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Abstract

M echanical forces are known to drive a range of covalent chemical reactionsand
have a number of applications, including access to new reaction pathways, polymer
transformations, degradable polymers, stress/strain sensing in bulk materials, and the
release of small moleculedprotons. In switchable catalysis, mechanical forces have be&n
mainly exploited to activate latent catalysts by unplugging inhibiting ligands. However,
mechanical forces offer more opportunities beyond breaking bonds due in part to the
reversibility and continuous/wide adjustability. As an complementary strategy, f orce may
be applied to a spectator ligand to toggle the structure and reactivity of the transition
metal complex incrementally and reversibly among multiple states, without incurring
scissile events.In this dissertation, we study force-activity relationsh ips of elementary
steps and isolated catalytic transformations under this strategy, to build knowledge
toward such multi -state mechanocatalysts.We introduce force probe ligands, a series of
macrocyclic bis(phosphine) ligands containing a stiff -stilbene photoswitch, as tools to
guantify force effect(Chapter 2). Each force probe ligand has a known force applied to the
bis(phosphine), which is quantified by DFT methods . When employed in transition metal
complexes, force probe ligands enablesthe measurements of forcedependent properties.

In Chapter 3, we quantify the rate of C(sp?)t C(sp? reductive elimination from

platinum(ll) diaryl complexes containing force probe ligands as a function of mechanical



force applied to these ligands, as our first step toward force -dependent elementary step
reactivity . DFT computations reveal complex dependence of mechanochemical kinetics
on the structure of the force-transducing ligand. We experimentally validated the
computational finding for the most sensi tive of the ligand designs, based on MeOBiphep,
by coupling it to a macrocyclic force probe ligand. Consistent with the computations,
compressive forces decreased the rate of reductive elimination whereas extension forces
increased the rate relative to the strain-free MeOBiphep complex with a 3.4-fold change
in rate over a ~290 pN range of restoring forces. The calculated natural bite angle of the
free macrocyclic ligand changes with force, but 3P NMR analysis and calculations
strongly suggest no significant force-induced perturbation of ground state geometry
within the first coordination sphere of the (P ¢ P)PtArz complexes. Rather, the force/rate
behavior observed across this range of forces is attributed to the coupling of force to the
elongation of the O° O distance in the transition state for reductive elimination. The results
suggest opportunities to experimentally map geometry changes associated with reactions
in transition metal complexes and potential strategies for force -modulated catalysis.

In Chapter 4, we move forward to mechanistic study on how forces are coupled to
reactions by kinetic experiments on the stilbene isomerization (E to Z) of force probe
ligand with/without platinum(ll) coordination.  We obtained the activation energies of free
force probe ligands and (Pt P)PtClz complexes, and results reveal the energy difference

between free ligand and coordinated complex increases with restoring force, with ~ 6



kcal/mol activation energy difference changeover ~ 120 pN ranges of forceson force probe
ligands. We further simulat ed the activation energies of untethered stiff-stilbene under
different tension, and found a decent consistency of computational data with empirical
activation energies for free ligand. Taking the simulated energy/force relationship as a
calibration curve, we estimated force experienced by stilbene in (Pt P)PtCl. complexes,
which showed >100 pN can be generated through Pt(Il) coordination. The results suggest
an allosteric effect by distal metal-ligand coordination can generate large forces and could
drive orders-of-magnitude (up to ~104) changes in the rate of a coupled unimolecular
trans/cis alkene isomerization.

In Chapter 5, we quantify the rate of C(sp?)t C(sp?) reductive elimination of N,N,4-
trimethylaniline from palladium (Il) methyl aryl complexes employing force probe
ligands, as an effort to explore other useful scopesand metal influence in force sensitivity .
Analysis of the resulting first -order rate constants revealed that the rate of reductive
elimination was largely invariant of ligand restor ing force, as kobs varied by < 20% across
the series of ligands employed. Different from the aforementioned ( Pt P)PtClz complexes,
(Pt P)PdArMe complexes are not stable at ambient conditions and thus generated in situ
for kinetic experiments, which introduce d 2 equiv. of bromide. We propose the formation
of anionic complex [(Pt P)PdBrArMe] - under this condition deactivates force coupling to

the reductive elimination pathway .
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Finally, in Chapter 6, we close the catalytic cycle by demonstrations of isolated
catalytic transformation s of Rh(l)-catalyzed hydroformylation of 1 -octene/styrene and
Cut H-catalyzed hydrosilylation of acetophenone, likewise employing force probe ligands.
Over a range of ~230 pN, we found the linear to branch regioselectivity of 1-octene
hydroformylation changed ~1.7 folds, and the enantioselectivity of styrene
hydroformylation changed ~ 10% in ee. Cut H-catalyzed hydrosilylation of acetophenone
showed ~ 20% increase in ee as force decreases over ~ 290 phbw temperature NMR
studies indicate the structure of (Pt P)RhH(CO)2= complexes, the key intermediate that
determines selectivity, remains the same across the series of ligands applied with regard
to equatorial/equatorial or equatorial/apical bis(phosphine) coordination modes, while
vast changes in selectivity are often reaulted from changes in the coordination modes.
Therefore, we propose force couples to mentioned reactions as a dynamic effect, in
contrast to toggling the intermediate structure. With the limited force range accessible
with this series of force probe ligand, observed changes in reaction selectivity are also
limited . However, this research provides a bridge from elementary step study to
polymeric matrix -supported switchable mechanocatalysis, in which wider range of forces

can be achievedto provide opportunit ies in better force-regulated transformations .
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l1Introducti on

Many different external stimuli, including light, chemical triggers (H * metal ions,
or CO2) and redox switching, have been widel y exploited to modulate catalyst behavior,
and there is growing interest in the development of switchable catalysts for the synthesis
of small molecules®? and polymers.4 Although many switchable catalysts have been
developed, the majority of them can simply switch between the active and inactive states
of organic or Lewis acid catalysts. Examples of switchable catalysts that modulate the
reactivity of a tran sition metal catalyst>® or selectivity of a catalytic transformation are
few .5 %20 Mechanical force offers new potential in the context of those applications due in
part to its directionality and wide/continuous adjustability in magnitude, which
differentiates it from other stimuli. Therefore, we enY DPUPOOw Estate? OUOUD
Ol ET E OOE E U & énie tbibggleddtalysi states incrementally and reversibly to tune
a catalytic process precisely with targeted selectivity or reactivity , and this dissertation

reflects the first step to build our knowledge toward this goal .

1.1 Switchable Catalysis

Switchable catalysis, a process that can be regulated by external stimuli, is a
powerful tool to promote the efficiency of catalytic transformations , fine-tune their
reactivity and selectivity , and even create new chemical transformations.4 2+28 The
external modulation can be enabled by a wide range of stimuli, such as photo-irradiation ,*

2,21, 23 26redox potential 28 and chemical triggers.” & 2For example, Feringa et al.applied a
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stiff stilbene-based unidirectional light -driven photoswitch (Figure 1a) to both
organocatalysis and transition metal catalysis (Figure 1b,c).> 2 As is shown in Figure 1la,
the cisisomer of this functionalized photoswitch brings dual catalytic centers to a close
proximity to enable a synergistic effect (Figure 1b), or brings two (mono)phosphine units
together to enable chelation (Figure 1c)OWE OE wUT UUwUIT x Ul .ChresBlyy UT T w? O
the trans isomer separates the two cooperative units apart. Specifically, in its cis
configuration s, the opposite helicities (P versus M) dictate the enantioselectivity, which

x UOYPEI UwEI U0l UwEOOUUOGOUwPHUT DOwWUT 1T w? 002 wUUEUI
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Figure 1: Stiff stilbene -based unidirectional light -driven molecular motors (a)
and their application in catalysis (b and c).
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Despite such successes, further development of switchable catalysis is thwarted
by the nature of those stimuli: incomplete photoswitching, photobleaching, and undesired
absorbancelimit photochemical modul ation; redox- and chemical-regulation require the
addition of external reagents, which limits the switching efficiency /reversibility and
constitutessE Ow? B OY E U D ¥ the nesdtiorUsyst@f. Furthermore, it is often the case
that only two states (on/off) are accomplished in non-thermal modulation . Instead, an in
situ switch capable of multi -state regulation beyond simply on and off is desired . As
described in more details below, such a system might be more versatile and efficient in
the modulation of reactivity and selectivity , and might even openup possibilities for new

transformations that are otherwise inaccessible

1.2 Mechanochemistry and its Application in Catalysis

Mechanical force, an emerging regulation method in covalent polymer chemistry
that createsmany unique opportunities , offers a promising but untapped mechanism for
switchable catalysis that complements existing works . Historically, mechanical force has
been associated with polymer material degradation , typically through homolytic bond
scission.3%4t |t is not until 2007, when Moore et al.reported the thermally forbidden ring
opening of benzocyclobutene to ortho-quinodimethane , that its directional and localized
nature, which are intrinsically different fr om other stimuli such as heat were harnessed
to generate productive chemical responses* This work has beenfollowed by a number of

other mechanistic studies in mechanochemistry 4346 A key finding that demonstrates the



potentials of the mechanochemistry approach is that macroscopic forces in polymers can
reachenormous values| large enough, for example, to activate 90 kcal mol bond scission
reactions. In comparison, only a differential of 1.4 kcal mol ! is necessary for tenfold
changes in catalyst selectivity at ambient conditions.

Recently, the advantages of mechanical force have given rise to application s in
many different domains, including access to new reaction pathways*? 454° mechanistic
insights 8 553 polymer transformations ,5+%¢ degradable polymers 5" 58stress/strain sensing
in bulk materials ,5% %°and the releaseof small molecules and protons.¢+63 Further strategies
are under development to effectively couple force with chemical transformations , opening
up possibilities for unprecedented chemistry. 64 65Although such? O O wE | Qrep@rfies w
have beenengineered on a variety of fronts, switching catalytic activity with mechanical
force, especially in the setting of transition metal catalyzed transformations , is still in its
infancy, with a few reports on dis sociation of inhibiting ligands from a metal catalytic
centers%8 and one demonstration of force-dependent enantioselectivity (see below).5®

It is worth noting that mechanocatalysis includes three interconnected subfields.”™
The concept of mechanocatalysis originated from biomechanochemistry, where Klibanov
et al. speculated that mechanically-induced changes in enzymatic were responsibility for
observed rate accelerations and decelerationg®: 72 Mechanocatalysis has also been
reported in powder mechanochemistry, in which ball milling facilitate s mass transport

process in solid-state synthesis with mechanical actions.”® Finally, polymer



mechanochemistry has been usedto deform or break covalent bonds in a close proximity
to bias the structure of catalysts. The Sijbesma and Bindergroups have reported that either
ultrasound -generated shear flow or tension on bulk materials will mechanically break a
metal-ligand bond, activating a latent transition metal catalyst to trigger subsequent
catalytic process$¢ 67Binder et al.showed that the mechanical activation of a latent copper
bis(NHC) catalyst embedded in polytetrahydrofurane or polyurethane leads to cross -
linking via copper -catalyzed azide-alkyne click chemistry. 67 Sijpesmaetal. showed similar
crosslinking behavior with mechanical -triggered ruthenium -catalyzed olefin metathesis
triggered by both sonication on linear polymer or tension on bulk .86.74

Unplugging a ligand to activate a latent metal catalystis an exciting breakthrough ,
but the action of mechanical force is to switch activity on. The full potential of mechanical
force is not utilized, especially with regard to its reversible, continuous, and wide
adjustability. In a complementary strategy, force can be applied to anintact ligand scaffold
to indirectly toggle the reactivity of the metal center it coordinates to, without incurring
any scissile event. At the beginning of this dissertation work , this strategy had only been
demonstrated in a single report where it was illustrated that force applied to a chiral
ligand inf luences, with different magnitude and direction, the enantioselectivity of
homogeneous Heck arylations (Figure 2)% and the force is introduced through a stiff
stilbene molecular switch, in a manner reminiscent O1 w%il UDOT Ez UwdOOO1 EUOE U w!

Switching to Z ligand imposed compressive force and E ligand extensive on the force-free



MeOBiphep scaffold (further discussion on the structure sees Chapter 2), and the

enantioselectivity of the major product is enhancedby compressive forces
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Ligand Conv. /% major/minor  Total (S) Products / % (S)-major ee / %
E 95 98:2 99 79
MeOBiphep 23 95:5 91 90
Z 55 97:3 96 96

Figure 2: Force-dependent enantioselectivity of Heck arylations : reaction
scheme, ligand scope, and force-dependent catalyst performance .

