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ABSTRACT

Understanding and catalyzing chemical reactions requiring multiple electron
transfers is an endeavor relevant to many outstanding challenges in the field of
chemistry. To study multi-electron reactions, a terphenyl diphosphine framework was
designed to support one or more metals in multiple redox states via stabilizing
interactions with the central arene of the terphenyl backbone. A variety of unusual
compounds and reactions and their relevance toward prominent research efforts in
chemistry are the subject of this dissertation.

Chapter 2 introduces the para-terphenyl diphosphine framework and its
coordination chemistry with group 10 transition metal centers. Both mononuclear and
dinuclear compounds are characterized. In many cases, the metal center(s) are stabilized
by the terphenyl central arene. These metal-arene interactions are characterized both
statically, in the solid state, and fluxionally, in solution. As a proof-of-principle, a
dinickel framework is shown to span multiple redox states, showing that multielectron
chemistry can be supported by the coordinatively flexible terphenyl diphosphine.

Chapter 3 presents reactivity of the terphenyl diphosphine when bound to a
metal center. Because of the dearomatizing effect of the metal center, the central arene
of the ligand is susceptible to reactions that do not normally affect arenes. In particular,
Ni-to-arene H-transfer and arene dihydrogenation reactions are presented. Additionally,
evidence for reversibility of the Ni-to-arene H-transfer is discussed.

Chapter 4 expands beyond the chelated metal-arene interactions of the previous
chapters. A dipalladium(I) terphenyl diphosphine framework is used to bind a variety of

exogenous organic ligands including arenes, dienes, heteroarenes, thioethers, and
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anionic ligands. The compounds are structurally characterized, and many ligands exhibit
unprecedented bindng modes across two metal centers. The relative binding affinities
are evaluated spectroscopically, and equilibrium binding constants for the examined
ligands are determined to span over 13 orders of magnitude. As an application of this
framework, mild hydrogenation conditions of bound thiophene are presented.

Chapter 5 studies nickel-mediated C-O bond cleavage of aryl alkyl ethers, a
transformation with emerging applications in fields such as lignin biofuels and organic
methodology. Other group members have shown the mechanism of C—O bond cleavage
of an aryl methyl ether incorporated into a meta-terphenyl diphosphine framework to
proceed through B-H elimination of an alkoxide. First, the electronic selectivity of the
model system is examined computationally and compared with catalytic systems. The
lessons learned from the model system are then applied to isotopic labeling studies for
catalytic aryl alkyl ether cleavage under H,. Results from selective deuteration
experiments and mass spectrometry draw a clear analogy between the mechanisms of
the model and catalytic systems that does not require H, for C—O bond cleavage,
although H, is proposed to play a role in catalyst activation and catalytic turnover.

Appendix A presents initial efforts toward heterodinuclear complexes as models
for CO dehydrogenase and Fischer Tropsch chemistry. A catechol-incorporating
terphenyl diphosphine is reported, and metal complexes thereof are discussed.
Appendix B highlights some structurally characterized terphenyl diphosphine complexes
that either do not thematically belong in the research chapters or proved to be difficult
to reproduce. These compounds show unusual coordination modes of the terphenyl

diphosphine from which other researchers may glean insights.
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CHAPTER 1

General Introduction



This dissertation is focused on studying metal-arene interactions and,
specifically, their effects in an unusual terphenyl diphosphine environment. The study
of such interactions begins with basic coordination chemistry and progresses though
their transient role in catalysis on aromatic substrates. Although ~a  few  different
phosphine ligands are presented in this work, they are all interrelated by forcing metal-
arene interactions through rigidly oriented phosphine chelation. Although
organometallic chemists have studied metal-arene interactions since the synthesis of
bis(benzene)chromium in the middle of the 20" century, very few studies have been
performed on chelation-enforced metal-arene interactions. With this P-arene-P
framework, a variety of novel fundamental studies are presented. Thus, each research
chapter of this dissertation contains a separate introduction with relevant background
information and literature references; the purpose of this general introduction is to
explain the author’s rationale and provide a narrative for this research.

Organometallic chemistry at mononuclear transition metal sites has been well-
studied, and ongoing research efforts will continue to broaden the scope of reactions
that can be catalyzed at one metal center. Organometallic chemistry of multinuclear or
multifunctional complexes, on the other hand, by virtue of having multiple moving
parts, is less well understood. For instance, trends for rates of fundamental
organometallic processes, such as ligand dissocation, oxidative addition, and reductive
elimination, going down a group of the periodic table have been thoroughly studied and
are now taught to undergraduate students. Yet those trends have been largely based on
experimental work with mononuclear complexes. It is unclear if those trends would be

predictive for multinuclear complexes. Recent research efforts toward catalysis at



heterodinuclear or bifunctional transition metal complexes have only scratched the
surface of the possible permutations of nuclearity, metal, and pendant functional groups
that could be explored. Thus, this research was directed toward to exploration of
fundamental organometallic processes at multinuclear complexes.

Initially, a ligand was designed to study such processes using a rigid aromatic
spacer between two donors, in order to bind more than one metal center. The central
arene was also envisioned as a potential bridging ligand for multiple metal centers. A
para-terphenyl diphosphine of this type was first synthesized and studied by another
member of the group (Alexandra Velian).

A C-C bond forming reaction was discovered by dissolving a reactive dinickel
diaryl compound in dichloromethane, resulting in activation of two C—Cl bonds and
formation of two C—C bonds. This demonstration of multicentered reactivity is detailed
in Chapter 2. However, one or two anionic bridging ligands, two phosphines, a Ni—Ni
bond, and persistent Ni—arene interactions made for relatively unreactive compounds.
Reducing the dinickel dichloride compound, to attempt to isolate a reactive dinickel(0)
compound, yielded complex reaction mixtures, in some cases including mononickel
products. It should be noted that a related para-terphenyl dicarbene ligand framework
was developed by another group member and supported reduction of a dinickel dihalide
precursor to a putative dinickel(0) compound (Emily Tsui). Thus, to support a dinuclear
moiety in a variety of oxidation states, careful tuning of the ligand geometry and
electronics may be required.

At the same time, the metal-arene interactions, which were observed

crystallographically, were examined. Despite the increasing ubiquity and diversity of



multidentate ligands in transition metal compounds, there were few preexisting
examples of 7-bound arenes acting as a central donor in a rigid chelating ligand.

Further studies were directed toward chemistry supported by metal-arene
interactions. I worked with undergraduate students Eva Nichols and Jade Shi, who were
able to demonstrate chelated metal-arene interactions with a variety of mid-to-late
transition metals. In a mononickel system, I was able to study H-transfer between nickel
and and the central arene (Chapter 3). In work with dipalladium complexes, I found the
terphenyl diphosphine to act as a template for binding of an exogenous arene to form
mixed dinuclear sandwich complexes (Chapter 4). My initial work demonstrating the
utility of enforced metal-arene interactions in models for (otherwise) difficult to study
processes led Paul Kelley and Guy Edouard to study related meza-terphenyl
diphosphines as model substrates for C-O bond cleavage, a tranformation with
relevance to fine chemicals synthesis and biomass conversion. I was interested in
determining if insights from Paul and Guy’s model system were applicable to poorly-
understood catalytic systems, and gratifyingly found evidence that that a similar
mechanism is operative in both systems (Chapter 5).

In total, this dissertation shows that transient metal-arene interactions play a
significant role in chemical transformations. By affixing the metal center to the arene
with two pendant phosphines, a variety of unusual processes and mechanisms could be
studied. Moving forward, I am interested to see if incorporation of redox-active or
donor-functionalized central arenes into terphenyl-based complexes will lead to new

chemistry. My initial efforts toward heterodinuclear compounds supported by a central



catecholate moiety are detailed in Appendix A, and I know younger group members

including Justin Henthorn and Kyle Horak are following similar lines of research.



CHAPTER 2

MONO- AND DINUCLEAR GROUP 10 METAL COMPLEXES SUPPORTED BY METAL-ARENE
INTERACTIONS FROM PARA-TERPHENYL DIPHOSPHINE LIGANDS

Published in part as:
Velian, A., Lin, S., Miller, A. J. M., Day, M. W., Agapie, T. J. Am. Chem. Soc., 2010, 132,
6296-6297.



ABSTRACT

Mono- and bimetallic complexes of nickel and palladium in various oxidation
states are supported by a common terphenyl diphosphine. The reported complexes
show diverse metal—arene interactions in the solid state, which are fluxional in solution.
The activation energy for these fluxional processes are analyzed by variable temperature
NMR and found to be consistent with a ring-whizzing mechanism. In many cases,
highly unusual binding motifs are enforced by the constrained geometry of the
terphenyl scaffold. The complexes are analyzed by electrochemistry. While most of the
complexes exhibit binding of one double-bond of the central arene per metal center, an
0,0'-biphenyldiyl dinickel complex exhibits a w-n’n’ binding mode with a highly
deplanarized central ring. Reaction of this complex with CO and dichloroalkanes lead to
fluorene derivatives, demonstrating the formation of carbon—carbon bonds at a
bimetallic moiety and the ability of the dinucleating framework to hold two metal

centers together across three or four oxidation states.



INTRODUCTION

Arenes have been used as labile st-complexed ligands in a variety of organometallic
complexes. They are generally inert and their binding hapticity can vary from between ' to
1’ to stabilize reactive metal centers." Additionally, arenes can serve as a bridging ligand for
two or even three metal centers.” There are three general classes of monocyclic arene

complexes determined by the topological relation of the metal-arene interaction. (Chart 2.1)

Chart 2.1. Metal-Arene Interaction Classes

ML, L—M L—M
> b kb

I ] ]l

no tether hemilabile rigid

In the simplest type of metal arene complex (I), the arene is not covalently tethered
to another donor. The exogenous arene is held in place purely by attractive metal-arene
interactions. In some cases, upon dissociation of the arene, the unmasked metal center is
highly reactive.’” As arenes have been incorporated as structural elements in bulky ligands,
dimeric complexes held together by a reciprocal pair of metal-arene interactions have been
reported.” For instance, a dimeric nickel carbene complex reduces CO, to CO,’ and a
dimeric nickel B-diketiminato complex reacts with N,.”

In an effort to modulate the reactivity of arene-capped metal complexes, the arene
can be flexibly tethered to a more strongly binding ligand (class II). Similar to class I
complexes, attractive metal-arene interactions predominate. Unique to class II complexes,
however, is that following dissociation of the arene and reaction at the unveiled metal center,
the arene readily recoordinates. Hemilability allows for a single ligand to have multiple

6-

coordination modes and support a wide range of redox states.”'' Thus, class IT complexes

has been developed as catalysts in which the arene coordination works in lockstep with a
catalytic cycle” or in which arene coordination (and hence catalyst behavior) can be switched

by the oxidation state of a redox-active moiety attached to the arene.”"'



Finally, metal arene interactions may be enforced by a rigid attachment of the arene
to another donor (class III). Unlike in the previous two classes, attractive metal-arene
interactions are not required in class III complexes. Even if only a weak metal-arene
interaction is present, the arene must stay near the metal center and exhibit a more persistent
effect on the metal center than arenes in class II complexes. Prototypical motifs employed in

12-14 15,16

. - . - 17,18
this class include pincer, cage, and macrocyclic "

complexes in which multiple
donors are tethered to a central arene.

A unique motif employed in enforcing metal arene interactions is the
dialkylbiarylphosphine pioneered by Buchwald for state-of-the-art cross-coupling catalysis.
Although rotation about the P-biaryl bond allows for rotational isomers without close
metal-arene contacts, if the P atom and biaryl have suitably large substituents, the phosphine
lone pair prefers to orient over the 7t-system of the terminal arene."” Thus, despite having as
few as one non-arene donor, dialkylbiarylphosphines effectively enforce metal-arene
proximity, and metal complexes can be classified as class I11. Indeed, mononuclear Pd(0) and
Pd(II) and dinuclear Pd(I) complexes have been crystallographically characterized. There is,
however, a conspicuous lack of nickel congeners in the literature, given the rich chemistry
generally available to these metal centers.

In order to study class III metal-arene interactions, a p-terphenyl diphosphine
framework was envisioned as to coordinate one or two metal centers. While a
mononuclear rhodium complex had been previously reported with a 2°3’5°,6’-

tetraphenyl variant of this scaffold,” a more general synthesis and richer coordination

chemistry was expected of our system.

RESULTS AND DISCUSSION
To examine a variety of metal-arene interactions, nickel and palladium compounds

with para-terphenyl diphosphines were synthesized and characterized by single-crystal X-ray



diffraction (XRD), nuclear magnetic resonance (NMR) spectroscopy, cyclic voltammetry
(CV), electron paramagnetic resonance (EPR) spectroscopy, and density functional theory
(DFT) calculations. For organizational purposes, this chapter will discuss three groups of
compounds: zero-valent mononuclear, oxidized mononuclear, and dinickel complexes.
Nickel hydride and dipalladium complexes are only briefly mentioned in this chapter but are

the focus of Chapters 3 and 4, respectively.

1. Zero-Valent Mononuclear Complexes

1.1. Synthesis. M(0) complexes were targeted by reaction with M(0) precursors (M =
Ni, Pd; Scheme 2.1). A previously reported reaction of 1 with Ni(COD), (COD = 1,5-
cyclooctadiene) proceeded cleanly to form dark red Ni(0) complex 2.’ Analogous reaction
of 1 with Pd,(dba); (dba = dibenzylideneacetone) yielded primarily Pd congener 3, but dba
byproducts from the reaction could not be successfully removed. Thus, 7# situ reductions of
PdCL(COD) co-dissolved with 1 in THF (THF = tetrahydrofuran) were pursued. Although
stirring with activated magnesium turnings afforded clean product, the reaction was very
slow. Instead, Ni(bipy)(COD) (bipy = 2,2>-bipyridine) was found to be the most convenient
reductant, with reasonable reaction times (less than 30 minutes) and facile separation of
THF-insoluble byproduct Ni(bipy)Cl, by filtration, allowing isolation of orange Pd(0)
complex 3. Analogous reduction conditions with PtCL(COD) were explored, and Pt
congener of 2 was identified by NMR spectroscopy and mass spectrometry (MS), but a clean
product could not be isolated.

Metal-arene interactions were also interrogated by addition of an exogenous f-acidic

ligand. Careful addition of 1 equiv. CO or CN'Bu to 2 yields the analogous yellow

monocarbonyl complex 4 (v, = 1926 cm™) or monoisocyanide complex 5 (V¢ = 2026 cm’
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" (Scheme 2.1). The IR stretches are consistent with previously reported nickel(0)
diphosphine monocarbonyl (1867-1996 ¢cm™)** or monoisocyanide (1992-2094 cm™)***
complexes. Addition of more CO or CNBu led to formation of species exhibiting peaks
cotresponding to unbound phosphine by *'P NMR spectroscopy.

Two other terphenyl diphosphine ligands were designed and synthesized to explore
electronic and steric effects on metal-arene interactions. Dimethoxy-substituted 6 and
oxygen-linked 7 were metallated with Ni(COD), to yield red mononickel complexes 8 and 9,
respectively (Scheme 2.2).

Scheme 2.1. Synthesis of M(0) Compounds 2-5.

Prap RPr2  a)Ni(COD), Prap_y—RPr2

O b) 0.5 equiv. Pdy(dba);
1
L

-
’

;

c) 1. PdCl,(COD)
2. Ni(bipy)(COD)

a)2 M = Ni
borc)3M=Pd
ip B i a) 1 equiv. CO
rZP\N\i/P & b) 1 equiv. CN'Bu
(- = v
a)4L=CO
b) 5L = CN'Bu
Scheme 2.2. Synthesis of Ni(0) Compounds 8 and 9.
iPr2P PiPI'2 iPrZP\Ni/PiPrZ
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1.2. Structural analysis. Crystals of 2, 3, 4, 5, 8, and 9 were grown and analyzed by

XRD. All of these compounds display pseudo-C, symmetry, with the metal bound by two
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phosphines, two adjacent carbons of the central arene, and, for 4 and 5, one exogenous
ligand. The resulting alternation of short and long C—C bond lengths in the central arene can
be understood as the result of localization of the double and single bonds so that one double

bond can act as an olefinic ligand to the low-valent metal center.' In all cases, the bound
C-C bond is elongated relative to the two unbound C-C double bonds. The extent of
dearomatization in each compound can be gauged by the difference between the longest and
shortest central arene C—C bond lengths (A, Table 2.1). More dearomatization is expected
to induce greater values of A... The three three-coordinate Ni(0) compounds 2, 8, and 9
exhibit high A values (>6.7 pm) that are similar to that of a previously reported meta-

terphenyl diphosphine complex (7.0 pm).*' The particularly high value for 8 (8.3 pm) is due

in part to the inherent asymmetry conferred by the methoxy substituents. For comparison,

1,2-dimethoxybenzene has been reported with A = 3.4 pm.”

Ni generally binds better to
m-acids than Pd. This difference is reflected in the low A.. of 3 (3.6 pm).

Because 4 and 5 contain m-acidic ligands (L. = CO, CN'Bu) competing with the
central arene, the A values are smaller than for 2. Interestingly, although carbonyls and
isonitriles are isoelectronic and similarly ranked ligands in the spectroelectrochemical series,
5 has a much larger A, than 4. The bulky Bu group in 5 interacts with the phosphine
substituents, forcing the angle between the Ni—(C=C) and Ni-L bonds to be less obtuse
than the corresponding angle of the carbonyl ligand in 5 (99° vs. 106°). Because orthogonal

m-acid ligands can participate in backbonding through different metal d-orbitals,

backbonding in 5 is stronger than in 4, and thus the A of 5 is larger than that of 4.
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Figure 2.1. Solid-state structures of mononuclear para-terphenyl diphosphine

complexes with central arene bond distances (A). Left (from top to bottom): 2-5.

Right: 8-11. Thermal ellipsoids are shown at 50% probability level. Non-hydride

hydrogen atoms, solvent molecules, and outer-sphere anions are omitted for clarity.

Table 2.1. Central arene metrics for zero-valent complexes: A (pm) and 'H NMR peaks

(samples at r.t. in CD, unless otherwise noted; 0 (ppm))

2 3 4 5 8 9 10*| 112
A 67]36] 46 60 18369 22|47
TH |5.42[6.73]6.72, 6.64|6.63, 6.21|4.52|5.82] * |7.31

* CD,CN as NMR solvent. > paramagnetic species
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Figure 2.2. Arene m-backbonding vs. carbonyl/isonitrile relative binding angle.
The metal-arene interaction in 4 and 5 can also be interrogated by analysis of the
exogenous T-acid ligand bond lengths. For 4, the Ni—C(O) distance [1.778(2) A] is longer

23-26,31

than in comparable Ni(0)-phosphine-monocarbonyl complexes, and accordingly, the
C-O distance [1.161(2) A], is relatively short. For 5, the Ni-C(N) bond length is longer than
in a previously reported Ni(0)-phosphine-monoisonitrile complex [1.850(1) vs. 1.787(3) A].*
Instead, the Ni-C(N) bond length is more comparable to Ni(I) monoisonitrile complexes
[Ni-C ~1.86 A].” All of these bond lengths indicate that the arene acts as a weak f-acid,
making the Ni center less electron rich and hence less tightly bound to the CO or CN'Bu.

1.3. Solution NMR spectroscopy. The metal-arene interaction can also be observed in
solution by NMR spectroscopy. Dearomatization of the central arene disrupts ring current
effects, and m-backbonding can increase the electron density of the central arene and induce
diamagnetic shielding.” Thus, the central arene '"H NMR peaks appear in upfield areas of the
spectrum typically reserved for olefinic moieties (Table 1). At room temperature, the three-
coordinate complexes (2, 3, 8, and 9) exhibit only one central arene 'H NMR signal.
Assuming fast rotation of the methoxy groups and the absence of non-interconverting

isomers, this is expected for 8. For 2, 3, and 10, however, this feature reveals that the metal
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center can rapidly exchange between two equivalent m*-binding sites: the front and back of
the central arene (Scheme 2.3). In contrast, the four-coordinate species 4 and 5 exhibit two
"H NMR central arene peaks integrating to two 'H nuclei each,” suggesting that fluxionality
of the metal-arene process is slow on the NMR time scale. To study the underlying fluxional
processes governing these spectra, variable temperature (VI) NMR experiments were
performed.

Scheme 2.3. Possible intermediates for central arene exchange

[M] [M]

N M]
W R R or R ! /4 —— ,I_‘\
ring whizzing —

dissociation

M]

At room temperature, the central arene 'H NMR peak of 2 is broad (half maximum
full width = 93 Hz), suggesting that full line-shape analysis should be feasible. Thus, VT
NMR study of 2 was conducted in dg-toluene (Figure 2.3). Below -45 °C, sharp central arene
singlets at 6.35 and 4.63 ppm suggest a C,-symmetric structure, as observed in the solid state.
At progressively increasing temperatures, these peaks broaden, coalesce at 5.42 ppm, and
form a sharp singlet around 75 °C (HMFW = 10 Hz). This behavior is indicative of a
degenerate exchange process involving coordination of the opposite pair of carbons of the
central arene. Iterative line shape analysis of the central arene peaks (Figure 2.3) provides
rate constants across this range of temperatures. The Erying-Polanyi equation can then be

used to determine the thermodynamic parameters of central arene inversion: AH* = 13.07

keal/mol, AS* = 3.08 cal/mol-K.
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Figure 2.3. Top: VT '"H NMR spectra (500 MHz, red), iteratively fit simulations
(black), and corresponding rate constants for coalescence process (k). 2 on left (d;-

toluene), and 4 on right (C;D). Bottom: corresponding Eyring-Polanyi plots.
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One possible mechanism for the inversion of the central arene, involving m’-bound
intermediates, is known as ring whizzing (Scheme 2.3). In other systems, ring whizzing”* of
monoarenes bound to Ni(0) is often too fast to resolve on the NMR timescale.””” For a
bis(triethylphosphine)nickel®(1,2,4,5-tetrafluorobenzene) adduct, broad 'H NMR spectra
could not be fully decoalesced even at -90 °C, but the ring whizzing barrier was estimated to
be 3.5 kcal/mol.”® With the exception of interannular ring whizzing in nickel-polyacene

39-41
adducts,

the exchange barrier in 2 is much larger than in previous Ni(0)-arene systems.
This discrepancy could be accounted for by increased distortion of the terphenyl backbone
in ring whizzing intermediates.

Alternatively, degenerate exchange could occur through arene dissociation (Scheme

2.3). Ni(O)—arene dissociation in various systems has been observed to be slow on the NMR

>4 and calculated to be thermodynamically disfavored by >18 kcal/mol,"”*

timescale
markedly higher than the activation parameters for 2. Because the central arene is tethered to
the Ni center through the phosphine substituents, metal-arene dissociation in 2 would not
unlock as many degrees of freedom as the previously studied systems with non-tethered
arenes. So if arene dissociation were responsible for the fluxional behavior observed by 'H
NMR, the calculated enthalpy of activation would be over 18 kcal/mol. Thus, the VT NMR
behavior of 2 is probably not the result of rapid central arene dissociation.

VT NMR study of 3 was also attempted, but the central arene 'H signal remained a
sharp singlet at temperatures as cold as -80 °C (d;-toluene). Thus the exchange barrier is
smaller for 3 than for 2. This is consistent with the weaker sm-interaction of Pd vs. Ni
observed in the solid state.

VT NMR study of carbonyl complex 4 was performed. Coalescence occurs around

75 °C, but decomposition prevents observation of fast exchange at higher temperatures.
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Iterative line shape analysis of the central arene peaks from 25 °C to 75 °C provides
approximate rate constants for arene exchange (Figure 2.3, right), and an Eyring plot

determines the thermodynamic parameters for molecular inversion: AH* = 22.0 kcal/mol,

AS* = 16.8 cal/mol-K. The large positive entropy during inversion would be consistent with
unlocking ~3-5 degrees of rotational conformational freedom in the inversion transition
state.”** A transition state involving an unbound phosphine and ring whizzing (Scheme 2.4,
top) could account for the large enthalpic and entropic parameters observed for 4. An
alternative exchange mechanism could be dissociation of the central arene, rotation of the
Ni-CO bond perpendicular to the P-P vector, and recoordination of the central arene
(Scheme 2.4, bottom). The latter pathway, which only unlocks rotation of the central arene
and of the Ni-CO vector, may not account for the large observed AS*, but has not been
ruled out. Because the carbonyl ligand must move a large distance between the two
conformations and the constrained geometry of the terphenyl diphosphine likely requires
dissociation of a donor to facilitate degenerate exchange, overall the barrier for degenerated
exchange is higher for 4 than for 2.

Scheme 2.4. Phosphine dissociation-mediated ring whizzing

R
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1.4. Cyclic voltammetry. The electrochemistry of complexes 2, 3, 8, and 9 were
examined with cyclic voltammetry. Ni(0) compounds 2 and 8 exhibit similar cyclic
voltammograms (CVs) with two oxidation waves, assigned to Ni(0)/Ni(I) and Ni(T)/Ni(II)
oxidations. The first waves are quasi-reversible, and 2 has a higher reduction potential (E, ;)
than 8 (-1.13 vs. -1.18 V; all potentials are referenced vs. FeCp,/[FeCp,|’; Cp =
cyclopentadienyl). The second oxidation waves are irreversible, although returning reduction
waves are observed. Again, 2 is oxidized at a higher potential than 8 (E , = -0.10 vs. -0.18 V
for 100 mV/s sweep rate). The relatively more negative reduction potentials of 8 can be
rationalized by its more electron-rich central arene facilitating oxidation of the Ni center.

Terphenyl diphosphinite complex 9 exhibits one irreversible oxidative feature,
assigned to a Ni(0)/Ni(I) transition, peaking at -0.98 V (100 mV /s sweep rate). The relatively
higher oxidation potential of 9 vs. 2 agrees with phosphinite donors being less electron-rich
than phosphine donors."’

The CV of Pd(0) compound 3 is notably different from that of its Ni congener 2. An
oxidative wave near -0.45 V appears to be composed of two features at scan rates faster than
500 mV/s. The corresponding reduction wave, about equal in size to the sum of the
oxidative features, appears singular at all scan rates. One explanation for these features is
that 3 undergoes one-electron oxidation to a Pd(I) complex, which then disproportionates to
3 and a Pd(II) complex. If redox disproportionation occurs at an intermediate rate, then at
slow scan rates very little Pd(I) should be oxidized by the electrode, and a single two-electron
oxidative wave would be observed; and at fast scan rates unreacted Pd(I) complex would
manifest as a second oxidative feature in the CV. Divalent d’-metal centers typically bind
four ligands in a square planar geometry,” so the electrogenerated Pd(I) species may

coordinate solvent. Thus the reductive wave, assigned as reduction of a Pd(II) solvent-
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coordinated species, can appear as a single two-electron wave without violating microscopic

reversibility.
2 scan rates (mV/s)
1000 3
-m e o 500
= =100
8 ===750
oooooo 10
50 uA ?
" 100 wA
-2 -1.5 -1 -0.5 0 0.5 1 -1 -0.8 -0.6 -0.4 -0.2 0

Potential vs. FeCp,/[FeCp,]* (V) Potential vs FeCp,/[FeCp,|* (V)

Figure 2.4. Cyclic voltammograms of (left, top to bottom; 100 mV/s scan rate) 2, 8, 9,

and (right) 3. Data collected with 2 mM analyte in THF (100 mM Bu,NPF).

2. Oxidized Mononuclear Complexes

2.1. Chemical oxidation of 2. The reversible first oxidative wave in the CV of 2 suggests
the isolability of a Ni(I) complex. Indeed, 2 reacts with 1 equivalent of [FeCp,|PF,in THF,
yielding an orange solution with dark purple precipitate. 'H NMR spectra of the
homogenized reaction crude in CD;CN show full conversion of 2 and generation of a sharp
singlet at 4.18 ppm corresponding to ferrocene. Additionally, broad peaks at 11.31, 8.10,
4.04, and 0.16 ppm are observed. A purple compound, 10-PF, exhibiting these broad NMR
peaks can be isolated by triturating the reaction crude with toluene to remove ferrocene. A
convenient alternative synthesis proceeds through comproportionation of a THF slurry of 1,
2, and Ni(OTY), (OTf = triflate = trifluoromethanesulfonate) heated at 80 °C for 4 h,

yielding two equivalents of 10-OTf.
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Scheme 2.5. Chemical oxidation of 2

[FeCp,]PFg .
or Prap pPr, , .
Ni(OTf), and 1 ~Ni— [FeCp,]PFg white precipitate
2 > LAY
yellow-green
THF MeCN solution
dark red deep purple

2.2. Structure of 10. After layering a MeCN solution of 10 over toluene, liquid
diffusion afforded deep purple XRD-quality crystals. XRD analysis reveals that the nickel
center is M’-bound by the central ring and that the triflate anion is not bound. The metal
center is located 1.79 A from the plane of the arene, with Ni-C distances ranging from
2.248(1) to 2.318(1) A. The central arene retains aromaticity (Aec = 2.1 pm). The long Ni—C

distances and smaller deformation of the central arene C—C bonds are reminiscent of cation-

46

. . 9 . . . .
arene interactions.” The metal center’s d° configuration, cationic charge, and relative

positioning preclude strong st-backbonding to the central arene. Although diamagnetic
Ni(0),>** Ni(11),”", or Ni(I), complexes™ with n’-arene ligands have been reported, 10 is
the only known mononuclear Ni(I) n°-arene complex. The rarity of this motif is likely due in
part to its formal 19 electron count.”

2.3. Electron Paramagnetic Resonance. EPR spectra of 10 were collected in 1:1
MeCN/toluene. At 20 K, a broad thombic spectrum is observed (Figure 2.5), and a suitable
EPR simulation requires using large ’p hyperfine coupling constants, assuming equivalent
phosphines (g = [2.075, 2.440, 2.111]; A, = [-2.75, 10.2, 135] G). Upon warming the EPR
sample to room temperature, an isotropic signal (g = 2.092) is observed, again with very
large *'P hyperfine coupling constants (A, = 188 G). For reference, the previous highest
reported A, for a Ni(I) diphosphine complex, to the best of our knowledge, was 120 G.”

Other Ni(I) diphosphine complexes have been reported with A, between 5 and 100 G.*>%
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Figure 2.5. Experimental (X-band, solid black) and EasySpin-simulated (dashed) EPR
spectra of 10 in 1:1 MeCN/toluene at 20 K (left) and room temperature (right).

EPR spectra of 10  (containing a perdeuterated central arene) exhibit identical
spectra as 10, suggesting that the unpaired electron spin is not strongly delocalized onto the
central arene protons. Unrestricted density functional theory (DFT) was used to calculate the
spin-density plot (Figure 2.6), and notable contributions are present from the phosphorous
atoms (9% each) and zpso-carbon atoms of the central arene (8% each). The spin density plot

also qualitatively correlates with the highest-occupied singly occupied orbital (SOMO).

Figure 2.6. DIFT-calculated isosurface plots of the spin density (left) and SOMO (right)
(isovalue = 0.05) of 10.

2.4. Accessing divalent complexes. According to the CVs of 2 and 3, divalent Ni and Pd
complexes should be accessible via chemical oxidation. Divalent d’-metal centers typically

bind four ligands in a square planar geometry,” but the roles of the central arene, solvent
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molecules, and weakly binding anions in that coordination sphere are not immediately
obvious.

According to the CV of 2, ferrocenium should oxidize 10. Addition of [FeCp,|PF, to
10 in MeCN results in formation of white precipitate out of a yellow-green solution (Scheme
2.5). These observations and NMR spectra of the reaction mixture are consistent with
formation of insoluble Ni(PF,), and free 1. As alternate routes to divalent nickel compounds,
direct metallation of 1 with Ni(OTf), or NiCL,(DME) (DME = 1,2-dimethoxyethane)) does
not show any signs of reaction. An explanation consistent with these observations and the
irreversibility of the second oxidative wave in the CV of 2 is that a Ni(Il) metal center may
be too small to be stably bound by the rigid, trans-spanning diphosphine. If any Ni(II)
compound is formed, phosphine(s) may dissociate, resulting in release of Ni(II) salts or
formation of coordination polymers.

Similarly, accessing Pd(II) compounds is challenging. Chemical oxidations of 3 or
metallations of 1 with Pd(II) precursors (e.g. [Pd(MeCN),](BF,), or PdCL(COD)) yield
intractable mixtures of species with broad NMR features. These species in solution are
unstable upon concentration and yield primarily insoluble orange precipitate. Although some
mononuclear Pd(II) complexes have been crystallized by chance (see Appendix A), they have
not been reliably reproduced. One possible explanation for the behavior of the proposed
meta-stable Pd(II) complexes is phosphine dissociation followed by formation of an
insoluble coordination polymer.

A strategy to disfavor formation of coordination polymers is minimization of steric
repulsion between the terphenyl diphosphine framework and exogenous ligands that
complete the square planar coordination sphere. For this purpose, installation of hydride

ligands is ideal. Ni(II) hydride compounds can be accessed by protonation of 2, but
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discussion of their rich chemistry is reserved for Chapter 3. An analogous Pd hydride is
synthesized by reaction of 3 with p-cyanoanilinium triflate in THF (Scheme 2.6). After
triturating with benzene, the reaction mixture can be dissolved in MeCN and layered under
Et,O to yield pale yellow XRD-quality crystals of 11.

Scheme 2.6. Protonation of 11

C@® o

IPrzP\ch/" Pra Pryp_— Pld pPr

2.5. Structural analysis of 11. XRD analysis of 11 (Figure 2.1) shows that the Pd center

is four-coordinate and square planar. The hydride ligand is positioned trans to a double bond
of the central arene. The single and double bonds of the central arene are localized, and the
resulting alternation of bond lengths is actually greater than for Pd(0) compound 3 (A =
4.7 vs. 3.6 pm).

While similar cationic palladium hydride complexes with monodentate phosphines,*
bidentate diphosphines,”* and tridentate PXP pincer ligands (X = C, N, O) " have been
isolated, 11 is the first crystallographically characterized example of a palladium hydride
bound to an unsaturated s-system. These species, which result from B-hydride elimination
and precede olefin insertion in Pd-H bonds, have only previously been characterized by
theory and spectroscopy.””® This rare motif is stabilized in 11 by (a) using an arene as the
unsaturated n-system and (b) forcing the hydride to be #ans to the arene by the topology of
the tridentate terphenyl diphosphine framework. In contrast, the corresponding nickel
hydride, discussed in detail in Chapter 3, is only meta-stable, and Ni-to-arene H-transfer is

thermodynamically favored.
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2.6. Solution NMR spectroscopy. NMR spectroscopy is a useful tool for identifying
dearomatizing metal-arene interactions in oxidized mononuclear compounds. 'H NMR
spectra (CD;CN) of 11 display a downfield triplet at -12.98 ppm that is assigned to Pd-H (J,;
= 12 Hz). A singlet at 7.31 ppm, assigned to the central arene protons, integrates to four
nuclei. This singlet does not decoalesce at lower temperatures (-35 °C, CD;CN). Thus, like
Pd(0) complex 3, exchange between the front and back of the central arene is facile and
rapid on the NMR timescale. Although the central arene protons of 11 are relatively
downfield vs. compounds 2-9, the latter compounds are neutral and analyzed in a different
NMR solvent. As a relative standard, the peripheral arene protons of 11 are all downfield of
7.66 ppm. Similarly, the "C NMR peaks corresponding to the central arene (124.9 and 118.4
ppm for spso- and ortho-carbons, respectively) are well separated from the other aromatic

carbons of 11 (148 through 128 ppm).

3. Dinuclear Complexes

Compounds 12-16 in this section were originally studied and reported by then-undergradnate
Alexcandra Velian.*” Their synthesis and structure are reproduced here to provide a comprehensive review of
para-terphenyl diphosphine coordination chemistry and to segue into my study of their reactivity. We
envisioned 1 as an excellent ligand for dinuclear moieties given the relatively rigid and large
spacing of the two phosphines.” Furthermore, the central arene of 1 was expected to serve
as a bridging ligand across two metals. There are several examples from the literature of
dinickel compounds with bridging arenes that employ different ligands with different
binding modes. Arenes can bridge two Ni(0) diphosphine fragments, binding as an w-1n*n’
butadiene with an uncoordinated and localized double bond (Chart 2.22).>” Arenes can also
bridge Ni(I), moieties, binding as u-n’n’-bisallyls (Chart 2.2b, c).*”*”” Notably such
complexes are often diamagnetic, suggesting either reduction of the arene with formation of

Ni(II), centers or antiferromagnetic coupling through arene-based orbitals. Furthermore,
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arenes may bridge cofacial Ni(I), moieties. Of the three previously known compounds to
exhibit this characteristic, each has a different binding mode (Chart 2.2d-f).***™ Finally,
benzene has been shown to bridge two Ni(Il) centers in a u-1"n’binding mode.”

Chart 2.2. Dinickel complexes with bridging arenes.

(a) ‘Bu (b) (c) (d)
P =t BPh;
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(Ar(X) = 2,6-X,C¢H3)

3.1. Synthesis. Comproportionation of Ni(COD), and NiCL(DME) in the
presence of 1 in THF solution (Scheme 2.7) yields a dark green solution displaying one
°'P NMR singlet (47 ppm). The diamagnetic nature of this product is attributed to a Ni'-
Ni' interaction. This same dark green mixture is observed upon reacting 2 and
NiCL,(DME). XRD studies of dark green crystals of 12 confirm its identity (vide infra).
As an independent synthetic route, addition of 2 equiv. Bu,NCI to cationic Ni(I)
complex 10 cleanly yields a 1:1 mixture of 1 and 12, as determined by 'H and *'P NMR.
This result suggests that the relatively rigid and widely spaced para-terphenyl
diphosphine framework prefers to coordinate dimeric (Ni'Cl), moieties over
mononuclear Ni'Cl moieties.

Comproportionation of NiBr, or Nil, with 2 does not proceed at room

temperature, perhaps owing to insolubility of the halide salts. However, heating the

26



reactions in THF at 70 °C cleanly yields halide congeners 13 (green-brown) or 14 (dark
red), respectively. With these nickel(II) precursors, n situ
comproportionation/metallation with 1 and Ni(COD), yields complicated mixtures
containing broad paramagnetically shifted peaks and a dark film on the reaction flask
walls, possibly due to Ni(COD), decomposition in heated THF (vida infra, synthesis of
8). Compound 2 does not react with NiF, in refluxing THF.

A strategy to increase the reactivity of the dinickel moiety is halide abstraction.
Adding TIOTf to a THF solution of 12 yields blue product 15 and insoluble white
precipitate (presumably TICl). Addition of excess TIOTf does not abstract a second
chloride.

Scheme 2.7. Synthesis of dinickel(I) halide compounds 12-15.

IPrQP PiPrz IPrZP\Ni/PIPrZ
Ni(COD), N
— OO0 U-CU
+2 i ! 2
BuNGI Ni(COD), | 4 NiCIo(DME), NiBr,, or Nil, |
10 —— NiCl,(DME) e THE
MeCN
X .
iPrz //‘\)\( IPI'Z
> P—Ni—Ni—P X Cl
= TIOT
THF
12: X =Cl
13; X =Br
14: X =1

In an effort to document redox organometallic reactivity at the dinuclear core of
12, derivatives displaying hydrocarbyl ligands were targeted. Such complexes are
expected to provide examples of reductive elimination or oxidative addition at a
bimetallic nickel complex. Attempts to make a diphenyl complex by treating 12 with
PhMgBr have led to the formation of biphenyl, presumably by reductive elimination

from the in situ generated Ni',Ph,(PR;), target. Reaction of 12 with ,0’-biphenyldiyl
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Grignard affords an isolable dinickel biphenyldiyl complex (16, Scheme 2.8), probably
due to lack of facile decomposition pathways such as reductive or 3-H elimination.
Scheme 2.8. Synthesis of biphenyldiyl complex 16

0,0-(CgH4MgBr)

2 'Pr.
12 > 2

p—Ni-Ni—R

16

3.2. Solid-state structures. Single crystal X-ray diffraction (XRD) studies of 12-16
were performed. The structure of 12 reveals that the targeted Ni, moiety is coordinated
by the phosphines in a nearly linear PNiNiP arrangement (Figure 2.7). To accommodate
the coordination of both phosphines to the dinickel unit, the peripheral aryl rings are
strained 16° downward relative to the plane of the central arene. The metal centers are
bridged by chlorides and interact with a vicinal diene moiety of the central ring of the
terphenyl framework (Ni-C ~ 2.05 to 2.10 A). The uncoordinated double bond of the
central arene is noticeably contracted, with a A.. of 9.7 pm. These metal-arene
interactions are likely important for the stability and isolation of 3. Dinuclear complexes
stabilized by inter- and intramolecular interactions between an arene and the Ni'-Ni'
moiety have been reported recently (Chart 2.2).>""

Halide congeners 13 and 14 are essentially isostructural to 12. The Ni—Ni
distance remains remarkably constant across this series (2.3658(2) to 2.4071(2) A),
despite the much larger radius of iodine vs. chloride. This is probably an effect of the
constraining terphenyl backbone. For comparison, all other pairs of structurally
characterized dinickel dihalide congeners (which are not constrained by a dinucleating

ligand), exhibit much more variable Ni-Ni distances (Figure 2.8).
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22.1339(8) 4 2.1132(8)

Ni-Ni 2.4071(2)

Figure 2.7. Solid-state structures of mononuclear para-terphenyl diphosphine
complexes with central arene and Ni-Ni bond distances (A). Left (from top to bottom):
12-14. Right: 15, 16. Thermal ellipsoids are shown at 50% probability level. Solvent

molecules, hydrogen atoms, and outer-sphere anions are omitted for clarity.

Another effect of the coordination of the central arene is that the halides pucker
together. The dihedral angle, @, between the two Ni-Ni-Cl planes of 12 is 108.5°,
whereas most structurally characterized Ni,Cl, moieties are relatively planar geometries
(@ ~ 180). Only one previously reported dinickel dichloride complex, which uses a

third nickel center to pin the chlorides close together, has a more acute (Ni-Ni-CI)(Ni-

Ni-Cl) dihedral angle of 106.3°.*
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Ar = 2,6-iPry-CgH3
A B C D

X, X'= (Cl, Br) (Cl, Br) (Cl, Br) (Cl, Br)

Ar(Ni—Ni) = 0.090 0.181 0.049 0.227

A o ¢

E F G 11-13
X, X'= (Cl, Br), (Br, I) (Cl, Br) (Cl, Br) (Cl, Br), (Br, I)
Ar(Ni—Ni) = 0.185, 0.309 0.253 0.267 0.036, 0.006

Figure 2.8. Differences in Ni-Ni bond length, Ar(Ni-Ni), between structurally
characterized halide congener pairs (Ni,X, and Ni,X’,): A** B¥, C*, D,” E,* * F, ¥

and G.”

By losing a halide, the coordination motif of 15 changes noticeably (Figure 2.7).
The triflate anion is outer-sphere, and the central arene binds to the dinickel moiety
with all six carbons (Ni-C ~ 2.20 to 2.34 A) in a pseudo-C,, geometry. Because of the
symmetrical nature of the Ni,-arene interaction, 15 displays a relatively small A, of 3.2
pm. The Ni—-Ni bond [2.3476(3) A] is noticeably shorter than a previously reported u’-
n°m’ arene-supported dinickel(I) compound [2.4238(4) A],” suggesting that a restoring

force from the strained terphenyl backbone could play a role in the contracted Ni—Ni

bond.
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By replacing the bridging halides with a constraining biphenyldiyl ligand, the
coordination geometry of 16 varies from all other complexes in this chapter (Figure 2.7).
The biphenyldiyl ligand bridges the nickel centers in a p-1'm' binding mode. The nickel
centers interact primarily with two non-vicinal double bonds of the central arene (Ni—C
~ 1.98 to 2.06 A) and more weakly with the remaining two carbon atoms (2.20 to 2.30
A). Compound 16 shows a significant distortion of the plane of the central ring toward
a boat conformation. Previously reported u’-n’m’ arenes exhibit similar nonplanarity
and C—C bond lengths and have been compared to a bisallyl moiety. Those complexes,
containing two distant d’ metal centers, atre diamagnetic, suggesting two electron-
reduction of the ring or antiferromagnetic coupling through the arene.**”"""”* Unlike
previous “bisallyl-like” arene dinickel complexes, the two metal centers of 16 are on the
same face of the ring. The Ni-Ni bond [2.4427(2) A] is relatively long compared to
previously reported dinickel(I) biphenyldiyl complexes (Ni-Ni: 2.35 to 2.40 A””). This
can be interpreted as partial reduction of the ring with the reducing electrons originating
from a M-M bonding orbital. The strongly twisted C, structure of 16, which is not
observed in any other of the compounds supported by 1, may be determined by the
biphenyldiyl fragment. To minimize steric interaction with the ligand’s isopropyl groups,
the biphenyldiyl axis prefers to lie in the plane roughly orthonormal to the P-P vector.
Despite this unusual distortion of the central arene, the A of 16 is only 4.9 pm.

3.3. Fluxional NMR behavior. Compounds 12-16 are diamagnetic and display NMR
spectra with one '"H NMR peak integrating to four nuclei that is assigned as to the
central arene. The molecules thus all exhibit time-averaged C,, symmetry. While
expected for pseudo-C,, symmetric 15, this observation for halide species 12-14

(pseudo-C;) and biphenyldiyl species 16 (pseudo-Cg) implies that the metal-arene
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interactions are highly fluxional on the NMR timescale. Even at -80 °C (di-toluene), the
central arene peak of 12 and 16 remains a singlet. The fluxional behavior of 12-14 can be
envisioned through dinuclear variations of low-barrier ring whizzing.

For 16, however, pseudo-C,, symmetry requires more than ring whizzing of the
central arene due to the axial chirality of the biphenyldiyl ligand. There are three
topologically distinct processes that could account for exchange of the four central
arene protons while retaining the Ni—-Ni bond (Scheme 2.9): (a) dissociation, flipping,
and recoordination of the central arene, (b) ring whizzing and exchange of Ni—
C(biphenyldiyl) bonds, or (c) ring whizzing and exchange of Ni-P bonds. Distinguishing
between these processes experimentally would be very challenging.

Scheme 2.9. Potential exchange mechanisms that retain a Ni-Ni bond

/ central /

k arene

Ni-P

Ni-biphenyldiyl
el \M\
Egi/\N;JP E&JP

A fourth exchange mechanism that could be active involves reversible cleavage
of the Ni-Ni bond and release of 2 and a mononickel biphenyldiyl complex. To test for
this possibility, an isotope-labelling crossover experiment was performed by mixing 16
with an equivalent of 4,-2 (with a perdeuterated central arene). No crossover was
observed over one week at room temperature, so Ni-Ni dissociation does not account

for the pseudo-C,, symmetry of 12.
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Scheme 2.10. Isotope-labelling crossover experiment
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3.4. Reactivity of 16. Transition-metal catalyzed cross-coupling reactions have
become some of the most widely used reactions in organic synthesis.”” In the most
common cases, C—C linkages are made using aryl halides as the electrophilic coupling
partner. However, recent research, primarily with nickel catalysts, has extended the
scope of starting materials to include alkyl halides. A variety of mononuclear
mechanisms have been proposed with intermediate Ni oxidation states ranging from 0
to +4.”7' In light of contemporary results that Pd catalyzed C—heteroatom bond

. . . . 103
formation may proceed through via dinuclear species,

investigation of possible
dinickel pathways in cross-coupling of alkyl halides was targeted. Thus, the C—C bond

forming capability of 16 was explored.

Complex 16 undergoes C—C bond formation with CHRCI, or CO (Scheme 2.11).
Upon addition of CHRCI, to 16 (R = H, Me) formation of fluorene (or 9-
methylfluorene) is observed, concomitant with reformation of dinickel dichloride
complex 12. A possible reaction mechanism (Scheme 2.12) initiates via oxidative
addition of a C—Cl bond, yielding dinickel(II) intermediate A. C—C reductive elimination
of the biphenyl and chloroalkyl moieties gives dinickel(I) species B. Intramolecular C—
Cl oxidative addition results in dinickel(Il) species C, and C—C reductive elimination
releases fluorene and 12. Alternatively, a radical based mechanism could be active. le’

transfer from 16 to substrate generates a Ni(I)-Ni(II) intermediate and an organic radical
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(A%). The radical forms a C—C bond with the biphenyldiyl fragment, formally
transferring the radical to the dinickel moiety (B). A second le transfer from the
dinickel moiety results in scission of the now pendant C—Cl bond and formation of a
benzylic radical tethered to a Ni(I)-Ni(II) moiety (C’). Recombination of the radical
results in scission of the Ni—C(biphenyl) bond and yields fluorene and dinickel(I)
product 12. Thus, this C-C cross coupling reaction is proposed to go through a
dinuclear mechanism accessing either Ni(I)-Ni(II) or Ni(II)-Ni(II) oxidation states.
Oxidized dinickel species (including Ni(I)-Ni(III)) have previously been proposed in C—

C bond formation pathways.'"

Scheme 2.11. Reactivity of biphenyldiyl complex 16.

