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Oxidation of monomethyl Pt" to monomethyl Pt" followed by reductive elimination of
methanol are key consecutive steps in homogenous catalytic oxidation of methane to methanol. The
development of a catalytic system that uses water as the solvent and molecular oxygen as the oxidant,
both of which are inexpensive and non-toxic, would be a major advancement. Facially coordinating
ligands containing a hemilabile arm have been shown to enhance aerobic oxidation of monomethyl Pt"
to Pt'¥ without restricting reductive elimination of the methanol from the monomethyl Pt'¥ product. A
major focus of this thesis was the study of the reactivity of methyl platinum when coordinated to the
tridentate ligand bis(3,5-dimethylpyrazol-1-yl)-acetate (NNO, 1). In water, the dimethyl NNOPt"
complex (5) undergoes protonlysis to generate methane and monomethyl NNOPt" complex (6) while the

monomethyl NNOPt" product is stable up to 100 °C. In both cases the reaction is shown to be highly pH



dependent with protonlysis of the monomethyl NNOPt" occurring at room temperature at pH < 4. The
reaction of monomethyl NNOPt" (6) with molecular oxygen produced monomethyl NNOPt" (10) with
concurrent coordination of the hemilabile carboxylate arm in NNO. In addition to oxidation, a rare
oxidative methyl transfer reaction was observed producing dimethyl NNOPt" (11) with an equivalent
of demethylated NNOPt" (7). Studies of the reaction show that higher pH and temperature favored
oxidative methyl transfer over oxidation. A mechanism is proposed in which the reaction of 6 with O,
produces a hydroperoxide monomethyl NNOPt" intermediate (I;) that can then react with a second
equivalent of 6 resulting in two equivalents of the oxidized monomethyl Pt" product 10. Isomerization
of I; to I, moves the Pt-CHj3 group trans to a good leaving group, the carboxylate arm of NNO. In this
position, the platinum bound methyl group is more susceptible to removal by Sy2 attack of 6 forming
the dimethyl NNOPt" product (11) with an equivalent of 7.

Reductive elimination from the monomethyl Pt'"" product of oxidation (10) generating methanol
and 7 was also observed. Interestingly, at high [7] the decomposition of 10 was found to be first-order in
10 and 7. A mechanism is proposed in which reductive elimination is faster from a dinuclear
monomethyl NNOPt"/NNOPt" intermediate (I3) formed from 7 and 10.

A novel facially coordinating ligand was synthesized in which the hemilabile arm contains an
anionic N from a sulfonyl amidate group (NNN, 15). Three different NNN variants were synthesized
with a different substituent (R) bound to the hemilabile arm (R = H: (bis(3,5-dimethylpyrazol-1-yl)-N-
benzenesulfonylacetamide (18), R = CHj: Bis(3,5-dimethylpyrazol-1-yl)-N-toluenesulfonylacetamide
(16), R = CI: Bis(3,5-dimethylpyrazol-1-yl)-N-p-chlorobenzenesulfonylacetamide (20)). The
substituents were chosen based on their Hammett para parameter (CHs: -0.17, H: 0.00, CI: 0.23) which
should in turn effect the electron density at the sulfonyl amidate N. In general, the NNNPt system

performed similarly to the NNOPt system in terms of: protonlysis of dimethyl NNNPt" in water, aerobic
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oxidation of monomethyl NNNPt" to monomethyl NNNPt" and reductive elimination of methanol from

monomethyl NNNPt"".
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Chapter 1 : Introduction

Important materials used in modern life like plastics, adhesives and paints are typically produced
from petroleum based feedstocks.! Problems with the use of petroleum include its volatile price and the
concentration of petroleum in a few geographic locations.> A potentially lower cost and more
geographically disperse hydrocarbon source like natural gas is an attractive alternatives to petroleum.’
The main component of natural gas is methane (~80%)* which could be transformed into a variety of
“functionalized” chemicals like alkenes, alcohols, amines, carbonyl-containing compounds, and others
that could serve as feedstocks for high value materials.

The controlled catalytic functionalization of methane has proven to be difficult for a number of
reasons.” The C(sp*)-H bonds in methane are relatively inert towards heterolytic (BDE: 105 kcal/mol) or
homolytic (pKa(est.): 48) cleavage.® Often the C-H bonds in the products of alkane functionalization are
more reactive than the C-H bonds in the starting material. Specifically, in the conversion of methane to
methanol the C-H bond in methanol, with a BDE of 96 kcal/mol, is smaller than the BDEs of the C-H
bonds in methane. The weaker bonds in methanol can result in reduced yields due to over oxidation of
methanol.® Also, terminally functionalized hydrocarbons are general preferred in industry but terminal
C-H bonds are typically stronger than internal C-H bonds (General trend for BDEs of C-H bonds: 1°>
2°> 3°).%" Finally, the system must meet the general requirements of an industrial scale synthetic method
such as fast reaction rate, low energy consumption, and atom economy.?

The ideal functionalization of alkanes would involve breaking a strong 1° C-H bond and be
highly selective for the hydrocarbon starting material over the functionalized product. Homogeneous
transition metal systems can display this type of selectivity.® Even through all of the challenges
described above, transition metal homogeneous catalysis of the functionalization of alkanes is

developing.® Catalytic partial oxidation of methane was first reported in 1972 by Shilov using Pt salts as
1



both the catalyst and the stoichiometric oxidant (Figure 1.1)."° Research following this remarkable

discovery focused on developing an understanding of the mechanism of the functionalization reaction

and on the development of systems that employ more practical oxidants.'""!?

Pt'Cl,?" cat.
R-H + H,0 + piVgl 2 2 - R-OH (R-Cl) + pticl,> + 2HCI
® 120 °C 4

Figure 1.1. Homogeneous Platinum mediated catalysis of methane to methanol (chloromethane) using
Pt" as the stoichiometric oxidant."

Periana developed a Pt based system that converts methane to methyl bisulfate using
inexpensive sulfuric acid as the oxidant.'? This system was an impressive improvement over the Shilov
system in terms of the conversion of methane to the oxidized product (yield of methyl bisulfate 70%
based on methane), selectivity (> 90%) and stability (TON > 300).'* Unfortunately, the system is
inhibited by H,O which is produced during the reaction. To keep the concentration of H,O low the
reaction is performed in fuming sulfuric acid complicating separation of the products.

A general cycle for the catalytic transformation of methane to a partially oxidized product using
homogeneous platinum proposed by Shilov'® consists of three key steps: C-H activation, oxidation and
C-X coupling (Figure 1.2). During C-H activation, a C-H bond in the alkane substrate is broken and a
Pt-C bond is formed. The resulting (alkyl)Pt" containing species is oxidized to (alkyl)Pt" in the
oxidation step. Finally, the functionalized product is released by reductive elimination resulting in
regeneration of the platinum catalyst in the C-X coupling step. A similar mechanism was proposed to

operate in the Periana system'”.



+

I
RX Pt RH

C-X Coupling C-H Activation

PtV-R Pt'-R + H*
X

Oxidation

Figure 1.2. Proposed catalytic cycle for alkane functionalization.'®'?

The oxidation step has attracted attention due to the impracticality of using Pt as a
stoichiometric oxidant in the Shilov system. The most promising oxidant for a commercially viable
process, considering cost, availability and environmental impact is widely considered to be molecular
oxygen/air.”> Hindering the development of an oxygen-based process, however, has been an incomplete
understanding of how the various platinum species that are involved in the reaction, e.g. methyl Pt
complexes, react with oxygen.'* Labelling studies performed by Labinger and Bercaw et al. found that
the Pt"Y-CHj; generated from the oxidation step occurs through electron transfer from Pt"-CH; to the Pt'Y
oxidant rather than methyl transfer from Pt"-CHj to the available Pt" center (Figure 1.3)."> Therefore it
may be possible to use a variety of direct oxidants (including O,) in place of Pt' . Sen and co-workers
have developed a Wacker-type system in which the Pt oxidant was regenerated by a co-catalyst (CuCl,)
which was itself oxidized by O, thereby displacing Pt" as the stoichiometric oxidant.'® Although
interesting, the system was most effective with alkylsulfonates rather than hydrocarbons and even

within this limited substrate scope, the catalyst turnover (< 60) was insufficient for practical application.

cl cl
Clwe_,—Cl _ Clygl  _ci Cl—_| y-Cl _ Clug_,Cl
+ — > +
CI/Pt\CHs Cl— Tt\m CI~ | TCHz ClI— Pt~c
Cl Cl

Figure 1.3. The methyl group remains associated with the same platinum center (unlabeled) during the

oxidation of Pt to Pt'V."



Labinger, Bercaw and Goldberg found dioxygen could directly oxidize a dimethyl Pt" species
coordinated to bpy or diimine ligands (Figure 1.4a)."" Aerobic oxidation did not occur when a platinum
bound methyl was replaced with a chloro ligand (Figure 1.4b)."* As a monomethyl Pt" can be
considered a model of the product of C-H activation of methane (Figure 1.2), oxidation of this species
may be critical to catalytic performance. Studies of irreversible one-electron oxidation of a series of
platinum compounds showed that the difficulty of oxidation of the platinum center increased when
methyl ligands were replaced with chloro ligands (Figure 1.4c).” The N, ligand backbone can also
effect the reactivity of the Pt center with O,. Faster oxidation was observed when using diamine
ligands rather than diimine ligands were used.'® The greater electron density at the platinum center when
ligated to the diamine rather than diimine ligands was suggested as the cause. Unsurprisingly, the

combination of these findings suggests that increasing electron density at Pt" enhances oxidation to Pt"".

‘CE = alpha-diimines, tmeda

a) (l)H
N\ ”/CH3 |V/CH3
HOH —
G =PI LS + 050, + CHO CN/|\CH3
OCHj
b)

CE>Pt”/ng3 + 050, + CHzOH —%—

c)

N—__,—CHs N—__—CHs N—__,—Cl |—CHs
< <<
= —Pt—cn, © =Pty =Pty C —Pt—Ch,en

Increasing difficulty of oxidation ?

Figure 1.4. a) Aerobic oxidation of dimethyl platinum(H).17 b) Aerobic oxidation does not occur with
monomethyl platinum(IT)."® ¢) Increase in difficulty of oxidation upon substitution of platinum(II)
bound methyl with chloro or solvent (CH;CN). "



Based on this understanding, oxidation of Pt by dioxygen could be enhanced by including more
electron donating ligands. Facially-coordinating ligands also appear to aid the transition of Pt to Pt
Sarneski observed oxidation of Pt to Pt'" by dioxygen occurred in the presence of the fac-coordinating
cis,cis-1,3,5-triaminocyclohexane (tach) (Figure 1.5a) but no oxidation occurs when only the bidentate
cis-1,3-diaminocyclohexane (dach) is available (Figure 1.5b).° Puddephat used this understanding to
oxidize a dimethyl Pt" bound to the facially coordinating ligand, 1,4,7-triazacyclononane (tacn) also

using dioxygen (Figure 1.5¢).”'

2) T2cr
I
I =N, _.Cl __tach | :NHZT H’
sN= Pt~c 0H,0 "oy
I — \N/ \N
> N
OH,
b) “l2cr
| IS
=N/, II-“‘CI dach ~ H,
| ;N’Pt‘cn 0,H,0 ! /N/,,,,Pt”‘\\\N -
Ha
c)
N CHy _ 02 _ & _CHs
NP rcr,0n | AP
N CH3 3 N | CH3

H OH

Figure 1.5. Aerobic oxidation of Pt" to Pt' enhanced in the presence of a facially coordinating ligand.
a) Aerobic oxidation of bpy Pt" when bound to cis, cis-1,3,5-triaminocyclohexane (tach). b) No
oxidation of bpy Pt" when bound to cis-1, 3-diaminocyclohexane (dach).” ¢) Aerobic oxidation of a
dimethyl Pt" coordinated to the tridentate triamine, 1, 4, 7-triazacyclononane (tacn).*'

To give a fuller understanding of how electron donating and facially coordinating ligands
enhance aerobic oxidation the mechanism of oxidation should be considered. The aerobic oxidation of
Pt" is thought to occur through electrophilic attack of O,."> Based on this mechanism, increased
reactivity of Pt"" with O, may be the result of elevation of the HOMO on Pt due to donation of electron

density into the filled d,” orbital (Figure 1.6). This description is consistent with the greater ease of
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oxidation of dimethyl Pt" compared with dichloro Pt" as well as diamine versus diimine shown

15,19
above.

Wieghardt observed aerobic oxidation of Pt" to Pt when bound to a facially coordinating
ligand tacn®*. The reaction of Pt" with O, was also proposed to occur through precoordination of the N
from the unbound arm in tacn into the filled d,” orbital (Figure 1.6). Both electron donating and facially

coordinating ligands may be a beneficial feature in the design of a homogeneous alkane

functionalization catalyst that uses O, as an oxidant.

¥
OE gt o

Elt
LL

()L
oz o i L X
. 1 X
L
axial ligand o-only picture strong o-donors
Dy /_
- T | 2byg dizye
n _\—\ c-antibonding 4
* 2 319‘, dzg
b F b ———F 4+
b;_'g EQ
Oy Uxzr Gz
non-bonding

Figure 1.6. Qualitative MO diagram proposed by Labinger and Bercaw showing the electrophilic attack
of O, (E) on the d,” orbital on Pt".'® Reactivity is enhanced by elevation of the energy of the HOMO due
to electron donation into the filled orbital. Left: electron donation from an axially positioned ligand (L =
solvent or free arm of facially coordinating ligand). Center: weakly electron donating equatorial ligands
on Pt"". Right: strongly electron donating equatorial bound ligands. Reprinted with permission from:
Rostovtsev, V. V; Henling, L. M.; Labinger, J. A.; Bercaw, J. E. Inorg. Chem. 2002, 41, 3608. Copyright 2002
American Chemical Society.

Vedernikov used this facially coordinating ligand hypothesis in the design of the ligand dpms
(di(2-pyridyl)methanesulfonate, Figure 1.7).>> The dpms ligand chelates to a monomethyl Pt" in a
bidentate fashion. After the (dpms)Pt" complex was exposed to O,,>* the dpms adopted a tridentate

configuration in the oxidized monomethyl Pt" product. The Vedernikov system demonstrated facile
6



aerobic oxidation of monomethyl Pt" which may potentially be exploited to replace the Pt"" oxidant

used in the Shilov system with dioxygen.

(O- ?

N _,—OH, O N-_| _OH

2 1] 2 2 ( \%

N/Pt\CHg —>H20 N/th\CHS
OH

Figure 1.7. Aerobic oxidation of monomethyl Pt to Pt'" with facially coordinating dpms with
hemilabile arm.**

Returning to the Shilov cycle, following oxidation the C-X coupling step generates the
functionalized product (Figure 1.2). Previous work in the Goldberg group outlined a pathway that
involves ligand dissociation from a Pt complex to generate a 5-coordinate intermediate prior to
formation of the C-O bond (Figure 1.8).%> This general reaction scheme has been proposed in a variety
of carbon heteroatom bond forming reactions from Pt'Y.*° Ligand dissociation preceding facile C-O

coupling creates a potential conflict with ligand association (facial coordination) which aids aerobic

oxidation from Pt" to PtV

thOzCCH3 Ph2 th

[P/""F|>IV“‘CH3 — [P//"'F;t'V”\CH?’ + "0,CCHy — [P//,"Pt”'\\\CHS + CH30,CCH
P~ “~CH, P” NCH, o ¢ B YCHy T
thCH3 Ph2CH3 th

Figure 1.8. Formation of 5-coordinate intermediate during C-O coupling from Pt.*’

Vedernikov balanced these seemingly conflicting requirements by incorporating the hemilabile
sulfonate arm in the dpms system.>* After room temperature aerobic oxidation of the monomethyl Pt" to

Pt", increasing the temperature (75 °C) resulted in C-O coupling forming methanol (Figure 1.9). The
7



use of a facially coordinating ligand containing a hemilabile arm resulted in a system that is capable of
performing aerobic oxidation and C-O coupling under mild conditions. Interestingly, while the facially
coordinating ligand is sufficient to allow for oxidation of the monomethyl Pt", the product of C-O
coupling (dpms)Pt"(OH), is stable to oxidation in air. Oxidation of (dpms)Pt"(OH), to (dpms)Pt" (OH);
would produce a species less likely to be competent for C-H activation and potentially inhibit catalysis.
While the dpms system has found this potentially critical balance the Vedernikov group has not reported
on C-H activation from the product of C-O coupling (dpms)Pt"(OH), or catalytic activity of the system

as a whole.

O o O
N + . —~OH O N-_| ~OH 75°C 6 + —OH
6>PHI\CH§ Wi.; N>TtIV\CH3 — N>Pt”\OH + Methanol

OH ~100%

Figure 1.9. Oxidation with O, and methanol production in Vedernikov system.**

The sulfonate group in the dpms system plays a powerful role as a hemilabile ligand critical to
both the oxidation and C-O coupling reactions.”* However, the sulfonate moiety is a relatively weak
base (pKa of methanesulfonic acid (H,O) = -1.9 at 25 °C)*’ and thus control its lability with pH, through
protonation of the O in SO; bound to Pt', is unlikely. A stronger base functionality might allow for
better control of the hemilability of the facially coordinating ligand through adjusting the pH. Herein, is
described an aqueous platinum system with a facially coordinating NNO ligand containing a
carboxylate hemilabile arm (NNO = bis(3,5-dimethylpyrazol-1-yl)-acetate (1), Figure 1.10).® The

carboxylate group, which can be considered the conjugate base of a weak acid (pK, of acetic acid (H,O)



= 4.76 at 25 °C) should have a different pH profile than a sulfonate arm, the conjugate base of a strong
acid.”
0 O
/ '}‘I'}‘ A\
_N N=

1

Figure 1.10. Facially coordinating NNO ligand containing a carboxylate hemilabile arm (NNO =
bis(3,5-dimethylpyrazol-1-yl)-acetate (1))**

Chapter 2 focuses on the stability of aqueous dimethyl and monomethyl NNOPt" with a
consideration for pH. In Chapter 3 the reactivity of aqueous monomethyl NNOPt" with dioxygen across
a range of pH is examined. C-O coupling from the monomethyl NNOPt" product of oxidation observed
in both basic and acidic solutions is described in Chapter 4. Finally, Chapter 5 covers the synthesis of a
novel anionic NNN ligand along with the reactivity of the NNNPt system in regards to stability in water,

oxidation and C-O0 coupling.
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Chapter 2 : Synthesis of NNO platinum methyl compounds and their
stability in water

Introduction

Using water as the solvent in the Shilov system offers the benefits of low cost and low toxicity
when compared with traditional organic solvents.' Unfortunately, the Pt"-CH; product from the C-H
activation of methane is generally unstable in protic media.’ Protonation of the methyl Pt complex
results in breaking of the Pt-C bond liberating methane (Figure 2.1). Studies of protonolysis of
(tmeda)Pt"(CH;)CI found a step-wise mechanism in which the Pt" center is protonated forming the a
Pt" hydrido. Reductive coupling of the methyl and hydrido then forms a methane ¢ adduct which can
then liberate methane through exchange with the solvent.> A concerted mechanism that does not involve
a methane o adduct is suspected at Pt centers with lower electron density.*

Protonolysis of the Pt"-CH; can prevent the methyl group, produced from C-H activation of
methane, from being moved through the catalytic cycle. This reversibility of C-H activation of methane
requires that for an oxidant to be useful in a Shilov type system the oxidation must be fast enough to
capture the unstable Pt'"-CHj; and convert it to Pt"Y-CH;.” Due to the competition between oxidation and
protonolysis, finding a replacement for the platinum(IV) oxidant used in the Shilov system may in part
depend on the stability of the Pt"-CHs. This chapter describes the synthesis of NNO platinum(II) methyl
species and their stability to protonlysis in neutral and acidic water. Select properties of the platinum

products generated from protonlysis are also discussed.
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~ +H'_ ~N_e,-Cl ~S —Cl 2 NS —Cl
< Pt\ TH CN/Tt\CHs — G G
H CH;

Figure 2.1. Proposed mechanism for the protonolysis of a Pt"-CH; bond.

Results and Discussion

Platination of NNO and KNNO.

The acid form of the NNO (bis(3,5-dimethylpyrazol-1-yl)-acetic acid (2)) was prepared using a
previously reported method.® Combining 2 with [Pt(CH;),S(CHs),], in THF gave a mixture of C; and
C,-symmetric NNO platinum(IV) dimethyl hydrido isomers x’-NNOPt(CH3),H (3.4 and 3eq, Figure 2.2).
In the product mixture, the isomers were in a ca. 1:1 ratio but crystallization from CH,Cl,/pentane gives
3. almost exclusively by *H NMR spectroscopy. Complex 3., does not equilibrate to a mixture of

isomers when left at room temperature in THF-dg after 72 h.

O
_THE ( w=CHs (PN~ |\ ~CHs
s: :é + [Pt(CH3)2(S(CH3),)lo 5 °C N Pt\CH N Pt\H + 2 S(CH3),

|

| |
H CHs
3ax 3eq

Figure 2.2. Reaction of NNO acid with dimethyl platinum(II) source.

The hydride in the C,-symmetric isomer 3,y was observed in the 'H NMR spectrum (CD,CL,) as
a singlet at -23.74 ppm with '*°Pt satellites ('Jpry = 1557 Hz). The up-field shift and large coupling
constant are characteristic of Pt'" hydrides.” The two chemically equivalent equatorial methyl groups
bound to Pt were observed in the "H NMR spectrum as a singlet with a chemical shift of 1.10 ppm and
199pt satellites (“Jpen = 69 Hz) consistent with reported Pt'" methyls.® The four pyrazolyl bound methyl

groups appeared as two singlets at 2.25 and 2.42 ppm consistent with a C; symmetric complex.
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The hydride in the C;-symmetric isomer 3¢q Was observed in the "H NMR spectrum as a singlet
at -21.83 ppm with Pt satellites (lth_H = 1461 Hz). The Pt-CH3 groups in 3.q are not chemically
equivalent with chemical shifts of 1.26 ppm Coer = 75 Hz) and 1.29 ppm (*Jpen = 69 Hz) consistent
with reported Pt"-hydride and Pt"-methyl complexes.”® Also, the methyl groups on the pyrazole rings
resolved into three separate peaks (2.28 (3H), 2.33 (3H), 2.44 (6H) ppm) due to lower symmetry in 3.

The potassium salt of the NNO ligand (potassium bis(3,5-dimethylpyrazol-1-yl)-acetate (4))
formed cleanly from the addition of KH to a toluene solution of 2. The Pt" dimethyl complex K[k’
NNOPt(CHj3),] (5) was produced from the reaction of 4 with [PtMe,(SMe,)], in toluene (Figure 2.3).
Complex 5 was isolated and fully characterized by NMR spectroscopy, elemental analysis and X-ray
crystallography (ORTEP in Figure 2.4). As expected, the NNO ligand is bidentate coordinating through
the two pyrazolyls, while the carboxylate group is associated with the potassium counter ion rather than

the platinum center.

o 1K'

(o} CIK*
Toluene N\ /CH3
+ 1/2[Pt(CH3)2(S(CH3),)l2 ( Pt + S(CHg)2
?i :é R N \CHs

5

Figure 2.3. Reaction of NNO potassium salt with dimethyl platinum(II) source.
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Figure 2.4. ORTEP of S ellipsoids at the 50% probability level. Hydrogen atoms are excluded for
clarity. Selected bond distances (A) and angles (°): Pt1-C1 =2.032(13), Pt1-C2 = 2.041(15), PtI-N1 =
2.104(11), Pt1-N3 =2.118(13), C14-0O1 = 1.20(2), C14-02 = 1.27(2), C1-Pt1-C2 = 86.1(6), C1-Pt1-N1
=178.9(5), C2-PtI-N1 = 94.0(5), C2-Pt1-N3 = 175.0(5),N1-Pt1-N3 = 85.2(5), N3-Pt1-C1 = 94.7(5),
01-C14-02 =129.0(15)

Reactivity of NNO Platinum dimethyl compounds with H,O

Dissolution of 5 in H,O results in protonation of a platinum bound methyl group with release of
methane, thereby producing the monomethyl Pt" complex K[x*-NNOPt"(CH;)(OH)] (6, F igure 2.5). In
the product mixture, 6 is observed by 'H NMR spectroscopy with the Pt"-CH; at 0.70 ppm and
characteristic '*°Pt satellites (*/p.s = 81 Hz), along with free methane (0.15 ppm). The methyl groups in
NNO appear as four singlets (2.24, 2.27, 2.37, 2.39 ppm) consistent with C; symmetry. Similar
protonolysis reactions with other nitrogen ligated platinum(II) dimethyl complexes have been reported
in water and methanol.

o Sk o Ly
N CH H>,O N OH
~n, 3 2 ~n,
(N Pt — (N —pt + CH,

CHs

5 6

Figure 2.5. Protonolysis of Pt"-CH3 of 5 in H,0.
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When the protonolysis of 5 is performed in D,O the signals for the Pt-CHj3 group of 6 and free
methane are absent from the 'H NMR spectrum. When the reaction is performed in a 1:1 H,O:D,0
solution, the Pt-CH3 group in 6 and free methane are observed as a mix of isotopologues (Pt-CHj3.,D,
and CHy4.,D, respectively). This observation suggests that H/D scrambling into the Pt-CHj; group of 5
occurs and is followed by the slower loss of methane to result in production of 6 (Figure 2.6). Following
the findings of other related systems,” the mechanism for this reaction likely involves a methane o-
complex. A similar type of o-complex has been implicated in the C-H activation step in the Shilov

cycle.” No H/D scrambling was observed when the protio complex 6 was heated ( 60 °C) in D,O.

H/D scrambling into No incorporation of
Pt-CHj D into Pt'-CH5_,D,,
CH—IOD-
Pt”/CH3 —SP0 D20 Pt""/D ° - CHy.nDp, PtII/CHB-nDn +Dy0
""CH; ~ fast —/ slow 0D slow

H3C

Figure 2.6. Proposed mechanism of H/D scrambling into Pt-CHj groups during protonolysis of 5 in
D,0.