1.3 Roadmap for Mechanocatalysis

Two major capstones are listed below for the long-term goal of mechanocatalysis:
(i) establish the key principles of ligand/active site design in isolated transition metal
complexes; (ii) establish quantitative relationships between the mechanically modulated
reactivity in individual complexes and the ensemble reactivity of polymer -supported
hybrid material . In this dissertation work, we use an molecular force probe approach to

evaluate force-dependent activities (see below).



To funnel mechanical force to the molecular level, a polymeric platform that can
deform incrementally and reversibly is required. Craig et al. have shown
mechanochemical responses that requires > 150 pN (including somecases require > 700
pN 75) can be activated for those mechanically active groups in an elastomeric support’in
addition, Guy and Jierry have directly correlated mechanical deformation of a
poly(dimethylsiloxane) (PDMS) elastomer to the dihedral angle of binapthylene diol
(BINOL) derivatives crosslinked into the polymer via the oxygen atoms. 77 Stretching the
elastomer to a 170% extesion led to the transfer of an average mechanical force of ~175
pN to the BINOL moiety, which increased the dihedral angle of crosslinked BINOL from
89° to an average value of 130°. Worth noting are the similarities in the structure of the
mechanophore and the mode of distortion to ligand scaffolds that we are emphasizing in
our force-rate studies (Chapter 2).%° Likewise, our ultimate goal is to install those
mechanocatalysts into such an elastomer support and toggle the catalyst structure by
directly applying mechanical force on this hybrid material. While the effect of mechanical
force at the molecular level should be independent of the polymer network chosen, some
polymer networks are b etter able to support greater forces at the molecular level, and to
do so with fully reversible and repea table shape recovery (so that those forces can be
periodically tuned over many cycles, Chapter 5). Besides, two fundamental questions
remains to be answered before reaching this stage and to bridge the microscopic

molecular structure with macroscopic deformation: (i) establish the key principles of



ligand/active site design in isolated transition metal complexes ¢ how does restoring force
influence each elementary steps? (ii) establish quantitative relationships between the
mechanically modulated reactivity in individual complexes and the ensemble reactivity
of polymer -supported hybrid material ¢ how do we close the catalytic cycle with prior
knowledge of each step in a homogeneous system, and map the reactivity to a polymer
based heterogeneous setting?

First, it is important to set up reactivity -force relationships. Transition metal
catalyzed transformations typically proceed through multiple steps involv ing discrete
intermediates, and the kinetics are often affected differentially by ligand geometry. T he
most effective catalyst represents a compromise among the various microscopic steps and
such a compromise in ligand geometry may be implicated, for exam ple, by the parabolic
dependence of the efficiency of the Kumada cross-coupling on (bis)phosphine bite angle
(Figure 3).7881 This reaction is believed to occur through sequential oxidative addition,
transmetalation, and reductive elimination .82 8 Howe ver, oxidative addition is likely
facilitated by small bite angles® 8. 84while reductive elimination by large bite angles ,7 .

8587 gand this trade-off is a widespread phenomenon.
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Figure 3: Parabolic dependence of conversion on phosphine bite angle for the
Kumada cross coupling.

In an effort to study the force dependencies of individual steps in a common
catalytic cycle, we use molecular force probes as tools instead of polymerbased force
transmission methods (details in mol ecular design and structure seeChapter 2). Because
of the wide variety of microscopic steps and intermediates that may require disparate
experiment conditions or special analytical methods , a molecular force probe method is
convenient for activation param eter characterization and mechanism study for force data
interpretation. For example, a homogeneous solution containing molecular force probe
can be characterized with in situ NMR methods at extreme temperatures (-90 °C to 140
°C), while polymer -based methods including single molecular force spectroscopy and
sonication requires ambient conditions. We install a series ofstiff -stilbene photoswitches
that generate difference forces on the scaffold of a widely used (bis)phosphine ligand,
MeOBiphep (Figure 6, Chapter 2). In this manner, a catalystorganometallic complex is

designed beyond the substrate binding site, which enables nearly a pure force-coupling
9



effectfrom the ligand without disturbing other properties like electronic sand, sometimes,
sterics. Those force probe ligands are then employed in the studies of elementary steps,
including reductive elimination & and oxidativ e addition 8 (Chapters 3 and 5), and in the
mechanistic study of force effect (Chapter 4).

Second, we try to close the catalytic cycle and study the effect of force onan
isolated catalytic transformation (Chapter 6). Force probe ligands are employed directly
for homogeneous reactions, which will be used to steer the study of polymer -supported
mechanocatalysts in the corresponding heterogeneous reactions.Then we will relate the
behavior of bulk mechanocatalysts with molecular force probe coordinated homogeneous
catalysts. In contrast to the elementary stepstudies, this part remains largely unexplored
and will be introduced as a long -term goal, and this dissertation work focuses on how

force biases a catalytic transformation at the molecular force probe level.
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2 Tool s fSboudyHoae feree actReviattyy onshi p:
Mol eciMba®rr ai(Bied) phoslplgiamel s

The reactivity of a transition metal complex is determined as much by the nature
of the ligand set as by the identity of the metal. Ligand effects on structure and reactivity
of transition metal complexes have become important objectives in organometallics and
homogeneous catalysis’® 8. %. 91 Along with steric and electronic properties, ligand
distortion effects ¢ including ligand structure in the ground state of reactant as well as the
energetics of ligand geometry changes on going from ground state to transition state t is
also one of the key parameters that determines the reactivity of a transition metal complex,
and the manipulation of |igand geometry has become central to the design and
optimization of catalytic transformations. 8 & In this Chapter, we discuss the design of
ligand as a tool for chemomechanical study in the following Chapters along with its

geometric descriptors for mechanistic discussion, its synthesis, and force quantification .

2.1 Introduction: Phosphine Ligands and Parameters

Phosphine has been one of the most important ligands in homogeneous catalysis
and is well-parametrized for mechanism study. Hence, in this study, our methods are
primarily based on phosphine ligands. Their application can be dated back to as early as
the 1940s for Reppe reaction of alkynes, alcohols, and carbon monoxide, in which the
formation of acrylic esters is enhanced by triphenylphospine with nickel catalysts. 92 93

Since then, their significance has grown rapidly, as is evidenced by the development of
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Wilkinson z Watalyst RhCI(PPhe)s in hydrogenation in the 1960s.%4 Substitution on the
aromatic ring has later been used to study the electronic effect of phosphine ligands on
the readivity of transition metal complexes, which broadens their application, and ligand s
effect was rationalized as an electronic effect at that time .9 Systematic study by Tolman,
however, unraveled later that the steric effects can be equally important (and even
dominant in terms of stabilization effects). ®© He introduced cone angle as a molecular
descriptor for phosphine ligands, which is defined as the apex angle of the subtending
cone centered at 2.28 A from the center of P atom spans to the outmost atom in the
substituent (Figure 4).°6 Many molecular structure properties have been observed to
parallel with this angle, such as chemical shifts in NMR studies, IR frequencies of

coordinated carbonyl groups, and equilibrium and rate constants.

Figure 4: Tolman cone angle, a molecular descriptor for (mono)phosphine ligands.

While cone angle is widely accepted and successful in explaining the properties of
(mono)phosphine, bidentate phosphine ligand, on the other hand, has introduced a
different coordination model and is less straightfo rward to parametrize. 8 9% 97 The first
structures of (bis)phosphines were reported in late 1950s as two phosphine units bridged

by ethylene group.9™%® However, (bis)phosphine ligands were found of little help in
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homogeneous catalysis originally with Wilkinson catalysts in early studies (1960s) due to
its strong chelating effect which stabilizes the transition metal complexes, while
dissociation of (mono)phosphine is an indispensable step?1% |t is not until the 1970s,
when Kagan and Knowles applied oth er carbon chain-bridged (bis)phosphines (DIOP
and DIPAMP, respectively) in asymmetric rhodium -catalyzed hydrogenation, that the
application and systematic study of (bis)phosphines grew, which, instead, demonstrates
their offering of regio- and stereoselecivity control in catalysis. 101103, 104

Many descriptors are henceforth developed for mechanism study, such as
extended Tolman cone angle% solid angle,106108 pocket angle,’*®and accessible molecular
surfacel® Despite their success in steric analysis and machine learning feature
engineering for ligand design ,}1+115 they are not accurate enough to account for the
chelating effect, which is the main difference between (bis)phosphines and
(mono)phosphines. Rather, the steric properties of(bis)phosphines are determined largely
by the length and flexibility of the bridging backbone, which influences the P ¢M¢/ w? EDUI » w
angle after binding with metal (Figure 5).116 The bite angle is dependent on transition
metal and is a compromise between the ligand metal of the preferred PtM¢P angle:
backbone flexibility of ligand determines the bite angle range centered on its preferred
value given by the bridge length and PtM bond length, while transition metal
hybridization determines another set of metal preferred angles, such as 9% for square

planar (Chapter 3) and 120@ for bisequatorial coordination in a trigonal bypyramid
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complex (Chapter 5).7 8. 117A standardized and convenient way using natural bite angle,
PUwxUOxOUI EwEaw" EUl awEOEwW6T DPUOI UwE CElenisuE EUI E w
often fixed in a narrow range and can be obtained as an average from Cambridge
Crystallographic Database, for example, 2.315 A for rhodium.729 w? EUOOa » wOl UE OwE
can then be placed on the bisector of the two phosphorous atoms with the fixed M-P value,
and hereby the natural bite angle can be calculated?® This method has been useful in the
explanation and prediction of rates and selectivities of various catalytic reactions, and
here, we will largely use natural bite angle for discussion on geometries of bidenta te

phosphine ligated complexes.

PO
—/ —= p P
P 0L0
a M

Figure 5: Bite angle for (bis)phosphine ligands. Ligand preferred bite angle if
M is a dummy atom to direct lone pairs.

2.2 Ligand Design

The influence of ligand geometry, and in particular the role of natural bite angle,
on catalyst activity can arise through either/or a combination of two mec hanisms. Namely,
ligand distortion can lead to a change in structure and bonding around the active site (e.g.,
bite angle), or alternatively the structure of the complex ground state is not changed, but
ligand distortion beyond the primary structure of the active site makes the geometry

changes associated with going from ground state to transition state more or less
14



energetically favorable (e.g., as characterized by Casey in the context of natural ligand bite

angle effects)¢ These same considerations apply to mechanical effects, ad we refer to

Uil OWEUwW?UUEUPE? WEQEW?EAOEOPE> WEOOUUPEUUDPOOUO
which differences in ligand geometry lead to corresponding differences in the geometry

of the catalytic complex, with associated changes in sterics and/ormolecular orbitals that

can be interpreted in terms of the static structure of the catalyst resting state; or, (ii)
EaAaOEOPEWEOOUUDPEUUDPOOUWEUDUIT whi 1 OwlT 1T woOBDT ECEwWHU
than ground state geometry of the complex, so that energetic distortions in the ligand in

the reactant are relieved as part of the nuclear motions on going to the transition state of

the reaction (i.e., destabilizing reactant/stabilizing transition state relative to each other). 8.