‘p‘ q" +CO Q

i 0,0+(CgHyMgBr), P ipr, excess
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’
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Scheme 2.12. Mechanisms for reaction of 16 with dichloroalkanes.
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In an alternative C—C bond formation, 16 reacts with CO. Fluorenone is formed,
and dinickel(0) polycarbonyl species (17, Scheme 2.11 and Figure 2.9) are observed.
Formation of fluorenone-like products have been previously observed from dinickel(I)
biphenyldiyl complexes,”'”'" but in this case the resulting organometallic products are
also isolable. The reduced state of the product supports a CO coordination-insertion-
reductive elimination mechanism for C—C bond formation. Upon addition of excess
CO to 16, more complex NMR spectra are observed, which match those observed upon
addition of excess CO to mononickel monocarbonyl compound 4. Thus, reaction of 16
with excess CO presumably liberates Ni(CO), and mononickel species. The reactivity of
16 with CHRCIl, and CO suggests that the terphenyl diphosphine is capable of
supporting Ni, oxidation states ranging from Ni(0), to Ni(I)Ni(II) or Ni(II),, indicating

the potential for three- or four-electron redox transformations.
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Figure 2.9. Solid-state structure of 17. Thermal ellipsoids are shown at 50% probability

level. The ratio of Ni(CO), to Ni(CO); moieties in the crystal is modeled as 80:20.

CONCLUSIONS

The terphenyl diphosphine ligand 1 can support a range of group 10 transition
metal complexes. Low-valent and oxidized mononuclear compounds and a variety of
dinickel compounds are shown in this chapter to display an assortment of metal-arene
interactions in the solid state. The interactions are fluxional in solution, and aid the
bischelating framework in holding two Ni centers together through three or four
oxidation states. This work may influence future design of multinuclear complexes for

multielectron chemistry.

EXPERIMENTAL SECTION

General considerations. All manipulations were carried out in an inert
atmosphere glovebox or using standard Schlenk line techniques. [FeCp,|PF, and CO
(lecture bottle) were used as purchased from Aldrich. Ni(COD),, NiCL,(DME), NiF,,

NiBr,, Nil,, NiOTf, Pd,(dba),, PdCL(COD), [Pd(MeCN),(BE,),, PtCL(COD), and
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TIOTf were used as purchased from Strem. Deuterated solvents were purchased from
Cambridge Isotope Laboratories and vacuum transferred from sodium benzophenone
(CsDg) or calcium hydride (CD,Cl,, CD;CN). Other organic reagents were dried by
stirring over sodium metal or calcium hyride, degassed by three cycles of freeze-pump-
thaw, and isolated via vacuum-transfer. Et,O, toluene, THF, MeCN, and DCM were
dried by the method of Grubbs.'”” All reagents, once degassed and dried, were stored in
an inert atmosphere glovebox. '"H and C NMR chemical shifts are reported relative to
residual solvent peaks as reported in the literature.'” ""F and P NMR chemical shifts
are reported with respect to the instrument deuterated solvent lock. All NMR spectra
were recorded at room temperature unless indicated otherwise. All non-'H NMR
spectra were recorded with 'H decoupling. Gas chromatography-mass spectrometry
(GC-MS) analysis was performed upon filtering the sample through a plug of silica gel.
High-resolution fast atom bombardment-mass spectrometry (FAB-MS) analysis was
performed with a JEOL JMS-600H high-resolution mass spectrometer. Elemental
analysis was conducted by Midwest Microlab, LLC (Indianapolis, IN; their glovebox EA
service has since been discontinued). EPR spectra were recorded using an X-band
Bruker EMX spectrometer and simulated using Easyspin 3.1.1. Cyclic voltammograms
were performed using a Pine Biopotentiostat AFCBP1. The compounds 1, 2, 4, 12-16
were originally studied by then-undergraduate Alexandra Velian, and some syntheses
and characterizations have been published elsewhere.””” They are reproduced here for
completeness. Compounds 6 and 8 were synthesized with undergraduate Christine

Cheng.

Synthesis of 1,4-bis(2-bromophenyl)benzene. Suzuki coupling conditions

were adapted from a previously published procedure.” 1,4-diiodobenzene (3.90 g, 11.82
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mmol, 1 equiv), 2-bromo-phenylboronic acid (5.00 g, 24.89 mmol, 2.1 equiv), K,CO;
(9.80 g, 70.90 mmol, 6 equiv), 270 mL toluene, 65 mL ethanol, and 65 mL water were
added to a 500 mL Schlenk tube fitted with a screw-in Teflon stopper. The mixture was
degassed by two freeze-pump-thaw cycles, and Pd(PPh;), (685 mg, 0.59 mmol, 0.05
equiv) was added with a counterflow of nitrogen. The reaction vessel was placed in an
oil bath preheated at 65 °C. After stirring for 18 h the mixture was allowed to cool to
room temperature. Volatiles were removed via rotary evaporation and water was added.
This mixture was extracted with CH,Cl, (three times). The combined organic fractions
were dried over MgSO,, filtered, and concentrated via rotary evaporation.
Recrystallization from CH,Cl,/MeOH followed by filtration and drying garnered 2.8 g
(60% yield, 11.07 mmol) of pale yellow crystals. 'H NMR (300 MHz, C,D;) 8: 7.49 (dd,
J = 8.0, 1.2 Hz, 2H, aryl-H), 7.35 (s, 4H, central aryl-H), 7.08 (dd, /] = 8.0, 1.7 Hz, 2H,
aryl-H), 6.95 (td, | = 7.5, 1.2Hz, 2H, aryl-H), 6.76 (td, | = 7.5, 1.7 Hz, 2H, aryl-H). °C
NMR (75 MHz, CD,) 0: 142.66, 140.72, 133.49, 131.71, 129.46, 129.03, 127.58, 123.01.
The '"H NMR spectrum in CDCl; matched previously published data.” MS (m/z): calcd,

387.9285 (M"); found 388 (GC-MS, M"), 387.9301 (FAB-MS, M").

Synthesis of 1,4-bis(2-(diisopropylphosphino)phenyl)benzene (1). A mixture
of 1,4-bis(2-bromophenyl)benzene (2.25 g, 5.79 mmol, 1 equiv) and THF (40 mL) in a
Schlenk tube fitted with a screw-in Teflon stopper was frozen in a cold well, in an inert
atmosphere glove box. This mixture was allowed to thaw and ‘BulLi solution (1.7 M in
pentanes, 14 mL, 23.77 mmol, 4.1 equiv) was added via syringe while thawing. This
purple-grey mixture was stirred for 30 min allowing it to reach room temperature.

Chlorodiisopropylphosphine (1.86 g, 12.19 mmol, 2.1 equiv) was added via syringe to
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the reaction mixture, which within minutes became a yellow-brown solution. After
stirring at room temperature for 3 h, the volatiles were removed and the residue was
dissolved in toluene and filtered through Celite. The volatiles were removed from the
eluent under reduced pressure, and the resulting solids were washed with cold diethyl
ether (20 ml) and filtered to yield 1.76 g (65% yield, 3.80 mmol) of spectroscopically
pure 1 as a white solid. '"H NMR (300 MHz, C,D,) 8: 7.55 (s, 4H, central aryl-H), 7.47 —
7.40 (m, 2H, aryl-H), 7.34 — 7.26 (m, 2H, aryl-H), 7.20-7.13 (m, 4H, aryl-H), 1.88 (m,
4H, CH(CH,),), 1.05 — 0.88 (m, 24H, CH(CH,),). "C{'H} NMR (75 MHz, C,D,) &:
150.81 (d, J = 27.5 Hz), 141.44 (d, ] = 5.5 Hz), 135.17 (d, ] = 24.2 Hz), 132.77 (d, | =
2.9 Hz), 131.01 (d, ] = 5.2 Hz), 130.57 (d, ] = 5.1 Hz), 128.66 (s), 126.77 (s), 24.88 (d, |
= 16.1 Hz), 20.48 (d, ] = 20.0 Hz), 19.85 (d, /] = 11.3 Hz). *'P{'H} NMR (75 MHz,
C,Dy) 8: -4.7. MS (m/z): calcd, 462.2605 (M"); found, 461 (GC-MS, M"), 463.2665 and
479.2661 (FAB-MS, [M+H]" and [M+O+H]"). Unfortunately, samples of 1 could not be
subjected to FAB-MS under rigorously air-free conditions, and partial monooxygenation

was observed.

Synthesis of 2. Upon addition of Ni(COD), (0.24 g, 0.864 mmol) to a colorless
solution of 1 (0.4 g, 0.864 mmol) in THF (20 mL), the color of the mixture changed to
deep red. The mixture was stirred at room temperature for 1 h. The volatiles were
removed under reduced pressure to yield a deep red powder. X-ray quality crystals were
grown in hexamethyldisiloxane at -35 °C. 'H NMR (300 MHz, C,D;) &: 7.61-7.60 (m,
2H, aryl-H), 7.35 (m, 2H, aryl-H), 7.22-7.19 (m, 4H, aryl-H), 5.52 (broad, 4H, central
aryl-H), 2.02 (broad, 4H, CH(CHy;),), 1.14-1.09 (m, 12H, CH(CH,),) and 1.2- 0.8 (m,

12H, CH(CH,),). "C{'H} NMR (75 MHz, C,D,) &: 152.12 (t, ] = 8.1 Hz), 132.86 (t, ] =
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2.2 Hz), 131.11 (s), 129.31 (s), 128.84 (s), 128.59 (s), 127.16 (¢, ] = 2.1 Hz), 126.65 (t,
= 1.3 Hz), 27.10 (t, ] = 6.8 Hz), 20.40 (t, ] = 5.6 Hz), 19.96 (s, broad). > P{'H} NMR
(75 MHz, C,D,) &: 40.4. Anal. Calcd. For C,H,NiP, (%): C, 68.69; H, 7.61. Found: C,

69.12; H, 7.73. N, (THF, nm), € (M"' cm™): 256, 1.51 x 10% 396, 5.37 x 107; 494, 2.40 x

max

10°.

Synthesis of 3. Pd,dba; (820 mg, 0.90 mmol) was added in portions in a
solution of 1 (621 mg, 1.34 mmol) in 30 mL of THF. The reaction was stirred for 8 h,
and volatiles were removed under vacuum. The crude was triturated in hexanes and
filtered. The hexane eluent was concentrated under vacuum until precipitate became
visible, and then chilled in a -35 °C freezer. Filtering the cold pentane solution through
a Celite plug and concentrating the eluent yielded a more pure sample of 3 with
dibenzylideneacetone impurities. Repeated chilling and filtering of pentane solutions
eventually yielded 3 as a spectroscopically pure orange solid (566 mg, 1 mmol, 74%).
XRD-quality crystals were grown from a concentrated pentane solution at -35 °C. 'H
NMR (300 MHz, CDy) 8: 7.58 (m, 2H, aryl-H), 7.46 (m, 2H, aryl-H), 7.21 (m, 4H, aryl-
H), 6.73 (s, 4H, central aryl-H), 1.96 (m, 4H, CH(CH,),), 1.22 (app dd, 12H, CH(CH,),),
0.90 (app dd, 12H, CH(CH,),). *'P{'H} NMR (121 MHz, C,D,) &: 43.4 ppm. ’C NMR
(101 MHz, CDy) 0: 151.4 (t, ] = 9.1 Hz, aryl-C), 132.4 (t, ] = 13.1 Hz, aryl-C), 132.3 (m,
aryl-C), 131.7 (s, aryl-C), 128.9 (s, aryl-C), 128.4 (s, aryl-C), 127.5 (s, aryl-C), 108.4 (s,
central aryl-C), 28.2 (t, ] = 4.5 Hz, CH(CH,),), 21.6 (t, ] = 4.5 Hz, CH(CH,),), 20.7 (t, ]
= 4.0 Hz, CH(CH,),). Anal. Calcd. For C;,H,,P,Pd (%): C, 63.32; H, 7.09. Found: C,
62.91; H, 6.70. High res. FAB-MS (m/z): calcd, 568.1640 M"; found 568.1631 M.

Alternate synthesis: Difficulty removing dibenzylideneacetone from the reaction crude in
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the above synthesis led to the development of this alternative procedure. PdCl,(COD)
(242 mg, 0.847 mmol) was added as a THF slurry to 1 (392 mg, 0.847 mmol). The
reaction homogenized while stirred for 30 minutes and was checked by *'P NMR for
consumption of 1. Then Ni(2,2’-bipyridine)(COD) (274 mg, 0.847 mmol) was added to
the reaction mixture. After stirring for 30 minutes, the reaction mixture was filtered, and

the filtrate was concentrated to yield spectroscopically pure 3 (450 mg, 93% yield).

Synthesis of 4. A calibrated volume gas bulb was used to condense ~1.1
equivalent of CO into a Schlenk flask containing a THF solution of 2 (250 mg, 0.479
mmol). The reaction changed in color from dark red to orange over minutes. After
stirring for 1 h, the reaction was arrested by removing gas and solvent under vacuum.
Redissolving the solids in benzene and sitting at room temperature afforded yellow
crystals suitable for XRD (164 mg, 63% yield). 'H NMR (300 MHz, C,D,, all peaks are
broad) 8: 7.49 (m, 2H, aryl-H), 7.36 (m, 2H, aryl-H), 7.20 (m, 4H, aryl-H), 6.72 (br, 2H,
central aryl-H), 6.64 (br, 2H, central aryl-H), 2.46 (m, 2H, CH(CH,),), 1.61 (m, 2H,
CH(CH,),), 1.36 (m, 12H, CH(CH,),), 0.69 (m, 6H, CH(CH,),), 0.50 (m, G6H,
CH(CHs,),). '"H NMR (500 MHz, dy-toluene, sharper peaks) &: 7.45 (m, 2H, aryl-H), 7.32
(m, 2H, aryl-H), 7.23 — 7.15 (m, 4H, aryl-H), 6.66 (s, 2H, central aryl-H), 6.57 (s, 2H,
central aryl-H), 2.42 (m, 2H, CH(CH;),), 1.57 (m, 2H, CH(CH,),), 1.30 (m, 12H,
CH(CHs,),), 0.67 (m, 6H, CH(CH,),), 0.48 (m, 6H, CH(CH,),). °C NMR (75 MHz,
D,Dy) 8: (Ni-CO not observed) 151.2 (m, aryl-C), 136.2 (s, aryl-C), 133.3 (m, aryl-C),
131.5 (s, aryl-C), 129.2 (s, aryl-C), 128.6 (s, aryl-C), 127.1 (s, aryl-C), 124.2 (s, aryl-C),
86.9 (Ni-Cf(aryl)), 30.1 (CH(CH,),), 25.2 (m, CH(CH,),), 19.9 (CH(CH,),), 18.9 (m,

CH(CH,),), 18.3 (CH(CHS,),), 17.4 (CH(CH,),). >'P NMR (121 MHz, C,D,) &: 31.9. IR:
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V(CO) = 1926 cm™ (br). High res. FAB-MS (m/z): caled, 520.1959 [M-CO]*; found

520.1970 [M-COJ".

Synthesis of 5. A solution of CN'Bu (11.4 ul,, 0.101 mmol) in Et,0 was added
dropwise to a solution of 2 (52.5 mg, 0.101 mmol) in Et,O (2 mL). After 2 h stirring,
the reaction was concentrated under vacuum. The crude was washed with Et,O through
Celite. XRD-quality dark brown crystals of 6 (33 mg, 54%) were grown overnight from
the Et,0 eluent in a -35 °C freezer. The room temperature 'H and *'P NMR spectra
(CsDy) of these crystals were broad and indicated the presence of multiple species.
Features assigned to the major species, assumed to correspond to the
crystallographically characterized 6 (or some fluxionality-averaged version thereof) are
listed here. '"H NMR (300 MHz, C,Dq, all peaks are broad) &: 7.63 (2H, aryl-H), 7.47
(2H, aryl-H), 7.30 — 7.18 (4H, aryl-H), 6.63 (2H, central aryl-H), 6.21 (2H, central aryl-
H), 2.55 (2H, CH(CH,),), 1.75 (2H, CH(CH,),), 1.29 (12H, CH(CH,),), 1.04 — 0.90 (9H,
CNCCHS,), 0.80 (6H, CH(CH,),, 12H), 0.72 (6H, CH(CH,),). >'P NMR (121 MHz,
CsDy) 8: 36.8 (br). No "C NMR peaks were observed. IR: V(CN) = 2026 cm™ (br). High

res. FAB-MS (m/2): calcd, 520.1934 [M-CN'Bu]’; found 520.1959 [M-CO]".

Synthesis of 2,3-dimethoxy-1,4-benzenediboronic acid bis(pinacol) ester.
Conditions were optimized from a previously published procedure."” An oven-dried 1 L
Schlenk tube with Teflon screw stopper was cooled under N,. 1,2-dimethoxybenzene
(10.0 mL, 78.5 mmol, 1 equiv) was added and degassed under vacuum for 30 min. Dried
diethyl ether (500 mL) and dried tetramethylethylenediamine (31 mL, 207 mmol, 2.6
equiv) was added via cannula transfer. The mixture was cooled to 0 °C, and #-Buli

solution (100 mL, 2.5 M in hexane, 250 mmol, 3.2 equiv) was added via cannula
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transfer. The Schlenk tube was sealed and heated to 40 °C for 4 h before being cooled
to 0 °C. Trimethylborate (29 mL, 260 mmol, 3.3 equiv) was added, and the reaction
mixture warmed to room temperature while stirring for 11 h. The reaction was chilled
to 0 °C and aqueous HCI solution (250 mL, 6 M) was very slowly added with the aid of
an addition funnel, and the mixture was stirred at room temperature for 1 h. The
organic layer was separated, and the aqueous layer was extracted with diethyl ether three
times. The combined organic layer was dried over magnesium sulfate, and volatiles were
removed via rotary evaporation, leaving an off-white powder. This crude boronic acid
was dissolved in toluene (60 mL), and pinacol (19.0 g, 161 mmol, 2 equiv) was added.
The reaction mixture was refluxed with a Dean-Stark trap for 4 h. After the reaction
was cooled to room temperature, volatiles were removed via rotary evaporation and the
residue was purified by recrystallization from boiling hexanes to give white crystals (15.3
g, 50%), which, when dissolved in CDCl;, displayed NMR spectra matching that
previously reported in literature.'” A "H NMR spectrum with better separated peaks
was obtained using d’-acetone as the NMR solvent. 'H NMR (300 MHz, d,-acetone) &:
7.31 (s, 2H, aryl-H), 3.80 (s, 6H, OCH,), 1.34 (s, 24H, C(CH,),) ppm. GC-MS (m/z):

390.2, caled. 390.3, found.

Synthesis of 1,4-bis(2-bromophenyl)-2,3-dimethoxybenzene.  Suzuki
coupling conditions were adapted from a previously published procedure with similar
starting materials.'"’ 2,3-Dimethoxy-1,4-benzenediboronic acid bis(pinacol) ester (15.3
g, 39.2 mmol, 1 equiv), K,CO; (27.1 g, 196.1 mmol, 5 equiv), toluene (335 mL), H,O
(205 mL), EtOH (205 mL) were combined in a 500 mL Schlenk tube with screw-in
Teflon stopper. The mixture was degassed by 10 exposures to static vacuum followed

by 2 exposures to dynamic vacuum (~15 mTorr), and 2-bromoiodobenzene (10.6 mL,
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82.4 mmol, 2.1 equiv) and Pd(PPh;), (1.36 g, 0.12 mmol, 0.03 equiv) were added with a
counterflow of N,. The Schlenk tube was sealed and placed in an oil bath and heated to
75°C. After stirring for 12 h, the mixture was allowed to cool to room temperature and
water was added. The aqueous and organic layers were separated, and the aqueous layer
was extracted with dichloromethane five more times. The combined organic fractions
were washed with brine and dried over MgSO,, and volatiles were removed via rotary
evaporation. The residue was heated in methanol to reflux and filtered through a short
silica gel plug while hot, filtering off insoluble phosphorous-containing impurities. The
filtrate was chilled in a -15 °C freezer to induce rectystallization from hot methanol to
give white crystals. The mother liquor was concentrated with a rotavap until white
precipitate crashed out of solution. The white crystals and precipitate were combined
and found to be pure by NMR (11.0 g, 63%). '"H NMR (300 MHz, CDCl;) 8: 7.70 (d, ]
= 8.0 Hz, 2H, aryl-H), 7.39 (d, ] = 5.5 Hz, 4H, aryl-H), 7.25 (m, 2H, aryl-H), 6.99 (s,
2H, central aryl-H), 3.70 (s, 6H, OCH;) ppm. "C NMR (75 MHz, CDCL,) &: 150.58,
139.44, 135.88, 132.74, 131.56, 129.07, 127.10, 125.33, 123.92, 60.97 ppm. GC-MS

(m/z): 447.9, calcd. 447.9, 448.0, found.

Synthesis of 6. Conditions were adapted from a previously published procedure.”

In a nitrogen glovebox, 1,4-bis(2-bromophenyl)-2,3-dimethoxybenzene (0.425 g, 0.95 mmol,
1 equiv) was dissolved with tetrahydrofuran (10 mL) in a scintillation vial equipped with stir
bar. The reaction mixture was frozen in a cold well, and was allowed to thaw. While thawing,
#Buli solution (2.6 mL, 1.5 M in #-pentane, 3.89 mmol, 4.1 equiv) was added via syringe.
This brownish solution was stirred for 30 min, reaching room temperature and becoming
lighter in color. Chlorodiisopropylphosphine (0.32 ml., 2 mmol, 2.1 equiv) was added via

syringe, and the solution turned clear yellow. After stirring for 3 h, the volatiles were
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pumped off, and the residue was dissolved in toluene and filtered through Celite twice. The
volatiles were removed again, and the residue was washed with a minimal amount of cold
hexane, yielding a white powder (0.177 g, 36%). 'H NMR (300 MHz, C,Dy) 8: 7.46 (m, 4H,
aryl-H), 7.20 (m, 4H, aryl-H), 7.05 (s, 2H, central aryl-H), 3.61 (s, 6H, OCH,), 1.94 (broad,
4H, CH(CH,),), 1.05 (m, 24H, CH(CH,),) ppm. "C{'H} NMR (101 MHz, C,D,) 8: 150.5 (s,
aryl-C), 146.9 (d, ] = 32.3 Hz, aryl-C), 136.8 (m, aryl-C), 131.9 (d, ] = 4.0 Hz, aryl-C), 130.3
(br s, aryl-C), 126.4 (s, aryl-C), 125.5 (br s, aryl-C), 59.5 (s, OCH,), 25.5 (d, ] = 14.1 Hz,
CH(CH;),), 24.1 (d, ] = 15.1 Hz, CH(CHy,),), 20.2 (ovetlapping multiplets, CH(CH,),), 19.1
(m, CH(CH,),). P NMR (121 MHz, C,Dy) &: -1.82 ppm.

Synthesis of 7. 1,4-bis(2-phenol)benzene was synthesized per literature
procedures.''’ To a toluene (20 mL) solution of this (247 mg, 0.941 mmol) in a Schlenk
tube was added CIP'Pr, (0.30 mlL, 1.883 mmol), and 5 minutes later Et;N (0.39 mlL,
2.824 mmol) was added to the reaction mixture. The reaction changed from clear to
cloudy within 10 minutes. The Schlenk tube was sealed with a Teflon screw cap and
placed in a 100 °C oil bath for 3 h. The reaction was then cooled to room temperature
and filtered through Celite. The filtrate was concentrated to a solid under vacuum and
washed through Celite with pentanes. A persistent ~10% impurity by *'P NMR could
only be removed by dissolving the sample in minimal Et,O and adding four volumetric
equivalents of nitromethane. White precipitate (7) formed upon stirring and was
collected via filtration (331 mg, 71% yield). 'H NMR (400 MHz, C.D,) &: 7.66
(overlapping peaks, 6H, aryl-H + cenral aryl-H), 7.35 (app d, 2H, aryl-H), 7.15 (m
overlapping with C.D;H, 2H, aryl-H), 6.91 (app t, 2H, aryl-H), 1.70 (m, 4H, CH(CH,),),
1.01 (m, 12H, CH(CH,),), 0.93 (m, 12H, CH(CH,),) ppm. >'P NMR (121 MHz, C,D,) &:

148.92 ppm. "°C NMR peaks from HSQC and HMBC spectra (400 MHz, C,.D,): 156.3 (aryl-
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0), 137.5 (aryl-C), 132.1 (aryl-C), 130.9 (aryl-C), 129.4 (aryl-C), 129.0 (aryl-C), 121.8 (central

aryl-ipso-C), 118.0 (central aryl-CH), 28.1 (CH(CH,),), 16.9 (CH(CHS),), 17.4 (CH(CH.,),).

Synthesis of 8. Conditions were adapted from a previously published procedure.”
In a nitrogen glovebox, 6 (0.050 g, 0.10 mmol, 1 equiv) was dissolved with THF (2.5 mL),
and Ni(COD), (0.026 g, 0.10 mmol, 1 equiv) was added. The solution went from colorless to
dark red in seconds and was stirred for 12 h. Volatiles were removed, and the residue was
dissolved in hexane and filtered through Celite. Ni(COD), was determined to be present by
"H NMR spectroscopy, so the reaction mixture was redisolved in THF and heated at 70 °C
for 6 h. A light film of dark precipitate formed on the reaction flask walls. Decomposition of
Ni(COD), was verified by again concentrating the reaction to a solid, redissolving in CDy,
and taking 'H NMR spectra. Volatiles were again removed, and the residue was dissolved in
minimal hexane and put in the freezer at -35 °C, yielding dark red XRD-quality crystals
(0.031 g, 53% yield). '"H NMR (300 MHz, C,D,) &: 7.87 (m, 2H, aryl-H), 7.40 (m, 2H, aryl-
H), 7.23 (m, 4H, aryl-H), 4.53 (m, 2H, central aryl-H), 3.60 (s, 6H, OCH,), 2.04 (broad, 4H,
CH(CH,),), 1.27 (m, 6H, CH(CH,),), 1.09 (m, 12H, CH(CH,),), 0.80 (m, 6H, CH(CH,),)
ppm. "C{'H} NMR (75 MHz, C,D,) &: 147.6 (t, ] = 8.0 Hz, aryl-C), 146.7 (aryl-C), 131.2
(aryl-C), 129.5-129.1 (m, 3 types of aryl-C), 127.0 (aryl-C), 122.3 (aryl-C), 60.9 (t, ] = 3.8 Hz,
Ni-C), 60.2 (methoxy-C), 28.0 (t, ] = 5.8 Hz, CH(CH,),), 26.8 (t, ] = 8.3 Hz, CH(CH,),), 21.6
(t, ] = 3.7 Hz, CH(CH,),), 21.1 (t, ] = 6.0 Hz, CH(CH;),), 20.1 (t, ] = 6.1 Hz, CH(CH,),),
18.5 (CH(CH,),). 'P NMR (121 MHz, C,D,) &: 39.01 ppm. 8 changed color from dark red
to yellow upon exposure to oxygen. It could not be analyzed by FAB-MS due to this air-
sensitivity. Instead, 8 was treated with an equivalent of [dimethylformamide]*HOTTY, and the
resulting cationic species was analyzed by high res. FAB-MS (m/z): calcd, 581.2248 [8+H];

found 581.2239 [8+H]".
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Synthesis of 9. In a nitrogen glovebox, 7 (91.5 mg, 0.185 mmol) was dissolved
with THF (2.5 mL), and Ni(COD), (50.9 mg, 0.185 mmol) was added. The solution
went from colorless to dark red in seconds upon stirring. Several species were observed
by 'P NMR after 24 h. Volatiles were removed, and the dark red/brown residue was
dissolved in hexane and filtered through Celite. Volatiles were again removed, and the
residue was dissolved in minimal hexane and put in the freezer at -35 °C, yielding red
XRD-quality crystals (70 mg, 68% yield). "H NMR (400 MHz, C,D) 8: 7.46 2H, d, ] =
7.6 Hz, aryl-H,), 7.06 (4H, m, aryl-H, + aryl-H,), 6.96 (2H, m, aryl-H_), 5.82 (4H, s,
central aryl-H), 1.88 (4H, m, CH(CH,),), 1.13 (12H, m, CH(CH,),), 1.01 (12H, m,
CH(CH,),). "C peaks (from HSQC and HMBC spectra on 400 MHz spectrometer,
CDy) d: 154.6 (Cp, 133.7 (C), 132.0 (Cp, 130.1 (C), 127.7 (Cy), 122.4 (C, + C,,
overlapping), 94.5 (¢, + C, coalesced), 30.7 (CH(CH,),), 18.0 (CH(CH,),), 17.0
(CH(CH,),). >'P NMR (162 MHz, C,D,) &: 158.52 (s). High res. FAB-MS (m/z): calcd,

552.1857 M"; found 552.1890 M".

Synthesis of 10. With [FeCp,/PF,: To a solution of 2 (10.0 mg, 0.02 mmol) in THF (2
mL) was added a suspension of FeCp,PF, (6.4 mg, 0.02 mmol) in THF (1 mL). The solution
turned dark within 5 minute. After washing with toluene to remove ferrocene byproduct, a
"H NMR spectrum possessed the same broad paramagnetic peaks as in the synthesis of 10
via comproportionation. Comproportionation synthesis: A Schlenk tube fitted with a screw-in
Teflon stopper was charged with 2 (50.0 mg, 0.10 mmol), 1 (50.0 mg, 0.11 mmol), Ni(OT%),
(38.6 mg, 0.11 mmol), MeCN (10 mL) and THF (3 mL). The tube was sealed and heated in
an oil bath at 80 °C. After 4 h, the solution was dark purple. At 12 h, volatiles were removed
under vacuum to yield a purple solid. The solid was triturated in THF and filtered through

Celite, and then washed with MeCN. The MeCN eluent was concentrated under vacuum to
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a purple solid (100.3 mg, 0.15 mmol, 78%). Purple XRD-quality crystals were formed by
layering a MeCN solution of this product on toluene and allowing liquid diffusion to occur
at -35 °C. '"H NMR (300 MHz, CD,CN) &: 11.31 (br), 8.10 (br), 4.04 (br), 0.16 (br). EPR
(50:50 MeCN/toluene, 20 K): g = [2.075, 2.440, 2.111]; for A, = [-2.75, 10.2, 135] G. EPR
(50:50 MeCN/toluene, ~298 K): g = 2.092; A, = 188 G. Anal. Calcd. For C;H,,F;NiO,P,S
(%): C, 55.54; H, 6.01. Found: C, 55.47; H, 5.99. High res. FAB-MS (m/z): calcd, 520.1959
[M-OTH]"; found 520.1948 [M-OTf]".

Synthesis of 11. A solution of p-cyanoanilinium triflate (94.6 mg, 0.35 mmol) in
THF (3 mL) was added dropwise to a stirring solution of 3 (200 mg, 0.35 mmol) in THF (3
mL). The reaction mixture changes from orange to yellow in a few minutes. The reaction
mixture is concentrated under vacuum and washed with hexanes and then benzene. The
remaining insolubles are then filtered through Celite using THF, and the eluent is
concentrated to a yellow powder under vacuum. Pale yellow XRD-quality crystals were
grown by layering a MeCN solution of the compound under Et,0 (212 mg, 0.29 mmol,
84%). 'H NMR (400 MHz, C,Dy) & 7.91 (2H, m, aryl-H,), 7.83-7.66 (6H, m, aryl-H,,
overlapping) 7.31 (4H, s, central aryl-H,+ H, coalesced), 1.96 (4H, m, CH(CH,),), 1.11 (12H,
m, CH(CHS,),), 0.99 (12H, m, CH(CHS,),), -12.98 (1H, t, Jo;; = 12 Hz). °C peaks (from HSQC
and HMBC spectra on 400 MHz spectrometer, CD,CN) 6: 147.5 (Cp), 137.6 (C,), 132.5 (C)),
131.7 (), 129.2 (C)), 128.7 (C)), 124.9 (C), 118.4 (C,, C, coalesced), 28.1 (CH(CH,),), 19.4
(CH(CH,),), 18.6 (CH(CH,),). *P{'H} NMR (162 MHz, C,D,) 8: 45.4 (apparent doublet due
to incomplete 'H decoupling of the far upfield hydride). High res. FAB-MS (m/z): calcd,
581.1719 [M-OT{]"; found 581.1745 [M-OTf]".

Synthesis of 12. Upon addition of Ni(COD), (0.332 g, 1.51 mmol) and

NiCl,(DME) (0.416 g, 1.51 mmol) to a colotless solution of 1 (0.700 g, 1.51 mmol) in
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THF (50 mL), the color of the mixture changes first to red and then to green. The
mixture is stirred at room temperature for 30 min, and the volatiles removed under
reduced pressure. Recrystallization from a concentrated benzene solution procured X-
ray quality crystals of 3 « C;H,. Alternatively, recrystallization from THF/pentane at -35
°C gave 3 in 90% yield. '"H NMR (300 MHz, C,D) 8: 7.24 (d, ] = 7.5 Hz, 2H, aryl-H),
6.99 (app t, 2H, aryl-H), 6.87 (app t, 2H, aryl-H), 6.74 (s, 4H, central aryl-H), 6.69 (br d,
2H, aryl-H), 1.5 (m, 4H, CH(CH,),), 1.25 (app d, 12H, CH(CH,),), 0.91 (app d, 12H,
CH(CH,),). "C{'H} NMR (75 MHz, C;Dy) 8: 154.1 (t, ] = 10.0 Hz, aryl-C), 133.7 (¢, ] =
16.4 Hz, aryl-C), 130.6 (s, aryl-C), 130.4 (s, aryl-C), 129.7 (s, aryl-C), 126.9 (s, aryl-C),
104.4 (s, central aryl ipso-C), 89.8 (s, central aryl-CH), 23.1 (t, ] = 8.6 Hz, CH(CH,;),),
19.0 (s, CH(CH,),), 18.1 (s, CH(CH;),). *'P{'H} NMR (75 MHz, C,D,) &: 47.3. Anal.

Caled. For CyH,,CLNLP, (%): C, 55.36; H, 6.19. Found: C, 54.92; H, 6.47. ). (THF,

max

nm), € (M cm™): 249, 3.75 x 10% 318, 3.21 x 10% 375, 8.01 x 10°; 446, 8.52 x 10%; 739,

7.68 x 107,

Synthesis of 12 from 2. NiCL,(DME) (0.042 g, 0.15 mmol) was added to a red
solution of 2 (0.033 g, 0.15 mmol) in THF (5 mL) and stirred for 30 minutes to give a dark
green solution. Volatiles were removed under reduced pressure, and 'H and P NMR
spectroscopy identified the sole product as 3.

Synthesis of 13. Using NiBr, instead of NiCL,(DME), 13 was synthesized from 2
using the same procedure as for 12. After removal of reaction solvent, the reaction crude was
washed with hexanes and filtered through Celite with benzene. The benzene filtrate yielded a
green-brown powder upon removal of volatiles. 'H NMR (300 MHz, C,D,) 8 7.20 (app d,

2H, aryl-H), 6.99 (app t, 2H, aryl-H), 6.87 (app t, 2H, aryl-H), 6.79 (s, 4H, central aryl-H),
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6.71 (m, 2H, aryl-H), 1.49 (m, 4H, CH(CH.,),), 1.24 (m, 12H, CH(CH,),), 0.93 (m, 12H,
CH(CH,),).”'P NMR (121 MHz, C,D,) & 50.8. "C NMR (75 MHz, C,D,) & 153.8 (app t,
aryl-C), 133.8 (app t, aryl-C), 130.6 (s, aryl-C), 130.4 (s, aryl-C), 129.5 (s, aryl-C), 127.0 (s,
aryl-C), 105.5 (s, central aryl-CH), 91.0 (s, central aryl ipso-C), 23.5 (m, CH(CH,),), 19.2 (s,
CH(CH,),), 18.0 (s, CH(CH,),). Anal. Calcd. For C;\H,Br,Ni,P, (%): C, 48.71; H, 5.45.
Found: C, 48.83; H, 5.38.

Synthesis of 14. Using Nil, instead of NiCL,(DME), 14 was synthesized from 2 using
the same procedure as for 12. The dark red reaction crude was placed under vacuum to
remove volatiles. The crude was washed with hexanes and filtered through Celite with
benzene, leaving behind purple-gray insoluble matter. The benzene filtrate yielded a bronze
powder after concentration under vacuum. 'H NMR (300 MHz, C,Dy) & 7.19 (m, 2H, aryl-
H), 7.06 (m, 2H, aryl-H), 6.94 (s, 4H, aryl-H), 6.80 (m, 2H, aryl-H), 1.67 (m, 4H, CH(CHy,),),
1.25 (m, 12H, CH(CH,),), 1.00 (m, 12H, CH(CHS,),). *'P NMR (121 MHz, C,D,) § 63.9. °C
NMR (400 MHz HSQC, HMBC, CD) 6 152.6 (aryl-C), 133.2 (aryl-C), 129.8 (aryl-C), 129.6
(aryl-C), 128.6 (aryl-C), 126.6 (aryl-C), 107.1 (central aryl-CH), 93.8 (central aryl ipso-C), 24.0
(m, CH(CH,),), 18.8 (s, CH(CHy;),), 17.6 (s, CH(CH,),). Anal. Calcd. For C;,H,I,Ni,P, (%0):
C, 43.22; H, 4.84. Found: C, 42.90; H, 4.85.

Synthesis of 15. A THF solution of 12 (500 mg, 0.768 mmol) was added over
solid TIOTf (272 mg, 0.768 mmol). The mixture changed from dark green to deep blue
with light precipitate in seconds upon stirring. After stirring for 10 minutes, the solution
was filtered through Celite and layered underneath toluene, yielding blue-gray XRD-
quality crystals (463 mg, 79% yield) by liquid diffusion. 'H NMR (300 MHz, C,D) 8
7.69-7.46 (m, 8H, aryl-H), 6.19 (s, 4H, central aryl-H), 2.25 (m, 4H, CH(CH,),, 1.25 (m,

12H, CH(CHs),, 1.10 (m, 12H, CH(CH,),. *'P NMR (121 MHz, C,D,) & 53.0. °C NMR
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(75 MHz, C,Dg; due to poor solubility, some quaternary carbons wetre not observed) &
138.5 (s, aryl-C), 132.7 (s, aryl-C), 132.6 (s, aryl-C), 131.3 (s, aryl-C), 130.2 (s, aryl-C),
102.6 (s, central aryl-CH), 94.0 (s, central aryl ipso-C), 25.3 (m, CH(CH,),), 19.7 (s,

CH(CH,),), 19.2 (s, CH(CH,;),).

Synthesis of 16. Magnesium turnings (100 mg), 2,2’-dibromobiphenyl (101 mg,
0.32 mmol, 1 equiv), and THF (15 mL) were heated in a Schlenk flask at 40 °C. After
4h, an aliquot was quenched with D,O, dried with MgSO,, and filtered through silica
gel. GC-MS analysis of the aliquot showed the absence of starting 2,2’-dibromobiphenyl
and the presence of d,-biphenyl, indicating the complete conversion of starting material
to Grignard. The solution was filtered through Celite to remove magnesium particles.
Solvent was removed under reduced pressure to yield an off-white powder that was
suspended in toluene (50 mL) and frozen in a cold well. A solution of 3 (234.3 mg, 0.32
mmol, 1 equiv) in toluene (15 mL) was chilled to -35 °C and layered on top of the
frozen Grignard solution. The reaction mixture was frozen solid, then allowed to thaw
and stir for 40 minutes, during which the solution gradually changed from dark green to
dark brown. Volatile materials were removed under reduced pressure, and the residue
was dissolved in hexanes (50 mL) and filtered through Celite. The filtrate was
concentrated under reduced pressure, and the residue was washed with hexanes (20
mL). The wash was discarded by filtration, while the remaining residue was dissolved in
hexanes (50 mL) and filtered again. The filtrate was concentrated to a residue under
reduced pressure, and lyophilized in benzene to obtain a brown powder (39.1 mg, 0.05

mmol, 27%). A concentrated solution of 4 in hexanes was chilled to -35 °C for 1 day to

yield X-ray quality crystals. 'H NMR (300 MHz, C,D,) &: 7.56 (d, 2H, aryl-H), 7.43 (d,
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2H, aryl-H), 7.23 (d, 2H, aryl-H), 7.07-6.90 (m, 10H, aryl-H), 5.26 (s, 4H, central aryl-
H), 1.92 (m, 4H, CH(CH,),), and 0.69 (m, 24H, CH(CH,),). "C{'H} NMR (300 MHz,
C,D,) 8: 164.18 (s), 163.40 (t, ] = 3.4 Hz), 152.24 (t, ] = 15.2 Hz), 138.93 (s), 138.62 (t, ]
= 12.5 Hz), 131.35 (s), 129.69 (s), 128.88 (t, ] = 5.8 Hz), 127.46 (s), 123.92 (s), 123.38
(s), 121.72 (s), 92.18 (s), 88.92 (s), 25.25 (s), and 17.89 (s). *'P{'H} NMR (300 MHz,
C,D,) 8: 36.9. Anal. Caled. For Cy,H,,CL,Ni,P, (%): C, 68.90; H, 6.61. Found: C, 69.01;

H, 6.54. A, (C;H,, nm), € (M ecm™): 439, 3.9 x 10% 518, 2.6 x 10% 665, 7.2 x 10"

Reaction of 16 with CH,Cl,. A C.D, (0.6 mL) solution of 4 (10 mg, 0.01 mmol)
was transferred to a J. Young NMR tube. 5 drops of CH,Cl, were added and the
reaction was followed by P NMR spectroscopy. At 3.75 h, the reaction was complete
and had changed from dark brown to dark green in color. 'H and P NMR spectra

identified 3 as the major organometallic species in solution. GC-MS analysis of the

crude mixture indicated that fluorene was the only organic species present.

Reaction of 16 with CO to form 17. A 100 mL Schlenk flask was charged with
a stir bar and a solution of 4 (98 mg, 0.13 mmol) in C;H, (15 mL) inside a nitrogen-
atmosphere glovebox and covered with a rubber septum. The flask was brought out of
the box, and CO (19.3 mL, 0.80 mmol) was injected into the solution with a syringe and
long metal needle. Over 15 min the reaction mixture changed from dark brown to pale
green-yellow. The reaction was placed under a positive nitrogen pressure while the
septum was replaced with a greased glass stopper, and then volatiles were removed
under vacuum. The solid was dissolved in hexanes and filtered through Celite. Volatiles
were again removed under vacuum, and the resultant yellow solid was triturated in
hexanes and filtered through Celite. The filtrate was found by "H-NMR and GC-MS to

contain fluorenone. The filter cake was collected by washing with more hexanes. NMR
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spectra of the filter cake were complex but contained well-defined features. 'H NMR
(300 MHz, C,Dy) 0: 8.34 — 8.20 (m, 2.33H), 8.09 — 8.01 (m, 0.22H), 7.86 (d, ] = 7.3 Hz,
0.60), 7.13 (s, 5.44H), 7.10 — 6.76 (m, 15.09H), 6.71 (app d, 0.75H), 5.85 (s, 1.00H), 5.65
(s, 0.13H), 4.56 (s, 0.12H), 3.58 (m, 0.13H), 2.32 (m, 1.65H), 2.10 (m, 6.02H), 1.04 (d, J
= 6.7 Hz, 11.50H), 0.98 (d, ] = 6.7 Hz, 10.03H), 0.81 (d, ] = 6.9 Hz, 11.25H), 0.76 (d, |
= 6.9 Hz, 8.03H). 'P{'H} NMR (300 MHz, C,D,) &: 75.0 (broad), 51.1, 50.1, 38.1
(broad), 37.1, 35.6. Hexanes was layered on a concentrated solution of this mixture in
Et,O to yield yellow-orange crystals that were found to be a mixture of nickel carbonyls,
17: ca. 80% of the phosphines are bound to nickel dicarbonyl and the remaining

phosphines are bound to nickel tricarbonyl.
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Table 2.2. Crystal and refinement data for complexes 2, 3, 4, 5, 8, 9, 10, 11.

2 3 4 5 8 9 10 11
CCDC Number 745169 790176 790173 782790 - - 790177 810418
Empirical formula  Cy,H,P,Ni CyH, P,Pd C“fl gg{ile C,.H,,NP,Ni Cjzi“‘(lg:gsp 2 ¢, H,,NiO,P, [C[ngggl] [Ct’ézljgj;d]
Formula weight 521.27 568.96 627.39 604.40 620.38 553.27 670.34 719.04
T (K) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2)
a, A 8.5770(3) 8.6107(4)  9.8042(4) 11.7303(4)  23.157(2) 8.1130(3) 12.0523(4) 10.4060(5)
b, A 14.8684(5) 11.5616(6) 9.9171(4)  19.7927(7)  8.4778(6) 11.0794(4) 14.5265(5) 17.7393(8)
6, A 21.6483(7) 14.4906(8) 16.7675(6) 14.0216(5) 17.241(1) 17.2216(6) 17.6176(5) 17.9098(8)
a, deg 90 94.311(3) 98.712(2) 90 90 76.340(20 90 90
B, deg 90 99.673(3)  90.901(2) 92.024(2) 109.382(4) 86.346(2) 90 101.955(2)
Y, deg 90 99.378(3)  95.213(2) 90 90 70.436(2) 90 90
Volume, A’ 2760.73(16) 1395.25(12) 1604.10(11) 3253.4(2) 3192.8(4) 1417.17(9) 3084.5(2) 3234.4(3)
Z 4 2 2 4 4 2 4 4
Crystal system  Orthorhombic Triclinic Triclinic  Monoclinic Monoclinic Triclinic  Orthorhombic Monoclinic
Space group P2,2,2, P-1 P-1 P2/n P12,/c1 P-1 P2,2,2, P2,/n
.o, g/cm’ 1254 1354 1229 1296 1291 1297 1444 1480
0 range, deg 1.66—35.07 1.80—36.32 2.09—35.36 1.78—32.63 1.86—36.62 2.00—51.11  4.33—34.55  2.30—38.77
wu, mm’’ 0.835 0.796 0.733 0.718 0.738 0.822 0.850 0.785
Abs. Correction None Integration None Gaussian ~ Multi-scan ~ Multi-scan None None
GOF 1.311 1.388 2.791 1.721 1.016 0.982 1.431 1.816
Ry, A 0.0302, 0.0340, 0.0544, 0.03206, 0.0624, 0.0275, 0.0301, 0.0264,
»R, 0.0568 0.0482 0.0777 0.0516 0.1496 0.0760 0.0417 0.0429
[1>25 (D)

"Ry = X[ [F| - [F|[/X]F . " wR, = [X[w(F,F)]/EwE,) ]
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Table 2.3. Crystal and refinement data for complexes 12, 13, 14, 15, 16, 17

12 13 14 15 16 17
CCDC Number 702807 790175 790174 790172 745065 767040
> C30HyoP,CLNI, CyoHyBr,PoNi, . [C3oHyCIPNL| - CypH P, Ni, @ V2 0.80(C5,H,,0,P,Ni,)
Fmpirical formula =, ¢ 4y e, CHeRRNR T R o) (CH,) 0.20(C3,H, O PN
Formula weight 728.99 817.91 833.78 764.50 775.25 703.36
T (K) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2)
a, A 9.6730(5) 11.1574(5) 15.2390(7) 28.192(1) 11.7255(5) 7.1846(13)
b, A 12.8755(6) 25.621(1) 17.1554(8) 14.9782(5) 13.1876(5) 25.477(4)
o A 14.3392(7) 12.2369(5) 23.999(1) 19.6646(8) 14.7366(0) 9.4217(106)
a, deg 102.753(3) 90 90 90 105.066(2) 90
B, deg 99.036(3) 95.900(2) 90 127.104(3) 97.410(2) 100.794(11)
Y, deg 91.500(3) 90 90 90 115.216(2) 90
Volume, A’ 1716.76(15) 3479.5(3) 6274.0(5) 6622.4(4) 1814.32(13) 1694.1(5)
Z 2 4 8 8 2 2
Crystal system Triclinic Monoclinic  Orthorhombic ~ Monoclinic Triclinic Monoclinic
Space group P-1 P2,/n Pbea C2/¢ P-1 P2,/n
d.e, g/cm’ 1410 1672 1765 1534 1345 1379
0 range, deg 1.93—45.99 1.85-36.39 1.70—40.86 1.63—36.96 1.49-39.07 2.34-26.37
w, mm’' 1.37 3.495 3.288 3168 1.098 1.242
Abs. Correction Semi-empirical — Integration Integration  Semi-empirical None Semi-empirical
GOF 2.237 1.197 1.298 2.087 1.747 1.248
5}1{’ ) 0.0270, 0.0254, 0.0200, 0.0337, 0.0334, 0.0651,
? 0.0532 0.0349 0.0260 0.0568 0.0565 0.0634
[1>25 (D)

"Ry =Y E | - |F[[/XIF] " w

R, = [X[w(F,-F)1/ w7



Refinement details.

In each case, crystals were mounted on a glass fiber and placed on the diffractometer
under a nitrogen stream. Low temperature (100 K) X-ray data were obtained on a Bruker
APEXII CCD based diffractometer (Mo sealed X-ray tube, K, = 0.71073 A). All
diffractometer manipulations, including data collection, integration and scaling were carried

112

out using the Bruker APEXII software. ~ Absorption corrections were applied using
SADABS."” Space groups were determined on the basis of systematic absences and intensity
statistics and the structures were solved by direct methods using XS'* (incorporated into
SHELXTL) and refined by full-matrix least squares on F°. All non-hydrogen atoms were
refined using anisotropic displacement parameters. Hydrogen atoms were placed in idealized
positions and refined using a riding model. The structure was refined (weighted least squares
refinement on F) to convergence. Graphical representation of structures with 50%
probability thermal ellipsoids was generated using Diamond visualization software.'"’