The Pt-CHj; of 6 is also susceptible to protonolysis but higher temperatures or a decrease in pH
are required. Addition of HBF,4 (100 mM) to dilute H,O solutions of 6 (2 mM) results in the production
of methane and k>-NNOPt"'L, (7, L = OH/H,O, Figure 2.7). The 'H NMR spectrum of the products of
protonolysis of 6 shows only the signals associated with the NNO ligand, shifted from the free ligand.
The NNOPt product possesses a Cs-symmetry (rather than the C;-symmetry of 6) resulting in its
identification as 7. Protonated complex 7 is also observed by ESI-MS at m/z of 478.4 (calcd. 478.11,
Figure 2.14) matching the expected isotopic pattern. Lastly, a signal at 0.14 ppm is consistent with free

methane.
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Figure 2.7. Protonolysis of Pt"-CHj3 of 6 in acidic solution.

Studies of more concentrated solutions of 7 revealed its ability to form two different dimers
depending on the pH of the solution. Under acidic conditions, heating a concentrated solution of 6 (40
mM) produced light yellow crystals that when examined by X-ray crystallography revealed a dimeric
species, 8, wherein the carboxylate bridges to a second Pt" center (Figure 2.7 and Figure 2.8). By 'H
NMR spectroscopy, the product solution contained both 7 and 8. The signals for 8 were consistent with
a Cr,-symmetric compound; all four methyl groups in NNO are chemically inequivalent (2.50, 2.47,

2.39, 2.03 ppm).

03’
4 G \
e ‘ ‘
VA N2 Y
VA A ptt’ )9
,O1'
O v N4 20

Figure 2.8. ORTEP of 8. Displacement ellipsoids shown at the 50% probability level. Hydrogen atoms
omitted for clarity. Selected bond distances (A) and angles (°): Pt1-O1 = 2.022(4), Pt1-O3 = 2.039(4),
Pt1-N2 =1.98951), Pt1-N4 = 1.964(5), O1-Pt1-O3 = 90.18(18), N2-Pt1-O3 = 93.7(2), N4-Pt1-O1 =
87.94(19), N4-Pt1-N2 = 88.3(2).
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Simultaneous observation of both 7 and 8 in solution prompted a temperature study to
investigate the possibility of an equilibrium between 7 and 8. The concentration of both 7 and 8 were
followed by '"H NMR spectroscopy from 60 — 100 °C. A Van’t Hoff analysis (Figure 2.9) showed that
the formation of 8 from 7 is entropically favored (AS = 3.0 £ 0.3 cal/(K*mol)) but enthalpically
disfavored (AH = 7.3 £ 1.2 kcal/mol). The favorable entropy for this dimerization reaction can be
explained by the generation of the two free water molecules that are liberated as two molecules of 7 are

converted to 8.

-6.00 -
y = 7.35E+03x - 2.85E+01
2 — -

6,50 - Rz =9.97E-01

-7.00 -
Vi -7.50 -
=4
@ -8.00 -

-8.50 A

_9.00 T T T T 1

0.0026 0.0027 0.0028 0.0029 0.003 0.0031
UT (K1)

Figure 2.9. Van’t Hoff plot for the formation of 8 from 7 in H,O. [7 + 8] = 6 mM, [HBF,4] = 100 mM.
The equilibrium between 7 and 8 was observed at T = 60, 70, 80, 90 and 100 °C.

The stability of 7 in alkaline solution was also studied. Addition of KOH (0.5 pL of 1M
solution) to an H,O solution of 7 (5.6 mM) giving a pH of 8 followed by heating at 100 °C resulted in
the precipitation of light yellow crystals (Figure 2.10). X-ray diffraction analysis of the crystals (Figure
2.11) identified the product as a hydroxo bridged NNO platinum dimer (9). Both platinum centers in 9

possess a square-planar geometry. Interestingly, the conformation of 9 in the crystal has both
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carboxylate arms on the same side above the plane containing platinum atoms and bridging hydroxides.
This conformation may result from the stabilizing influence of a hydrogen bonding network consisting

of the carboxylate arms and two water molecules.

(O- .
N p—OH _KOHH,0 5\ ,—O ”/@
NP OH, ~ogee Pt O/Pt N+ H2O

7

Figure 2.10. Monomer/dimer equilibrium in basic solution.

Figure 2.11. ORTEP of 9. Displacement ellipsoids shown at the 50% probability level. Hydrogen atoms
omitted for clarity. Selected bond distances (A) and angles (deg): Pt1-N1 = 1.997(4), Pt1-N3 = 1.998(4),
Pt1-O1 =2.034(3), Pt1-0O2 = 2.026(3), N1-Pt1-N3 = 88.73(17), N3-Pt1-O2 = 94.14(16), O2-Pt1-O1 =
81.56(15), N1-Pt1-O1 = 95.51(16), Pt1-O1-Ptl’ = 98.2(2), Pt1-O2-Pt1’ = 98.7(2).

When the formation of 9 from 7 was followed by '"H NMR spectroscopy, signals associated with
the NNO ligand in the monomer 7 (6.84, 6.13, 2.46, 2.34 ppm) decreased while signals attributed to 9
(6.69, 6.07, 2.41, 2.34 ppm) increased in intensity. Although there is a change in symmetry on
conversion from 7 (Cy) to 9 (C,,) in both cases the mirror plane between the pyrazolyl rings in the NNO
ligand result in two signals for the pyrazolyl bound methyl groups. After converting 7 to 9 the mixture

of aqueous and solid 9 in H,O was left at room temperature for four days with no production of 7. This
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may be due to the low solubility of 9 driving the equilibrium to 9. Addition of a HBF4 (pD =1.5) to a
mix of crystalline/aqueous 9 and heating at 100 °C results in slow dissolution of the solid and
transformation to 7/8 by "H NMR spectroscopy.

Similar to 5, the Pt'"" dimethyl hydride 3 also loses methane upon reaction with water.
Dissolving 3 in H,O and heating at 50 °C results in slow production of methane and protonated complex
6H" (Figure 2.12). Heating at higher temperatures (80 °C) for 24 hours results in complete conversion of
6H" giving 7 and more methane. Under similar conditions (80 °C for 24 hrs) only 20% of 6 (from 5 see
Figure 2.5) is lost to protonolysis. As 6H" can be considered the product of protonation of 6 more rapid

protonlysis of the Pt"-CH; observed is to be expected.

0 CHy
@I’Lt'(CHS —L» Pt —L» ( Pt
N""| T"CHs(H) H,0 N NG \OH
H(CH3) 2
3 6H* 7

Figure 2.12. Reaction of 3 with H,O.

Conclusions

Both the acid (2) and potassium salt (4) of the NNO ligand could be isolated. The product of the
reaction of NNO with [Pt(CH;3),S(CHs),]» is dependent on the protonation state of the NNO ligand.
When [Pt(CHj3),S(CHs),], is treated with the NNO acid (2), a dimethylhydrido platinum(IV) complex
(3) is formed. An octahedral coordination about the Pt" center is consistent with binding of the two
pyrazolyls and the carboxylate arm in a fac arrangement about the metal center. When
[Pt(CH3),S(CH3),], was treated with the potassium salt of NNO (4), a dimethyl platinum(II) complex
(5) is produced. The remaining sites in the square planar coordination of § are occupied by the two
pyrazolyls; the carboxylate arm of the NNO ligand is associated with the counter cation potassium

rather than platinum.
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Both (NNO)Pt'YMe,H (3) and KNNOPt"Me, (5) are stable in organic solvents at room
temperature. However, both complexes react with water to produce methane and monomethyl
platinum(IT) (6H" and 6 respectively). The deprotonated 6 is more thermally stable than 6H" but both
eventually lose a second equivalent of methane producing (NNO)Pt(L), (7, L= H,O, OH) at higher
temperatures. Complex 7 can also be generated from 6 by decreasing the pH of the solution through
addition of HBF4. The NNO platinum product 7 can dimerize to two different pH dependent products.
Under acidic conditions dimer 8 is formed through bridging NNO while the hydroxide bridged 9 is

produced in alkaline solutions (Figure 2.13).

o .
—~pt_ __Acidic _ N L Alkaline_ N o) N
Ho0 + 0.5 &‘ L B >Pt< ———= 05 (\ t'<O>Pt'<B + H0
—pt_

L

L = H,O/OH
7 9

Figure 2.13. pH dependent dimerization of 7.

As 6 can be considered the product of C-H activation of methane by 7 (see C-H activation,
Figure 1.2), the stability of the Pt"-CH; of 6 in solutions of varying alkalinity provides an opportunity to
examine the reactivity of this system in regards to Shilov type catalytic functionalization of methane.
The following chapter will explore the oxidation of the platinum center in 6 by dioxygen, a key step in
aerobic methane to methanol catalysis. The “demethylated” NNO platinum species 7 is observed as a
product of methyl transfer between two monomethyl Pt centers as well as a product of C-O coupling
from monomethyl platinum(IV). Both of these reactions are examined in subsequent chapters. As pH
dependent reactivity is an important focus in this work, most of the observed reactivity in the NNO
system was analyzed across the pH spectrum. Whenever 7 is a product of these reactions, the dimers 8

or 9 are often observed, when the conditions (concentration and pH) support their formation.
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Experimental

General Considerations

THF, diethyl ether, acetonitrile, and methylene chloride were dried by passage through activated
alumina while hexane, benzene, and toluene were dried by passage through activated alumina and Q5
reactant columns under argon. THF-dg was vacuum transferred from sodium/benzophenone ketyl. H,O,
D,0 and HBF4/H,0O were sparged with N, to remove dissolved O,. All other reagents and gases were
obtained from commercial vendors and used as received. NMR solvents were obtained from Cambridge
Isotope Laboratories. '"H NMR spectra were referenced to the residual protiated solvent signal or
dioxane internal standard when appropriate. °C NMR spectra were referenced to dioxane as an internal
standard. [Pt(CH;),(u-S(CHs),)]> was prepared from a previously reported method.'® KH was obtained
as a suspension in oil and was purified by washing with pentane. pH/pD measurements were obtained
using a Hach company ISFET pH Stainless Steel NMR Tube Probe calibrated using phosphate buffered
H,O solutions of pH 4, 7 and 10 from EMD Millipore. Readings from pH meter when the probe was in
D,0 solutions are reported as pD. Elemental analyses were performed by the CENTC Elemental
Analysis Facility at the University of Rochester.

Bis(3,5-dimethylpyrazol-1-yl)-acetic acid (2). The following is a modification of previously reported
methods.® A 500 mL 3-neck round-bottom flask was charged with bis(3,5-dimethyl-1-
pyrazolyl)methane® (4.47 g, 21.9 mmol) which was then dissolved in THF (250 mL). The colorless
solution was cooled to ca. -78 °C. 2.6 M n-Butyllithium (8.42 mL, 21.9 mmol) in hexanes was added
drop-wise. The resulting cloudy white mixture was stirred at -78 °C for 45 m. Dry CO, was bubbled
through the mixture giving a clear colorless solution. The solution was allowed to slowly warm to room
temperature with bubbling of CO, for 1 h. The solvent was removed under low pressure leaving a faint
yellow solid. The solid was dissolved in H,O (35 mL). 6M HCI was added until a pH of 7 was obtained.

The solution was washed with Et,O (2 x 150 mL), then 6M HCI was added to the aqueous solution until
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a pH of 1 was reached resulting in a white precipitate (2) that was collected on a frit. 2 remaining in the
filtrate was extracted with Et,O (6 x 150 mL). The Et,O was removed under vacuum giving a white
solid. The solid was dissolved in THF and dried over Na,SO, then the solvent was removed under low
pressure to give a white solid. The white solid was crystallized from hot acetonitrile. Yield: 2.62 g
(48%). "H NMR (300 MHz, CDCls, 298 K): & 2.15 (s, 6H, CH3), 2.21 (s, 6H, CH3), 5.87 (s, 2H, H;.),
6.80 (s, IH, CH).

K>-NNOPt"(CH3),H (3). A 100 mL round-bottom flask was charged with [Pt(CHz)»(u-S(CHs),)]2 (500
mg, 0.87 mmol) and 2 (433 mg, 1.74 mmol) to which 35 mL of dry THF was added. After 5 m the
solution became cloudy and the mixture was stirred for 24 h. A white precipitate formed upon addition
of 25 mL of pentane. The white solid collected contained a mix of complexes 3ax and 3eq (~5:1). Yield
68%. Crystallization from CH,Cl, gives mainly complex 3,y (~91%). 'H NMR spectral data for
complex 3. (300 MHz, CD,Cl,, 298 K): & -23.74 (s, 'Jpeu = 1557 Hz, 1H, Pt-H), 1.10 (s, “Jp.s= 69 Hz,
6H), 2.25 (s, 6H, CH3), 2.42 (s, 6H, CH3), 6.02 (s, 2H, H;,), 6.44 (s, 1H, CH). "H NMR spectral data for
complex 3¢q (300 MHz, CD,Cl, 298 K): & -21.83 (s, 'Jpi= 1461 Hz, 1H), 1.26 (s, *Jpoi= 75 Hz, 3H,
CHaax), 1.29 (s, “Jpei = 69 Hz, 3H, CHae), 2.28 (s, 3H, CH3), 2.33 (s, 3H, CH3), 2.44 (s, 6H, CH3), 6.03
(s, 2H, H,,), 6.42 (s, 1H, CH).

Potassium Bis(3,5-dimethylpyrazol-1-yl)-acetate (4). A 100 mL round-bottom flask was charged with
2 (0.5 g, 2.0 mmol) and 75 mL of air-free toluene. Then potassium hydride (ca. 1 mg, > 2 mmol) was
added to the solution and vigorous bubbling was observed. After ca. 20 m the solid was separated by
filtration and the solvent was removed in vacuo revealing a white solid. '"H NMR (500 MHz, CD;OD,
298 K): 6 =2.16 (s, 6H, CH3), 2.24 (s, 6H, CH3), 5.85 (s, 2H, H,,), 6.63 (s, 1H, CH).
Potassium-k’-NNOPt"(CH3), (5). A 100 mL round-bottom flask was charged with [Pt(CH;),(p-
S(CHs)2)]2 (0.694 g, 1.21 mmol), 4 (0.692 g, 2.42 mmol) and 10 mL of toluene. The light yellow

solution was stirred overnight giving a white precipitate. The precipitate was collected and washed with
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toluene. Yield: 0.801 g (65%). Crystals suitable for X-ray diffraction (see below) were grown from
methanol/diethyl ether at room temperature (~22 °C). 'H NMR (300 MHz, THF-ds, 298 K): & 0.35 (s,
2Jpi= 88 Hz, 6H, Pt-CH3), 2.19 (s, 6H, CH3), 2.24 (s, 6H, CH3), 5.78 (s, 2H, H,,), 6.27 (s, 1H, CH). 'H
NMR (500 MHz, CD,Cl,, 298 K): § 0.28 (s, 6H, Pt-CH3), 2.22 (s, 6H, CH3), 2.24 (s, 6H, CH3), 5.86 (s,
2H, Hy,), 6.18 (s, 1H, CH). ’C NMR (500 MHz, CD,Cl,, 298 K): § -21.95 (s, 'Jpr.c = 829 Hz, Pt-CH3),
11.91, 14.71, 69.17, 106.99, 140.70, 149.49, 168.84. Anal. Calcd for KC4H2N4O,Pt: C, 32.9; H, 4.1;
N, 11.0. Found: C, 33.8; H, 4.1; N, 10.7.

Potassium- k>-NNOPt"(CH;)OH (6). A 50 mL round bottom flask was charged with complex 5 (0.225
g, 0.44 mmol) and Nj-sparged H,O (ca. 5 mL). Bubbling was observed upon addition of H,O. The
solution was stirred for 24 h at 40 °C then filtered. The solvent was removed revealing a beige-colored
solid. Yield: 0.195 g (87 %). 'H NMR (300 MHz, D,0, 298 K): & 0.70 (s, *Jp.i; = 81 Hz, 3H, CH3), 2.24
(s, 3H, CHzy), 2.27 (s, 3H, CHz3), 2.37 (s, 3H, CH3), 2.39 (s, 3H, CH3), 6.05 (s, 1H, Hy,), 6.06 (s, 1H,
H,,), 6.45 (s, IH, CH). °C NMR (500 MHz, D,0, 298 K): 5 -21.85 (‘Jp.c = 757 Hz), 10.46, 10.99,
12.19, 13.89, 68.37, 106.85, 107.33, 142.31, 142.59, 150.75, 152.21, 169.84. Anal. Calcd for
KCi3H9N4O5Pt: C, 30.4; H, 3.7; N, 10.9. Found: C, 30.0; H, 3.59; N, 10.6.

k>-NNOPt"(OH), (7). Complex 6 (0.5 mg, 0.001 mmol) was dissolved in 0.5 mL N-sparged D,O
followed by addition of 50% HBF4/H,O (6 pL, 0.004 mmol) and 1,4 dioxane (0.1 pL, int. std.). The
reaction mixture was then transferred to a Teflon cap sealed NMR tube and heated at 80 °C for 3 h.
Yield: 97%. "H NMR (300 MHz, D,0, 298 K): & 2.33 (s, 6H, CH3), 2.41 (s, 6H, CH3), 6.07 (s, 2H, Hp,).
BC NMR (500 MHz, D,0, 298 K): & 10.76, 12.48, 69.06, 107.91, 145.76, 153.41, 167.62. ESI-MS
(HBF4+/H,0) Calculated for C;;H;oN4O4Pt: m/z = 478.11. Found: m/z = 478.2. Experimentally

determined and calculated isotopic patterns match (Figure 2.14).
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Figure 2.14. Experimentally determined and calculated isotopic pattern from ESI-MS analysis of 7.

Carboxylate arm bridged dimer [k>-NNOPt"(OH,)], (8). Complex 5 (100 mg, 0.195 mmol) was
dissolved in 5 mL Nj-sparged H,O and heated at 60 °C for 12 h. The solution was filtered, then
transferred to a Teflon cap sealed NMR tube and excess 50% HBF4+/H,O (1 mL, 7.97 mmol) was added.
The solution was heated at 90 °C for 1 h producing a white solid. The white solid was dissolved in
methanol. Crystals suitable for X-ray diffraction (see below) were grown from slow evaporation of the
solution. '"H NMR (500 MHz, D,0, 298 K): 6 2.03 (s, 6H, CHj3), 2.39 (s, 6H, CHj), 2.47 (s, 6H, CH3),
2.50 (s, 6H, CH3), 6.04 (s, 2H, Hy,), 6.19 (s, 2H, Hy,), 7.17 (s, 2H, CH).

Van’t Hoff studies of equilibrium between 7 and 8. A Teflon cap sealed NMR tube was charged with
an H,O solution of 6 (6 mM) and HBF4 (100 mM) with 1,4 dioxane (0.1 pL, int. std.). The sample was
heated at 110 °C for 48 h until 6 was no longer detectable by 'H NMR spectroscopy. The solution was

placed in a 100 °C bath for 48 h then examined by "H NMR spectroscopy. The [7] and [8] were
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determined using the integration of their respective methine signals in the NNO backbone (6.96 ppm
and 7.24 ppm). This procedure was repeated at 90, 80, 70 and 60 °C.

Hydroxo bridged dimer [k’>-NNOPt"(OH)], (9). A Teflon cap sealed NMR tube was charged with 6
(4.5 mg, 0.009 mmol), 1.0 M KOH (30 pL, 0.03 mmol), 1,4 dioxane (0.1 puL, int. std.) and D,O (0.5
mL). The solution was heated at 100 °C for 3 h producing light yellow crystals suitable for X-ray
diffraction (see below) which were washed in 0 °C H,O. '"H NMR (300 MHz, D,0, 298 K): 6 2.35 (s,
12H, CH3), 2.42 (s, 12H, CH3), 6.07 (s, 4H, Hy,), 6.71 (s, 2H, CH).

Crystallographic characterization of compound 5

A small colorless block, measuring 0.17 x 0.15 x 0.07 mm’ was mounted on a glass capillary
with oil. Data was collected at -173°C on a Bruker APEX II single crystal X-ray diffractometer, Mo-
radiation. Crystal-to-detector distance was 40 mm and exposure time was 30 seconds per degree for all
sets. The scan width was 0.5°. Data collection was 99.8% complete to 25° in 9. A total of 210790
(merged) reflections were collected covering the indices, h = -20 to 20, k = -33 to 33, 1 = -30 to 37.
26206 reflections were symmetry independent and the R, = 0.1192 indicated that the data was slightly
of less than average quality (0.07). Indexing and unit cell refinement indicated a primitive monoclinic
lattice. The space group was found to be P 2,/c (No.14). The data was integrated and scaled using
SAINT, SADABS within the APEX2 software package by Bruker."'

Solution by direct methods (SHELXS, SIR97'?) produced a complete heavy atom phasing model
consistent with the proposed structure. The structure was completed by difference Fourier synthesis with
SHELXL97."*!'* Scattering factors are from Waasmair and Kirfel'>. Hydrogen atoms were placed in
geometrically idealized positions and constrained to ride on their parent atoms with C---H distances in
the range 0.95-1.00 Angstrom. Isotropic thermal parameters U.q were fixed such that they were 1.2 Ugq
of their parent atom Ueq for CH's and 1.5 Ugq of their parent atom Ugq in case of methyl groups. All

non-hydrogen atoms were refined anisotropically by full-matrix least-squares.
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Table 2.1. Crystallographic data for 5.

Parameter

5

Empirical formula

C100 H158 K6 N24 O16 Pt6

Formula weight

3357.64

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P12l/cl

Unit cell dimensions a=16.1160(4) A
o= 90°.

b = 26.5699(6) A
B= 96.6080(10)°.
¢ = 29.9824(6) A

v =90°.
Volume 12753.2(5) A3
Z 4
Density (calculated) 1.749 Mg/m3
Absorption coefficient 6.817 mm-
F(000) 6544
Crystal size 0.17 x 0.15 x 0.07 mm3
Theta range for data collection 1.92 to 26.48°.

Index ranges

-20<=h<=20, -33<=k<=33,
30<=I<=37

Reflections collected

210790

Independent reflections

26206 [R(int) = 0.1192]

Completeness to theta = 25.00°

99.8 %

Max. and min. transmission 0.6469 and 0.3903
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 26206 / 204 / 1450
Goodness-of-fit on F2 1.070

Final R indices [1>2sigma(l)]

R1=0.0739, wR2 = 0.1429

R indices (all data)

R1=0.1457, wR2 = 0.1760

Largest diff. peak and hole

3.439 and -2.648 e. A3
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Crystallographic characterization of compound 8
A colorless prism, measuring 0.21 x 0.16 x 0.09 mm® was mounted on a glass capillary with oil. Data
was collected at -173°C on a Bruker APEX II single crystal X-ray diffractometer, Mo-radiation.

Crystal-to-detector distance was 40 mm and exposure time was 10 seconds per degree for all
sets. The scan width was 0.5°. Data collection was 99.1% complete to 25° in 9. A total of 69123
(merged) reflections were collected covering the indices, h=-32t0 32, k=-11to 11,1=-29 to 29. 5420
reflections were symmetry independent and the R,y = 0.0617 indicated that the data was good (average
quality 0.07). Indexing and unit cell refinement indicated a C-centered monoclinic lattice. The space
group was found to be C 2/c (No.15). The data was integrated and scaled using SAINT, SADABS
within the APEX2 software package by Bruker.''

Solution by direct methods (SHELXS, SIR97'%) produced a complete heavy atom phasing model
consistent with the proposed structure. The structure was completed by difference Fourier synthesis with
SHELXL97."*!'* Scattering factors are from Waasmair and Kirfel'>. Hydrogen atoms were placed in
geometrically idealized positions and constrained to ride on their parent atoms with C---H distances in
the range 0.95-1.00 Angstrom. Isotropic thermal parameters U.q were fixed such that they were 1.2 Ugq
of their parent atom Ueq for CH's and 1.5 Ugq of their parent atom Ugq in case of methyl groups. All
non-hydrogen atoms were refined anisotropically by full-matrix least-squares. The dimer is 2" charged
and accompanied by two BF4 anions which are bridged by water molecules. O3 hydrogen bonds to O;
of the symmetry related half of the dimer which has C, symmetry. The fluorines of BF4 are disordered

at a ratio of 60% to 40%.

Table 2.2. Crystallographic data for 8.

Parameter 8
Empirical formula C24 H36 B2 F8 N8 O8 Pt2
Formula weight 1128.41
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Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=22.9540(17) A
a=90°.

b =8.2221(5) A
B= 113.264(7)°.
c = 20.5433(16) A

y = 90°.
Volume 3561.9(4) A3
y 4
Density (calculated) 2.104 Mg/m3
Absorption coefficient 7.944 mm+!
F(000) 2152
Crystal size 0.21 x 0.16 x 0.09 mm3

Theta range for data collection

2.16 to 30.63°.

Index ranges

-32<=h<=32, -11<=k<=11,
29<=I<=29

Reflections collected 69123

Independent reflections 5420 [R(int) = 0.0617]
Completeness to theta = 25.00° | 99.1 %

Max. and min. transmission 0.5350 and 0.2862

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

5420/0/277

Goodness-of-fit on F2

1.193

Final R indices [1>2sigma(l)]

R1=0.0391, wR2 = 0.0732

R indices (all data)

R1=0.0622, wR2 = 0.0887

Largest diff. peak and hole

3.554 and -3.227 e. A=

Crystallographic characterization of compound 9
A colorless plate, measuring 0.16 x 0.15 x 0.02 mm’ was mounted on a glass capillary with oil. Data

was collected at -173°C on a Bruker APEX II single crystal X-ray diffractometer, Mo-radiation.
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Crystal-to-detector distance was 40 mm and exposure time was 10 seconds per degree for all
sets. The scan width was 0.5°. Data collection was 100% complete to 25° in 3. A total of 25138
(merged) reflections were collected covering the indices, h = -18 to 29, k = -19 to 21, 1 = -11 to 11.
3961 reflections were symmetry independent and the Ri; = 0.0386 indicated that the data was good
(average quality 0.07). Indexing and unit cell refinement indicated an orthorhombic P lattice. The space
group was found to be P n m a (No.62).