89 While the former effect cannot be predicted quantitativi 0a wi OUwWEwUI EEUDOOOwU
effect can be approximated as "Q¥/of', where Y/af' is the distance of the nuclear motion

along the pulling axis and "Qs the restoring force (Chapter 3).118 Although the dynamic

effect has not beenparametrized for (bis)phosphines, Casey has acknowledged the effect

of ligand flexibility in the modulation of reactivity in a distinct manner from the pure

static effect, which is conceptually similar to our proposal. %6 In practice, of course, a full

picture of ligand effects will include a mixture of both. Studies of mechanochemical

coupling within well -defined catalysts provide an opportunity to disambiguate these

contributions.
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To study such mechanochemical coupling effects in a catalysis setting, the ligand
needs to be engineered in two parts. First, the backbone should be sufficiently rigid to
disambiguate yet still allows the tuning of natural bite angle when coupled to different
magnitudes/directions of restoring forces. In this scenario, axial stereogenic
(bis)phosphines are good candidates, the backbone of which often consists of two rigid
phenyl rings connected P D U1 wWE wh WEOOEWEOQEwWUT 1 Ul EAwWEOOOP U WU 1
range of angles. This design has been proven successful in many, especially
enantioselective, catalytic reactions, which provides us with a broad scope for its
application in mechanocataly sis (Chapter 5). The primary advantage, nevertheless, stems
from rotation about the atropisomeric axis that allows the access to multiple natural bite
angles with the same scaffold, so that other ligand factors are under control, such as
electronics and sterics.119. 120

Now that the adjustability issue has been settled for the same class of
(bis)phosphines, the second question is how to introduce restoring force to the ligand. In
its application, this moiety is embedded into a polymeric matrix and hence force is
transduced via polymer chains to distort the natural bite angle ( Chapter 6). For
chemomechanical kinetics studies, however, quantification of force -activity relationship s
can be conducted more productively and accurately on the molecular scale due in part to
the invariant nature of molecular restoring force in either stretched polymer or strained

molecular macrocycle, and hence a molecular force probe is needed? 12t124 |nstead of
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microscopic force probe study on stretched polymers, Boulatov et al. have extensively
applied a stiff -stilbene-based molecular motor on the study of chemomechanical kinetics
of a variety of localized reactions that can otherwise only be accessed with force
spectroscopic methods. By incorporation of a functional group of interest (mechanophore
or other localized reaction sites) in the macrocycle containing linkers (adjus table lengths)
and the molecular force probe, restoring force in less than 50 pN increments over a range
of 500 pN can be geneated.’?2 This system allows high-level quantum-chemical
calculations, from which we can obtain accurate restoring forces, and activation parameter
measurements, which is otherwise difficult using traditional methods. Through many
examples of established mechanophores and unprecedented mechanism studies on force
loaded bonds, fundamental insights into how reactivities are coupled with localized
restoring forces are unraveled, such as the concerted ring opening of cyclobutene$?! and
gemdihalocyclop ropane?* and the dissociation of P-O and SO bonds in an 2
manner.12

Combining these two parts together, here we use a series of macrocyclic
(bis)phosphine ligands, E/Z(m,n) (m,n = 2,2; 2,3; 3,3Figure 6), comprising a stiff -stilbene
QLLEPPOEEOI Awi OUET wxUOET wUOwI BothtableJBiphep 2R2JET w OUu
bis(diphenylphosphino) -1,1zbisphen-yl] ligand, which is one of the most popular ligand
skeletonsin homogeneous catalysis . 88 8The nontethered ligand, MeOBiphep (Figure 6),

is selected as one of the forcdree controls and benchmark for force gquantification
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(Chapter 2.4). E/Z configuration from the force probe part can be easily accessed by
photochemical switching and used to generate either tensile or compressive forces,
respectively; the length of tether, (CH 2)» chains connecting these two parts, can be tuned

to control force magnitude.

eo O NN

OMe 0 Z
r (O >
Cr SO L
(CHy), —_— (CHo)m (CHy)
: Y,
=4 \ o’ CHCl, 0 o
PhyP ( .
l PPh, PhyP 0 PPh,
Ph,P
MeOBiphep Z(m,n) E(m,n)

Figure 6: Non-tethered ligand MeOBiphep (left) and its macrocyclic  derivative
as force probe ligands (right, E/ Z isomers accessible with photoswitch).

2.3 Force Probe Ligand Synthesis?

The synthesis of E/Z(3,3) has been reportedearlier in a pioneering work in
mechanocatalysis® To extend the ligand scope with various tether chain lengths, we
firstly prepared (2)-2,2',3,3‘tetrahydro -[1,1-biindenylidene] -6,6diol , the core of the stiff-
stilbene photoswitch (Figure 7)24 and attached carbon chains with different lengths,
followed by a macrocycle-closing step with (R)-(6,6+ -dihydroxybiphenyl -2,24 -

diyl)bis(diphenylphosphine) to form the less-strained Z-isomers of force probe ligands.

b This part is largely adapted from J. Am. Chem. So202Q 142 17714 17720 (with Ligi Wang).
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Those highly strained E-isomers are then obtained by UV-irradiat ion and separated with
column chromatography. The general synthetic pathway for the synthesis of force probe

ligands Z(2,2) and E(2,2) is outlined in Figure 7.

HO PPh,
PPh,
. o /\/OH o /\/OMS o
‘ MsClI, EtaN \/\o PPh, 365 m
' ' K2003 DMF, 60 °C . O/\/O PPh,
o o
LYoo Q o O
S1

Z(2,2)

Figure 7: Synthesis of E/Z(2,2).

The synthesis of E/Z(2,2). Methanesulfonyl chloride (0.665 mL, 8.60 mmol) was
added dropwise via syringe to a solution of S1 (1.01 g, 2.87 mmol) and triethylamine (1.20
mL, 8.60 mmol) in CH2Clz (50 mL) at 0 °C and the resulting solution was allowed to stir
for 1 h. The resulting mixture was washed with 1 N HCI (50 mL), water (100 mL), sat.
NaHCO3s (aqg.) and brine (100 mL), dried (Na:SQu), and concentrated under reduced
pressure. The residue was chromatographed (SiQ, hexane: ethyl acetate = 1:1) to give
S3(1.32 g, 90.6%) as a edle-like off -white crystals.

A suspension of (R)-(6,& -dihydroxybiphenyl -2,2 -diyl)bis(diphenylphosphine)
(52, 882 mg, 1.59 mmol) and potassium carbonate (1.33 g, 9.62 mmol) in DMF (35 mL) was
stirred for 1 h at room temperature. The resulting suspension was then heated at 60°C,
and to this a solution of S3 (809 mg, 1.59 mmol) in DMF (12 mL) was added over 5 h, and
the resulting mixture was stirred for an additional 8 h. The resulting mixture was diluted

with CH 2Cl2 (400 mL) and then washed sequentially with 5% aqueous, degassed LiCl (3
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200 mL), water (2 400 mL), and brine (400 mL), dried (Na2SQs) and concentrated
under reduced pressure. The residue was chromatographed (SiQ: 5% ethyl acetate in
hexane) to give Z(2,2) (554 mg, 40.0%) as a whitsolid.
A suspension of (R)}-(6,8 -dihydroxybiphenyl -2,2 -diyl)bis(diphenylphosphine)
(S2, 882 mg, 1.59 mmol) and potassium carbonate (1.33 g, 9.62 mmol) in DMF (35 mL) was
stirred for 1 h at room temperature. The resulting suspension was then heated at 60°C,
and to this a solution of S3 (809 mg, 1.59 mmol) in DMF (12 mL) was added over 5 h, and
the resulting mixture was stirred for an additional 8 h. The resulting mixture was diluted
with CH 2Clz (400 mL) and then washed sequentially with 5% aqueous, degased LiCl (3
200 mL), water (2 400 mL), and brine (400 mL), dried (NazSQs) and concentrated
under reduced pressure. The residue was chromatographed (SiC: 5% ethyl acetate in
hexane) to give Z(2,2) (554 mg, 40.0%) as a white solid.
For Z(2,2): *H NMR (500 MHz, CD2Clo2A 0 wwy wA 8 k +4d.qeJi®,@6H), KT wA 6 KY w
(dd, J=11.4, 8.0 Hz, 4H), 6.65 (ddJ= 8.5, 2.2 Hz, 2H), 3.94 (dtJ= 11.7, 6.2 Hz, 2H), 3.85
(dt, J= 12.6, 6.2 Hz, 2H), 3.77 (dt)= 9.6, 4.9 Hz, 2H), 3.43 (dtJ= 10.5, 4.8 Hz, 2H), 284
2.75 (m, 8H).23C NMR (126 MHz, CD2Cl2A 6 ww ¥ whik A 8 KK Owhik A § Y vOwhik t 8 NA
139.98, 139.96, 139.94, 139.16, 139.11, 139.10, 139.04, 137.35, 137.31, 137.26, 135.94, 135.18,
135.09, 135.00, 133.69, 133.60, 133.52, 132.62, 132.47, 132914, 128.91, 128.64, 128.62,

128.60, 128.42, 128.40, 128.36, 113.90, 111.04, 109.66, 66.16, 65.65, 35.663'BONNAR (202
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MHz, CD2Cl2A 0 #1%28. HRMS (ESI+) calcd (found) for GsH4eO4P2 [MH]+: 871.3101
(871.3099).

E(2,2). A solution of Z(2,2) (313 mg, 0.359 mmol) in CHCI2 (300 mL) was sparged
with nitrogen for 20 min and then irradiated (365 nm) for 1 h with vigorous stirring
(photo-stationary state: 96% Z(2,2) and 4% E(2,2)). The solvent was evaporated under
vacuum and the residue was chromatographed (SiO2: 10% ethyl acetate in hexane) to give
E(2,2) (10.4 mg, 3.3% yield) as a white solid.*H NMR (400 MHz, CDCl A 6 w w72 @} + w
6H), 7.24 (d,J= 4.9 Hz, 1H), 7.2 (dd,J= 5.0, 2.8 Hz, 3H), 7.14 (dJ= 8.0 Hz, 2H), 7.06 (tJ=
7.3 Hz, 2H), 7.0446.93 (m, 8H), 6.91 (dJ= 8.2 Hz, 2H), 6.85 (ddJ= 7.6, 3.2 Hz, 2H), 6.6%
6.54 (m, 6H), 4.45 4.22 (m, 4H), 3.86 3.61 (m, 4H), 3.06t 2.55 (m, 8H). 3P NMR (162
MHz, CDCl & 6 #l&7AL. HRMS (ESI+) calcd (found) for GeHasO4P. [MH] +: 871.3101
(871.3098).

We found unsymmetrical synthesis of E/Z(2,3) ligands with similar method is
inefficient and thus the two unequal tethers are installed before the construction of the
stiff -stilbene. Ligands Z(2,3) and E(2,3) were synthesized from 6hydroxyl -1-indanone

employing the sequence depicted Figure 8.
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Figure 8: Synthesis of E/Z(2,3)

6-(3-Hydroxypropyloxy)indanone (S4). Sodium hydride (0.970 g, 40.4 mmol) was
added to a solution of 6-hydroxyl -1-indanone (5.00 g, 33.7 mmol) in acetonitrile (30 mL)
at room temperature. The resulting suspension was heated at 80 °C, and 3bromo-1-
propanol (6.10 mL, 67.5 mmol) was added dropwise. The reaction mixture was heated at
reflux overnight, coole d to room temperature, and solvent was evaporated under reduced
pressure. The resulting orange slurry was dissolved in CH 2Cl2 (100 mL) and the resulting
solution was washed with 1IN HCI (50 mL), water (100 mL), and brine (100 mL), dried
(Naz2S0), and concentrated under vacuum. The resulting residue was chromatographed
(SiOz: hexand ethyl acetate = 1:1) to give S4 (5.82 g, 84%) as an amorphous white solid.
1H NMR (500 MHz, CDCl :& 6 ww % w# 8.2 Heule)E7CR0 7.14 (m, 2H), 4.13 (tJ= 6.0
Hz, 2H), 3.85 (q,J= 5.7 Hz, 2H), 3.08 3.01 (m, 2H), 2.73 2.66 (m, 2H), 2.08 2.02 (m, 2H),

1.99 (t,J= 5.3 Hz, 1H). *C NMR (126 MHz, CDCls&A 6 wy wl YA 81 | Owhk Wt K OwhK W
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124.38, 105.87, 66.02, 60.24, 37.10, 32.02, 25.22. HRMS (ESI+) ¢mlodd) for C 12H 1503
(MH+): 207.1016 (207.1017).
6-(2-Hydroxyethyloxy)indanone (S5). Sodium hydride (0.710 g, 29.6 mmol) was
added to a solution of 6-hydroxyl -1-indanone (3.36 g, 22.7 mmol) in THF (50 mL) at room
temperature. The resulting suspension washeated at 70 °C and 2iodo-1-ethanol (2.83 mL,
36.3 mmol) was added dropwise. The reaction mixture was heated at reflux overnight,
cooled to room temperature, and concentrated under vacuum. The resulting orange
slurry was dissolved in CH 2Cl2 (100 mL), and the resulting solution was washed with 1N
HCI (50 mL), water (100 mL), and brine (100 mL), dried (Na=SQs), and concentrated under
vacuum. The residue was chromatographed (SiOz: hexane ethyl acetate = 1:3) to give S5
(1.58 g, 36.2%) as an amorphous wite solid. *H NMR (500 MHz, CDCl s&A 6 ww ¥ WA B3} k wpkE O
Hz, 1H), 7.224 7.15 (m, 2H), 4.09 (tJ= 4.5 Hz, 2H), 3.97 (tJ= 4.5 Hz, 2H), 3.08t 3.02 (m,
2H), 2.73% 2.66 (M, 2H), 2.28 (s, 1H).23C NMR (126 MHz, CDCl& 6 wwy wl Y A § WO whuk Wd
138.30, 127.59, 124.38, 105.91, 69.68, 61.36, 37.08, 25.22. HRMS (ESI+) calcd (found) for
CuH 1303 [MH]+: 193.0859 (193.0858).
4-0x0-4-(3-((3-ox0-2,3-dihydro -1H-inden-5-yl)oxy)propoxy)butanoic acid (S6). A
solution of S4 (3.65 g, 17.7 mmol), succinic anhydrous (2.13, 21.2 mmol), and 4
dimethylaminopyridine (DMAP, 0.216 g, 1.77 mmol) in CH 2Cl2 (50 mL) was stirred
overnight at room t emperature. The resulting mixture was washed with 1N HCI (50 mL),

water (3 50 mL), and brine (50 mL), dried (Na=SQs), and concentrated under vacuum.
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The residue was chromatographed (SiOz: hexane ethyl acetate = 1:3) to yield S6 (4.62 g,