Special refinement details for 3. Two of the isopropyl groups are disordered. The disorder
was modeled and refined without restraints.

Special refinement details for 8. The sample appeared to be multiple plates, and two
domains were found by the program CellNow. The second domain was rotated from first
domain by 177.8 degrees about the b axis. Absorption correction was performed with the
TwinABS program. The structure was solved using only the composite data points. Details
are contained in the .cif file.

Special refinement details for 15. The crystal is a twin with two domains related by a two-

fold rotation around the 1 0 1 axis. Refinement included both domains with a refined batch
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scale factor of 0.08 (HKLF 5 file). There are two-half molecules in the asymmetric unit, each
sitting at a unique center of symmetry.

Special refinement details for 17. The molecule sits at a center of symmetry AND is
disordered between two distinctly different molecular formulas in an 80:20 ratio. The
major component has two carbonyl ligands bonded to Ni and the Ni interacting with
C10 of the central ring. In the minor component the Ni no longer interacts with C10
but now has three carbonyl ligands. The parameters of the minor component were
refined with restraints to maintain somewhat reasonable geometry due to significant
overlap of the atomic positions of C1 and C2A and of O2 and O3A. Minor component

parameters were then fixed for the final least-squares cycles.
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CHAPTER 3

INTRAMOLECULAR DEAROMATIZATION REACTIONS OF MONONICKEL TERPHENYL
DiPHOSPHINE COMPOUNDS

Published in part as:
Lin, S., Day, M. W., Agapie, T. J. Am. Chem. Soc., 2011, 133, 3828-3831.



ABSTRACT

Nickel hydrides supported by a terphenyl diphosphine are synthesized and found
to undergo intramolecular nickel-to-arene H-transfers. Some of the resulting complexes
also undergo the reverse (C-to-Ni) H-migration indicating the potential for storing H-
equivalents in this type of pincer ligand. NMR spectroscopy, single crystal X-ray
diffraction, and isotopic labeling studies investigating the mechanism of these processes
are discussed. Reactivity of nickel-bound central arene is then extended to arene
hydrogenation with Shvo’s catalyst, which does not typically hydrogenate aromatic
substrates. Although other complexes of the terphenyl diphosphine framework are
tested for susceptibility to hydrogenation, no other complexes are found to be reactive.
One possibility is that the reactivity of the nickel complex may result from steric strain

of its terphenyl backbone.



INTRODUCTION

Metal hydrides are intermediates in a wide variety of catalytic transformations.
Improved understanding of the parameters that affect hydride reactivity is of interest in
developing effective catalysts for proton reduction, CO, reduction, hydrosilylation,
hydroboration, heterocycle activation, arene reduction and olefin hydrogenation and
isomerization.""* Furthermore, molecular designs for shuttling of hydrogen equivalents are
of importance in biological transformations such as dioxygen activation and reduction. A
diphosphine-arene pincer ligand was recently reported to support mononuclear and
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dinuclear nickel complexes that exhibit strong nickel-arene interactions. ™~ This chapter

discusses two kinds of reactivity of these compounds: (1) These complexes provide access to
a new class of nickel hydrides supported by arene m-interactions. We report on the reactivity
of these species and a series of H-migration processes relevant to arene hydrogenation and
to potential storage of H-equivalents in the ligand backbone. (2) We then extend the studies

toward hydrogenation of nickel-bound arenes catalyzed by external catalysts.

RESULTS AND DISCUSSION

1. Nickel-to-Arene Hydrides Transfers

1.1. Synthesis and reactivity of nickel hydride chloride 18. Treatment of Ni(0) diphosphine 2
with one equivalent of HCI/Et,0O (Scheme 3.1) generates a new species that displays a triplet
at =29.0 ppm (Jpy = 79 Hz) in the 'H NMR spectrum and a doublet in the *'P NMR
spectrum, consistent with formation of a nickel hydride complex with two equivalent
phosphines.”"**" Two singlets are observed in the '"H NMR spectrum corresponding to
the central ring, supporting a C-symmetric structure (18). In THF, compound 18 is 22%

deprotonated by one equivalent of dimethylbenzylamine (DMBA) to reform 2, indicating



that 18 is slightly less acidic than [DMBA]-H" (pK, approx. 16.79 in MeCN**). This result
also indicates that protonation of 2 is a reversible process. The single-crystal X-ray
diffraction (XRD) difference map of 18 shows, in addition to a chloride and two phosphines,
a smaller electron density peak in proximity to nickel (r = 1.33(2) A). This peak was assigned
as a hydride ligand to complete a square planar coordination environment around the metal
center. Consistent with this geometry, the Ni—C(arene) distances are long (> 2.5 A),
indicating weak interaction between the metal and the m-system of the arene. Further, only a
slight variation in the C—C bond lengths of the central arene is observed, with a difference
between the longest and the shortest bonds of less than 0.02 A (18, Figure 3.1). In contrast,
the Ni—C bond lengths of 2 are about 1.99 A, and the C—C bonds show differences of up to
0.07 A.

Scheme 3.1. Synthesis and Ligand Disproportionation of 18
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Heating a C;H, solution of 18 at 70 °C leads to clean generation of equimolar
amounts of a new nickel-containing species (19, Scheme 3.1) and free diphosphine (1). The
"H NMR spectrum of 19 shows a singlet corresponding to only two hydrogens in the olefinic

region. Additionally, two new peaks that integrate to two hydrogens each are present in the



aliphatic region. An XRD study reveals that 19 possesses a Ni,Cl, core that interacts with
four carbons of the central ring (Figure 3.1). The remaining two central ring carbons are
1.519(1) A apart, indicative of a single bond. Thus the present system provides a well-
defined architecture to further our understanding of arene hydrogenation and H-migration

8
from metals to arenes.
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Figure 3.1. Solid-state structures of (top to bottom, left column then right): 18, 19, 20-OTf,
20-MeCN-OTH, and 22-BArF,, and selected C-C and Ni-C distances. Solvent molecules,

anions, and select hydrogen atoms have been cropped for clarity.

Furthermore, “non-innocent” aromatic ligands that can store H-equivalents by
incorporation into a m-system are of interest and have been recently described in the context
of transformations such as water splitting into dioxygen and dihydrogen.”””'

1.2. Synthesis and reactitivy of cationic nickel hydride. To study the H-migration process, a

cationic hydride variant was prepared by halide abstraction of 18 with TIOTt (Scheme 3.2).



XRD studies of crystals obtained from acetonitrile solution reveal the presence of two co-
crystallized cationic species in the solid state. One species (20) is a nickel-hydride supported
by two phosphines and a double bond of the central arene. The Ni—C distances (2.142(3)—
2.157(3) A) are shorter than in 18, indicating that displacement of the halide to generate a
cationic species leads to a stronger interaction of the metal center with the arene (Figure 1).
The central arene C—C bond lengths indicate similar dearomatization as in 2 (variation up to
0.06 A). The second species has acetonitrile coordinated to the site previously occupied by
chloride (20-NCMe). Similar to 18, the Ni-C distances are long (> 2.4 A). Peaks in the XRD
difference map are assigned to hydrides of 20 and 20-NCMe and complete pseudo-square
planar coordination environments around the metal centers. On the NMR time scale, a
single species is detected in an acetonitrile solution of 20, with a Ni—H signal at —=25.1 ppm.
In CD,CL, the Ni-H peak is at =17.6 ppm. Titration of this solution with acetonitrile leads to
a gradual shift of the Ni-H peak towards the chemical shift in acetonitrile. This behavior
suggests that coordination of acetonitrile to 20 is rapid and reversible in solution. Assuming
that in acetonitrile the chemical shift of the hydride corresponds to 20-MeCN, the
equilibrium constant for acetonitrile dissociation from 20-MeCN is calculated to be 1.13 M.
In THF, 20 is 26% deprotonated by one equivalent of DMBA, suggesting that it is of

comparable acidity to 18.



Scheme 3.2. Synthesis, Acetonitrile Coordination, and Ni-to-Arene H-Transfer of 20
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Handling of 20 in solvents such as THF or DCM at room temperature leads to the
formation of two new species displaying no upfield 'H NMR signals indicative of a metal
hydride over several days. As determined by various NMR correlation experiments, one
species (21) possesses three olefinic protons and two methylene protons on its central ring
(see BExperimental). A pair of doublets (o, = 10.9 Hz) is observed by *'P NMR spectroscopy.
While reliable crystallographic information has not been obtained for compound 21, NMR
data is consistent with H-migration to the central ring at the position ortho to an aryl-aryl
linkage (Scheme 3.2).

The species (22) observed in mixture with 21 possesses two olefinic 'H peaks and a
pair of *'P doublets (Jo, = 1.4 Hz). XRD characterization of 22 shows that the two arene-
arene linkages display different angles, with one being significantly removed from co-
planarity with respect to the central ring. The C—C bonds of the central ring adjacent to this
aryl-aryl linkage are elongated (> 1.47 A). The nickel center displays close contacts to only
three carbons of the central ring (< 22 A), reminiscent of a metal-allyl interaction.

Consistent with this bonding description, a double bond appears to be localized between the



remaining two carbons of the central ring.””” The crystallographic and NMR data is
consistent with H-migration to the zpso-carbon of the central ring (Scheme 3.2).

To further explore the potential of the arene pincer for reversible storage of H-
equivalents, the cationic products (21 and 22) of Ni-to-C H-migration were investigated.
Heating of 20 in THF was interrupted when a mixture of 21 (62%), 20 (26%), and 22 (12%)
was generated (eq 3.1). Addition of chloride to this mixture leads to the formation of 18
(85%) and 22 (15%), which is consistent with the quantitative conversion of 21 and 20 into
18. Treatment of the mixture of 20, 21, and 22 with 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) leads to the formation of 2. While generation of 18 from 20 by coordination of
chloride is expected, the generation of 18 from 21 is less mechanistically obvious. In an acid-
base mechanism, chloride could act as a base to deprotonate 21, generating 1 and HCI as
intermediates toward 18. This explanation is inconsistent with the stability of 22 toward
chloride and the weak basicity of chloride (predicted pK,(HCl) = 10.30 in MeCN™). In an
alternate mechanism, chloride could bind to nickel and weaken metal-carbon interactions,
leading to more reactive methylene C—H bonds that would be prone to undergo C-to-Ni H-
transfer. Intramolecular H-migration between a metal center and a delocalized p-bound
ligand has been proposed previously, for example, for the hydrogenation of arene by cobalt
hydrides and for isotopic scrambling in the reductive elimination of alkane from

7 Direct deprotonation of arenium

bis(pentamethylcyclopentadienyl)zirconium derivatives.
moiety by added base cannot be ruled out especially for stronger bases, however, given that

both 21 and 22 are converted to 2 by DBU (pK,([DBUJ-H") = 24.34 in MeCN™).
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The H-migration processes were studied in detail. Heating of 20 for 1h at 75 °C in
CD;CN leads initially to formation of 21 with little generation of 22; further heating converts
21 to 22 (Scheme 3.2). These observations are consistent with H-migration from the metal
center to the less substituted carbon of the central arene, under kinetic control to first
generate intermediate 21. Further H-migration around the ring to the 7pso-carbon gives the
thermodynamic product 22. Calculations have suggested that jpso protonation is
thermodynamically disfavored 5. ortho or para protonation of biphenyl,” but the relative
stability of 22 might be due to release of terphenyl strain that is present in all other
mononuclear complexes of ligand 1 (2, 18, 20 and 21). Protonations of 2 with
[H(OEL,)][B(C,H;(CF5),),] or [H,NCH,CN][OTf] (OTf = triflate) in acetonitrile at room
temperature lead to 20 and 21 upon mixing (Scheme 3.2). The fast formation of 21 suggests
that 20 is not an intermediate in this case. Hence, direct intermolecular protonation at the
carbon is a viable mechanistic pathway in these systems. Again, formation of 22 is kinetically
unfavorable.

1.3. Deuterinum isotope labeling studies. Isotopic labeling studies have provided further
mechanistic insight into these processes. Nickel complexes of 1-d, (perdeuterated at the
central arene) were prepared. Complex 20-d, converts to 21-d, with 'H incorporation
primarily at the endo methylene position of the central ring (X,, eq. 3.2). No 'H incorporation
occurs at the olefinic positions (X,, X, or X)). Unreacted 20-4, (during the conversion to 21-

d,) showed no label scrambling.
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Lack of 'H incorporation at the olefinic positions indicates that after H-transfer from
metal to carbon (similar to process A, Scheme 3.3), 1,2-H shifts (process B) from methylene

3940 1 . .
" "H incorporation at the endo

to methine do not occur on the timescale of the experiment.
methylene position suggests an intramolecular mechanism for conversion of 20 to 21. The
rate of formation of 21 from 20 is solvent dependent, suggesting that coordination of nitrile
to 20 inhibits H-migration. The nickel interaction with the m-system, which is stronger in the

absence of acetonitrile, may be a determining factor for ring activation toward H-transfer.

Scheme 3.3. Isotope Scrambling Mechanisms for 20 (left) and 18 (right)

iPr H iPr —I iPr /IPr —|+ Pr cl /'Pr 'PI’\ Cl /IPr
i I /
'PF\P Ni P/'Pr IPr\P\Ni/P/IPr Pr\p_Ni_p/IPr 'Pr p\,\lli/p/lpr
D DHD /% D pH D — D_/ % D
o S D S 2 S 27
D D 5 H D D Y
20-d, 21-ds-A 18-d, 18-dy-A
PO /‘Pr—l Py /'Pr—|+ P g Prool e
i i I i i
Pr~p_N—p—Pr . P R P PrP—Ni—R Pr\P\'}‘i/P/'Pr
Q D D - D,/ \ _D pD D = D.i\ _D
< D2 2 D2
D H H 5
20-dy-i 21-dy-Ai 18-dy-i 18-d,-Ai



Upon heating, 18-4, leads to significant label distribution to all positions of the ring
in 19 (% 'H incorporation at aliphatic positions X, and X, and olefinic position X is
34:30:24, eq. 3.3) but also into free phosphine, 1 (X;, 12%). Analysis of unreacted 18-4, at
50% conversion shows ~60% of 'H scrambled into the aromatic positions. Label scrambling
in 18-4, suggests a mechanism similar to the conversion of 20 to 21 (process A, Scheme 3.3),
but followed by either 1,2-H-shift from methylene to methine (process B) and then
migration of H(D) back to nickel (process A’), or intermolecular H-transfer back to metal to
give isotopomer 18-4-i. This scrambling further attests to the reversible H-shuttling
potential of pincer arenes. As with 20 in acetonitrile, compound 18 requires heating for H-
migration to occur; this, again, may be a consequence of a weaker interaction between nickel
and the central arene. This proposal is consistent with the difference in the isotopic label
scrambling between the cationic and neutral hydrides; a weaker interaction between the
halide-coordinated nickel and the m-system may allow for facile 1,2-H shifts if an arenium
moiety is formed. In contrast, assuming that the m-system of 21 is localized as in 22 (as a
strong nickel-allyl-like interaction adjacent to a double bond), 1,2-H shifts are less accessible
for the cationic species.

The sequence of steps subsequent to H-migration leading to the dinuclear species 19
and free phosphine are not clear. Nevertheless, isotopic scrambling into 18-4, (eq. 3.3)
explains the incorporation of 'H at all positions on the central ring of 19 and 1; the lower
than expected statistical 'H content in the resulting free phosphine, however, suggests an
isotope effect for subsequent steps that favors 'H incorporation into the partially reduced
arene of 19. The driving force for this reaction may be the formation of a Ni',Cl, moiety,

which has been observed in a few reactions with this ligand. A combination of bridging



halides, Ni-Ni bonding, and Ni-arene interactions may render 19 as the thermodynamic

product.

2. Hydrogenation of Nickel-Bound Arenes

2.1 Introduction. Arenes are relatively less reactive than alkenes and dienes due to
aromatic stabilization. One strategy to activate arenes for olefin-like reactivity is
transition metal coordination. Transition metals act as a ft-base and bind M’ to
aromatics, inducing partial localization of single and double bonds about the arene ring.
These partially localized double bonds may be susceptible to traditional alkene and
diene chemistry. Harman and Taube' studied landmark complexes of the form

[Os(NH;)s(n*-arene)]*", and Harman later reported other low-valent octahedral d° metal

(Re(I), Mo(0), W(0)) complexes that bind and activate a range of n’*-arenes.”* The four
unbound carbons of the arenes were shown by x-ray diffraction (XRD) studies to
resemble butadiene; accordingly, the butadiene-like fragments were able to undergo
protonation, hydrogenation, electrophilic addition, or Diels-Alder reactions.
Unfortunately these dearomatization agents do not readily release bound product due to
the thermodynamic and kinetic stability of d’ octahedral compounds, precluding

catalytic turnover. For instance, hydrogenation of [Os(NH;)s(n*-benzene)]*" vyields

[Os(NH,)s(n*-cyclohexene)]*”, but oxidation of the metal center is necessary to release
cyclohexene.* Lewis acids have been used as substoichiometric dearomatization agents,
allowing for hydrogenation of arenes under mild conditions.** Unfortunately, Lewis
acids could be incompatible with polar functional groups, limiting the substrate scope

of Lewis acid dearomatization agents. While other transition metals have been observed



to bind and activate arenes, few studies of these metals as (potentially catalytic)
dearomatization agents have been reported.

Group 10 metal-arene interactions, as demonstrated and discussed throughout
Chapter 2, are relatively labile. As a proof of principle that these labile late transition
metal-arene interactions can facilitate dearomatization reactions, 2 was chosen as a
favorable test substrate because the nickel-arene interaction is enforced by phosphine
chelation.

2.2. Hpydrogenation of 2. Using a multi-well stainless steel reactor, various
hydrogenation catalysts (~10 wt%) were screened for reactivity with 2 in toluene under
7 atm H,. The reactions were evaluated by >'P NMR of the crude mixture after 16 h at
100 °C. Reactions with RhCI(PPhs),, IrCI(PPh;);, and Shvo’s catalyst*** each displayed
peaks downfield of the starting material that may be hydrogenation products of 2.
However, the former two catalysts also facilitated complete decomposition of 2 to 1
(O5p = -4.7 ppm). Because of the amenability of homogeneous catalysts toward
mechanistic study, Shvo’s catalyst was chosen for further optimization of hydrogenation
conditions (Scheme 3.4). Of note, Shvo’s catalyst has not been reported to hydrogenate
arenes, and typical reaction conditions include toluene as solvent.”

Hydrogenation of 2 by Shvo’s catalyst (10 mol%) under 3.9 atm H, at 65 °C over
100 h leads to a new species (23) that exhibits one *'P NMR peak (s, 46.6 ppm). By 'H
NMR spectroscopy, 23 possesses four aromatic peaks and six aliphatic or olefinic peaks
that integrate to two protons each. These integrations are consistent with double
hydrogenation of the central arene to a cyclohexene moiety. Fast atom bombardment
MS (FAB-MS) of a solution of 23 shows a peak corresponding to doubly hydrogenated

ligand (m/z [23-Ni+H]" calcd. 467.2996; found 467.2978).



Scheme 3.4. Optimized Conditions for Hydrogenation of 2 by Shvo’s Catalyst
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To support our assignment of 23, "H-"H COSY spectra were recorded. Based on
the crosspeaks observed, the 'H NMR spectrum could be assigned for the olefinic and
aliphatic peaks H, through H; (Figure 3.2). Multiplets at 2.44 and 2.20 ppm show
crosspeaks to methyl signals from 1.30 to 1.00 ppm, and are assigned as the isopropyl
methine protons. The multiplet at 3.73 ppm shows cross peaks with the multiplets at
1.91 and 1.81 ppm, revealing the former to be benzylic/allylic H, and the latter pair of
multiplets to be aliphatic H, and H.. That leaves the singlet with no crosspeaks at 3.03
to be assigned as H,. The lack of a crosspeak between H, and H, can be explained by
the magnitude of vicinal couplings vanishing near dihedral angles of 90°.* Although no
structural data is available for 23, for reference, the 7pso- and ortho- central arenium
protons of 22 do not display a crosspeak.

To distinguish the germinal endo- and exo- protons of the central ring (H. and H,,
respectively), 1D selective Nuclear Overhauser Effect (NOE) experiments were
performed. An inverted peak at 3.74 ppm upon excitation at 1.85 ppm indicates
through-space interaction between Hy and H,. Excitation at 1.95 ppm (H,) did not
result in any non-geminal NOE transfers. Ultimately, upon assignment of the central
ring protons of 23, their 'H NMR chemical shifts match well with literature

comparisons. (Figure 3.3)
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Figure 3.2. Olefinic and aliphatic region of a gradient COSY spectrum of 23.
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Figure 3.3. Comparison of select 'H NMR chemical shifts (8, ppm) of 6, ¢is-3,6-
diphenylcyclohexene,” and (1,2-bis(di-zer+-butylphosphino)ethane)Ni(n*-is,cis, cis-
cyclododeca-1,5,9-triene).”

Hydrogenation presumably starts via net hydrogenolysis of Shvo’s catalyst into

monoruthenium hydride species.” Then two routes could account for hydrogenation of

the ring: (a) direct hydrogenation of the central ring by ruthenium species or (b)



sequential Ru-to-Ni, Ni-to-arene, and Ru-to-arenium H-transfers (Scheme 3.5).
Deuterium labeling studies were designed to distinguish these two mechanisms.
Alternatively, heterogeneous ruthenium from Shvo’s catalyst decomposition could serve

as the catalyst.

Scheme 3.5. Two Mechanisms for Hydrogenation of 2.
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A variant of 2 with a perdeuterated central arene (2-d,). was subjected to
hydrogenation conditions. The resulting product (23-d,) was found to differ from 23 by
missing two peaks in the '"H NMR spectrum (Figure 3.4): an olefinic singlet at 3.03 (H,)
and an aliphatic multiplet at 1.81 ppm (H,). The remaining two 'H NMR peaks of 23-d,
corresponding to central ring protons were shown to couple through space via Nuclear
Overhauser Effect (H,, H,). Thus, central ring 'H nuclei in 23-d, are all located on the
exo face, suggesting that direct exo hydrogenation by ruthenium species may be the
active mechanism. Putative monohydrogenated intermediates are not observed. They
could be minor species in solution at all times, slowly generated and quickly

hydrogenated to form 6 upon loss of aromaticity.
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Figure 3.4. Olefinic and aliphatic region of 'H NMR (600 MHz, C,D,) spectra of 23-d,

(top) and 23 (bottom).

2.3. Hydrogenation of other group 10 metal-arene complexes. Extension of metal
coordination-assisted hydrogenation of arenes to other substrates was explored. As a
preliminary control, Shvo’s catalyst does not hydrogenate 1 under the optimized
conditions. Complexes of 1 were then screened for hydrogenation under the optimized
reaction conditions. 3, 7, 8, and 12 showed no hydrogenation, despite all exhibiting
strong dearomatization of the central arene in the solid state. The other compounds of 1
(reported in Chapter 2) are all thermally unstable or insoluble in toluene. Attempts to

hydrogenate these compounds in THF or acetonitrile were unsuccessful.

One explanation for the unique reactivity of 2 is that it combines strong central
arene dearomatization with steric accessibility. For instance, although 8 and 9 are
similarly dearomatized, the methoxy groups of the former and the unstrained terphenyl
backbone of the latter hinder hydrogenation. To increase steric accessibility,
hydrogenation of (2-biphenyl)di-zer~butylphosphine by Shvo’s catalyst was attempted
with Pd,(dba), as an additive (Figure 3.5). By *'P NMR (300 MHz, d,-toluene, ref. vs
external H;PO,), starting phosphine and a new product are observed at 17.9 and 12.9
ppm, respectively. Upon dissolution of the reaction crude in CDCI3, the 'H and *'P

NMR spectra of the product align with those reported for trihydrogenated product,



previously synthesized through an independent route’. The trihydrogenated product
was also observed by GC-MS. No di-1-methylcyclohexane, the product of toluene
hydrogenation, was observed by NMR spectroscopy or GC-MS. Although control
reactions removing either Shvo’s catalyst or Pd,(dba); did not yield hydrogenated
product, hydrogenation by heterogeneous catalysis with Ru or Pd nanoparticles is a
possible mechanism given the instability of Pd,(dba), and the heterogeneous appearance
of the reaction mixture.”® Nevertheless, the hydrogenation selectivity in an aromatic
solvent suggests that the pendant arene is activated toward hydrogenation, perhaps via

. . 53
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Figure 3.5. Hydrogenation of JohnPhos with Shvo’s catalyst and Pd,(dba),. Left:
reaction conditions. Right: *'P NMR (300 MHz, d,-toluene, ref. vs external H;PO,) of

reaction crude and control reactions.

CONCLUSIONS

In summary, metal-arene interactions enforced by a terphenyl diphosphine scaffold
have been shown to facilitate a variety of H-transfers to the arene. Neutral and cationic
nickel-hydride complexes supported by a terphenyl diphosphine have been synthesized. The
neutral nickel-hydride has been shown to partially hydrogenate the pincer arene in a
stoichiometric manner. The H-migration was studied in detail using isotopic labeling and

characterization of intermediates observed with the cationic hydrides. Metal-to-arene H-



migration was found to be reversible by isotopic labeling; chloride addition to a nickel-
bound arenium species results in H-migration from carbon back to metal.

The metal-arene interaction was also used to facilitate hydrogenation of 2 by Shvo’s
catalyst. Through isotope-labeling studies, the hydrogenation was found to occur exclusively
from the exo-face. Although no other metal compounds of 1 were hydrogenated under
similar conditions, a proof-of-principle hydrogenation reaction of a biaryl monophosphine
has been shown with Shvo’s catalyst and Pd,(dba);. These results suggest that future
development of arene functionalization via catalytic transition-metal dearomatization agents

may be possible.

EXPERIMENTAL SECTION

General considerations. All manipulations were carried out in an inert
atmosphere  glovebox  or  using  standard  Schlenk  line  techniques.
[H(OEt,),][B(C,H;(CF;),),] (Brookhart’s acid) was synthesized as previously reported.”
HCI/Et,0 and HOTf were used as purchased from Aldrich. Shvo’s catalyst, (2-
biphenyl)di-fer+-butylphosphine, and Pd,(dba); were used as purchased from Strem.
Deuterated solvents were purchased from Cambridge Isotope Laboratories and vacuum
transferred from sodium benzophenone (C(D;) or calcium hydride (CD,Cl,, CD;CN).
Other organic reagents were dried by stirring over sodium metal or calcium hyride,
degassed by three cycles of freeze-pump-thaw, and isolated via vacuum-transfer. Et,O,
toluene, THF, MeCN, and DCM were dried by the method of Grubbs.” All reagents,
once degassed and dried, were stored in an inert atmosphere glovebox. 'H and ’C NMR
chemical shifts are reported relative to residual solvent peaks as reported in the

literature.” ""F and *'P NMR chemical shifts are reported with respect to the instrument



deuterated solvent lock. All NMR spectra were recorded at room temperature unless
indicated otherwise. All non-'H NMR spectra were recorded with 'H decoupling unless
otherwise noted. Gas chromatography-mass spectrometry (GC-MS) analysis was
performed upon filtering the sample through a plug of silica gel. High-resolution fast
atom bombardment-mass spectrometry (FAB-MS) analysis was performed with a JEOL
JMS-600H high-resolution mass spectrometer. Elemental analysis was conducted by
Midwest Microlab, LLC (Indianapolis, IN; their glovebox EA service has since been

discontinued).

Synthesis of 18. A Schlenk flask was charged with 2 (650 mg, 1.25 mmol) and
30 mL of Et,0. A syringe was used to add 0.69 mL of 2.0 M HCI/Et,O (1.37 mmol) to
the reaction, which changed from dark red to orange color in seconds. After 30
minutes, the reaction was concentrated to a powder and sequentially washed and filtered
with 10 mL of hexanes, Et,O, and toluene. The product was obtained by concentration
of the toluene fraction to a light orange powder (470 mg, 0.84 mmol, 67%), which was
pure by NMR spectroscopy. Orange XRD-quality crystals were grown by layering
pentane on a toluene solution of the product for 2 days at room temperature. 'H NMR
(300 MHz, C\Dy) 8 8.44 (s, 2H, central aryl-H, 'J.,; = 172.8 Hz), 7.47 (app d, 2H, aryl-
H), 7.22 (m, 4H, aryl-H), 7.09 (m, 2H, aryl-H), 6.93 (s, 2H, central aryl-H, 'J;; = 161.6
Hz), 2.68 (br m, 2H, CH(CH,),), 1.63 (m, 14H, CH(CH,), and 2[CH(CH,),]), 0.92 (app
dd, 6H, CH(CH,),), 0.48 (app dd, 6H, CH(CH,),), -28.97 (t, Jp.;; = 79.0 Hz, 1H, Ni-H).
PC{'H} NMR (101 MHz, C,Dy) &: 150.15 (t, ] = 6.7 Hz), 137.15 (app 1), 131.77 (s),
130.78 (t, ] = 16.1 Hz), 129.66 (s), 126.88 (s), 121.86 (s), 29.33 (br t), 26.56 (br t), 19.59
(s), 19.37 (s), 19.00 (s), 17.78 (5). >'P{'"H} NMR (121 MHz, C,D) 8: 23.4 (dd, J,,, = 74.7

Hz, Jpp = 5.3 Hz). Anal. Caled. for C,H,,CINiP, (%): C, 64.60; H, 7.41. Found: C,



63.91; H, 7.26. MS (m/z): caled, 556.1726 (M"); found 556.1750 (FAB-MS, M"). A

(benzene, nm), ¢ (M ecm™): 322, 6.36 x 10% 425, 1.72 x 107,

Conversion of 18 to 1 and 19. A stock solution of 18 (32.6 mg, 0.058 mmol) in
1.6 mL ds-toluene was prepared. A J. Young NMR tube was charged with 0.5 mL of this
36.5 mM stock solution. The complete conversion of 18 to 19 (0.5 equiv.) and 1 (0.5
equiv.) was observed over 3 h in an NMR spectrometer that was preequilibrated to 90
°C. The two products were separated by removing volatiles under vacuum and washing
the resultant powder with hexanes. 1 dissolves in hexanes, leaving mostly 19. Dark puple
XRD-quality crystals of 19 could be isolated by vapor diffusion of pentane into a
toluene solution of 19 (5.0 mg, 0.009 mmol, 84% yield). 'H NMR (300 MHz, C,D,) 8
7.40 (app d, 2H, aryl-H), 7.05 (app t, 2H, aryl-H), 6.96 (app t, 2H, aryl-H), 6.80 (m, 2H,
aryl-H), 4.64 (s, 2H, olefin-H), 2.30 (d, ] = 11.4 Hz, 2H, CHH), 1.94 (m, 2H,
CH(CH,),), 1.79 (d, ] = 11.4 Hz, 2H, CHH,), 1.63 (m, 2H, CH(CH,),), 1.32 (m, 12H,
CH(CH,),), 0.96 (m, 12H, CH(CH,),). *'P NMR (121 MHz, C,D)) 8: 52.7. MS (m/z):
caled, 652.0816 (M"); found 652.0827 (FAB-MS, M"). A_.. (benzene, nm), ¢ (M cm™):
327, 1.71 x 10% 392, 5.78 x 10%; 508, 4.25 x 10% 670, 8.44 x 10". A 1D NOE experiment
showed interaction between the aliphatic peak at 1.79 ppm and an aromatic peak at 7.40
ppm. Thus, based on H—H distances observed in the XRD-derived structure, that peak
was assigned to the Hy (exo) protons of the central ring; the peak at 2.30 ppm did not

exhibit 1D NOE cross-peaks with aromatic protons and was assigned to the H, (endo)

protons of the central ring.

Synthesis of 1,4-diiodo-2,3,5,6-tetradeuterobenzene. This synthesis was

adapted from a literature procedure.”” An oven-dried three-necked flask was charged



with NalO, (3.050 g, 14.26 mmol), freshly ground I, (10.85 g, 42.78 mmol), AcOH (50
mL), and Ac,O (25 mL) under a counterflow of nitrogen. A thermometer was inserted
through a septum such that the tip was submerged in the reaction, taking care to not
interfere with the stir bar. Subsequent temperature measurements were taken using this
thermometer. The red suspension was chilled to 5-10 °C using an ice water bath. With
vigorous stirring, H,SO, (13.3 mL) was added dropwise slowly enough to keep the
temperature between 5-10 °C. Dry C,D, (3.17 mL, 35.65 mmol) was added, and the
reaction was allowed to reach room temperature. Reaction progress was monitored by
GC-MS over 4h. The reaction was quenched by pouring a solution of Na,SO; (20g in 1
L H,O) into the reaction flask. The crude was filtered and washed with H,O and then
Et,O to yield a white solid, the purity of which was checked by TLC and identified by
GC-MS as the desired product (7.12 g, 21.3 mmol, 60%) MS (m/z): calcd, 333.8653

(M"); found 334 (GC-MS, M*).

Synthesis of deuterated compounds. All deuterated compounds were made
frm 1,4-diiodo-2,3,5,6-tetradeuterobenzene in the same manner as the all protio

analogues are synthesized from 1,4-diiodo-2,3,5,6-tetradeuterobenzene.

Thermal conversion of 18-4, to partially deuterated 19 and 1. A stock
solution of 18-4, (20.0 mg, 0.0356 mmol) in toluene (1.6 mL) was prepared. A J. Young
NMR tube was charged with 0.5 mL of this 22.2 mM solution and suspended in a
preheated 90 °C oil bath for 3 hours. The complete conversion of 18 to 19 (ca. 0.5
equiv.) and 1 (ca. 0.5 equiv.) was confirmed by »'P NMR. (Attempts to perform this
reaction in dy-toluene and track the deuterium distribution by 'H NMR in the ] Young
tube were precluded by overlapping peaks between the products and residual protic

toluene.) The two products were separated by removing volatiles under vacuum and



washing the resultant powder with hexanes. 'H NMR spectroscopy (600MHz, C,D) of
the hexanes-soluble materials showed 1 peak with diminished integration relative to 1
(dy). Assigning the multiplet at 6.95 ppm an integration value of 2 showed that the peak
at 7.35 ppm integrated to 0.49 instead of 4. Likewise, 'H NMR spectroscopy of the
hexanes-insoluble materials showed 3 peaks with diminished integration relative to 19
(dy). Assigning the multiplet at 1.63 ppm an integration value of 2 showed that the peaks

at 4.64, 2.30, and 1.79 ppm integrated to 0.24, 0.60, and 0.70 respectively, instead of 2.

Synthesis of 20-:OTf and 20-NCMe-OTf. To an orange suspension of 18
(107.9 mg, 0.193 mmol) in MeCN (5 mL) was added a solution of TIOTf (68.4 mg,
0.193 mmol) in MeCN (5 mL). In minutes, the reaction was light yellow in color and
white powder had precipitated out of solution. The reaction was filtered through a plug
of Celite, and volatiles were removed under vacuum to yield spectroscopically pure
product as a light yellow powder. Yellow XRD-quality crystals were grown by layering a
MeCN solution of the product over Et,0O and storing the layered solution at -35 °C
overnight. Prior to elemental analysis and mass spectrometry, these crystals were
crushed to a powder and left under vacuum for 3h (94.5 mg, 0.141 mmol, 73% yield).
Via XRD, the crystal was determined to have an asymmetric unit consisting of one
molecule each of 20-OTf and 20-NCMe-OTf. 'H NMR (300 MHz, CD,CN) &: 7.79 —
7.70 (m, 4H, aryl-H), 7.66 (app t, 2H, aryl-H), 7.56 (app t, 2H, aryl-H), 7.38, (br s, 4H,
central aryl-H, 'Jo; = 161.4 Hz), 2.41 (m, 4H, CH(CH,),), 1.10 (app dd, 12H,
CH(CH,),), 0.93 (app dd, 12H, CH(CH,),), -25.12 (t, Joy = 67.9 Hz, 1H, Ni-H). >'P
NMR (121 MHz, CD,CN) &: 35.56 (app m).”"C{'H} NMR (151 MHz, CD,CN) 8&:
149.35 (t, ] = 6.3 Hz), 138.02 (app t), 132.75 (s), 131.55 (s), 129.01 (t, ] = 2.4 Hz),

128.94 (t, ] = 19.2 Hz), 128.74 (t, ] = 2.9 Hz), 123.68 (s), 27.92 (t, ] = 11.6 Hz), 19.41 (t,



] = 2.8 Hz), 18.37 (s). A, (THF, nm), & (M cm™): 307, 9.12 x 10% 345, 7.59 x 10°.

max

Anal. Caled. for C;,FH,,F;NiO,P,S (%): C, 55.46; H, 6.16. Found: C, 55.04; H, 5.88. MS

(m/z): caled, 521.2037 (M*[-OTH]); found 521.2011 (FAB-MS, M*[-OTf)).

NMR of 20-OTf in CD,Cl,. 20-OTf could not be isolated cleanly in CD,Cl,
without traces of 21:OTf or 22:OTf. 'H NMR (300 MHz, CD,Cl,) &: 7.87 — 7.44 (m,
8H, aryl-H), 6.87, (br s, 4H, central aryl-H), 2.45 (m, 4H, CH(CH,),), 1.19 — 0.96 (app
m, 24H, CH(CH,),), -17.57 (t, Jp.y = 67.8 Hz, 1H, Ni-H). *'P NMR (121 MHz, CD,CN)

9: 38.87 (app m).

Thermal conversion of 20-OTf to 21:OTf and 22:OTf. To a stirring
suspension of 2 (9.5 mg, 0.017 mmol) in minimal CD;CN was added TIOTf (6.0 g,
0.017 mmol) with the aid of 0.3 mL. CD;CN. After stirring for 30 min, the reaction was
filtered through a plug of glass filter paper into a J. Young NMR tube and diluted to a
previously demarcated volume of 0.5 mL with more CD;CN. The purity of 20-OTf in
solution was verified by room temperature 'H and *'P NMR. A 400 MHz Varian NMR
Spectrometer was equilibrated to 75 °C, the sample was inserted into the probe, and
locked and shimmed. '"H NMR spectra were collected every 3 minutes. After 1h, the two
major species in solution were 20-OTf and 21-OTf. After 5h, 20-OTf and 21-OTf were
mostly consumed, and 22:OTf was the major species. At the end of 11h, the sample was
ejected, and a dark metallic mirror on the NMR tube wall was evident, suggesting that
decomposition may have contributed to the broad unidentified peaks that grew
throughout the experiment. Crystallization of 22:OTf from MeCN/Et,O yielded light
yellow crystals. 22:OTf Anal. Calcd. for C;H,F;NiO;P,S (%): C, 55.46; H, 6.16.

Found: C, 55.12; H, 5.97.



NMR characterization of 21:OTf. Species 21 could not be isolated. Numerous
attempts to crystallize mixtures of 20 and 21 resulted in either crystals of 22 or
disordered crystals that upon dissolving in CD,CN, were identified by P NMR as a
mixture of 20, 21, and 22. Aromatic and isopropyl '"H NMR peaks of 21 could not be
differentiated from those of 20 or 22, but various correlation experiments were used to
assign the protons from the central ring of 21. 2D gradient COSY revealed the
connectivity of the central ring protons. The shapes of the peaks were more
complicated than expected, but simplified upon broadband *'P decoupling using a
GARP waveform centered at 55 ppm, indicating the presence of large Jo yycenta ring+ 1O
differentiate between H, (ex0) and Hy (endo) of the sp’ central ring carbon, 1D NOE
experiments were conducted. Irridation of the peak at 1.78 ppm transferred to an
aromatic doublet. This observation was assigned to the NOE between the exo proton
and the ortho proton of the neighboring arene. 21-OTf '"H NMR (300 MHz, CD,CL,) &:
7.56 (1H, Hy), 5.76 (1H, H,), 5.70 (1H, H,), 5.18 (1H, H,), 2.85 (1H, H,), 1.78 (1H, H,).

P NMR (121 MHz, CD,CN) &: 61.11 (4, Jpp = 10.9 Hz), 35.45 (d, Jpp = 10.9 Hz).

Protonation of 2 and isolation of 22:BArF,,. To a red solution of 1 (30.4 mg,
0.06 mmol) in THF (2 mL) was added [H(OE,)][B(C{H;(CF;),),] (59.0 mg, 0.06 mmol).
’'P NMR at this stage indicates that a mixture of 20-BArF,,, 21-BArF,,, and 22-BArF,,
was present. After stirring for 30 minutes at room temperature, volatiles were removed
under vacuum. The crude product was washed with hexanes to remove trace unreacted
2, and then filtered through Celite as a Et,O solution. The filtrate was concentrated
under vacuum to a solid. A DCM solution of this solid was layered under pentane, and
dark brown XRD-quality crystals of 22-BArF,, (58.0 mg, 72% yield) were formed at -35

°C over three days. 'H NMR (400 MHz, CD,CN) &: 7.91 (m, 2H, aryl-H), 7.69 (br s,



8H, BArF-H), 7.67 (bt s, 4H, BArF-H), 7.56 (m, 4H, aryl-F), 7.39 (m, 2H, aryl-F), 5.86
(d, ] = 8.1 Hz, 2H, H, and He, o, = 175.6 Hz), 5.12 (m, 2H, H, and H,, 'Jo, = 167.6
Hz), 2.59 (m, 5H, CH(CH,),and H), 1.10 (m, 24H, CH(CFL),). *'P NMR (121 MHz,
CD,CN) 8: 58.80 (4, Jop = 1.6 Hz), 50.44 (d, Jop = 1.6 Hz). "C NMR (101 MHz, CD,Cl,,
not all carbons were observed) 8: 163.06 (s), 162.57 (s), 162.07 (s), 161.58 (s), 135.289
(d, ] = 19.1 Hz), 133.15 (m), 132.57 (m), 131.20 (app d), 129.30 (app q), 127.87 (br s),
126.53 (s), 118.16 (d, J = 22.5 Hz), 97.32 (br m), 97.105 (app d), 30.31 (), 27.32 (m),
25.94 (m), 20.23 (m), 19.52 (m), 18.89 (m), 18.57 (m). The chemical shift of H, was
determined to overlap with the methine protons by integration of 'H NMR data (see

Figure S20) and by a COSY experiment that showed correlation with H,.

Thermal conversion of 20-4,-OTf to partially deuterated 21-OTf. To a
suspension of 18-4, (7.2 mg, 0.0128 mmol) in CD;CN (0.4 mL) was added TIOTf (4.5
mg, 0.0128 mmol). The solution was allowed to stir for 30 min and then filtered thru a
plug of Celite into a J. Young NMR tube. The vial and filter were washed with CD;CN
into the NMR tube until a predemarcated total volume of 0.5 mL was reached. The
NMR tube was sealed and placed in a 75 °C oil bath. The reaction was monitored by
NMR over 24h, after which it was determined that sufficient conversion had occurred.
Due to the formation of a partial mirror on the NMR tube walls, the reaction mixture
was filtered through Celite, volatiles were removed, and the crude was redissolved in
CD,CL in a clean NMR tube, which allows for better resolution of the aliphatic 'H
NMR peaks. A major doublet was observed at 2.85 ppm (endo proton of 21), and a
minor multiplet was present at ~1.78 ppm. Assuming that the multiplet at 1.78
corresponded to the exo proton and not an impurity, the ratio of endoexo 1H

incorporation is 90:10.



Chloride addition to a mixture of 20-OTf, 21-OTf, and 22-OTf. A solution
of 20-OTf (9.4 mg, 0.0140 mmol) in THF (0.5 mL) was loaded in a J. Young NMR tube
and placed in a 70 °C oil bath. After 1h, the NMR tube was washed with hexanes to
remove oil and allowed to cool to room temperature. >'P NMR indicated a mixture of
20-OTf, 21-OT{, and 22-OTf in solution. Volatiles were removed under vacuum, and
the resulting solids were redissolved in CD,Cl,. An initial 'H NMR spectrum was
collected. Then NBu,Cl (4.3 mg, 0.0154 mmol) was added to the mixture and an
intermediate spectrum was recorded. Finally, another portion of NBu,Cl (11.7 mg, 0.042
mmol) was added and a final spectrum was recorded. Integration of 'H NMR peaks at
6.82 and -28.90 ppm and regions 5.90-5.60 and 5.26-5.05 ppm were used to determine
to relative concentrations of 18, 20-OTf, 21-:OTf, and 22:OTf throughout the reaction.
It was determined that a 62:26:12 mixture of 21-OTf, 20-OTf, and 22-OTf was

transformed into a 85:15 mixture of 18 and 22-OTY.

1,8-Diazabicyclo[5.4.0]undec-7-ene addition to a mixture of 20-OTf,
21-0OTf, and 22-OTf. A solution of 20-OTf (7.0 mg, 0.0104 mmol) in THF (0.5 mL)
was loaded in a J. Young NMR tube and placed in a 70 °C oil bath. After 1h, the NMR
tube was washed with hexanes to remove oil and allowed to cool to room temperature.
’'P NMR indicated a mixture of 20-OTf, 21-OTf, and 22:OTf in solution. Volatiles
were removed under vacuum, and the resulting solids were redissolved in CD;CN.
Initial '"H and *'P NMR spectra were collected. Then 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU, 2.34 uL, 0.0155 mmol) was added to the mixture, and an intermediate spectrum
was recorded, indicating full consumption of 21:OTf and 22:OTf. 20-OTf persisted,

however, even 30 min after addition of more DBU (10.0 uL, 0.0662 mmol). However



after 12h, colorless crystals were formed the NMR tube, and NMR of the solution

indicated full conversion of 21:OTf to 2.

Determination of equilibrium dissociation constant of MeCN to 20-OTf. A
solution of 20-:OTf (7.6 mg, 0.0113 mmol) in CD,Cl, (0.4 mL) was loaded in a septum-
capped NMR tube. A starting 'H NMR spectrum was collected, and then a microsyringe
was used to inject increments of 1:1 MeCN/CD,Cl, or neat MeCN. The chemical shift
of the hydride peak shifted upon addition of more MeCN. Assuming that d(Ni-H) in
neat CD;CN corresponds to 20-NCMe, a normalized measure of the relative

concentrations of [20-NCMe| and [5] is definable as Ad = [0(Ni-H) - d(Ni-

H)CDZClZ]/[é(Ni_I—DCD,%CN ‘6(Ni‘H)c1)2(112] = [20-NCMe]/[5]mta1' Because K; =
[5][MeCN]/[20-NCMe], then Ad = [MeCN]/(IMeCN] + K,), and fitting 1/Ad vs.

1/[MeCN] yields K, = 1.13 M.

Deprotonation of hydride complexes with dimethylbenzylamine. A stock
solution of 18 (21.8 mg, 0.0391 mmol) in THF (1.6 mL) was prepared. 0.5 mL of this
orange solution (0.0122 mmol 18) was transferred into an NMR tube. A coaxial insert
was loaded with a saturated THF solution of 1,2-bisdiphenylphosphinoethane (dppe)
and placed in the same NMR tube. A preliminary >'P NMR spectrum was collected. One

equivalent of dimethylbenzylamine (DMBA, 1.8 uL, 0.0122 mmol) was added to the

NMR tube, causing the emergence of a deep red color upon mixing. Another *'P NMR
spectrum was taken and indicated the generation of 2. The relative integrations of the
signals for 18 and dppe were used to calculate 22% deprotonation of 18. An identical
procedure was used to determine 26% deprotonation of 20-:OTf by 1 equivalent of

DMBA.



Hydrogenation of 2 with Shvo’s catalyst and characterization of 23. A J.
Young NMR tube was charged with 2 (5.8 mg, 0.011 mmol), Shvo’s catalyst (1.2 mg,
0.001 mmol), and ds-toluene (0.5 mL). The solution was degassed by 5 freeze-pump-
thaw cycles. The NMR tube was opened to a Schlenk line, mercury bubbler-limited to
~1 atm of flowing H, (298 K). The open NMR tube was then chilled with LN,, allowing
for 1 atm H, (77 K) to concentrate in the tube. The J. Young valve was closed, and the
tube was warmed to room temperature, resulting in 3.9 atm H, (P,/T, = P,/T),).
Preliminary NMR spectra were collected, and then the tube was placed in a preheated
65 °C oil bath. The reaction was monitored by NMR spectroscopy over 100 h and then
stopped with a minor amount of NiP, still present. Volatiles were removed under
vacuum. The resulting powder was dissolved in hexanes and filtered through Celite.
Upon concentrating the filtrate under vacuum, an orange solid resulted (6.7 mg). While
multiple species appear to be present, there is one major species (23) by NMR
spectroscopy. Several attempts to purify this compound via crystallization at room
temperature or -35 °C led to decomposition to an NMR-silent, benzene-insoluble green
solid. '"H NMR (C;Dy, 300 MHz) d: 7.55 (app t, 2H, aryl-H), 7.22 (app d, 2H, aryl-H),
7.19 (app t, 2H, aryl-H), 7.14 (app d, 2H, aryl-H), 3.73 (m, 2H, H, — see below for
assignment diagram), 3.03 (app s, 2H, H,), 2.39 (m, 2H, CH(CH,),), 2.15 (m, 2H,
CH(CH,),), 1.91 (m, 2H, H ), 1.81 (m, 2H, H,), 1.28 (app dd, 6H, CH(CH,),), 1.12 (app
dd, 6H, CH(CH,),), 1.03 (m, 12H, CH(CH,),). *'P NMR (C,D,, 121 MHz) d: 46.6 (s).
MS (m/z): caled, 467.2996 (IM-Ni+H]"), 483.2946 ([M-Ni+O+H]"), 499.2895 ([M-

Ni+20+H]"); found 467.2978, 483.2937, 499.2907 (FAB-MS, +).