The data was integrated and scaled using SAINT, SADABS within the APEX2 software package
by Bruker.'' Solution by direct methods (SHELXS, SIR97'%) produced a complete heavy atom phasing
model consistent with the proposed structure. The structure was completed by difference Fourier
synthesis with SHELXL97.">!* Scattering factors are from Waasmair and Kirfel'>. Hydrogen atoms
were placed in geometrically idealized positions and constrained to ride on their parent atoms with C---
H distances in the range 0.95-1.00 Angstrom. Isotropic thermal parameters Uy were fixed such that they
were 1.2 Ugq of their parent atom Ueq for CH's and 1.5 U, of their parent atom U, in case of methyl
groups. All non-hydrogen atoms were refined anisotropically by full-matrix least-squares. The dimer
exhibits a closely linked network of the carboxyl oxygens, the two bridging hydroxys and two waters.

The resulting dimer molecule thus is almost of C,, (mm2) symmetry.

Table 2.3. Crystallographic data for 9.

Parameter 9

Empirical formula C24 H36 N8 O8 Pt2
Formula weight 954.79

Temperature 100(2) K
Wavelength 0.71073 A

Crystal system Orthorhombic
Space group Pnma
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Unit cell dimensions a=21.9819(4) A

b = 16.4596(3) A

¢ =8.5220(2) A
Volume 3083.37(11) As
yA 4
Density (calculated) 2.057 Mg/m3
Absorption coefficient 9.122 mm-!
F(000) 1824
Crystal size 0.16 x 0.15 x 0.02 mm3
Theta range for data collection 1.85 to 28.29°.
Index ranges -18<=h<=29, -19<=k<=21, -11<=I<=11
Reflections collected 25138
Independent reflections 3961 [R(int) = 0.0386]
Completeness to theta = 25.00° 100.0 %
Max. and min. transmission 0.8386 and 0.3231
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3961 /0/ 200
Goodness-of-fit on F2 1.000
Final R indices [I>2sigma(l)] R1=0.0286, wR2 = 0.0741
R indices (all data) R1=0.0359, wR2 = 0.0800
Largest diff. peak and hole 2.116 and -1.098 e A
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Chapter 3 : Aerobic oxidation of monomethyl platinum(ll) to
monomethyl platinum(IV) in competition with methyl group transfer to
form dimethyl platinum(1V)

Introduction

Pt"-CH; complexes, generated from methane, are key proposed intermediates in both the Shilov
methane oxidation system' and in the Catalytica Pt methane oxidation system (Figure 1.2).2 In both
systems, it is proposed that Pt"-CH; species are oxidized to form Pt"Y-CHj species using Pt'" as the
oxidant. Ideally, oxygen could replace Pt'"" as the oxidant and this concept has inspired investigations of
the reactions of Pt"-CH; complexes with molecular oxygen.>* In studies of model Pt" complexes with
bpy and diimine ligands, Labinger, Bercaw, and Goldberg were able to demonstrate oxidation of
dimethyl Pt" to dimethyl Pt" complexes in methanol using molecular oxygen (Figure 1.4a).*® However,
subsequent work by Labinger and Bercaw showed that monomethyl Pt" complexes, the type of species
that would be generated by activation of methane at a Pt" center, were significantly more difficult to
oxidize (Figure 1.4 b and c).”* Vedernikov addressed this challenge by incorporating a facially
coordinating ligand that promoted aerobic oxidation of the monomethyl Pt" to monomethyl Pt'"" (Figure
1.9).%°

Herein, we describe aqueous aerobic oxidation of a monomethyl Pt" system with a facially
coordinating ligand that incorporates a hemilabile carboxylate arm (1, Figure 1.10). In addition to direct
oxidation to form a monomethyl Pt" complex, a rare competitive oxidative methyl transfer reaction to
form a dimethyl Pt" complex was observed. Further, it was demonstrated that the oxidation reaction

conditions can be modified to favor one Pt" product over the other.
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Results and Discussion

Dissolution of isolated monomethyl Pt" complexes 6 (4 mM) in D,O resulted in a significantly
alkaline solution (pD = 10). This is attributed to a small degree of protonation of 6, presumably at the
hydroxide position, to generate 6D" and KOD as (Figure 3.1). A pK, value of 8.5 (0.2) was measured

for 6D" (Figure 3.2). Complex 6/6D° was stable in D,O under anaerobic conditions at room

temperature.
oo " .
N—__,—OD D20 5\ 0D,
Pt” . P Il
6 6D*
Figure 3.1. Production of KOD from 6 in D,O.
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Figure 3.2. a) Titration of 6 with 50mM H,SO,. b) Titration of 6D with 50 mM KOD.

Upon exposure to air, a slow reaction (5% conversion of 6 after 3 hours) was observed by 'H
NMR spectroscopy. Under higher O, pressure (8.2 atm), evidence of reaction of 6 with O, was observed
by "H NMR spectroscopy within minutes at room temperature. The reaction slowed considerably over

time with full conversion of 6 (95%) requiring approximately 2 weeks (Table 3.1: Entry 1). The
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expected product based on previously reported acrobic oxidations of Pt" monomethyl and dimethyl
complexes,3’4 K3-NNOPtIV(CH3)(OH)2 (10), was identified as the major product of the reaction (89%,
Figure 3.3). Complex 10 exhibits a Pt"'-CHj signal in the '"H NMR spectrum at 2.48 ppm Coen = 72.4
Hz). Four singlets corresponding to the methyl groups on the pyrazolyl of NNO (2.53, 2.50, 2.42 and
2.41 ppm) are indicative of a C;-symmetric structure (Figure 3.3). During the reaction of 6 with O, the
pD of the solution increased from 10 — 12. The increase in alkalinity is consistent with the

stoichiometric production of KOD with each equivalent of 10 that is generated.

é/’o 1K 8.2 atm. O, ? ? o
N—__,,—OD T =220°C 6?;::IV/OD 6?1::|V/OD N—__,—OD
N— Tt ~cH, N oH, * KOP N e, * P ~0p,

D,O
oD CH3
6 10 (89%) 11 (3%) 7 (3%)

Figure 3.3. Reaction of 6 with dioxygen.

An independent synthesis of complex 10 was achieved by oxidation of 6 with H,O,. The "
NMR spectrum of the product of the H,O, reaction was identical to 10 produced during the reaction of 6
with O,. Crystals of 10 grown from slow evaporation of H,O were used for characterization of 10 by X-
ray diffraction (Figure 3.4). Octahedral coordination about the platinum center was confirmed with the
carboxylate arm of the NNO ligand attached to the metal (Pt-O bond distance of 2.0706(12) A). The Pt-
CHs; group resides trans to one of the pyrazolyls of NNO ligand consistent with the C;-symmetry noted
in the solution characterization. The two hydroxide ligands are inequivalent with one trans to the
coordinated carboxylate having a shorter Pt-OH bond length (1.9587(12) A) relative to the Pt-OH bond

observed for the hydroxide trans to a pyrazolyl moiety (1.9806(12) A).
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Figure 3.4. ORTEP of 10. Displacement ellipsoids at the 50% probability level. Hydrogen atoms are
excluded for clarity. Selected bond distances (A) and angles (°): Pt1-C1 =2.0301(16), Pt1-O1 =
1.9806(12), Pt1-O2 =2.0706(12), Pt1-O4 = 1.9587(12), Pt1-N1 = 2.0353(13), Pt1-N3 = 2.1759(13),
02-C3 =1.2268(19), 0O3-C3 = 1.2894(18), N3-Pt1-O1 = 92.20(5), C1-Pt1-N1 = 93.55(6), C1-Pt1-O1 =
89.02(6), C1-Pt1-0O2 = 90.00(6), O4-Pt1-C1 =91.39(6), O2-C3-03 = 124.88(15), N1-N3-Ptl =
85.30(5).

Along with 10, the aqueous reaction of 6 and dioxygen produced two minor Pt species that were
observed by "H NMR spectroscopy. These minor products, identified as k’-NNOPt" (CHz),(OD) (11)
(3%) and k*-NNOPt'(OD)(D,0) (7) (3%), were confirmed by independent synthesis. The dimethyl pt"
11 was prepared by the addition of Mel to 6. Complex 11 is distinguished by singlets for two
inequivalent Pt"-CH; groups (2.01 and 1.75 ppm, 1:1 ratio) with '*’Pt satellites (77.1 and 69.8 Hz,
respectively). The solid-state structure of 11 was determined by X-ray crystallography (Figure 3.5). An
octahedral geometry about the platinum(IV) with coordination of the carboxylate group is evident. The
two platinum-bound methyl groups, one trans to the carboxylate arm and the other trans to a pyrazolyl

from the NNO ligand have similar Pt-C bond lengths (2.0310(18) and 2.0368(18) A, respectively).
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Figure 3.5. ORTEP of 11. Displacement ellipsoids at the 50% probability level. Hydrogen atoms are
excluded for clarity. Selected bond distances (A) and angles (°): Pt1-C1 =2.0310(18), Pt1-C2 =
2.0368(18), Pt1-O1 =2.1766(13), Pt1-O3 = 1.9828(13), Pt1-N1 = 2.0488(14), Pt1-N3 = 2.1597(15),
01-C14 =1.278(2), 02-C14 = 1.231(2), N3-Pt1-O3 = 89.90(6), O1-Pt1-O3 = 90.00(6), O1-Pt1-C2 =
90.91(7), 02-C14-0O1 = 125.87(17), O3-Pt1-C2 = 89.51(7), C1-Pt1-C2 = 91.24(8), C2-Pt1-N1 =
93.70(7).

The second minor product, identified as >-NNOPt"(OD)(D,0) (7), notably has no Pt-CH;
groups. The identical yields of 7 (3%) and 11 (3%) are likely a consequence of the methyl transfer as for
each dimethyl complex 11 produced an equivalent of “demethylated” NNOPt must be formed. Complex
7 was observed in the '"H NMR spectrum by a singlet at 6.07 ppm for the two aromatic hydrogens and
two singlets at 2.41 and 2.33 ppm for the four pyrazolyl bound methyl groups suggesting a Ci-
symmetric species. Independent synthesis of 7 was performed by the addition of excess HBF4 to a
solution of 5 resulting in protonolysis of the remaining Pt-CH; group as methane (Figure 2.7). The 'H
NMR signals of independently synthesized 7 matched those attributed to the product from the reaction
of 6 with O,.

There have only been a small number of reported aerobic oxidations of monomethyl or dimethyl

Pt species to produce their corresponding monomethyl or dimethyl Pt" respectively, and mechanistic

understanding of this reaction class is still emerging.** Notably, previous studies by Labinger, Bercaw
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and coworkers determined that the oxidation of L,Pt"(CHs), (L, = a-diimine) with oxygen in methanol
to form LthIVMez(OH)(OCH3) was first-order in both [O;] and [L2PtH(CH3)2] but zero order in [H+]
(Figure 3.6). ®® Furthermore, a Pt"" hydroperoxide intermediate was observed which can then react with
the Pt" dimethyl starting material to form two equivalents of the dimethyl hydroxide product (ks, Figure
3.6). A slower competitive disproportionation of the hydroperoxide complex to form the same

hydroxide product was also proposed (k», Figure 3.6).

N/|t\CH
O\
0 <|JCH3
N _CH OCH
N CH © CHsQH CN>PtIV\CH3 N jCH
C >pti 23 N, or WL | 3 CN> tIV\CH3 +1/, 0,
N CH3 k1 K-y k2 |
CE>F|’t'V\/8H3 OCHj
| / | k3 > 2 CN>P I(CHS
N CH

CN\Pt”/CH3
N~ "~T"CH,

Figure 3.6. Mechanism for the aerobic oxidation of L,Pt"(CHs), determined by Labinger and Bercaw.*

In buffered alkaline solutions (pD = 11, Table 3.1: Entries 6 and 7), the reaction of 6 with O,
showed first-order kinetic behavior with respect to [6] (Figure 3.7). The reaction was also found to be
first-order in [O,]; kobs increased from 8.0 (0.1) x 107 s™ at 4.1 atm of O, to 1.6 (0.2) x 10 s™ at 8.2
atm of O,. There was no significant change in the product distribution with the change in oxygen
pressure. With a significantly lower pressure of O, (2.1 atm), a slightly higher yield of 10 (71%) and
lower yield of 11, 7 and 8 (14, 7 and 6% respectively) was noted. An oxidation reaction that is first-
order in monomethyl Pt" and O, is consistent with the mechanism determined by Labinger and Bercaw

(Figure 3.6).
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Figure 3.7. 1% order plot of the reaction of 6 with O, at various pressures of O.

At elevated pD (> 11) or temperature (> 80 °C) a new NNO product was observed in the 'H
NMR spectrum of the products with signals at 6.32 and 2.57 ppm consistent with the platinum(IV)
complex, >-NNOPt'"Y(OD); (12). Complex 12 was independently synthesized from the addition of
H,0, to 7 (Figure 3.8). Complex 7 is likely the source of 12 as the sum of the concentration of 7 and 12
was consistently equal to the concentration of 11 (Table 3.1: Entries 3, 4, 7 and 8). The relationship to
production of 12 with pD and temperature may simply be that high pD and temperature enhance methyl

transfer and therefore the [7].

o K c|>
N OH N _OH
(\ prt” O 02 (T =Py 4 oH
N

e N H-,O N | \OH
H 2
© OH
7 12

Figure 3.8. Independent synthesis of 12.

Continued heating of the product mixture from the reaction of 6 with O, for 24 h after complete

conversion of 6 had no effect on the ratio of 7:12. Conversely, addition of H,O, to the products resulted
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in rapid conversion of 7 to 12. The formation of 12 under the reaction conditions appears to indicate that
a stronger oxidant than O; is produced during the reaction of 6 with O, and it is this oxidant that is
capable of oxidizing 7. A Pt methyl hydroperoxide (I, Figure 3.9) similar to the intermediate
described by Labinger and Bercaw seems most likely (Figure 3.6).°® A Pt" methyl hydroperoxide was
not observed by "H NMR spectroscopy but this is not surprising as the concentration of the intermediate
is likely very low. Also, when the hydroperoxide is deuterated, the intermediate would be nearly
identical to the hydroxide product 10.*°° Finally, the monomethyl hydroxide Pt'"¥ (10) produced when 7
is oxidized by the mono methyl hydroperoxide Pt' is indistinguishable from the product of oxidation of

6 (Figure 3.9).

pl W A 7 7
N OH N OH N OH N OH
Spll” ~piv~ ~pyv~ ~piv~
N Non TSN CH, TR0 SN on TN gt KOA
OOH OH OH
7 Iy 12 10

Figure 3.9. Proposed in situ synthesis of 12.

Having identified the products and a likely intermediate of the reaction of 6 and O, the effect of
pD on the product distribution was examined. Increasing the alkalinity of the solution through the
addition of KOH (4 mM) resulted in increased methyl transfer to produce a 23% yield of the Pt"
dimethyl product 11 (Table 3.1: Entry 4). Thus, under these conditions, almost 50% of 6 undergoes
methyl transfer. The addition of KOH also slowed the reaction as seen by the first half-life more than
doubling relative to the reaction without added KOH (Table 3.1: Entries 3 and 4). This inhibition of the
reaction by hydroxide is also consistent with the slowing of the reaction that is observed as KOD is

produced in the reaction of 6 with O, to form 10 (see above).
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Table 3.1. Effects of temperature, alkalinity and pressure of O, on the rate and product distribution of
the reaction of 6 with O, ([6] =4 mM, added 4 mM KOH, TH3PO4/H3B03/KOH buffered,
*H;BO3/KOH buffered).

Temp. pO, 1* half-life  Conv. of 6 Yield (%)
Entry  ory pD (atm) (hr) (%) 0 11 7 12
1 %) i 3.2 30 95 8 3 3 0
2 40 i 8.2 14 99 8 6 5 0
3 80 i 8.2 | 99 72 12 9 4
4 80 - 8.2 2.4 08 5123 16 7
5 80 6.5' 3.4 0.29 98 91 2 3 0
6 80 8.6" 34 0.067 99 95 2 2 0
7 80 11.2° 8.2 12 99 62 17 9 8
8 80 11.2° 4.1 2.4 08 63 16 10 6

The oxidative methyl transfer reaction has less precedent than the direct oxidation of Pt"-CHj
with oxygen.*™ Notably, no reaction was observed between the monomethyl Pt" starting material 6 and
the monomethyl Pt" product 10 under anaerobic conditions that were otherwise optimized for methyl
transfer (80 °C, 4 mM added KOH). This lack of reactivity eliminated 10 as the source of the additional
methyl group in 11. However, it has been shown that for efficient nucleophilic attack on a Pt" methyl
group, an open site or good leaving group in the trans position is required.’

While it did not prove possible to isolate the isomer of 10 in which the methyl bound to platinum
is trans to the carboxylate arm, the dimethyl 11 does contain such a methyl group. Thus, to observe the
potential reactivity between 6 and a Pt'-CH; with the methyl group trans to the hemilabile carboxylate
arm isotopically labelled 6-ds (Deuterium in Pt-CDs, Pt-OD and methine (R3C-D in NNO) was heated
with 11 under anaerobic conditions optimized for methyl transfer (80 °C, 4 mM added KOH, Figure
3.10). After 1.5 hours the Pt"-CHj signal (8 = 0.69 ppm) associated with 6 appeared supporting the
production of 6 (6.6 umol) due to the conversion of 19% of 6-ds to 6. A closely matching decrease
(8.5%) of the integration of the two Pt -CHj signals (5 = 1.75 and 1.99 ppm) associated with 11 was

observed. The ratio of [6 + 6-ds]:[11 + 11-ds] was unchanged based on a comparison of the aromatic
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protons in the NNO ligand. The increase in the [6] slowed until after 15 h the [6] (7.7 mM) made up
50% of [6 + 6-ds] (15.7 mM). Interestingly, the integration of the two Pt"-CHj groups in 11/11-d;
remained nearly 1:1 through the reaction supporting a faster rate of isomerization of 11 than the rate of
methyl transfer. While the possibility of methyl transfer of the equatorial Pt'"'-CHj in 11 cannot be ruled
out the lack of reactivity between 6 and 10 (see above) as well as Vedernikov’s finding that methyl
transfer from CS-NNOPtW(CH3)(OH)2 i1s much faster than transfer from C 1-NNOPtW(CH3)(OH)2

support more facile methyl transfer when the Pt'V-CHj is trans to a good leaving group.*

(o L cl) T=80C o] L 0
N _0oD D,0 N | oD
N— "t ~cp, N7 | TCH; 4mMKOD N—Pt—cy, N/F|)t\CD3(CH3)
CHj air-free CH,(CD3)
6-ds 11-d, 6-d, 11-ds
Figure 3.10. Methyl group transfer from 11 to 6.

Based on the similarity of the observed oxidation reaction with that reported by Labinger and
Bercaw along with the apparent need for a Pt"Y-CHj trans to a good leaving group to perform methyl
transfer we propose a competitive oxidation/oxidative methyl transfer mechanism that incorporates both
pathways (Figure 3.11). A first-order dependence on [6] and on [O,] (second-order overall) is consistent
with an initial rate determining reaction of 6 with dioxygen to produce I, (k;, Figure 3.11). The
similarity in the product ratios of [10]/[11] (and thus the rates of formation) when the pressure of
oxygen is doubled is suggestive of a shared initial reaction path for the two types of Pt products, albeit
two separate paths cannot be ruled out.””® Reaction of I, with a second equivalent of 6 is proposed to
lead to two equivalents of 10 (k,, Figure 3.11). Again, this mechanism is analogous to that suggested by
Labinger and Bercaw for their Pt"-(CHs), oxidation.*® To enable efficient methyl group transfer, we
propose that I isomerizes to I which then reacts with 6 to produce 11. The position of the CH; group

trans to the carboxylate moiety (a competent leaving group) in I, should facilitate the nucleophilic

41



da.c

attack by 6 leading to methyl transfer.”" The difference in the propensity of I; versus 10 to undergo
isomerization may be attributed to the greater trans influence of OOH versus OH which may ease access

. . . 4
to a 5 coordinate intermediate.*”

o K Q 6/D,0 Q
KOD KOD
N _op 92P0 N—| ,~oD 9D Nl ,-OD
=Pt e A N—Ft~cH 2N~ ~cH
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Figure 3.11. Proposed mechanism for the reaction of 6 with O, in alkaline solutions.

As stated above, methyl transfer becomes more competitive with oxidation with increasing pD.
In our proposed mechanism partitioning between oxidation and methyl transfer occurs wherein I; reacts
with 6 or undergoes isomerization to I,. Notably, the rate of isomerization of I is expected to positively
correlate with pD; in the related dpms system Vedernikov found that isomerization of monomethyl Pt'"
hydroxide was considerably faster at higher pH (more details on pH-dependent isomerization of
NNOPt"CH;3(OH), in Chapter 4).** An increase in the rate of isomerization of I; with increasing pD can
explain the more significant contribution of the methyl transfer pathway at high pD.

The effect of pD on the reaction rate of NNOPt"(CH3)L (L = H,O/OH") with O, was also
examined. At low pD (6.5) when nearly all of NNOPt"(CH3)L is in the 6D form (Table 3.2) the
reaction is 1** order in 6D" (kobs = 7.3 (0.4) x 107 57, Figure 3.12). At high pD (11.2) when 6 is the
major species the reaction is also 1% order in 6 (kobs = 8.2 (0.1) x 107 s, Figure 3.7). At pD = 8.6 (ca.

the pK, of 6D") excellent fit to 1*-order in [6/6D'] was observed through the first two half-lives with a
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significantly faster kops = 2.6 (0.4) x 10* s (Figure 3.13a). However, slowing was observed during the
3" half-life and may be due to the slower k; step becoming the rate-determining step for oxidation at

very low [6] (Figure 3.13b).*
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Figure 3.12. First and second-order plots of the reaction of 6 with O, at pD = 6.5 ([6]init = 4 MM, pO, =
3.4 atm, T =80 °C).
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Figure 3.13. First and second-order plots of the reaction of 6 with O, at pD = 8.5 (data through the 2"
half-life, [6]init = 4 MM, pO, = 3.4 atm, T = 80 °C): a) Data through the 2" half-life. b) Data through the
3" half-life.

Based on the 1% half-life (Table 3.2) the reaction rate increases as the pD of the solution
approaches the pKa of 6D". A similar peak in the reaction rate with respect to pH was observed in the
Vedernikov dpms system.*” The increase in the rate of the reaction with increasing pD at pD values
lower than the pK, is consistent with a faster reaction of 6 with O, relative to the reaction of 6D with

O,. A similar explanation was offered by Vedernikov with respect to the relative reactivity of the dpms

44



hydroxide and aquo complexes.”® As shown in Figure 3.11, we propose that reaction of 6/6D" and
dioxygen forms a hydroperoxo intermediate I; that decomposes by competing oxidation and methyl
transfer pathways. Notably, to form the hydroperoxo intermediate I; from 6 and O,, a proton is also

needed, presenting an explanation for the observed decrease in reaction rate at high pD.

Table 3.2. Effects of pD on the ratio of 6 to 6D" based on pK, = 8.6. ([6+ 6D'] =4 mM,
"H;PO,/H;BO3/KOH buffered, *H;BO3/KOH buffered).

Initial (%) pO; 1* half-life

pD

6 6D (atm) (hr)
6.5 1 99 3.4 0.29
86" 52 48 3.4 0.067
11.2* 99 <1 8.2 1.2

In addition to the reaction of I; with 6 and/or 6D", I can also react with the bis-hydroxo pt!
product 7 to generate the Pt'"" product 12 (Figure 3.9). This reaction between 7 and I; should impose a
limit on methyl transfer as 7 can compete with methyl transfer for reaction with I resulting in the
oxidation product (Figure 3.14). In terms of the effect on the product distribution, increasing the [7]
would be similar to increasing the [6] (see below) which results in an increase in oxidation relative to
methyl transfer. This would explain why increasing [KOH] above 4 mM had little effect on the
production of the methyl transfer product 11. At 8 and 200 mM [KOH] the yield of 11 was 47 and 49%
respectively similar to the 50% yield at [KOH] of 4 mM. In the Vedernikov system where oxidation of
the demethylated product of methyl transfer is not oxidized the dimethyl Pt" methyl transfer product

reached as high as 70% at pH = 14.%

" o AL | 1
N oD N—_l ,~CHs; D,O N-_ | ,~CHs N-_l ,-OD
Nl v 3 2 v \Y
{N/Pt\OD + N/Tt\OD —> N/Tt\OD + N/Fl’t\OD + KOD
OOoD oD oD
7 Iy 10 12

Figure 3.14. Proposed Oxidation of 7 by intermediate I; generated from the reaction of 6 and O,.
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Modification of the temperature of the reaction between 6 and dioxygen was also investigated.
As the temperature was raised, reaction times decreased as expected, but an increase in the proportion of
the methyl transfer product 11 relative to the oxidation product 10 was also observed. At 80 °C, the
reaction was complete within 24 hours, and 11 accounted for 12% of the Pt containing product (Table
3.1: Entry 3) compared with a lower yield of 11 at 22 °C (3%, Table 3.1: Entry 1). The use of higher
temperatures (> 80 °C) resulted in decomposition of the Pt product 10 to methanol and 7 (more details
in Chapter 4) and thus, further studies were limited to 80°C.

As outlined in our proposed mechanism the competition for I; determines the products. The two
different paths, either associative reaction between 7 and I; or isomerization of I (likely through
dissociation of the carboxylate hemilabile arm) should have considerable differences in AS*. The
associative reaction would likely have AS* < 0 which would inhibit the reaction at higher temperature.
Comparatively, “dissociative” isomerization which likely has a near zero contribution from AS* thereby
conserving any temperature related increase in rate. The differential response to increasing temperature
would result in an increase in the methyl transfer relative to oxidation at higher temperature as observed.
Unfortunately, activation parameters determined from the change in the [6] would only provide
information on the initial reaction of 6 with O, to form I;.