85.3%) as a nedle-like white crystal. H NMR (500 MHz, CDClsA 6 wwy® wNS8 KK wpE UwUO

(d, J= 8.3 Hz, 1H), 7.22 7.13 (m, 2H), 4.29 (tJ= 6.1 Hz, 2H), 4.07 (tJ= 6.3 Hz, 2H), 3.11

2.99 (m, 2H), 2.76t 2.59 (m, 6H), 2.11 (pJ= 6.2 Hz, 2H). 3C NMR (126 MHz, CDCls& 6 w ¥ w

207.95,177.12,172.29, 158.59, 148.48, 138.14, 127.53, 124.90, 105.79, 64.84, 61.55, 37.11, 29.08,

28.99, 28.55, 25.27. HRMS (ESI) calcd (found) for:@H 1906 [M+H]+: 307.1176 (307.1179).
(2-(Indanon-6-oxy)ethyl) (3-(indanon-6-oxy)propyl)succinat e (S7). A solution of

S5 (1.58 g, 8.22 mmol), S6 (2.75 g, 8.97 mmol), DMAP (0.55 g, 4.52 mmol), and-(®

dimethylaminopropyl) -Nt -ethylcarbodiimide hydrochloride (EDC HCI, 2.58 g, 13.5

mmol) in CH 2Clz (30 mL) was stirred at room temperature overnight. The resulting

mixture was washed with 1IN HCI (50 mL), water (50 mL), and brine (50 mL), and

concentrated under vacuum. The residue was chromatographed (SiOz: hexane ethyl

acetate = 1:3) to give S7 in (3.45 g, 87.3%) as a colorless diH NMR (500 MHz, CDCl s):

U WA & K5k, QM), 7.32 (dJ= 6.9 Hz, 1H), 7.19% 7.10 (m, 4H), 4.44 4.40 (m, 2H),

4.25 (t,J= 6.3 Hz, 2H), 4.1% 4.14 (m, 2H), 4.02 (tJ= 6.2 Hz, 2H), 3.06f 2.99 (m, 4H), 2.70

4 2.61 (m, 8H), 2.09 (p, J = 6.2 Hz, 2H)*C NMR (126 MHz, CDClsA 06 wy wl Yt 6 NA OQwl Yt 8 U

172.18, 158.50, 158.20, 148.41, 148.12, 138.24, 138.23, 127.58, 127.48, 124.38, 105.84, 105.58,

66.22, 64.67, 62.91, 61.51, 37.01, 29.05, 29.02, 28.50, 25.15. HRMS (ESI+) calcd (found) for

CarH 2608 [MH]+: 481.1779 (481.1865).
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S8. THF (500 mL) was added to a mixture of TiCk3THF (10 g, 27.0 mmol) and
zinc dust (20 g, 306 mmol) at room temperature and the resulting suspension was stirred
vigorously at 70 °C for 1.5 h. A solution of S7 (3.40 g, 7.08nmol) in THF (250 mL) was
added to the resulting suspension over the course of 57 h via addition funnel and the
resulting mixture was heated at reflux overnight. The reaction mixture was cooled to
room temperature and quenched with sat. aqueous NH4Cl (500 mL). The resulting
suspension was filtered, the layers were separated, and the organic fraction was
concentrated under reduced pressure. The resulting residue was dissolved in CH2Cl2 (300
mL) and the resulting solution was washed with water (300 mL), a nd brine (300 mL), dried
(NazSQy) and concentrated under vacuum. The residue was chromatographed (SiOz:
hexanet ethyl acetate = 1:1) to give S8 (2.59 g, 81.6%) as an amorphous yellow solidH
NMR (500 MHz, CDCl 4 6 wwy W 34 Hz,ulke) F7G2u(dJ= 2.4 Hz, 1H), 7.20 (dJ= 7.7
Hz, 1H), 7.18 (d,J= 7.7 Hz, 1H), 6.78 (dtJ= 8.3, 2.1 Hz, 2H), 4.41 (t)= 4.8 Hz, 2H), 4.31 (t,
J=5.6 Hz, 2H), 4.06 (tJ= 4.8 Hz, 2H), 4.01 (tJ= 6.0 Hz, 2H), 2.96 2.90 (m, 4H), 2.85 2.79
(m, 4H), 2.714 2.63 (m, 4H), 2.08 (pJ= 5.8 Hz, 2H).2*C NMR (126 MHz, CDCl:& 6 ww» wwhWhs U
172.02, 171.85, 157.31, 157.00, 141.88, 141.63, 141.37, 141.07, 135.89, 135.30, 125.95, 125.91,
116.37, 114.93,d8.76, 107.95, 66.25, 64.53, 63.31, 61.56, 35.60, 35.55, 30.02, 29.79, 29.68, 29.03.
HRMS (ESI) calcd (found) for CarH 2606 [MH]+: 449.1959 (449.1963).

S9. LiAIH4 (342 mg, 9 mmol) was added slowly to a stirred solution of S8 (2g, 4.45

mmol) in THF (150 mL) at 0 °C. The resulting suspension was stirred at 60 °C overnight,
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cooled to room temperature, and treated with water (50 mL). The resulting precipitate
was removed by filtration. The filtrate was diluted with CH 2Cl2 (150 mL), washed with
water (100 mL), and the organic fraction was concentrated under reduced pressure. The
resulting residue was chromatographed (SiO2: hexand ethyl acetate = 1:1) to give S9 (1.53
g, 93.5%) as a pale yellow solid. Spectroscopy matched with published data2¢
S10. Reaction of S91.53 g, 4.16 mmol), triethylamine (1.74 mL, 12.5 mmol), and
methanesulfonyl chloride (0.967 mL, 12.5 mmol) employing a procedure analogous to that
used to synthesize S3 gave S10 (2.17 g, 99.7%) as-wfhite, needle-like crystals. 'H NMR
(500 MHz, CDCl3)0 w % w A B=t21 tdzpEH)) @60 (dJ= 2.3 Hz, 1H), 7.20 (dd,J= 8.3, 3.2
Hz, 2H), 6.75 (dd, J= 8.3, 2.4 Hz, 2H), 4.5% 4.54 (m, 2H), 4.43 (t)= 6.1 Hz, 2H), 4.22 4.18
(m, 2H), 4.05 (t,J= 5.8 Hz, 2H), 3.07 (s, 3H), 2.98 (s, 3H), 2.952.90 (m, 4H), 2.84¢ 2.79 (m,
4H), 2.21 (p,J= 5.9 Hz, 2H). 3C NMR (126 MHz, CDClA 6 wy whuk t 8 Nk Owhk t 8 KY Ow
141.74,141.33, 135.82, 135.44, 125.99, 125.93, 114.48, 114.33, 109.41, 68.61, 67.16, 66.32, 63.63,
37.83, 37.27, 35.50, 35.47, 29.99, 29.28,24. HRMS (ESI+) calcd (found) for GsH310sS
[+H]+: 523.1457 (523.1457).
Z(2,3). Reaction of S2 (663 mg, 1.20 mmol), S10 (625 mg, 1.20 mmol), and
potassium carbonate (995 mg, 7.20 mmol) employing a procedure analogous to that used
to synthesize Z(2,2) gave Z(2,3) (502 mg, 47.3%) as a white solid*H NMR (500 MHz,
CD:2Cl2A 0 WHB¥sLH), 7.50 (s, 1H), 7.397.18 (m, 24H), 6.90 (d,J)= 8.3 Hz, 1H), 6.84 6.70

(m, 5H), 3.95 (t,J= 8.7 Hz, 2H), 3.85 3.74 (m, 4H), 3.23 3.16 (m, 1H), 3.1% 3.06 (M, 1H),
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3.00% 2.90 (m, 4H), 2.88 2.77 (m, 4H), 1.86t 1.76 (m, 1H), 1.76t 1.66 (m, 1H). 3C NMR
(126 MHz, CD2Cl2A 6 wwy whuk A 6 Wt Owhik A 6 W+ Owhik A 8 WhuOwhik A 8 A WOuU
142.11, 141.74, 141.32, 141.07, 139.74, 139.68, 139.67, 139.65, 139.64, 139.57, 139.53, 139.40,
139.36, 139.31, 139.28, 139.27, 139.239.20, 137.45, 137.39, 137.35, 137.32, 137.31, 136.34,
135.31, 135.11, 135.05, 135.00, 134.93, 134.87, 134.82, 134.76, 133.71, 133.65, 133.61, 133.55,
133.50, 133.44, 133.39, 133.32, 133.27, 133.20, 133.13, 133.08, 133.01, 128.95, 128.86, 128.84,
128.64,128.62, 128.45, 128.37, 128.32, 126.49, 126.26, 126.20, 125.91, 117.05, 113.74, 112.61,
112.28, 110.02, 107.09, 67.71, 66.63, 64.84, 64.29, 35.85, 35.72, 30.28, 30.223BONNR
(202 MHz, CD:Cl2& 6-BB8@ HRMS (ESI+) calcd (found) for GeH s004P2 [MH]+: 885.3179
(885.3256).

E(2,3). A solution of Z(2,3) (502 mg, 0.568 mmol) in CHCI2 (300 mL) was sparged
with nitrogen for 20 min and then irradiated ( "Q = 365 nm) for 1 h with vigorous stirring
to form a photo -stationary state consisting of a 52:58 nixture of Z(2,3) and E(2,3). The
solvent was evaporated under vacuum and the residue was chromatographed (SiOz: 10%
ethyl acetate in hexanes) to yield E(2,3) (290 mg, 57.8%) as a white solidH NMR (500
MHz, CD 2Cl2& 0 w wi(uBA @nKek)w7.32 7.25 (m 5H), 7.22 (td,J= 8.0, 6.6 Hz, 2H), 7.15
{ 7.05 (m, 6H), 6.99 (tdJ= 7.6, 1.7 Hz, 2H), 6.88 6.76 (m, 7H), 6.64 (ddJ= 8.2, 2.3 Hz, 1H),
6.53 (tt,J= 6.7, 1.4 Hz, 2H), 6.05 (dJ= 8.3 Hz, 1H), 3.98 3.89 (m, 3H), 3.7& 3.69 (M, 1H),
3.58¢ 3.48(m, 2H), 3.064 2.65 (m, 8H), 2.39% 2.28 (m, 1H), 1.69 (ddd,J= 13.5, 9.2, 4.5 Hz,

1H), 1.11 (tdd, J= 14.0, 9.2, 4.4 Hz, 1H), 0.440.33 (m, 1H). *C NMR: (126 MHz, CD:Cl2):
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nwhk A3k NOwhik A 8 k nOwhik A6+t Owhukt 3 NA Qwhikt 6 WWO whk k &
139.53, 139.48, 139.30, 139.21, 138.68, 138.56, 138.50, 138.30, 138.19, 135.66, 135.08, 134.10,
134.07, 133.94, 133.91, 133.33, 133.18, 132.87, 132.72, 1282894, 128.92, 128.78, 128.73,

128.65, 128.62, 128.57, 128.53, 128.48, 128.34, 128.31, 128.27, 128.19, 127.74, 127.59, 126.77,
125.70, 120.74, 120.14, 118.42, 113.04, 111.90, 108.73, 70.78, 68.14, 67.97, 65.44, 35.01, 32.14,
31.65, 28.7331P NMR (202MHz, CD :Clo& 0 #4164 #114.99. HRMS (ESI+) caled (found) for

CssH 5004P2 [MH]+: 885.3179 (885.3267).

2.4 Force Quantification of Free LigandsY

In this section, all calculations were performed in the gas phase with
Gaussian09:2#130 A| of the ligand found with VeraChem conformational search were then
optimized at the B3LYP/6- 31+G(d) level using the Berny algorithm, followed by
reoptimization of all unique conformers within 1.2 kcal/mol of the global conformational
minimum (for each diastereomer for E ligands) at B3LYP/6-311+G(d) level. All metal
complexes were optimized at B3LYP/def2SVP. Because of the size of the molecules,
frequencies were not calculated and ensembleaveraging of the structural par ameters was
performed using electronic energies only. The latter is equivalent to assuming that
thermodynamic corrections are identical for all conformers of the same conformational

State.