Hydrogenation of (2-biphenyl)di-zerz-butylphosphine (JohnPhos) with

Shvo’s catalyst and Pd,(dba);. The reaction was set up in the same way as for



hydrogenation of 2, except with d,-toluene as the reaction solvent. The reaction was
heated at 100 °C for 8 h. Upon cessation of the reaction, analysis with GC-MS, and
recording 'H and ’'P NMR spectra in CDCl,, the sole phosphine product was

determined to be (2-cyclohexylphenyl)di-zer+butylphosphine.™



Table 3.1. Crystal and refinement data for complexes 12, 13, 14, 15, 16, 17

18 19 20-0TE + 22-BArF
20-MeCN-OTf o
CCDC Number 782511 800343 800346 800345

Formula weight
T (K)
a, A
b, A
o A
o, deg
B, deg
Y, deg
Volume, A’
Z
Crystal system
Space group
degies g/Cm3
0 range, deg
M, mm’’
Abs. Correction

GOF

557.73 652.9
100(2) 100(2)
8.6569(3) 10.9521(4)
23.2021(8) 16.7037(7)
14.5399(5) 17.0594(7)
90 90
106.911(2) 106.816(2)
90 90
2794.17(17) 2987.4(2)
4 4
Monoclinic  Monoclinic
P2,/n P2/n
1326 1452
1.71 to 26.43 1.74 to 36.01
0.922 1.565
Gaussian None

1.759 1.552

[C30H4()P2N1H] +
Empirical formula C;,H,,CIP,Ni C;,H,,P,Cl,Ni,[C;,H,;NP,NiH]+

2|CF,0,8]
691.88
100(2)
27.7671(12)
12.6722(06)
20.3587(9)
90
112.212(2)
90
6632.0(5)
8
Monoclinic
P2/¢
1386

1.79 to 30.57

0.794
None
2.908

1385.5
100(2)
18.8883(8)
18.2168(8)
19.5092(8)
90
116.405(2)
90
6012.5(4)
4

P2/c
1531

0.491
None
1.7

[C3()H4l PZNl] +
[C32H12BF24]

Monoclinic

2.09 to 30.56

R, ,wR," [1>25(1)] 0.0302, 0.0476 0.0268, 0.0426  0.1001, 0.0925 0.0479, 0.0568

"Ry = Y| [F| - [F[[/XIF . " wR, = [X[wF,F)]/XwE,) T



Refinement details.

In each case, crystals were mounted on a glass fiber and placed on the diffractometer
under a nitrogen stream. Low temperature (100 K) X-ray data were obtained on a Bruker
APEXII CCD based diffractometer (Mo sealed X-ray tube, K, = 0.71073 A). All
diffractometer manipulations, including data collection, integration and scaling were carried
out using the Bruker APEXII software.® Absorption cotrections were applied using
SADABS.” Space groups were determined on the basis of systematic absences and intensity
statistics and the structures were solved by direct methods using XS* (incorporated into
SHELXTL) and refined by full-matrix least squares on F°. All non-hydrogen atoms were
refined using anisotropic displacement parameters. Hydrogen atoms were placed in idealized
positions and refined using a riding model. The structure was refined (weighted least squares
refinement on F) to convergence. Graphical representation of structures with 50%

probability thermal ellipsoids was generated using Diamond visualization software.”
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ABSTRACT

Well-defined models for binding of organic molecules across two metal centers
are relatively rare. A para-terphenyl diphosphine was employed to support a
dipalladium(I) moiety. Unlike previously reported dipalladium(I) species, the present
system provides a single molecular hemisphere for binding of ligands across two metal
centers, enabling the characterization and comparison of the binding of a wide variety
of saturated and unsaturated organic molecules. The dipalladium(I) terphenyl
diphosphine toluene-capped complex was synthesized from a dipalladium(I)
hexaacetonitrile precursor in the presence of toluene. The palladium centers display
interactions with the m-systems of the central ring of the terphenyl unit and that of the
toluene. Exchange of toluene for anisole, 1,3-butadiene, 1,3-cyclohexadiene, thiophenes,
pyrroles, or furans resulted in well-defined -bound complexes which were studied by
crystallography, nuclear magnetic resonance (NMR) spectroscopy, and density
functional theory. Several of the complexes exhibit rare u>n*mn’ or u>n*n'(O or )
bridging motifs. Hydrogenation of the thiophene and benzothiophene adducts was
demonstrated to proceed at room temperature. The relative binding strength of the
neutral ligands was determined by competition experiments monitored by NMR
spectroscopy. The relative equilibrium constants (K,) for ligand substitution span over
13 orders of magnitude. This represents the most comprehensive analysis to date of the
relative binding of heterocycles and unsaturated ligands to bimetallic sites. Binding

interactions were computationally studied with electrostatic potentials and molecular

orbital analysis. Anionic ligands were also demonstrated to form s-bound complexes.
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INTRODUCTION

The majority of organometallic studies have focused on mononuclear compounds,
but reactions at surfaces, clusters, and homogeneous catalysts may involve multiple metal
centers. Reactions involving aromatic systems such as hydrogenation or cross-coupling often
invoke intermediates with the 7t-systems coordinating to one or more metals on the surface.”
> Additionally in petroleum refining, removal of sulfur and nitrogen impurities
(hydrodesulfurisation and hydrodenitrification, respectively) requires binding and activation
of nitrogen and sulfur-containing heterocycles." Heteroatom-containing molecules are

known to inhibit these processes,” but very few organometallic models for multinuclear

binding of heterocycles are known.” In this context, structural models and quantitative
evaluation of binding with m-interactions and heteroatoms to multimetallic sites are of
interest.

The Pd(I)-Pd(I) moiety with a metal-metal 7-bond has been shown to be stable

without support from bridging ligands and binds a variety of mt-systems.”” Numerous

homogeneous dinuclear palladium complexes displaying bridging arenes, "' butadienes,"

%7 and recently pyrroles’ have been reported (Chart 4.1). In these complexes there is

allyls
significant variation in the nature of the ancillary ligands (L, L, X). This is due to the mode

of synthesis that typically coordinates two identical m-systems to a Pd, unit. We have

designed a diphosphine supporting ligand that allows for systematic studies of single ligand

binding to a Pd, unit (Chart 4.1, right).
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Chart 4.1. Representation of dipalladium(I) compounds. Dashed arcs indicate

ligands with or without covalent linkages.

Previous work: This work:
- X
. v /\ H
L-Pd-Pd'—L  L-Pd'-Pd'-X C : D
v i . \ i L N/7 P
N S b L-Pd'-Pd'—L
= L—Pd!-Pd'—L P
T~ TR [F -
\“ll N I’ ‘\ / “ ,’ '\N) i
pPd'—Pd! Pd'—Pd! H arenes, dienes,
e \X/ LU L heterocycles,allyls

Herein, we report the synthesis of dipalladium(I) complexes supported by a common
p-terphenyl diphosphine framework. This platform has been synthesized with capping
arenes, heterocycles, and other organic ligands. The coordination modes, dynamic processes,
relative binding strengths, and reactivity were investigated by single crystal X-ray diffraction
(XRD), solution nuclear magnetic resonance spectroscopy (NMR), and density functional
theory (DFT) calculations. The present study provides insight into the coordination of

common ligands spanning a relative binding window of over 13 orders of magnitude.

RESULTS AND DISCUSSION

For organizational purposes, the insights into dipalladium complexes are
discussed in eight sections: (1) arene adducts, (2) diene adducts, (3) heterocycle adducts,
(4) hydrogenation of S-heterocycle adducts, (5) anionic ligand-capped complexes, (6)

binding equilibria, (7) computational guide to binding, and (8) molecular orbital theory.

1. Synthesis and Characterization of Arene Adducts.
Terphenyl diphosphines have been employed as trans-spanning ligands for

supporting mono- and bimetallic complexes.””" In particular, diphosphine 1 (Scheme 4.1)
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was shown to coordinate a Ni'-Ni' moiety with phosphine coordination roughly along the
metal-metal vector.”® The central arene was found to have interactions with the metal
centers and to coordinatively and sterically saturate one hemisphere of the bimetallic unit.
An analogous motif was targeted for palladium.

The M"/M" in sitn comproportionation reaction, employed for nickel, was not
successful for palladium. An alternate synthetic strategy was tested, utilizing preformed
dipalladium precursor [Pd,(MeCN)|[BF,], (24).” As the two reagents are not soluble in the
same solvents, a solution of 24 in MeCN was added to solid diphosphine 1 with rapid
stirring. The initial dark red suspension became more homogeneous after stirring for ~10
minutes. Upon removal of volatile materials, the dark red residue was recrystallized by
reconstitution with CH,Cl, and layering under toluene to give toluene adduct 25 (Scheme
4.1).

Scheme 4.1. Synthesis of dipalladium(I) diphosphine compounds 25-38 with BF,

counterions.
—Jor .
Pr, /P iPr . JPr Pr ¢ Ipr—|
iPr—p R-1Pr [Pd2(MeCN)e][BF 4], (24) 'Prp__ Pd Pd—P/'Pr N Prip_ Pd Pd—P//'Pr
—_— —_—
1) MeCN — MeCN P
2) CH,Cl,/PhMe
1 — a5 (R=M 2r
( €) —11) MeCN

26* (R = OMe)=2) CH,Cl,/PhOMe heterocycle

29* thiophene

MeCN X[ 1) MeCN X 1) MeCN 30* 2-Me-thiophene
R /; 2) CHCl; @_/7 2) CHyClp 31* 3-Me-thiophene

Y 32 2,5-Me,-thiophene

_|2+ o4 X o+ 33 pyrrole
, Ya 7R —| —\ 34 N-Me-pyrrole
| 'PI’ Q 'Pr i 'Pr\ ,/X\\ IP.r 'PF <> /'PI’ 35 furan Py
Pr<p_pg— Pd—P/'F’r Pr~p—pd— Pd—p/'Pr 'PV\P—E’d Pd*P/'F’r 36* 2-Me-furan
\ — — 37* benzothiophene
‘/O -\‘O ‘/O \_/ \bo ‘/O = \b 38*indole
29-36 37-38 *characterized by XRD

"H NMR spectra of these crystals in CD,Cl, displayed a singlet and a multiplet

significantly upfield from the aromatic region (6.21 and 6.19 ppm, respectively). The singlet
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was assigned to the protons of the central arene of the terphenyl backbone. The chemical

shift suggests coordination of the 7-system of the central arene to the palladium centers, as
previously observed for the nickel analogs.”® "H-"C 2D NMR experiments (HSQC and
HMBC) identified the multiplet as corresponding to a bound toluene molecule. The carbons
ortho-, meta-, and para- to the toluene methyl are shielded (104.7, 91.3, and 100.9 ppm,
respectively), consistent with st-coordination to a metal center and disruption of aromaticity.
The methyl group of toluene is expected to be located away from the P-P vector due to
steric reasons, which would make the molecule pseudo-C; symmetric and show two peaks
for the central arene in the slow exchange limit. The observation of a singlet for the central
arene protons indicates a fast exchange process on the NMR time scale that involves the
toluene ligand. Addition of excess toluene to an NMR sample of 25 allowed observation of
peaks corresponding to bound and free toluene instead of an averaged spectrum, indicating
that degenerate ligand substitution is slow on the NMR timescale. These findings are
consistent with the toluene rotating 180° on the NMR time scale. Additionally, the Pd, unit
exchanges quickly between coordination to m-electrons in the “front” and “back” (as drawn)

of the central ring (eq 4.1):

@ D

1

L-Pd'-Pd-L > L-Pd-Pd'-L (4.1

Crystals of 25 were further studied by XRD (Figure 4.1). The two palladium(I)
centers are sandwiched between the central ring of the terphenyl backbone and a capping
toluene molecule. The central ring is bound u-n*n? through two adjacent, partially localized
double bonds. These central arene bonds are elongated (1.409(3) and 1.420(3) A), while the

third, uncoordinated double bond of the central ring is noticeably shorter (1.360(2) A)
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relative to a typical aromatic C—C bond. The toluene molecule is bound w-n*n’ (using a Pd—

C cutoff distance of 2.5 A to assign bonds), and two phosphines complete the coordination

sphere. The terphenyl unit adopts a convex geometry to accommodate the bimetallic core.

Interestingly, the Pd—Pd distance of 2.7091(2) A is a close match for nearest-neighbor Pd—

Pd distances of bulk Pd (2.75 A).>”

1.380(3)

12.177(2) 32.188(2)
22.466(2) 42.475(2)
MeQ
o] 1.345(8)\ 4
pd)”pd 2% 14300 /1
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1.45(2) \/2 3},
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12.20(2) 32.46(2)
Pd-Pd: 2.7060(6) 22.41(2) 42.18(2)

I\‘ p Vs \i o 1.424(1)
D AT NIEE gg 14011 /2 37\ 1.404(1)

“
1.7535(9)
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Pd-Pd: 2.6717(1)

12.1813(8) 32.2736(8)
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S )
p Pd Pd
P
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g P 36 '
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. [T\ Pd 57 1415@) 1.403(9)
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Figure 4.1. Structures of 25, 26, 29-31, 36-38 as determined by single-crystal X-ray

diffraction. Thermal ellipsoids generated at the 50% probability level.”* Outer-sphere anions,

solvent molecules, and hydrogen atoms are not shown. Bond distances (A) for the capping

ligands are shown.
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"H NMR spectra in CD;CN revealed the lability of toluene from 25. A new singlet at
5.96 ppm is assigned as the central arene protons. Peaks corresponding to free toluene™ are
also observed. Dissolution of 25 in CH;CN followed by removal of volatiles under vacuum
shows by 'H NMR analysis (CD,Cl,) that the toluene has been exchanged for two
acetonitrile ligands (2.56 ppm, ¢f. 1.97 ppm for free CH,CN in CD,CL,”).

Furthermore, layering of this acetonitrile-capped species in DCM under anisole
yielded red crystals of anisole-capped species 26 (Scheme 4.1). XRD analysis revealed a -
binding mode similar to that of toluene (Figure 4.1). In the solid-state, the methoxy group is
nearly coplanar with the anisole ring (dihedral angle, @ = 3°). The n-coordination of anisole
in solution is supported by NMR spectra (CD;NO,) of 26 exhibiting features analogous to
those of 25: "H NMR olefinic singlet and multiplet (6.21 and 5.96 ppm, respectively) and

shielded ortho-, meta-, and para- °C NMR anisole signals (86.7, 94.7, and 87.4 ppm).

2. Synthesis and Characterization of Diene Adducts.

The lability of toluene in 25 raised the question if neutral non-aromatic dienes or
diene analogues could serve as more strongly binding ligands. Upon exposure of 25 to 1
atm of 1,3-butadiene (Scheme 4.1), the reaction mixture became light orange. Light
yellow crystals of the resultant species 27 were obtained from acetonitrile solution
layered under diethyl ether (Et,0), and XRD revealed a wu-m*mn’-(s-zrans)-butadiene
capping two Pd centers that are 2.8379(8) A apart (Figure 4.10). This motif mirrors that
proposed for 1,3-butadiene on Pd(110) between nearest-neighbor surface atoms based

36

on STM image analysis.” The Pd-Pd distance enforced by the terphenyl framework
contrasts with a Pd—Pd separation of 3.19 A reported for a bis(butadiene) sandwich."

The present Pd—Pd distance is closer to that in one atom-bridged systems (Figure 4.1,
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bottom left, X = halide, r(Pd—Pd) = 2.58 to 2.70 A),”" suggesting that the terphenyl
diphosphine compresses the distance between the two metals.

While crystallographic disorder of the butadiene ligand® obscures accurate
determination of the structural parameters corresponding to bonding with the metal centers,

the NMR data provides information about the dynamics of the Pd,—butadiene interaction in
solution. The central arene protons of 27 are represented by two 'H NMR doublets (§ =

6.10, 5.83 ppm; ] = 7.8 Hz). One P NMR peak (8 = 78.8 ppm) is observed. These
observations are consistent with the pseudo-C, symmetric solid-state structure persisting in
solution on the NMR timescale, indicating that the Pd, unit exchanges quickly relative to the
central ring (eq. 4.1). The diene binding, however, is not fluxional on the NMR time scale.
The lack of butadiene displacement by MeCN is consistent with the plethora of stable s-
trans-diene-bridged dipalladium compounds in the literature.'””

In contrast, 1,3-cyclohexadiene (CHD), an s-c/s-diene, has rarely been isolated
bridging between two adjacent metal centers.'”” No crystal structures have been
published previously. The present terphenyl diphosphine framework was thus employed
to characterize such an adduct. Addition of 10 equiv. CHD to a CD;CN solution of 25
formed a new species (28) nearly quantitatively within minutes (Scheme 4.1). By 'H
NMR spectroscopy, 28 exhibits two singlets (6.35, 5.45 ppm) and one multiplet (4.78
ppm) in the olefinic region, all with approximately the same integration. A 'H-'H 2D

NMR experiment (COSY) showed the multiplet being correlated with a second

multiplet at 7.18 ppm. The olefinic singlets are attributed to the central arene, and the

40

multiplets are assigned to CHD.* This data is consistent with a u-n*n’*-CHD adduct in
solution, where rotation of the CHD adduct atop the two metal centers and CHD

dissociation are slow on the NMR time scale. Similar to butadiene, these suggest that
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the interaction with the diene moiety is strong. Yellow crystals were grown via vapor
diffusion of Et,O into a MeCN solution of 28, and an XRD study yielded the structure
suggested by NMR data, albeit with significant disorder (Figure 4.8). This is the first
reported structure of CHD bound to any dipalladium moiety. While no surface studies
of CHD adsorption on Pd have been reported, a study of CHD adsorption on Pt(111)
predicted the present w* motif to be unstable and a W’ binding mode to be lower in

energy.” However, the present motif may be important on lower coordinate faces [e.g.

(110), (210), etc.] and defect sites.

3. Synthesis and Characterization of Heterocycle Adducts.

The well-defined ligation of olefins and arenes indicated that the dipalladium moiety
supported by terphenyl diphosphine, 1, may allow for binding of a much broader spectrum
of substrates. Dipalladium species bridged by thiophenes, pyrroles, and furans were
explored.

3.1 Thiophenes. Adding 10 equivalents of thiophene to a red solution of 25 in CD;CN
did not result in any changes observable by NMR spectroscopy. To limit competitive
binding from excess acetonitrile, reaction in CH,Cl, was attempted, but found to be slow
due to the low solubility of 25. Thus, 25 was first treated with acetonitrile to exchange away
toluene, then volatiles were removed under vacuum. This material readily dissolved in
CH,(Cl, and reacted upon addition of excess thiophene, resulting in orange precipitate of 29
within seconds (Scheme 4.1). XRD-quality crystals of 29 were grown by diffusion of Et,O
vapor into a nitromethane solution (Figure 4.1). In the solid-state, thiophene is p-1’m*
bound, with the C=C double bonds (1.401(1), 1.404(1) A) and the C-S bonds (1.7535(9) and

1.7484(9) A) elongated relative to free thiophene.” These metrics suggest that aromaticity in
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thiophene is disrupted by the interaction of the metal centers with the double bonds. While

mononuclear adducts of n’*-thiophene are well-known**’

and higher hapticity mononuclear
adducts have precedent,””" dinuclear adducts of thiophene are rare. In most examples,
cleavage of a C-S bond occurs (perhaps through a mononuclear intermediate) and
polynuclear adducts of C-S cleaved fragments are observed.””" In the nearest precedent to
29, 3,4-bis(trifluioromethyl)-S-methyl-thiophenium was reported to be wu-n*n’*bound to a
dimolydenum moiety.”

Nickel and palladium have been extensively used to cross-couple thiophene groups,
but prior to 29, no m-adducts were structurally characterized. Organonickel thiophene -
adducts have been proposed to play a role in various processes, such as precursors to C—S
oxidative addition™ and propagating species in nickel-catalyzed polymerization of 3-
alkylthiophenes.”” Analogous thiophene mt-adducts in organopalladium chemistry have yet to
be widely considered.

EXAFS studies have found thiophene monolayers to bind parallel to Pd(111) and
(100) surfaces.” The initially proposed adsorption models had the carbons bound essentially
n*-atop one Pd center with unusually long Pd—C bonds (>2.5 A c.f. ~2.16 A in Pd(COD),™).
A later DFT study of thiophene on Pd(100) explored six adsorption geometries and found
an energy minimum with the double bonds bridging three metal centers and sulfur binding a
fourth metal center.”” A thiophene-surface adsorption model in which the double bonds are

w-n’m’-bound to two Pd centers, as in 29, has never been discussed in the literature, to the

best of our knowledge.”!
To determine the effect of substitution on the thiophene binding mode, the

synthesis of 2-methylthiophene and 3-methylthiophene complexes was attempted.
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Analogous procedures to that for thiophene afforded XRD-quality crystals of 30 and 31,
respectively (Scheme 4.1). 3-Methylthiophene in 31 is u-n*n’*-bound, similar to thiophene in
29, but 2-methylthiophene in 30 is u-1*n'(S)-bound (Figure 4.1). Prior to this work, this
latter cofacial bridging mode of thiophene had not been crystallographically characterized
and nor analyzed in computational studies of thiophene on metal surfaces. The only
previously reported co-facial u-n’n'(S)-heterocycle adducts were enforced by C-H
activation of the 2-position by a third metal center in a triosmium cluster.”*” The observed
differences in the binding modes are likely due to the steric interactions. Binding of 2-
methylthiophene similar to thiophene would direct the methyl group toward the isopropyl
substituents. The methyl group of 3-methylthiophene, however, does not have unfavorable
steric interactions and thus binds like thiophene.

To examine the persistence and fluxionality of these binding modes in solution, 29-
31 and 2,5-dimethylthiophene adduct 32 were studied by NMR spectroscopy (CD;NO,, 25
°C). Atypical 'H chemical shifts attributed to the thiophene moiety in 29 are similar to those
attributed to olefinic protons of st-bound CHD in 28."*** Compounds 29-32 each exhibit a
"H NMR peak between 6.25 and 6.11 ppm cotresponding to the four equivalent central
arene protons, but the shape of this peak at room temperature varies from a sharp singlet
(full width at half maximum (FWHM) ~ 1 Hz) for 29 to a very broad peak (FWHM = 146
Hz) for 31. 'H NMR spectra of 29 collected at -20 °C show broadening of the central arene
signal but not decoalescence into two peaks. This indicates that for 29, fluxional processes
occur rapidly on the NMR timescale, at room temperature, to generate pseudo-C,, symmetry
in solution. In contrast, for 31, partial decoalescence of the central arene 'H signal into two
peaks is observed at -18 °C, and coalescence to a sharp 'H singlet is observed only upon

heating at 90 °C. While the lack of full decoalescence at temperatures above the solvent
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freezing point precludes precise calculation, AG* at 25 °C for fluxional processes in 31 is
equal to or greater than 13 kcal/mol.

Two mechanisms may be responsible for the fluxional processes in 7-
coordinated thiophenes and other heterocycles (Scheme 4.2). The central arene of the
diphosphine is assumed to exchange rapidly as discussed previously (eq. 4.1).
Additionally, “spinning” of the heterocycle may occur to exchange the atoms ligated to
the metal centers. This mechanism could also be responsible for the exchange processes
in arenes in 25 and 26. Alternatively, the binding mode of the heterocycle may change
from the 7m-system to a dative interaction from the lone pairs on the heteroatom. Re-
coordination, or “flipping”, to the heterocycle m-system may result in a different
orientation relative to the central arene. For heterocycles that have C,, symmetry in free
form (e.g. thiophene, 2,5-dimethylthiophene), both spinning and flipping mechanisms
could account for observation of one singlet for the four central arene protons.
However, for heterocycles with only C; symmetry, the spinning mechanism could not
make all four central ring protons equivalent. Therefore, flipping would be responsible
for the exchange.

Scheme 4.2. Fluxional processes for heterocycle adducts
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3.2. Pyrroles. Pyrrole and N-methylpyrrole adducts 33 and 34 were synthesized and
isolated in an analogous procedure to 29 (Scheme 4.1). Both complexes exhibit two
multiplets between 3.22 and 3.02 ppm and a downfield 'H NMR multiplet (8.89 and 8.62
ppm, respectively). The two aliphatic multiplets correspond to two isopropyl methine
environments and the downfield multiplet corresponds to the a-H nuclei (a-Hs) of the
heterocycle. These features are consistent with a C-symmetric structure. Given that the 1-

and 4-Hs in CHD adduct 28 and a-Hs of thiophene adduct 29 are also shifted

conspicuously downfield (7.18 and 8.80 ppm, respectively), the binding modes of pyrrole

2 64

and N-methylpyrrole are likely structurally analogous, i.e. u>-n*n°.

Dipalladium(I) complexes sandwiched by two wu-n’n’*pyrroles were recently
reported’ but due to their high symmetry could not be easily used to elucidate the
fluxionality of st-bound pyrroles. In 33 and 34, the asymmetric sandwich motif facilitates the
study of fluxional processes. The 'H NMR spectrum of 33 displays central arene signals
(6.24 and 6.15 ppm, FWHM = 8.4 Hz) that are broader than those of 34 (6.28 and 6.17
ppm, FWHM = 3.6 Hz), suggesting that pyrrole spinning occurs and is faster than IN-
methylpyrrole spinning. A variable temperature 'H NMR study of 33 shows coalescence of
the central arene signals and isopropyl methine signals near 50 °C. Flipping is not possible in
this case, as the nitrogen center does not have an accessible lone pair in contrast to sulfur in
thiophene.

3.3. Furans. Furan and 2-methylfuran adducts 35 and 36 were accessed in a procedure
analogous to 29 (Scheme 4.1). The 'H NMR spectrum of 35 exhibits two doublets in the
olefinic region (6.32, 6.27 ppm; | = 1.4 Hz) and two multiplets downfield and upfield of the

aromatic region (9.42, 6.41 ppm, respectively), all with approximately the same integration.”
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These features, mirroring those of 28 and 34, suggest that furan is u-n’n*bound and not
rapidly fluxional on the NMR timescale. In contrast, 2-methylfuran adduct 36 exhibits three
"H NMR multiplets between 6.38 and 6.08 ppm (integrating 2:1:1) and >'P NMR doublets at
60.9 and 57.4 ppm (J,, = 162 Hz). The 'H NMR multiplets, corresponding to the central
arene protons, and the asymmetric phosphines support a time-averaged C,-symmetric
structure for 36. Such a structure could be realized with u-n’n’or u-n*n'(O) binding
modes for 2-methylfuran. Given the large difference in "C NMR chemical shift between the
a-Cs of the bound heterocycle (OCCH; = 179.8; OCH = 65.5 ppm), u-n>n'(O) binding
was initially suspected. However, XRD study of 36 revealed a u-n”n’binding mode (Figure
4.1). Asymmetric binding of the a-Cs (Ar(Pd—C) = 0.24 A) may account for their dissimilar
chemical shifts. Theoretical studies of furan on Pd(111) surfaces indicated low-energy
binding modes across three metal centers,” but the u>n*n’ motif from 35 and 16 may be
present on lower-coordinate surfaces. Such furan binding modes have not been
crystallographically characterized previously, although trans-facial u>-1*n* binding of furan
to two Re(l) centers has been proposed.™

To explore if furan spinning or flipping is thermally accessible, a variable
temperature NMR study of 35 was conducted. The difference in chemical shift of the central

arene peaks (AO) was recorded near the freezing temperature of the NMR solvent

(CD;NO,). From -25 °C to 90 °C, A0 decteased from 0.11 to 0.02 ppm, suggesting that an
exchange process occurs but is slow on the NMR timescale.

3.4. Benzo-derivatives: Benzothiophene, Indole, and 4,6-Dimethyldibenzothiophene. Perhaps due
to the large number of surface conformations and atoms, theoretical adsorption models of

benzothiophene and indole on surfaces have been less developed than for five-membered

116



heterocycles. Thus, benzothiophene- and indole-bridged species 37 and 38 were synthesized,
purified, and crystallized in an analogous manner to 29 (Scheme 4.1). XRD analysis reveals

benzothiophene to be bound w-mn’m'(S), whereas indole binds w-n*n’ through its

catbocyclic ring (Figure 4.1). The only previously reported co-facial w-nn'(S)-
benzothiophene adducts were enforced by C—H activation of the 2-position by a third metal

6263 but the all-carbon binding mode of indole in 38 mirrors that

center in a trinuclear cluster,
in a recently reported bisindole dipalladium(I) sandwich complex.’

The asymmetry of the present terphenyl diphosphine environment again allows
analysis of the fluxionality of benzothiophene and indole ligands that would be difficult in a
symmetric sandwich compound. At room temperature, 'H NMR spectra of 37 exhibit four
peaks spanning 5.75-6.13, and *'P NMR spectra show doublets at 67.3 and 65.9 ppm (] =
168 Hz). In contrast, 'H NMR spectra of 38 exhibits two broad peaks at 6.42 and 5.57 ppm,
and *'P NMR spectra show one broad peak at 64.7 ppm. The 'H NMR features, attributed
to the central arene protons, and the *'P NMR spectra indicate that benzothiophene, bound
through its heterocyclic ring, does not spin or flip rapidly on the NMR timescale, but indole,
bound through its carbocyclic ring, may be able to rapidly spin on the NMR timescale.
Coincidental overlap of the central arene 'H and phosphine P signals, rather than fast
exchange processes, could not be ruled out.

4,6-Dimethyldibenzothiophene is considered to be an especially recalcitrant

heterocycle toward hydrodesulfurization.*

Crystallographically characterized models for
multinuclear binding have not been previously reported. Targeting such a model, 4,6-
dimethyldibenzothiophene adduct 39 was synthesized and studied (Figure 4.2). XRD analysis

show that the heterocycle is bound u*-S, perpendicular relative to the central arene, in

contrast to the parallel heterocycles in 29-38. The S—C bonds are elongated 0.02 A relative to
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free 4,6-dimethyldibenzothiophene.”” This is the first crystallographically characterized
example of a u>-S bound dibenzothiophene. The perpendicular binding mode is likely the
result of steric interactions with the ligand isopropyl groups for the parallel coordination; on
a palladium surface, the methyl groups might interfere with perpendicular binding, and

parallel s-coordination might be preferred. Perpendicular 0-binding is proposed to precede

C-S bond cleavage in hydrodesulfurization over Ni-MoS,/y-ALO,.*

i

25

Y

1) MeCN P -
2) DCM

Pd-Pd 2.5889(4) A
Pd-S 2.2926(7) A
S-C 1.773(2) A

Figure 4.2. Synthesis and solid-state structure of 4,6-dimethyldibenzothiophene adduct
39 with 50% thermal ellipsoids. Outer-sphere anions, solvent molecules, and hydrogen
atoms not shown.

3.5. Comparison of Fluxional Processes of S-, N-, and O-Heterocycle Adducts. In the above
observations of compounds 29-36, generally, the fluxionality of bound thiophenes is greater
than bound pyrroles, which in turn are more fluxional than furans. Energetically similar Pd—
heteroatom and Pd—(C=C) interactions are expected to lead to small barriers for fluxional
processes depicted in Scheme 4.2. According to hard-soft acid-base theory,” sulfur is a soft,
better-matched, ligand for palladium than nitrogen or oxygen. Thus, the spinning and

flipping intermediates illustrated in Scheme 4.2 are expected to be more readily accessible for
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bound thiophene. In fact, the solid-state structures of 30, 31, and 37 are models for spinning
intermediates and that of 39 is a model for a flipping intermediate. Accordingly, the central
arene and isopropyl methine protons of 29 appear as single resonances in room temperature
"H NMR spectra. Nitrogen is a worse matched ligand than sulfur, and a u>-N flipping
intermediate is not possible for pyrroles, which do not have a lone pair on the heteroatom
that is not part of the m-system. Correspondingly, by 'H NMR the central arene protons of
33 have coalesced to one peak, but the isopropyl methine protons remain two distinct peaks
at room temperature. The apparent fluxionality of indole in 38 should be attributed to the
fact that no Pd—N bond needs to be formed during spinning about the carbocyclic ring.
Finally, oxygen is a hard Lewis base, and spinning or flipping intermediates
displaying Pd—O bonds are expected to be prohibitively uphill. The relatively static behavior
of furan in 35 and the w’n*n’* coordination mode of 2-methylfuran in 36, despite steric
repulsion from the isopropyl groups (¢f. 30), support this trend. Consistent with the above
explanations, rings with higher aromaticity are expected to have lower barriers to exchange.
In agreement, the order of aromaticity of heterocycles (thiophene > pyrrole > furan)

matches the observed qualitative exchange rates.”

4. Hydrogenation of S-Heterocycle Adducts.

Palladium has been explored as a component of next-generation deep
hydrodesulfurization catalysts.”””" Initial mt-coordination on Pd surfaces is proposed to

facilitate subsequent cleavage of otherwise unreactive C—S bonds.”” To study this process,

29 in CH;NO, was sealed with 3.8 atm H,in a J. Young NMR tube (Scheme 4.3). Over 5 h at
room temperature, 29 was fully converted to a new species 40 by *'P (8 = 69.8 ppm) and

some black precipitate was formed. This species was precipitated from MeCN by addition of
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excess Et,O and exhibited a singlet in the region for central arene protons and two new
aliphatic multiplets (6.09, 3.55, and 2.43 ppm) integrating 1:1:1. Thus, 40 was assigned to
contain one bridging tetrahydrothiophene (THT) ligand (97% isolated yield). The
constitution of 40 was further confirmed by gas chromatography-mass spectrometry (GC-
MS) of the reaction mixture, which showed a match for THT. An independent synthesis by
addition of THT to 25 released toluene and directly formed 40 (Figure 4.3), supporting the
above assignment. Under identical hydrogenation conditions, benzothiophene adduct 37 was
observed to convert to a more symmetric species with one 'P NMR signal (72.8 ppm, s),
which could be a KS-dihydrobenzothiphene adduct. GC-MS of the reaction mixture
confirmed the presence of 2,3-dihydrobenzothiophene. No intermediates were observed in
significant amounts during these hydrogenation reactions. No hydrogenation/hydrogenolysis
products  were  observed under  similar  reaction  conditions  with  4,6-
dimethyldibenzothiophene adduct 39.

Scheme 4.3. Hydrogenation and direct routes to tetrahydrothiophene adduct 40
2+
_| .

iPr S iPr ¢ 9
3.8atmH - \ 7N A
9 25 Pr~p_pd—Pd—p—Pr

-« 25
CH3NO2, 5h “,'_\,' CH3CN
R S0
40

Under hydrogenation conditions, small amounts of black precipitate were observed,
suggesting some reduction to Pd(0). Hydrogenation of thiophene by heterogeneous
palladium, which has previously been reported for n’*-thiophene tungsten compounds,”
cannot be ruled out. However, the hydrogenation of free thiophene with heterogeneous

palladium catalysts has been reported under strongly acidic conditions or at elevated
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temperatures.””. In the present system, the ft-coordination of thiophene may activate it

towards hydrogenation, although the exact mechanism is currently unclear.

5. Synthesis and Characterization of Anionic-Bridged Complexes.

Bridging anionic allyl species have been proposed in hydrocracking and
hydrogenation mechanisms on heterogeneous Pd” and have been recently discovered to
exhibit reactivity toward CO, in a homogeneous system.”* To test if such ligands could be
supported on the present dipalladium motif, 25 was initially treated with sodium #-
propanoate to form a red, putative carboxylate complex (41, Scheme 4.4). Subsequent
transmetallation with tributylallyltin yielded a yellow species 42, which exhibited two
inequivalent central arene singlets (6.23, 5.55 ppm) in the 'H NMR spectrum, suggesting
slow or no rotation of the bridging allyl on the NMR time scale. Crystals of 42 were grown
from a CH,CN solution layered under Et,O and analyzed by XRD. The solid-state structure
shows the allyl moiety to bridge symmetrically the two metal centers (Figure 4.3).

Scheme 4.4. Synthesis of allyl species 42 and heteroallyl species 43.
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A related heteroallyl species 43 was synthesized by reaction of 25 with KO'Bu in
MeCN (Scheme 4.4). NMR spectra of 43 showed broad 'H peaks corresponding to the CH
and CH; moieties (4.51 and 2.32 ppm) of an iminobutanenitrilyl anion and broad *'P peaks
at 50.2 and 49.2 ppm. FAB-MS found a major species with m/z = 757.1390 (caled. BF,-
dissociated cation: 757.1132). Although 43 could not be isolated cleanly, its assignment was
supported through an alternate synthesis by treating 25 with a pre-formed diacetonitrilyl
anion.”® Crystals grown from a CH,CI, solution layered under Et,O were studied by XRD,
and revealed the dipalladium moiety capped by a u-kC:kKN-NCCHC(CH;)NH moiety
(Figure 4.3). Such diacetonitrlyl anions have not structurally characterized in this particular
tautomer or binding motif.” While the allyl carbons in 42 lie in a plane canted toward that of
the central arene, the three atoms of the heteroallyl in 43 are tilted away from the central

arene. (@(allyl, central arene) = 20.6% @(heteroallyl, central arene) = -19.4°). Thus allyl binds

u-1’m?, but diacetonitrilyl binds u-KC:KN.

1.419(3) . 1.419(3)
B""l? Pdl; :‘Pd @—s 2 3

5 R

P 42 Pd—Pd
12.091(2) 32.485(2)
2 2.452(2) 42.085(2)

Pd-Pd: 2.6834(2)

N 1.13(1) N
i o,
> o ;—Tpd P@ - 1_43(1)/

12.15(1)
Pd-Pd: 2.6630(4) 22.120(8)

Figure 4.3. Structures of 42 and 43 as determined by single-crystal x-ray diffraction,
with 50% prob. thermal ellipsoids. Outer-sphere anions, solvent molecules, and

hydrogen atoms are not shown. Bond distances for the capping ligands are shown.
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6. Experimentally Determined Relative Binding Strength of Ligands.

The capping arenes, furans, and thiophenes in 25, 26, 29-32, 35-37, and 39 are
all quantitatively displaced by acetonitrile (determined by '"H NMR) upon dissolution of
the compound in CD;CN. In contrast, capping dienes, N-heterocycles, and THT in 27,
28, 33, 34, 38, and 40 are persistent in CD;CN. With access to this series of diverse, yet
structurally related compounds we proceeded to measure the relative binding strengths
of a variety of ligands to a Pd, moiety. To compare the binding of these ligands,
equilibrium experiments starting with thiophene adduct 29 and a free diene, arene, or

heterocycle were performed (eq. 4.2):

[Pd,P,(thiophene)]?* (7) [Pd,P,(ligand)]?*
+ = + 4.2)
ligand thiophene

All species (except for THT adduct 40) in the equilibrium mixture did not exhibit
peak shifting, broadening, or coalescence, which indicates slow intermolecular exchange on
the NMR timescale. The relative concentrations were determined by integration of 'H NMR
spectra (CD;NO,, 25 °C). The resulting equilibrium constants were found to span greater
than 13 orders of magnitude (Figure 4.4). To our knowledge, this is the first study that has
allowed the measurement of quantitative binding affinities of such a broad class of substrates
relevant to many catalytic transformations involving 7t-systems.” N-heterocycles are more
strongly bound than the S-heterocycles, which are more strongly bound than O-heterocycles.
On Pd surfaces, experimental measurement of desorption energy of heterocycles is
complicated by C-heteroatom cleavage,” but the same order of heterocycle binding affinity

has been reported with thermal desorption spectroscopy of pyrrole, thiophene, and furan on

Cu(100).*
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1,3-cyclohexadiene 2.1 x 108 -1
8
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Figure 4.4. Equilibrium binding constants and relative standard Gibbs free energy of

reaction of various arenes and heterocycles (eq. 4.2).
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Sterics play a role in binding affinity to dipalladium(I). Substitution of the thiophenes
and furans weakens binding, but only by less than one order of magnitude. This effect is
likely due to steric repulsion between the heterocycle substituents and phosphine groups. In
the case of 4,6-Me,-DBT, the substitution precludes m-binding, and the resulting w>-S
binding is so weak (10" fold weaker than thiophene) that an equilibrium constant could not
be determined directly against 29 but had to be determined against toluene adduct 25
instead.

THT quantitatively displaces thiophene from 29, so its relative binding affinity was
determined against the N-methylpyrrole adduct 34. Similarly, butadiene quantitatively
displaces N-methylpyrrole from 34; therefore its binding affinity was determined against
THT, and that of CHD, the strongest binding neutral ligand in this study, was determined
relative to butadiene. Because of broadening of 'H NMR signals and the overlapping of
other 'H NMR features, equilibria involving THT and 40 (vs N-methylpyrrole and
butadiene) were determined by integration of >'P NMR spectra.

Exposure of allyl adduct 42 to 4 atm butadiene did not induce any reaction. Anionic
ligands are probably not displaced by neutral ligands for Coulombic reasons. Allyl is thus
very tightly bound to dipalladium(I) and could not be quantitatively placed on the relative
binding affinity scale.

Two potential ligands which did not measurably react with toluene adduct 25 were
tetrahydrofuran and PhCF;, even at 100 equivalents. A benzaldehyde adduct was observed in
equilibrium with 25 by NMR in CD;NO, (‘H: 9.38 ppm, s, CHO vs 9.99 ppm for free
benzaldehyde; *'P: 70.2 ppm, s), but could not be isolated. Compared to toluene, electron
deficient benzaldehyde binds ¢z 1000 times more weakly, while more electron rich anisole

bind greater than 10 times more strongly.
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7. Computational Guide to Relative Binding Affinities.

The observed relative binding affinity of arenes (PhOMe, PhMe, Ph\CHO, PhCF;) is
correlated with arene electron-richness, which has been tabulated for vatrious substituted
benzenes using empirically-derived Hammett parameters or related resonance effect
parameters (c.g., 0, or R).”

The strong binding of pyrrole mirrors the greater electron density of pyrrole relative
to thiophene and furan. For example, weak electrophiles such as benzenediazonium cation
and nitrous acid are known to induce rapid electrophilic aromatic substitution with pyrrole
but do not react with thiophene and furan.” Qualitatively, electrostatic potential (ESP) plots
reveal the regions of greatest electron density in the ground state of heterocycles, and have
been predictive for cation-rt interactions.”>® The ESPs of pyrrole, thiophene, furan, indole,
and benzothiophene were mapped onto their molecular electron density isosurfaces (Figure
4.5) using the GaussView program.” As expected, pyrrole has the most electron-rich (red) 7-
system. While ESPs of thiophene and furan look similar to each other, the electron density
of thiophene is spread across the four binding carbons, whereas in furan, the alpha carbons
are less electron rich (yellow/green), accounting for furan’s weaker binding affinity. Previous
studies of Na'-1t interactions found the same trend in binding affinity and ESPs for pytrole,
thiophene, and furan.”

The ESPs at the - vs n*-binding sites of indole and benzothiophene predict the
regioselectivity of the observed adducts. For indole, the four carbons from the carbocyclic
ring have more negative charge than the three atoms from the heterocyclic ring, while for
benzothiophene, the heterocyclic ring is less positively charged (blue) than the carbocyclic

ring. These contrasting electron distributions are reflected in the observed complementary

126



binding modes of indole and benzothiophene. Previous studies of cation-indole (or
tryptophan) interactions have also found preferential binding to the carbocyclic ring.*

However, the electrostatic potential of benzothiophene has not previously been discussed in
the context of cation-—system binding. Although pure Pd(0) would not be expected to
exhibit significant electrostatic interactions, palladium sulfides or hydrides present during

catalysis may induce surface polarization® and, subsequently, cation-rt-like interactions.

RLL B @

Figure 4.5. Electrostatic potentials (above) plotted onto electron density isosurfaces

(isovalue = 0.004) of unbound heterocycles (below). Red represents a potential energy lower
or equal to -0.02 Hartrees (electron-rich), and blue a potential energy higher or equal to

+0.02 Hartrees (electron-poor).

8. Molecular Orbital Interactions in p-1*n’Binding.

Although simple electrostatics can be predictive for similar ligands in these
complexes (vide supra), the interactions between the dipalladium unit and a capping diene
have a covalent component as described by bonding molecular orbitals derived from Pd d-
orbitals and diene m—system. The w-n*m’*binding mode of two m-systems in sandwich
dipalladium(I) complexes has been previously examined by others.”"”* Diene binding is
described through two key interactions: donation of the diene HOMO to the Pd—Pd [do—
do]* antibonding orbital (Figure 4.6a) and back-donation of the Pd—Pd do-do bonding

orbital to the diene LUMO (Figure 4.6b).
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Figure 4.6. Bonding interactions between (a) diene HOMO and unfilled Pd,-based orbital

and (b-d) diene LUMO and filled Pd,-based orbitals.
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Figure 4.7. Lowest energy Pd,-ligand bonding orbitals (isosurface = 0.05) with [do—do]*

Pd, component (left) and mixed dm—dm/dd—dd Pd, component (right). Lower enetrgy
molecular orbitals involving less than 20% Pd, contribution are not shown.

This established bonding model was compared with DFT calculations of a series of
model complexes of the form [Pd,L(u-1*mn’*ligand)]*" (I. = Me-for-Pr variant of 1; ligand =

benzene, s-trans-butadiene, 1,3-cyclohexadiene, thiophene, furan) and [Pd,L(allyl)]". For
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illustrative purposes, select MOs from the benzene, butadiene, and thiophene adducts are
presented in Figure 4.7. The ligand-HOMO-to-[do—dO]* donation is consistent across all of
the complexes (Figure 4.7, left). However, the constitution of the Pd,-to-ligand back-bond
varies.

The LUMO of a generic s-as-diene is symmetric with respect to reflection in the
plane perpendicular to the molecule (i.e. transforms as the a' irreducible representation in the
C, point group). There are six filled metal/phosphine-based frontier orbitals for the [Pd,L]*"
fragment of the same symmetry (Figure 4.8), and any of these could back-donate into the
diene LUMO. The do—do orbital has the best energy match to donate to a ligand-based
orbital, and indeed is observed participating in a strong interaction in [Pd,L(allyl)]" (Figure

4.9). For dienes, however, the do—do lobes are directed at nodes in the diene LUMO.

Instead, the primary metal-based orbital for back-donation to dienes has dt—dm character, as
seen with s-frans-butadiene (Figure 4.6c; Figure 4.7, middle right). For s-cs-dienes (e.g.
benzene, thiophene), some d0—dd character is also mixed into the back-bonding interaction

to accommodate the arrangement of the diene LUMO (Figure 4.6d; Figure 4.7, right)
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CONCLUSIONS

A novel dipalladium(I) terphenyl diphosphine framework has been used to study
well-defined m-bound complexes of toluene, anisole, 1,3-butadiene, 1,3-cyclohexadiene,
thiophenes, pyrroles, and furans across two metal centers using crystallography, NMR
spectroscopy, and DFT. o©-bound complexes of tetrahydrothiophene and 4,6-
dimethyldibenzothiophene and m-complexes of allyl and diacetonitrilyl anions are also
described. Of note, the first crystallographically characterized u-n*n?1,3-cyclohexadiene,
thiophene, and furan adducts and u-n’m'(S) benzothiophene adduct are reported. The
thiophene and benzothiophene adducts undergo hydrogenation to yield tetrahydrothiophene
and dihydrobenzothiophene adducts. Unlike in previous systems, the multidentate
framework allows substitution of only one bridging ligand, or a single molecular hemisphere.
The resulting asymmetry of the complex allows for analysis of bonding dynamics by NMR
spectroscopy. Capping aromatics and thiophenes undergo rapid flipping or spinning
processes at room temperature, while such processes are slow for 1,3-cyclohexadiene,
pyrrole, furan, and allyl ligands. Importantly, the common binding framework also allows for
determination of relative binding strengths by NMR spectroscopy. Competition experiments
revealed a scale of relative binding affinities spanning over 13 orders of magnitude. The
general trends observed in this study were found to relate to the electron density of the -
systems. Increasing binding affinity in the order furan < thiophene < pyrrole is rationalized
based on the electrostatic potentials at the binding atoms. Complementary binding modes of
benzothiophene and indole are also explained through similar analysis. Unlike pure cation-7
interactions, these binding interactions are shown by DFT calculations to involve Pd—Pd

do-do, dn—dm, and dd—dd orbitals. Overall, the present system offers a platform to study
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binding and reactivity at two adjacent metal centers. To our knowledge this is the only
system that has afforded quantitative determination of relative equilibrium binding affinities
for a wide variety of organic molecules coordinating via J-systems to transition metal
centers. These studies provide structural, thermodynamic, and electronic insight into the

binding of such substrates to homogeneous or heterogeneous bimetallic sites.