Following the formation of the oxidation product 10 and the methyl transfer product 11 could
provide useful activation parameters however the ratio of 10:11 changes over the course of the reaction
(Figure 3.15). As described in Figure 3.11, competition for I; determines the ratio of [10]:[11]. The
oxidation product determining step (k;) is expected to be 2" order in [6] while the methyl transfer
product determining step (ks) remains 1% order in [6] (assuming a sufficiently high [6] preventing a
change in the rds for methyl transfer to k4). Due to the differential response to [6] between oxidation and

methyl transfer we would expect to see the production of 10 decreasing, as the [6] decreases, relative to
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the production of 11 which matches our observations. The increasing methyl transfer relative to

oxidation with time was also observed in Vedernikov’s dpms system.*

7.5 A
7.0
6.5 -

6.0 - °

[10]/[11]
o

5.5 A [ ]

5.0
[

4.5 T T T T 1
0 50 100 150 200 250

Time ()

Figure 3.15. Increasing methyl transfer (11) relative to oxidation (10) during the reaction of 6 with O,.
See Table 3.1: entry 7 for conditions.
In contrast to our results, in the related dpms system, a change from 1* to 2" order kinetics was
observed with respect to aerobic oxidation of the Pt"-Me species (6v, Figure 3.16) when the pH was

0.%¢ A change in the rate determining step from the reaction with O, (k;, Figure 3.16)

increased above 1
to the reaction of the Pt''-OOH intermediate with the Pt"-CHj species (k,, Figure 3.16) was suggested.
Meanwhile the methyl transfer reaction was noted to maintain 1* order kinetic behavior and dominated
at high pH. The authors conclude that two distinct pathways are responsible for the oxidation and

methyl transfer. While we cannot rule out two pathways in our system, our results are fully consistent

with the mechanism shown in Figure 3.11.
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Figure 3.16. Vedernikov’s proposed mechanism of competitive oxidation and methyl transfer. ">

Interestingly, we were able to get a good fit to 2" order kinetics in [6] when the reaction of 6
with O, was performed in non-buffered solution at pD; = 10.2 (Figure 3.17a). However, this fit to ond
order kinetics is likely fortuitous due to slowing of the reaction with increasing pD (pD¢ = 12.4) Thus
we propose that this is a coincidental fit to 2™ order kinetics. Supporting this conclusion is that when the
reaction was repeated under nearly identical conditions but using a 100 mM boric acid/D,O buffered
solution that was adjusted to pD = 10.2 by the addition of KOH, the data clearly fit best to 1* order
kinetic expression with respect to [6] (Figure 3.17b). This result supports the need for sufficient buffer
capacity. This is particularly important at pH farther from the pK, of the buffers which may not have

been considered in Vedernikov’s studies.
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Figure 3.17. Coincidental pH dependent fit to a second-order kinetic expression: a) Apparent second-
order fit of the reaction of 6 with O, in non-buffered D,O (pDinit = 10.2, pDsin = 12.4, [6]init = 4 MM, pO,
= 8.2 atm, T =80 °C). b) First-order fit of the reaction of 6 with O, in buffered D,O (100 mN boric
acid/KOD buffered, pD = 10.2, [6]init = 4 mM, pO, = 8.2 atm, T = 80 °C).

Due to the instability of dimethyl Pt" complex 5 in water through protonolysis, aerobic oxidation
of monomethyl 6 was prioritized. Not surprisingly, 5 can be oxidized under similar conditions as
oxidation of 6. Addition of H,O, (0.17 mmol) to a CH,Cl, solution of the dimethyl Pt" complex 5 (0.01
mmol) resulted in clean oxidation to the Ci-symmetric isomer of the dimethyl Pt'"Y complex, -

NNOPt"(CH;),(OH) (13, Figure 3.18). Complex 13 was identified by single Pt-CHj resonance at 1.21
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ppm with coupling to '

Pt of 69.9 Hz that integrated to 6H against the NNO backbone supporting a
higher symmetry than its isomer 11. Crystals grown from DCM/Et,O were suitable for analysis by X-
ray crystallography (Figure 3.19). The carboxylate arm of NNO is coordinated to the Pt'¥ center trans to
a hydroxide while the two methyl groups are trans to the pyrazolyl resulting in an octahedral geometry.
A mixture of 5 and 13 was detected by '"H NMR spectroscopy after accidental exposure of a CH,Cl,

solution of 5 to air. Previous reports support rapid reaction of dimethyl Pt" with O, but to eliminate

competing protonolysis the oxidation is best performed in an aprotic solvent.’
- +
N—__—CHj H,0, @ _CH
pi!l \% 3
N"""SCH;  pcm N/Tt\CHg, + KOD
oD

5 13

Figure 3.18. Oxidation of dimethyl NNOPt".

Figure 3.19. ORTEP of 13. Displacement ellipsoids at the 50% probability level. Hydrogen atoms are
excluded for clarity. Selected bond distances (A) and angles (°):Pt1-C1 ~ 2.020(3), Pt1-C2 =2.031(3),

Pt1-N1 =2.196(3), Pt1-N3 = 2.150(3), Pt1-O1 =1.987(2), Pt1-02 = 2.062(2), 02-C3 = 1.277(4),
03-C3 = 1.224(4), C;-Pt-C, = 87.32(14), C;-Pt-N| = 94.15(12), C;-Pt-O; = 89.48(12), C;-Pt-O, =
90.54(11).
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Conclusions

Reaction of the monomethyl >-NNO ligated Pt" (6/6D") with dioxygen in D,O resulted in direct
oxidation yielding the monomethyl x’-NNO Pt" complex 10 in competition with a rare methyl transfer
reaction to form the dimethyl «’>-NNO Pt'¥ complex 11. The methyl transfer product is favored at high
temperatures and high pD. A mechanism is proposed in which 6/6D" reacts with O, in the rate-
determining step to generate a hydroperoxo species I;. The reaction of 6 with oxygen is apparently
faster than 6D as the reaction rate increases as pD approaches the pK, of 6D". Subsequent competition
between the reaction of I; with 6/6D" and the isomerization to I, controls the ratio of the observed ptY
products. Methyl transfer is proposed to occur between I, and unreacted 6/6D".

Oxidation by oxygen to produce Pt'Y methyl hydroxide complexes from Pt" methyl species has
potential application in methane to methanol catalysis," and this k’-NNOPt work extends the generality
and mechanistic understanding of such reactions.”* The reactivity of the NNO system with O, was very
slow relative to the Vedernikov system (dpms).* At pH 8 the half-life of oxidation of NNOPt" to
NNOPt" was 4 m in both our systems and the Vedernikov system. However, in the Vedernikov system
the reaction was performed at 21 °C and 1 atm O, while our experiments was carried out at much higher
temperature 80 °C and 3.4 atm of O,. This result was unexpected as the more basic carboxylate arm,
compared with a sulfonate group in dpms, would seem to make our NNO ligand better at coordinating
to Pt" and thereby oxidation to Pt". The methyl groups on pyrazolyl rings and the resulting steric
congestion around platinum are most likely the cause of the slow reaction with O, in the NNO system.
Labinger and Bercaw demonstrated that steric bulk around platinum(Il) tends to slow its reaction with
0, and oxidation to platinum(IV).? b

The observed methyl group transfer to produce a Pt'" dimethyl species upon oxidation of a Pt"

4
1’ b,C,7

monomethyl with O, is highly unusua and represents a reaction pathway that could have novel
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applications, for example, in methane oligomerization.® C-H activation of methane at Pt" to yield
monomethyl Pt" complexes is known’ and C-C reductive elimination of ethane from Pt' is also a well-
established reaction.® The knowledge gained from the studies described herein, particularly with respect
to the dependence on pH and temperature, may be applicable to the development of methane

functionalization catalysts using an environmentally benign oxidant and solvent (dioxygen and water).

Experimental

All air-free manipulations were performed in a N, glove box, or using a Schlenk or high vacuum
line. Solvents were purified by passage through two columns of activated alumina in the case of THF
and diethyl ether, and a column of activated alumina followed by a column of QS5 reactant in the case of
benzene, pentane, and toluene. NMR solvents were obtained from Cambridge Isotope Laboratories.
Benzene-ds and THF-ds were dried over Na/benzophenone then vacuum transferred prior to use.
Chloroform-d; was dried over CaH, and vacuum transferred prior to use. NMR spectra were referenced
from the residual protiated solvent signal and chemical shifts are reported in parts per million (ppm)
from tetramethylsilane (TMS). KH was obtained as a suspension in oil and was purified by washing
with pentane. All other chemicals were purchased from Sigma-Aldrich or Fisher Scientific and were
used as received. pH/pD measurements were obtained using a Hach company ISFET pH Stainless Steel
NMR Tube Probe calibrated using phosphate buffered H,O solutions of pH 4, 7 and 10 from EMD
Millipore. Readings from pH meter of D,O solutions are reported as pD. Elemental analyses were
performed by the CENTC Elemental Analysis Facility at the University of Rochester.

Ci-symmetric k-NNOPt"(CH3)(OH), (10). A Teflon valve-sealed medium-walled round-bottom
flask was charged with 5 (550 mg, 1.08 mmol) and 5 mL of Nj-sparged H,O. The container was sealed
under an atmosphere of N and heated at 40 °C for 24 h. The solution was filtered and 30% H,0O, (170

uL, 1.62 mmol) was added. After stirring under air for 1 h, the water was removed under low pressure.
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The resulting light orange solid was dissolved in methanol and filtered through 1 inch of alumina in a
pipette fitted with a small piece of glass wool. The methanol was removed under vacuum giving a faint
yellow solid which was dissolved in a 5 mL of HyO. Crystals were grown from the resulting solution by
slow evaporation at room temperature. Yield: 340 mg (64%). "H NMR (300 MHz, D,0, 298 K): § 2.41
(s, 3H, CH3), 2.42 (s, 3H, CH3), 2.48 (s, “Jpen = 72.4 Hz, 3H, CH3), 2.50 (s, 3H, CH3), 2.53 (s, 3H,
CHz), 6.25 (s, 1H, Hy,), 6.27 (s, 1H, Hy,), 6.86 (s, 1H, CH). B3C NMR (500 MHz, D,0, 298 K): 5 1.63
({prc = 547 Hz), 10.02, 10.67, 11.62, 11.97, 109.76, 143.35, 145.01, 152.89, 153.65, 167.35. Anal.
Calcd for C13H29N4O4Pt: C, 31.8; H, 4.1; N, 11.4. Found: C, 31.0; H, 3.9; N, 10.9.

C1-k’-NNOPt" (CH3),0H (11). A 25 mL round bottom flask was charged with complex 6 (500 mg,
0.974 mmol) and 10 mL THF. Methyl iodide (99.5%, 300 pL, 2.92 mmol) was added and the reaction
mixture was stirred for 1 h. A precipitate from the reaction was collected, washed with 3 mL x 3 THF
and then dissolved in CH;,Cl; and filtered. The volatiles were removed under low pressure leaving a
light yellow solid. Colorless crystals were grown by diffusion of diethyl ether into a solution of
methanol. Yield: 326 mg (65 %). "H NMR (300 MHz, D,0, 298 K): & 1.75 (s, “Jpen = 69.8 Hz, 3H,
CHs), 2.01 (s, 2pen = 76.7Hz, 3H, CHs), 2.50(s, 3H, CHs), 2.48 (s, 3H, CHs), 2.36 (s, 3H, CH3), 2.30 (s,
3H, CHa), 6.22 (s, 1H, Hy,), 6.21 (s, 1H, Hy,), 6.65 (s, 1H, CH). 3C NMR (500 MHz, D,0, 298 K): & -
11.20 ({Jprc = 659 Hz), -6.65 ({Jpr.c = 627 Hz), 8.03, 8.71, 9.95, 10.73, 64.6, 106.68, 107.68, 140.61,
142.09, 150.22, 151.59, 169.08. Anal. Calcd for C14H2N4O3Pt: C, 34.4; H, 4.5; N, 11.4. Found: C, 34.3;
H,4.4;N, 11.2.

k’-NNOPt"(OH); (12). A sample of 6 (100 mg, 0.19 mmol) was dissolved in 6 mL of Np-sparged
H,0. Five drops of 50% H,O/HBF, were added and the reaction was heated in a Teflon cap sealed
NMR tube at 60 °C for 24 h (complete conversion to 7 by '"H NMR spectroscopy). 1M KOH was added
until the solution was at near neutral pH by litmus paper then 30% H>0O, (1 mL) was added. Complete

conversion to 12 was observed by 'H NMR spectroscopy. '"H NMR (300 MHz, D,0, 298 K): & 2.55 (s,
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6H, CHzs), 2.59 (s, 6H, CH3), 6.33 (s, 2H, Hy;), 7.05 (s, 1H, CH). 3C NMR (500 MHz, D,0, 298 K): &
10.55, 11.71, 110.02, 145.65, 154.38, 154.41, 165.69, 166.99.

Determination of pKa for 6D". Complex 6 (5.2 mg, 0.010 mmol) was dissolved in 2.0 mL of N-
sparged D,0 under N,. A 50 mM KOD solution was prepared by dissolving KOH (6.6 mg, 0.118 mmol)
in 2.4 mL Nj-sparged D,0. The KOD solution was added drop-wise to the solution of 6 to a pD of 11.3.
A 50 mM H,SOq4 solution was prepared by addition of 2.8 uL of conc. H,SO4 to 1.0 mL of Nj-sparged
D,0. The dilute HySO4 solution was then added in measured aliquots while monitoring changes in pD
(Figure 3.2a). Upon complete conversion of 6 to 6D" the change in pD was monitored while adding
measured aliquots of the dilute KOH solution (Figure 3.2b).

Reaction of aqueous 6 with O,. An 8 mM stock solution of 6 was prepared under an atmosphere of N
by dissolving in 6 (26.8 mg, 0.052 mmol) 6.5 mL of Nj-sparged D,O with dioxane (0.1 pL, int. std.).
Samples were made 4 mM in 6 by addition of 0.375 mL of the 8 mM stock solution to 0.375 mL D,0.
These diluted solutions were found to have a pD of 10 (measured in air). The solutions were transferred
to Teflon cap sealed NMR tubes and then frozen. The solutions were degased by 3 successive
freeze/pump/thaw cycles then pressurized with O; (30 - 120 p.s.i.) while frozen in a dry ice bath. The
frozen solution was rapidly thawed in a 25 °C water bath then placed in a preheated oil bath (40 - 80 °C)
or left to react at room temperature. At timed intervals the NMR tube was removed from the oil bath,
rapidly cooled in a 25 °C water bath (10s) and then examined by '"H NMR spectroscopy. This procedure
was repeated until 6 was no longer detectable by 'H NMR spectroscopy.

Reaction of 6 and O, with added KOH. A reaction sample that is 4 mM in KOH was prepared by
combining a 0.375 mM aliquot of the 8 mM stock solution of 6, 0.1875 mL D,0 and 0.1875 mL of a 16
mM stock solution of KOH. The reaction was then followed at T = 80 °C by H NMR spectroscopy

similar to the method described above.
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Kinetic studies for the reaction of 6 with O,.

pD =11.2. A 20 mM stock solution of 6 was prepared by dissolving 6 (16.5 mg, 0.032 mmol) in 1.6 mL
D0 and dioxane (0.1 pL, int. std.). A 50 mM boric acid buffer was prepared by dissolving boric acid
(31.1 mg, 0.503 mmol) in 8.87 mL D,0 with dioxane (0.1 pL, int. std.). The solution was made basic
by the addition of 1.13 mL of a 490 mM KOH solution. 4 mM solutions of 6 were prepared by
combining 0.08 mL of the 20 mM stock solution of 6 and 0.32 mL of the 50 mM boric acid stock
solution giving a pD of 11. The solutions were transferred to Teflon cap sealed NMR tubes, degassed,
pressurized with O, heated at 80 °C and followed by *H NMR spectroscopy as described above. Upon
complete conversion of 6 as determined by "H NMR spectroscopy, the sample was heated at 80 °C for
an additional 20 h with no change in the product distribution (7: 7%, 12: 7%). An NMR spectrum taken
5 h after the addition of 1.2 uL of ~10 M H,0; at room temperature showed conversion of 7 (0%) to 12
(14%). See Figure 3.17 for fits of the data to the 1* order kinetics with respect to [6].

pD = 6.5. A buffer system that was 100 mM in phosphoric acid and boric acid was prepared by
combining 85% H3PO4 (67.6 pL, 1.00 mmol) and B(OH)3 (62 mg, 1.05 mmol). D,O was added to 10
mL total. A 50 mM in phosphoric acid and boric acid buffer at the appropriate pD was made by adding
81 pL of 1.5 M KOH/D,0 (0.842 g/15 mmol KOH diluted to 10 mL with D,0) to 1 mL of the 100 mM
stock solution then D,0O was added to a total volume of 2 mL (pD = 6.14). Complex 6 (1.8 mg, 0.0035
mmol) was dissolved in 876 pL of buffer resulting in a pD of 6.5. The reaction of 6 with O, was carried
out as described above. See Figure 3.12 for fits of the data to the 1% and 2™ order kinetics with respect
to [6].

pD =8.5. 155 uL of 1.5 M KOH/D,0 was added to 1 mL of the 100 mM stock solution (see above)
then D,O was added to a total volume of 2 mL (pD = 8.24). Complex 6 (1.92 mg, 0.0037 mmol) was

dissolved in 935 pL of 50 mM phosphoric acid and boric acid buffer resulting in a pD of 8.5. The
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reaction of 6 with O carried out as described above. See Figure 3.13 for fits of the data to the 1% and 2™
order kinetics with respect to [6].

Attempted Kinetics under non-buffered conditions. A 12 mM solution of 6 (25 mg, 0.049 mmol) in
D,0 (4.0 mL) was heated at 80 °C under 8.2 atm O,. The reaction was followed by 'H NMR
spectroscopy until nearly complete conversion of 6 (99%). Over the course of the reaction the pD
changed from 10.2 to 12.4. The data from this reaction shows a best-fit to 2" order kinetics (Figure
3.17). However, this fit to 2" order kinetics is likely fortuitous due to slowing of the reaction with
increasing pD (i.e. coincidental fit to 2" order kinetics). Supporting this conclusion is that when the
reaction was repeated under nearly identical conditions but using a 100 mM boric acid/D,0 buftfered
solution that was adjusted to pD = 10.2 by the addition of KOH, the data clearly fit best to 1% order
kinetics with respect to [6] (Figure 3.17).

Methyl Transfer Studies

Demonstration that methyl transfer does not occur between complexes 6 and 10. Complexes 6 (1.2
mg, 0.002 mmol) and 10 (1.0 mg, 0.002 mmol) were dissolved in 0.27 mL Nj-sparged D,O with 0.03
mL of 40 mM KOH/D,O (Figure 3.20). The sample was heated in a Teflon cap sealed NMR tube at 80
°C for 14 h and monitored by '"H NMR spectroscopy. After heating, 95% of 6 (0.00189 mmol) and 99%

of 10 (0.00198 mmol) remained unchanged.

| T=80C
N\ av—OD D,O
N\PtII/OD + \CH HH

TCH; 4 mM KOD

air-free
10

Figure 3.20. No methy! transfer observed between 6 and 10.

Methyl transfer between 6-ds and 11. Complex 5 (5.4 mg, 0.0102 mmol) was dissolved in 0.75 mL
Nz-sparged D,0 and heated in a Teflon cap sealed NMR tube at 80 °C for 24 h to yield a 6-ds. Under an

N, atmosphere, 5.2 mg of 11 (0.0106 mmol) and 0.075 mL of Nj-sparged 40 mM KOH/D,0 were
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added to the solution of 6-ds. The sample was then heated at 80 °C and monitored by 'H NMR
spectroscopy (Figure 3.21). After 1.5 h the Pt"-CHj signal (5 = 0.69 ppm) associated with 6 appeared
supporting the production of 6 (6.6 umol) due to the conversion of 19% of 6-ds to 6. A closely matching
decrease (8.5%) of the integration of the two Pt'Y-CHj signals (8 = 1.75 and 1.99 ppm) associated with
11 was observed. The ratio of [6 + 6-ds] : [11+ 11-ds] was unchanged based on a comparison of the

aromatic protons in the NNO ligand.

(@] (@]
O _|K = " —IK
N\'LtIV/OD T Dsg c © N\FLtIV/OD
N CDs CHs 4 mM KOD N CHs CHs(CD3)
air-free
6-ds 11 6 11-ds

Figure 3.21. Methyl transfer observed between deuterium labelled 6 and 11.

Crystallographic characterization of compound 10

A colorless prism, measuring 0.17 x 0.06 x 0.05 mm’ was mounted on a glass capillary with oil.
Data was collected at -163°C on a Bruker APEX II single crystal X-ray diffractometer, Mo-radiation.
Crystal-to-detector distance was 40 mm and exposure time was 10 seconds per degree for all sets. The
scan width was 0.5°. Data collection was 99.5% complete to 33.32° and 100% complete to 25° in 3. A
total of 33805 (merged) reflections were collected covering the indices, h=-12to 12, k=-15to 15, 1=
-15 to 15. 5683 reflections were symmetry independent and the R, = 0.0256 indicated that the data was
brilliant (average quality 0.07). Indexing and unit cell refinement indicated a triclinic P lattice. The
space group was found to be P 1 (No.2). The data was integrated and scaled using SAINT, SADABS
within the APEX2 software package by Bruker.'"’ Solution by direct methods (SHELXS, SIR97'")
produced a complete heavy atom phasing model consistent with the proposed structure. The structure
was completed by difference Fourier synthesis with SHELXL97.'*"* Scattering factors are from

114

Waasmair and Kirfel *. Hydrogen atoms were placed in geometrically idealized positions and

constrained to ride on their parent atoms with C---H distances in the range 0.95-1.00 Angstrom.
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Isotropic thermal parameters U.q were fixed such that they were 1.2U.q of their parent atom U.q for CH's
and 1.5U¢q of their parent atom U, in case of methyl groups. All non-hydrogen atoms were refined
anisotropically by full-matrix least-squares. The hydrogen of O1 has no immediate acceptor, however
the hydrogen is found in the plane through O1, O2 and Ptl, as close to O2 as possible within the

restriction of being a hydroxyl hydrogen atom.

Table 3.3. Crystallographic data for 10.

Parameter 10

Empirical formula C13 H20 N4 O4 Pt
Formula weight 491.42
Temperature 110(2) K
Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions

a=8.0081(2) A, a= 78.2810(10)°
b =9.9680(2) A, p= 69.1000(10)°
¢ =10.1253(2) A, y = 88.7940(10)°

Volume 738.16(3) A3

Z 2

Density (calculated) 2.211 Mg/m3

Absorption coefficient 9.529 mm-1

F(000) 472

Crystal size 0.17 x 0.06 x 0.05 mm3

Theta range for data collection 2.09 to 33.32°,

Index ranges -12<=h<=12, -15<=k<=15,
15<=I<=15

Reflections collected 33805

Independent reflections 5683 [R(int) = 0.0256]

Completeness to theta = 25.00° 100.0 %

Max. and min. transmission 0.6473 and 0.2942

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

5683 /0/206

Goodness-of-fit on F2

1.105
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Final R indices [I>2sigma(l)] R1=0.0132, wR2 = 0.0310
R indices (all data) R1 =0.0145, wR2 = 0.0313
Largest diff. peak and hole 1.062 and -1.464 e.A-3

Crystallographic characterization of compound 11

A colorless prism, measuring 0.15 x 0.14 x 0.13 mm’ was mounted on a glass capillary with oil.
Data was collected at -163°C on a Bruker APEX II single crystal X-ray diffractometer, Mo-radiation.
Crystal-to-detector distance was 40 mm and exposure time was 10 seconds per degree for all sets. The
scan width was 0.5°. Data collection was 100% complete to 25° in 3. A total of 68113 (merged)
reflections were collected covering the indices, h = -15 to 15, k = -16 to 16, 1 = -19 to 19. 5111
reflections were symmetry independent and the Ri,, = 0.0300 indicated that the data was brilliant
(average quality 0.07). Indexing and unit cell refinement indicated primitive monoclinic lattice. The
space group was found to be P 2;/n (No.14). The data was integrated and scaled using SAINT,
SADABS within the APEX2 software package by Bruker.'” Solution by direct methods (SHELXS,
SIR97'") produced a complete heavy atom phasing model consistent with the proposed structure. The
structure was completed by difference Fourier synthesis with SHELXL97.'>"® Scattering factors are
from Waasmair and Kirfel'*. Hydrogen atoms were placed in geometrically idealized positions and
constrained to ride on their parent atoms with C---H distances in the range 0.95-1.00 Angstrom.
Isotropic thermal parameters U.q were fixed such that they were 1.2Uq of their parent atom U.q for CH's
and 1.5U¢q of their parent atom Ugq in case of methyl groups. All non-hydrogen atoms were refined
anisotropically by full-matrix least-squares. The water is hydrogen bonding to the acetates of two

molecules, the hydroxyl hydrogen bonds to the water.

Table 3.4. Crystallographic data for 11.

Parameter 11
Empirical formula C14 H24 N4 O4 Pt
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Formula weight 507.46

Temperature 110(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P121/n1l

Unit cell dimensions a=10.6758(4) A, a=90°
b =11.4708(5) A, p= 103.510(2)°
c =13.9846(5) A, y = 90°

Volume 1665.17(11) A3

Z 4

Density (calculated) 2.024 Mg/m3

Absorption coefficient 8.452 mm-1

F(000) 984

Crystal size 0.15 x 0.14 X 0.13 mm3

Theta range for data collection 2.17 t0 30.60°.