°This part is largely adapted from Chem. Scj.2021,12, 1113011137.

28



We optimized full conformational ensembles of free macrocyclic ligands at
B3LYP/6-311+G(d) in the gas phase and compared their ensembleaverage viphen O*Obiphen
distances to the omeO*Owmeo distance in MeOBiphep under the force of -0.151.5 nN
calculated at the same level of theory (Table 1, Figure 9). We assumed that the force acting
on the OBiphep moiety of each macrocycle equals the force needed to be applied
externally to the Cweo atoms of free MeOBiphep to stretch or compress its OO distance to
the same value as in each macrocycle. In other words, we used the computed relationship
between applied force and Ox. WEDUUEOET wOl w, I . ! BDxT | xwWHI WE w? EE
estimate the force applied to the same moiety by stiff stilbene in the macrocycle, which
ranged from -65 [Z(2,2)] to 228 [E(2,3) pN (Table 1 and 2, Figure 9). We previously
demonstrated® 0T EQwUT PUW?EEOPEUEUDPOOWEUUYI 2 wExxUOEET v
within 10 pN of the force derived from detailed vibrational analysis for any internuclear
distance whose force-dependent variation correlated strongly with that of the constrained
distance. The OO distance of our macrocycles meets this criterion.
N otably, w e also optimized two -coordinate (Pt P)Pd(0) complexes for all unique
conformers of a single diastereomer of E(2,2) and of E(2,3). The diastereomers are defined
by the relative pitch of the stiff stilbene and biphep ligand, and the stereochemistry of
E(2,3) and E(2,2) ligand are assumed to be identical to that of the E(3,3) ligand identified
previously by crystal structure. % These calculations revealed that a subset of conformers

Ol wUOTT wiull woObPT EOEWEOI UOzUwI RPUUWDOWEOOxOI BRI
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approximately orthogonal orientation of the two proximal Ph groups of the P
coordination sphere. Initial structures of Pd complexes derived from such free -ligand
conformers always converged to structure identical to those derived from free -ligand
conformers with the alternative (approximately parallel) orientation of the Ph groups.
Consequently, estimates of forces in metal complexes were derived using only a subset of
free ligand conformers with the parallel orientation of the Ph groups (Figure 1). We
confirmed that the standard deviation for the restoring forces of the biphen O Obiphen distance
in a conformer of the free ligand (with parallel orientation of the Ph groups, ca Iculated
with the same method as other species), in its complex with Pd (two coordinate (Pt P)Pd(0)
and three-coordinate [(PtP)PdCI]), and (for Z(2,2) only) in its complex with Pt
[Z(2,2)PtClz] were within 20 pN ( Table 3, Figure 10).

Table 1: Force dependent geometrical parameters of MeOBiphep .

Restoring force (P)C-C-C-C(P)
(pN) P...P distance (&) | O...O distance (&) | torsion of biaryl (0)
-200 3.680 2.902 76
-175 3.697 2.955 77
-150 3.717 3.009 78
-125 3.738 3.063 79
-100 3.761 3.117 80
-75 3.786 3.171 81
-50 3.813 3.225 82
-25 3.842 3.280 83

0 3.858 3.330 84
25 3.904 3.389 86
50 3.939 3.444 87
75 3.974 3.499 88
100 4.012 3.555 90
125 4.052 3.610 91

3C



150 4.093 3.666 92
175 4.136 3.721 94
200 4,181 3.777 95
225 4.228 3.833 97
250 4.277 3.890 08
275 4.327 3.946 100
300 4.380 4.002 102
325 4.434 4.059 103
350 4.490 4.116 105
375 4.547 4,173 107
400 4.607 4.230 109
425 4.668 4.287 111
450 4,732 4.345 112
475 4.797 4.402 114
500 4.864 4.460 116
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Figure 9: Calculated niphen O% Obipren distance of force probe ligands (circles)
plotted on MeOBiphep calibration curve (solid curve).
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Table 2: Force dependent ensemble average viphen O% Obiphen distances and
ensemble-averaged forces of force probe ligands.

entry (PtP) distance (A) Restoring force (pN)
1 Z(2,2) 3.19 -65
2 Z(2,3) 3.33 -6
3 Z(3,3) 3.36 -3
4 MeOBiphep 3.77 0
5 E(3,3) 3.99 130
6 E(2,3) 3.97 228
7 E(2,2) 4.22 241
42 |
] &
3.9 ] &
< ] Z(2,3) E(2,3)
p 1 + +
o 3.6 - Z(3,3) E(3,3)
S ]
@
T G2
@33 o
@] 9/
e
3
Z(2,2) E(2,2)
2.7 +—r—r—r—r—r—r—r—r—r—r—r—r—————————————
-200 -100 0 100 200 300 400 500

Restoring force (pN)

Figure 10: Calculated bipren O° Ovipnen distance of free ligand (blue cirlces), ( Pt
P)Pd(0) (orange cirlces), [(Pt P)Pd(0)CI]- (grey circles), and (Pt P)PtCl: (yellow circle) .
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Table 3: Restoring force for single conformer and standard deviation (pN)

(PtP) | Freeligand | (PtP)Pd(0) | [(PtP)Pd(0)CI]- | (Pt+P)PtCI2 | Standard deviation
Z(2,2) -65 -75 -55 -40 15

Z(2,3) -22 0 -20 12

Z(3,3) -19 -2 12

E(3,3) 250 265 275 13

E(3,2) 257 270 260 7

E(2,2) 315 330 11
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3.1 Introduction

Over the last decade or so, coupled mechanical forces have been used to
drive a range of targeted covalent responses in isolated polymers and in bulk
polymeric materials (covalent polymer mechanochemistry). 70 13 132 Mechano-
chemical strategies continue to evolve, including their recent use in biasing and
probing reaction pathways, 46 4%the release of small molecules and protonsé:63stress
reporting, 76 133136 stress strengthening3#13® degradable polymers,5” 58 and
fundamental studies of polymer behaviour under load. 4% In organic reactions,
mechanochemical coupling has been investigated in simple bond dissociation
reactions’#+145 agnd in a wide variety of reaction classes with respect to
regiochemistry, 146149 orbital symmetry, 42 48 50, 146 gtereochemistry,50. 51
supramolecular architecture, 152 153 dynamic effects,54 155and the alignment and/or
loading of scissile bonds with applied tension. 125 15 Unlike their organic
counterparts, however, reported mechanochemical reactions in organometallic
complexes involve almost entirely the direct, forced dissociation of a ligand.
Examples include some of the earliest examples of polymer mechanochemistry 15

160 the release of latent catalystsé 67 74and as a means of generating colorimetric

§ This part is largely adapted from Chem. Scj.202112, 1113011137
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responsesisrit4In an emerging complementary strategy, a force applied to an intact
ligand scaffold tunes reactivity at the coordinated metal center. In particular, force
applied to a chiral ligand was shown to influence the enantioselectivity of
enantioselective Heck arylations and Trost allylic alkylations. 69

Because ligand structure and geometry directly impact the reactivity of
organometallic complexes, mechanically coupled ligands offer the potential to
externally regulate organometallic reactivity, if fundamental structure-reactivity
relationships can be established. The use of force would complement other
strategies for externally triggered reactivity, including those based on light, pH,
metal-ion coordination, and redox changes.3 22 25 27. 23\/e therefore sought to extend
the study of force-coupled ligands to their use in elementary transformations that
occur within a structurally well -defined transition metal complex whose force -free
reaction mechanisms and reactivity are well characterized. Toward these
objectives, we have previously performed chemomechanical analysis 23 of the
oxidative addition of bromobenzene to low -valent Pd(0) complexes® and sought to
extend these analyses to the C(sptC(sp? reductive elimination from
(bis)phosphine platinum complexes (Figure 113). Reductive elimination is one of
the most important carbon-carbon bond forming processes in crosscoupling

reactions,!¢s often closing catalytic cycles initiated by oxidative addition.
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To enumerate the principles of force-reactivity coupling in reductive elimination,
we computed force-dependent activation energies, DEac(f), of the reductive elimination of
biphenyl from seven platinum diaryl (bis)phosphine complexes containing mono- or
bidentate phosphine ligands (Figure 11b). We then validated these results experimentally
for the complex with the greatest predicted force sensitivity, namely that based on a MeO -
Biphep ligand (la; Figure 11¢ employing molecular force -probe ligands. We chose
platinum(ll) diaryl complexes for this study because their stability 166 allows kinetic
analysis at convenient temperatures from isolable reactants and because their concerted,
unimolecular mechanism of reductive elimination 166172 jncreases the eliability of

computed DE(f) and molecular interpretation of the measured kinetics.

a <P>"‘/© —'{C\mtifg] t—»(\« i ®
P \O ¢ Ry 7 O

\: S \ 0/ MeO OMe
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P’ “ph P Ph Pt

Ph,R PPh,
\_/

PhP
Pt

Pl
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Figure 11: Concerted reductive elimination of biphenyl from platinum
diphenyl (bis)phosphine complexes and complexes for computational study.
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Our calculations revealed a significant dependence of DE(f) on the ligand structure
despite the same reaction mechanism and similar geometrical parameters within the first
coordination sphere of Pt. We then employed a previously described strategy to
experimentally validate the computed DEac(f) for (MeO-Biphep)PtPh2 (1a) at forces
between -65 pN and 220 pN (negative force corresponds to compressionalong the C° C
vector, Figure 12). We employed macrocyclic force probe ligands E(m,n) and Z(m,n)
EOOxUDPUDOT wU Ubiindane)Iotetnerés itoGhe MemBipheiz moiety ( Figure 6 in
Chapter 2). In these macrocycles the Z and E isomers of stiff stilbene subject the oxygen
atoms of the (bis)phosphine moiety to a compressive or stretching force, respectively,
whose magnitude is controlled by the tether length. Previous studies on a
mechanochemical electrocyclic ring opening have shown that the effect of force applied
intramolecularly by stiff stilbene is effectively equivalent to that of the same force applied
externally, for example by the tension in a stretched polymer strand. 124 148.13.174 The force
probe ligands therefore provide a convenient method to apply well -defined force to metal
complexes under conditions that allow their reactivity to be studie d using conventional
spectroscopic methods, while yielding insights into how reactivity would be influenced

by forces experienced, e.g., in a deformable solid support.
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Figure 12 Interatomic distances used to characterize force -dependent changes
in geometry of MeO -Biphep ligand.

3.2 Result

3.1.1 DFT Computations of DEac(f)

To probe the effect of ligand structure on the efficiency of force transduction ,
we calculated DEac(f) for the reductive elimination of biphenyl from platinum
(bis)phosphine complexes 1 - 5 using a previously reported and validated
method124 148 175wjjth force applied to the C atoms of the methoxy groups ( Figure
12) from ¢50 pN (compression) to 1.5 nN (extension) 24 140 All computations were
at the B3LYP/def2SVP level of DFT in the gas phase. Computed forcedependent
kinetics (Figure 13) ranged from modest acceleration by tensile force, most
pronounced in la and 5, through rare®® 125 albeit weak deceleration in 2a and 4.
Importantly, biphenyl elimination in all complexes and at all forces studied
traversed a single transition state. In the absence of force, moving fromground state
to transition state occurred with concomitant opening of the PtPt-P angle and
elongation of the P® P separation by between 0.15 and 0.02 A, depending on the

ligand (Table 22). Elongation of the P% P separation was uncorrelated with changes
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in the omeC?® Cveo distance, which defines the pulling axis, due to each state
comprising multiple thermally accessible conformers in every complex. Such a lack
of correlation in strain -free ensembles is common in organic reactants!2s 176
Applying tensile force at C veo elongated C® C and O° O distances in both
reactant and transition states. Across all forces and complexes studied, force-
induced changes in the C° C and O° O distances correlated strongly (coefficient
0.941), suggesting that @ O coordinate is a useful proxy for estimating the
maghnitude of kinetically -significant strain imposed on the complex. The effect of
force on the geometry of the 1st coordination sphere of Pt was more complex.
Stretching force increases thePt Pt-P angle in complexes 1, 3 and 5 by 4 6 °/nN,
does not affect it in 2, and decreases it by 1°/nN in 4. Unlike several organic
reactions,” the compliances of any of the four coordinates analyzed above are
nearly identical in the reactant and the transition states of any of the seven
complexes. This means that the puling axis is nearly orthogonal to the reactive
mode in the vicinity of the transition state, 177 even for complexes such as 1la and 5

wh ose reaction kinetics depends strongly on force.
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Figure 13: Calculated force -dependent changes in the activation energy, bpE(f),
for the reductive elimination of biphenyl from platinum (bis)phosphine complexes 1-
5.