EXPERIMENTAL SECTION

General considerations. All manipulations were carried out in an inert
atmosphere glovebox or using standard Schlenk line techniques. Diphosphine 1 and
dipalladium complex 24 were synthesized as previously reported.”” 1,4-Butadiene was
used as purchased from Aldrich. Other organic reagents were dried by stirring over
sodium metal or calcium hydride, degassed by 3 cycles of freeze-pump-thaw, and
isolated via vacuum-transfer. Et,O, toluene, THF, MeCN, and DCM were dried by the
method of Grubbs.” Deuterated solvents were purchased from Cambridge Isotope
Laboratories and vacuum transferred from calcium hydride. All reagents, once degassed
and dried, were stored in an inert atmosphere glovebox. 'H and C NMR chemical
shifts are reported relative to residual solvent peaks: CD;NO, ("H: 4.33; °C: 61.39 ppm)
and others as reported in the literature.” "F and >'P NMR chemical shifts are reported
with respect to the instrument solvent lock. All NMR spectra were recorded at room
temperature unless indicated otherwise. Gas chromatography-mass spectrometry (GC-
MS) analysis was performed upon filtering the sample through a plug of silica gel. Fast
atom bombardment-mass spectrometry (FAB-MS) analysis was performed with a JEOL
JMS-600H high resolution mass spectrometer. Elemental analysis was conducted by

Complete Analysis Laboratories (Parsippany, NJ).
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Computational details. All calculations were performed with DFT as
implemented in Gaussian 09 Revision C.01.** Geometry optimizations and electronic
structure calculations were performed with the TPSSh hybrid functional®® that,
incorporating 10% exact exchange (c.f. BLYP 0% and B3LYP 20%), has been shown to
be effective for calculating transition metal-containing compounds.””” The LANL2DZ
basis set and effective core potential” for Pd atoms and the 6-31++G(d,p) basis set™
for all other atoms was used. No solvent corrections were used. All optimizations of
palladium complexes were performed ignoring molecular symmetry starting from a
crystallographic set of coordinates and as singlet dications. The benzene adduct,
although input as an n*n’ structure from the experimentally obtained toluene adduct,
always optimized to an m*m’> minimum. Energetic minima were confirmed with a
subsequent frequency calculation that did not return imaginary frequency vibrations < -
10 cm-'. All molecular orbital illustrations are depicted with a 0.05 isosurface value. The
orbitals of “dipalladium diphosphine fragment” in the following figure were calculated
based on the geometry from the benzene adduct with a single point energy calculation.
L = a computational variant of the experimentally used diphosphine 1, with methyls in
place of isopropyls. Mulliken charges of heterocycles were calculated from geometry-
optimized unbound heterocycles, and H atoms were summed into the nearest heavy
atoms. While primitive, ground-state Mulliken charge calculations have been shown to
be predictive, for instance, for relative pK,s of substituted benzoic acids, phenols, and

.1 1,2,95
anilines. ™

Electrostatic potentials were mapped using GaussView, the GUI
component of the Gaussian software package, onto the 0.004 electron density

isosurface. Red indicates potential energy lower or equal to -0.02 Hartrees, and blue
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signifies potential energy higher or equal to +0.02 Hartrees. Atomic coordinates of

optimized structures are published” and not reproduced in this thesis.

Synthesis of 25

2BF, A solution of 24 (628.9 mg, 0.99 mmol) in MeCN (10

b 2 2+
\( C§° y mL) was transferred over solid 1 (424.0 mg, 0.99 mmol)
e d.
N N L .
2 g N with stirring. After 2 h, volatiles were removed under

° K=
41 9 O vacuum. The solids were triturated with THF and

filtered through Celite with minimal DCM (~8 mlL).
Toluene (6 mL) was layered on the DCM eluent. Red crystals formed and were rinsed
with minimal DCM to yield pure 25 (668.1 mg, 80%). Substituting Pd,(dba); for
Pd,(dba),*CHCI, in the synthesis of 24 led to less pure 25, as determined by crude >'P
NMR spectroscopy. 'H NMR (400 MHz, CD,CL,) &: 7.85 - 7.70 (m, Ar-H,, 6H), 7.46
(app d, ] = 7.4 Hz, Ar-H;, 2H), 7.27 (br d, H,2H), 7.21 (br t, Hy, 2H), 6.21 (s, Ar-Hg +
Ar-H,, 4H), 6.19 (m, H,, 1H), 3.13 (m, CH(CH,),, 4H), 1.97 (s, CH;, 3H), 1.34 (m,
CH(CH,),, 24H). "F{'H} NMR (376 MHz, CD,Cl,) 8: -151.9 (s). >'P{'"H} NMR (162
MHz, CD,Cl,) &: 64.4 (s). "C{'H} NMR (101 MHz, CD,CL,) 8: 146.0 (t, ] = 11.5 Hz,
Ar-C), 142.5 (s, tol-C3), 133.7 (s, Ar-C,), 132.9 (s, Ar-C;), 132.1 (t, ] = 8.0 Hz, Ar-Cj),
130.5 (s, Ar-Cy), 128.5 (d, | = 40.4 Hz, Ar-C,), 115.0 (s, Ar-C,), 112.9 — 109.9 (br, Ar-C;
and Ar-C,), 104.7 (s, tol-C,), 100.9 (s, tol-C,), 91.3 (s, tol-C,), 27.8 (t, ] = 10.1 Hz,
CH(CH,),), 21.4 (s, tol-CH,), 18.4 (s, CH(CH,),), 17.7 (s, CH(CHj),). Anal. Calcd. for
C,;,H,B,FP,Pd, (%): C, 47.22; H, 5.14. Found: C, 47.13; H, 5.27.
Isolation of toluene-free, acetonitrile-exchanged 25. Method A: A sample of

25 was dissolved in minimal MeCN, precipitated with Et,O (5:1 vs MeCN), and
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collected by filtration. This procedure was repeated 3 times, yielding toluene-free (as

determined by 'H NMR) 25. Method B: A solution of 24 (136.8 mg, 0.216 mmol) in 10

mL and added over 1 (100.0 mg, 0.216 mmol). The mixture was stirred for 45 min, then

filtered. Et,0O (50 mL) was added to precipitate out an orange powder, which was

collected by filtration (150.2 mg, 55% yield assuming two acetonitrile ligands). '"H NMR

(300 MHz, CD,CN) 0: 7.81-7.63 (m, GH, aryl-H), 7.56 (app d, 2H, aryl-H), 5.99 (s, 4H,

central aryl-H), 2.82 (m, 4H, CH(CH,),), 1.32-1.15 (m, 24H, CH(CHS,),). >'P{'H} NMR

(121 MHz, CD;CN) &: 62.0 (s). To observe the bound acetonitrile ligands, a 'H NMR

spectrum was also recorded in CD,CL,. 'H NMR (300 MHz, CD,Cl,) &: 7.83 — 7.59 (m,

6H, aryl-H), 7.50 (app d, 2H, aryl-H), 5.96 (s, 4H, central aryl-H), 2.91 — 2.68 (m, 4H,
CH(CH,),), 2.56 (s, 6H, NCCH,), 1.47 — 1.16 (m, 24H, CH(CH,),).

Synthesis of anisole-capped species 26

2BF, A solution of 25 (42 mg, mmol) in MeCN was

r—t N 1 Thi

\< , >/ concentrated under vacuum to a red-orange oil. This

s 2l e oil was reconstituted with DCM and layered under

4 anisole. Red crystals were observed on the vial walls.

The mother liquor was decanted and washed with

Et,O

and the crystals were collected by filtration. Recrystallization from vapor

b

diffusion of Et,0 into a MeNO, solution yielded clean 26 (27 mg, 63%). 'H NMR (600
MHz, CD,NO,) &: 7.97 (m, 2H, Ar-H,), 7.86 (app t, 2H, Ar-H.), 7.81 (app t, 2H, Ar-
H,), 7.60 (app d, 2H, Ar-H,), 7.31 (app t, 2H, Ar-H,), 6.95 (app d, 2H, H.), 6.21 (br s,
4H, Ar-Hy + Ar-H,), 5.96 (app t, 1H, H.), 3.51 (s, 3H, H,), 3.32 (m, 4H, CH(CH,),),
1.34 (m, 24H, CH(CH,),). *P{'H} NMR (162 MHz, CD,NO,) &: 65.8 (br s) “F{'H}

NMR (376 MHz, CD,NO,) &: -152.7 (s). "C{'H} NMR (CD,NO,, shifts determined
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from HSQC and HMBC 2D spectra): 162.6 (C,), 145.8 (Ar-C)), 133.2 (Ar-C;), 133.3
(Ar-Cy), 131.7 (Ar-Cj), 130.1 (Ar-C,), 130.0 (Ar-C)), 114.8 (Ar-C,), (Ar-Cy), 94.7 (Cy),
87.4 (Cp), 86.7 (C, 55.9 (C,), 27.2 (CH(CH,),), 17.1 (CH(CH,),). Ar-C;,,not observed
by 'H-"C 2D NMR due to broadness of Ar-Hy,, signal.

Synthesis of butadiene-capped species 27

2 BF, A\ mixture of 25 (8.2 mg, 8.7 mmol) in CD;CN (0.5 mL)

Hp He —|2+

\ H =N was transferred into a J. Young NMR tube. The mixture
a'y

S b pi—py _J L :

s S8 9! was degassed by three freeze-pump-thaw cycles. With

4 the aid of a manometer and calibrated gas bulb, the

L
[ :
G

tube was pressurized with 3.9 atm of butadiene. The
reaction turned yellow in seconds upon shaking. Reaction was confirmed by NMR, and
the product was crystallized by layering the crude mixture under Et,O to yield yellow
crystals. 'H NMR (400 MHz, CD;CN) &: 8.03 (m, 2H, Ar-H), 7.88 (m, 4H, Ar-H), 7.75
(app d, 2H, Ar-H), 6.10 (d, ] = 7.2 Hz, 2H, central aryl-H), 5.85 (d, ] = 7.2 Hz, 2H,
central aryl-H), 5.33 (m, 2H, butadiene-H,), 3.36 (m, 2H, CH(CH,),), 3.19 (m, 2H,
CH(CHy;),), 3.12 (app d, ] = 13.8 Hz, 2H, butadiene-H,), 2.71 (m, butadiene-H,), 1.50-
0.86 (m, 24H, CH(CH,),). "F{'H} NMR (282 MHz, CD,CN) d: -151.6 (s). 'P{'H}
NMR (121 MHz, CD;CN) d: 78.8 (s). "C{'H} NMR (101 MHz, toluene) &: 146.7 (app t,
Ar-C), 136.7 (app t, Ar-C,), 134.6 (br, Ar-Cy + Ar-Cj), 133.9 (app t, Ar-C;), 131.5 (s,
Ar-C,), 116.7 (app t, Ar-C,), 111.3 (s, Ar-Cy), 109.1 (s, Ar-Cyq), 89.4 (s, CHCH,), 62.2
(s, CHCH,), 29.8 (app dd, CH(CHs;),), 19.4 (s, CH(CH,;),), 18.8 (s, CH(CHs;),). Anal.
Calcd. for C;,H,B,FP,Pd, (%): C, 45.22; H, 5.13. Found: C, 45.18; H, 5.02.

Synthesis of 1,3-cyclohexadiene-capped species 28
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H, Hg 2BF, To a mixture of 25 (84.2 mg, 0.09 mmol) in McCN (4

2+
Hp K D
b : _l ml) was added 1,3-cyclohexadiene (10.4 mL, 0.11

Hel o
3>§P~5‘(\j *P/L mmol). The reaction quickly changed from red to light
4 yellow in color. After stirring for 15 minutes, the

5

reaction was concentrated under vacuum and washed
with benzene to remove excess cyclohexadiene. The resultant solid was redissolved in
MeCN and crystallized by vapor diffusion of Et,O to yield yellow-orange crystals (73.8
mg, 89%). 'H NMR (300 MHz, CD,CN) &: 8.00-7.76 (m, 8H, H; ), 7.20 (br, 2H, H,),
6.37 (s, 2H, Ar-H,), 5.46 (s, 2H, Ar-Hy), 4.80 (m, 2H, H)), 3.25 (m, 2H, CH(CH,),), 3.12
(m, 2H, CH(CH;),), 1.97 (m, 2H, H,), 1.47 (m, 12H, CH(CH,),), 0.98 (m, 12H,
CH(CH,),), 0.29 (app dd, 2H, H). *P{'H} NMR (121 MHz, CD,CN) &: 66.4 (s).
"F{'H} NMR (282 MHz, CD,CN) &: -151.6 (s). "C{'H} NMR (101 MHz, CD,CN) &:
146.7 (app t, Ar-C)), 137.0 - 135.9 (app t, Ar-C)), 134.5 (s, Ar-C,), 134.4 (s, Ar-C;), 133.8
(app t, Ar-Cj), 131.4 (s, Ar-C,), 122.3 (s, Ar-C,), 117.6 (app t, Ar-C5), 97.4 (s, Ar-Cy),
83.0 (s, CH=CH-CH=CH), 81.6 (s, CH=CH-CH=CH), 28.9 (s, CH(CH,),), 28.2 (app d,
CH(CH,),), 23.9 (s, CH=CH-CH,), 19.7 (s, CH(CH,),), 19.1 (s, CH(CHs;),), 18.0 (app t, |
= 2.4 Hz, CH(CH;),), 17.9 (s, CH(CH,),). Anal. Calcd. for C;H,B,F,P,Pd, (%): C,
46.53; H, 5.21. Found: C, 46.46; H, 5.19.

Synthesis of species 29-39. The procedure to synthesize 29 is described. This
procedure was general for the synthesis of species 29-39. To a solution of acetonitrile-
exchanged 25 (112.0 mg, 0.12 mmol) in DCM (5 mL) was added slowly added excess
thiophene (1 mL). The reaction changed from red to orange in color with fine
precipitate in seconds. After stirring for 1 h, the suspension was filtered over Celite and

washed with DCM to remove excess thiophene. The orange solids were washed through
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Celite with CH;NO,. Orange crystals (109.1 mg, 98%) were grown from vapor diffusion
of Et,O into a CH;NO, solution of this compound. For 32, 36-39, the product did not
precipitate out of DCM. Instead, the product was crashed out of DCM by addition of
Et,0, collected by filtration, and purified by repeated cycles of dissolution in DCM,
addition of excess heterocycle ligand, and precipitation with Et,O. Crystals were
similarly grown by vapor diffusion of Et,O into CH;NO,,.

Thiophene-capped species 29

2BF; 'H NMR (400 MHz, CD;NO,) 8: 8.80 (m, H,, 2H), 7.98

b 2+
\( alkig? (m, Ar-H,, 2H), 7.88 (m, Ar-H,, 2H), 7.82 (m, Ar-H,,
>\ . Al
P—Pd—Pd—F
2] re A 2H), 7.65 (app d, Ar-H,, 2H), 6.49 (app t, H,, 2H), 6.25

3 7] \

4 N ! O (s, Ar-Hg o, 2H), 3.30 (m, CH(CH,),, 4H) , 1.36 (m,
CH(CH,),, 24H). "F NMR (376 MHz, CD;NO,) &: -152.3 (s). >'P NMR (162 MHz,
CD;NO,) 8: 65.1 (s). "C NMR (101 MHz, CD;NO,) 8: 146.1 (app t, Ar-C)), 134.3 (app
t, Ar-C,), 133.7 (s, Ar-Cy), 133.5 (s, Ar-Cy), 132.3 (app t, Ar-Cj), 130.2 (app t, Ar-C)),
116.4 (app t, Ar-C,), 111.6 (br s, Ar-Cyy), 99.0 (app t, C}), 89.2 (s, C,), 27.2 (app td,
CH(CH,),), 17.7 (app t, CH(CH,),, 17.1 (s, CH(CH;),). Anal. Calcd. for
C;,H,,B,FSP,Pd,(%): C, 43.76; H, 4.75. Found: C, 43.66; H, 4.69.

Synthesis of 2,5-dideuterothiophene. This procedure was adapted from a
literature procedure.” A ~6M solution of D,SO, in D,O (3 mL) was added to neat
thiophene (1 mL) in a Schlenk tube with a magnetic stir bar. The tube was sealed with a
Teflon screw-cap and heated to 100 °C with vigorous stirring. After 10 h, the organic
phase from the reaction was separated from the aqueous phase, initially dried over
MgSO,, further dried over Na, degassed via freeze-pump-thaw, and isolated via vacuum

transfer. GC-MS data confirmed dideuterated thiophene to be the major product with
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trace amounts of trideuterated product. By 'H NMR (C;D,) the multiplet at 6.92 ppm in
natural abundance thiophene is nearly absent relative to the multiplet at 6.82 ppm. This
mixture of isotopomers was used without further purification.
Synthesis of thiophene-capped species 4,-29. Synthesis was analogous to that
for 7, but with 2,5-dideuterothiophene in place of natural abundance thiophene. 'H
NMR(CD;NO,, 300 MHz): The multiplet present in 7 at 8.80 ppm was absent in 4,-29.
2-Me-Thiophene-capped species 30

2BF, 'H NMR (400 MHz, CD,NO,) &: 8.01 (m, 2H, Ar-H,),

N2 b ]2
\< S~ y 7.87 (m, 2H, Ar-H.), 7.83 (m, 2H, Ar-H,), 7.74 — 7.69
d
S b pd—Bd—p
s 2 e ) (app d, 2H, Ar-H,), 7.65 (m, 1H, H.), 7.02 (m, 1H, H,)
-
4 61 9 6.11 (s, 4H, Ar-H, + Ar-H,), 4.98 (m, 1H, H,), 3.32 (br,
5

2H, CH(CHy;),), 3.22 (br, 2H, CH(CH,),) 2.16 (s, 3H, H), , 1.53 — 1.28 (m, 24H,
CH(CHS,),). >'P NMR (121 MHz, CD;NO,) &: 68.3 (s). "F NMR (376 MHz, CD;NO,) 8:
-152.4 (s). "C NMR (CD;NO,, shifts determined from HSQC and HMBC 2D spectra):
149.9 (Ar-C)), 145.9 (Ar-C)), 134.9 (Ar-C)), 133.6 (Ar-Cp), 133.5 (Ar-Cj), 132.3 (Ar-Cj),
132.0 (Cy), 130.0 (Ar-C)), 117.5 (Ar-Ci + Ar-Cy), 111.8 (Ar-C)), 81.1 (C), 78.5 (C,), 28.0
(CH(CH,),), 27.6 (CH(CH,;),), 17.6 (CH(CH,),), 17.1 (CH(CH,;),), 14.3 (C,)
3-Me-Thiophene-capped species 31
2BF, 'H NMR (300 MHz, CD;NO,) &: 8.29 (app t, 1H, H,),
2+

h N

afngwd 8.11 (app td, J, .= 3.4 Hz, 1H, H), 8.04 — 7.92 (m, 2H,
3 2 48 3 Ar-H,), 7.86 (m, 2H, Ar-H.), 7.82 (m, 2H, Ar-H,), 7.64

1 _
4 (m, 2H, Ar-H,), 6.91 (d, ] = 3.4 Hz, 1H, H), 6.24 (br s,
5

4H, Ar-Hg + Ar-H,), 3.28 (m, 4H, CH(CH,),), 2.24 (s, 3H, H,), 1.66 — 1.17 (m, 24H,

CH(CH,),). P NMR (162 MHz, CD,NO,) 8: 65.9 (s).’"F NMR (376 MHz, CD,NO,)
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-152.7 (s). "C NMR (CD;NO,, shifts determined from HSQC and HMBC 2D spectra):
146.2 (Ar-C)), 133.5 (Ar-Cy + Ar-Cj), 133.2 (Ar-C,), 132.0 (Ar-Cj), 130.3 (Ar-C,), 127.5
(Cy), 1195 (Ar-C), 1154 (Ar-C; + Ar-C,), 100.0 (C), 87.9 (C), 87.3 (C,, 27.3
(CH(CH,),), 17.1 (CH(CHy;),), 17.0 (CH(CH,),), 16.5 (C,).

2,5-Me,-Thiophene-capped species 32

2 BF4 'H NMR (400 MHz, CD,;NO,) 6: 8.02 (app t, 2H, Ar-
\a:\b _|2+
S -

N Y
> b pgpa—r—L
3 2 7;"8 N Ar-Hy), 7.09 (s, 2H, H,), 6.15 (br s, 4H, Ar-Hg + Ar-
=)
N\ 61 9 H,), 3.28 (m, 4H, CH(CH,),), 2.73 (s, 6H, H), 1.60 —

1.17 (m, 24H, CH(CH,),). ”'P NMR (121 MHz, CD,NO,) &: 70.1 (d, ] = 175 Hz), 65.6

H,), 7.85 (m, 4H, Ar-H, + Ar-H.), 7.79-7.55 (bt m, 2,

(d, ] = 175 Hz). "F NMR (376 MHz, CD;NO,) 8: -152.7 (s) °C NMR (CD;NO,, shifts
determined from HSQC and HMBC 2D spectra): 145.9 (Ar-C)), 133.7 (Ar-C;), 133.2
(Ar-Cy), 132.2 (Ar-C,), 131.5 (Ar-C3), 129.9 (Ar-C),), 126.1 (Ar-C7), 124.3 (C,), 108.4 (Ar-
Cs + Ar-Cy), 108.4 (C,), 27.7 (CH(CHy;),), 17.5 (CH(CH,),), 17.4 (CH(CH,),), 15.4 (C,).
Pyrrole-capped species 33
2BF,; 'H NMR (500 MHz, CD;NO,) 8: 9.76 (br s, 1H, N-H),

2+
b
aly® B 8.89 (m, 2H, FL), 7.93 (m, 2H, Ar-F1,), 7.81 (m, 2H, Ar-

' d
Iy 1l

>jP—P'dﬂF}'d—P/L

, 2 7; H.), 7.76 (m, 2H, Ar-H,), 7.59 (app d, 2H, Ar-H,), 6.24
4‘ To b (br s, 2H, Ar-Hy,,), 6.15 (br s, 4H, Ar-Hy,, + H,). 3.21
(bt m, 2H, CH(CH.,),), 3.04 (br m, 2H, CH(CH,),), 1.55-1.37 (m, 12H, CH(CH,),), 1.19
(m, 12H, CH(CH,),). *P{'H} NMR (121 MHz, CD,NO,) &: 60.2 (s) "F{'H} NMR
(376 MHz, CD,NO,) & -152.7 (s) "C NMR (CD,NO,, shifts determined from HSQC

and HMBC 2D spectra): 146.3 (Ar-C)), 135.2 (Ar-C), 133.4 (Ar-C), 132.9 (Ar-Cy),

132.0 (Ar-Cy), 129.7 (Ar-C), 105.2 (C)), 79.2 (G,), 117.0 (Ar-Cyo), 111.7 (Ar-C.) 103.5
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(Ar-Cy9), 27.2 (CH(CH,),), 26.1 (CH(CH,;),), 18.3 (CH(CH,),), 17.5 (CH(CH,),), 16.8,
(CH(CH,;),), 16.6 (CH(CH,),).
N-Me-Pyrrole-capped species 34
2BF, 'H NMR (400 MHz, CD;NO,) &: 8.62 (s, 2H, H,), 7.94

an o
aiNN (m, 2H, Ar-H,), 7.82 (m, 2H, Ar-H.), 7.77 (m, 2H, At-

i Meb y
>le—P'd s L
‘ H,), 7.62 (app d, 2H, Ar-H,), 6.28 (s, 2H, Ar-H, ), 6.17

3 2 7;"8 N
4 1o O (s, 2H, Ar-Hy,), 6.09 (s, 2H, H,), 3.22 (br m, 2H,
5

CH(CH,),), 3.02 (br m, 2H, CH(CH,),), 1.55-1.37 (m, 12H, CH(CH,),), 1.19 (m, 12H,
CH(CH,),). *'P NMR (121 MHz, CD,NO,) &: 58.5 (s) “’F NMR (376 MHz, CD,NO,) §:
152.7 (s). ®C NMR (CD,NO,, shifts determined from HSQC and HMBC 2D spectra):
1455 (Ar-C), 134.3 (Ar-C)), 133.4 (Ar-C,), 132.9 (Ar-C.), 132.0 (Ar-Cy), 129.6 (Ar-C),
115.6 (Ar-Cy ), 111.5 (Ar-C), 103.6 (Ar-Cyy), 109.4 (C), 78.8 (C,), 35.5 (N-CHL), 27.2
(CH(CH,),), 26.2 (CH(CH,),), 18.6 (CH(CH.,),), 17.5 (CH(CH,),), 16.7 (CH(CH,),), 16.6
(CH(CH,),).
Furan-capped species 35
2BF, 'H NMR (400 MHz, CD,NO,) 8: 9.42 (m, H,, 2H), 7.96
b G
alo (m, Ar-H,, 2H), 7.87 (m, Ar-H., 2H), 7.81 (m, Ar-H,,
, 2 is 2H), 7.68 (app d, Ar-H;, 2H), 6.41 (m, H,, 2H), 6.32 (d,
4 ! O ] = 1.4 Hz, Ar-H,, 2H), 6.27 (d, ] = 1.4 Hz, Ar-H,, 2H),
3.27 (m, CH(CH,),, 2H) , 3.06 (m, CH(CH,),, 2H), 1.54 (app dd, CH(CH),, 6H), 1.44
(app dd, CH(CH,),, 6H), 1.19 (app dd, CH(CH,),, 6H), 1.14 (app dd, CH(CHS,),, 6H).
YE{'H} NMR (376 MHz, CD,NO,) &: -152.5 (s). *P{'H} NMR (162 MHz, CD,NO,) §:
61.5 (s). "C{'H} NMR (101 MHz, CD,NO,) &: 145.4 (app t, Ar-C)), 134.6 (app t, Ar-

C), 133.9 (s, Ar-C,), 133.4 (s, Ar-Cy), 132.3 (app t, Ar-Cy), 130.4 (app t, Ar-C,), 120.8 (s,
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C), 119.1 (app t, Ar-C,), 114.8 (app t, Ar-Cy), 103.3 (s, Ar-Cy), 83.0 (m, C,), 27.7 (app
td, CH(CH,),), 26.4 (app t, CH(CHS,),), 18.8 (app t, CH(CH,),), 17.6 (app t, CH(CH,),),
16.8 (app t, CH(CHS,),), 16.6 (app t, CH(CH,),). Anal. Calcd. for C;,H,,B,F,OP,Pd,(%):
C, 44.53; H, 4.84. Found: C, 44.40; H, 4.64.

2-Me-Furan-capped species 36

2BF, 'H NMR (400 MHz, CD,NO,) &: 9.25 (app t, 1H, H),

e a_ b —|2+
OHe 8.02 — 7.92 (m, 2H, Ar-H, + Ar-H,), 7.91 — 7.74 (m,
4H, Ar-H, + Ar-Hy+ Ar-H, + Ar-H,), 7.73 — 7.60 (m,

2H, Ar-H, + Ar-H,), 7.28 (m, 1H, H,), 6.38 — 6.25 (m,

2H, At-Hy o /0), 6.21 (app dd, 1H, At-Hy o /0), 6.08 (app dd, 1H, Ar-Hy)y /0), 5.61 (s,
1H, H,), 3.33 (m, 1H, CH(CH,),), 3.17 (m, 1H, CH(CH,),), 3.04 (m, 2H, CH(CH,),),
2.78 (d, ] = 2.1 Hz, 3H, H,), 1.70 — 1.03 (m, 24H, CH(CH,),). *'P NMR (162 MHz,
CD,NO,) 8: 60.9 (d, ] = 162 Hz), 57.4 (d, ] = 162 Hz). ""F NMR (376 MHz, CD,NO,)
8: -152.7 (s). °C NMR (CD,NO,, shifts determined from HSQC and HMBC 2D
spectra): 179.8 (C), 145.7 (Ar-C, ), 145.5 (Ar-C,,,), 135.0 (Ar-C, ), 134.0 (Ar-C,)»),
133.6 (Ar-C, + Ar-C), 133.4 (Ar-C ), 133.2 (Ar-Cs ), 130.2 (Ar-C, ), 130.1(Ar-C, ),
1323 (Ar-C, ), 131.8 (Ar-C, ), 117.0 (At-Cyos0), 115.6 (At-Cyrosse), 107.0 (At
Cyjosro)s 102.9 (C), 98.4 (At-Cyo00), 85.6 (G, 65.5 (C)), 27.5 (CH(CH,),), 26.2
(CH(CH,),), 26.1 (2C, CH(CH,),), 19.9 (C)), 18.6 (CH(CH,),), 18.3 (CH(CH,),), 18.0
(CH(CH,),), 17.7 (CH(CH,),), 17.1 (CH(CH.,),), 17.0 (CH(CH,),), 16.9 (CH(CH,),), 16.2
(CH(CH,),).

Benzothiophene-capped species 37
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2BF, Recrystallization by vapor diffusion of Et,O

2+
D —I a . . . .
. l y b A g IOtoa MeNO, solution yielded XRD-quality
> b py—pa—p L o—{d
3 S8 h o orange prisms (80.2 mg, 80%). 'H NMR
=
4 N 61 9 9 f (400 MHz, CD,NO,) &é: 8.26 (app q, H,,

1H), 8.09 — 7.96 (overlapping multiplets, H; and one each of Ar-H,  and Ar-H;. , 3H),
7.92 — 7.78 (overlapping multiplets, H, and two each of Ar-H; ( and Ar-H;, ¢, 5H), 7.73
— 7.68 (app d, one of Ar-H; , or Ar-H;. (,1H), 7.61 (app d, one of Ar-H,( or Ar-H,. .,
1H), 7.57 (app td, H,, 1H), 7.49 (app td, H,, 1H), 6.13 (dd, J = 8.0, 2.0 Hz, Ar-H,, 1H),
6.09 (dd, J = 8.0, 1.6 Hz, Ar-H,, 1H), 5.99 (dd, ] = 7.2, 2.0 Hz, Ar-H,, 1H), 5.75 (dd, ]
= 7.2, 1.6 Hz, Ar-Hg, 1H), 5.18 (app t, H,, 1H), 3.72 (m, CH(CH,),, 1H), 3.31 (m,
CH(CH,),, 3H), 1.89 — 1.66 (m, CH(CH,), 9H), 1.66 — 1.56 (m, CH(CH;),, 3H), 1 .36 —
1.22 (m, CH(CHy),, 3H), 1.13 — 0.92 (m, CH(CH,), 9H). "F NMR (376 MHz, CD;NO,)
8: -152.5 (s). 'P{'H} NMR (162 MHz, CD;NO,) 8: 67.3 (d, ] = 168 Hz), 65.9 (d, ] =
168 Hz). "C NMR (101 MHz, CD,;NO,) 8: 145.8 (overlapping multiplets, Ar-C, and Ar-
C), 139.6 (s, C), 138.8 (s, Cy), 134.7 (ovetlapping multiplets, Ar-C,and Ar-C,), 133.6
(s, Ar-Cjor Ar-Cy), 133.5 (s, Ar-Cor Ar-Cy), 133.4 (s, Ar-Csand Ar-Cs), 132.5 (app d,
Ar-Cyor Ar-Cy), 132.1 (app d, Ar-C;or Ar-Cy), 130.4 (app t, Ar-C,and Ar-C,.), 130.0 (s,
Gy, 129.5 (s, C), 127.5 (s, Cp), 125.5 (s, C, 119.0 (s, Cy), 117.4 (s, Cy), 114.1 (¢, Cy),
111.3 (t, C;), 99.5 (s, Cy), 97.4 (s, Cy.), 76.7 (s, ), 70.2 (s, C)), 28.6 (m, CH(CH,),), 27.7
(m, CH(CH,),), 27.5 (m, CH(CH,),), 27.2 (m, CH(CH,),), 19.0 (bt s, two of CH(CH,),),
18.1 (app d, CH(CH,),), 17.9 (br s, CH(CH,),), 17.3 (bt s, two of CH(CH,),), 16.8 (app
d, CH(CH,),), 16.7 (app d, CH(CH,),). Anal. Calcd. for C;,H,B,F,P,Pd,S (%): C, 46.42;
H, 4.72. Found: C, 46.30; H, 4.60.

Indole-capped species 38
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2 BF, 'H NMR (400 MHz, CD;NO,) 8: 9.93 (br s,

P
a
\< @ y 1H, H,), 9.09 (br s, 1H, N-H), 8.74 (m, 1H,
b 72 NH 5 a)> 5
>\P Pd Pd—P//— -
H,), 8.71 (m, 1H, H,), 7.94 (br s, 2H, Ar-

O O 9 f  H), 7.84 (m, 2H, Ar-H,), 7.81 (m, 2H, At-

H,), 7.52 (m, 2H, Ar-H,), 7.14 (m, 1H, H,), 6.48 (m, 2H, Ar-H,,), 5.97 (t, 1H, H)), 5.87
(t, 1H, H,), 5.57 (br s, 2H, Ar-Hj,;), 3.65 (m, 2H, CH(CH,),), 3.23 (m, 2H, CH(CH,),),
1.74 (m, 6H, CH(CH,),), 1.09 (m, 6H, CH(CHS,),), 0.95 (m, 6H, CH(CH,),). *'P NMR
(121 MHz, CD,NO,) &: 64.7 (br s) "F NMR (376 MHz, CD,NO,) &: -152.7 (s). °C
NMR (CD,NO,, shifts determined from HSQC and HMBC 2D spectra): 146.1 (Ar-C,),
133.6 (Ar-Cs,)), 133.1 (Ar-Cy), 131.7 (Ar-Cy), 130.4 (C) 129.6 (Ar-C.,,), 128.0 (C,), 127.7
(Ar-C) 124.4 (C)), 123.4 (Ar-Cy ), 113.7 (Ar-Cy), 105.3 (Ar-Cy),), 105.2 (C)), 95.8 (At-
Cipo)r 86.6 (Cyyy), 86.5 (Cyy), 76.0 (G, T1.1 (C,), 27.8 (CH(CHS),), 26.2 (CH(CH,),), 18.5
(CH(CH,),), 17.7 (CH(CH,),), 16.1 (CH(CH,),), 16.0 (CH(CH,),).

4,6-Dimethyldibenzothiophene-capped species 39

2 BF, 'H NMR (400 MHz, CD,NO,) 8
TP
O Q 8.36 (app d, 2H, H,), 7.95-7.78 (m,
Pr /S\ /Pr \e rs 10H, H, + Ar-H, ), 7.50 (app d
-Hs), 7. pp

Pr~p—Pa—Pd—p—Pr d O > e :
= O - 2H, H,), 6.63 (s, 4H, Ar-Hy + Ar-

H,), 2.66 (m, 4H, CH(CH,),), 2.20

(s, 4H, H,), 1.07 (app dd, 12H, CH(CH,),), 0.90 (app dd, 12H, CH(CHj),). *'P (121
MHz, CD,NO,) &: 75.3 (s). “F (376 MHz, CD,NO,) &: -152.8 (s). °C NMR (CD,NO,,
shifts determined from HSQC and HMBC 2D spectra): 144.5 (Ar-C,), 138.5 (C)), 136.8

(Ar-Cy), 135.7 (C)), 133.2 (C), (133.1, 132.3, 130.4), [overlapping peaks for (Ar-C,), (At-
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Cy), (Ar-Cy), (Ar-C))], 132.0 (Cy), 126.3 (Cy, 122.9 (C,), 113.3 (Ar-Cs + Ar-Cy), 112.1
(Ar-C7), 26.5 (CH(CH,),), 21.4 (C,), 18.4 (CH(CHj;),), 18.2(CH(CH,),).
Synthesis of tetrahydrothiophene-capped species 40
2BFy  Method A: 32 (75.8 mg, 0.08 mmol) was dissolved in

b 2+
\< g y CH;NO, in a J. Young NMR tube. The solution was

3 2l L8 degassed with three cycles of freeze-pump-thaw, chilled
4 with LN,, and sealed under a ~1 atm stream of H,
(regulated at r.t. with a Hg bubbler). The tube was warmed back up to r.t. and then
continuously inverted. The reaction was monitored by >'P NMR and complete after 5h.
The heterogeneous reaction mixture was filtered through Celite and volatiles were
removed. The solids were triturated with THF, then filtered through Celite as a MeCN
solution. Volatiles were removed again, yielding 40 an orange powder (75.0 mg, 99%).
Method B: 40 was prepared from 25 (78.1 mg, 0.08 mmol) in the same manner as 29
(vide supra). The resulting orange solids (74.8 mg, 96%) were analytically pure.
Characterization: 'H NMR (300 MHz, CD;CN) &: 7.93 — 7.65 (m, Ar-H, , 8H), 6.09 (s,
Ar-Hy,,, 4H), 3.55 (app t, H,, 4H), 2.81 (m, CH(CH,),, 4H), 2.43 (m, H,, 4H), 1.25 (app
dd, CH(CH,),, 12H), 1.10 (app dd, CH(CH,),, 12H). "F NMR (282 MHz, CD,CN) &: -
151.6 (s). >'P{'"H} NMR (121 MHz, CD,CN) &: 69.8 (s). "C{'H} NMR (101 MHz,
CD,CN) 8: 146.2 (app t, At-C)), 138.1 (app t, Ar-C)), 134.6 (s, Ar-Cy), 133.9 (s, Ar-Cy),
133.6 (app t, Ar-C;), 131.2 (s, Ar-C)), 112.3 (s, Ar-Cg,,), 110.3 (app t, Ar-C.), 46.2 (br s,
C), 31.3 (s, ¢), 27.6 (m, CH(CH,;),), 20.4 (app q, CH(CH;),), 19.4 (app d, CH(CH,),).

Anal. Caled. for C,,H,B,F,P,Pd,S (%): C, 43.57; H, 5.16. Found: C, 43.59; H, 5.09.

Synthesis of carboxylate-capped species 41
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A solution of 25 (23.4 mg, 0.025 mmol) in MeCN (3

¢ BF,4
\E;/L |+ mL) was added over NaO,CEt (2.4 mg, 0.025 mmol).
3 gho Y
>\P——P|d—F?ld _p/L The ruby red solution did not appear to change color,

o2l i
1 O but a reaction was evidenced by NMR spectroscopy. An
4

orange precipitate was obtained by adding Et,O to the
crude MeCN mixture (18.5 mg, 89%) 'H NMR (300 MHz, CD;CN) d: 7.74-7.46 (m, 8H,
aryl-Hs (), 5.89 (s, 4H, Ar-Hy,,), 2.65 (m, 4H, CH(CHy;),), 2.41 (q, ] = 7.6 Hz, 2H, H,),
1.29 (app dd, 12H, CH(CH,),), 1.19-1.09 (m, 12H + 3H, CH(CH,), + H). "F{'H}
NMR (282 MHz, CD,CN) &: -152.2 (s). *'P{'H} NMR (121 MHz, CD,CN) &: 53.6 (s).
PC{'H} NMR (101 MHz, CD,CN) &: 203.6 (app t, | = 4.8 Hz, C), 148.6 (app t, | =
13.8 Hz, Ar-C)), 135.3 (t, ] = 17.3 Hz, Ar-C,), 133.9 (s, Ar-Cy), 133.2 (s, Ar-Cy), 132.2 (4,
] = 8.7 Hz, Ar-C;), 130.6 (s, Ar-C,), 104.8 (s, Ar-Cyy), 929 (t, ] = 2.2 Hz, Ar-C’), 32.9
(s, C), 26.8 (t, ] = 9.1 Hz, CH(CH,),), 194 (s, CH(CH,),), 19.2 (t, ] = 3.3 Hz,
CH(CH,),), 10.4 (s, C).

Synthesis of allyl-capped species 42

BF, To a red solution of 41 (10.6 mg, 0.0128 mmol) in

H
Hb *”*(j., _‘+
Ha /5 MeCN (1 mL) was added tributylallyltin (4.0 ulL, 0.0128
> b b pa—r L . .
s P8 mmol). A yellow color evolved in less than a minute.
-
4 19 After 10 minutes, the reaction mixture was filtered. The

filtrate was concentrated under vacuum and washed with benzene. The remaining solid

was redissolved in MeCN, filtered, and layered under Et,0O. XRD-quality yellow crystals
were grown at -35 °C (8.1 mg, 79% yield). 'H NMR (600 MHz, CD;CN) 9: 7.88 (m, 2H,
Ar-H,), 7.70 (app t, 2H, Ar-H,), 7.65 (app t, 2H, Ar-H;), 7.58 (app d, 2H, Ar-H,), 6.24

(s, 2H, Ar-H, ), 5.55 (s, 2H, Ar-H, ), 3.90 (m, 2H, allyl-H, ,), 2.94 (m, 2H, CH(CH,),),
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2.76 (m, 2H, CH(CH,;),), 2.40 (m, 1H, allyl-H,), 1.26-1.15 (m, 12H + 2H, CH(CH,), +
allyl-H, ), 1.07 (app dd, 6H, CH(CHS,),), 1.02 (app dd, 6H, CH(CH,),). "F{'H} NMR
(282 MHz, CD;CN) &: -152.2 (s). *'P{'H} NMR (121 MHz, CD;CN) &: 50.5 (s).
PC{'H} NMR (101 MHz, CD,CN) &: 149.8 (app t, ] = 13.5 Hz, Ar-C)), 140.9 — 140.3
(app t, Ar-C,), 134.2 (s, Ar-C;), 133.5 (app t, | = 7.1 Hz, Ar-C,), 132.7 (s, Ar-C,), 130.0
(s, Ar-Cy), 120.4 (s, Ar-Cyo), 117.0 (app t, | = 2.4 Hz, Ar-C,), 97.3 (s, Ar-Cy5), 70.5 (s,
allyl-CH), 31.0 (s, allyl-CH,), 27.4 (app t, ] = 10.2 Hz, CH(CHy;),), 27.2 (t, ] = 9.7 Hz,
CH(CH,),), 19.6 (t, ] = 2.8 Hz, CH(CH,),), 19.3 (t, ] = 3.2 Hz, CH(CHy;),), 19.1 (s,
CH(CH,),), 18.9 (s, CH(CHy;),). Anal. Calcd. for C;;H,;BF,P,Pd, (%): C, 49.34; H, 5.65.
Found: C, 49.27; H, 5.58.
Synthesis of diacetonitrile anion capped species 43
BFy  Method A: To a solution of 25 (200 mg, 0.212 mmol) in

HsC T

H ~NH CH,CN (10 mL) was added KOBu (23.8 mg, 0.212

iPr CN Pr

mmol). The solution remained dark brown in color over 3

hours at room temperature. Volatiles were removed under

vacuum, and the waxy solids were washed with hexanes,
Et,0, benzene, THF, and CH,Cl, (separately, in that order). The solids were insoluble
in hexanes and Et,0O, but some yellow color eluted with the benzene wash. THF
washings initially eluted an intense dark brown color, but most of the crude material
remained insoluble. The remaining crude was dissolved in CH,CI, and filtered through
Celite. Crystallization of the eluent in CH,CL,/Et,O yielded some XRD-quality crystals,
but the mixture of solids was not pure 43. Method B: To a solution of 25 (63.7 mg, 0.07
mmol) in CH;CN (10 mL) was added [Li{N(H)C(Me)=C(H)CN}], (18.1 mg, 0.07

mmol).” The same purification procedures as in Method A yielded 41 mg of relatively
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clean 43. Characterization: FAB-MS (-BF4-dissociated cation; m/z 757.1390; calcd.:
757.1132). 'H NMR (600 MHz, CD3CN) &: 7.86 — 7.21 (m, Ar-H, ,+ Ar-H,. ,,8H), 6.24
— 5.95 (broad, Ar-Hj,,, 2H), 5.81 (broad, NH, 1H) 5.80 — 5.38 (broad, Ar-H,, 2H),
4.61 — 4.41 (broad, NCCH, 1H), 3.22 — 2.45 (broad, CH(CH,),, 4H), 2.45 — 2.20 (broad,

HNCCH,, 3H), 1.76 — 0.50 (broad, CH(CH,),, 24H). *'P{'H} NMR (121 MHz, CD,CN)

8: 50.2, 49.2 (1:1, broad).
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Table 4.1. Crystal and refinement data for 25-31, 36-39, 42, 43

25 26 27 28 29 30 31 36 37 38 39 42 43
CCDC no. 702664 944713 944714 944715 944716 944717 944718 944719 944720 944721 944722 944723 944724
Embpirical formula Cs7H4sB2Fs Cs7HasBoFs CsaHaeB2 CsgHasBo Cs4Ha4Bo Cs5HagBo Cs5HaeB2 CssHueB2 CioHaoBoFs CssHerBa  CasHs2Bo2 C33HysB C34HusB
p P,Pd, OP:Pd: FsP2Pd2 FsP2Pd2 FsP2Pd.S FsP2Pd.S FsP2Pd.S FsOP,Pd; NO,P:Pd.S FsNP:Pd FsP,Pd.S FiP,Pd;  F4N2P2Pd:
Formula wt 941.11 957.11 899.04 929.10 933.11 947.14 947.14 931.08 1044.21 966.13 1061.27 803.24 843.27
a, A 13.1190(6)  18.020(4) 15.2809(8) 11.8911(5) 19.2900(11)  17.950(4)  18.338(4)  11.880(2) 9.9974(4) 31.050(6) 19.395(1) 8.6364(3) 14.6826(6)
b, A 15.2041(7)  15.340(3) 12.8833(6) 13.5564(6) 16.1824(9)  15.271(3)  15.222(3)  19.070(4) 14.9331(6) 15.190(3) 11.1339(6) 15.3772(6) 13.1786(5)
o A 18.3188(9)  13.560(3)  18.3268(9) 23.4012(11) 23.3891(13)  13.363(3)  13.065(3)  16.440(3) 28.042(1) 20.770(4) 20.589(1) 25.239(1) 17.8342(7)
a, ° 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00
b, © 90.00 90.00  90.062(3) 100.514(2)  90.00 90.00 90.00 98.53(3) 94.887(2) 121.85(3) 103.026(2) 91.591(2) 94.303(2)
c,® 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00
Volume, A3 3653.9(3)  3748.3(13)  3608.0(3) 3708.93)  7301.1(7) 3663(1) 3647(1)  3683.3(13) 4171.2(3) 8321(3)  4331.5(4) 3350.6(2) 3441.1(2)
z 4 4 4 4 8 4 4 4 4 8 4 4 4
Cryst syst Orthorhombic Orthorhombic Monoclinic Monoclinic Orthorhombic Orthorhombic Orthorhombic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2:2:2; Pnma P2i/c P2i/c Pbca Pnma Pnma P2i/c P2i/n C2/c C2/c P2i/c P2i/c
deatea (g/cm?) 1.711 1.696 1.655 1.664 1.698 1.717 1.725 1.679 1.663 1.542 1.627 1.592 1.628
° 17110 33,00 193103357 200 L7405 e 00908 195103137 196103137 oo l0 IP92t0 1390, oy gy 1220 19210
qrange, oS SEe e 2 27.53 27.10  CTPrO TS RIRtoanal BID O I 33.63 55.14 3243 OOk 40.23 30.62
m, mm-! 1.141 1.115 1.151 1.123 1.196 1.193 1.199 1.133 1.061 1.005 1.019 1.213 1.187
R . Semi- . . Semi- Semi- . . . . . . . . . . . . . . Semi- Semi-
Absorption correction L. Empirical L. L. Empirical Empirical Empirical ~ Empirical Empirical Empirical Empirical L. L.
empirical empirical  empirical empirical empirical
GoFs 1.558 1.106 1.026 1.097 1.060 1.069 0.781 1.113 1.111 1.159 1.667 1.072 1.056
R1>, nR2¢ 0.0250, 0.0242, 0.0711,  0.1656, 0.0269, 0.0333, 0.0376, 0.0406,  0.0214,  0.0377,  0.0322,  0.0398,  0.0509,
[I>2s(I)] 0.0421 0.0651 0.1838 0.3240 0.0624 0.0880 0.1086 0.1093 0.0479 0.1010 0.0614 0.0807 0.1012
Type of diffractometer Bruker SSRL Bruker Bruker Bruker SSRL SSRL SSRL Bruker SSRL Bruker Bruker Bruker

2GoF = S = { S[w(F,2-F2)?] / (n-p) }1/2
bR1 =S| |Fo|-|Fc|| /S|F,|
¢ wR2 = { S[w(F,2-F2)?| / S[w(Fo?] }1/2



Refinement details.

In each case, crystals were mounted on a glass fiber or nylon loop using Paratone oil,
then placed on the diffractometer under a nitrogen stream. Low temperature (100 K) X-ray
data were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube,
Ko = 0.71073 A) or at Beamline 12-2 at the Stanford Synchrotron Radiation Lightsource
(SSRL; DECTRIS PILATUS 6M detector, Ky = 0.72930 A). Loop-mounted samples sent to
SSRL were submerged in LN, during transport (~1 day). All diffractometer manipulations,
including data collection, integration and scaling were carried out using the Bruker APEXII
software.”® Absorption corrections were applied using SADABS.” Space groups were
determined on the basis of systematic absences and intensity statistics and the structures
were solved by direct methods using XS' (incorporated into SHELXTL) and refined by
full-matrix least squares on F. All non-hydrogen atoms were refined using anisotropic
displacement parameters. Hydrogen atoms were placed in idealized positions and refined
using a riding model. The structure was refined (weighted least squares refinement on F°) to
convergence. Graphical representation of structures with 50% probability thermal ellipsoids
was generated using Diamond visualization software.*

Special refinement details for 25. The largest disagreements in structure factors indicate
twinning and the Flack parameter suggests a racemic twin ratio of 0.546:0.454. The refined
coordinates suggest the higher symmetry space group Puma. However, although there is
98% agreement between the coordinates and the higher symmetry, the diffraction intensities
do not support that assignment. Therefore the correct space group assignment is as
assigned, P2,2,2,. Hydrogen atoms were refined from the difference map without

constraints.
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Special refinement details for 26. A solution in Puma was elusive at first, so structure
refinement was performed in P-1 space group. Reduction of the solution to Puma using
PLATON's Addsym function gave an instructions file with the proper unit cell.
Reprocessing the raw hkl file with Puma space group, using the PLATON output, and
refining led to the final solution. Anisole was disordered over two sites and modeled with the

PART -1 instruction.