Index ranges -15<=h<=15, -16<=k<=186, -
19<=I<=19

Reflections collected 68113

Independent reflections 5111 [R(int) = 0.0300]

Completeness to theta = 25.00° 100.0 %

Max. and min. transmission 0.4062 and 0.3637

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5111/0/ 214

Goodness-of-fit on F2 1.036

Final R indices [1>2sigma(l)] R1=0.0170, wR2 = 0.0400

R indices (all data) R1=0.0213, wR2 = 0.0417

Largest diff. peak and hole 1.271 and -0.885 e.A-3

Crystallographic characterization of compound 13

A colorless prism, measuring 0.15 x 0.14 x 0.13 mm’ was mounted on a glass capillary with oil.
Data was collected at -163°C on a Bruker APEX II single crystal X-ray diffractometer, Mo-radiation.
Crystal-to-detector distance was 40 mm and exposure time was 10 seconds per degree for all sets. The

scan width was 0.5°. Data collection was 100% complete to 25° in 3. A total of 68113 (merged)
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reflections were collected covering the indices, h = -15 to 15, k = -16 to 16, 1 = -19 to 19. 5111
reflections were symmetry independent and the Rj,; = 0.0300 indicated that the data was brilliant
(average quality 0.07). Indexing and unit cell refinement indicated primitive monoclinic lattice. The
space group was found to be P 2;/n (No.14). The data was integrated and scaled using SAINT,
SADABS within the APEX2 software package by Bruker.'” Solution by direct methods (SHELXS,
SIR97'") produced a complete heavy atom phasing model consistent with the proposed structure. The
structure was completed by difference Fourier synthesis with SHELXL97.'%"® Scattering factors are

from Waasmair and Kirfel'*

. Hydrogen atoms were placed in geometrically idealized positions and
constrained to ride on their parent atoms with C---H distances in the range 0.95-1.00 Angstrom.
Isotropic thermal parameters U.q were fixed such that they were 1.2Uq of their parent atom U.q for CH's
and 1.5U¢q of their parent atom Ugq in case of methyl groups. All non-hydrogen atoms were refined

anisotropically by full-matrix least-squares. The water is hydrogen bonding to the acetates of two

molecules, the hydroxyl hydrogen bonds to the water.

Table 3.5. Crystallographic data for 13.

Parameter 13

Empirical formula C14 H24 N4 O4 Pt
Formula weight 507.46

Temperature 110(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P121/n1l

Unit cell dimensions a=10.6758(4) A, a=90°

b =11.4708(5) A, p= 103.510(2)°
¢ =13.9846(5) A, y = 90°

Volume 1665.17(11) A3
Z 4

Density (calculated) 2.024 Mg/m3
Absorption coefficient 8.452 mm-1
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F(000)

984

Crystal size 0.15 x 0.14 x 0.13 mm3

Theta range for data collection 2.17 t0 30.60°.

Index ranges -15<=h<=15, -16<=k<=186,
19<=I<=19

Reflections collected 68113

Independent reflections 5111 [R(int) = 0.0300]

Completeness to theta = 25.00° 100.0 %

Max. and min. transmission 0.4062 and 0.3637

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

5111/0/214

Goodness-of-fit on F2

1.036

Final R indices [I1>2sigma(l)]

R1=0.0170, wR2 = 0.0400

R indices (all data)

R1=0.0213, wR2 = 0.0417

Largest diff. peak and hole

1.271 and -0.885 e.A-3
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Chapter 4 : Reductive elimination of methanol from monomethylhydroxo
platinum(1V)

Introduction

Reductive elimination is often the key product release step in homogeneous catalysis driven by
late transition metals. Of particular interest are reductive eliminations that generate new carbon-
heteroatom bonds. The formation of a C-O bond through reductive elimination of a methyl group from a
metal center is a particularly important as it is the proposed final step in catalytic oxidations of methane
to methanol (Figure 1.2)." In general, the results of studies of carbon-heteroatom reductive elimination
reactions from Pt'Y complexes are consistent with a common mechanism, dissociation of the anionic
heteroatom group (e.g. OH’) followed by nucleophilic attack at a methyl group on the Pt" five-
coordinate cationic intermediate (Figure 4.1).> Notable in these proposed mechanisms is that
nucleophilic attack of the heteroatom group occurs on the Pt"-CH; group trans to an open site on the
metal center, such that the leaving group is a square planar Pt" species.” Thus, the mechanism is similar
to the microscopic reverse C-1 oxidative addition of methyl iodide to the square-planar Ir' Vaska’s
complex (IrC1(CO)[P(C¢Hs)s]).”

X +
<t>l:°t'(;(( — Ct)th'(i X —= <::>Pt'<>): + CHsX
CH; CH4

Figure 4.1. C-X coupling from pt'V?
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This mechanism of nucleophilic attack on a Pt"” methyl group was proposed by Vedernikov for
the reductive elimination of methanol from (dpms)PtIV(CH3)(OH)2 (dpms = di(2-
pyridyl)methanesulfonate) in aqueous solution.* Notable in this system is the hemilabile character of the
tridentate ligand dpms. Isomerization of the monomethyl Pt" complex (10y, Figure 4.2), orienting the
Pt"V-CHj; group trans to the sulfonate oxygen, was shown to occur prior to Sy2 attack on the methyl by
H,0 (Figure 4.2). The isomerization was proposed to occur via dissociation of the sulfonate group and
rearrangement of the five-coordinate intermediate. Kinetic studies revealed that the isomerization was
inhibited by the addition of acid to the solution (Figure 4.3).*" It was proposed that decreased pH led to
protonation of the hydroxide ligands generating cationic species which, in turn, disfavored dissociation
of the negatively charged sulfonate group. In contrast, the rate of Sx2 step was found to increase with
increasing [H'] as nucleophilic attack at a protonated cationic complex is favored. Ultimately, sulfonate
group dissociation and nucleophilic attack by water on the Pt"” methyl group produces methanol and a

square-planar Pt" product.

- SOy
& o
N N N

dpms
(0] e} O
I I H,0  CH5OH
N~ pyy O Npy O (Nt
N CH . N OH N L
by 7 Isomerization | Sn2attack T o
3 . -
(rds at low pH) (rds at high pH)
10, 14, 7y

Figure 4.2. Two-step reductive elimination in dpms system.*’
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Figure 4.3. [somerization of 10y to 14y at T = 94 °C with added HBF, (0 — 0.53 M). C-O coupling from
14y producing 7y and methanol at T = 65.5 °C with added HBF, (0 — 0.32 M).*® Reprinted with
permission from: Khusnutdinova, J. R.; Zavalij, P, Y.; Vedernikov, A. N. Organometallics 2007, 26,
3466. Copyright 2007 American Chemical Society.

The hemilability of the sulfonate group in the dpms system plays a significant role in the C-O
reductive elimination reaction. Dissociation of this group is involved in both the isomerization and in
the C-O bond forming step. Aside from potential environmental benefits, using water as the solvent
allows for the use of pH to control reactivity. In the case of reductive elimination of methanol from 10v,
controlling reactivity by altering the pH is challenging as the isomerization and Sn2 attack steps respond
differently to [H+]. Perhaps the isomerization step could be accelerated if protonation occurred at the
sulfonyl group bound to Pt" thereby weakening the SO3-Pt"" bond. Protonation of the sulfonyl would

likely require extremely acidic conditions (e.g. fuming sulfuric acid) because the sulfonate moiety is a
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relatively weak base (pKa of methanesulfonic acid (H,O) = -1.9 at 25 °C)’ and thus the ability to control
its lability with pH is limited.

Herein is described an aqueous platinum system with a facially coordinating NNO ligand
containing a carboxylate hemilabile arm (NNO = bis(3,5-dimethylpyrazol-1-yl)-acetate (1)).6 The
stronger base functionality (pK, of acetic acid (H,0) = 4.76 at 25 °C)’ might allow for better control of
the hemilability of the facially coordinating ligand with pH. In particular, if protonation were to occur at
the carboxylate oxygen bound to Pt' this would likely weaken the Pt'"'-O bond. Also, the dissociated
arm should be a neutral acid removing the charge separation problem proposed by Vedernikov (Figure
4.4). In this contribution, we report C-O reductive elimination from a K’-NNO carboxylate ligated
monomethyl platinum(IV) complex. Significant differences in reactivity were observed under acidic and
basic conditions. To facilitate presentation, the results of thermolysis under these different conditions

will be addressed separately.

€47

H H

® ®
@I’Lt“’/OH + HY =— @ﬁt'V/OH — @I'Dt'(OH
N~ CHs N~ CH; |somerization N™ " ~OH
OH OH CHj

10 10H* 14H*

Figure 4.4. Proposed acceleration of isomerization at low pH due to protonation of Pt'" bound
hemilabile arm.
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Part I. Reductive elimination of methanol from (NNO)Pt"Y(CH3)(OH), (10) in
alkaline solution

Results and Discussion

When a sample of the Pt complex 10 was dissolved in D,0 (9 mM), the pD of the solution was
measured to be significantly alkaline (pD = 9.8). The high pD of the solution is likely the result of
protonation of 10 to 10D" (pK,: 7.3 £ 0.1) by the solvent (Figure 4.5). The exact location of the added
deuteron cannot be determined so addition to the Pt-OD in 10 rather than the carboxylate bound to Pt in
10 is arbitrary, After heating the solution of 10 at 140 °C for 1 h, examination by 'H NMR spectroscopy
indicated that, along with unreacted 10 (ca. 80% remained), the solution contained 7% of the dimethyl
Pt" complex 11 (Figure 4.6). Complex 11 was identified in the "H NMR spectrum by signals due to the
Pt"V-CH; groups at 2.01ppm (Jpert = 78.7 Hz) and 1.76 ppm (*Jpry = 70.4 Hz). The reaction mixture
also contained an equivalent amount (6%) of the demethylated Pt" species 7, characterized by a 'H
NMR signal at 6.08 ppm attributed to a pyrazolyl bound hydrogen atom (Figure 4.6). Additionally, the
C,-symmetric isomer of 10, complex 14 (9%, Figure 4.6), was identified by a Pt"'-CHj signal at 2.73
ppm (“Jpeu = 76 Hz). Although methanol was eventually produced after heating at higher temperature

(165 °C, see below) no methanol was produced after one hour at 140 °C.

oj:o- T . (r C—IOD'
‘ N Hs N Hs
@O = NN St T+ D0 ——=——( "pri(
=N s N" | Sob N" | “op,
oD oD
10 10D*

Figure 4.5. Production of OD™ upon dissolution of 10 in D,O.
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(| CH; 140°C, 1h 61% (|t (|
Pt
CH3 CH3

10 7 11 14
6% 7% 9%

Figure 4.6. Thermolysis of ca. 20% of 10 in D,O.

To increase the rate of the reaction, the temperature was increased to 165 °C. The change in the
concentration of the products 7, 11, 14 and methanol over the course of the reaction is shown in Figure
4.7. Heating at 165 °C for 1 h resulted in an increase in the [14], to 32% of the initial [10]. Subsequent
heating (165 °C) saw a decrease in [14] until it was no longer detectable after 7 h during which the
concentration of methanol had increased to a maximum yield of 24% (Figure 4.7, See Experimental for
discussion of low methanol yields). The concentration of 11 reached a maximum yield of 16% at 5.5 h
then decreased to 1% after an additional 14 days of heating with no observed production of ethane.
Dimerization of 7 to both 8 and 9 was observed over time (see Chapter 2: Figure 2.7 and Figure 2.10)

with some black solid observed near the end of the reaction.
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Figure 4.7. Products and intermediates from the thermolysis of 10 in D,O at 140 -165 °C ([NNOPtpq]
=[7] + [11] + [14]).

After heating the aqueous solution of 10 for 3 h (1 h at 140 °C followed by 2 h at 165 °C) the
total concentration of observed platinum products ([7] + [11] + [14]) was 8.5 mM. The combination of
these products accounts for 95% of the starting concentration of 10 (9 mM, Figure 4.7) which was no
longer observed in the 'H NMR spectrum. Further heating (14 days) leads to a decrease in the total
integration of the signals due to the Pt products. This is likely due to the dimerization of 7 to poorly
soluble 9 which in the solid state appears to degrade to Pt’ at 165 °C. This may be avoided by running

the reaction a low initial concentration of 10 (< 2mM).
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The concurrent increase in the concentration of methanol and decrease in the [14] is consistent
with the isomerization of 10 to 14, followed by reductive elimination of methanol from 14 (Figure 4.8).
An analogous isomerization was previously reported in the reductive elimination of methanol from
dpmsPt"(CH;)(OH), (Figure 4.2) with the C;-symmetric NNOPt"V-CH; observed as an intermediate at

near neutral pH.4

o
CH 0 N oD

(| 3 165 °C, DZO (| (\Pt/ 2 + Methanol
T pD=98 N~ ob

10 14 7

Figure 4.8. Thermolysis of 10 in D,0.

While the transformation of the Pt'Y-CH; in 10 to methanol is exciting, the observed
decomposition of 11 is also intriguing as the formation of the expected products methanol or ethane can
be considered key steps in methane functionalization or oligomerization. However, ethane was not
observed in the '"H NMR spectrum of the products (Figure 4.9a). The elimination of methanol from 11
would presumably produce 6, which could then undergo aerobic oxidization (reaction performed in air)
to 10 subsequently producing an additional equivalent of methanol and the demethylated product 7
(Figure 4.9b). If protonolysis of 6 is competitive with aerobic oxidation of 6, methane should be
produced (Figure 4.9b). However, methane was not observed in the reaction mixture. Although
protonolysis might be expected in a protic media at high temperature, Labinger and Bercaw found that
the ratio of oxidation to protonolysis of monomethyl Pt" increased at higher temperatures.® It is possible
that the route depicted in Figure 4.9b accurately describes the decomposition of 11 but methane is not
observed due to a combination of competitive oxidation at high temperature (165 °C) and low [D;0"]

(pD = 9.8) resulting in oxidation of 6 over protonolysis. In summary, reductive elimination of two
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equivalents of methanol from 11 is likely the mechanism of decomposition of 11. Unfortunately, the
predicted products from C-O reductive elimination from 11 (7, 10 and methanol) are all also observed
from the reductive elimination of 10 so their presence alone cannot be used as evidence to explain the

fate of 11.

|
N CH N OH
~L, 3 ~. 2

N OH H,O OH
CH
3 Ethane is not observed
11 7 in the product mixture
b) ]
C|) CH3OH o C|> CH,OH o on
N CH N CH (@) N CH 2
Spe . (>Pt< el G . Pl
N Son  HO N OH, N~ | “oH N OH
CHa 6 OH
11 % 10 7
7 + CH4

Products cannot be
differentiated from thermolysis
of 10

Methane is not observed
in the product mixture

Figure 4.9. Proposed routes for the decomposition of 11: a) Reductive elimination of ethane from
dimethyl 11. b) Reductive elimination of two equivalents of methanol from dimethyl 11.

In addition to reductive elimination of methanol a methyl transfer reaction producing 11 was
observed. A better understanding of the mechanism of methyl transfer that produced 11 could have
tremendous value towards the design a system for methane oligomerization. In Chapter 3 I proposed
that the observed methyl transfer generating 11 occurred through attack of 6 on a Pt"Y-CH; group
positioned trans to the hemilabile carboxylate arm (Figure 4.10). This general methyl transfer

mechanism was proposed to operate in Vedernikov’s dpms system as well.*
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Figure 4.10. Proposed mechanism for methyl transfer from Pt"Y-CHj to Pt".

During the thermolysis of 10, isomerization produced 14 which possesses a Pt"'-CH; group
trans to the carboxylate arm (Figure 4.8). This positioning of the Pt'Y-CH; group should make 14 an
excellent methyl group donor. The identity of the methyl group acceptor is more difficult to determine
as a complex containing a Pt"-CH; group such as 6 is not observed or expected based on our
understanding of reductive elimination of methanol from NNOPt"-CHj. The possibility of reduction of
10 producing 6 1is inconsistent with Labinger and Bercaw’s finding that oxidation to
(tmeda)Pt"(CH3),(OH) is irreversible.” Specifically, they did not observe the production of **0, during

IV(

the decomposition (tmeda)Pt" (**0,H)(OCH3)(CHs), which is an intermediate generated during aerobic

oxidation of (tmeda)Pt"(CHs),.
An alternative to nucleophilic methyl transfer mechanism involving Pt" and Pt'"" may be methyl
transfer occurring through a Pt"-CH; intermediate. Methyl transfer mechanisms that propose a

11T

Pt"/Pd"-CH; intermediate have been reported but the M"'-CH; was produced through 1-electron

oxidation of a Pt"-CHs.'” Both mononuclear and dinuclear Pt"" compounds possessing an octahedral

geometry around the Pt have been reported suggesting that Pt

may be stabilized by a facially
coordinating ligand like NNO."" A pathway in which a Pt"-CH; species is generated by 1 electron

reduction of Pt" through the loss of *OH from 10, was considered (Figure 4.1 1)."* A similar reduction

from a d® to d’ metal from homolysis of a M-OH bond generating *OH was reported from rhodium(III)
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porphrin hydroxide (Figure 4.12)." However, efforts to induce methyl transfer by the addition of known
1 electron reductant szCoII to a solution of 10 did not result in methyl transfer but rather a 2 electron

reduction to 6.

(|3 "OH | X/H20 0
N\Ptlv’CH3 ‘L Pt'” PtIV N\Ptu ~OHy
N / ~N
N~ | "OH OH

OH
10 X 11 7

Figure 4.11. Possible production of 11 through a Pt"'-CHj intermediate.
2 (por)Rh!"'OH <==== [(por)Rh']; + H,0,

Figure 4.12. 1-electron reduction of Rh' by OH"."?

In summary, the thermolysis of the monomethyl Pt" 10 under basic conditions produces the
expected products methanol and 7. Isomerization of 10 to place the CH; group trans to the carboxyl
producing 14 is proposed as an intermediate on the pathway to produce methanol (Figure 4.8),
consistent with a reductive elimination mechanism described by Vedernikov that involves isomerization
followed by Sx2 attack (Figure 4.2).** Additionally, a rare methyl transfer reaction occurred producing
the dimethyl platinum 11. While the production of 14 during the thermolysis of 10 provides an excellent
methyl group donor, we were unable to determine an appropriate Pt'-CH; methyl group acceptor to

"_CH3, proposed from homolysis of a Pt'"-OH in 10 was also

generate 11. A disproportionation of Pt
considered but further investigation is required (Figure 4.11). Thermolysis of 11 was observed and it
seems likely that decomposition occurred through reductive elimination of methanol followed by

oxidation to 10 and a second elimination of methanol to produce 7 (Figure 4.9). Unfortunately the

products of this mechanism cannot be discerned from the products of the concurrent thermolysis of 10.

74



A methyl transfer that occurs from monomethyl Pt'"" could find a use in catalytic oligomerization
of methane. Previous proposed catalytic cycles which incorporate reported methyl transfer through 1-
electron oxidation of dimethyl Pd™® would likely be hindered by the need to develop a high
concentration of dimethyl Pd" for the bimolecular step (Figure 4.13a). High concentrations of
methylated transition metals are unlikely due to the reversible nature of C-H activation of methane.
Trapping the product of C-H activation (M"-CHs) through irreversible oxidation to M™™2-CHj could
produce a high enough concentration of M-CHj to allow for methyl transfer and potential elimination of

oligomerized product ethane (Figure 4.13b).

a) b)

ol R-R' X RH

R-R' RH // \

TtAIVR |
Pt)'-R *
R A + H

lPtA'VR Pta-R + H* Pt o
+ 2 [0] i
Ptg Ptg'-R' PWR ~ PW'R

Figure 4.13. Proposed catalytic cycles for alkane oligomerization. a) Methyl transfer occurs from Pt"-R.
b) Methyl transfer occurs from Pt" -R.

Part I1. Reductive elimination from (NNO)Pt'Y(CH3)(OH), (10) in acidic solution

Results and Discussion
Protonation of 10

As discussed in the introduction, in Vedernikov’s dpms system reductive elimination of
methanol from monomethyl Pt was slowed considerably by the addition of acid.* To improve

reductive elimination under acidic conditions we propose that a sufficiently basic hemilabile arm
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(carboxylate in NNO) could be protonated resulting in faster reductive elimination (Figure 4.4).
Protonation of 10 (pK, for 10H" = 7.3 = 0.1, Figure 4.30) is expected to occur at either the carboxylate
or the hydroxides bound to Pt". Some insight into the site of protonation may be gained by a
comparison of the X-ray crystal structures of 10 (Figure 4.14a) and 10H" (Figure 4.14b). The structure
of 10 was determined from crystals grown in an aqueous solution while the structure of 10H" was

determined from crystals grown in an aqueous solution with HBF4 added to a pH of 1.1.
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b)

Figure 4.14. 10 ellipsoids at the 50% probability level. Hydrogen atoms are excluded for clarity. a) 10
(see Figure 3.4 for selected bond lengths and angles). b) Selected bond distances (A) and angles (°): Ptl-
C2 =2.019(15), Pt1-O4 =2.029(9), Pt1-O1 = 2.010(10), Pt1-O5 = 1.982(10), Pt1-N2 = 2.006(11), Pt1-
N4 =2.169(13), N4-Pt1-04 = 90.5(4), C2-Pt1-N2 = 92.4(6), C2-Pt1-O4 = 89.0(5), C2-Pt1-O1 =
88.9(5), O5-Pt1-C2 = 89.6(5), N2-Pt1-N4 = 88.0(5).
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The presence of a BF, counter anion in the x-ray crystal structure of 10H" supports protonation
of neutral 10 to the cationic 10H". The longer equatorial Pt-O bond in 10H" (Pt1-O4 = 2.029(9) A)
when compared to the similar bond in 10 (Pt1-O1 = 1.9806(12) A) may be due to protonation of 10
resulting in a Pt-OH, in 10H". Additionally, the bond Pt-N bond located trans to equatorial Pt-O is
shorter in the protonated product (10: Pt1-N1 = 2.0353(13) A, 10H": PtI-N2 = 2.006(11) A) consistent
with a lower trans influence of H,O versus OH'.

Of particular consequence to reductive elimination is the bond length between Pt and the O in
the carboxylate arm. The Pt-O bond shortens on protonation from 10 (Pt] — 02 =2.0706(12) A) to 10H"
(Ptl — O1 =2.010(10) A). Dissociation of the carboxylate arm requiring breaking of the Pt-O bond is a
required during isomerization. Therefore a stronger Pt-carboxylate arm in 10H" is expected to result in
slower reductive elimination. Vedernikov’s finding that the rate determining isomerization step is
slower at lower pH (Figure 4.2and Figure 4.3) is consistent with our observed decrease in the length of
the bond between Pt and the hemilabile arm due to protonation. Protonation could be steered towards
the hemilabile carboxylate arm in NNO by removing the more basic Pt-OH groups. This may be done
by substituting the Pt" bound OH/H,O with anionic species that are not susceptible to protonation like
CI". While addition of the Bronsted-Lowry acid H" did not result in rate acceleration, described below is
an observed acceleration of reductive elimination of methanol from 10 in the presence of the Lewis acid

7.

Thermolysis of 10 under acidic conditions

Heating an aqueous acidic (100 mM HBF4/H,0) solution of 10 (6 mM) at 120 °C for 48 hours
resulted in complete consumption of 10 as determined by "H NMR spectroscopy (2.84 ppm, *Jpe = 66
Hz). The product mixture contained methanol (3.4 ppm, yield = 49%) and two NNO ligand containing
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species identified as 7 and the dimer species 8 (Figure 4.15). The combination of 7 (43%) and 8 (43%)

accounted for 86% of the original 10. No other species were observed.

| CH30H (o) Hzo\
N OH; Ky =88+10 O/ \
\pt< ‘Lb 6 pf—< == -~ 05 N OH + H,O
N"| ToH H,0 N OH; = t/ 2
OH T=120°C

Figure 4.15. Reductive elimination of methanol from 10 in H,O under acidic conditions.

Under similar conditions ([HBF4] = 100 mM) but at higher temperature to make kinetic studies
more practical (T = 140 °C) the thermolysis of 10 (6 mM) in D,O was monitored by 'H NMR
spectroscopy. A first-order plot of the decomposition of 10 is not linear but curves downward as the
reaction progresses (Figure 4.16). The data also did not fit half or second order kinetic expressions.
There was no change in pD (1.4) over the course of the reaction. To examine the possibility that the
products were causing the reaction rate to increase at later reaction times, reductive elimination was

studied in the presence of the products 7, 8 and methanol.
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Figure 4.16. Kinetic plots of thermolysis (T = 140 °C) of 10 (6 mM) under acidic conditions (100 mM
HBF,) with (m) and without (e) added methanol (64 mM).

To examine the effect of methanol, the thermolysis of 10 (5.7 mM) was carried out with added
methanol (64 mM). Similar to the reaction in which no methanol was added, a large increase in rate

occurs during the reaction (Figure 4.16). However the increase in rate began earlier in the reaction i.e. at
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a higher concentration of 10. Again, no change in pD (1.4) was observed over the course of the reaction.
Based on these results, methanol is not solely responsible for the observed rate increase.

To investigate the effects on the reaction rate due to the [Ptproa] (Ptproa = [7] + [8]) a thermolysis
of 10 (2 mM) was monitored in the presence of 4 equivalents of Ptpreq (from a previous thermolysis of
10 (8 mM)) and 50 equivalents of CD;0D (100 mM, Figure 4.17) in 100 mM HBF4/D,0 (Figure 4.17).
It was clear that the addition of Ptprod increased the rate of decomposition of 10. The reaction

temperature was reduced to 100 C due to the significant increase in the rate of conversion of 10.

C|) 7

N CH i

\Pt/ 3 (from thermolyils of 10)> 7/8 + CH;0D
OH 100 mM HBF,/D,0

Figure 4.17. Thermolysis (100 °C) of 10 (2 mM) in the presence of 7 and 8 from previous thermolysis
of 10 (8§ mM) with CD3;0D (100 mM) added in excess of 10.

Under these conditions, the reaction followed first-order kinetics (Kobs = 1.75 x 10 s'l) through 3
half-lives (Figure 4.18). A four-fold increase in the concentration of Ptyea (32 mM) resulted in an
increase in kgps to 5.53 x 10™ s (Figure 4.18). To determine the species (7 or 8) involved in the
increased rate of decomposition of 10 the expected change in the [7] and [8] upon quadrupling of
[Ptproa] (using the Keq (85 £ 5) for 7/8 at 100 °C, see Chapter 2 and Figure 4.15) was calculated.'* The
relative increase in Kqps (3.2) upon quadrupling [Pt,rea] is a closer match to the expected increase based
on a first-order contribution from 7 (2.5) than from 8 (6.0). The increase in rate supports a direct

interaction of 10 and 7 during, or prior to, the rate determining step.
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Figure 4.18. First order decomposition of 10 (2 mM) in 100 mM HBF4/D,0 and 100 mM CD;OD at
100 °C in the presence of 7 and 8 from previous decomposition of 10.