3.1.2 DFT Calculations of Macrocyclic Ligands E(m,n) and Z(m,n) and
Experimental Validation of DEact(f) for (MeO-Biphep)PtPho.

We sought to experimentally validate the calculated DGac(f)/force response of
platinum MeOBiphep complex 1a, which displayed the greatest sensitivity to force of the
complexes investigated, by employing the macrocyclic force probe ligands E(m,n) and
Z(m,n) (Figure 148). Toward this objective, we calculated the force applied by the stiff
stilbene to the oxygen atoms of the MeOBiphep moiety in these macrocycles. The size of
the macrocyclic platinum diphenyl complexes precluded DFT calculations of their
conformational ensembles. However, we previously demonstrated that the force imposed
by stiff stilbene on the biphep moiety in free macrocyclic ligands similar to those

employed here was within #20 pN of the force estimated in palladium dichloride
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complexes d the same ligands8 Consequently, we optimized full conformational
ensembles of free macrocyclic ligands at B3LYP/6-311+G(d) in the gas phaseand
compared their ensemble-average biphen O Obiphen distances to the omeO% Owmeo distance in
MeOBiphep under the force of -0.15 nNt+ 1.5 nN calculated at the same level of theory
(Chapter 2).

The requisite platinum diaryl bis(phosphine) complexes (P t+P)PtAr: (Ar = 4-
CeHsNMe2; PP = force probe ligand) were g/nthesized in two steps from the reaction of
force probe ligand with (COD)PtCI - (COD = 1,5cyclooctandiene) to form dichloride
complexes (PtP)PtClz2 followed by transmetallation with 4 -dimethylaminophenyl
magnesium bromide (Scheme 1). Here, dimethylaminophenyl groups were employed in
place of the phenyl groups of lato lower the energy barrier for reductive elimination and
avoid complications in the kinetic analysis of reductive elimination. 1% The platinum
dichloride complex of the most extended E(2,2) ligand isomerized to the Z(2,2) analog
within 10 min at room temperature, which precluded the generation of the platinum

diaryl complex of the E(2,2) ligand (Chapter 4).

41



a
v O -
U e
(CH2)m o
OO/ (CH\)/ Oo /(CHz)m
N Ph,P "PPh,
PhoP I P O
Z(m,n) E(m,n)
n=m=2,n=2,m=3,n=m=3
b

R, Cl R Ar
— BrMgAr
(COD)PCl, L il < \Pt/ —g>< \Pt/

P/ \CI P/ \Ar
P\ toluene-dg
< Pt—DBA + Ar— DBA
r—Ar
p” 85 °C

Figure 14: Structure of force probe ligands tested (a), synthesis (b) and
reductive elimination (c) of diaryl platinum (bis)phosphine complexes.

The platinum dichloride and diaryl complexes were characterized in
solution by 'H and 3P NMR spectroscopy. Unfortunately, despite extensive efforts
we were unable to obtain X-ray structures of platinum diaryl and dichloride
complexes containing force probe ligands. However, the DFT estimate of the
variation of the PtPt-P angle among thefive macrocycles being ~1.5° is consistent
with the narrow range of one -bond platinum -phosphorous coupling constants (1
pt) across the series of both (PP)PtClz (tJire = 3645- 3671 Hz) and (P P)PtAr:
complexes (Jirt = 1763- 1773 Hz). The conclusion is based on the high sensitivity
of Jirt Of electronically and sterically homologous bis(phosphine) platinum

complexes to the Pt Pt-P angle 0 178. 179 For example, tJprt Varies by >230 Hz for the
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~12° increase in the RPtt P angle (~19 Hz/°) across the structurally characterized
platinum dichloride complexes [Ph 2P(CH2)xPPh]PtClz (X = 3-5, Table 6).178 179

Solutions of (Pt P)PtArz (16 mM) and dibenzylidene acetone (DBA; 1 equiv) in
toluene-ds were heated at 85 °C and analyzed periodically by *H NMR spectroscopy
(Figure 14b). In each cag, the disappearance of (R P)PtArz obeyed first-order kinetics to
at w oIl Uw U O nid(diretdylankin0)k-ty Odighenyl and (P +P)Pt(DBA) as the
exclusive organic and organometallic product, respectively ( Table 4, Figure 15). DBA was
employed as a trapping ligand to prevent secondary decomposition of the (P ¢ P)Pt(0)
species released via reductive elimination.166172  The rate of reductive elimination
increased by a factor of 3.4 with increasing extension force in the order Z(2,2) <Z(3,3) <
MeOBiphep < E(3,3) <E(2,3). The correlaton between the estimated force and In(k)
determined for the reductive elimination of the (P ¢ P)PtArz complexes(red squaresfFigure
15) agreed very well with DEac(f) calculated for the reductive elimination of la(blue line,
Figure 15) for both compressive and stretching force.

Table 4: First-order rate constants for the reductive elimination of (P ¢+ P)PtAr:
complexes in toluene -ds at 85 °C.

entry (PtP) est. applied force (1®)k (st1)
(PN)
1 Z(2,2) -65 58+0.2
2 Z(3,3) -3 5.89 +0.0%
3 MeOBiphep 0 6.92 £ 0.05
4 E(3,3) 130 148+ 0.2
5 E(2,3) 228 195+0.8

[a] Average of three independent experiments. [b]JAverage of two independent experiments.
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Figure 15: Representative first -order plots and comparison between the calculated
(blue curve) and experimental values for reductive elimination (red squares).

3.3 Discussion

The well-established elementary nature of reductive elimination from diaryl
platinum  bis(phosphine) complexes®¢12 (i.e., free from dynamic structural
rearrangementstes169. 173 facilitates quantitative molecular interpretation of force/rate
correlations in the reductive elimination of ( PtP)PtAr. complexes. To a good
approximation, force -dependent activation energies are a sum of two contributions. 70 177
One captures the kinetic effects of strain imposed on the reactive moiety and the other of
changes in strain energy of all other molecular degrees of freedom of the molecule and its
surroundings (represented by spring in Figure 16a).18% 181 The former contribution is
reminiscent of entatic states of bioinorganic chemistry, with the altered catalytic acti vity
arising from the changed sterics of the active site or the relative energies and shapes of
molecular orbitals that participate in catalytic reactions. 182 In the (P4 P)PrArz (PtP = force

probe ligand) complexes, this contribution reflec ts how much the kinetics is affected by
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distortions of the Pt Pt-P angle or Pt Pt bonds caused by applied force. This contribution

is insensitive to how the geometry of the reactive site changes along the reaction.
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Figure 16: Static (a) and dynamic (b) model and calculated force -dependent
changes in the contributions to DEact(c-d) of two models .

The second contribution is directly proportional to the structural differences
along the pulling axis between the reactant and the rate-limiting transition states.
For example, a transition state that is longer than the reactant along the pulling axis
is stabilized by stretching force, because elongation of the reactive site

accompanying its formation allows partial relaxation of all other strained molecular
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coordinates whose bonding does not change during the reaction. This contribution
tends to dominate mechanochemical kinetics of organic reactions and its
importance increases with force.”. 1%

Our calculations indicate the platinum (bis)phosphine complexes 1-5 follow
the same general trend: the molecular strain imposed by force on either the reactant
(Figure 169 or the transition state negligibly affects the kinetics as evident by the
lack of correlation between DEac(f) and the molecular-strain component (average
correlation coefficient 0.05). Conversely, changes in the energy of the constraining
potential (spring in Figure 16b) dominate DEac(f) (average correlation coefficient
0.86) and account for >90% of variation of DEac(f) across the series. In other words,
the variation in the mechanochemical sensitivity of the rate of reductive elimination
from complexes 1-5, from 30-fold acceleration to 2-fold deceleration per 1 nN of
stretching force despite the same reaction mechanism and similar transition state,
is attribu Table to how well each ligand couples the structural changes in the 1st
coordination sphere to the pulling coordinate (i.e., the p air of atoms across which
the force is applied). For bidentate ligands, capacity to accommodate the opening
of the Pt Pt-P angle in the transition state is a secondary contribution.

In the simplest case of monodentate trialkyl phosphines (5, Figure 11), the
coupling is very similar to that established in diverse S n2 displacement reactions at

Si, P and S atoms!?s 18 The changes in @ C, PPP and PtPt-P coordinates are
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proportional. Biphep ( 1) and binap (3) ligands restrict the opening of the Pt Pt-P
angle in the transition state from 7.6° to 2-3°, depending on the remaining P
substituents, but are reasonably effective at coupling local and remote changes. Cis
DPPE (2a) and dmpe ligands (2b) are both poa at accommodating Pt Pt-P angle
opening and inefficient at coupling it to changes in the constrained coordinate. The
former is evident from the very small opening of the PtPt-P angle during strain -
free reaction and the latter from the ~10-fold higher apparent stiffness of the Pt Pt-
P angle in DPPE and dmpe ligands comparedto biphep analogs when tensile force
is applied to the Come atoms. The DPPF derived ligand of complex 4 is unusual in
that the changes in the Pt Pt-P angle and P P distance are inversely correlated with
changes in the @ C and O° O distances. Tensileforce stretching the C% C distance
simultaneously contracts both PtPt-P and P P coordinates, while opening up of
the Pt Pt-P angle in the transition state contracts the C C and O?° O distances.

Itis productive to contrast the effect of force on the reaction kinetics reported
here with the historically important analysis of the effects of the bite angle of
chelating (bis)phosphine ligands on the reactivity of transition metal complexes in
the context of perturbations of the P+ Mt P angle’® 8091 The energy decomposition
analysis shown in Fig. 5 and measured X+t couplings indicate that these classical
Pi Mt P bite angle effects are not responsible for the observed trends in reactivity.

The concepts of natural bite angle and ligand flexibility developed by Casey,
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however, acknowledge the potential modulation of the reactivity of a transition
metal complex by a (bis)phosphine ligand in a manner distinct from perturbations
of the Pt MtP angle in the nascent complex. Conversely, absent from previous
analyses of bite angle effects are efforts to correlate reactivity to he strain within
the ligand backbone resulting from metal -imposed deviation of ligand geometry
away from the preferred natural bite angle. 116 117 The framework and results
presented here therefore extend these concepts and demonstrate that coupling of
mechanical force imposed on the (bis)phosphine backbone measurably changes the
reactivity of the metal center even in the absence of discernible changes in ground
state metal-ligand geometry. The change in reactivity observed here is attributed to
a structural perturbation that occurs beyond the catalyst activ e site: the Pt Pt-P
angle within the complex does not change (as supported by the relative invariance
within the experimental one -bond coupling constants), but the molecular strain
outside the active site does. The reactivity is driven by the relaxation of the outer-

sphere strain in the transition state relative to the ground state.

3.4 Conclusion

The DFT-level calculations of force-dependent activation energies, DEac(f),
for reductive elimination from 7 Pt (bis)phosphine complexes (1:5) and
experimental validation of the computed trend for MeOBiphep complex la

demonstrate that mechanochemical kinetics of this reaction is sensitive to the
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molecular geometry away from the reactive site to the extent usually inaccessible
in organic reactions. We speculate that these results augur well for the viability of
multi -state catalysts that are switched by mechanical force.

Transition metal -catalyzed processes typically comprise a number of
discrete elementary transformations, and these elementary steps ae often affected
differently by ligand geometry. 79 80 91 For example, reductive elimination often
closes catalytic cycles initiated by oxidative addition, and these two
transformations often display opposing responses to ligand bite angle
perturbations. 7981 8487, 91, 184|n sych cases, the most effective achievable singlestate
catalysts likely represent a compromise among the various microscopic steps’&8o. 82,
83,91,185 For this reason, catalysts systems that could be reversibly switched between
force-coupled geometries that are optimized for specific steps within the catalytic
cycle on the timescale of catalytic turnover?! or polymer enchainment 186 187have the
potential to circumvent th e inherent compromise associated with geometrically
static transition metal catalysts. Toward this broader objective, forces on the order
of ~100 pN similar to those employed here have been shown to be attainable
reversibly and repeatably in elastomers under tension,'23 including in a range of
soft devices that respond to a variety of triggers.88 18 |n conjunction with our

previous work, 8 we have now demonstrated that the rates of two elementary
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transformations, namely reductive elimination and oxidative addition, are affected
differentially by force.

