis spectra were
recorded on a Hewlett-Packard HP8450A spectrophotometer equipped
with an HP89100A temperature controller and an HP89101A temperature
control unit. Solvent (3.0-3.5 mL) was added to a glass cuvette, which was
sealed with a rubber septum and brought to thermal equilibrium. The
appropriate amount of an osmium reagent was added to the cuvette and
automatic data collection was started. First-order conditions were always
observed. Data were collected for greater than three half-lives and
analyzed by the Kedzy-Swinbourne (K-S) method for first-order rate
calculations.102 The K-S analysis eliminates the need for an absorbance

reading at infinite time, Aw. Given the equation

cis-a ——pp trans, (5.1)

the absorbance at time t, A¢, equals

A=A, -A) 1 +A (5.2)

where A, equals the initial absorbance. At a time increment A later, the

absorbance equals
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-k (+A)

_ 1
A, =4 —A)e +A_, (5.3)
The following ratio can be set up
Am—At —k t dh (4D
— =e e (5.4)
A —At+A
or
kl A klA
A,=e’ A, +A_(Q-e), (5.5)

From the plot of At against A+ A, the rate constant can be calculated from
the slope: ki = [€n(slope)l/A. For a reversible first-order equilibrium of B
and C, a similar expression can be derived , except the measured rate is
actually the sum of the forward and reverse rates. Given the following

equilibrium

B —/—» C (5.6)

and the expression relating the absorbance at time t,

—(k, + &

1 )13
At = (AO - Ae)e

Y+, (5.7

(where A, is the equilibrium absorbance),10b then relations analogous to

those in eqs 5.4 and 5.5 can be derived. These verify that the observed
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rates derived from the K-S analyses of reversible reactions equal the sum
of the forward (k) and reverse (k.1) rate constants.

In all K-S analyses, rates were calculated using A time increments
of greater than one half-life. If a rate had a large standard deviation, then
the calculated Aw or A values from the K-S analysis were used to plot
fn(Ax -A¢) vs. t. Rates determined from these secondary analyses
generally had smaller relative errors than those from the initial K-S
analyses. Extinction coefficients (¢) for all compounds at the wavelengths
from which rates were calculated are contained in Table 5.7.

Rate Measurements of the cis-a — trans Isomerization of 19-
tBu into 10-tBu. Solid material that contained both cis-a 19-tBu and
trans 10-tBu isomers (1:2.6 by 1H NMR; see Chapter 4) was used for
kinetic rate determinations. From 1.0 to 1.5 mg of the material were used
in a kinetic experiment. Data were collected between 402 and 800 nm.
Two isobestic points were observed at 429 and 639 nm wavelengths. Rate
constants were calculated from the 468, 576, and 750 nm data and then
averaged. The rates had first-order dependence on the concentration of 19-
tBu. Activation parameters were determined from rate measurements at
temperatures of between 45 and 70 °C in 1,2-dichloroethane. Rates were
also measured at 60 °C in 100 mM and 1.0 M pyridine in 1,2-
dichloroethane, 100 mM TBAP in 1,2-dichloroethane, acetonitrile,
benzene, 100 mM p-toluene sulfonic acid in acetonitrile, and 100 mM
hydroquinone in acetonitrile.

Rate Measurements of the cis-a —» trans Isomerizati;)n of 20
into 8. Material that contained both cis-a and trans complexes (3:1 by 1H
NMR; see Chapter 4) was used for kinetic rate determinations. From 1.5 to

2.0 mg of the solid wereused in a kinetic experiment. Data were collected
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between 402 and 800 nm. Two isobestic points were observed at 422 and
629 nm wavelengths. Rate constants were calculated from the 462, 566,
and 694 nm data and then averaged. The rates had first-order dependence
on the concentration of 20. Activation parameters were determined from
rate measurements at temperatures of between 5 and 35 °C in CH2Cls.
Rates were also calculated at 35 °C in 1 mM to 2.0 M OPPh3 in CH2Clg, 100
mM TBAP in CH2Clg, acetonitrile, benzene, 100 mM p-toluene sulfonic
acid in acetonitrile, 100 mM hydroquinone in acetonitrile and neat 2-
mercaptoethanol.