Having found conditions (excess 7) under which pseudo first-order behavior of the
decomposition of 10 was maintained, the effect of methanol on reactivity was reconsidered. The results
(Figure 4.19) showed that the concentration of methanol does not alter the rate of decomposition of 10.
Doubling the [CH30H] from 75 to 150 mM while following the decomposition of 10 (3 mM) at 140 °C
in the presence of 7 (from thermolysis of 10 (12 mM)) in 100 mM HBF4/D,0 made very little difference
in the rate of the reaction (Keps: 8.0 and 8.2 x 10™ s respectively, Figure 4.19) consistent with a zero

order dependence on methanol under these conditions.

82



1.000
y = -7.96E-04x + 1.20E+00
0.500 - R2=9.97E-01
g
€ 0.000 A
y =-8.24E-04x + 1.22E+00
0,500 4 R2=9.97E-01
_1-000 T T T T T 1
0 500 1000 1500 2000 2500 3000
Time (s)
® [MeOH]init = 75 mM ® [MeOH]init = 150 mM

Figure 4.19. First order decomposition of 10 (3 mM) at 140 °C in 100 mM HBF4/D,0 of 7 and 8 from
previous decomposition of 10 (12 mM) with varying amount of added CH;OH.

Summarizing the kinetic data, the thermolysis of 10 is first-order in 10 and 7 (when in excess)
and zero-order in methanol. While 7 clearly plays a role, the thermolysis of 10 is also observed before 7
is produced. A two pathway reaction scheme is proposed in which the reaction occurs in the absence of
7 (Figure 4.20a) then at sufficiently high concentration, 7 acts as a catalyst in the decomposition of 10
(Figure 4.20b). This mechanism is consistent with the rate acceleration observed during the thermolysis
of 10 due to increasing [7] over the course of the reaction. As there is no 7 present at the start of the
reaction the initial slow rate (Figure 4.21a) may be associated with the thermolysis of 10 that occurs
without interaction with another Pt center (Section a, Figure 4.20). Later in the reaction when [7]
becomes sufficiently high (> 2™ 1), a significant increase in the rate of thermolysis of 10 is observed

(Section b, Figure 4.21) likely due to a contribution from 7.
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Figure 4.20. Two competing mechanisms for the decomposition of 10 where kg[7] > ka. a) low [7] b)
high [7].
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Figure 4.21. First-order plot of the thermolysis of 10 (6 mM) at 120 °C in 100 mM HBF, including
estimation of when pathway a or pathway b is the dominant reaction pathway.

As described above, previous studies of C-O bond formation from platinum(IV) revealed Sn2
attack of the oxygen containing species on the platinum bound alkyl that is #rans to an open site or a
good leaving group (Figure 4.2).* Given the significant precedent for this mechanism, it seems prudent
to propose a two-step mechanism for reductive elimination (Figure 4.22). The first step is isomerization
moving the Pt"-CH; group trans to the hemilabile carboxylate arm followed by nucleophilic attack by

water forming the C-O bond of methanol.
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Figure 4.22. Two-step C-O bond formation from monoalkyl platinum(IV).

The role that added 7 would play in promoting this reductive elimination reaction is not clear.
One possibility is that 7 might interact with 10 and assist in the isomerization step resulting in the
observed rate increase. This assumes that isomerization is the rate determining step under acidic
conditions which is consistent with Vedernikov’s findings using the similar dpms system (Figure 4.3).
During the thermolysis of 10 in basic solution (see above) the observation of 14 indicated that the Sx2
attack is the rate determining step (Figure 4.8). Under acidic conditions 14 was not observed during the
thermolysis of 10 and the production of methanol.

Acceleration of the isomerization could be due to the formation of a dinuclear combination of 10
and 7 through the carboxylate arm (I3 or Iy, Figure 4.23). The structure of I3 is analogous to the
formation of the dimer 8 (Figure 2.7 and Figure 2.8). In both I3 and I4 the bridging of two platinum
centers through the oxygen of the carboxylate arm bound to Pt may weaken the Pt" -carboxylate bond.
The result would likely be facile conversion to a 5-coordinate Pt'" species, which has been shown to be

a key intermediate in other reductive elimination reactions."
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Figure 4.23. Proposed dinuclear complexes from 10 and 7 in acidic solution.

Coordination of the oxygen atom in an NNO ligand to two separate iron centers in a manner
similar to that proposed in I3 was observed by X-ray crystallography (Figure 4.24).'° The dimer
structure supports the ability for the NNO ligand type to bridge two metal centers with the potential for

weakening the M-O bond when compared with the tridentate coordinated monomer.
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2c

Figure 4.24. Structure of NNOFe dimer with bridging oxygen atoms in the carboxylate arm of the NNO
ligand.'® Reprinted with permission from: Beck, A.; Barth, A.; Hubner, H.; Burzlaff, N. Inorg. Chem. 2003,
42, 7182. Copyright 2003 American Chemical Society.

No mixed valent species such as I from Figure 4.23 were observed by 'H NMR spectroscopy
during the reaction. However, if the formation of a dinuclear species is entropically favored, as in

formation of 8 (Figure 2.9), the high temperatures required to generate I3 may provide sufficient energy

for rapid isomerization and Sn2 attack keeping the concentration of the intermediates very low. Also,
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based on the kinetic data, the formation of I3 cannot be ruled out as the rate determining step in which
case the intermediate would not be observed.

Simple coordination of the Pt center of 7 to the oxygen of the carboxylate arm from 10 (without
reciprocal binding of the carboxylate arm of 7 to the Pt" center of 10) as in I may also occur (Figure
4.23). The resulting weakening of the Pt'"Y-O bond may make coordination of the carboxylate arm of 7
to the Pt"" center through both carboxylate arms unnecessary for acceleration of C-O coupling. In this
model of rate acceleration a Lewis acid of sufficient strength should serve as a substitute for 7. To test
this proposal, boric acid (100 mM) and ZnBF, (42 mM) were each added separately to the thermolysis
of 10 instead of methanol. When boric acid was added the kinetic profile was nearly identical to the
reaction in which excess methanol was present (Figure 4.25). If the mechanism proposed above is
appropriate, then boric acid lacks sufficient strength to accelerate reductive elimination. It also seems
that boric acid can perform the same role as methanol in terms of its effect on the decomposition of 10.
Although the reaction was not followed to completion, adding Zn(BF,), also did not give a significant

increase in the rate of decomposition of 10 (Figure 4.25).
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Figure 4.25. 1* order plot of thermolysis (T = 140 °C) of 10 (6 mM, 2 mM in added Zn(BF,), version)
under acidic conditions (100 mM HBF,) (m) with added methanol (64 mM) (e) no added methanol (64
mM) (x) with H;BO3 (100 mM, no added methanol) (o) added Zn(BF,), (42 mM).

Along with potential weakening of the Pt" -carboxylate arm in the dinuclear species I3 and I an
increase in charge may occur upon formation of the dinuclear species. The stability of the Pt"Y-CHj
bond in 10 requires isomerization to move the methyl group trans to the hemilabile arm before Sy2
attack by H,O can form the C-O bond in CH3OH. Alternatively, increasing the charge may sufficiently
enhance the electrophilicity of the Pt"-CHj; containing group thereby allowing removal of the methyl
group by SN2 attack from H,O without isomerization (Figure 4.26). Assuming the formation of the
dinuclear species is rate determining this mechanism would be first-order in both 10 and 7 matching the

kinetic data from reductive elimination from 10.
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Figure 4.26. Proposed enhancement of nucleophilic attack on equatorial Pt -CH; group due to
increased cationic character in I.

Other mechanisms that would require cooperation between 7 and 10 were also considered.
Vedernikov found that reductive elimination of methanol from the Cs-symmetric (dpms)Pt"(CH;)(OH),
(14vy) isomer is accelerated in the presence of (dpms)Pt"(OH,), (7v, Figure 4.27).% They proposed that
the increased rate was due to an observed mixed valent Pt"/Pt" hydroxide bridged dinuclear
intermediate (Iy, Figure 4.27). The coordination of the cationic 7y with 14y resulting in a cationic Iy
was suggested to enhance the electrophilicity of the Pt"-CHj containing complex, compared to neutral
14y, resulting in faster SN2 attack by H,O. Formation of the dinuclear Iy was not observed during
reductive elimination from the C;-symmetric (dpms)Pt"(CH;)(OH), (10y) isomer in the presence of 7y.
Returning to our NNO system, 14 is not observed during the thermolysis of 10 under acidic conditions
thus isomerization from 10 to 14 is likely the rate determining step. Based on this understanding,
dimerization between 14 and 7 similar to Iy would not be expected to enhance that rate of

decomposition of 10.
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Figure 4.27. Proposed mechanism for the acceleration of reductive elimination from Cs-
NNOPt"(CH;)(OH), by the addition of NNOPt'(OH), in the Vedernikov system.*"

Nucleophilic attack through the oxygen atom of a hydroxo in 7 on the Pt'"Y-CHj of 10 was also
considered (Figure 4.28). This reaction would result in a Pt"-(OHCH;) containing product (7CH;OH)
which could undergo ligand exchange with the solvent producing methanol. The relative stability of the
Pt"V-CHj; in 10 towards nucleophilic attack by 6, a likely stronger nucleophile than 7, as described in
Figure 3.20 is inconsistent with this type of mechanism. And while the low pH likely results in
protonation of 10 which should improve its performance as an electrophile similar protonation of 7
would reduce its nucleophilicity. In the similar dpms system, nucleophilic attack by 7y was found to be
insufficiently nucleophilic to remove the Pt"-CHj group in 14v.* 14y possesses a Pt' -CH; group trans
to the hemilabile arm, enhancing C-O bond formation. Removal of the Pt"'-CH; group in 10 by Sx2

attack from 7 is highly unlikely as the Pt"-CHj group is trans to a pyrazolyl.

? .
N/Tt\CH Ho—PtC e o Pt\OH N— Pt—gp, * CHaOH

OH

Figure 4.28. Potential mechanism for the acceleration of reductive elimination from C;-
NNOPt'(CH;)(OH), (10) through nucleophilic attack by NNOPt"(OH), (7) followed by solvent
substitution.

In summary, with isomerization controlling the rate of reductive elimination from 10

enhancement of the overall rate must come through increasing the rate of isomerization. The proposed
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weakening of the Pt"-carboxylate due to the formation of Is/I; would likely ease the transition to a 5-
coordinate intermediate thereby increasing the rate of isomerization. Increased charge on the Pt"V-CH;
upon generation of I3/I4 containing species may sufficiently activate the Pt"-CH; group to allow for
direct C-O coupling through nucleophilic attack by H,O without preceding isomerization. Both
proposed mechanisms are expected to be first-order in 10 and 7 matching our empirical findings. Of the
alternative mechanisms considered none were expected to enhance the rate of isomerization. Precedent
from the Vedernikov group support that the Pt -CH; containing species can be activated towards Sx2
attack through protonation or the addition of a cationic Pt species however increasing the rate of Sn2
attack would have no effect on the observed rate of reductive elimination of 10 under acidic conditions

when isomerization is the rate determining step.

Conclusions

A facially coordinating NNO ligand containing a hemilabile carboxylate moiety allows for
reductive elimination of methanol from a monomethyl platinum(IV) (10). Our results are consistent with
a two-step mechanism similar to that determined by Vedernikov for the related dpms system.* In the
first step, isomerization of 10 to 14 moves the methyl group bound to platinum(IV) frans to a good
leaving group (Figure 4.29). The second step then involves nucleophilic attack on the platinum bound
methyl. Under alkaline conditions the Sx2 attack appears to be rate limiting supported by the appearance
of the Cs-symmetric intermediate 14 during reductive elimination from 10 (Figure 4.8). The mechanism
under acidic conditions is more complex, but 14 is not observed over the course of the reaction
suggesting isomerization is the rate determining step. This pH-dependent change in the rate determining

step is also consistent with the mechanism thought to occur in the dpms sys‘[em.4"1
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Figure 4.29. Proposed two-step pH-dependent reductive elimination of methanol from monomethyl
NNOPt"

Under acidic conditions the rate of reductive elimination from 10 is enhanced by the product of
reductive elimination (7/8). Although 7 and 8 are in equilibrium, the change in the rate of thermolysis of
10 was more consistent with a first-order dependence on 7 rather than 8. Rate determining formation of
a dinuclear Pt'/Pt"Y species, perhaps similar to I3/L (Figure 4.23) is consistent with kinetic studies.
Further, we propose that the rate of reductive elimination from I3/I4 is faster than from 10 due to a
weaker bond between Pt" and the carboxylate arm in Is/I4. The bond may be weakened by coordination
of a Pt"! center to the carboxylate oxygen also bound to 10. This should result in more facile access to a
5-coordinate intermediate, thereby accelerating isomerization which is thought to be the rate
determining step under acidic conditions.

Facially coordinating ligands have shown great promise as components in potential methane to
methanol catalysts. Two key steps in these types of systems are oxidation and reductive elimination.
Aerobic oxidation of the monomethyl Pt" occurs at room temperature but higher temperatures are
required for reductive elimination of methanol in both the NNO (100 °C) and dpms systems (75 "C).4
Reductive elimination clearly has a higher barrier than oxidation. Under acidic conditions, the rate of

reductive elimination has been shown to be under control of the isomerization step. As both the Shilov
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and Periana systems operate at very low pH enhancement of the isomerization step when using a
facially coordinating ligand may be a crucial for an effective catalytic system.

The determination of conditions that enhances the rate of reductive elimination from methyl Pt'’
stabilized by a facially coordinating ligand as observed in the NNO system may be an useful component
in a catalytic system. Assuming that dimerization similar to I3/I4 (Figure 4.23) is required to accelerate
reductive elimination, the accelerant need not be a product of the reaction. In all likelihood using a
separate ligand-metal combination specifically designed to coordinate to the hemilabile arm of a methyl

Pt"Y would further enhance reductive elimination.

Experimental

All air-free manipulations were performed in a N, glove box, on a Schlenk line, or on a high
vacuum line. Solvents were purified by passage through two columns of activated alumina in the case of
THF and diethyl ether, and a column of activated alumina followed by a column of Q5 reactant in the
case of benzene, pentane, and toluene. NMR solvents were obtained from Cambridge Isotope
Laboratories. Benzene-ds and THF-dg were dried over Na/benzophenone then vacuum transferred prior
to use. Chloroform-d; was dried over CaH, and vacuum transferred prior to use. 'H NMR spectra were
referenced from the residual protiated solvent signal and chemical shifts are reported in parts per million
(ppm) from tetramethylsilane (TMS). KH was obtained as a suspension in oil and was purified by
washing with pentane. All other chemicals were purchased and were used as received. pH/pD
measurements were obtained using a Hach company ISFET pH Stainless Steel NMR Tube Probe
calibrated using phosphate buffered H,O solutions of pH 4, 7 and 10. Readings from pH meter of D,O
solutions are reported as pD. Elemental analyses were performed by the CENTC Elemental Analysis

Facility at the University of Rochester.
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Determination of pKa for 10H". Complex 10 (80 mg, 0.163 mmol) was dissolved in 2.0 mL of H,O
with a pH probe was submerged in the solution (pD: 10.2). A 0.16 M HBF, solution was prepared by
dissolving 50% HBF4/H,0 (200 pL, 1.59 mmol) in 10 mL H,O. The HBF, solution was added drop-
wise to the solution of 10 to a pH of 4.6 (Figure 4.30a). The procedure was repeated with a different
solution of 10 (41 mM) and HBF4 (0.3 M, Figure 4.30b).

a) b)

pH

pH
SN ol (o)} ~ (0] (o}
1
SN ol (@) ~ (0] ({o]
1

0 50 100 150 200 0 20 40
Volume added of 0.16 M HBF4 (uL) Volume Added of 0.3 M HBF,

Figure 4.30. Determination of pK, of 10H" by titration of 10 with HBF,: a) [10] = 81 mM, [HBF4] =
0.16 M. b) [10] = 41 mM, [HBF4] = 0.3 M.

Thermolysis of 10 in D,0O. Complex 10 (3.3 mg, 0.007 mmol) was dissolved in 0.75 mL D,O with
dioxane (0.2 pL, int. std.). The addition of 10 elevated the pD from 7.2 to 9.8. The solution was
transferred to a Teflon valve sealed NMR tube and heated in a 140 °C oil bath for 1 h. The temperature
was then increase to 165 °C and the sample was heated for an additional 4 d with periodic examination
by 'H NMR spectroscopy.

Attempted 1 electron reduction of 10. A Teflon cap sealed NMR tube was charged with 10 (8.0 mg,
0.016 mmol) and dioxane (0.1 pL, int. std.) in 0.4 mL of N,-sparged D,0O. The 'H NMR spectrum of the

sample was then recorded. (Cp),Co" (3.0 mg, 0.016 mmol) was then added. Upon addition of (Cp),Co"
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to the D,0O solution of 10, the previously colorless solution changed to a brown supernatant over a black
solid. The "H NMR spectrum of the mixture consisted of very broad peaks with chemical shifts
consistent with both 10 and (Cp),Co". Heating the solution at 100 °C for 1 h resulted in the production
of 6 (0.0072 mmol, 45%) however all of the signals in the 'H NMR spectrum remained broad. Heating
at 100 °C for an additional 3 h resulted in a small increase in the concentration of 6 (0.0075 mmol, 47%)
but the signals were significantly sharper.

Thermolysis of methanol in acidic solution. A Teflon valve sealed NMR tube was charged with
methanol (0.1 pL, 0.002 mmol), 50% HBF4/H,0 (4.4 uL, 0.035 mmol) and dioxane (0.1 pL, int. std.)
dissolved in 0.35 mL D,0. The sample was then placed in a 130 °C oil bath and the signal due to
methanol (3.34 ppm) was examined periodically by "H NMR spectroscopy. Over the course of the
observation (8 d) the concentration of methanol slowly decreased from 7 to 5 mM. For a more detailed
discussion of the results see Appendix A: Low methanol yield and accompanied text below.
Decomposition of methanol after production from thermolysis of 10. A Teflon cap sealed NMR tube
was charged with 10 (1.2 mg, 0.002 mmol), 50% HBF4+/H,0 (4.4 uL, 0.035 mmol) and dioxane (0.1 pL,
int. std.) dissolved in 0.35 mL D,0O. The sample was placed in a 130 °C oil bath and examined
periodically by '"H NMR spectroscopy. Signals for methanol (3.34 ppm) and the Pt'Y-CH; of 10 (2.83
ppm, 2Jpr.r = 66 Hz) were followed until both methanol and 10 were no longer observed (3 d). For a
more detailed discussion of the results see 10 and accompanied text below.

Mercury drop test for the production of methanol from thermolysis of 10 in acidic solution. A
Teflon cap sealed NMR tube was charged with 1.7 mg (0.0035 mmol) of 10, 50% HBF4+/H,0 (4.4 uL,
0.035 mmol) and dioxane (0.1 pL, int. std.) dissolved in D,O (0.35 mL) with a drop of mercury. The

sample was then placed in a 130 °C oil bath and examined periodically by '"H NMR spectroscopy.
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Signals for methanol (3.34 ppm) and the Pt"'-CH; of 10 (2.82 ppm, “Jp.n = 63 Hz) were followed until
the concentration of methanol stabilized (3.5 mM) and 10 was no longer observed (73 h). For a more
detailed discussion of the results see Figure 4.31 and accompanied text below.

Thermolysis of 10 in acidic H,O solution. A Teflon valve sealed NMR tube was charged with 10 (1.2
mg, 0.002 mmol), 50% HBF4+/H,0 (5.0 uL, 0.04 mmol) and dioxane (0.1 puL, int. std.) dissolved in 0.4
mL of H,0 (0.4 mL). The sample was placed in a 120 °C oil bath and examined periodically by H
NMR spectroscopy until 10 was no longer observed (48 h). Upon completion signals consistent with 7
(2.38,2.49, 6.17 and 6.88 ppm) 8 (2.03, 2.39, 2.4, 2.50, 6.04, 6.20 and 7.17 ppm) and methanol (3.35
ppm) were observed. Yield: methanol (49% from signal at 3.35 ppm), 7 (43% from methine signal at
6.88 ppm), 8 (43% from methine signal at 7.17 ppm).

Thermolysis of 10 in acidic D,O solution. A stock solution was prepared from 10 (10.2 mg, 0.021
mmol), 50% HBF4/H,0 (44 pL, 0.35 mmol) and dioxane (0.1 pL, int. std.) dissolved in 3.5 mL D,0. A
Teflon valve sealed NMR tube was charged with 0.75 mL of the stock solution. The sample was then
placed in a 140 °C oil bath and examined periodically by 'H NMR spectroscopy until 10 was no longer
observed (17 h). Upon completion, signals consistent with 7 (2.38, 2.49 and 6.17 ppm) 8 (2.03, 2.38,
2.47,2.49, 6.03 and 6.19 ppm) and methanol (3.34 ppm) were observed. Yield: methanol (49% from
signal at 3.34 ppm), 7 (43% from methine signal at 6.17 ppm) and 8 (43% from methine signal at 6.03
ppm).

Thermolysis of 10 in acidic D,O solution with excess methanol. A Teflon valve sealed NMR tube
was charged with 10 (9.8 mg, 0.019 mmol), 50% HBF4,/H,0 (44 uL, 0.350 mmol), methanol (9 pL,
0.222 mmol) and dioxane (0.1 pL, int. std.) dissolved in 0.35 mL D,0. The sample was then placed in a

140 °C oil bath and examined periodically by 'H NMR spectroscopy. Signals for the Pt'Y-CH; of 10
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(2.83 ppm, 2Jp.y = 69 Hz) were followed until 10 was no longer observed (8 h). Upon completion
signals consistent with 7 (2.38, 2.49 and 6.17 ppm) 8 (2.03, 2.39, 2.47, 2.49, 6.03 and 6.19 ppm) and
methanol (3.34 ppm) were observed. The yield of 7 and 8 were not determined due to loss of signal for
the pyrazolyl protons. The methanol yield was negative likely due to the heterogeneous decomposition
of methanol described below.

Kinetic studies of the thermolysis of 10 in the presence of 7 & 8. A stock solution was made 100 mM
in HBF, and CD30D by adding 50% HBF4/H,0 (0.125 mL, 0.996 mmol of HBF4) and CD3;OD (0.041
mL, 1.01 mmol) to D,O (9.83 mL). A stock solution that was 32 mM in 10 and 100 mM in HBF, and
CD3;0OD was prepared by dissolving 10 in (13.6 mg, 0.028 mmol) the HBF4/CD3;OD stock solution
(0.865 mL). A 0.4 mL aliquot was transferred to a Teflon cap sealed NMR tube. The sample was heated
at 120 °C and examined periodically by "H NMR spectroscopy until 10 was no longer observed (20 h).
Conversion of 10 to 7 and 8 (Ptprod) was assumed to be 100% making the sample 32 mM in Ptprog. A
0.1 mL aliquot of the 10/HBF4/CD30D stock solution was diluted by the addition of 0.3 mL of the
HBF4/CD30D stock solution. Similar to above, the sample was converted to Ptprod (8 mM) but required
between 21 and 36 h of heating at 120°C. Both samples (8 and 32 mM in Pty0q) were made 2 mM in 10
by evaporating 0.1 mL aliquots of a stock solution of 10 (2.2 mg, 0.004 mmol) in DO (0.56 mL) then
dissolving the residue in both the 8 mM and 32 mM Pt,0q/HBF4+/CD30D solutions. The 10/ Ptpoq
/HBF4/ CD30D solutions were then heated at 100 °C and followed by '"H NMR spectroscopy. Signals

for the Pt"-CH; of 10 (2.82 ppm, 2JptH = 66 Hz) were followed through at least three half-lives (3 h).
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Calculated k,ps based on concentration of 7 and 8 determined from K.

o N __-O
20 Spil N i +2H0
N/ N O— 2

|

N
—
L Py
7 8
[8][H,0]? ' Ke
1) Keq = —[7]22 i Keq' = [Hz—g]z ; Solve for [8]

2) [NNOPt];,: = [7] + 2[8]; Replace [8] with solution from equation 1
3) 2K,,'[7]* + [7] = [NNOPt],, = 0; Use quadradic equation to find [7]
Keq' =85 £ 5; From Van’t Hoff studies of equilibrium between 7 and 8 (see Chapter 2)
[NNOPt]ior = [104pit. ] thermalized to 7 and 8 (assumes 100% conversion) = 8 or 32 mM
The change in [7], found when the [Pt,04] changes from 8 to 32 mM, was used to calculate an expected

Kobs (assuming a 1% order contribution from 7). The procedure was repeated for 8 and NNOPt.

Exp. Kobs (s7) when [NNOPt, ] =8 mM | 1.75x 10™
Exp. Kons (s7) when [NNOPt; ] =32 mM | 5.53x 10
Factor of increase in K, 32

Calc. [7] Calc. [8]

(mM) (mM)

When [NNOPt,] =8 mM 4.52 1.74

When [NNOPt;,] = 32 mM 11.1 10.5
If 1* order in 7 | If 1** order in 8 | NNOPt,
Exp. Kons (s') when [NNOPt ] = 8 mM 1.75x 10™ 1.75x 10% [ 1.75x 107
Calc. Kops (s7) when [NNOPto] =32 mM |  4.29x 10™ 10.5x 10° | 7.00x 10™

Factor of increase in K 2.5 6.0 4
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Thermolysis of 10 in the presence of Pt,.,q with varying concentration of methanol (75 and 100
mM). A stock solution that was 100 mM in HBF, and 75 mM in methanol was prepared by combining
50% HBF4/H,0 (0.215 mL, 15.9 mmol), methanol (0.061 mL, 1.51 mmol) and dioxane (2.0 puL, int.
std.) diluted to 20 mL with D,0O. A Teflon valve sealed NMR tube was charged with 10 (1.98 mg, 0.004
mmol) dissolved in the HBFs/methanol stock solution (0.35 mL). A 150 mM methanol stock solution
was prepared by adding methanol (11 pL, 0.272 mmol) to a 3.5 mL aliquot of the HBF4/methanol stock
solution. A Teflon valve sealed NMR tube was charged with 10 (2.00 mg, 0.004 mmol) dissolved in
0.35 mL of the HBF4/methanol stock solution. The samples were heated (140 °C for 4.5 h) until all of
10 had been converted to 7, 8 and methanol by "H NMR spectroscopy. 10 was then added to each tube
(580 mg : 75 mM methanol, 520 mg : 150 mM methanol). The samples were placed in a 140 °C oil bath
and examined periodically by "H NMR spectroscopy. The signal for the Pt"Y-CH; of 10 (2.81 ppm, 2Jpt.+
= 65 Hz) was followed through three half-lives of the decomposition of 10. The resulting first-order rate
constants for the decomposition of 10 were similar (kops(75 mM) = 8.0 x 10* s and Kobs(150 mM) = 8.2
x 10%*s™).