The use of molecular design to impose controlled, intramolecular forces, as
employed here, might also be useful for elucidating aspects of mechanistic
pathways that are otherwise difficult to probe experimentally. % Analysis of force-
dependent kinetics allows structural changes between reactant and transition states
to be quantified in much the same way that one would apply a substituent effect in
a linear free energy relationship to quantify changes in charge distribution or a
kinetic isotope effect to quantify changes in bonding. Complexes that involve a
minimal initial struc tural perturbation and are chosen to ensure a consistent
mechanism across a range of forces are particularly well suited for such studies.
Application of the approached described here to other metal complexes should
provide mechanistic insights into a broa d range of organometallic transformations
that would complement traditional mechanistic studies.

Finally, we note that the combined computational and experimental methods
employed here offer ongoing opportunities to refine mechanistic understandings of
ligand effects in organometallic catalysis. In the current system, the resting state of the
complex is negligibly distorted by force. This obviously need not be general, and other
metal-ligand scaffolds with more pliable bonding geometries, such as octahedral and

trigonal bipyramidal complexes possessing accessible equatorial/equatorial and
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equatorial/axial binding sites, might lead to increasingly sensitive to mechanical force via

force-induced perturbations of ground state geometry. 116. 117

3.5 Experimental Section
3.5.1 General Methods

All reactions were performed under a nitrogen atmosphere in flame -dried
glassware employing standard Schlenk or glovebox techniques unless otherwise noted.
Nitrogen -flushed plastic syringes and oven-dried stainless steel cannulas were employed
for reagent transfer. NMR spectra were obtained at 25 °C unless noted otherwise.'H and
13C chemical shifts are referenced to the solvent residual peaks and*'P NMR spectra were
referenced using absolute frequency referencing in Mnova software or from
trimethylphosphine oxide DOUI UOEOQWUUEOQOEEUES w" 11 OPEEOwWUT i UU
and coupling constants (J) in Hz. Multiplicities are assigned as singlet (s), doublet (d),
triplet (t), quartet (q), pentet (p), multiplet (m), or broad (br). For high -temperature NMR
experiments, probe temperature was determined from a single scan of neat ethylene
glycol with accuracy of £ 1 °C.

Anhydrous solvents were obtained either from Sigma -Aldrich in Sure/Seal™
containers or were dried and degassed using an Innovative Technologies PureSolv
solvent purification system. All deuterated solvents were obtained from Cambridge
Isotope Laboratory and were dried using activated 3A molecular sieves. Freshly opened

anhydrous toluene-ds was degassed via three freezepump -thaw cycles and stored in a
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glovebox. CD2Cl. was dried over CaH 2 and distilled prior to use. All other reagents were
purchased from major chemical suppliers and were used as received unless otherwise
noted. (R)-MeO-BIPHEP was purchased from Strem. Force probe ligands were

synthesized employing procedures described in Chapter 2.

3.5.2 Synthesis of (Pi P)PtCl. Complexes

Synthesis of (P+P)PtClz: General Procedure 1. A solution of (COD)PtCI 2 (COD =
1,5-cyclooctadiene (1 equiv), (bis)phosphine ligand (1.05 eq) in CHzCl2 (3 mL) was stirred
at room temperature for 1 h. The resulting yellow solution was diluted with diethyl ether
(20 mL) and the resulting suspension was filtered. The white precipitate was washed with
diethyl ether and recrystallized by layering a saturated CH 2Clz solution with diethyl ether
to give pure (Pt P)PtCl..

(MeOBiphep)PtCI 2. Complex (MeOBiphep)PtCl 2 was isolated as colorless crystals
(261.1 mg, 99.6%) from reaction of (R)-MeO-BIPHEP (189.2 mg, 0.325 mmol) with
(COD)PtCI2 (115.7 mg, 0.309 mmol) emplging general procedure 1. *H NMR (500 MHz,
CD2Clz2A 0 wy wA 6 WY wopU Qlwm EIUOAL Kz, AHD, id. A1) =714 ep£ BH) W40 (t)=
7.6 Hz, 6H), 7.25 (tJ= 7.6 Hz, 4H), 6.95 6.88 (m, 2H), 6.67 (dd,J= 10.6, 7.6 Hz, 2H), 6.41
(d, J= 8.3 Hz 2H), 3.47 (s, 6H).13C NMR (126 MHz, CD:Cl2, X, OO U WD OEOQUET EA 0 wwH
157.92, 157.88, 135.62, 135.58, 135.54, 131.86, 131.08, 129.65, 129.60, 129.55, 129.09, 129.05,
128.49, 128.44, 128.28, 128.24, 128.20, 127.61, 127.57, 127.52, 127.45, 123.20, 125.11,

125.07, 124.47, 124.42, 123.92, 123.87, 113.08, 66.03, 55.44, P48IMR (202 MHz,
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CD:2Cl2A 0 w1 w kb=\3646: gr)l BRMS (ESY) calcd (found) for CssH 32:ClO2P2Pt [M ¢ Cl]*:
813.1215 (813.1213).
[Z(2,2)]PtCl2. Complex [Z(2,2)]PtCl2 was isolated as a white solid (83.1 mg, 70.0%)
from reaction of Z(2,2) (950 mg, 0.109 mmol) with (COD)PtClz (38.9 mg, 0.104 mmol)
employing general procedure 1. *H NMR (500 MHz, CD 2Cl2A 6 wy wA 8 WK wop @.66WE UO wK '
(m, 4H), 7.56 (s, 2H) 7.50t 7.38 (m, 8H), 7.34 (tJ= 7.7 Hz, 4H), 7.16 (d,)= 8.2 Hz, 2H), 6.88
(t, J= 8.2 Hz, 2H), 6.77 6.68 (m, 4H), 6.44 (dJ= 8.3 Hz, 2H), 4.14t 3.93 (m, 8H), 2.97
2.74 (m, 8H).13C NMR (126 MHz, CD2Cl2A wy whuk A 8 Y K Owhkt 8 NNOwhkt 8 Nt Ot
135.65, 135.61, 135.58, 131.94, 131.08, 129.73, 129.67, 129.63, 129.21, 129.18, 129.10, 129.06,
128.39, 127.58, 127.53, 127.49, 127.14, 127.09, 127.03, 126.14, 125.39, 125.36, 125.32, 124.42,
124.38, 1287, 123.83, 114.99, 113.53, 109.08, 66.71, 66.49, 35.38, 3;AEMR (202 MHz,
CD2Cl2A 6 wy wkE-hBg5R ). BIRMS (ESY) caled (found) for CsaH4sClO4P2Pt [M 4 CI]*:
1101.2367 (1101.2340).
[Z(3,3)]PtCl2. Complex [Z(3,3)]PtClz was isolated as a white solid (83.6 mg, 56.1%)
from reaction of Z(3,3) (122.1 mg, 0.136 mmol) with (COD)PtCE (48.0 mg, 0.128 mmol)
employing general procedure 1.'H NMR (500 MHz, CD 2Cl2A 6 wy wA 8 Wk wpU QWE UO wK '
=11.3, 7.4 Hz, 4H), 7.58 (s, 2H), 7.49 4= 7.3 Hz, ), 7.46¢ 7.41 (m, 4H), 7.38 (tJ= 7.5
Hz, 2H), 7.22 (t,J= 7.6 Hz, 4H), 7.14 (dJ= 8.2 Hz, 2H), 6.93 (tdJ= 8.2, 2.3 Hz, 2H), 6.71
6.61 (m, 2H), 6.58 (ddJ= 8.3, 2.2 Hz, 2H), 6.33 (dJ= 8.3 Hz, 2H), 3.79 (dtJ= 12.0, 6.2 Hz,

2H), 3.66 (dt,J= 10.5, 7.0 Hz, 2H), 3.56 (ddJ= 8.2, 3.5 Hz, 4H), 2.98 2.75 (m, 8H), 1.96}
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1.79 (m, 4H).13C NMR (126 MHz, CD2Cl2A 0 wy whuk t 6 Wt OQwhikt 8+ A OwhK hud WWC
131.99, 131.11, 129.57, 129.53, 129.48, 129.49,082 129.01, 128.91, 128.88, 128.45, 128.41,
128.08, 127.65, 127.60, 127.56, 126.10, 124.98, 124.95, 124.91, 124.47, 124.43, 123.93, 123.89,
114.16, 112.61, 110.12, 100.93, 64.42, 63.73, 35.11, 31.25, 30.16, 2B.RIMR (162 MHz,
CD2Cl2K 0 w ¥ ulkid =0 3656 Hzp. HRMS (ESY) calcd (found) for CeoHs2ClO4P-Pt [M¢Cl]*:
1129.2681 (1129.2687).
Synthesis of ( Pt P)PtCl2: General Procedure 2. A saturated solution of (COD)PtCI 2
(1 equiv) in CD2Cl2 (0.2 mL) was added dropwise via syringe to a solution of PP (1.05
equiv) in CD 2Cl2 (0.5 mL) in an NMR tube, which was sealed under nitrogen. The reaction
mixture was monitored by 3P NMR spectroscopy to ~95% conversion. The resultant
yellow solution was diluted with diethyl ether (20 mL) and the resulting precipitate wa s
filtered. The white precipitate was washed with diethyl ether and recrystallized by
layering a saturate dichloromethane solution with diethyl ether at +20 °C to give pure (Pt
P)PtCL.
[E(2,3)]PtCl2. Complex [E(2,3)]PtCl: was isolated as a white solid in (81.0 mg,
68.6%) from reaction of E(2,3) (95.4 mg, 0.108 mmol) with (COD)PtC} (38.4 mg, 0.103
mmol) employing general procedure 2. *H NMR (500 MHz, CD2Cl2A 6 w ¥ wA B=WX4u p@ E O w
7.8 Hz, 4H), 7.63 (ddd,J= 31.8, 11.8, A Hz, 5H), 7.54¢ 7.30 (m, 13H), 7.19 (dtJ=17.0, 7.8
Hz, 4H), 7.00 (s, 1H), 6.86 (dJ= 8.5 Hz, 3H), 6.69 (ddqJ= 30.5, 21.8, 12.3, 9.9 Hz, 3H), 6.20

(d, J= 8.6 Hz, 1H), 5.48 (dJ= 8.4 Hz, 1H), 4.34 (ddJ= 12.2, 6.1 Hz, 2H), 4.04 (dt)= 42.9,
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10.6 Hz, 3H), 3.214 2.76 (m, 10H), 2.63 (qJ= 10.7 Hz, 1H), 2.40 (tJ= 10.9 Hz, 1H), 2.12 (td,
J=11.2, 6.0 Hz, 1H), 1.69 (dg)= 13.7, 7.4 Hz, 1H), 1.42 (dtJ= 16.9, 9.4 Hz, 1H)23C NMR
(126 MHz, CD2Cl2A 6 wy whuk W6 Y NOwhk A 8 NNOwhk A8 A Owhik A 8§ vhuOw
142.02, 135.77, 135.68, 135.58, 135.52, 135.44, 135.37, 135.29, 134.90, 132.27, 132.26, 131.95,
131.94, 131.05, 131.03, 130.99, 130.98, 129.29, 129.25, 129.19, 129.02, 128.82, 128.51,
128.27, 128.18, 128.14, 128.05, 127.61, 127.58, 127.52, 127.49, 126.81, 126.12, 125.43, 125.36,
124.90, 124.83, 124.48, 124.44, 123.99, 123.94, 120.38, 118.90, 117.99, 113.80, 113.09, 109.34,
71.13, 68.47, 66.21, 63.60, 37.32, 36.07, 32.39.483230.973P NMR (202 MHz, CD2Cl2A 6 w ¥ w
9.44, 8.44 (ABg,Jkr = 18 Hz, }r = 3670, 3662 Hz). HRMS (E9) calcd (found) for
CssHs0ClO4P2Pt [M4 CI]*: 1115.2524 (1115.2508).