Figure 4.10. Structural drawings of 27 (left) and 28 (right) with 50% probability ellipsoids.
Outer-sphere tetrafluoroborate ions and hydrogen atoms are not shown for clarity.

Special refinement details for 27. The dataset was twinned and disorder in the butadiene
fragment precludes accurate determination of the butadiene structure. The solution was
obtained in monoclinic P2,/c; attempted solutions in orthorthombic Puma gave worse R
values and esds.

Special refinement details for 28. A yellow parallelipiped block of suitable size (0.40 x 0.23
x 0.16 mm) was selected from a representative sample of crystals of the same habit using an
optical microscope and mounted onto a glass fiber. Low temperature (100 K) X-ray data
were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, K, =

0.71073 A). All diffractometer manipulations, including data collection, integration and
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scaling were carried out using the Bruker APEXII software. While the crystals diffracted
very well, the data could not be solved to give a satisfactory model. This is likely due to the
crystal beginning to undergo a phase transition resulting in loss of symmetry and possible
twinning that could not be accounted for. The systematic absence violations listed by
XPREP for a 2, axis are [N =58, N (I > 30) =9, <I> = 0.1, <I/0> = 1.5] and for a c-
glide plane [N = 3325, N (I > 30) = 1501, <I> = 0.6, <I/0> = 4.5] (for comparison, lattice
exceptions for all reflections, N = 156641, N (I > 30) = 113930, <I> = 5.2, <I/0> = 9.0).
Despite the weakening or destruction of the c-glide, the structure refinement behaves better
in P2,/c than in P2,. While the P2,/c model does not produce accurate bond lengths and
bond angles, this represents the best solution and no additional symmetry elements or
changes were recommended by PLATON. The presented model does show with certainty
the presence of the targeted cyclohexadiene adduct, which was also confirmed by multiple
spectroscopic techniques (vide supra). Not all non-hydrogen atoms could be satisfactorily
refined by using anisotropic displacement parameters. Hydrogen atoms were placed in
idealized positions and refined using a riding model. The final least-squares refinement
converged to R, = 0.1656 (I > 20(I), 7869 data; R(int) = 0.0360) and wR, = 0.3258 (F?, 8182
data, 415 parameters, 0 restraint).

Special refinement details for 30. The capping 2-methylthiophene was disordered and
modeled as an exact 50:50 mixture of mirror conformations across the molecular mirror
plane using the “PART -1” card in SHELX. Attempts to allow the relative population or
geometries of the two conformations to float did not improve refinement statistics or
significantly alter geometries.

Special refinement details for 31. The capping 3-methylthiophene was disordered and

modeled as an exact 50:50 mixture of mirror conformations across the molecular mirror
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plane using the “PART -1” card in SHELX. Attempts to allow the relative population or
geometries of the two conformations to float did not improve refinement statistics or
significantly alter geometries.

Special refinement details for 36. The capping 2-methylfuran was modeled in only one
conformation. A minor Q peak possibly corresponding to the methyl group of a mirror
image 2-methylfuran was observed during refinement, but other binding conformations
could not be modeled. Attempting to switch the positions of Ol and C1 resulted in
unreasonable structures with worse refinement indicators.

Special  refinement details  for 37. An outer-sphere nitromethane molecule and
tetrafluoroborate anions were disordered and modeled in two conformations. The capping
benzothiophene was disordered and initially modeled in two “SADI”-related conformations.
Upon relaxation of these constraint, a 60:40 mixture of internally dissimilar benzothiophenes
resulted.

Special refinement details for 38. Outer-sphere electron density could not be accurately
modeled and was analyzed using PLATON’s squeeze algorithm. Four voids of 181.5 A’
(~68 ¢) are left in the unit cell, which would correspond with either one indole (62 ¢) or two
molecules of nitromethane (70 ¢) per dipalladium unit. Free indole and nitromethane were
present in the crystallization conditions and observed in NMR spectra of freshly crystallized
material.

Special refinement details for 39. Atom S1 lies along a C,axis of symmetry and thus was
modeled in the asymmetric unit with 0.5 relative population.

Special refinement details for 42. An outer-sphere tetrafluoroborate ion was disordered

and modeled in two conformations.
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Special refinement details for 43. Outer-sphere tetrafluoroborate ions were disordered
and modeled in two conformations. The capping diacetonitrilyl was disordered and initially
modeled in two internally “SADI”-related conformations with fixed populations. Upon

relaxation of these constraint, a 60:40 mixture of internally dissimilar diacetonitrilyls resulted.
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ABSTRACT

A recent mechanistic study of aryl alkyl ether cleavage in a model meta-terphenyl
diphosphine proposed that net hydrogenolysis of the aryl-O bond can proceed from a
nickel-aryl-alkoxide intermediate through -H elimination of the alkoxide ligand rather
than cleavage of the Ni-O bond by H,; the final aryl-H bond does not incorporate H,
nuclei. This chapter (a) shows that a similar mechanism is operative in catalytic
hydrogenolysis of isotopically labeled substrates and (b) computationally examines the

electronic effect of different substituents in the model system.
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INTRODUCTION

The previous chapters’ results with chelated metal-arene interactions suggest that
normally unstable species can be isolated and studied using a terphenyl diphosphine
framework. Toward this end, other members of the Agapie Group synthesized a meta-
terphenyl diphosphine variant with a methyl ether on the central arene. From this
framework, they elucidated a mechanism for reduction of aryl C—=O bonds (vide infra).

The elaboration of the aryl C—O bond to a variety of functional groups has emerged
as a versatile synthetic tool in organic methodology," as phenol precursors are readily
available and synthetic modification of the aromatic ring is facile. The strong aryl C—O bond,
however is typically difficult to activate. Nickel-based catalysts have proven versatile in the
conversion of substrates with aryl C-O*" or C=S"""° bonds. Although cross-coupling of
phenolic substrates tends to require prior conversion to the more reactive sulfonates,” recent
advances show that aryl phosphates, aryl esters, aryl carbamates, aryl ethers and even free
phenols can be used as electrophiles in cross-coupling reactions.”™ In a complementary
approach, the conversion of aryl C-O to aryl-H bonds has been recognized as a valuable
strategy for removing oxygen-based directing groups from aryl rings. Silanes have been
utilized as a hydride source for this transformation.'”"" Additionally, stoichiometric
intramolecular aryl C-O activation has been reported with rhodium and palladium pincer
complexes.”"® In the context of biomass conversion to alternative fuels and chemicals, the
depolymerization of lignin, a significant component of biomass containing aryl ether
linkages, is a considerable challenge.””” Recently, an appealing strategy involving the

cleavage of lignin-like aryl C-O bonds via nickel-catalyzed hydrogenolysis was reported by

Hartwig ez al” Given the general interest in the conversion of aryl C—O bonds, detailed
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mechanistic insight, including the nature of the intermediates, is instrumental in developing
practical catalysts.

Previous computational investigations of C-O bond activation in cross-coupling of
phenol derivatives predict that an intermediate displaying n*-interactions between a Ni(0)
center and the double bond adjacent to the oxygen preceded C-O bond activation.*” Paul
Kelley and Guy Edouard designed a mefa-terphenyl diphosphine ligand where the central
arene is functionalized with an alkyl ether, and metal complexes thereof have been
determined to display n’-interactions adjacent to the ether moiety. The nickel complexes
proved amenable to mechanistic study of C-O bond activation, and intermediates along the
pathway to formation of a C-H bond were isolated and characterized (A-E, Scheme 5.1).

Scheme 5.1. Mechanism for Ni-Mediated Cleavage of a Model Aryl Alkyl Ether, by

Kelley and Edouard
iPIj
i /[ _Pr o
'Pr P Oxidative B-H
Addition Elimination
x (6]

R'= t-Bu, NMe,, CF3
Reductive JOJ\ 100°C
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The generation of E and the intermediates characterized above map out a potential
pathway for the cleavage of aryl alkyl ethers. Notably, this process does not require
dihydrogen. Two questions related to this process are discussed in this chapter: (1) Is such a
mechanism also operative in catalytic systems, and (2) what electronic effect do electron-

donating and electron-withdrawing substituents have on C-O bond cleavage?

RESULTS AND DISCUSSION
1. Mechanistic Investigations of Catalytic Aryl Alkyl Ether Hydrogenations

To investigate the relevancy of this process for the catalytic reaction, aryl alkyl ethers
were subjected to hydrogenolysis under reported reaction conditions (Scheme 5.2).* 2-
Methoxynaphthalene and 2-hexyloxynaphthalene were selected as substrates. 1,3-Bis(2,6-
diisopropylphenyl)-imidazolinium chloride (SIPtr-HCI), NaOBu, and Ni(COD), in m-xylene
generate the catalytic species iz situ. Heating to 120 °C for 16h under 1 atm of H, leads to
the formation of naphthalene and corresponding aliphatic alcohol (hexyl silyl ether analyzed
upon derivatization). In order to elucidate the origin of the hydrogen delivered to the
naphthyl group, four types of products were explored: (a) naphthalene obtained from from
hydrogenolysis of protic substrates under D,, (b) naphthalene obtained from partially
deuterated substrates under H,, (c) hexyl silyl ether derived from reaction products, and (d)
products obtained in the absence of dihydrogen.

Scheme 5.2. Representative Catalytic Hydrogenolysis of Aryl Alkyl Ethers

20% Ni(COD),
40% SIPr-HCI
2 equiv. NaO'Bu
H, (1 atm@rt)

o..-R
S G~ > HO. R,
Ha C
= m-xylene H,

16h, 120 °C
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1.1. Naphthalene from hydrogenolysis of protic substrates under D,. Hydrogenolysis of
NaphOCH; and NaphO(CH,);CH;, Naph=2-naphthyl) were performed under D,. Various
isotopologues of naphthalene were observed in the reaction mixtures (d; as major
constituents; Figure 5.1 middle row). However, as a control, natural abundance naphthalene
(Figure 5.1 top row) was submitted to the reaction conditions, and 4 ; isotopologues of
naphthalene were observed. Scrambling of aromatic C-H bonds under D, thus limits the

applicability of this approach.

1.00 1
075 -
lllinllil 0.50
0.25 -
0.00 -
20% Ni(COD), 1.00 1
40% SIPr-HCI 075
2 equiv. NaO'Bu
o. D, (1 atm@rt) 0.50
el O €,
—y dos A
m-xylene =~ 0.25
16h, 120 °C 0.00 -
20% Ni(COD), 1.00 7
40% SIPr-HCI 0.75 -
2 equiv. NaO'Bu
D, (1 atm@rt) 0.50 -
O >
—_— _—
m-xylene R 0.25 1
16h, 120 °C 0.00 -

126 127 128 129 130 131 132 133 134
m/z

Figure 5.1. Reaction conditions (left) and normalized GC-MS traces of resulting
naphthalene isotopologues.

1.2. Naphthalene from hydrogenolysis of partially denterated substrates under H,. To limit the
impact of H/D scrambling, hydrogenolysis of partially deuterated substrates (NaphOCD;
and NaphOCD,(CH,),CH;, Naph=2-naphthyl) was tatgeted. H/D scrambling of the
aromatic C-H bonds of the starting materials would have no effect on the final isotopologue
distribution. H, scrambling into NaphD produced during the reaction would have a 7/8

chance of undergoing degenerate H/H exchange, assuming equal probability of scrambling
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into the a and B positions of naphthalene. Thus, the isotopologue distribution resulting

from hydrogenolysis of partially deuterated substrates under H, should be less time-

dependent and provide more meaningful mechanistic insights.

NaphOCD; was synthesized by protection of NaphOH with commercially available

CD;I under basic conditions, with excellent isotopic retention (Figure 5.2, first s5. second

rows). An analogous reaction between NaphOH and CH;(CH,),CD,I (obtained by reduction

of ethyl hexanoate with commercially available LiAID,) produced NaphOCD,(CH,),CH;

(Figure 5.2, third »s. fourth rows).
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Figure 5.2. Reaction conditions (left) and normalized GC-MS traces of resulting 2-alkoxy

naphthalene isotopologues.

With the deuterated substrates in hand, hydrogenolysis under H, was performed. In

each case, the naphthalene isotopologues were >90% d,-naphthalene by GC-MS (Figure
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5.3). ’H NMR confirmed that NaphD was the exclusive isotopmer, with no D incorporation

at the alpha position. These results support extension of the f-H elimination mechanism

from the model system (Scheme 5.1) to the catalytic system.
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Figure 5.3. Reaction conditions (left) and

naphthalene isotopologues.
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1.3. Derivatized hexanol from isotope labeling experiments. 'To support the results drawn

from the naphthalene isotopologue distribution, similar analysis of the alcohol co-product

was attempted. For 2-methoxynaphthalene, the resulting methanol is volatile and could be

difficult to isolate and characterize. Thus, reactions with 2-hexyloxynaphthalene were

targeted for alcohol analysis. Upon completion of the hydrogenolysis reaction, the xylene-

soluble organic products were filtered through a MgSO, plug into a Schlenk tube. Excess N-

methyl-N-(trimethylsilyl)trifluoroacetamide was added, and the tube was sealed and heated

to 60 °C for 1 h prior to GC-MS analysis of the crude reaction mixture.
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For hexanol derivatives from NaphO(CH,);CH; under D,, a mixture of d,
isotopologues was observed (Figure 5.4, middle row; 7% d,, 25% d,, 36% d,, 25% d, 7% d,)
indicating prevalent D, scrambling into the product. Similarly, hexanol derivatives from
NaphOCD,(CH,),CH; under H, showed H, scrambling (Figure 5.4, bottom row; 70% d,

27% dy, 3% d).
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Figure 5.4. Reaction conditions (left) and normalized GC-MS traces of resulting
hexyloxytrimethylsilane isotopologues.

If the alcohol remained an alcohol throughout the reaction, then scrambling of the
acidic O-H moiety would be expected, but that nuclei would be removed upon
derivatization. To account for the high scrambling rates, re-examination of the mechanism
from the model system shows that the alcohol likely results from hydrogenation of aldehyde
released from B-H elimination from B to C (Scheme 5.1). Aldehydes can undergo isotopic
scrambling at the B-position through reversible enolate formation. Additionally, if aldehyde
hydrogenation is reversible, then further isotopic scrambling can occur at the a-position.

Taking these two processes into account, access to d,- through dj-isotopologues from
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NaphO(CH,);CH; under D, can be rationalized (Scheme 5.3). Indeed, subjection of natural
abundance isotope hexanol to the reaction conditions also generated - through d,-
isotopologues of hexyl trimethylsilyl ether. Importantly, this proposal also accounts for the
lack of ds- or higher isotopologues.

Scheme 5.3. Isotope Scrambling Into Hexyloxytrimethylsilane

reversible hydrogenation o)
Nicat Nicat Nicat A sie =3
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o) oD 0 +D ob F3C N TN O
)% + Dy R -HD 2, LR | LR
H R = H p = D)LR D" *p D™ *p

enolate scrambling
0]

I« Base. . DOR R Base O DOR
HJS( ‘7H)\/ ~—H ‘7HJ\(R‘7HJS<
HH H H D D DD

1.4. Role of dibydrogen. The isotopic labeling studies support a unified C-O bond
cleavage mechanism for the catalytic system and the mefa-terphenyl diphosphine model
system. However, the latter system occurs in the absence of H,. Furthermore, the conversion
of A to E under D, does not display any evidence of D-incorporation. Thus, a catalytic
system, too, might be operative in the absence of H,. Running the reaction conditions from
Scheme 5.2 sans H, yielded only trace amounts of naphthalene (< 5%).

It has been reported that Ni(COD),/N-heterocyclic catbene mixtures are in
equilibrium.* Therefore hydrogenation of COD to cyclooctane (observed in reaction
mixtures by GC-MS) could drive formation of an active catalyst, and account for the
necessity of H,. Thus, a mixture of 1,3-bis(2,6-diisopropylphenyl)-imidazolinium chloride
(SIPr ‘HCl), NaOBu, and Ni(COD), in toluene was heated under H,, concentrated under
vacuum to a dark red wax, reconstituted with z-xylene, and treated with aryl ether substrate

under N,. Ether conversion to arene was observed, albeit in lower yields (ca. 50%) compared
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to standard conditions (ca. 75%). These experiments support the hypothesis that H, is
necessary for the formation of the active catalyst, but not for the actual catalytic
transformation.

On the basis of these isotope labeling and preactivation experiments, a mechanism
can be proposed for the catalytic system (Scheme 5.4). Ni(COD), and SIPr form an active
reduced nickel species, [Ni'], driven by hydrogenation of COD to cyclooctane. Coordination
of substrate, C-O oxidative addition, alkoxide -H elimination, and reductive elimination
release free arene. The remaining aldehyde can be hydrogenated to form alcohol and turn
over the system.

Scheme 5.4. Mechanisms for catalytic conversion of aryl alkyl ethers to arenes.
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1.5. Comparison of dibydrogen and silane. Silanes have been utilized as a hydride source
for reduction of aryl ether C-O to C-H bonds."”"" In those cases, the authors concluded

from isotope labeling studies that full incorporation of the silane hydrogen occurs. Thus, we
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were interested in using Et;SiH in place of H, in the N-heterocyclic carbene-supported
system. The reduction of 2-methoxynaphthalene with silanes proved to be effective, but
isotope labeling studies were unclear (Table 5.1). In all four H/D permutations of
NaphOCX; and EtSiX, over 80% of the naphthalene product was the d-isotopologue.
These isotopic labeling studies suggest that hydrogen atoms from moieties other than OCX,
and SiX are incorporated into the arene product. Possible sources of 'H nuclei in the
reaction of NaphOCD; and Et;SiD include Ni(COD), SIPt ‘HCl, KO'Bu, and mefa-xylene.

Table 5.1. Results of various labeling studies with triethylsilane

Substrate  Silane Naphthalene yield (%) d, (% vs d,)
NaphOCD; 2 equiv. Et;SiH 81 95
NaphOCH; 2 equiv. Et;SiD 56 > 95
NaphOCH; 8.3 equiv. Et;SiD 85 81%
NaphOCD; 2 equiv. Et;SiD 68 85%

*Schlenk tube was successively rinsed three times with D,0O under N, and

flame-dried under vacuum prior to use for this reaction.

2. Effects of Electron-Donating and -Withdrawing Substituents on C-O Bond
Cleavage

Because C-O bond cleavage proceeds through oxidative addition, electron-
withdrawing substituents on the arene should enhance reactivity. For example, phenol
derivatives with electron-withdrawing substituents undergo cross-coupling more readily.’
However, this is not observed in the model system. Instead, Paul Kelley has shown nickel
complexes containing a variety of electronic substituents para- to the methoxy group

undergo oxidative addition at very similar rates (Figure 5.5):*
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Figure 5.5. Experimentally observed rates of C-O bond cleavage (Kelley).

To wunderstand this difference between the catalytic and model systems,
computational study of the model system was performed. Previous computational studies of
catalytic systems are available for comparison.*” To simplify the system and avoid having to
model many rotational isomers, the ligand isopropyl groups were truncated to methyl
groups. Structures for Ni(COD),, COD, and 44 through 47" (Scheme 5.5; R = H, NMe,,
‘Bu, CF,;, "NMe,) were optimized and confirmed to be local minima (or a first-order saddle
point for 46%) by frequency calculations, and plotted by their relative Gibbs free energies
(Figure 5.0).

The reaction energy plot shows why Ni(0) adducts containing electron-withdrawing
groups, such as 45" do not undergo more facile oxidative addition: the Ni(0) adduct is
too stabilized (.e. AG of metallation is too negative). Conversely, adducts with electron-

donating substituted arenes, such as 45"

, are not significantly stabilized vs. Ni(COD), and
free ligand 44™% Thus, the barrier to oxidative addition is very similar (in some cases, even
slightly lower) with electron-donating groups »s. electron-withdrawing groups.

This result seems to contradict the trends observed for intermolecular C-O
activation during cross-coupling of phenol derivatives.” However, aryl ethers from catalytic
systems, which lack the additional stability afforded by diphosphine chelation, traverse a

qualitatively different reaction energy landscape. Unless the aryl ether is very electron-

deficient, the formation of an arene adduct analogous to 458 is thermodynamically uphill.
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For instance, Ni(COD), dissolved in neat d;-benzene does not show any signs of free COD
by '"H NMR. Even if the arene is substituted with a heteroatom directing group, such as a
carbamate or an ester, coordination of nickel has been calculated to be thermodynamically
uphill relative to Ni(PCy;), starting material.® A non-chelated system in which metal 7-
coordination is a downhill process is coordination of electron-deficient alkenes.?®

Scheme 5.5. Computational Models for Stoichiometric C-O Activation
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Figure 5.6. Reaction energy plot for 44 through 47%.
The result of having a positive AG of metallation is that the metallation now adds to

the overall barrier of oxidative addition, whereas for the terphenyl diphosphine system, the

176



negative AG of metallation did not affect oxidative addition. The difference between these

two reaction energy landscapes is diagrammed in Figure 5.7. The effects of electron-donating

and -withdrawing groups on AGH (oxidative addition) are clearly shown.

\

free substrate Ni-bound C-O cleavage —
substrate transition state ox. add. product

Reaction Progress

AG¥epe AGiewe

L L l N
| —

Meo NI
R S —_—
free substrate Ni-bound C-O cleavage
substrate transition state ox. add. product
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Figure 5.7. Qualitative reaction energy diagrams for C-O bond cleavage with terphenyl

diphosphine ether (top) and typical non-chelated aryl ether substrate (bottom).

CONCLUSION

Recently reported mechanistic insights from a meta-terphenyl diphosphine ether

into Ni/NHC-catalyzed aryl alkyl ether C-O bond cleavage have been studied. Isotopic

labeling studies have shown that the hydrogen for the resulting C-H bond does not
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originate from H,, but from the alkyl ether moiety through B-H elimination from a
putative Ni(II)-alkoxide intermediate. A proof-of-principle conversion of 2-
methoxynapthalene to naphthalene in the absence of H, was demonstrated, utilizing H,
only to generate the catalytically active nickel species. The similar reaction rates for
electronically dissimilar variants of the model system have been computationally
studied. Because of the chelation of nickel with tethered phosphines, the effect of
electron-donating vs. —withdrawing groups on AG of metallation is nullified. Thus, AG*
(oxidative addition) is relatively similar across a wide range of arene substituents.
Overall, these studies demonstrate that mechanistic lessons derived from model systems
with enforced metal-arene interactions can be extended to catalytic systems with
transient metal-arene intermediates. In the future, development of custom multidentate
platforms bearing chelated substrates may be utilized to elucidate other catalytic

mechanisms.

EXPERIMENTAL SECTION

General considerations. Syntheses of 2-(trideutromethoxy)naphthalene,’
2-(hexyloxy)naphthalene, '’ 1,1-dideuteroiodohexane, '’ and 1,3-bis(2,6-
diisopropylphenyl)-imadzolinium chloride'? (SIPr-HCIl) were performed as described in
the literature. Meza-xylene was dried with sodium benzophenone ketyl and stored in an
inert atmosphere glovebox. Hexanol was dried with sodium, distilled, and used in an
inert atmosphere glovebox.

Synthesis of 2-(1,1-dideuterohexyloxy)naphthalene. The following procedure
was adapted from the literature."” A Schlenk tube was charged with a stir bar, 2-
hydroxynaphthalene (0.72 ¢, 5.0 mmol), K,CO; (1.05 g, 7.6 mmol), 1,1-

dideuteroiodohexane (1.65 g, 7.7 mmol), and acetone (7.5 mL) under an N,
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counterflow. The tube was sealed with a Teflon screw-stopper and heated at 70 °C for
14h. The reaction mixture was washed with hexanes and the combined organic washes
were concentrated under vacuum to an orange oil. The organics were run through a
silica gel plug with hexanes and concentrated under vacuum to obtain the pure product
as a colorless oil (1.04 g, 91%). '"H NMR (300 MHz, CDCL;) 8: 7.80-7.67 (m, 3H), 7.47-
7.39 (app td, 1H), 7.35-7.29 (app td, 1H), 7.18-7.11 (m, 2H), 1.84 (app t, 2H), 1.59-1.31
(m, 8H),1.02-0.81 (m, 3H). GC-MS (m/z): caled, 230.16 (M+); found 230.2.

Synthesis of 2-deuteronaphthalene. A Schlenk tube was charged with 2-
bromonaphthalene (100 mg, 0.780 mmol), a stir bar, and Et,0 (10 mL) and stirred at -
78 °C under N,. A solution of 1.7 M ‘BuLi (0.96 mL, 1.638 mmol) was added dropwise.
After 30 min, the reaction mixture was allowed to warm to room temperature over 10
min. Then D,O (0.16 mL, 7.8 mmol) was added to the reaction. The reaction mixture
was washed with H,O, extracted with DCM, dried with MgSO,, and filtered. After
removing volatiles via rotary evaporation and redissolution in DCM, the mixture was
analyzed by GC-MS and ’H NMR. GC-MS (m/z): calcd, 129.07 (M+); found 129.1. °H
NMR (74 MHz, CH,Cl, with internal CD,Cl, standard): 7.52 (s).

Hydrogenolysis of 2-methoxynaphthalene (and deuterated variants). The
following procedure was adapted from the literature.'’In a N,-atmosphere glovebox, a
Schlenk tube was carefully charged with a stir bar, SIPr-HCI (27.5 mg, 0.062 mmol), and
NaOBu (37.5 mg, 0.389 mmol) with the aid of weighing paper and an anti-static bar.
Ni(COD), (8.5 mg, 0.031 mmol) was affected by static too much to consistently
transfer as a solid, so for reproducibility, a suspension in minimal hexanes was
employed for addition to the reaction vessel. Immediately thereafter, the reaction flask

was placed under vacuum to remove the hexanes. A solution (0.8 mL) of 2-
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methoxynaphthalene (23.5 mg, 0.149 mmol) and tetradecane (8.1 uL, 0.031 mmol) in 7-
xylene was added with a pipette. The reaction mixture was sealed with a Teflon screw-
stopper and stirred for 10 minutes at room temperature. The mixture was degassed with
two freeze-pump-thaw cycles, warmed to room temperature, and treated with 1 atm H,
(as regulated by a mercury bubbler). The reaction mixture was once again sealed with a
Teflon screw-stopper and placed in a 120 °C oil bath for 16h. The reaction flask was
removed from heat, allowed to cool to room temperature, and quenched with 1 mL of
Et,O and 1.5 mL of 1M HCI aqueous solution. After 5 minutes of vigorous stirring, the
top organic phase was separated via pipet. The aqueous phase was washed with 1 mL of
Et,O. The combined organic solutions were pushed through successive MgSO, and
Celite plugs, and analyzed by GC-MS and GC. Naphthalene yield relative to internal
tetradecane  standard (GC  FID): 74%. Analogous reactions with  2-
(trideuteromethoxy)naphthalene or D, were performed by the same procedure.
Hydrogenolysis of 2-(n-hexyloxy)naphthalene (and deuterated variants).
The following procedure was adapted from the literature.'” In a N,-atmosphere
glovebox, a Schlenk tube was carefully charged with a stir bar, SIPr-HCI (25.8 mg, 0.060
mmol), and NaOBu (37.4 mg, 0.389 mmol) with the aid of weighing paper and an anti-
static bar. Ni(COD), (8.5 mg, 0.031 mmol) was affected by static too much to
consistently transfer as a solid, so for reproducibility, a suspension in minimal hexanes
was employed to add to the reaction mixture. Immediately thereafter, the reaction flask
was placed under vacuum to remove hexanes. A solution (0.8 mL) of 2-(n-
hexyloxy)naphthalene (33.9 mg, 0.148 mmol) and tetradecane (8.1 uL, 0.031 mmol) in
m-xylene was added with a pipette. The reaction mixture was sealed with a Teflon

screw-stopper and stirred for 10 minutes at room temperature. The mixture was
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degassed with two freeze-pump-thaw cycles, warmed to room temperature, and treated
with 1 atm H, (as regulated by a mercury bubbler). The reaction mixture was once again
sealed with a Teflon screw-stopper and placed in a 120 °C oil bath for 16h. The reaction
flask was removed from heat, allowed to cool to room temperature, and quenched with
1 mL Et,0 and 1.5 mL 1M HCI aqueous solution. After 5 minutes of vigorous stirring,
the top organic phase was separated via pipet. The aqueous phase was washed with 1
mL Et,0O. The combined organic solutions were pushed through successive MgSO, and
Celite plugs and analyzed by GC and GC-MS. Naphthalene yield relative to internal
tetradecane standard (GC FID): 98%. “H NMR spectra (74 MHz, CH,Cl, with CD,Cl,
internal standard), although broad, indicated *H incorporation at the 2-position of
naphthalene product. Analogous reactions with 2-(trideuteromethoxy)naphthalene or D,
were performed by the same procedure.

Exposure of naphthalene to hydrogenolysis conditions under D,.
Naphthalene was submitted to hydrogenolysis conditions under D, (vide supra) in place
of alkylnaphtylether substrate. The reaction mixture was analyzed by GC and GC-MS.

Derivatization of hexanol byproducts. A procedure was adapted from the
literature."” Authentic hexanol or the organic extracts from hydrogenolysis of 2-(n-
hexyloxy)naphthalene (and deuterated variants) were pushed through a MgSO, plug into
a Schlenk tube under N, counterflow. N-methyl-N-(trimethylsilyl)trifluoroacetamide
(0.10 mL) was added to the tube. The tube was sealed and heated to 60 °C for 1h to
derivatize hexanol into (n-hexyloxy)trimethylsilane. The reaction mixture was analyzed
by GC-MS and GC without further purification. The base peak in the mass spectrum of
(n-hexyloxy)trimethylsilane (for 4, m/z = 159) corresponds to loss of a methyl group

from the molecular ion. Near quantitative methyl fragmentation is also observed for this
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compound in the NIST database reference spectrum. It is assumed that the fragmented
methyl group is not *H-enriched. Products derived from under D, display d, .-
isotopologues. Two C-D bonds could be formed from reversible hydrogenation of an
aldehyde intermediate. Another two C-D bonds could be formed from P-position
deuteration via enolates formed from an aldehyde intermediate under the basic reaction
conditions.

Reaction of 2-methoxynaphthalene under hydrogenolysis conditions with
H, pre-activation. In an N,-atmosphere glovebox, a Schlenk tube was carefully
charged with a stir bar, SIPr-HCI (27.5 mg, 0.0618 mmol), and NaO'Bu (37.5 mg, 0.3894
mmol) with the aid of weighing paper and an anti-static bar. Ni(COD), (8.5 mg, 0.0309
mmol) was transferred as a suspension in minimal toluene (ca. 1 mL) to the reaction
mixture. The reaction mixture was sealed with a Teflon screw-stopper and stirred for 10
minutes at room temperature. The mixture was degassed with two freeze-pump-thaw
cycles, warmed to room temperature, and treated with 1 atm H, (as regulated by a
mercury bubbler). The reaction mixture was once again sealed with a Teflon screw-
stopper and placed in a 120 °C oil bath for 5h. The reaction mixture was placed under
vacuum, removing all volatiles and leaving a dark red crude mixture. The reaction flask
was brought back into a glovebox, and a solution (0.8 mL) of 2-methoxynaphthalene

(23.5 mg, 0.1485 mmol) and tetradecane (8.1 uL, 0.0309 mmol) in m-xylene was added

with a pipette. The reaction mixture was then sealed and placed in a 120 °C oil bath for

16h. The reaction flask was removed from heat, allowed to cool to room temperature,
and quenched with 1 mL Et,O and 1.5 mLL 1M HCI aqueous solution. After 5 minutes

of vigorous stirring, the top organic phase was separated via pipet. The aqueous phase
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was washed with 1 mL Et,0O. The combined organic solutions were pushed through
successive MgSO, and Celite plugs, and analyzed by GC-MS and GC. Naphthalene yield
relative to internal tetradecane standard: 49% (GC FID).

Reductive cleavage studies with triethylsilane. A procedure was adapted
from the literature."’ In a N,-atmosphere glovebox, a Schlenk tube was carefully charged
with a stir bar, SIPr-HCI (25.8 mg, 0.062 mmol), and NaO'Bu (37.4 mg, 0.389 mmol)
with the aid of weighing paper and an anti-static bar. Ni(COD), (8.5 mg, 0.031 mmol)
was affected by static too much to consistently transfer as a solid, so for reproducibility,
a suspension in minimal hexanes was employed to add to the reaction mixture.
Immediately thereafter, the reaction flask was placed under vacuum to remove hexanes.
A solution (0.8 mL) of 2-methoxynaphthalene (23.6 mg, 0.149 mmol) and tetradecane
(8.1 uL, 0.031 mmol) in m-xylene was added with a pipette. Then Et;SiD (48.9 mL,
0.297 mmol) was added via microsyringe. The reaction mixture was sealed with a Teflon
screw-stoppet and placed in a 120 °C oil bath for 24h. The reaction flask was removed
from heat, allowed to cool to room temperature, and quenched with 1 mL Et,O and 1.5
mL 1M HCI aqueous solution. After 5 minutes of vigorous stirring, the top organic
phase was separated via pipet. The aqueous phase was washed with 1 mL Et,O. The
combined organic solutions were pushed through successive MgSO, and Celite plugs,
and analyzed by GC-MS and GC. These isotopic labeling studies suggest that hydrogens
from moieties other than OCX; and SiX (X = H or D) are incorporated into the arene
product.

Computational details. All calculations were performed with DFT as
implemented in Gaussian 09 Revision C.01.>" Geometry optimizations and electronic

structure calculations were performed with the TPSSh hybrid functional®™®® that,
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incorporating 10% exact exchange (c.f. BLYP 0% and B3LYP 20%), has been shown to
be effective for calculating transition metal-containing compounds.”’”” The LANL2DZ
basis set and effective core potential” for Ni atoms and the 6-31++G(d,p) basis set’™
for all other atoms was used. No solvent corrections were used. All optimizations of
nickel complexes were performed with restricted spin and ignoring molecular symmetry
after starting from a crystallographic set of coordinates. Energetic minima were
confirmed with a subsequent frequency calculation that did not return imaginary
frequency vibrations < -10 cm-'. Thermochemistry was calculated at standard
temperature and pressure. Atomic coordinates for 44% through 47 are listed below in
xyz format. Transition states 46% were found by starting from the atomic coordinates
for 45" and optimizing the geometry at increasing, fixed C-O bond lengths. A maximum
in energy was observed near r(C-O) = 1.95 A. Subsequently, the transition states were
located by standard saddlepoint-locating algorithms and verified to contain exactly one

imaginary vibrational mode.
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-1.24188
-0.21177
-0.04725
-0.66817
-0.56383
1.82419
2.27871
-0.68093
-0.88228
1.89747
2.42654
2.48110
-1.48866
-2.02158
-1.34897
-1.76980
2.29227
0.00902
-1.35099
1.44049
-1.29175
-1.36027
-2.29336
1.57729
2.38196
1.21430
2.85729
2.75202
2.35103
0.49507
0.29275

185

TTTTOT

53

-4.45375
0.11788
-0.11237
-0.35001
1.20402
0.35621

45-H

Ni

P
P

TTOO0OOTOTOTOTOTOTOTOTOTOTOOOTOOOOOOO

-0.25116
1.59511
-2.31576
0.28492
0.39953
-3.04757
2.99138
-1.02659
1.46624
4.26964
4.44032
2.78877
-2.29626
-4.24781
-4.82490
5.34166
6.31950
3.87974
3.71800
-2.79055
-2.23267
-1.07590
-2.05458
5.14423
5.96833
1.34469
2.23902
0.06914
-0.00647
-4.71203
-5.63786
-3.98415
-4.34477
-3.34482
-2.98698
2.39389
1.52541
1.67560
3.30976

2.83239
-0.34105
0.24864
-1.32992
-0.45079
-1.85814

0.78497
1.64965
1.48325

-1.02470
-0.98845

0.02426

0.42500
-1.16894
-1.28749

0.77617

1.76984
-0.87537
-1.16567

0.01867

0.93339
-0.11868

0.17779
-1.76289
-2.75873
-2.34651
-3.27092
-1.75685
-1.96040
-1.39325
-2.09930
-1.80998
-1.94900
-2.080006
-2.51041
-1.15845
-1.15190
-2.34391
-3.26425

1.58841

2.93691
3.14829
2.13996

3.97354

3.45032

-1.07275
-2.34913
-3.23780
-2.42717
-2.24782

3.45034

0.52421
-0.27685
0.54843
0.01321
-1.39063
-0.31845
-0.26845
0.62448
0.80237
-0.73119
-1.13970
0.26632
-0.18822
-1.04600
-1.15471
-0.67350
-1.04283
0.32797
0.73271
-0.76477
-0.64074
1.93679
2.36592
-0.13303
-0.07869
2.08423
2.68650
2.63909
3.63359
-1.64093
-2.20973
-1.49326
-1.944064
2.09475
-0.39018
0.47421
-2.06273
0.43710
-0.04592



TITTTOTITT T T TTITITT T
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2.62971
0.82332
1.15344
2.50565
-3.07595
-3.12603
-4.41617
-2.62324
-4.08268
-2.61120
0.74681
0.77764
-0.01017
1.72909

46-H

Ni

TOTOOTOTOTOTOTOTOTOOOTOOONOONT S

-0.03882
1.92312
-2.01515
-0.02732
-3.11379
3.06735
-1.26008
1.20520
4.37350
4.75907
2.56622
-2.58713
-4.38604
-4.79468
5.19775
6.20300
3.41820
3.03632
-3.37372
-2.96708
1.24215
-2.19072
4.71452
5.33581
1.16086
2.10252
-0.04114
-5.14859
-6.12973
-4.63925
-5.21586

2.94510
2.97188
1.28622
2.44336
2.49658
0.72433
1.60729
3.85351
2.96526
2.90981
-2.25191
-2.08199
-3.01067
-2.59370

0.92808
1.64465
1.58313

-0.83652

0.19547

0.24217
-1.40496
-1.37911

0.40766

1.40727
-1.06522
-1.11024

0.36515

1.36369

-0.68962
-0.53614
-2.15639
-3.16252
-2.20316

-3.20530
-2.35110
-2.72929
-1.97949
-2.84599
-2.33234
-2.68062
-2.80127
-0.73357
-0.57982
-2.02353
-2.88694

1.52250
-2.17427
-2.63360
-2.44735

2.64383

2.72737

1.86616

0.08476
-0.40658
-1.41683
-1.97872
-3.05680
-1.74737
-1.63130

-0.48107
0.19158
0.33096
0.20060
-0.14162
-0.10341
0.63667
0.66550
-0.594061
-0.77225
0.12609
0.01455
-0.71020
-0.83588
-0.85748
-1.24002
-0.13702
0.01239
-0.38918
-0.28487
1.67423
2.04759
-0.62398
-0.83224
1.70947
2.1206061
2.22975
-1.11814
-1.55900
-0.95328
-1.27318

186

-2.91573
-2.26952
2.80894
2.14345
2.18761
2.92834
3.78986
3.19816
1.75550
1.56766
-3.92038
-2.98709
-2.33409
-1.89188
-3.32942
-1.70241
-0.04542
-0.28284
0.74385
0.34552
0.99587
1.66117

ITTOO0OILITIITITII T T I ITTOOOO

53
47-H
Ni 0.00419
1.61679
-1.70089
-0.04294
-2.93042
2.88558
-1.25086
1.13722
4.17850
4.48585
2.47960
-2.54915
-4.17653
-4.46760
5.08339
6.07904
3.40377
3.10009
-3.44892
-3.15858
-1.27412
-2.21888
4.68846

OTOTOTOTOTOOOTOOOOONOR

3.09674
1.68861
3.11381
1.94264
3.99594
2.99895
3.27761
2.08960
1.07960
2.82658
3.17663
3.09841
3.97179
0.77144
1.80747
2.53636
-3.51784
-0.52326
-1.10016
-1.17864
-2.11149
-0.49713

-0.91535
-0.61856
-0.97488
1.01419
-0.14326
0.06653
1.75087
1.75247
-0.46877
-1.26094
1.10283
1.08352
-0.71244
-1.65432
-0.00139
-0.43097
1.55199
2.32283
1.69298
2.61953
3.14884
3.68219
1.00853

-0.24013
2.16633
-0.50858
2.01135
-0.32702
-1.58952
-0.04772
2.26894
2.55866
2.30315
0.19067
-1.33142
0.06541
2.62616
2.41639
2.56353
3.04564
-1.70959
-2.49631
-3.51751
-2.14560
-2.52399

0.08007
1.50764
-1.29345
-0.08777
-0.22138
0.38383
0.05938
-0.38623
0.29079
0.96733
-0.49768
0.37973
0.07968
-0.37518
-0.66818
-0.73075
-1.45715
-2.16009
1.27151
1.75928
-0.12030
-0.04866
-1.54791
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5.37287
1.09337
2.01430
-0.10733
-5.05767
-6.01605
-4.68814
-5.35500
-1.74874
-2.42507
2.35548
1.46317
1.58975
3.23741
2.61121
0.72714
1.11355
2.42617
-1.06472
-1.41787
-2.76089
-1.75913
-3.41999
-2.45556
-0.13206
0.04215
0.79931
1.87878
0.72063
0.46872

44-+NMe3

P
P

C
O
C
C
C
C
C
H
C
C
C
H
C

3.90527
-3.19385
-0.31432
-0.72940
-3.57702
3.29648
-1.24748
0.97535
4.15873
5.18781
1.95748
-2.60638
-4.83017
-5.59304
3.72637

1.36819
3.15386
3.70096
3.85154
-0.08770
-0.54605
1.11819
1.60723
-0.04048
-2.60545
-2.09056
0.59152
-2.52682
-1.83366
-2.83692
0.21728
1.54725
0.73062
-0.51184
0.98504
-0.03088
-3.09275
-2.51331
-3.22105
4.92989
-2.78737
-3.46687
-3.21182
-4.55328
-3.28188

0.23717
-1.15630
-0.40741

-1.65964
-0.38022
-1.22613

0.64463
-0.18493
-2.28773
-2.27416
-1.28770

0.42395
-0.52515
-1.13791
-3.37901

-2.31115
-0.53780
-0.72349
-0.41712
0.96842
1.19464
1.56743
2.27203
-2.88599
-1.72496
2.31624
2.89334
2.96300
2.91277
1.56163
3.61133
2.49757
3.39478
-3.59821
-2.70753
-3.30258
-2.44250
-2.17251
-0.82315
-0.54612
0.28700
-0.67186
-0.64965
-0.49458
-1.71528

0.90799
-1.38204
0.21422
0.57537
0.26888
-0.06807
0.32914
-0.32241
-0.39743
-0.05509
-0.54346
0.91059
0.88777
0.41474
-1.15718

187
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4.42203
1.52890
0.50078
-2.91594
-2.15861
-0.87262
-1.60593
2.40545
2.05952
1.30581
2.28499
0.39828
-5.12988
-6.10715
-4.16897
-4.38966
-4.71589
-3.60584
3.07190
5.63607
3.46747
3.24762
1.99503
6.01988
6.27827
5.69666
-4.66669
-4.72757
-5.65226
-3.56084
-4.60170
-2.85757
-0.12822
-0.55627
-0.39122
0.95802
1.22633
2.056006
0.35781
1.51941
2.05309
2.83484
2.39725
1.73720
-0.21983
-1.08334
-0.49244
0.19571

-4.17913 -1.39183
-2.39684 -1.29356
-2.42779 -1.64136
1.06474  2.12409
1.67370  2.61246
1.94018 -0.06022
2.72988  0.04954
-3.43727 -1.60492
-4.27951 -2.19606
1.11311 -0.73505
1.26630 -1.17357
2.15895 -0.58863
0.10317  2.09920
-0.03129  2.55338
0.90655 2.71942
1.40085  3.66067
-0.67147 -2.34318
-2.93672 -1.03005
-0.05134  2.550066
-0.25343  1.35768
0.67114 3.27204
-1.06361  2.92895
0.11627  2.46054
0.51048 2.04136
-0.25540  0.47242
-1.22689 1.85614
-1.14855 -3.32755
0.41214 -2.49416
-0.97045 -1.85985
-3.49783 -1.96921
-3.06642 -0.59256
-3.34828 -0.34819
-2.22823  1.75863
-3.22596  1.85022
-1.62776  2.63579
-2.29891  1.65240
3.51051 -2.49458
2.82171 -2.63747
3.17507 -3.06065
4.51935 -2.78972
3.94968 -0.19930
3.19696 -0.29998
492124 -0.55846
4.01086 0.84194
4.58238 -0.84749
4.31961 -1.45780
4.63902  0.20554
5.53531 -1.17586



N 0.84941 3.53406 -1.02565 H -4.40332 -0.61112 -2.38351
H -2.50015 -3.40994 -2.54591
65 H -3.98526 -3.14957 -1.60668
45-+NMe3 H -2.50409 -3.72986 -0.80023
Ni -0.24221 -0.79574 -0.74848 C 0.76692 -0.42537 3.16323
P 1.60001 -2.01763 -0.84237 H 0.75293 -1.30262 3.81055
P -231174 -1.34276 -1.27858 H 0.05606 0.32037 3.53620
C 0.27319 0.09327 0.88339 H 1.77665 -0.00170 3.13529
O  0.36804 -0.89632 1.85993 C 0.62179 4.08386 -2.22539
C -3.06033 -0.87884 0.34258 H 057552 5.10188 -2.61701
C 298658 -1.15174 0.03243 H 1.65425 3.74518 -2.17073
C -1.03985 0.62414 0.51260 H 0.03854 3.40130 -2.84272
C 1.45350 0.81017 0.46524 C 0.81928 5.00701 0.05946
C 426071 -1.73149 0.13586 H 1.84853 4.65818 0.10926
H 443822 -2.72177 -0.27650 H 077739 6.01183 -0.36511
C 277950 0.14307 0.57292 H 037091 4.98413 1.05220
C -2.31879 0.06586 1.08558 N 0.02742 4.07213 -0.83111
C -4.26803 -1.37785 0.85446 C -1.37296 4.61932 -0.92993
H -4.84039 -2.10927 0.29093 H -1.95139 3.99644 -1.61082
C 532040 -1.05996 0.75194 H -1.82236 4.62540 0.06232
H 6.29593 -1.53175 0.82034 H -1.30448 5.63536 -1.32007
C 3.85477 0.81228 1.18438
H 3.68778 1.79786 1.61204 65
C -2.81831 0.50971 2.31968 46-+NMe3
H -2.25882 1.24635 2.89080 Ni 0.03807 -1.71665 -0.15937
C -1.08648 1.97365 0.00988 P -1.90754 -2.00290 0.86440
H -2.07016 2.41201 -0.11308 P 201292 -1.92178 0.93180
C 5.11610 0.22023 1.27447 C 0.01885 0.13595 -0.36602
H 593083 0.75106 1.75772 C 3.11102 -0.91308 -0.13113
C 1.35131 2.08124 -0.09135 C -3.06281 -0.93589 -0.07628
H 225733 2.55504 -0.45741 C 1.24951 0.85698 -0.27212
C 0.07272  2.66945 -0.26559 C -1.21286 0.85468 -0.25436
C  -4.74399 -0.94392 2.09507 C -4.306944 -1.33414 -0.40541
H -5.67521 -1.34074 2.48812 H -4.74868 -2.28543 -0.04570
C -4.01927 0.00332 2.82597 C -2.57535 0.30851 -0.55231
H -4.38686 0.34385 3.78952 C 258686 0.29967 -0.64330
C -3.33591 -0.40321 -2.50955 C 439145 -1.32955 -0.52806
C -2.89309 -3.07245 -1.58217 H 480064 -2.25884 -0.14433
C 237150 -2.47423 -2.46301 C -5.20171 -0.53118 -1.18915
C 1.52863 -3.64765 0.02578 H -6.20555 -0.86526 -1.43311
H 1.65791 -3.07921 -3.03053 C -3.43232 1.10395 -1.33798
H 3.29840 -3.04354 -2.33900 H -3.05576 2.03838 -1.74653
H  2.58497 -1.56659 -3.03399 C 3.37864 1.05568 -1.52641
H 0.82680 -4.30050 -0.50138 H 296886 196836 -1.95163
H 1.16315 -3.48424 1.04207 C 1.23964 2.20560 0.12074
H 250816 -4.13487 0.06278 H 219894 2.69319 0.24441
H -3.03147 -0.68487 -3.52233 C -4.72784 0.69548 -1.65927
H -3.16416 0.66889 -2.38091 H -5.35310 1.32299 -2.28710

188



-1.17725
-2.12947
0.03138
5.16073
6.14663
4.65023
5.22816
2.89866
2.22156
-2.77041
-2.05493
-2.12697
-2.91521
-3.73577
-3.09519
-1.66566
-1.44979
3.89126
2.99254
2.29833
1.82882
3.27432
1.64846
0.30037
-0.73794
-0.33226
-1.01743
-1.63736
-0.69402
-1.70681
-0.12790
-0.71324
-0.76556
-1.78669
-0.76135
-0.26567
-0.00744
1.36890
1.92721
1.87373
1.24616