Thermolysis of 10 in acidic D,0O solution in the presence of 100 mM boric acid. A Teflon cap sealed
NMR tube was charged with 10 (2.2 mg, 0.004 mmol), 50% HBF4+/H,0 (9.4 uL, 0.075 mmol), B(OH)3
(4.8 mg, 0.078 mmol) and dioxane (0.1 pL, int. std.) dissolved in D,O (0.75 mL). The sample was
placed in a 140 °C oil bath and examined periodically by '"H NMR spectroscopy. The signal for the Pt' -
CH; of 10 (2.82 ppm, “Jpen = 65 Hz) was followed through three half-lives of the decomposition of 10.
The resulting changes in the rate of decomposition of 10 were very similar to the decomposition of 10

without added B(OH); (Figure 4.25).
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Crystallographic characterization of compound 10H".

Table 4.1. Crystallographic data for 10H".

Parameter

10H"

Empirical formula

C13 H21 B F4 N4 O5 Pt

Formula weight

595.24

Temperature 110(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1

Unit cell dimensions a=9.021(3) A

b=10.567(4) A
c=11.231(5 A

Volume 947.2(6) A3

Z 2

Density (calculated) 2.087 Mg/m3
Absorption coefficient 7.478 mm-1

F(000) 572

Crystal size 0.02 x 0.02 x 0.01 mm3

Theta range for data collection

2.01 to 28.45°.

Index ranges -11<=h<=12, -14<=k<=14,
14<=|<=14

Reflections collected 15340

Independent reflections 4650 [R(int) = 0.1606]

Completeness to theta = 25.00° 99.9 %

Max. and min. transmission 0.9290 and 0.8648

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

4650/0/ 258

Goodness-of-fit on F2

0.993

Final R indices [1>2sigma(l)]

R1=0.0803, wR2 =0.1779
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Appendix A: Low methanol yield

As described above, complete thermolysis of 10 under both alkaline (pD = 9.8) and acidic (pD =
1.4) conditions resulted in significantly lower than expected production of methanol (24% and 40%
yield respectively). Increasing the delay time from 2 s during collection of the methanol signal by 'H
NMR spectroscopy, which was used for calculating the yields above, to 120 s resulted in an increase of
methanol yield from the alkaline solution to 40% and the acidic solution to 72 %. In both cases the yield
increased by a factor of 1.7. However, insufficient delay time does not entirely correct the methanol
yields to what seems reasonable (> 90%).

The reaction conditions under which the thermolysis of 10 was observed also caused the
decomposition of methanol. In the absence of 10 no change in the [CH30H] (7 mM) was observed after
heating a D,O solution (100 mM HBF,) at 100 °C for 1 d. Increasing the temperature to 130 °C (similar
to the conditions under which the thermolysis of 10 was studied) resulted in slow decomposition of
methanol (Figure 4.31). After 1.5 days, a similar amount of time required to completely thermalize a 7
mM solution of 10, 15% of the methanol transformed to a combination of formaldehyde (4.81 ppm),
formic acid (8.22 ppm) and methyl formate (8.21 and 3.65 ppm) by '"H NMR spectroscopy. From these

results it appears that methanol is unstable under the reaction conditions resulting in a low yield.
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Figure 4.31. Thermolysis of 10 in 100 mM HBF4/D,0 at 130 °C w/ and w/o a drop of Mercury as well
as decomposition of methanol in the absence of NNOPt.

In addition to the acid assisted oxidation of methanol, a heterogeneously catalyzed
decomposition of methanol was also observed. Following the thermolysis of 10 (7 mM) by 'H NMR
spectroscopy, a peak methanol yield of 54% was observed after 1 day at 130 °C in 100 mM HBF.4/D,0
(Figure 4.31). The yield of methanol then fell to zero after 3 days of heating. Thus this decomposition
occurred at a faster rate (t;,: 1 d) than expected for the acid catalyzed oxidation of methanol (t;: 8 d).
Only 7, 8 and methanol were observed as significant products by "H NMR spectroscopy. Due to this
reaction profile, the possibility of a reaction between the products of thermolysis of 10 (7, 8 or Pt”) with
methanol was considered. The thermolysis of 10 and was followed by 'H NMR spectroscopy but with
the addition of a drop of Hg" (Figure 4.31). The conversion of 10 was similar to the reaction in which no
Hg” was added. The maximum yield of methanol reached a similar peak (50%) to the reaction without

Hg” (54%) but in the presence of Hg’ the concentration of methanol stabilized (coincident with nearly
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complete conversion of 10 (98%)) rather than decreasing to zero consistent with decomposition of
methanol being catalyzed by a heterogeneous platinum material.

The product(s) of the acid catalyzed oxidation of methanol (formaldehyde, formic acid and
methyl formate) were not detected during the thermolysis of 10 in the presence of Hg". In D,O the only
significant products from the thermolysis of 10 were 7, 8 and methanol. The thermolysis of 10 in H,O
gave the same result eliminating deuteration as a cause of low methanol detection. Analyzing the
products of thermolysis (T = 130°C) of 10 (33.44 mM) under acidic conditions ([HBF4] = 132 mM) by
3C NMR spectroscopy only 7, 8 and methanol were observed. Complete oxidation of methanol to CO
or CO, would leave the products undetectable by "H NMR spectroscopy and potentially at such low
concentrations, due to dispersion in the head space of the sealed NMR tube, that they would be very
difficult to detect by °C NMR spectroscopy.

In summary, the low methanol yield seems to be due to a combination of insufficient delay time
when collecting "H NMR spectroscopy data, decomposition of methanol produced by thermolysis of 10
due to high temperature (> 120°C) and acidic conditions (pH < 2) and a heterogeneous decomposition
route due to production of Pt’. No products that could be associated with the decomposition of methanol
were observed by "H NMR or >C NMR spectroscopy during the thermolysis of 10 in either alkaline or

acidic solution. This may be due to oxidation of methanol to CO or CO,.
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Chapter 5 : A novel facially coordinating NNN ligand containing a
sulfonyl amidate hemilabile arm.

Introduction

In the catalytic cycle proposed by Shilov the platinum catalyst is required to transition between
the Pt" and Pt'" oxidation states (Figure 5.1)." As a consequence, the geometric arrangement of ligands
around the platinum center alternate between square planar (Pt") and octahedral geometry (Pt™).
Tridentate ligands containing a hemilabile arm like the NNO ligand 1 (Figure 1.10) and Vedernikov’s
dpms system (Figure 1.7) are capable of accommodating square planar and octahedral au“ramgement.2
The flexible coordination of these ligand systems enhances the aerobic oxidation of Pt to Pt'" while
still allowing for facile transformation back to the Pt" state. In practice, these systems are competent for
performing two key steps in the catalytic transformation of methane to methanol (oxidation and C-O

coupling).’

R-X e RH
C-X Coupling C-H Activation
PtV R Pt'-R + H*
X
Oxidation

Figure 5.1. Proposed catalytic cycle for alkane functionalization.
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The promise of this ligand architecture motivated the synthesis of a novel NNN ligand (bis(3,5-
dimethylpyrazol-1-yl)-N-phenylsulfonylacetamide (15, Figure 5.2)). The electron-withdrawing sulfonyl
and carbonyl groups attached to the nitrogen in the hemilabile arm are expected significantly reduce the
basicity of the anionic nitrogen.*” The result may be a stabile anionic nitrogen in an aqueous solution at
near neutral pH rather than strongly basic conditions typically required. Of particular interest is the
potential to tune the lability of the hemilabile arm by altering electronic and steric properties through a
phenyl ring substituent (-R, Figure 5.2). With a focus on electronic properties, versions of 15 with a
methyl, hydrogen and chloro substituent were synthesized.

0]

11
O
[S] 1l

o

X
7 N° NN
~N N
NNN

Figure 5.2. bis(3,5-dimethylpyrazol-1-yl)-N-phenylsulfonylacetamide R = H, CH; and Cl.

The substituents were chosen based on their Hammett para parameter (CHs: -0.17, H: 0.00, Cl:
0.23) which when incorporated into 15 should provide a range of electron density at the amidate
nitrogen. Assuming the amidate N is bound to Pt when NNN is facially coordinated to Pt", the electron
donating methyl group should produce a stronger Pt"'-N bond whereas a weaker Pt'""-N bond should
result when the electron withdrawing chloro group is bound to the amidate arm. The variant in which R
= H should have an intermediate Pt'"Y-N bond strength. Ultimately, this should allow us to probe the
effect of lability of the hemilabile arm on Shilov chemistry. In particular, is the need for ligand

association to promote oxidation of the Pt center at odds with ligand dissociation required for facile C-O
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coupling? With this system we should be able to compare the rates of oxidation and C-O coupling
between NNNPt(CHj3) variants to improve the design of these types of ligands.

We were able to synthesize three different NNN variants (R = H, CH; and Cl), then bind the
ligands to a Pt" center. The reactivity of the NNNPt system, when R = H and CH3, is very similar to the
NNO system in regards to protonolysis of a NNNPt'-CH; generating methane, oxidation of
NNNPtHCH3(OH) by H,O, and reductive elimination of methanol from NNNPtIVCH3(OH)2. This work
was performed with assistance from undergraduate researcher Sarah Jablonski while Dr. Luc Boisvert

made significant contributions to both the ligand design and synthesis.

Results and Discussion
Synthesis of NNN variants

The NNN ligands were synthesized by a pathway analogous to the synthesis of the NNO (2)
ligand (Figure 5.3). Bis(3,5-dimethyl-1-pyrazolyl)methane was transformed into a strong nucleophile
through removal of a methylene proton on the central carbon. Nucleophilic attack of the deprotonated
bis(3,5-dimethyl-1-pyrazolyl)methane on the isocyanate C connected the two molecules through a C-C
bond. Similar to the NNO ligand, platination of the lithium salt of NNN proved to be difficult. The
ligand was far more reactive as a potassium salt which was produced by protonation of the NNN lithium
salt followed by deprotonation by KH. Using this method three NNN variants where R = CH3, H and Cl

were synthesized.
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Figure 5.3. General scheme for synthesis of NNN ligand.

The structure of the ligands was determined using 'H NMR spectroscopy. In the conjugate acid

of the R = CHj; version of NNN (16, Figure 5.4), the methyl group in the hemilabile arm was observed

as a singlet (2.39 ppm). The two singlets associated with the methyl groups bound to the pyrazolyl rings

(2.12 and 2.14 ppm) support a C, symmetry. The aromatic hydrogens in sulfonyl amide arm were

observed as two doublets (in all cases coupling beyond three bonds were not sufficiently resolved)

centered at 7.28 ppm (*Jii: 8 Hz) and 7.98 ppm CJi.i: 8 Hz). The 'H NMR spectrum of the potassium

salt (17, Figure 5.4) was similar but shifted from 16. A broad peak at 3.14 ppm may be due to the N

bound proton in the sulfonyl amidate arm.
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Figure 5.4. Conjugate acid and potassium salt of the R = CH and H and lithium salt of the R = Cl
variants of the NNN ligand.

In the conjugate acid form of the R = H variant (18, Figure 5.4) the two ortho aromatic
hydrogens in the sulfonyl amide arm appeared as a doublet at 8.16 ppm (*Jii: 7 Hz), the two meta
aromatic hydrogens appeared as a triplet at 7.55 ppm (CJu.u: 7 Hz) and the single para aromatic
hydrogen appeared as a triplet at 7.65 ppm (‘Jiy: 7 Hz). These signals were matched by signals
associated with the other expected groups in the NNN ligand. In particular, the singlet (5.81 ppm) for
the two aromatic hydrogens on the pyrazolyl rings supports a Cs symmetry. A signal consistent with a
proton bound to the sulfonyl amidate was not observed which may be due to rapid exchange with H,O
present due to insufficient drying of sample after acidification. The formation of the NNNPt"" hydrido
species (Figure 5.5) is consistent with reaction of the conjugate acid form of NNN (18) with Pt". The
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potassium salt (19, Figure 5.4) was prepared in situ for platination but was not isolated or examined by
'H NMR spectroscopy.

In the lithium salt of the NNN ligand R = Cl variant (20, Figure 5.4) the two ortho aromatic
hydrogens in the sulfonyl amidate arm appeared as a doublet at 7.93 ppm (Jiy: 9 Hz) while the two
meta aromatic hydrogens appeared as a doublet at 7.45 ppm (*Jii: 9 Hz). Indicative of a Cy symmetry,
the two aromatic hydrogens on the pyrazolyl rings appeared as a singlet (5.81 ppm). Acidification of an
H,0 solution (pH < 1) of 20 did not result in protonation based on identical '"H NMR spectrum before
and after acidification. Additionally, no reaction occurred upon the addition of 20 with

[Pt(CH3),S(CHj3),]> which is consistent with the low reactivity of the Li salt of the similar NNO ligand.

Platination of NNN ligands

Combining 18 with [Pt(CHj3),S(CHj3),], in CD,Cl, gave a mixture of C; and C;-symmetric K-
NNNPt"(CH;),H isomers (21, and 21,4 respectively, Figure 5.5). Early in the reaction the isomers
were in a 9:1 ratio of 214y : 21¢q but after 24 h 21,4 became the major species (1:4). This reactivity is the
opposite from the NNO system (Chapter 2) which may be due to increased steric congestion from the

bulky amidate arm.

; @ H
6 | 2l
THF N—_ L ,v—CHs ~CHs
" + 1/2[P(CHg)2(S(CHa)2)l2 05> N/Tt'V\CH3+ N Fl’t'V + S(CHy),
H CHj;
21,, 21,

Figure 5.5. Reaction of NNN acid (18) with dimethyl platinum(II) source.

The hydride in the Cs-symmetric isomer 21, was observed in the "H NMR spectrum (CD,Cl,)

as a singlet at -21.82 ppm with '*°Pt satellites ('Jpru: 1532 Hz). The upfield shift and large coupling
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constant are characteristic of Pt hydrides and similar chemical shifts and coupling constants have been
reported for a variety of Pt'"" hydrides.® The two chemically equivalent methyl groups bound to Pt were

195pt satellites

observed in the "H NMR spectrum as a singlet with a chemical shift of 1.59 ppm and
(*Jperr: 70 Hz). Similar chemical shifts and coupling constants have been reported for a variety of Pt"
methyls.’

The hydride in the C;-symmetric isomer 21,4 Was observed in the '"H NMR spectrum as a singlet
at -21.22 ppm with Pt satellites (lth_H: 1451 Hz). The two PtN-CH3 groups in 21,4 are not chemically
equivalent with chemical shifts of 1.25 and 1.53 ppm and corresponding two-bond coupling with
platinum of 70 and 71 Hz respectively. Again, for both the Pt"V-H and Pt"-CH; complexes, similar
chemical shifts and coupling constants have been reported for a variety of Pt" complexes.”®

Dimethyl NNN Pt" complexes K[k*-NNNPt(CH;),] (22 and 23) were produced from the
reaction of 17 or 19, respectively, with [PtMey(SMe,)], in THF (Figure 5.6). Complex 22 was
characterized by the six Pt"-CH; hydrogens observed as a singlet at 0.41 with characteristic '*°Pt
satellites (87 Hz) supporting C, symmetry. Complex 23 showed a similar '"H NMR spectrum with the

six Pt"-CH; hydrogens observed as a singlet at 0.39 with characteristic '*°Pt satellites (83 Hz)

supporting a C, symmetric structure.

(”) TIK
Oj\/N_c'SS < > R N Tkt
THF N _ _~CHs
/N7 NN + 112[PYCH3)2(S(CH3)2)l2 5500~ (/Pt\ + S(CHs),
R: CHs (17) 22
R: H (19) 23

Figure 5.6. Reaction of NNN potassium salt with dimethyl platinum(II) source.
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Reactivity of NNN Platinum(11) dimethyl compounds with H,O

Dissolution of 22 or 23 in H,O at 22 °C results in slow protonlysis of a Pt"-CH;3 producing
methane and a monomethyl Pt" complex K[k>-NNNPt"(CH;)(OH)] (24 or 25, respectively, Figure 5.7).
At 60 °C the reactions were complete in 1 h similar to the reaction of dimethyl NNOPt" (5). In the
product mixture, 24 was observed by 'H NMR spectroscopy with the Pt"-CH; at 0.43 ppm and
characteristic '*°Pt satellites (2/p.ii: 78 Hz). The pyrazolyl methyl groups in 24 appear as four singlets
(2.21, 2.25, 2.38, 2.39 ppm) consistent with C; symmetry. Similar protonolysis reactions with other
nitrogen ligated platinum(II) dimethyl complexes have been reported in water and methanol.® Complex
25 presented a similar "H NMR spectrum with the Pt"-CHj signal at 0.45 ppm and characteristic '*°Pt
satellites (*Jpeyy: 81 Hz). The pyrazolyl methyl groups in 25 appear as four singlets (2.15, 2.19, 2.32,

2.33 ppm) consistent with C; symmetry.

N T IKk* N T IK*
N CH H->,0O N OH
~o, 3 2 ~n,
(N/Pt\ I (N/Pt\ + CH,4

CHs CHs
R: CH; (22) 24
R: H (23) 25

Figure 5.7. Protonolysis of NNNPt"-CHj in H,O.
Oxidation of monomethyl NNNPIlatinum(11)

Addition of H,0; to an H,0 solution of 24 or 25 resulted in oxidation to 26 or 27, respectively
(Figure 5.8). By '"H NMR spectroscopy, the Pt"'-CHs in 26 was observed as a singlet at 2.48 ppm with
characteristic Pt satellites (*Jp.iz: 71 Hz). The pyrazolyl bound methyl groups in 26 appear as four
singlets (2.41, 2.42, 2.50, 2.53 ppm) consistent with C; symmetry. Complex 27 presented a similar 'H
NMR spectrum with the signal for the Pt"- CH; at 2.47 ppm with '*°Pt satellites (*/p.ti: 76 Hz). The

pyrazolyl bound methyl groups in 27 appear as four singlets (2.40, 2.41, 2.49, 2.53 ppm) consistent with
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C; symmetry. In both cases the monomethyl NNNPt" (24 and 25) were no longer observed in the 'H
NMR spectrum of the products however the low solubility of the monomethyl NNNPt" products (26

and 27) impeded determination of the yield.

N LS
6\Pt'<OH H,0,/D,0 N\ILtIKCH3 . ko
N~ CHs N~} "OH
OH
R: CH; (24) 26
R: H (25) 27

Figure 5.8. Oxidation of aqueous NNNPt"(CH3)OH with H,0,.

Reactivity of aqueous monomethyl NNNPIlatinum(ll) with O,

In Chapter 3 the reaction of monomethyl NNOPt" (6) with O, in neutral/basic resulted in the
products of oxidation (10) and oxidative methyl transfer (11 and 7, Figure 5.9). The "H NMR spectrum
of the products from the reaction of aqueous 24 or 25 with O, was complicated due to poor resolution of
the multiple products. However, signals consistent with two Pt-CH; groups in a Pt'" dimethyl species
were observed from the reaction of 24 with O, (1.75, 2 Joer: 71.7 Hz and 1.99 *Jpoyy: 78 Hz) or 25 with
0, (1.71 “Jpe: 70 Hz and 1.96 *Jpyy: 69 Hz) with O,. These dimethyl NNNPt' products support that

some of the material is undergoing an oxidative methyl transfer reaction similar to that previously

described in Chapter 3.
( o- K g,am. 0, | | o
N—__ 0D T=220C _oD ( _0D N _0oD
ptl! 1=22"C {1V v \ I
N~ t\CH D,O T ~~CH, + KOD + \CH P’[\OD
oD CH3
6 10 (89%) 11 (3%) 7 (3%)

Figure 5.9. Reaction of 6 with dioxygen.

115



Thermolysis of monomethyl NNNPIlatinum(1V)

Heating an H,O/HBF; solution (pH = 1.5) of the monomethyl NNNPt'" species 26 at 150 °C for
3 h resulted in complete disappearance of 26 in the '"H NMR spectrum and the production of methanol
(3.35 ppm) and NNNPt"(OH), (28, Figure 5.10). The "H NMR spectrum of 28 shows only the signals
associated with the NNN-CHj ligand, shifted from the free ligand (17). The NNOPt product possesses a
Cs-symmetry (rather than the C;-symmetry of 26) supporting its identification as 28. The product yields
could not be determined due to poor solubility of 26 and the NNNPt product possibly due to

dimerization of 28.

N N
@Fl’t'ECHS a 6 >Pt'<OH + CH4OH
N~ T"OH H0 N

OH,
OH
R: CHj (26) 28
R: H (27) 29

Figure 5.10. Thermolysis of NNNPt'Y-CH;.

Thermolysis of 27 at 150 °C for 16 h in a buffered (KH,PO4+/K,;HPO4, pD = 7) D,0O solution
resulted in complete conversion of 27 by "H NMR spectroscopy and the production of methanol (57%).
The low methanol yield may be due to acid catalyzed oxidation of methanol as well as a heterogeneous
decomposition of methanol discussed in Appendix A: Low methanol yield in Chapter 4. A NNN
containing product with C;-symmetry was observed which is consistent with dimerization of
NNNPt"(OH), (29) similar to that observed in the NNO system (Figure 5.11). The observed low
solubility of the products is also consistent with a dimerized product. In general, the products of

thermolysis of 27 and 29 (NNOPt"(OH), and methanol) are similar to the products from the
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thermolysis monomethyl NNOPt"(7 and methanol) discussed in Chapter 4 and from the monomethyl
dpmsPt" in the Vedernikov system™.

O _|K+ CH4/KBF4 (0} N\Pt/o
~~
" pi " # "Spct 0.5 & 3 +H,0
N/ N N/ N : O— 2

CH,  H2O/MBF, L o= pt<m

6 7 8

Figure 5.11. Protonolysis of Pt"-CHj; of 6 in the NNO system. A similar dimerization for 28 and/or 29
is suspected in the NNN system.

The presence of a variety of basic regions in the hemilabile arm (lone pairs on O in carbonyl,
lone pairs in N of amidate, lone pairs on O of sulfonyl and pi electrons in aromatic ring) make it
difficult to determine which group is bound to Pt" upon coordination of the hemilabile arm. Crystals
grown from an air-free ACN/pentane/Et,O solution of 22 resulted in a dimethyl ethyl NNNPt'" (30).
While the reaction that created 30 is unknown the crystal structure clearly shows coordination of the

amidate N to the platinum (IV) center (Figure 5.12).
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Figure 5.12. ORTEP of 30 ellipsoids at the 50% probability level. Hydrogen atoms are excluded for
clarity. Selected bond distances (A) and angles (°): Pt1-C1 = 2.654(3), Pt1-C2 = 2.034(3), Pt1-C3 =
2.048(3), Pt1-N1 =2.203(2), Pt1-N3 =2.168(2), Pt1-N5 =2.180(2), N3-Pt1-C3 = 93.43(11), C3-Pt1-C2
=87.62(13), C2-Pt1-N5 =93.38(11), N5-Pt1-N3 = 85.54(10), N3-Pt1-N1 = 83.67(8), N3-Pt1-C1 =
92.98(11).

Conclusions

The novel NNN ligand coordinated to Pt performed similarly to the NNOPt system as well as
Vedernikov’s dpmsPt system in terms of protonlysis of a Pt-CHj, aerobic oxidation of Pt" to Pt" and
reductive elimination of methanol from a monomethyl Pt'". Addition of the protonated form of the NNN
ligand (18) to [Pt(CH3),S(CH3),], results in a dimethyl hydrido Pt" species (21). When using the
potassium salt of the NNN ligand (17 or 19) a dimethyl Pt species (22 or 23 respectively) is produced.
The dimethyl Pt" complexes (22 and 23) undergo protonolysis when dissolved in water producing
methane and monomethyl NNNPt" (24 or 25 respectively) which can then be oxidized by H,0, to

monomethyl Pt" (26 or 27 respectively). While not all of the products from the reaction of 24 or 25
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with O, were identified, a methyl transfer reaction occurred consistent to the reactivity of monomethyl
NNOPt". Finally, heating the monomethyl NNNPt" (26) results in the production of methanol and a
dihydroxy NNNPt". The crystal structure of the NNNPt' 30 shows that the hemilabile arm coordinates
through the N in the hemilabile arm.

Similar to the NNO system the NNN architecture appears to be competent for two key steps in
Shilov type chemistry: oxidation of monomethyl Pt" to monomethyl Pt" followed by reductive
elimination of methanol. After studies of the NNN ligands had begun we found that the reactivity of the
NNO system with O, was very slow relative to the Vedernikov dpms system which we attribute to steric
congestion around Pt due to the pyrazolyl bound methyl groups in both NNO and NNN.? The low
solubility of the NNNPt" complexes may also be due in part to the same methyl groups. The
combination of the very slow oxidation of monomethyl NNNPt" by O, and low solubility of the
oxidized products (NNNPt") make mechanistic studies comparing the reactivity of the various
substituted NNN ligand very challenging. Due to these constraints this ligand system would likely be
better modeled with minimization of aliphatic groups on the NNN ligand and steric congestions near the
platinum center. Removing the four methyl substituents from the pyrazolyl rings would likely enhance
the reactivity of an NNN ligated platinum(Il) center as well as improve solubility. Also, the phenyl
linker in the hemilabile arm may not be required to form a stabile anionic N also likely improving the
systems solubility in water.