Rate Measurements of the cis-a s trans Equilibrium of [20]*
and [8]*. An aliquot of the 0.91 mM solution of [8]* (0.2-0.3 mL) was
transferred with a cold syringe into the cuvette containing cooled solvent.
Data were collected between 300 and 800 nm. Four isobestic points were
observed at 369, 422, 442, and 638 nm wavelengths. Because this is a
reversible equilibrium reaction, each observed rate constant is actually the
sum of the forward (ki) and reverse (k.1) rate constants. Observed rate
constants were calculated from the 344, 544, and 744 nm data and then
averaged. The rates had first-order dependence on the concentration of
osmium present. Forward and reverse rate constants were separated from
the observed rates by combining the data with the equilibrium constants
(K+ = ky/k.1). Activation parameters were determined for the forward
and reverse processes from the separated rates at temperatures of between
0 and 20 °C in CH5Cls. Observed rates were also determined at 0 °C in 1.0
mM to 0.5 M OPPhg in CHyClz, 100 mM TBAP in CH:Cls, acetonitrile,

and 100 mM p-toluene sulfonic acid in acetonitrile.
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Pyridine-d5 Exchange in 19-tBu — 10-tBu Isomerization. A
sample of 1:1 19-tBu and 10-tBu (6 mg, 6 umol) was added to pyridine-ds
(1 mL),and the 1H NMR spectrum was recorded. After heating the tube at
80 °C for 30 min, another 1H NMR spectrum was recorded that showed a
decrease in the trans isomer and a new signal at 1.126 ppm relative to the
upfield pyridine-ds signal at 7.19 ppm. After continued thermolysis (for a
total of 1.75 h at 80 °C), negligible trans 10-:Bu was observed in the NMR
spectrum, whereas cis-a 19-tBu was still present. The signal at 1.16 had
increased and new signals at 8.63 and 7.12 were observed. These were
identified to be free t-Bupy by adding genuine #-Bupy and recording the
new spectrum. Analytical TLC of the products (silica gel; 1:1 v/v
chlorobenzene/bromoethane eluent) showed cis-a 19-tBu (Rf = 0.81),
negligible trans 10-tBu (Rf = 0.75), a new black compound (Rf = 0.58),
and the pyridine-exchange product 10-H (R¢ = 0.50), which was verified by
co-spotting the product with authentic 10-H. Thermolysis of pure trans 10-
tBu under identical conditions (80 °C, pyridine-ds solvent, 1.75 h) also
liberated free t-Bupy and generated the new uncharacterized compound
and 10-H. The new complex may be the mono-substituted product, trans-
Os(n4-CHBA-DCB)(py)(t-Bupy). Products from the kinetic run
measuring the rate of 19-tBu —» 10-tBu isomerization in a 1.0 M pyridine
solution in 1,2-dichloroethane (~2400 equiv) at 60 °C were analyzed by
TLC. This showed primarily 10-tBu and a faint spot due to the new
compound (R¢ = 0.58).

O =P(p-tolyl)s Exchange in 8. trans-Os(n4-CHBA-
DCB)(O =PPh3s) (10 mg, 7.7 pmol) was added to the CH2Clg solution of
O =P(p-tolyl)3 (2.6 mL, 100 equiv) and stirred for 3.5 h. All osmium

products were precipitated by the addition of methanol and examined by
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1H and 31P NMR spectroscopies. No signals other than those expected for
8 were observed. No methyl protons were detected, and integrations were
appropriate for 8.

O = P(p-tolyl)s Exchange in 20 -8 Isomerization. A mixture of
20 and 8 (3:1, 21.9 mg, 16.9 pmol) was added to a O =P(p-tolyl)3 solution
(5.7 mL, 100 equiv) and stirred for 3.5 h (> 10 t; for the isomerization).
The product was precipitated with methanol and passed down a short silica
gel plug eluted with CH2Clp. After recrystallization from CHsCly/CH3OH,
the product was examined by 1H and 31P NMR spectroscopies. No evidence
for incorporation of O =P(p-tolyl)3 was observed.

O = P(p-tolyl)s Exchange in [8]* s [20]* Equilibrium. A 25 mL
round-bottom flask was charged with 8 (26 mg, 20 pmol) and excess
nitrosonium hexafluorophosphate and was sealed with a rubber septum.
After cooling the flask (-78 °C), pre-cooled CH2Clg (-78 °C, 210 mL) was
added and the mixture reacted to form pure [8]* within 2 h. The solution
was transferred into a clean pre-cooled flask to remove the excess NO¥,
and the O=P(p-tolyl)3 solution was added (6.7 mL, 100 equiv). After
warming the solution to room temperature to initiate isomerization, the
solution was allowed to set for 2 min and then ferrocene (18 mg, 5 equiv)
was added as a CH2Cls solution to reduce the osmium to a neutral mixture
of 8 and 20. This was allowed to isomerize to 8 (3.5 h) at room temperature.
All osmium products were precipitated by the addition of methanol, passed
down a short silica gel plug with excess CH2Clg, and recrystallized from
CH3Cle/CH30H. The product was examined by 1H NMR spec-troscopy.
Minute signals in the aliphatic region were observed; if they had been from
bound O =P(p-tolyl)s, then an upper limit of 3% incorporation would have
been established by integration.
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