ITTITOZIZTIOIITIODIITIOO LI I I I T I II I I TIOOOOTOITOOTO

65
47-+NMe3
Ni -1.62858
P -1.68427
P -1.42729
C 0.28908

2.20778
2.70307
2.86861
-0.56926
-0.91496
0.62923
1.22120
-3.52875
-1.15365
-3.63004
-1.34580
-4.29826
-4.07162
-3.54782
-1.34608
-0.32458
-1.96309
-3.40371
-4.03429
-4.16175
-0.13367
-1.12712
-1.72655
-1.03972
-0.94154
-1.35585
0.10629
-1.50785
4.38633
4.00071
3.77452
5.42978
5.15585
4.78736
6.19012
5.06768
4.30561
4.90316
4.32952
4.88394
5.93221

0.16141
-1.47129
1.88598
-0.00221

0.13695
0.30537
0.33949
-1.41319
-1.70887
-1.91545
-2.618064
1.14389
2.60674
1.01214
2.59167
1.59190
0.02263
1.52269
2.93302
2.61663
3.26242
1.58920
0.17910
1.80391
2.58015
2.90614
3.34221
-1.92324
-2.88694
-3.81886
-3.06737
-2.61397
2.15901
2.06100
2.86066
2.47965
-0.18934
-0.26360
0.15970
-1.15338
0.81031
0.96234
1.70091
-0.00263
1.30149

0.00728
1.45539
-1.34538
0.01387

189
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-0.52863
-1.00405
1.14266
0.92092
-1.64961
-2.52712
0.14624
0.60293
-0.97168
-1.83930
-1.18851
-1.70790
0.58573
1.43497
1.24185
2.08345
2.54739
3.14348
-0.07261
0.27862
2.32268
2.75864
3.12237
-0.31943
-0.68544
0.78868
1.29030
-0.40020
-2.93831
-3.31385
-0.64060
-3.74704
-3.22904
-3.97762
-1.02403
0.38986
-0.66663
-0.90139
0.57511
-0.26297
-3.45199
-2.70493
-3.60077
-3.48830
-4.17953
-4.06653
-5.25384
-3.86979

2.99870
-2.81479
1.11798
-1.26283
-4.05218
-4.27328
-2.53237
2.48505
4.29984
4.69903
-5.01022
-5.95844
-3.50398
-3.28396
3.30238
2.90523
0.99974
1.89904
-4.72895
-5.45150
-1.37984
-2.36810
-0.24844
5.09937
6.10025
4.59569
5.19705
1.86102
2.78853
-2.02799
-1.42280
-1.19798
-2.90821
-2.23435
-0.64230
-1.17896
-2.38619
1.24677
1.41990
2.87420
2.19077
3.76896
2.88199
0.33081
-0.32820
-1.42963
-0.10876
-0.01342

-0.19721
0.41482
0.21087

-0.202064
0.27611

0.87585

-0.36798
0.48685
0.08204
-0.43322

-0.63301
-0.73077

-1.28289

-1.92514
1.43472
1.99697
0.14321
0.24113

-1.42256

-2.15295

-0.22621

-0.34361

-0.07083
1.02667
1.23331
1.70894
2.46101

-2.88128

-1.85204
2.07319
2.97762
2.63711
2.71849
1.23201
3.64131
2.71019
3.49590

-3.63514

-2.66294

-3.27128

-2.60925

-2.27872

-0.98898
0.05640

-0.97208

-0.94659

-0.87293

-1.98814



5.37257
5.08468
5.13557
6.43823
5.02004
4.54158
4.67821
6.10589
4.62581
5.07731
4.58990
6.16137
4.78500

ITTTOZIZITZTTOTZTITTO
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44-CF3
3.73040
-3.21193
-0.26676
-0.54229
-3.56878
3.32068
-1.27436
0.97939
4.25395
5.26262
2.010648
-2.58522
-4.76459
-5.53313
3.91730
4.66067
1.67990
0.67112
-2.83966
-2.07988
-1.00673
-1.77108
2.61993
2.34339
1.20830
2.14986
0.23027
-4.99955
-5.93400
-4.03884
-4.21487
-3.75976

OTOTOOTOTOTOTOTOTOTOOOTONOON0N T

0.87535
1.55568
1.30232
0.65289
-1.01041
-1.98062
-0.32946
-1.11803
-0.42464
-1.35582
-2.32019
-1.46714
-0.91311

0.05378
-1.01026
-0.53983

-1.86331
-0.66858
-1.15377

0.41475
-0.16276
-2.10550
-2.10330
-1.17862

0.00215
-1.04411
-1.56809
-3.06632
-3.78710
-2.16128
-2.17465

0.31278

0.84135
1.76285
2.50627
-3.09866
-3.84604
1.19551
1.49811

2.15113
-0.75426
-1.06018
-0.06398

0.17578

0.61504

0.03243
-0.76811
1.00593
-0.02903
-1.47276
-1.58870
-2.25164
-1.498064
-0.13180
0.97580
0.84782
0.91474
1.92748

1.24217
-1.49540
0.21387
0.46985
0.29471
-0.11694
0.47142
-0.32328
-0.56956
-0.16525
-0.67125
1.06293
0.92988
0.37014
-1.52457
-1.85416
-1.62124
-2.02305
2.40774
2.97803
0.21163
0.41823
-2.04737
-2.78557
-0.58997
-1.03429
-0.31654
2.27823
2.74074
3.01950
4.06418
-2.23762

190

-4.67113
4.89348
4.99603
5.21536
5.78718
4.36264
5.46926
4.50776
5.77041

-3.75901

-3.04658

-4.76050

-4.58316

-5.64054

-4.63941
0.04117

-0.22779

-0.37405
1.13141
0.47134
1.73564

-0.36946
0.26458

TTHTTOIITITOIZIITITITIITI T I I ZTOON

56

45-CF3

Ni -0.24091
P 1.60937
P -2.31232
0.29835
0.43148
-3.03672
3.00669
-1.02566
1.46495
4.29169
4.46878
2.79774
-2.28572
-4.23147
-4.81003
5.36247
6.34605
3.88608
3.71879
-2.76929
-2.21033
-1.10160

OTOTOTOTOOOTOOOOO0D

-2.05210
-0.95692
1.12533
-0.32778
-1.30813
-1.81986
1.77315
1.76737
0.53412
0.51840

1.39966
0.90839
-2.24439
-1.57414
-3.01796
-2.37708
-3.43353
-1.85969
-2.27068
3.60462
3.85321
4.08306
4.38865

-0.81467
-1.99056
-1.28138

0.10155

-0.88875
-0.89705
-1.09353

0.61926

0.86001
-1.65480
-2.64914

0.20746

0.02241
-1.42462

-2.13553
-0.96205
-1.42121

0.89802

1.89137

0.41471

1.14272
1.95680

-1.99390
2.29338
0.38346
3.13003
1.76532
2.70671
1.12904
-0.35520
-0.11876
-3.32868
-1.97027
-1.90226
-3.06822
-1.80950
-1.48020
1.67917
1.71059
2.55180
1.66489
-0.60673
-1.03568
-1.57091
0.48923

-0.76350
-0.81827
-1.31251

0.86022

1.84795

0.34328

0.01153

0.53612

0.46156

0.08168
-0.32241

0.54000

1.10995

0.85687

0.27299

0.65343

0.69776

1.10460

1.51291

2.36758

2.94938

0.02284



-2.08233
5.15738
5.98095
1.32512
2.20298
0.03368
-4.68751
-5.60954
-3.95668
-4.31108
-3.32453
-2.98438
2.38252
1.56764
1.66489
3.31072
2.59175
0.86668
1.20831
2.55392
-3.04911
-3.10249
-4.39746
-2.62263
-4.08000
-2.60962
0.82003
0.82149
0.10005
1.82235
-0.06895
0.56518
0.51304
-1.35223

TTTOIITITIO LTI I T T I I T I I TOOO0OO0ODOITIOOZOTOE

56
46-CF3
Ni -0.00210
-1.94057
1.96968
0.01379
3.08531
-3.08733
1.25888
-1.20626
-4.39973
-4.79276
-2.57849

OO0 -9d

2.40025
0.32463
0.87643
2.12481
2.65700
2.69075
-1.04553
-1.46445
-0.12070
0.18413
-0.22912
-2.96191
-2.51371
-3.59285
-3.13878
-3.07839
-1.62780
-4.27152
-3.39106
-4.06716
-0.46038
0.82436
-0.40259
-3.25041
-2.99039
-3.68700
-0.38342
-1.24506
0.36154
0.05886
4.07860
4.21492
5.00737
4.48501

-1.71312
-1.95487
-1.93032

0.15513
-0.95563
-0.87855

0.84907

0.88156
-1.25497

-2.20487

0.36219

-0.11999
1.16085
1.60515

-0.08427

-0.43849

-0.26467
2.12310
2.51656
2.87615
3.85693

-2.46211

-1.71550

-2.42212
0.10862

-2.96271

-2.28164

-3.02795

-0.38700
1.12017
0.15565
-3.49607

-2.27403

-2.32545

-2.70726

-1.72380

-0.98774
3.13669
3.80678
3.49494
3.10138

-0.80986

-2.01557
0.01051

-1.00152

-0.17679
0.84381
0.88067
-0.39840
-0.19551
-0.09596
-0.29622
-0.25845
-0.42694
-0.07702
-0.55872

191

2.57917
4.35153
4.74499
-5.22137
-6.23160
-3.42778
-3.04176
3.37893
2.98901
1.26599
2.21877
-4.73094
-5.35159
-1.14463
-2.07297
0.07123
5.12720
6.10342
4.63808
5.22542
2.85105
2.19442
-2.85986
-2.05061
-2.23894
-3.01916
-3.82336
-3.08502
-1.64876
-1.43965
3.84987
2.93274
2.25348
1.81755
3.24872
1.61293
0.24817
-0.78493
-0.39587
-1.02699
-1.70554
0.10646
0.20572
-1.01029
1.17206

TTTOITITZIOO0OII LI I T I I T I I T TOOO0OOIOTOOTIOIOTOZIOIOITIONOON

56
47-CF3

0.27023
-1.39867
-2.33914
-0.42818
-0.74288
1.18537
2.12887
1.01960
1.95355
2.17968
2.68275
0.80087
1.45362
2.22148
2.75109
2.86493
-0.64671
-1.00993
0.56929
1.16109
-3.53845
-1.13161
-3.54704
-1.24728
-4.21283
-4.02251
-3.41239
-1.22205
-0.23094
-1.85163
-3.40703
-4.07096
-4.14968
-0.10685
-1.11352
-1.67906
-1.02108
-0.86818
-1.27922
0.19224
-1.40551
4.25481
4.27559
4.96967
4.96958

-0.69359
-0.60838
-0.23388
-1.19770
-1.44372
-1.32309
-1.69919
-1.57368
-1.96900
0.13851
0.27353
-1.64476
-2.25176
0.17556
0.36393
0.39208
-1.49586
-1.80470
-1.97779
-2.67392
1.12940
2.53975
1.05564
2.55558
1.66257
0.08391
1.55987
2.91514
2.54080
3.23329
1.56043
0.17781
1.81246
2.48983
2.83580
3.28846
-1.94038
-2.89955
-3.84106
-3.05924
-2.63643
0.94689
2.31400
0.64392
0.48848



1 -1.57774
-1.78917
-1.12594

0.30397
-0.10547
-1.35782

1.30035

0.75228
-2.18428
-3.07187
-0.19624

0.94501
-0.38182
-1.18946
-1.88643
-2.53971

0.08086

0.95098

1.68253

2.47307

2.66800

3.41220
-0.75302
-0.51866

2.12551

2.45016

3.07964

0.36423

0.13042

1.39797

1.97603
-0.09286
-2.49968
-3.45130
-0.68026
-3.72894
-3.46369
-4.18092
-0.90424

0.35973
-0.82775
-0.66116

0.81002

0.18723
-3.07196
-2.14048
-3.15824
-3.40755

O I T I T I I - T ITTOoO00OOTOToOo0O0DO0OTOT O OO OO0 000000 " T Z

0.37782
-1.22841
2.02494
-0.05611
3.02422
-2.64969
0.94011
-1.38597
-3.77599
-3.86495
-2.53247
2.36478
4.37112
4.87667
-4.79146
-5.65491
-3.56140
-3.47414
3.09467
2.59423
0.62510
1.40855
-4.67711
-5.44848
-1.68957
-2.71513
-0.68613
5.07981
6.12019
4.43597
4.96898
1.83068
3.11389
-1.56218
-1.34735
-0.69599
-2.46466
-1.64494
-0.52115
-1.26456
-2.29979
1.27065
1.26796
2.80673
2.58426
4.05956
3.28515
0.81037

0.02047
1.47281
-1.35819
-0.00547
-0.21157
0.40607
0.19709
-0.24629
0.28531
0.90479
-0.40004
0.47604
0.06469
-0.45556
-0.62931
-0.71418
-1.31687
-1.96181
1.42375
1.97646
0.12282
0.23013
-1.43656
-2.16452
-0.29073
-0.43588
-0.12202
1.01218
1.21835
1.69467
2.44407
-2.87649
-1.89847
2.17076
2.94367
2.77692
2.79097
1.36319
3.62513
2.62155
3.46247
-3.62529
-2.62922
-3.28493
-2.66502
-2.31683
-1.04403
0.09489

192

-4.18664
-4.21127
-5.22802
-3.85254
4.54230
5.03237
5.29934
4.819061

TTHTMO T T O

60
44-NMe2
P 3.71209
P -3.19922
-0.25847
-0.51210
-3.55266
3.32827
-1.25432
0.98035
4.27845
5.27930
2.03474
-2.56750
-4.75018
-5.51828
3.96784
4.72257
1.72540
0.72272
2.82698
-2.06556
-0.99947
-1.78781
2.67942
2.42004
1.20638
2.15903
0.22745
-4.98831
-5.92409
-4.02764
-4.20426
-3.62966
-4.72570
4.85999
5.00252
5.17031
5.76073

TTOOO0OTOTOOTOTOTOTOTOTOTOOOTOOOOOOO

0.22386
-0.88398
0.57436
0.47487
-1.01886
-1.25299
-0.01116
-2.13460

0.31088
-1.08015
-0.41289
-1.72494
-0.53574
-1.00438
0.56288
-0.05683
-1.98292
-1.93638
-1.08585
0.21280
-0.83991
-1.41973
-3.02751
-3.76814
-2.15485
-2.21504
0.66445
1.24834
1.89057
2.61768
-3.11804
-3.93231
1.27163
1.50700
2.27398
-0.40645
-0.66063
0.35842
0.70818
0.49283
-2.06291
-0.61087
1.30047
0.08266
-1.00327

-0.90845
-0.86218
-0.81019
-1.93632
-0.13371
1.12233
-0.64850
-0.86078

1.21237
-1.44723
0.18042
0.54282
0.29283
-0.05042
0.35833
-0.38212
-0.40068
0.02081
-0.62360
0.98484
0.96322
0.46092
-1.27241
-1.52332
-1.48650
-1.89883
2.28849
2.79976
-0.01114
0.14881
-1.81099
-2.48210
-0.76559
-1.22551
-0.59547
2.27199
2.76264
2.93610
3.94941
-2.36104
-1.86315
2.35991
0.28907
3.14890
1.87476



4.32185 -1.43841 2.83197
5.46668 2.01107 0.98175
4.53006 1.87269 -0.51471
5.78324 0.66472 -0.14500
H -3.61590 0.28542 -3.436066
H -2.86924 1.25049 -2.15326
H -4.61492 0.88314 -2.08200
H -4.65104 -2.34842 -2.91774
H -5.66178 -1.50924 -1.72218
H -4.75673 -2.98419 -1.27304
C -0.06767 -2.06333 1.86343
H -0.30913 -3.11901 2.00073
H -0.59371 -1.46176 2.61486
H 1.01458 -1.91472 1.96221
C 1.81113 3.99288 -1.33892
H 249822 3.89484 -0.48251
H 220417 3.39771 -2.16975
H 1.79845 5.03663 -1.65870
C -0.44737 4.63036 -0.53921
H -0.44820 4.72056 0.55963
H -0.13400 5.58441 -0.96733
H -1.47336 4.44004 -0.87056
N 0.44902 3.58738 -1.01968

-2.10009  2.49701 -0.27337
5.09579 0.52803 1.30930
5.88959 1.08886 1.79513
1.30556  2.26886 -0.11680
2.21130  2.75726 -0.45790
0.02770  2.86607 -0.35020
-4.71474 -0.82160 2.10369
-5.63548 -1.23004 2.51156
-4.01903  0.17530 2.79642
-4.39909  0.54570  3.74477
-3.30052 -0.27576 -2.48100
-2.91278 -2.95211 -1.58054
2.53044 -2.32428 -2.41000
1.63660 -3.43701 0.07161
1.85031 -2.95911 -2.98683
3.46193 -2.87300 -2.22997
2.75113 -1.43141 -3.00172
0.96948 -4.12756 -0.45352
1.23693 -3.25315 1.07156
2.63195 -3.88856 0.14998
-3.01032 -0.55282 -3.49970
-3.10460 0.79101 -2.34398
-4.37067 -0.46702 -2.34382
-2.53534 -3.29036 -2.55055
-4.00800 -3.00179 -1.59705
-2.53285 -3.62842 -0.80957
0.66364 -0.24003 3.13753
0.70119 -1.11202 3.79385
-0.12808  0.43992  3.47395
1.62958 0.27941 3.15956
-1.36539  4.64592 -1.28384
-1.28031 5.68934 -1.59551
-1.76609  4.05644 -2.12765
-2.08508  4.60006 -0.46057
1.07616 4.72625 -1.57234
1.30941 4.15785 -2.48890
0.84736 5.75747 -1.85098
1.96898 4.74820 -0.94148
-0.06050 4.18338 -0.83721

T T T

61

45-NMe2

Ni -0.21502 -0.71202 -0.80165
P 1.66786 -1.82335 -0.84088
P -2.26792 -1.23876 -1.26808
C 0.25998 0.26263 0.84668
O  0.37906 -0.74467 1.82388
C -3.03216 -0.77062 0.34748
C 3.02046 -0.91361 0.05385
C -1.03849 0.78140 0.48440
C 1.42599 1.01180 0.45947
C 431091 -1.45350 0.17516
H 452178 -2.44094 -0.22978
C 276557 0.37708 0.58670
C -231129 0.21383 1.05866
C -4.22668 -1.28318 0.87748

ZITIZIOIIIOIITIOIITI T I I T T ITI T TOOOOTOTOOIOIOT

H -4.78051 -2.04593 0.33636 61

C 5.34499 -0.74937 0.79830 46-NMe2

H 6.33387 -1.19228 0.87999 Ni 0.01090 -1.58545 -0.15490
C 3.81752 1.07949 1.20386 P -1.94343 -1.87157 0.77866

H 3.61454 2.06514 1.61516 P 198591 -1.83084 0.84650
C -2.83202 0.69487 2.27074 C 0.01986 0.30123 -0.32802
H -2.29760 1.47671 2.80429 C 3.08945 -0.78913 -0.18424
C -1.10869 2.10386 -0.07718 C -3.07439 -0.74270 -0.12515

193



TOIITTIO0OIITI I I I T ITI T T ITIOOOO0OTIOTOODOIOIOTIOTOITOTOOOZOOO

1.25002
-1.19330
-4.38056
-4.77881
-2.55971
2.57396
4.35641

4.75736
-5.19059
-6.19582
-3.39680
-3.00177
3.36585

2.96566
1.25387
2.21808
-4.69360
-5.30353
-1.14489
-2.09307
0.06253
5.12476
6.10168
4.620643
5.20668
2.90386
2.22224
-2.88058
-2.11795
-2.27598
-3.02005
-3.85508
-3.16616
-1.70672
-1.54019
3.90382
2.98722
2.32109
1.81901
3.28086
1.66655
0.27433
-0.73736
-0.33636
-0.96471
-1.66962
-1.144061
-1.50817

1.00380
1.02326
-1.10104
-2.06843
0.52193
0.45805
-1.20194
-2.15834
-0.23634
-0.53899
1.38159
2.34169
1.25460
2.20373
2.30603
2.77667
1.01412
1.69610
2.33597
2.82142
2.98935
-0.40171
-0.74345
0.83422
1.46372
-3.43071
-1.10334
-3.46754
-1.25802
-4.17133
-3.88559
-3.35801
-1.24165
-0.24666
-1.90466
-3.30161
-3.92100
-4.08126
-0.08730
-1.07308
-1.69843
-0.81526
-0.61976
-1.00615
0.44851
-1.15343
5.03033
5.27551

-0.18658
-0.16110
-0.49976
-0.20823
-0.51244
-0.61722
-0.62624
-0.30356
-1.24087
-1.52101
-1.25028
-1.57087
-1.46275
-1.80873
0.33148
0.48792
-1.61566
-2.20156
0.356066
0.55820
0.65708
-1.47726
-1.80829
-1.89468
-2.56364
1.02086
2.53843
0.87962
2.52315
1.45962
-0.12130
1.36965
2.84177
2.57845
3.19093
1.45098
0.04686
1.68009
2.53944
2.81882
3.27028
-1.89373
-2.865006
-3.81251
-2.99567
-2.63699
1.27861
0.26600

194

H -1.93511
H -0.96319
C 1.32187
H 1.62908
H 1.17686
H 213753
N 0.08612
61

47-NMe2
Ni 0.28672
P 1.84340
P -1.39893
C -0.10157
C -2.74233
C 294772
C -1.41090
C 0.90991
C 431416
H 4.77166
C  2.34656
C -2.57297
C -3.86577
H -3.99436
C 5.10279
H 6.15826
C 3.15091
H 270508
C -3.55313
H -3.42009
C -1.69302
H -2.72390
C 4.5106061
H 5.11093
C 0.62376
H 1.44574
C -0.68158
C -4.83033
H -5.69048
C  -4.66895
H -5.40094
C -1.61978
C -1.85045
C  2.854061
C  1.49987
H 219614
H 3.69693
H 3.21123

4.48850
5.96175
5.02163
5.26152
5.95588
4.47751
4.25176

-1.46479
-1.01911
-1.66176
0.43615
-1.17492
0.00085
0.94079
1.40971
-0.27905
-1.06826
1.03268
0.03111
-1.98153
-2.90772
0.44048
0.20679
1.73647
2.50645
0.37760
1.28367
2.31954
2.63527
1.44680
2.00003
2.78831
3.48298
3.27690
-1.61594
-2.25631
-0.43232
-0.14354
-0.57333
-3.32752
-2.40732
-0.01173
-3.03373
-2.06145
-3.01832

1.80696
1.81898
1.20694
0.17491
1.75351
1.69241
1.26769

0.01311
1.46030
-1.36956
0.04957
-0.22358
0.418064
0.26345
-0.16799
0.27099
0.86062
-0.34905
0.50388
0.01118
-0.54079
-0.63324
-0.73926
-1.25700
-1.87630
1.45016
2.03499
0.22919
0.34487
-1.40352
-2.12548
-0.17648
-0.30789
0.02217
0.95623
1.12922
1.67907
2.42829
-2.84561
-1.99592
2.10669
2.96860
2.71433
2.71561
1.27509



0.84895
0.98507
2.43045
-0.86349
-1.47898
-2.61825
-1.13398
-2.85969
-1.74977
0.64565
1.48713
2.50686
1.60283
1.10646
-2.34336
-2.81690
-2.93386
-2.37992
0.04122
0.97801
0.25885
-0.32830
-0.95481

ZITIOIZIIZIOITZITOOI T T IT T T T T

64
44-tBu
P 3.74972
P -3.20507
-0.29088
-0.56019
-3.58025
3.29189
-1.28476
0.95716
4.21094
5.22345
1.98366
-2.60546
-4.78463
-5.54481
3.85686
4.58884
1.62936
0.61664
-2.88261
-2.12987
-1.00494
-1.78860

TOTOTOTOTOOOTOOOOO0O

-0.58397
0.90589
0.23702

-0.82823
0.46703

-0.69931

-3.60141

-3.35321

-4.04529

-3.31480

-3.76995

-3.33354

-4.86449

-3.56104
5.07630
4.75161
4.68579
6.16639
5.55779
5.49321
5.35601
6.58113
4.65130

-0.00838
-1.04656
-0.53615
-1.86950
-0.66526
-1.18020
0.42312
-0.15223
-2.13371
-2.15005
-1.17348
0.02268
-1.02890
-1.56608
-3.07118
-3.79377
-2.13766
-2.13212
0.36025
0.89950
1.77716
2.49846

3.63657
2.67715
3.48858
-3.59425
-2.54456
-3.27632
-2.77524
-2.41974
-1.17859
0.03481
-0.98369
-0.94894
-0.89923
-2.00542
-0.07189
-1.01389
0.76275
-0.02033

-0.51385
0.04843
-1.57640
-0.42183

0.04190

1.24422
-1.49408
0.21798
0.46382
0.28443
-0.13062
0.47257
-0.30927
-0.61005
-0.21392
-0.67340
1.05015
0.91083
0.35210
-1.58053
-1.93133
-1.63776
-2.02964
2.38458
2.95441
0.21863
0.42856
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2.55327
2.26030
1.18798
2.14673
0.22814
-5.03985
-5.98042
-4.09007
-4.28038
-3.69351
-4.69161
4.69537
5.19887
5.08585
5.53422
4.01204
5.69574
4.84196
5.92958
-3.66985
-2.96419
-4.69345
-4.59968
-5.64824
-4.69313
-0.08079
-0.33687
-0.57382
1.00635
0.54717
0.84895
1.70268
-0.01503
1.08455
1.78575
2.66451
2.02668
1.59906
-0.62168
-1.52392
-0.86817
-0.34305
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45-tBu

Ni -0.24353
P 1.61465
P -2.30858

-3.07769
-3.80797
1.20754
1.48471
2.19844
-0.71068
-1.00852
-0.00323
0.25824
0.58392
-2.04692
-1.15429
0.87240
-0.56162
-1.66869
-1.90356
1.48325
1.54074
0.17891
0.47559
1.34927
0.90855
-2.24651
-1.53997
-3.01149
-2.33959
-3.39949
-1.80465
-2.21766
3.67333
3.84287
3.23245
3.54842
4.89064
4.10887
3.50434
5.15795
4.00533
4.60807
4.37418
4.55313
5.64365

-0.84181
-1.99876
-1.30871

-2.09035
-2.83951
-0.55869
-0.98996
-0.29759
2.24913
2.70471
2.98820
4.02535
-2.26745
-2.00055
2.37532
0.46119
3.20966
1.89283
2.78657
1.22250
-0.32831
0.02944
-3.35732
-1.98806
-1.95875
-3.07334
-1.82636
-1.48332
1.73144
1.77398
2.55222
1.80931
-0.59465
-2.10313
-2.41497
-2.70887
-2.32565
0.22409
-0.02204
0.01375
1.29823
-0.23084
-0.80720
0.83545
-0.45528

-0.78337
-0.83972
-1.29956
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0.28029
0.39956
-3.04547
3.00153
-1.02495
1.45050
4.28644
4.47023
2.78198
-2.29568
-4.24644
-4.82239
5.34884
6.33219
3.86279
3.68778
-2.79147
-2.23403
-1.08231
-2.07335
5.13438
5.95047
1.31749
2.22013
0.04467
-4.71232
-5.63870
-3.98502
-4.34649
-3.32913
-2.98651
2.42367
1.57096
1.71823
3.35136
2.64110
0.88285
1.19291
2.55972
-3.05254
-3.11149
-4.40166
-2.62539
-4.08243
-2.61083
0.74824
0.75950
0.00248

0.07688
-0.94023
-0.89820
-1.11344

0.61100

0.83225
-1.67402
-2.66134

0.17797

0.03252
-1.41138
-2.13191
-0.99112
-1.45046

0.85812

1.84315

0.45354

1.19119

1.95763

2.37807
0.28603

0.83040
2.10366

2.61331
2.71262
-1.00578
-1.41435
-0.06708

0.25878
-0.27610
-2.99449
-2.50508
-3.61444
-3.12716
-3.06821
-1.61289
-4.29175
-3.42679
-4.08286
-0.51770

0.78021
-0.45232
-3.29708
-3.02343
-3.70966
-0.45805
-1.33492

0.25964

0.86368
1.83084
0.34501
0.02483
0.53070
0.48727
0.10384
-0.31460
0.57367
1.09902
0.85908
0.28427
0.70258
0.75329
1.16588
1.59117
2.34324
2.91459
0.02044
-0.12492
1.23008
1.69728
-0.05089
-0.37963
-0.25899
2.11350
2.50806
2.85299
3.82461
-2.46320
-1.67909
-2.43373
0.06655
-2.99367
-2.28217
-3.02758
-0.44868
1.07405
0.12492
-3.49461
-2.28535
-2.32488
-2.66696
-1.68571
-0.94191
3.13780
3.78836
3.50005
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H 1.73949
C -0.02164
C 0.63248
H 0.59906
H 1.68074
H 0.10392
C 0.74316
H 1.79271
H 0.71755
H 0.29087
C -1.46794
H -2.05231
H -1.98288
H -1.45852
65

46-tBu

Ni 0.03520
P -1.91701
P 2.00256
C 0.02896
C 3.11168
C -3.06160
C 1.25237
C -1.19925
C -4.36286
H -4.75013
C -2.55904
C 2.58869
C 4.38989
H 4.79469
C -5.18092
H -6.18226
C -3.40484
H -3.02148
C 3.38748
H 2.98481
C 1.22628
H 2.18346
C -4.69714
H -5.31424
C -1.15615
H -2.11044
C 0.03364
C 5.16379
H  6.14947
C 4.65918
H 5.24408

0.01106
4.14354
4.18912
5.20964
3.87481
3.52756
5.10164
4.80826
6.12530
5.10506
4.65589
4.04543
4.66344
5.68252

-1.73520
-1.97853
-1.90556
0.13526
-0.91932
-0.93216
0.85137
0.84816
-1.33085
-2.28005
0.30749
0.29430
-1.34352
-2.27489
-0.52812
-0.86032
1.10542
2.04588
1.04943
1.97259
2.19024
2.68195
0.69922
1.33273
2.19158
2.68582
2.88486
-0.58522
-0.93426
0.61884
1.21546

3.13420
-0.81465
-2.21736
-2.61894
-2.18425
-2.91243

0.12996

0.23638
-0.26375

1.12787
-0.94572
-1.64347

0.02153
-1.32929

-0.12948
0.83527
0.91825
-0.41500
-0.15691
-0.14370
-0.29645
-0.30068
-0.49258
-0.13396
-0.61767
-0.66930
-0.55278
-0.16740
-1.29235
-1.55196
-1.41243
-1.79884
-1.54620
-1.95401
0.13315
0.27712
-1.75162
-2.38258
0.12797
0.29569
0.37793
-1.43653
-1.73185
-1.93251
-2.62697



C 291865

C 2.21486
C -2.82452
C -2.09176
H -2.20858
H -2.95695
H -3.80069
H -3.13849
H -1.69642
H -1.50083
H 3.91314
H 3.01465
H 2.33048
H 1.82364
H 3.26874
H 1.63996
O 0.30234
C -0.71335
H -0.30990
H -0.95111
H -1.63964
C -0.00618
C -0.72441

H -1.74939
H -0.19055
H -0.76956
C 140334
H 1.99405
H 1.95481
H 1.32101
C -0.78041

H -1.81026
H -0.81956
H -0.29184
65

47-tBu

Ni -1.64365
P -1.66133

P -1.36532

C 0.28232

C -0.47632
C -1.04530
C 1.15578

C 0.89766

C -1.72335

H -2.60089
C 0.10287

-3.49124  1.19186
-1.08515 2.57013
-3.57908  1.04886
-1.24792  2.53360
-4.23002  1.67670
-4.06846  0.07990
-3.45103  1.53053
-1.22521  2.85656
-0.22894  2.51583
-1.83758 3.24144
-3.33436  1.62508
-4.03449  0.24762
-4.10570  1.88024
-0.06645 2.50626
-1.04905 2.86726
-1.63188 3.32453
-1.07276 -1.90808
-0.95359 -2.88885
-1.39878 -3.80885
0.10110 -3.09000
-1.47966 -2.62273
4.33537 0.88581
4.38060  2.25629
4.00224  2.18398
3.77174  2.99428
5.41158 2.62867
493061 1.06247
4.36572  1.79233
4.95389 0.11586
5.96106 1.42623
5.22250 -0.11852
4.87523 -0.25237
6.25765 0.24217
5.21817 -1.09903

0.19216 0.024061
-1.43426  1.46634
1.87512 -1.34868
-0.00352  0.01855
3.00003 -0.20892
-2.78927  0.40444
1.09434  0.22705
-1.26467 -0.21748
-4.00931  0.26579
-4.21309  0.87277
-2.52020 -0.38620
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0.63927
-0.90689
-1.76455
-1.28997
-1.82981

0.51447

1.37145

1.28272

2.12163

2.55773

3.17548
-0.17043

0.16566

2.29863

2.72081

3.15960
-0.25084
-0.60253
0.84660

1.35642
-0.29805
-2.83689
-3.27451
-0.56266
-3.66502
-3.18054
-3.97932
-0.89304

0.46246
-0.59984
-0.78546

0.66303
-0.13613
-3.33629
-2.56765
-3.52796
-3.51576
-4.22198
-4.13786
-5.29487
-3.90528
4.68315
5.11912

4.62993

6.20337

4.86724
5.45418

5.20590

2.47180  0.49066
4.30999  0.04787
4.71348 -0.48179
-4.97274 -0.65133
-5.91004 -0.75044
-3.49963 -1.30668
-3.29615 -1.94287
3.29563 1.430066
2.89476  1.99295
0.93915  0.16607
1.82395 0.28491
-4.71033 -1.44370
-5.43993 -2.17523
-1.39328 -0.24596
-2.38595 -0.38559
-0.30068 -0.06903
5.11260 0.98730
6.12238 1.17819
4.59957 1.68149
5.20540 2.42544
1.78314 -2.85433
2.80570 -1.93042
-1.97969  2.14718
-1.41616  2.95034
-1.16103  2.75727
-2.88298  2.75943
-2.14421  1.33004
-0.62150  3.62577
-1.20709  2.63768
-2.37845  3.47083
1.14597 -3.59853
1.33847 -2.58700
2.78019 -3.27630
2.20564 -2.69599
3.77518 -2.36211
292726 -1.09329
0.39961  0.08590
-0.25244  -0.92901
-1.35826 -0.89199
-0.00907 -0.84035
0.03858 -1.95230
-0.49999 -0.12800
-1.48361 0.98454
-2.45707  0.87610
-1.64443  0.94409
-1.08699 1.97419
0.81874 0.06814
1.55288 -0.70660
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5.24974
6.53084
5.07754
4.59294
4.78973
6.16236

1.26670
0.62354
-1.08665
-2.05180
-0.40690
-1.24074

1.04715
0.01031
-1.50469
-1.68529
-2.31423
-1.55437
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APPENDIX A

TOWARD HETERODINUCLEAR ACTIVATION OF SMALL MOLECULES SUPPORTED BY A
NOVEL CATECHOL-DIPHOSPHINE LIGAND
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ABSTRACT

To develop heterodinuclear frameworks for small molecule activation, a
catechol-diphosphine ligand structurally related to para-terphenyl diphosphine 1 was
designed and synthesized. Metallation of the diphosphine moiety with a variety of late
transition metals was compared to analogous coordination chemistry with 1. Metallation
of the catecholate moiety was also attempted, but in many cases found to be difficult to
control, resulting in a variety of unexpected crystal structures. Motivations of this work

toward a CO dehydrogenase mimic is discussed.
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INTRODUCTION

Although mononuclear organometallic chemistry can provide useful models for
studying fundamental chemistry, many important reactions are catalyzed by multinuclear
catalysts. For example, biological CO, reduction to CO is efficiently catalyzed by CO
dehydrogenases (CODHs) with Ni-Fe or Cu-Mo active sites (Chart A.1)."” Industrially, the
water-gas shift reaction is catalyzed by a poorly defined heterogeneous catalysts containing
mixed oxides of Cu, Zn, Al, Fe, and Cr.* The water-gas shift reaction (eq. A.1) is important
for several industrial processes such as steam reformation of hydrocarbons and controlling
the H,/CO ratio for Fischer Tropsch feedstocks. Studying the mechanism of this reaction,
in addition to being of fundamental interest, may lead to catalysts that are active at lower
temperatures, which could be used to increase the efficiency of hydrogen fuel cells by
simultaneously scavenging deleterious CO and producing H,.””

Chart A.1. Proposed active sites for Ni-Fe (left) and Cu-Mo (right) CODH."?

s S(Cs26)

pe \N|2+ /O
Fe | S/ \C/ o)

| ‘0 ¥ _s_ |l _s ,Cu—8
’S/Fe\\ o ﬁ]z \M6< j>c:o/ \
T~ Fe—S7 \7S(Coe) s S/ o

Hos1)
catalyst
CO,+H, === (CO+H,0 (A1)

To this end, homogeneous activation of CO, is a growing field of research. Early
results by Floriani and coworkers utilized nucleophilic Co(Il) and alkali cations to
bifunctionally fixate CO,. More recently, bifunctional activation of CO, has been studied

using Cu-B,* Co-Zr,”, Re-K," and Ni-B'' paired systems (among many more not cited here).
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The Agapie research group has had a long-standing interest in synthesizing and
studying biomimetic multinuclear complexes.'”"* Thus, to target CO, activation via a CODH
model, a framework was designed to hold a nickel center and an iron center (or copper and
molybdenum centers) near each other while allowing space for intervening CO and bridging
CO, ligands. Based on structural characterization of nickel carbonyl complex 4, a dinuclear
complex was imagined, in which a pendant iron center could be attached through an orho-

dihydroxy-functionalized central arene, or catechol (Figure A.1).

'Prop
iPr2P '}“/CEO
y—H
H
QO /L )
\
O—~/Fe/N'VIe ’,
MeN NJ XRD structure
- Me
. i o DFT model
literature compound Prop /)
iPrz \ C
P+Ni— \
o O
N4 Me
e
MeN NJ
— Me

target CODH model

Figure A.1. Design of catechol-diphosphine to support a Ni-Fe CODH model schematically
(left) and with atomic coordinates (right).

Iron catecholate complexes have been previously synthesized and studied as
catechol dioxygenase models,"” and occur naturally in iron-transporting proteins such as
enterobactin.'® Additionally, a number of dinuclear complexes have been characterized
with a catecholate ligand bridging between a 6-bound metal and a T-bound metal,'”*’

17-2

albeit only a few of these are heterobimetallic.'”*” As an alternative, the catechol could,
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instead of binding a second transition metal, serve as a reservoir of protons and

electrons for multielectron chemistry® or a hydrogen-bond donor for potential.***

RESULTS AND DISCUSSION

1. Ligand Synthesis and Characterization.

Undergraduate Christine Cheng initially targeted a catechol diphosphine through
deprotection of dimethoxy diphosphine 6. This strategy was unsuccessful possibly due
to irreversible Al-P or B-P adduct formation. A modified synthesis changing the
methoxy groups for more labile methoxymethyl (MOM) protecting groups before
phosphination was adopted. A catechol diphosphine was synthesized in six steps from
veratrole (Scheme A.1). For convenience, the initial dilithiation reaction was optimized
to utilize a full 100 mL bottle of 2.5 M "Buli solution and yield 50% product (vs.
veratrole) after boronation/deprotection/pinacol ester formation. The optimized
dilithiation conditions use much less excess nBuli (3.2 equiv. total) vs. previously

published conditions (5.0 equiv. total),”

resulting in higher reaction throughput and
easier product workup. The optimization of this step in the synthesis was conducted
with Justin Henthorn.

Subsequent Suzuki coupling with 2-iodobromobenzene yielded 1,4-bis(2-
bromophenyl)-2,3-dimethoxybenzene in 63% yield. Deprotection with BBr; and re-
protection with MOMCI yielded 88% 1,4-bis(2-bromophenyl)-2,3-
bis(methoxymethyl)benzene. Lithium-halogen exchange followed by quenching with

chlorophosphine yields a diMOM diphosphine, and deprotection with HCI followed by

neutralization/pH balancing with K,CO; and NH,Cl yield 48 in 72% yield. Overall, 48
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was synthesized in six steps with 20% yield on a multigram scale starting from one 100

ml. bottle of 2.5 M "Bul.i.

Scheme A.1. Six-step synthesis of catechol-diphosphine 48.

Br
1) 3.2 eq. n-BulLi 2.1 eq.
2.6 eq. TMEDA o o K,CO, | Br Br
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2) 3.3 eq. B(OMe) 0 tol /EtOH/H,0 O O
MeO OMe -9 <4 3 oluene 2
3) HC| MeO OMe 75 oC 12h Ro OR
4) 2.0 eq. pinacol R = Me
toluene, reflux 63% yield 2.5eq.BBr3
DCM, -78 °C
50% yield 3 eq. NEtPr, R=H
3 eq. CH30CH,CI
DCM, 0°C R = CH,OCHj
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"H and *'P NMR spectra of 48 are broad and solvent dependent. For instance,
' NMR spectra of 48 in THF show a broad doublet near 1 ppm. This doublet
coalesces at higher temperatures. In contrast, a °'P NMR spectrum of 48 in CD,Cl, is a
broad singlet at room temperature. These complications are likely the result of hindered

rotation along the terphenyl axis and intramolecular hydrogen bonding interactions.

2. Late Transition Metal Complexes of 48.

Attempts to selectively metallate the catechol moiety first, using oxophilic
transition metal complexes, led to a mixture of *'P NMR peaks, many of which
indicated P-metal bonding. However, selective metallation of the diphosphine moiety of
48 was well-behaved for a number of late transition metal precurors.

2.1. Nickel Complexes. Reaction of 48 with 1 equivalent of Ni(COD), in THF

yielded a dark red solution over the course of a day (Scheme A.2). The product, 49, was
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characterized by *'P{'H} nuclear magnetic resonance (NMR) spectroscopy, revealing
two doublets at 64.0 and 47.6 ppm (Jpp = 19.6 Hz). In the 'H NMR spectrum, one
broad peak at 6.60 ppm, integrating as one proton relative to the rest of the spectrum,
can be washed out by addition of H,O and was assigned as a hydroxyl proton. Three
multiplets of similar integration value to the hydroxyl peak are observed at 4.31, 3.73,
and 3.29 ppm. '"H{*'P} NMR spectroscopy with a GARP waveform decoupler centered
at 56 ppm simplified the multiplets to a doublet, a doublet of doublets, and a broad
singlet, respectively. A gradient-enhanced 'H-'H correlated spectroscopy (COSY)
experiment identified cross-peaks between the first pair of peaks, the last pair of peaks,
but not the between the first and last peaks. Finally, a 1D Nuclear Overhauser effect
(NOE) experiment showed a crosspeak between the multiplet at 3.29 and a doublet at
7.29 ppm. All of this NMR data indicated an asymmetric (C;) complex with only one
hydroxyl group. Single crystals of 49 were grown from a hexanes/toluene layering
stored at -20 °C. Preliminary structural characterization through x-ray diffraction
(XRD), revealed a keto-enol isomer of catechol, with Ni bound n* to the remaining two
C-C double bonds of the central ring. (Figure A.3). The solid-state structure is
consistent with all of the NMR data. Additionally, the splitting patterns, *'P-coupling,
COSY, and 1D NOE cross-peaks described above parallel those of a previously

reported mononickel complex 22" that is isostructural to 49.
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Scheme A.2. Well-characterized phosphine metallations of 48
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Figure A.2. Preliminary crystal structure of 49.

Reaction of 48 with one equivalent each of Ni(COD), and NiCl,(dme) in THF
(Scheme A.2) yielded a dark green solution in minutes, mirroring the previously
reported metallation of 1 to yield 12. However, the reaction mixture became an orange
solution with dark green precipitate over hours. This precipitate was insoluble in THF
and sparingly soluble in DCM and MeCN. *'P{'H} NMR spectra of this compound
display a singlet at 56.0 ppm. 'H NMR spectra are broad, but peaks at 10.35, 5.38, 2.31,

and 2.21 ppm integrate to two protons each, and can be assigned as the catechol O-H,
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catechol C-H, and two isopropyl methine protons from a C.-symmetric species on the
NMR timescale. Crystals were grown from DCM/hexanes layering, and an XRD study
revealed that the product, 50, contains a dinickel(I) core with one bound chloride and
another dissociated chloride located within 3.0 A from each oxygen atom, likely
stabilized by hydrogen-bonding interactions (Figure A.3). Examination of the unit cell
packing showed that the environment around the dissociated chloride also includes

isopropyl eroups from other molecules in the crystal.
propyl group y

Figure A.3. Solid-state structure of 50. Thermal ellipsoids are shown at 50% probability
level. Hydrogen atoms not involved in hydrogen bonding are omitted for clarity.
Addition of one equivalent of Et;N to 50 in MeCN yielded a brown-green
solution. The reaction mixture displayed clean generation of a new singlet in the *'P
NMR spectrum at 51.5 ppm. Addition of 3 more equivalents of Et;N lead to the
formation of brown insolubles, and *'P NMR of the heterogeneous mixture indicated a
slight shift of the singlet to 51.3 ppm and a major decrease in intensity. The reaction
mixture was filtered through Celite with the aid of THF, leaving behind white
insolubles. The filtrate was concentrated under vacuum and washed with Et,O. The

remaining brown-green solid was soluble in C,D,, and now displayed one broad singlet
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in >'P NMR spectra at 98.8 ppm. The '"H NMR spectrum was broad and could not be
assigned, but the number of peaks indicated that the product was possibly C -symmetric
on the NMR timescale. Crystals were grown from vapor diffusion of Et,O into a
benzene solution, and single-crystal XRD data identified the product as pentanickel
species 51 (Figure A.4). One nickel is bound by the four oxygen atoms of two
quinonoids in a square-planar geometry. The dinickel-chloride-diphosphine moieties are
situated trans to each other across the central nickel atom, and bind to their respective
T-systems in a twisted fashion, so that the two Ni atoms in each dinickel moiety are
inequivalent. Overall the solid-state structure is pseudo-C; symmetric. Although the
stoichiometry for this reaction is currently unclear, the isolated yield of 47% indicates

that this reaction should be reproducible on a larger scale for full characterization.

Figure A.4. Preliminary XRD structure of 51. Left: side view. Right: top view.

2.2. Other late transition metal complexes. To access palladium chemistry, a yellow
suspension of PdCI,(COD) in THF was added to a solution of 48 in THF (Scheme A.2),
immediately yielding a dark red, seemingly homogeneous mixture, paralleling attempted

metallations of 1 with PdCL,(COD). After a couple of minutes, the reaction mixture was
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orange and noticeably less homogeneous. The red-orange solid product 52 was isolated
by filtration and sparingly soluble in MeCN and DCM. *'P NMR spectroscopy shows
one singlet at 34.2 ppm. The 'H NMR spectrum, between the typical aromatic and
aliphatic regions (~2-7 ppm), displays a triplet, a singlet, and two multiplets each
integrating to two protons. Including the relatively clean aromatic and aliphatic peaks,
the NMR data are consistent with a C-symmetric molecule on the NMR timescale. The
triplet assigned as catechol C-H protons (6.25 ppm) is coupled to two equivalent >'P
nuclei (J;, = 4.0 Hz), perhaps indicating strong Pd-catechol m-interactions. Crystals of
52 were grown from DCM solution, and single-crystal XRD data indicates that the Pd
center is bound by two phosphines, one chloride, and a double bond of the catechol in
a square planar coordination environment (Figure A.5). A dissociated chloride is

stabilized by hydrogen bonding interactions with the catechol, similar to the motif in 50.

Figure A.5. Solid-state structure of 52. Thermal ellipsoids are shown at 50% probability
level. Hydrogen atoms not participating in hydrogen bonding are not shown for clarity.
Metallation of 48 with AgOTTf yielded a Ag(I) complex (53, Scheme A.2). XRD

analysis shows that the triflate appears to be hydrogen-bound to the catechol (Figure A.6). In
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all other spectroscopic and structural aspects, 53 is analogous to the related AgOTf complex
of 1.

Attempts to metallate compounds 49-53 with a second metal center between the
catechol oxygens was met with varying success. The only compounds that crystallized
displayed unexpected solid-state structures, likely the result of decomposition of the targeted
heterobifunctional ~ complexes. The observed structures, containing  titanium

pentamethylcyclopentadienyl moieties, are shown in Figure A.6.

Figure A.6. Unexpected trinuclear complexes crystallized from reaction mixtures in which a
second metal center was attempted to be bound to the catecholate moiety. Thermal

ellipsoids are shown at 50% probability level. Hydrogen atoms are omitted for clarity.
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3. Metal-Carbonyl Complexes of Functionalized Variants of 48.

Mid transition metal-carbonyl compounds offer complementary access to study
of CO, chemistry. Whereas late transition metals are often installed without carbonyl
ligands and then reacted with CO, transition metals from the middle of the periodic
table are often most metallated from polycarbonyl precursors. Once a metal carbonyl
complex is obtained, study of oxidative CO chemistry (i.e. CO, chemistry) or reductive

H, chemistry (i.e. Fischer Tropsch chemistry’”"”4

) would be accessible.