Interestingly, while both our NNO system and Vedernikov’s dpms system were capable of
performing methyl transfer, reductive elimination of ethane from the dimethyl NNOPt'", a critical step
in methane oligomerization catalysis, was not observed. In the Vedernikov system isomerization of

dimethyl NNOPt" is observed without reductive elimination of ethane. This suggests that
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decoordination of weakly coordinating sulfonate group is insufficient to promote reductive elimination
of ethane. It has been shown that steric congestion aids in reductive elimination of ethane from trimethyl
Pt"'? 50 adding bulky substituents to the hemilabile arm could promote C-C coupling without impeding
oxidation of the Pt" center. Adding a bulky substituent such as fert-butyl directly to the amidate N,
where it is most likely to generate steric interaction with the Pt bound methyl groups, may promote
reductive elimination of ethane from dimethyl Pt'" product of oxidative methyl transfer (Figure 5.13).
The removal of the electron withdrawing sulfonyl group would destabilize the anionic N but as methyl

transfer has been observed in alkaline solutions in both the NNO and dmps systems an anionic amidate

N in the hemilabile arm may be accessible at elevated pH without the sulfonyl group.

O

N/ N-R
L NN/, Ly OH
\\,Nfl \CH3
/' CH,

Figure 5.13. Proposed redesign of NNN ligand with an emphasis on reducing steric bulk around Pt
center to enhance reactivity with O,. Adding bulky substituents at R promote reductive elimination of
ethane from a dimethyl Pt through steric congestion.

The NNN ligands showed competence for critical reactions associated with functionalization of
methane including: oxidation by O,, reductive elimination of methanol and methyl transfer. The
flexibility inherent in its design allowing for alteration of electronic and steric properties make the NNN

ligand a promising system to provide information that could be used in the design of a useful methane

functionalization catalyst.
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Experimental

All air-free manipulations were performed in a N, glove box, on a Schlenk line, or on a high
vacuum line. Solvents were purified by passage through two columns of activated alumina in the case of
THF and diethyl ether, and a column of activated alumina followed by a column of Q5 reactant in the
case of benzene, pentane, and toluene. NMR solvents were obtained from Cambridge Isotope
Laboratories. Benzene-ds and THF-dg were dried over Na/benzophenone then vacuum transferred prior
to use. Chloroform-d; was dried over CaH, and vacuum transferred prior to use. NMR spectra were
referenced from the residual protiated solvent signal and chemical shifts are reported in parts per million
(ppm) from tetramethylsilane (TMS). KH was obtained as a suspension in oil and was purified by
washing with pentane. All other chemicals were used as received. pH/pD measurements were obtained
using a Hach company ISFET pH Stainless Steel NMR Tube Probe calibrated using phosphate buffered
H,0 solutions of pH 4, 7 and 10. Readings from pH meter of D,O solutions are reported as pD.
Elemental analyses were performed by the CENTC Elemental Analysis Facility at the University of
Rochester.

Bis(3,5-dimethylpyrazol-1-yl)-N-toluenesulfonylacetamide (16). A 250 mL round bottom flask was
charged with bis(3,5-dimethyl-1pyrazolyl)methane (2.2 g, 10.8 mmol) and 100 mL of THF. The
solution was cooled to -78 °C in a dry ice/isopropanol bath. 2.5 M n-butyl lithium (3.25 g, 11.8 mmol)
was added dropwise over 5 min followed by 30 min of stirring. Then p-Toluenesulfonyl isocyanate
(96%, 2.34 g, 11.8 mmol) was added dropwise over 15 min. The solution was removed from the dry ice
bath and allowed to warm at room temperature for 30 min. H,O (1 mL) was added dropwise to quench
any unreacted n-butyl lithium and the solvent was removed under low pressure giving an orange solid.

H,O (40 mL) was added to the orange solid giving a cloudy orange mix. The mixture was separated by
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filtration then HCI was added to the filtrate (pH: 1) resulting in precipitation of a faintly orange solid.
Dissolution of the slightly soluble orange solid followed by filtration then acidification of the filtrate
and collection of the faintly orange precipitate was repeated until no orange solid remained. A total of
300 mL of H,O was required. The white precipitate was dissolved in THF then dried over MgSOy4. The
solvent was removed under low pressure giving a faintly orange solid. Adding 2 mL of methanol
resulted in a white solid with orange supernatant which was separated by centrifuge then decanted. The
white solid was crystallized from THF/pentane then washed with cold methanol. The colorless crystals
were dissolved in THF and dried over MgSO4. The solvent was removed under reduced pressure giving
a white solid. Yield: 0.64 g (15%). The yield of NNN ligands would likely be greatly improved by
drying the isocyanate over molecular sieves before use and allowing more time for its reaction with
deprotonated bis(3,5-dimethyl-1-pyrazolyl)methane at room temperature. In the synthesis of 20 the
isocyanate was predried and the reaction between the isocyanate with the deprotonated bis(3,5-
dimethyl-1-pyrazolyl)methane at room temperature was extended to 12 h giving a final yield of 43%
(see below). "H NMR (300 MHz, CDCls, 298 K): & 2.16 (s, 6H, CHs), 2.18 (s, 6H, CHs), 2.43 (s, 3H,
Tol-CHz), 3.14 (broad s, C-NH-S), 5.81 (s, 2H, Hy,), 6.55 (s, 1H, CH), 7.33 (d, )1 = 8 Hz, 2H, Tol-
H), 8.05 (d, ®J4.n = 8 Hz, 2H, Tol-H).

Potassium bis(3,5-dimethylpyrazol-1-yl)-N-toluenesulfonylacetamidate (17). A 100 mL round-
bottom flask was charged with 16 (640 mg, 1.59 mmol), KH (128 mg, 3.19 mmol) and THF (35 mL).
Over 20 m the amount of white solid (16) suspended in THF was greatly reduced with vigorous

bubbling (H;). The mixture was separated and the solvent removed under low pressure giving a white

solid. Yield: 0.58 g (83%). 'H NMR (500 MHz, CDCls, 298 K): & 1.93 (s, 6H, CHs), 2.15 (s, 6H, CHa),
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2.29 (s, 3H, Tol-CHz), 5.75 (s, 2H, Hy,), 6.44 (s, 1H, CH), 6.97 (d, )i = 8 Hz, 2H, Tol-H), 7.76 (d,
%341 = 8 Hz, 2H, Tol-H).

Bis(3,5-dimethylpyrazol-1-yl)-N-benzenesulfonylacetamide (18). A 250 mL round bottom flask was
charged with bis(3,5-dimethyl-1-pyrazolyl)methane (1.12 g, 5.46 mmol) then dissolved in 40 mL THF.
The solution to was cooled to -78 °C in a dry ice/isopropanol bath then 2.5 M n-butyl lithium (1.65 g, 6
mmol) was added drop-wise over 5 min followed by 30 min of stirring. Benzenesulfonyl isocyanate
(95%, 1.00 g, 5.46 mmol) was added dropwise over 15 min followed by 30 min of stirring at -78 °C.
The orange solution was removed from the dry ice bath and stirred for 12 h at room temperature giving
a brown supernatant with a white precipitate. The precipitate was separated and the white solid collected
was crystallized from methanol/Et,O or by evaporation of a methanolic solution. The crystals were
dissolved in a minimum amount of H,O which was acidified to pH 1 by addition of HCI resulting in a
white precipitate. The white solid was collected by filtration then dissolved in dichloromethane and
dried over MgSO4 with charcoal. The MgSO, and charcoal were removed by filtration and the solvent
was removed under reduced pressure giving a white solid. Yield: 500 g (24%). *"H NMR (300 MHz,
CDCls, 298 K): § 2.17 (s, 6H, CHa), 2.18 (s, 6H, CHz), 5.81 (s, 2H, Hy,), 6.55 (s, 1H, CH), 7.55 (t, 3JHH
=7 Hz, 2H, Phenyl-H), 7.65 (t, *Jy.4 = 7 Hz, 1H, Phenyl-H), 8.16 (d, *Jy.s = 7Hz, 2H, Phenyl-H).
Lithium bis(3,5-dimethylpyrazol-1-yl)-N-p-chlorobenzenesulfonylacetamidate (20). A 250 mL
round bottom flask was charged with bis(3,5-dimethyl-1-pyrazolyl)methane (3.42 g, 16.74 mmol) and
40 mL THF under an N, atmosphere. The solution was cooled to -78 °C in a dry ice/isopropanol bath
then 2.5 M n-butyl lithium (4.56 g, 5.05 mmol) was added dropwise over 5 m followed by 30 m of
stirring. 4-Chlorobenzenesulfonyl isocyanate 97% (3.64 g, 16.74 mmol), dried over 3A molecular sieves

in Et,0, was added drop-wise over 15 min followed by 30 m of stirring at -78 °C. The brick red mixture
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was removed from the dry ice bath and stirred for 12 h at room temperature giving a cloudy orange
mixture. A cream colored solid was collected by filtration which was then dissolved in methanol. Slow
evaporation of methanol gave colorless crystals. Attempts to protonate the ligand by addition of HCl in
H,O (see next experiment) did not result in a change in the "H NMR spectrum. Yield: 3.06 g (43%). 'H
NMR (300 MHz, CD30D, 298 K): 6 2.10 (s, 6H, CH3), 2.11 (s, 6H, CHz), 5.81 (s, 2H, Hy,), 6.66 (s, 1H,
CH), 7.44 (d, ®J4.n = 9 Hz, 2H, Phenyl-H), 7.93 (m, *Jy.4 = 9 Hz, 2H, Phenyl-H).

Attempted synthesis of Bis(3,5-dimethylpyrazol-1-yl)-N-p-chlorobenzenesulfonylacetamide. A 25
mL round bottom flask was charged with 20 (318 mg, 0.743 mmol) and H,O (8 mL) giving a white
mixture. The mixture was acidified with 10 drops of concentrated HCI to a pH of 1 and stirred for 1 h.
The white solid was separated however the 'H NMR spectrum was nearly identical to the spectrum for
the lithium salt (20). "H NMR (300 MHz, CD3;0D, 298 K): § 2.10 (s, 6H, CH3), 2.11 (s, 6H, CHs), 5.81
(s, 2H, Hp,), 6.66 (s, 1H, CH), 7.45 (d, 3Jhn = 9 Hz, 2H, Phenyl-H), 7.93 (m, *Jy.ny = 9 Hz, 2H, Phenyl-
H).

K -(NNN-H)Pt"V(CH3),H (21). A Teflon cap sealed NMR tube was charged with [Pt(CHz)a(p-
S(CHs),)]2 (2 mg, 0.003 mmol), 18 (1.8 mg, 0.005 mmol) and CD,Cl, (0.25 mL). After 1 h at room
temperature, a white precipitate formed. When the reaction was observed again 24 h later the ratio of
21, : 21¢q had changed from 9 : 1 to 1 : 4. 'H NMR spectral data for complex 21,4 (500 MHz, CD,Cl,,
298 K): 6 -21.82 (s, “pen = 1531 Hz, 1H), 1.59 (s, 2Jpen = 70.2 Hz, 6H, Pt-CH3), 2.33 (s, 6H, CH3), 2.39
(s, 6H, CHa), 6.06 (s, 2H, Hy,), 6.29 (s, 1H, CH), 7.42 (t, 3Jtn = 7 Hz, 2H, Phenyl-H), 7.49 (t, *Jypy =7
Hz, 1H, Phenyl-H), 7.88 (d, *Ju. = 8 Hz, 2H, Phenyl-H). -21.82 (s, “Jpn = 1531 Hz, 1H), -21.22 (s,

Lpt = 1451 Hz, 1H). 'H NMR spectral data for complex 21¢q due to poor resolution with 21,4 only the
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methyl and hydrido groups bound to Pt" were identifiable. (300 MHz, CD,Cly, 298 K): -21.22 (s, 1th-H
= 1451 Hz, 1H), 1.25 (s, *Jp.s = 71.3 Hz, 3H, Pt-CH3), 1.53 (s, “Jpru = 70.8 Hz, 3H, Pt-CH3).
(Potassium-k’-NNN-CH3)Pt"(CH3), (22). A 100 mL round-bottom flask was charged with
[Pt(CH;3),(n-S(CH3))]2'' (0.379 g, 0.66 mmol), 17 (0.58 g, 1.3 mmol) and THF (25 mL). The faintly
cloudy white mixture was stirred overnight giving a thick white mixture. The solvent was removed
under reduced pressure leaving a white solid. The solid was extracted with methanol and separated. The
filtrate was evaporated under reduced pressure leaving a faintly yellow solid. Yield: 0.35 g (40%). 'H
NMR (500 MHz, ACN-d;, 298 K): 8 0.41 (s, *Jp.s = 87 Hz, 6H, Pt-CH3), 2.23 (s, 6H, CH3), 2.28 (s, 6H,
CHs3), 2.35 (s, 3H, CH3), 5.95 (s, 2H, H,,), 6.10 (s, 1H, CH), 7.19 (m, 3Jh1 = 8.0 Hz, 2H, Tol-H), 7.80
(m, *Jnn = 8.2 Hz, 2H, Tol-H).

(Potassium-k’-NNN-H)Pt"(CH3), (23). A 50 mL round-bottom flask was charged with 0.2 g (0.5
mmol) of 18 and air-free THF (25 mL). Potassium hydride (31 mg, > 0.8 mmol) was then added to the
solution. Vigorous bubbling (H,) was observed. After 20 m the solid was separated by filtration and
[Pt(CHz)2(u-S(CHs)) o' (0.148 g, 0.258 mmol) was added to the filtrate and left at room temperature
for 24 h. The solvent was removed under reduced pressure and the resulting solid was crystallized from
THF/pentane. Yield: 0.05 g (7%). "H NMR (300 MHz, CD,Cl,, 298 K): & 0.39 (s, 2Jpu = 83.4 Hz, 6H,
CHa), 2.18 (s, 6H, CH3), 2.24 (s, 6H, CHz), 5.88 (s, 2H, Hy,), 6.05 (s, 1H, CH), 7.34 (m, 3Jhn = 7.6 Hz,
2H, Phenyl-H), 7.44 (m, *Jy.y = 7.4 Hz, 1H, Phenyl-H), 7.81 (m, *Jy.ns = 8.4 Hz, “Jqy = 2.1 Hz , 2H,
Phenyl-H).

(Potassium-k’-NNN-CH;)Pt"(CH;)(OH) (24). A sample of 22 (3 mg, 0.005 mmol) was dissolved in
Nj-sparged D,O (0.3 mL) with dioxane (int. std., 0.2 puL) then transferred to Teflon cap sealed NMR

tube. The sample was heated at 60 °C for 3 h until complete conversion of 22. Yield from 'H NMR
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spectroscopy: 95%. The reaction was also performed in H,O allowing for observation of the Pt"-CHs in
24 by 'H NMR spectroscopy. 'H NMR (300 MHz, D,0, 298 K): & 0.43 (s, “Jpn = 78.2 Hz, 6H, Pt-
CHs3), 2.21 (s, 3H, CH3), 2.25 (s, 3H, CH3), 2.38 (s, 3H, CH3), 2.39 (s, 3H, CH3), 2.42 (s, 3H, Tol-CHj3),
6.08 (s, 1H, Hy,), 6.06 (s, 1H, H,,), 7.39 (m, $Jun = 8.3 Hz, 2H, Tol-H), 7.92 (m, *Ju.4 = 8.2 Hz, 2H,
Tol-H).

(Potassium-k>-NNN-H)Pt"(CH;)(OH) (25). A sample of 23 (5 mg, 0.008 mmol) was dissolved in N;-
sparged H,O (0.2 mL) then transferred to Teflon cap sealed NMR tube. The sample was heated at 60 °C
for 1 h until complete conversion of 23. 'H NMR (300 MHz, H,0, 298 K): & 0.45 (s, 2Jpri = 81.3 Hz,
3H, CHz), 2.15 (s, 3H, CHz), 2.19 (s, 3H, CHz), 2.32 (s, 3H, CHz), 2.33 (s, 3H, CHz), 5.98 (s, 1H, Hy,),
6.01 (s, 1H, Hp,), 6.41 (s, 1H, CH), 7.47 — 7.61 (m, 3H, Phenyl-H), 7.98 (d, 3Jh-1 = 6.6 Hz, 2H, Phenyl-
H).

(x’-NNN-CH;)Pt" (CH3)(OH); (26). A Teflon valve sealed NMR tube was charged with 24 (4 mg,
0.006 mmol) and D,O (0.25 mL) giving a cloudy white mix. 5 drops of 30% H,0,/H,O were added and
the sample was left at room temperature for 24 hrs. A significant amount of white solid precipitated over
the course of the reaction. 'H NMR (300 MHz, D,0, 298 K): & 2.48 (s, “Jps = 71.1 Hz, 3H, Pt-CH3),
2.38 (s, 3H, CH3), 2.41 (s, 3H, CHs), 2.42 (s, 3H, CH3), 2.50 (s, 3H, CH3), 2.53 (s, 3H, CH3), 6.25 (s,
1H, H,,), 6.27 (s, 1H, H,,), 7.34(m, *Jy.ps = 8.1 Hz, 2H, Tol-H), 7.71 (m, *Jy.u = 8.0 Hz, 2H, Tol-H).
(x’-NNN-H)Pt" (CH3)(OH); (27). A Teflon cap sealed NMR tube was charged with 23 (2 mg, 0.003
mmol) and Ny-sparged H,O (0.15 mL) then heated at 60 °C for 20 m converting 23 to 25. The solvent
was removed under reduced pressure giving a white solid. 0.3 mL of D,O with 0.5 pL of 30%
H,0,/H,O was added. After 2 h all of the 'H NMR spectrum of 25 was no longer observed and only

signals due to 27 were present. The yield could not be calculated as a white solid precipitated over the
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course of the reaction. 'H NMR (500 MHz, D,0, 298 K): 6 2.40 (s, 3H, CH3), 2.41 (s, 3H, CHj), 2.47
(s, “Jpen = 75.8 Hz, 3H, CHs), 2.49 (s, 3H, CHs), 2.53 (s, 3H, CH3), 6.24 (s, 1H, Hy,), 6.26 (s, 1H, Hy,),
6.85 (s, 1H, CH), 7.62 (m, *Jy.y = 7.7 Hz, 2H, Phenyl-H), 7.70 (m, *Jy.s = 7.4 Hz, 1H, Phenyl-H), 7.92
(m, *Jyp = 7.9 Hz, 2H, Phenyl-H).

Reaction of aqueous (Potassium-k>-NNN-CH;)Pt"(CH3)(OH) (24) with O,. A Teflon valve sealed
NMR tube was charged with 24 (4 mg, 0.006 mmol) and D,O (2.5 mL) giving a cloudy white mixture.
The solution was degased by successive freeze/pump/thaw cycles then pressurized with O, (50 psi)
while frozen in a dry ice bath. The frozen solution was rapidly thawed in a 25 °C water bath then placed
in a preheated oil bath (60 °C). At timed intervals the NMR tube was removed from the oil bath, rapidly
cooled in a 25 °C water bath (10s) then examined by "H NMR spectroscopy. A significant amount of
white solid precipitated over the course of the reaction. While resolution was poor due to multiple
species in the product mixture two singlets with what appear to be '*°Pt satellites in a 1:1 ratio consistent
with a dimethyl Pt" were observed. 'H NMR (300 MHz, D0, 298 K): & 1.75 (s, 2Jp.y = 71.7 Hz, 3H,
CHs), 1.99 (s, “Jpen = 77.9 Hz, 3H, CHj).

Reaction of aqueous (Potassium-k’-NNN-H)Pt"(CH;)(OH) (25) with O,. A Teflon valve sealed
NMR tube was charged with 23 (2 mg, 0.003 mmol) and 0.15 mL H,O (0.15 mL) then heated at 60 °C
for 20 m. The solvent was removed under low pressure giving a white solid which was then dissolved in
D,0 (0.3 mL). The solution was degased by successive freeze/pump/thaw cycles then pressurized with
O3 (50 psi) while frozen in a dry ice bath. The frozen sample was rapidly thawed in a 25 °C water bath
then placed in a preheated oil bath (60 °C). At timed intervals the NMR tube was removed from the oil
bath, rapidly cooled in a 25 °C water bath (10 s) then examined by '"H NMR spectroscopy for 20 h.

While resolution was poor due to multiple species in the product mixture a singlet with what appear to
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be Pt satellites in a 1:1 ratio consistent with a dimethyl PtV was observed. 'H NMR (500 MHz, D0,
298 K): & 1.71 (s, “Jpens = 70.2 Hz, 3H, CHs), 1.96 (s, “Jpen = 69.1 Hz, 3H, CHs).

Thermolysis of (k’-NNN-CH;)Pt" (CH;)(OH); (26). A Teflon cap sealed NMR tube was charged with
26 (4 mg, 0.006 mmol) and H,O (0.3 mL) then acidified by addition of 50% HBF4/H,O (5 uL, 0.08
mmol, pH = 1.5) giving a white mixture (26 was the only product detected by '"H NMR spectroscopy).
The sample was then placed in 150 °C bath for 3 h until 26 was completely converted by "H NMR
spectroscopy. Methanol was observed in the product mixture (3.35 ppm) but the yield could not be
determined due to the use of solvent suppression in the "H NMR spectrum. 'H NMR (500 MHz, H,0,
298 K): 8 2.38 (s, 6H, CH3), 2.42 (s, 6H, CH3), 2.49 (s, 3H, CH3), 5.17 (s, 2H, H,,), 6.91 (s, 1H, CH),
7.44 (m, 2H, Tol-H), 7.79 (m, 2H, Tol-H).

Thermolysis of (k>-NNN-H)Pt'Y(CH;)(OH), (27). A Teflon valve sealed NMR tube was charged with
25 (2 mg, 0.003 mmol) and KH,PO4/K,;HPO, buffered D,O (0.3 mL, pD = 7.0) with dioxane (int. std.,
0.1 pL). The result was a white mixture but 27 was detected by "H NMR spectroscopy before heating.
The sample was then heated at 150 °C for 16 h until 27 was no longer detected by 'H NMR
spectroscopy. Methanol Yield: 57%. "H NMR (500 MHz, D,0, 298 K): (methanol) & 3.34. (29) & 2.07
(s, 3H, pyr-CHj), 2.42 (s, 6H, pyr-CHj3), 2.47 (s, 3H, pyr-CHs), 6.12 (s, 1H, pyr-H), 6.19 (s, 1H, pyr-H).
7.15—-17.3 (m, 5H, S-phenyl).

Crystallization of 30. Under an N, atmosphere a 25 mL round bottom flask was charged with 22 (100
mg, 0.15 mmol) which was then dissolved in minimum amount of air free acetonitrile. Air free diethyl
ether (10 mL) was added but no precipitation was observed. Air free pentane (5 mL) was added
resulting in a cloudy mixture. After 24 h colorless crystals were observed in addition to a significant

amount of black solid.
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Crystallographic characterization of compound 30

A colorless prism, measuring 0.45 x 0.10 x 0.03 mm’ was mounted on a glass capillary with oil.
Data was collected at -133°C on a Bruker APEX II single crystal X-ray diffractometer, Mo-radiation.
Crystal-to-detector distance was 40 mm and exposure time was 10 seconds per frame for all sets. The
scan width was 0.5°. Data collection was 100% complete to 25° in 3. A total of 60055 (merged)
reflections were collected covering the indices, h = -14 to 14, k = -16 to 16, 1 = -21 to 21. 9462
reflections were symmetry independent and the Rj,; = 0.0456 indicated that the data was good (average
quality 0.07). Indexing and unit cell refinement indicated a primitive monoclinic lattice. The space
group was found to be P 1 (No.2).

The data was integrated and scaled using SAINT, SADABS within the APEX2 software package
by Bruker.'? Solution by direct methods (SHELXS, SIR97"%) produced a complete heavy atom phasing
model consistent with the proposed structure. The structure was completed by difference Fourier
synthesis with SHELXL97.'"*"> Scattering factors are from Waasmair and Kirfel'®. Hydrogen atoms
were placed in geometrically idealized positions and constrained to ride on their parent atoms with C---
H distances in the range 0.95-1.00 Angstrom. Isotropic thermal parameters Uy were fixed such that they
were 1.2U¢q of their parent atom Ueq for CH's and 1.5U¢q of their parent atom Ugq in case of methyl
groups. All non-hydrogen atoms were refined anisotropically by full-matrix least-square. The structure
exhibits disorder with a methyl binding to platinum, disordered 1:1 with an ethyl group also binding to
platinum. The structure is of high quality and ready for publication. Table 1 summarizes the data

collection details. Figure 1 shows an ORTEP'” of the asymmetric unit.
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Table 5.1. Crystallographic data for 30.

Parameter

30

Empirical formula

C45 H64 N10 O6 Pt2 S2

Formula weight

1295.36

Temperature 140(2) K
Wavelength 0.71073 A
Crystal system Triclinic

Space group P1

Volume 1223.64(11) A3

Unit cell dimensions

a=9.2228(5) A, o= 72.586(3)°
b =10.5619(5) A, p= 87.949(3)°
¢ =13.6352(7) A, y = 75.123(3)°

Z 1

Density (calculated) 1.758 Mg/m3

Absorption coefficient 5.852 mm-1

F(000) 640

Crystal size 0.45 x 0.10 X 0.03 mm3

Theta range for data collection 2.09 to 33.57°.

Index ranges -14<=h<=14, -16<=k<=186,
21<=I<=21

Reflections collected 60055

Independent reflections 9462 [R(int) = 0.0456]

Completeness to theta = 25.00° 100.0 %

Max. and min. transmission

0.8440 and 0.1782

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

9462 /0/305

Goodness-of-fit on F2

1.035

Final R indices [I>2sigma(l)]

R1 =0.0285, wR2 = 0.0654

R indices (all data)

R1 =10.0366, wR2 = 0.0689

Largest diff. peak and hole

2.047 and -2.422 e.A-3
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