Attempts at direct metallation of 48 with Re(CO).X (X = Cl, Br, OTf) were very
low yielding, with most of the reaction mixture becoming irreversibly insoluble,
speculatively due to formation of a coordination polymer. No crystal structures from
those reactions were obtained. It was hypothesized that pre-functionalization of the
catechol moiety might facilitate isolation of metal carbonyl complexes. Thus, a variety
of “protecting groups” for the catechol moiety were explored, and preliminary
metallations with metal carbonyls is discussed.

3.1. Synthesis of protected catecholate ligands. Three routes have been determined to
yield clean, selective functionalization of the oxygen atoms of 48: alumination with
Tp*AlMe,, silylation with Me,SiCL,/Et;N, and borylation with CLBPh/Et;N or, more
synthetically versatile, borylation via condensation of boronic acids (HO),BR to yield
55%. The former two methods, developed by Justin Henthorn, will not be detailed
herein. In all cases, the broad peak attributed to the catechol OH protons in 48 (~06.5
ppm) is no longer present. Borylation with CL,BPh/Et;N or (HO),BPh were confirmed
yield the same product, 55, by 'H NMR spectroscopy. To incorporate diverse
electronic and steric profiles, boronic acid condensation has also been used to
55™<, and 557" (Mes = 2,4,6-trimethylphenyl; CF3Ph = para-

synthesize 55™¢

b b
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trifluoromethyl-phenyl). Attempts to selectively functionalize the oxygen atoms of 48

with early transition metals were unsuccessful.

Scheme A.3. Protecting groups for catechol functionality.
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3.2. Products from reaction with cobalt carbonyl. 55" was metallated with 1 equiv.
Co,(CO)4 at 130 °C in m-xylene (Scheme A.4). After 20 h, the reaction was stopped,
volatiles were removed under vacuum and the crude was fractionated into hexanes
(orange-brown), benzene (dark green-brown), and THF (dark brown). The benzene
fraction yielded two types of crystals after sitting in the NMR tube for 1 d: dark chunks
along the solvent line (minor) and red-brown needles that grew vertically along the
NMR tube walls. XRD-diffraction of these two crystal morphologies indicated very

different products (Figure A.7). The dark chunks (56°"*"") were determined to be

pentacobalt species with two equivalents of terphenyl, one of which is C-H activated to

act as a W,-benzyne ligand. The red-brown needles (57°%°"™

) were determined to be
Co,(CO), adducts of the intact ligand framework. This structural motif contrasts that
observed upon reaction of Co,(CO), with 1, in which a Co,(CO); adduct was observed
as the only product. In that case, a pronounced twisting about the terphenyl axis was

present, and perhaps the substitution of the central arene in 55" precludes such a

binding geometry, causing retention of a fourth CO ligand.
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Scheme A.4. Cobalt metallation.
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(major product by
visual inspection)

Figure A.7. Solid-state structures of cobalt metallation products 56" (left) and
57°PH (right)

3.3. Rhenium metallation. 55F°"

was heated with 1 equiv. ReCl(CO)5 in toluene at
120 °C over 5h (Scheme A.5). The reaction progress was confirmed by >'P NMR
spectroscopy to show total consumption of starting phosphine and the rise of two
singlets at 12.5 and 10.1 ppm consistent with two metallation isomers. It is unclear if

the isomers are dicarbonyl chloride adducts with the chloride pointing away from or

toward the boron (58°™"™ and 59" respectively), or a rhenium tricarbonyl adduct

217



with a chloride bound at the boron (60“"***

). The products were washed with hexanes
and filtered through Celite with dichloromethane as a bright yellow solution.

Scheme A.4. Rhenium Pentacarbonyl Chloride Metallation
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61
Access to cationic species would facilitate nucleophilic attack of metal carbonyls,
so chloride abstraction of the 58-60°"*"" product mixture in DCM under an atmosphere
of CO was performed by AgOTf. Of note, TIOT? is not strong enough to drive this

reaction forward, and the product appears to be one species, 617"

, which polymerizes
THF upon dissolution in neat THF. By IR spectroscopy, 617" has two CO stretches
at 1956 and 1924 cm™.

Unfortunately, upon addition of hydrides, no rhenium formyls are observed by
NMR or IR spectroscopy. One possibility is that the nucleophile is intercepted by the
Lewis acidic boron center. In a previous report, a strong Lewis acid was able to form a
stable outer-sphere hydride without modifying a rhenium tetracarbonyl complex in

solution.” Although 'H and "B NMR were not clear toward the possibility of a

borohydride, analogous reaction with nucleophilic methyl could be characterized
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crystallographically, and indeed the nucleophile is bound to boron on the opposite face

of the molecule from the metal center (Figure A.8).

Figure A.8. Solid-state structure of a product from addition of MeMgBr to 61",

To attenuate the Lewis acidity of the boron center, a more electron-rich ligand,
55™¢was synthesized. Again, addition of hydride sources to the Re(CO), adduct of 55™¢
(with an outer-sphere triflate) yielded no spectroscopic signatures of formyls, and
formation of a stable borohydride was suspected to have occurred due to similar 1H
NMR splitting patterns compared to reactions with 61" (Scheme A.5).

Scheme A.5. Reactions of cationic rhenium tricarbonyl complexes with hydrides.
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Analogous procedures with dimethylsilyl ligand 54 yielded a cationic rhenium

tricarbonyl 62. In this case, the pendant dimethylsilyl moiety is a weak Lewis acid, and
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rather than intercepting hydrides or stabilizing rhenium formyl products, it appears to
act as a spectator while hydride displaces a carbonyl ligand to cleanly yield a rhenium
hydride (‘"H NMR: -5.68 ppm, t, Joy; = 33.3 Hz).

The dimethylsilyl group of 62 could be removed upon treatment with H,O and
MeOH in DCM to yield 63 (Scheme A.6). Upon workup, 'H NMR spectra confirm loss
of silyl methyl peaks and introduction of a broad peak around 8.4 ppm that is assigned
to the catechol OH protons. In an attempt to install a Lewis acidic group, 63 was
treated with ScClL,Tp* and Et;N at room temperature. In this case, although the crude
NMR spectra had very little, if any signal, at least two crystal morphologies were
observed after a DCM/hexane layering. The yellow blocks (minor morphology) were
determined by XRD to be species 64 (Figure A.9). If 64 can be remade cleanly, then
chloride abstraction followed by hydride addition may result in scandium-stabilized
rhenium formyl species to model and study Fischer Tropsch processes. A very weak
data set collected on the other morphology yellow crystals show two chlorides bound to
rhenium, suggesting that higher yielding routes to 64 maybe possible with excess base,
stronger bases (e.g. KBn), or higher reaction temperatures.

Scheme A.6. Deprotection and Scandium Attachment of 62
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Figure A.9. Preliminary crystal structures of 64 (left) and a co-crystallized product 65 in
which both chlorides are still attached to scandium (right). In the right structure, an

outer-sphere triethylammonium triflate is not shown.

CONCLUSIONS

The catechol-diphosphine framework 48 is a promising system upon which to
develop heterobimetallic complexes. In particular, metal carbonyl compounds
developed by our group with para-terphenyl diphosphine 1 can be functionalized with a
pendant reactive metal center to study oxidative and reductive transformations of

carbonyls.

EXPERIMENTAL SECTION

General considerations. All manipulations were carried out in an inert
atmosphere glovebox or using standard Schlenk line techniques. Liquid organic reagents
were dried by stirring over sodium metal or calcium hydride, degassed by 3 cycles of
freeze-pump-thaw, and isolated via vacuum-transfer. Et,O, toluene, THF, MeCN, and
DCM were dried by the method of Grubbs. Deuterated solvents were purchased from

Cambridge Isotope Laboratories and vacuum transferred from calcium hydride. All
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reagents, once degassed and dried, were stored in an inert atmosphere glovebox. 'H and
C NMR chemical shifts are reported relative to residual solvent peaks: CD;NO, (‘H:
4.33; PC: 61.39 ppm) and others as reported in the literature.”” F and *'P NMR
chemical shifts are reported with respect to the instrument solvent lock. All NMR
spectra were recorded at room temperature unless indicated otherwise. Gas
chromatography-mass spectrometry (GC-MS) analysis was performed upon filtering the
sample through a plug of silica gel. Fast atom bombardment-mass spectrometry (FAB-
MS) analysis was performed with a JEOL JMS-600H high-resolution mass spectrometer.

Computational details. All calculations were performed with DFT as
implemented in Gaussian 09 Revision C.01.”® Geometry optimizations and electronic

structure calculations were performed with the TPSSh hybrid functional”*

that,
incorporating 10% exact exchange (c.f. BLYP 0% and B3LYP 20%), has been shown to
be effective for calculating transition metal-containing compounds.” ™ The LANL2DZ
basis set and effective core potential** for transition metal atoms and the 6-31++G(d,p)
basis set” for all other atoms was used. No solvent corrections were used. Energetic
minima were confirmed with a subsequent frequency calculation that did not return
imaginary frequency vibrations < -10 cm-".

Synthesis of 2,3-dimethoxy-1,4-benzenediboronic acid bis(pinacol) ester.
Conditions were optimized from a previously published procedure.” An oven-dried 1 L.
Schlenk tube with Teflon screw stopper was cooled under N,. 1,2-dimethoxybenzene
(10.0 mL, 78.5 mmol, 1 equiv) was added and degassed under vacuum for 30 min. Dried
diethyl ether (500 mL) and dried tetramethylethylenediamine (31 mL, 207 mmol, 2.6

equiv) was added via cannula transfer. The mixture was cooled to 0 °C, and #-Buli

solution (100 mL, 2.5 M in hexane, 250 mmol, 3.2 equiv) was added via cannula
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transfer. The Schlenk tube was sealed and heated to 40 °C for 4 h before being cooled
to 0 °C. Trimethylborate (29 mL, 260 mmol, 3.3 equiv) was added, and the reaction
mixture warmed to room temperature while stirring for 11 h. The reaction was chilled
to 0 °C and aqueous HCI solution (250 mL, 6 M) was very slowly added with the aid of
an addition funnel, and the mixture was stirred at room temperature for 1 h. The
organic layer was separated, and the aqueous layer was extracted with diethyl ether three
times. The combined organic layer was dried over magnesium sulfate, and volatiles were
removed via rotary evaporation, leaving an off-white powder. This crude boronic acid
was dissolved in toluene (60 mL), and pinacol (19.0 g, 161 mmol, 2 equiv) was added.
The reaction mixture was refluxed with a Dean-Stark trap for 4 h. After the reaction
was cooled to room temperature, volatiles were removed via rotary evaporation and the
residue was purified by recrystallization from boiling hexanes to give white crystals (15.3
g, 50%), which displayed a 'H NMR spectrum matching that previously reported in
literature.” 'H NMR (300 MHz, d,-acetone) 8: 7.31 (s, 2H, aryl-H), 3.80 (s, 6H, OCH,),
1.34 (s, 24H, C(CH,),) ppm.

Synthesis  of 1,4-bis(2-bromophenyl)-2,3-dimethoxybenzene.  Suzuki
coupling conditions were adapted from a previously published procedure.” 2,3-
Dimethoxy-1,4-benzenediboronic acid bis(pinacol) ester (15.3 g, 39.2 mmol, 1 equiv),
K,CO; (27.1 g, 196.1 mmol, 5 equiv), toluene (335 mL), H,O (205 mL), EtOH (205
mL) were combined in a 500 mL Schlenk tube with screw-in Teflon stopper. The
mixture was degassed by 10 exposures to static vacuum followed by 2 exposures to
dynamic vacuum (~15 mTorr), and 2-bromoiodobenzene (10.6 mL, 82.4 mmol, 2.1
equiv) and Pd(PPh;), (1.36 g, 0.12 mmol, 0.03 equiv) were added with a counterflow of

N,. The Schlenk tube was sealed and placed in an oil bath and heated to 75 °C. After
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stirring for 12 h, the mixture was allowed to cool to room temperature and water was
added. The aqueous and organic layers were separated, and the aqueous layer was
extracted with dichloromethane five more times. The combined organic fractions were
washed with brine and dried over MgSO,, and volatiles were removed via rotary
evaporation. The residue was heated in methanol to reflux and filtered through a short
silica gel plug while hot, filtering off insoluble phosphorous-containing impurities. The
filtrate was chilled in a -15 °C freezer to induce rectystallization from hot methanol to
give white crystals. The mother liquor was concentrated with a rotavap until white
precipitate crashed out of solution. The white crystals and precipitate were combined
and found to be pure by NMR (11.0 g, 63%). '"H NMR (300 MHz, CDCl;) 8: 7.70 (d, J
= 8.0 Hz, 2H, aryl-H), 7.39 (d, ] = 5.5 Hz, 4H, aryl-H), 7.25 (m, 2H, aryl-H), 6.99 (s,
2H, central aryl-H), 3.70 (s, 6H, OCH;) ppm. "C NMR (75 MHz, CDCL,) &: 150.58,
139.44, 135.88, 132.74, 131.56, 129.07, 127.10, 125.33, 123.92, 60.97 ppm.

Synthesis of 1,4-di(2-bromophenyl)-2,3-dihydroxybenzene. In a Schlenk
flask under N, counterflow, 1,4-di(2-bromophenyl)-2,3-dimethoxybenzene (6.305 g,
14.07 mmol) was dissolved in minimal benchtop DCM with stirring. The flask was fitted
with a septum and chilled in a dry ice/acetone bath. BBry (3.4 mL neat, 35.17 mmol)
was added to the flask dropwise via syringe over 5 min. The reaction was allowed to
warm to room temperature over 12 h. The reaction was then quenched by slow
dropwise addition of H,O until bubbling ceased. The reaction mixture was further
diluted with H,O until no more solids dissolved. Organics were extracted with DCM,
dried with MgSO,, filtered, and concentrated via rotary evaporation to product as a
white powder (~95% yield), which was utilized in the next step without further

purification. "H NMR (400 MHz, CDCL) &: 7.75 (app d, 2H), 7.46 (app s, 2H), 7.44
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(app s, 2H), 7.34-7.27 (m, 2H), 6.84 (s, 2H, central aryl-H), 5.34 (br s, 2H, OH)."C{'H}
NMR (101 MHz, CDCLy) 6: 140.9 (s), 138.1 (s), 133.2 (s), 132.1 (s), 129.7 (s), 127.9 (s),
127.7 (s), 124.0 (s), 121.9 (s).

Synthesis of 1,4-di(2-bromophenyl)-2,3-di(methoxymethylether)benzene.
A Schlenk flask was charged with 1,4-di(2-bromophenyl)-2,3-dihydroxybenzene
(assuming 100% yield from previous step, 14.07 mmol) dissolved in minimal dried
DCM (~42 mL). Diisopropylethylamine (7.36 mL, 42.21 mmol) was added to the flask
under N, counterflow. The flask was then chilled in an ice/water bath, and 2 2.1 M
solution of chloromethyl methyl ether in toluene (20.1 mlL., 42.21 mmol)*" was added
dropwise, evolving a white vapor, which dissipated after 10 min. The reaction was
allowed to stir for 12 h, then quenched by addition of H,O and extracted with DCM.
The combined organic extracts were washed with saturated NaHCO,, dried with
MgSO,, and concentrated under rotary evaporation to yield a white powder. Trituration
and filtration with cold MeOH yielded spectroscopically pure product (6.283 g, 88%
yield over the last two steps). 'H NMR (300 MHz, CDCL;) &: 7.68 (app d, 2H), 7.51-7.34
(m, 4H), 7.25-7.19 (m, 2H), 7.07 (s, 2H, central aryl-H), 5.01-4.85 (br app d, 4H,
CH,OCHy), 2.93 (s, 6H, CH,OCH,).”C{'H} NMR (75 MHz, CDCl,) &: 147.8 (s), 139.4
(s), 136.6 (s), 132.6 (s), 132.3 (s), 129.0 (s), 127.0 (s), 126.0 (s), 124.2 (s), 99.2 (s), 56.7
(s).

Synthesis of 1,4-bis(2-(diisopropylphosphino)phenyl)-2,3-
di(methoxymethylether)benzene. In an N,-atmophere glovebox, a round-bottom
flask was charged with 1,4-di(2-bromophenyl)-2,3-di(methoxymethylether)benzene
(6.283 g, 12.36 mmol), THF (90 mL), and a stir bar. The reaction mixture was placed in

an LN,-chilled cold well until frozen and then placed back at room temperature. While
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the mixture was thawing with slow stirring, a 1.7 M solution of BuLi (29.8 mL, 50.69
mmol) in pentanes was added dropwise. A light yellow color appeared in seconds, and
as the reaction was allowed to stir for 30 min at room temperature, a darker orange
color evolved. The reaction mixture was once again frozen in a LN,-chilled cold well
and placed back at room temperature. While the mixture was thawing with slow stirring,
chlorodiisopropylphosphine (4.13 mL, 25.96 mmol) was added to the reaction mixture,
inducing a light yellow color. After stirring for 1h, volatiles were removed under
vacuum. The solids were suspended in a dilute aqueous solution of NaHCO;, and
organics were extracted with DCM. The organics were dried with MgSO,, filtered, and
concentrated under vacuum to a white powder. By NMR spectroscopy, the major
species (ca. 90%) was the desired product, and the crude was carried forward in the
synthesis without further purification. Impurities in the NMR may simply be rotamers
that could funnel to the same product after the next step. 'H NMR (300 MHz, CDCL)
0: 7.58 — 7.50 (m, 2H, aryl-H), 7.47 — 7.29 (m, 6H, aryl-H), 6.90 (s, 2H, central aryl-H),
494 d, ] = 5.7 Hz, 2H, CH,OCH,), 4.81 (d, ] = 5.7 Hz, 2H, CH,OCHy;), 2.87 (s, 6H,
CH,OCH,), 2.17 (m, 2H, CH(CH;) ,), 1.85 (m, 2H, CH(CH,) ,), 1.16 — 0.95 (m, 12H,
CH(CH,) ,), 0.91 — 0.75 (m, 12H, CH(CH,) ,). *'P{'H} (121 MHz, CDCL) &: -1.0 (s).
PC{'H} (75 MHz, CDCL) &8: 147.2 (s), 146.8 (d, Jpc = 31.2 Hz), 137.4 (d, J,c = 6.3 Hz),
136.6 (d, Jpc = 21.6 Hz), 132.1 (d, Jpc = 3.5 Hz), 130.7 (d, Jpc = 5.3 Hz), 128.2 (s), 126.6
(s), 125.6 (s), 98.6 (s), 56.7 (s), 25.6 (d, Jpc = 15.7 Hz), 23.3 (d, Jpc = 14.4 Hz), 20.7-20.0
(m), 18.5 (d, Jpc = 5.9 Hz).

Synthesis of 1,4-bis(2-(diisopropylphosphino)phenyl)-2,3-
dihydroxybenzene (48). A 1:9 (v/v) mixture of concentrated HCI (~12 M) and MeOH

was dynamically degassed under vacuum. Then 41.2 mL of this solution (~49.4 mmol
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HCI) was then added to a stirring solution of 1,4-bis(2-(diisopropylphosphino)phenyl)-
2,3-di(methoxymethylether)benzene (12.36 mmol assuming full conversion in the
previous step) in 90 mL. DCM. The reaction was tracked with >'P NMR, and within an
hour, one major species was apparent. After 2 h, the reaction was quenched with excess
NaHCO,. The homogeneous organic phase was extracted with DCM (3 x 130 mL),
washed with saturated K,CO,;/H,O to yield an organic phase with fine white
precipitate, sepatrated, and then washed with saturated NH,Cl/H,O, re-homogenizing
the organic phase. The combined organics were dried with MgSO,, filtered, and
concentrated under vacuum while heated in a 50 °C oil bath for 6 h to ensure removal
of water. The crude was washed with hexanes, in which the major product was poorly
soluble. The remaining crude was washed with toluene, yielding the product as a white
precipitate (4.376 g, 72% yield over last two steps). The product seemed to be most
soluble in Et,0 and THF and only sparingly soluble in benzene and MeCN. NMR
spectra recorded in C{D; exhibited poor signal-to-noise due to solubility limitations. 'H
NMR (300 MHz, CD,CL,) &: 7.57 (m, 2H), 7.48-7.34 (m, 6H), 6.77 (s, 2H, central aryl-
H), 6.41 (br s, 2H, OH), 2.30 (m, 2H, CH(CH,),), 1.99 (m, 2H, CH(CH,;),), 1.49-0.69
(m, 24H, CH(CH,),).'P{'H} (121 MHz, CD,Cl,)) 8: 1.90 (br s).

Synthesis of 49. Ni(COD), (30.0, 0.109 mmol) was added to 48 (54.0 mg, 0.109
mmol) with the assistance of THF (3 mL). The reaction mixture became dark red in 10
minutes. The reaction progress was tracked by >'P NMR and determined to be complete
after 24 h. Volatiles were removed under vacuum. The remaining crude was washed
sequentially with hexanes, Et,O, and toluene. The toluene fraction was isolated by
filtration and layered underneath hexanes in a -20 °C freezer to yield dark red XRD-

quality rod-like crystals (47.1 mg, 78% yield) (Spectra included in Appendix C).
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Synthesis of 50. Ni(COD), (69.7 mg, 0.254 mmol) was added to 48 (125.4 mg,
0.254 mmol) with the aid of THF (5 mL). The reaction was stirred for 10 minutes, and
then NiCl,(dme) (55.7 mg, 0.254 mmol) was added with the aid of minimal THF. After
5 h of stirring, the dark green precipitate was collected by filtration, washed with THF,
and redissolved in DCM. The DCM solution was layered under hexanes and chilled in a
-20 °C freezer to yield turquoise crystals (148.1 mg, 85% yield) (Spectra included in
Appendix C).

Synthesis of 51. To 50 (14.2 mg, 0.0208 mmol) in minimal MeCN in a J. Young
Tube was added Et;N (2.9 mL, 0.0208 mmol). A >'P NMR was recorded, and then more
Et;N (9 mL, 0.0624 mmol) was added to the reaction mixture. Brownish precipitate
formed on the NMR tube walls. The precipitate was dissolved upon addition of minimal
THF, and the reaction mixture was concentrated under vacuum. The resulting crude
was washed sequentially with hexanes, Et,O, and benzene. The benzene fraction was
then subjected to vapor diffusion of Et,O to yield brown/green XRD-quality crystals
(5.3 mg, 47% yield based on total available nickel in reaction) (Spectra included in
Appendix C).

Synthesis of 52. To 48 (30.0 mg, 0.0607 mmol) in 3 mLL THF, was added
dropwise PdCL(COD) (17.3 mg, 0.0607 mmol) suspended in minimal THF. The
reaction mixture immediately turned dark red and seemingly homogeneous. However,
after two minutes, orange precipitate begins to form. After 30 minutes, the solid was
isolated by filtration, washed with THF, and dissolved with DCM. XRD quality crystals
were grown in DCM at room temperature the course of 3 days. No isolated yield has
been determined for this reaction, but by NMR spectroscopy, this reaction has good

conversion and yield (Spectra included in Appendix C).
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Synthesis of 55" A Schlenk tube was loaded with catechol 48 (1.53 g, 3.09
mmol), 4-trifluoromethylphenylboronic acid (0.588 g, 3.09 mmol), MgSO, (1 g) and
deoxygenated m-xylene (10 mL). The tube was sealed with a Teflon screw cap and
stitred at 120 °C for 3 h. Within the first 15 minutes, the white solids were stuck the
reaction flask walls, indicating generation of water and absorption by MgSO,. After
heating, the solution was cooled to room temperature and volatiles were removed with
vacuum. The solid product was then further dried under vacuum while heated to 100 °C
for 1 h. The solids were washed sequentially with hexanes, Et,O, and benzene through
Celite. The white solids isolated by concentration of the benzene fraction were clean by
"H NMR spectroscopy (900 mg, 45% yield) (Spectra included in Appendix C).

Synthesis of cobalt complexes 56 and 57. A Schlenk tube was charged with
55" (10.2 mg, 0.016 mmol), Co,(CO), (5.4 mg, 0.016 mmol), and 1 mL m-xylene.
The reaction mixture was heated at 130 °C for 20 h. The crude was sequentially washed
with hexanes, Et,O, benzene, and THF. The benzene fraction was the largest fraction
(6.9 mg). It was analyzed by NMR spectroscopy, and crystals grew in the NMR tube
overnight (C(Dy) (Spectra included in Appendix C).

Synthesis of rhenium chloride complexes (two isomers out of 58, 59, and
60). A Schlenk tube was charged with 55" (147 mg, 0.23 mmol), Re(CO);Cl (82 mg,
0.23 mmol), and 20 mL toluene. The reaction vessel was placed in a 120 °C oil bath
such that while open to an N, bubbler, toluene could reflux and condense on the sides
of the reaction vessel. Heating while open to an N, bubbler was found to greatly
accelerate the reaction vs. decarbonylation in a sealed reaction flask. The reaction was
complete by 5 h, as determined by consumption of starting material and appearance of

two singlets in the >'P NMR spectrum: 12.5 and 10.0 ppm. The solvent was removed
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under vacuum. The crude was washed with hexanes to remove any trace xylenes. Then
the product was filtered through a Celite plug using DCM. Upon removal of DCM, a
bright yellow solid was obtained (196 mg, 92% yield) (Spectra included in Appendix C).

Chloride abstraction from 58-60 to yield tricarbonyl 61. AgOTf (2.9 mg,
0.011 mmol) was added to a solution of 58-60 (10.3 mg, 0.011 mmol) in THF (3 mL).
White precipitate was noticeable in minutes. After 20 minutes, the reaction was filtered
through Celite. This product, presumably a dicarbonyl triflate, appeared to be one
isomer by 'H and *'P NMR, but was not stable in DCM, yielding DCM-insoluble tan
powder over time (Spectra included in Appendix C). To avoid this problem and
consolidate reaction set up time, halide abstraction was set up, degassed, and
repressurized with 1 atm CO. Run on a larger scale (168 mg, 0.181 mmol of 58-60), this
procedure yielded 201 mg of light yellow material that initially dissolved in benzene but,
upon removal of volatiles under vacuum, was not resoluble in benzene. This presumed
tricarbonyl triflate species polymerizes THF and could only be handled in DCM or PhCl
as long-term solvents (Spectra included in Appendix C).

Synthesis of dimethylsilyl-protected rhenium tricarbonyl cation 62. A
Schlenk tube was charged with 54 (64 mg, 0.116 mmol) and Re(CO);OTf (55 mg, 0.116
mmol) with 2 mL. m-xylene. The tube was sealed with a Teflon screw cap and heated at
130 C for °C for 30 h. Lots of yellow insolubles were apparent in the reaction mixture.
Solvents were removed under vacuum, and the resultant solid was washed sequentially
with hexanes, benzene, and DCM. The DCM fraction was intense yellow and, upon
concentration to a solid, weighed 88 mg (78% yield). This solid was not very resoluble

in DCM (Spectra included in Appendix C).
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Deprotection of 62 to release catechol 63. A septum-screw cap NMR tube
was charged with 62 (16.6 mg, 0.017 mmol) and CD,Cl, (~0.5 mL). A degassed and
nitrogen-sparged source of MeOH and microsyringe were used to add 6 uL. of MeOH
to the reaction mixture. This may have released free catechol, but 'H NMR spectra were
inconclusive, so degassed DI water (6 uL) was also added to the reaction mixture. The
reaction was confirmed to be complete by '"H NMR. The NMR tube was then brought
into a water-tolerant glovebox. There was no visible loss of CD,Cl, through the grease-
patched septum piercing while the tube was in the vacuum antechamber (~1 h). Excess
MgSO, was added directly into the NMR tube to bind any water. The reaction was then
filtered through a pipet filter, and volatiles were pumped off under vacuum. The solids
were washed with benzene to remove trace methyl silyl species (Spectra included in
Appendix C).

Attachment of ScTp* moiety to 63 to form 64. An NMR tube was loaded with
63 (9.5 mg, 0.0103 mmol) in minimal CD,Cl,. Then 29 mL of a 10 volume % solution
Et,N in CD,Cl, was added to tube. The dark brown colot of the solution of 63 turned
yellow in seconds. Then Tp*ScCL(THF) was added to the reaction mixture. The
reaction crude looked messy Bbut seemed to contain one major product, 64. 'H NMR
(300 MHz, C,Dy) 9: 8.69 (app d, 2H, aryl-H), 7.35 (m, 2H, aryl-H), 7.24 (app t, 2H, aryl-H),
7.07 (app t, 2H, aryl-H), 5.56 (s, 2H, anti-pyrazolyl-H), 5.50 (s, 1H, syn-pyrazolyl-H), 5.44 (t,
Jou = 6.3 Hz, 2H, central aryl-H), 3.11 (s, 3H, syn-pyrazolyl-CH), 2.75 (s, 6H, anti-pyrazolyl-
CH,;), 2.33 (s, 3H, syn-pyrazolyl-CH;), 2.15 (m, 6H, anti-pyrazolyl-CH;), 1.20 (m, 6H,
CH(CH,),), 1.04 (m, 6H, CH(CH,),), 0.91 (m, 6H, CH(CH,),), 0.78 (m, 6H, CH(CH,),).

(virtual septets typically observed for isopropyl methine protons are not visible).
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APPENDIX B

NOVEL COORDINATION COMPOUNDS OF PARA-TERPHENYL DIPHOSPHINES
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ABSTRACT
In developing the extensive chemistry discussed in the previous chapters, several
unexpected coordination compounds were observed crystallographically. This appendix

organizes and highlights these compounds.
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INTRODUCTION

In the previous chapters, the para-terphenyl diphosphine framework has been shown
to stably coordinate one or two metal centers. However, some coordination compounds
have eluded reproducible syntheses or were not followed up on. In some cases, crystals of
the material were obtained and examined by XRD. This short appendix organizes and
highlights some unusual coordination modes that para-terphenyl diphosphine metal

complexes can adapt.

RESULTS AND DISCUSSION

Monopalladium(II) or monoplatinum(Il) complexes of 1 generally have eluded
characterization due to irreversible precipitation of compounds from solution over time.
One possibility for this observation is the formation of coordination polymers.
Metallation of 1 with Pd(MeCN),(BF,), in MeCN yielded a complex reaction mixture,
but upon layering under Et,O, yellow crystals of 66 were obtained. Compound 67, on
the other hand, was isolated fortuitously from the ecomplex reaction mixture of Pd(0)
compound 3 and Pd(COD)Cl,. Concomittant formation of a mirror on the reaction
vessel walls was consistent with decomposition of a “Pd(COD)” equivalent. Crystals of
monopalladium(II) compounds 66 and 67 have been studied by XRD. As expected for

d® metal centers, the metal centers are square planar, four-coordinate (Figure B.1).
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Chart B.1. Unexpected Compounds Characterized by XRD
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Figure B.1. Preliminary solid-state structures of 66 and 67. Hydrogen atoms and outer-
sphere tetrafluoroborates are not shown.

Relating to dipalladium complexes, a CuBr-contaminated variant ligand with
para-dimethoxy-substituted central arene (since isolated cleanly by Kyle Horak via an
alternative synthesis) was used for metallation with PdCL,(COD). In this case, crystals of
a dipalladium tetrabromide were characterized (68, Figure B.2). This is the only case of
a dipalladium(II) complex being characterized on the terphenyl diphosphine framework.
Attempting to exchange the capping toluene ligand of 25 with p-benzoquinone, which
in theory could also lead to a dipalladium(II) complex with a capping para-catecholate
ligand, also led to an unusual complex. A diphosphonium salt showing evidence of two

C-H activations and loss of both palladium centers was isolated (69).
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Figure B.2. Preliminary solid-state structures of 68 and 69. Hydrogen atoms and outer-
sphere tetrafluoroborates are not shown.

Finally, 1 has shown rich coordination chemistry for a variety of middle
transition metals. Notably missing, however, was a coordination compound of
chromium. Reacting chromium tris(acetonitrile) tris(carbonyl) with 1 in refluxing m-
xylene for three days led to the formation of tricarbonyl compound 70, characterized by
NMR spectroscopy and preliminary crystallographic data. This is isostructural to a
molybdenum compound that is currently being investigated in the Agapie group for

small-molecule activation.

Figure B.3. Preliminary solid-state structure of 70.
CONCLUSION

A variety of unusual coordination modes of para-terphenyl diphosphines were
crystallographically characterized. The structures are shared in this appendix to serve as

a reference for future researchers using this ligand motif.
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APPENDIX C

NMR SPECTRA
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Figure C.11. '"H NMR spectrum (400 MHz, C,Dy) of 7 (“POTOP”).
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Figure C.12. HSQC NMR spectrum (400 MHz, C.D,) of 7.
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Figure C.13. HMBC NMR spectrum (400 MHz, C.Dy) of 7.
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Figure C.14. >'P{'H} NMR spectrum (121 MHz, C,D,) of 7.
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Figure C.15. '"H NMR spectrum (400 MHz, C,D,) of 8.
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Figure C.16. "C{'H} NMR spectrum (101 MHz, C,D) of 8.
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Figure C.17. >'P{'H} NMR spectrum (121 MHz, C,D,) of 8.
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Figure C.18. '"H NMR spectrum (400 MHz, C,D,) of 9.
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Figure C.19. HSQC NMR spectrum (400 MHz, C,Dy) of 9.
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Figure C.20. HMBC NMR spectrum (400 MHz, C,Dy) of 9.
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Figure C.21. >'P{'H} NMR spectrum (162 MHz, C,D,) of 9.
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Figure C.22. Paramagnetically shifted '"H NMR spectrum (300 MHz, CD,CN) of 10.
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Figure C.23. 'H NMR spectrum (400 MHz, CD,CN) of 11.
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Figure C.24. HSQC NMR spectrum (400 MHz, C,D,) of 11.
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Figure C.25. HMBC NMR spectrum (400 MHz, C,.D,) of 11.
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Figure C.26. 'P{'H} NMR spectrum (162 MHz, CD,CN) of 11.
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Figure C.27. 'H NMR spectrum (300 MHz, C,D,) of 12.
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Figure C.28. "C{'H} NMR spectrum (75 MHz, C,D;) of 12.
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Figure C.29. "'P{'H} NMR spectrum (121 MHz, C,D,) of 12.
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Figure C.30. 'H NMR spectrum (400 MHz, C,D,) of 13.
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Figure C.31. "C{'H} NMR spectrum (75 MHz, C,D,) of 13.
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Figure C.32. 'P{'H} NMR spectrum (121 MHz, C,D,) of 13.
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Figure C.33. 'H NMR spectrum (400 MHz, C,D,) of 14.
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Figure C.34. HSQC NMR spectrum (400 MHz, CDy) of 14.
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Figure C.35. HMBC NMR spectrum (400 MHz, C,D,) of 14.
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Figure C.36.°'P {'H} NMR spectrum (162 MHz, C,D,) of 14.

255



2

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 0.5 0.0

Figure C.37. 'H NMR spectrum (300 MHz, CD,Cl,) of 15.
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Figure C.38. °C NMR spectrum (75 MHz, CD,CL,) of 15.
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Figure C.39.’'P NMR spectrum (121 MHz, CD,Cl,) of 15.
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Figure C.40. 'H NMR spectrum (300 MHz, C,D) of 16.
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Figure C.41. ”C NMR spectrum (75 MHz, C,D,) of 16.
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Figure C.42.°'P NMR spectrum (121 MHz, C,D,) of 16.
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Figure C.43. 'H NMR spectrum (C,D, 300 MHz, top) and *'P NMR spectrum (C,Dg
121 MHz, bottom) of the mixture derived from the reaction of 16 and 6 equivalents of
CO (primarily compound 17).
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Figure C.44. 'H NMR (C,D, 300 MHz, top), "C{'H} NMR (C,D, 75 MHz, middle),
and *'P NMR (C,D, 121 MHz, bottom) spectra of 18. Note the incomplete 'H
decoupling in the *'P spectrum due to the far upfield location of the hydride signal.
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Figure C.45. 'H NMR (C,D, 300 MHz, top) and related 1D NOE experiments
(bottom) of 19.
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Figure C.46. '"H NMR (CD,Cl, 300 MHz, top), >'P NMR (CD,Cl, 121 MHz, middle),
and 13C NMR (CD;CN, 75 MHz, bottom) spectra of 20-OTf. Note the incomplete 'H
decoupling in the *'P spectrum due to the far upfield location of the hydride signal.
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Figure C.47. 'H NMR and 1D NOE spectra of a mixture of 20-OTf and 21-OTf
(CD,Cl,, 400 MHz)
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Figure C.48. 'H NMR spectrum of 22-BAty,, (CD,CN, 600 MH).
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Figure C.49. HSQC NMR spectrum of 22-BAty,, (CD,CN, 600 MH).
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Figure C.50. 'H NMR spectrum of 23 (C,D, 600 MHz).
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Figure C.51. Olefinic and aliphatic region of gradient COSY spectrum of 23 (C,D,, 600
MHz).
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Figure C.52. Stacked olefinic-aliphatic region of '"H NMR spectra of 23 (bottom) and
23-d, (top).
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Figure C.53. 1D NOE experiment on 23-d, showing through-space dipolar coupling
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Figure C.54. °'P{'H} NMR spectrum of 23.
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Figure C.55. H NMR (CD,Cl,, 400 MHz) spectrum of 25.
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Figure C.56. 'H NMR (CD,Cl,, 300 MHz) spectrum of toluene-free, acetonitrile-
exchanged 25.
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Figure C.57. 'H NMR (CD;NO,, 400 MHz) spectrum of anisole complex 26.
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Figure C.58. H NMR (CD,CN, 400 MHz) spectrum of butadiene complex 27.
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Figure C.59. 'H NMR (CD,CN, 400 MHz) spectrum of 1,3-cyclohexadiene complex 28.

266



)
' t' I
T A r_mw s T
g 83 2 g & g 5
3 T N o T o T T £ = T T T T T T e T T T T o
8.5 8.0 7.5 0 6.5 6.0 55 5.0 4.5 4.0 KK} 3.0 25 20 1.5

ppm

Figure C.60. 'H NMR (CD;NO,, 400 MHz) spectrum of thiophene complex 29.
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Figure C.61. 'H NMR (CD;NO,, 400 MHz) spectrum of 2-methylthiophene complex 30.
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Figure C.63. 'H NMR (CD;NO,, 400 MHz) spectrum of 2,5-dimethylthiophene complex
32.
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Figure C.64. 'H NMR (CD;NO,, 400 MHz) spectrum of pyrrole complex 33.
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Figure C.65. 'H NMR (CD;NO,, 400 MHz) spectrum of N-methylpyrrole complex 34.
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Figure C.66. 'H NMR (CD,;NO,, 400 MHz) spectrum of furan complex 35.
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Figure C.69. 'H NMR (CD;NO,, 400 MHz) spectrum of indole complex 38.
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Figure C.70. 'H NMR (CD;NO,, 400 MHz) spectrum of 4,6-dimethyldibenzothiophene
complex 39.
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Figure C.71. 'H NMR (CD;NO,, 400 MHz) spectrum of tetrahydrothiophene complex 40.
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Figure C.72. '"H NMR (CD;CN, 400 MHz) spectrum of proponoate complex 41.
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Figure C.73. '"H NMR (CD,CN, 400 MHz) spectrum of allyl complex 42.

£ 3 g 9 3 8 g 2
: —£ - SR B Y SR ; - = B SE
85 8.0 75 70 6.5 60 55 50 oS 40 as a0 25 20 15 10

Figure C.74. '"H NMR (CD,CN, 400 MHz) spectrum of diacetonitrlyl complex 43.
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Figure C.75. VT 'H NMR (CD;NO,, 500 MHz) spectra of 2-methylthiophene adduct 31.
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Figure C.76. VT 'H NMR (CD;NO,, 300 MHz) spectra of pyrrole adduct 33.
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Figure C.77. VT 'H NMR (CD;NO,, 500 MHz) spectra of furan adduct 35.
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Figure C.78. "'P{'H} (left) and "F{'H} (right) NMR spectra of 25-43 (ordered bottom to
top).
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Figure C.79. Stacked "C{'H} NMR spectra of 25, 27-29, 35, 37, 40-42.
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Figure C.80. HSQC spectrum (CD,CL,, 400 MHz) for toluene adduct 25.
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Figure C.84. HSQC spectrum (CD;CN, 400 MHz) for butadiene adduct 27.
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Figure C.87. HMBC spectrum (CD,CN, 400 MHz) for 1,3-cyclohexadiene adduct 28.
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m A | A N |

{3.321 7AO7K ‘}3‘23‘1 7.62} 11361741

(1.37.27.5:,:; r20

{SJDABAQG\. o

(881872 (3011 ]9«""02'78‘27) ) el ]

f1 (ppm)

{7.67.111.60 {6.10.111.77,
\ \’ P r110

{7.68,130. 2!

{782, mg 7.68.134.94) o sz [ERERE Y 95,;0 [130
{7.83.131 Rt 7.120.19)
{787,145, 78 {6,10,145.90\ 140

{7.01,148. 92 {4.97,150.18; {215, 149 93
{8.01, 14565{' K "’ +150
‘\755 wom

85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15
ppm

Figure C.91. HMBC spectrum (CD;NO,, 400 MHz) for 2-methylthiophene adduct 30.

279



atll A

(3'27'27'2&k'

{2.2:1.16.5-3Le {1.41,17.10]
{1 .:ia,r:'.t:"0 r20

f1 (ppm)

/azg,sv.ga}

8.10,67.32} r90
{6.92,100.01
] 100

{6.26,1 15.40\ 110

{8.00.133. 54\ “&;?330522;) 130

T T T T T T T T T T T T T T 1

85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0
ppm

Figure C.92. HSQC spectrum (CD;NO,, 400 MHz) for 3-methylthiophene adduct 31.

AJ\AM A N

{a.ze.w.sax (1411757“¢1321722) r10
41422710&}!322704} [

!

{8.29.87.34N 891 .av.ssw (2.24.37.45* -80
(829100011\‘ }a 0,100.39} {224,100 90
29,100, 110,100 4,1 ,rmt

100

{7.64,115.79 ’ r110
{7.84, 1\98? H

{829,127 so 8.70.127.53) {s .92,127.50} {224,127.51

.01, 12965*'! 7641351 013478 130
| 01 - L1140

{8.01,146.07
kr"ﬁraa 14621} r150

T T T T T T T T T

90 85 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 0.5
ppm

Figure C.93. HMBC spectrum (CD;NO,, 400 MHz) for 3-methylthiophene adduct 31.

f1 (ppm)

280



N

. ]
{1.96‘15.36)\"38“7'46 1.41,17.43}

{329,27.71\D 4

(7,09.107.06% (s.ls.woa.avk'

é}:;"f;’f:@ j7.7s4|3|.s|)

8.03,139.15}

T T T T T T T T T T T T T

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0
ppm

Figure C.94. HSQC spectrum (CD;NO,, 400 MHz) for 2,5-dimethylthiophene adduct 32.

M L . N

J
{?.DQ.!S.GD\ ' {Ld%l 8.09; 1.37,18.05}

{1.41.27.07} _ j1.97.27.75}

5

|

ros 001y sosrcasay {1:96.107.06
i i N

\6.35.\03.48} I
{8.02.126.06) {7.09.124.32 {1.96.124.34

{8.02,133.42, ‘4734'132’18}

{8.02, 130-08}' \tr.s 1130866}

{8.02,145.94 f/.a.s.ms,yg}
T

T

8.5 8.0 7.5 70 6.5 6.0 5.5 50 45 40 35 3.0 25 2.0 1.5 1.0
ppm

Figure C.95. HMBC spectrum (CD;NO,, 400 MHz) for 2,5-dimethylthiophene adduct 32.

281



R TR VY

(119.1’7;‘.
{3.03,28.10; {1.43,16.76f
\azx 2119}

{6.15,79. !8)\{

{8.89,105. YSK{ (S.24.|03ABN /SAIF..!OG.SI}

{6.14,1 IG.M“&ZAJ 17.04}

{7.76,129.67
{7.93,133.39 7&.1323»
7.56,132.04}
T r -

95 90 85 80 75 70 65 6.

0 55 50 4.
ppm

5 40 35 30 25 20 15

r110
r120
r130

Figure C.96. HSQC spectrum (CD;NO,, 400 MHz) for pyrrole adduct 33.

{1.51.18.28) '

-

_LlAlLLJL i

quazeasf o

18.91,79.41 ' (6187900 ’
J ! v

‘

{8.91,105.31 ! {6.16,105.08] !

' L B (7.30.111.72“‘ ) - K
1 N : '

"1

k' 'f;r.as.wssa)

{7.60,124 8 q , ;
{782,133 N i 60135161 ‘ b
{7.77,|3f.s of 13280 ! ! ' .
{7.95,146.32, L ;

| R

95 9.0 85 80 75 70 65 60 55 50 45 4.0 3.5 3.0 25 2.0 1
ppm

5 1.0

Figure C.97. HMBC spectrum (CD,;NO,, 400 MHz) for pyrrole adduct 33.

282

f1 (ppm)

f1 (ppm)



e

{6.08,78.81
| '
|

{6.28,103.57
Ya.sz,mesa}

e 77.120.56)
I
{7.94,133.36] 72,192 85) |

{6.17.115.55)

{4.33.81 ,4\'

L

1
{1.51.16.64 16,73}
{1.231

(3.24.27.19» .;3404.26.15}
. 1
{3.38,35.48) |

) .

T T T T T T T T

.0 85 80 75 70 65 60 55

5.0
ppm

T

4.5

T T T T T T T

40 35 30 25 20 15 1.0

10
-20
-30
-40
50
60
70
80
90
100
110
-120
-130
-140
-150

f1 (ppm)

Figure C.98. HSQC spectrum (CD;NO,, 400 MHz) for N-Me-pyrrole adduct 34.
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Figure C.101. HMBC spectrum (CD;NO,, 400 MHz) for furan adduct 35.
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Figure C.105. HMBC spectrum (CD;NO,, 400 MHz) for benzothiophene 37.
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Figure C.107. HMBC spectrum (CD;NO,, 400 MHz) for indole adduct 38.
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Figure C.111. HMBC spectrum (CD,CN, 400 MHz) for tetrahydrothiophene adduct 40.

289



/ AN/
{ N

RN (=

2.9

Figure C.112. Aliphatic region of COSY spectrum (CD,CN, 300 MHz) for propanoate

complex 41.

2.5 2.1 1.7 13

ppm

290

0.9

2.6
2.8
3.0

f1 (ppm)



85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -0.5

| 1 Kl l J | A

143 142 141 140 139 138 137 136 135 134 133 132 131 130 129 128 127 126 125 124 123 122 121 120 11
ppm

Figure C.113. 'H (top) and "C (bottom) NMR spectra of 1,4-bis(2-bromobenzene)-2,3-
dihydroxybenzene in CDCL.
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Figure C.114. 'H (top) and "’C (bottom) NMR spectra of 1,4-bis(2-bromobenzene)-2,3-
bis(methoxymethyl)benzene in CDCl,.
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Figure C.115. 'H (top, CDCl;) and *'P (bottom) NMR spectra of catechol diphosphine
48. The top *'P NMR spectrum was recorded with THF as solvent and the bottom
spectrum of the same sample was collected with CDCI,.
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Figure C.116. 'H NMR spectra (C,D;, 300 MHz) of 49 with (top) and without (bottom)
'P decoupler turned on and centered at 56 ppm.
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Figure C.117. Excerpt of gCOSY spectrum of 49.
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Figure C.118. 1D NOE experiments of 49.
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Figure C.119. >'P{'H} NMR spectrum of 49.
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Figure C.120. 'H (top) and *'P (bottom) NMR spectra of dinickel dichloride 50
(CD,CL,).
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Figure C.121. 'H (top) and *'P (bottom) NMR spectra of pentanickel dichloride 51
(CeDy).
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Figure C.122. 'H (top) and P (bottom) NMR spectra of palladium dichloride 52
(CD,CL,).
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Figure C.123. 'H (top), "’F (middle), and *'P (bottom) NMR spectra of silver triflate 53
(CD,CN).
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Figure C.124. 'H (top) and *'P (bottom) NMR spectra of dimethylsilyl protected
catechol diphosphine 54 (CD,Cl,).
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Figure C.125. 'H (top), "F (middle), and *'P (bottom) NMR spectra of catechol aryl
borane 557" (C,D,).
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Figure C.126. 'H (top), "F (middle), and *'P (bottom) NMR spectra of worked up
reaction mixture prior to co-crystallization of dicobalt 56 and pentacobalt 57 (C,Dy).
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Figure C.127. 'H (top), "’F (middle), and *'P (bottom) NMR spectra of mixture of two
rthenium chloride compounds out of 58-60°"*"" (CD,Cl,).
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Figure C.128. 'H (top), ""F (middle), and *'P (bottom) NMR spectra of product of
halide abstraction from 58-60“"*"" (CD,Cl,, not indenfinitely stable in solution).
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Figure C.129. 'H (top), ""F (middle), and *'P (bottom) NMR spectra of product of
halide abstraction from 58-60°"*"" under 1 atm CO to yield 61 (CD,CL, stable in

solution).
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Figure C.130. 'H (top), "’F (middle), and *'P (bottom) NMR spectra 62 (CD,CL,).
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Figure C.131. 'H (top), "’F (middle), and *'P (bottom) NMR spectra 63 (CD,Cl,).
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Figure C.132. 'H (top), "’F (middle), and *'P (bottom) NMR spectra 64 (C,Dy).
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