[E(3,3)]PtClz. Complex [E(3,3)]PtCl: was isolated as a colorless crystals (49.5 mg,
81.7%) from reaction of E(3,3) (48.9 mg, 0.054 mmol) with (COD)PtCt (19.4 mg, 0.052
mmol) employing general procedure 2. *H NMR (500 MHz, CD2Cl2A 6 wy wA 8 A WwopU OWE UO
¢ 7.59 (m, 4H), 7.50 7.38 (m, 8H), 7.25 (tJ= 7.5 Hz, 4H), 7.18 (dJ= 8.1 Hz,2H), 6.95 (s,
2H), 6.88 (td,J= 8.3, 2.3 Hz, 2H), 6.7% 6.63 (M, 4H), 6.26 (dJ= 8.4 Hz, 2H), 4.3% 4.19 (m,
4H), 3.384 3.28 (m, 2H), 3.17¢ 2.80 (m, 10H), 1.65 1.49 (m, 4H).*C NMR (126 MHz,
CDCIAO0 W whuk AGI NOwhkAS!l KOwhkASdl YOwhkkdAWOwWHKEKG I
131.96, 131.04, 129.52, 129.49, 129.47, 1291£8.37, 129.13, 129.09, 128.97, 128.94, 128.53,
128.49, 128.26, 128.22, 128.17, 127.59, 127.54, 127.50, 126.87, 126.81, 126.75, 126.35, 125.23,

125.19, 125.16, 124.50, 124.45, 123.96, 123.91, 118.55, 113.33, 111.03, 66.10, 65.39, 36.48, 32.12,
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27.76.3P NMR (162 MHz, CD 2:Cl2A w % w Ul& & 86640pd) CHRMS (ESY) calcd (found) for
CeoH 52ClO4P2Pt [M# Cl]*: 1129.2681 (1129.2685).
Attempted Synthesis of [E(2,2)]PtCl 2. A saturated solution of (COD)PtCl2 (21.9
mg, 0.058 mmol) in CD2Cl2(0.2 mL) was added portionwise (~0.25 equiv) via syringe to a
solution of E(2,2) (53.8 mg, 0.062 mmol) in CRClz (0.4 mL) at room temperature and
analyzed after each addition by 3P NMR spectroscopy within 5 min of addition (Figure
17). After each addition, 3P NMR analysis displayed platinum -coupled resonances for
both [E(2,2)]PtClz oy w N 8 + K A w E Ot @uuoll 6O YARZQ uB' BOR[Z(2y2)|PtClau € $ gl O
ratio decreasing after each addition with conversion of [E(2,2)]PtCl:z to [Z(2,2)]PtCl:

ultimately forming exclusively [Z(2,2)]PtCl 2 (Figure 17).
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Figure 17: Stacked 3P NMR spectra for sequential addition of portions of (COD)PtCI:
(~0.25 equiv) to E(2,2)(from bottom to top) .

3.5.3 Synthesis of (Pi P)PtAr. Complexes

General procedure for the synthesis of (P + P)PtArz (Ar = 4-CsHsNMe 2) complexes.
A solution of (P ¢+ P)PtClz (1 eq) in diethyl ether (3 mL) was stirred at room temperature for
10 min, to which a solution of 4-(N,N-dimethyl)aniline magnesium bromide (0.5 M in
THF, 2.3 eq) was added dropwise. The resulting solution was stirred for 4 h and treated
with degassed saturated agueous NaHCOs (3 mL). The layers were separated and the
organic fraction was washed with water (3 3 15 mL) and dried (Na:SQu). The resulting

light yellow solution was diluted with diethyl ether to achieve a total volume of ~30 mL,
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layered with pent ane (30 mL), and cooled att 20 ° C overnight. The resulting suspension
was filtered and the filtrate was concentrated under vacuum. The resultant white solid
was dissolved in toluene and precipitated with pentane to give (P ¢ P)PtAr-.
(MeOBiphep)PtAr 2. Complex (MeOBiphep)PtAr 2 was isolated as a beige solid
(56.0 mg, 31.1%) from (MeOBiphep)PtCh (150 mg, 0.177 mmol) applying the general
procedure. H NMR (500 MHz, CD 2Cl2A 6 w 1@ B3 (M, ¥H), 7.30 (tJ= 7.5 Hz, 2H), 7.27
{ 7.19 (m, 8H), 7.08 (tJ= 7.3Hz, 2H), 7.02 (t,J= 7.5 Hz, 4H), 6.9% 6.85 (m, 3H), 6.85 6.77
(m, 5H), 6.25 (d,J= 8.3 Hz, 2H), 6.06 (d,J= 7.9 Hz, 4H), 3.35 (s, 6H), 2.55 (s, 12H¥C NMR
(126 MHz, CDCloA wy whuk A 8 WA OwhKt 8§+ WOwht W81 KOwht t 6+ Y Owhil
130.18, 128.71, 128.43, 128.39, 128.36, 127.90, 127.85, 127.81, 127.23, 127.19, 127.15, 126.96,
123.43, 123.40, 123.37, 114.15, 114.13, 114.10, 113.34, 111.18, 55.00, 4R.0MMR (202
MHz, CD:Cl2A 0 w % w hike & Y7RGIHP)UHRMS (ESY) calcd (found) for CsaH s2N202P2Pt
[M+2H] 2% 509.6649 (509.6655).
[Z(2,2)]PtAr 2. Complex [Z(2,2)]PtAr 2 was isolated as a beige solid (20.0 mg, 21.0%)
from [Z(2,2)]PtCl 2 (83.1 mg, 0.073 mmol) app¥ing the general procedure. ‘H NMR (500
MHz, CD 2Cl2& 6 wy wl=d.WNzuwdd)) A6 (d,J= 2.4 Hz, 2H), 7.26 (tJ= 7.4 Hz, 2H), 7.21
{ 7.14 (m, 8H), 7.06 (dJ= 8.3 Hz, 2H), 7.02 6.92 (m, 6H), 6.7% 6.72 (m, 6H), 6.60 (dd J=
8.2, 2.1 Hz, 2H), 6.18 6.13 (m, 2H), 5.98 (dJ= 7.9 Hz, 4H), 3.95 (dtJ= 12.0, 6.4 Hz, 2H),
3.90¢ 3.82 (m, 4H), 3.75 (dtJ= 10.7, 5.7 Hz, 2H), 2.8% 2.64 (m, 8H), 2.47 (s, 18). *C NMR

(126 MHz, CD:Cl2A 0 w % whuk A 8 | B8O16GSG,11486)89, DILBMK 141552, 138.23, 136.25,
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136.20, 136.14, 135.89, 135.44, 135.40, 135.36, 135.03, 130.64, 130.23, 128.74, 128.51, 128.48,
128.44, 128.01, 127.97, 127.93, 127.69, 127.63, 1215723, 127.19, 127.15, 126.94, 126.11,
123.69, 123.67, 123.64, 114.89, 114.10, 114.08, 114.05, 113.33, 111.54, 109.25, 66.48, 66.20,
53.84, 41.98, 40.88, 35.47, 30.09% NMR (202 MHz, CD2Cl2A 6 w ¥ ukw & 5766WHa) p

[Z(3,3)]PtAr 2. Complex [Z(3,3)]PtAr 2 was isolated as a beige solid (36.6 mg, 38.6%)
from [Z(3,3)]PtCl2 (83.1 mg, 0.073 mmol) applying the general procedure.H NMR (500
MHz, CD2Cl2A wy wA 6 Nk wU OlsR2.8 Baudd), AIBurRS (k)20 (= 7.5
Hz, 4H), 7.164 7.02 (m, 8H), 6.93 6.73 (m, 8H), 6.56 (dd,J= 8.5, 2.4 Hz, 2H), 6.15 (dJ=
8.2 Hz, 2H), 6.04 (d,J= 7.9 Hz, 4H) 3.71 (dtJ=12.1, 6.1 Hz, 2H), 3.58 (dtJ= 10.6, 6.9 Hz,
2H), 3484 3.38 (m, 4H), 3.02 2.90 (m, 2H), 2.89% 2.76 (m, 6H), 2.55 (s, 12H), 1.87 1.71
(m, 4H). 3C NMR (126 MHz, CD:Cl2A wy whuk t 8 A+ OQwhikt 6 Al Owhikt 6+ WO whk
152.95, 146.33, 141.86, 140.74, 138.29, 136.56, 136.51, 136.46, 135.67,, 135.34, 135.30,
134.94, 134.92, 134.57, 134.55, 130.30, 130.27, 129.89, 129.85, 129.51, 129.47, 128.37, 128.26,
128.19, 128.16, 128.13, 127.99, 127.64, 127.60, 127.56, 127.17, 127.13, 127.09, 126.04, 123.10,
123.07, 123.05, 114.13, 110.57, 110.0856463.01, 42.02, 35.12, 30.20, 28.62 NMR (202
MHz, CD:Cl2A w ¥ w hke & W 1uHp). HRMS (ES)) calcd (found) for C7eH 72N 204P2Pt
[M+2H] 2 668.2381 (668.2394).

[E(2,3)]PtArz. Complex [E(2,3)]PtArz was isolated (33.5 mg, 34.4%) as a beige solid
from [E(2,3)]PtClz (84.8 mg, 0.074 mmol) applying the general procedure.'H NMR (500

MHz, CD :ClA 0 w n$u786 () 2td), 7.86t 7.80 (m, 2H),7.21¢ 6.83 (M, 27H), 6.72 6.62
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(m, 4H), 6.07 (d,J= 7.3 Hz, H), 6.02 (t,J= 6.8 Hz, 3H), 5.42 (dJ= 8.1 Hz, 1H), 4.34 4.20
(m, 2H), 4.00¢ 3.85 (m, 3H), 3.33 (qJ= 8.8 Hz, 1H), 3.18 2.99 (m, 4H), 2.90 2.76 (M, 5H),
2.55 (d,J= 3.3 Hz, 12H), 2.26 2.16 (m, 1H), 1.91 (td,J= 10.9, 5.7 Hz, 1H), 1.59 1.42 (m,
1H). 33C NMR (126 MHz, CD2Cl2A 6 wy whik W3 A Owhk Wé Y NOwhk A 8+ + Owhik
146.29, 146.18, 145.79, 144.19, 141.74, 137.35, 137.19, 136.48, 136.37, 136.34, 136.27, 135.69,
135.33, 135.02, 134.99, 134.91, 134.77, 134.69, 130.51, 13RQ21, 128.68, 128.67, 128.11,
128.09, 128.04, 128.02, 127.94, 127.86, 127.55, 127.37, 127.31, 127.30, 127.24, 127.14, 127.11,
126.95, 126.85, 126.24, 126.18, 125.97, 123.58, 123.52, 123.01, 122.95, 120.41, 118.84, 118.57,
114.28, 114.22, 114.16, 113.331.95, 111.33, 109.17, 71.64, 67.92, 66.19, 63.39, 42.06, 42.02,
40.89, 37.25, 35.94, 32.43, 32.11, 30.88, 30.20, 30.18, ZIO8IMR (202 MHz, CD2Cl2A 6 w % w
16.84 (bp= 14 Hz,J}r = 1770 Hz), 15.62F, = 16 Hz,JFw = 1755 Hz).

[E(3,3)]PtArz. Complex [E(3,3)]PtArz was isolated (13.7 mg, 24.2%) as a beige solid
from [E(3,3)]PtClz (9.5 mg, 0.042 mmol) applying the general procedure.H NMR (500
MHz, CD 2Cl& w ¥ wAJE 8U8/Ha,B) (782 7.22 (m, 4H), 7.24 7.12 (m, 10H), 7.10 (d)=
7.3 Hz, 2H), 7.03 (t,J= 7.6 Hz, 4H), 6.93 (dJ= 2.3 Hz, 2H), 6.9% 6.84 (m, 4H), 6.75 (ddJ=
7.7, 4.7 Hz, 2H), 6.68 (dJ= 7.8 Hz, 2H), 6.17 6.09 (m, 2H), 6.05 (dJ= 8.0 Hz, 4H), 4.30
4.12 (m, 4H), 3.23 (tdJ= 10.5, 5.6 Hz, 2H), 3.09 2.77 (m, 8H), 2.55s, 12H), 1.55 1.39 (m,
2H). 3C NMR (126 MHz, CDCl2A w 1 w hisA B 1157Q4, 155.88, 146.33, 145.21, 141.58,
138.38, 137.50, 136.14, 136.09, 136.04, 135.08, 135.02, 134.98, 134.94, 130.15, 128.73, 128.30,

128.26, 128.22, 127.74, 127.70, 127.66, 387127.32, 127.29, 126.96, 126.37, 123.50, 123.47,
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123.45,118.61, 114.22, 114.20, 114.18, 113.34, 111.41, 111.26, 65.63, 53.84, 40.89, 36.42, 32.12,
27.79.%P NMR (202 MHz, CD2Cl2A w % w huiké # 1y66 ¢px). IRMS (ESY) calcd (found)

for CzeH 72N 204P2Pt [M+2H] 2 668.2381 (668.2391).

Table 5: 3P NMR chemical shifts and 1Jewr for platinum (bis)phosphine complexes.

(Pt P)PtCl2 (Pt P)PtAr2
entry (PtP) %P Lptp (HZ) %P Lptp (HZ)
1 MeOBiphep 8.01 3646 17.04 1766
2 Z(2,2) 8.10 3652 16.98 1765
3 Z(3,3) 7.81 3655 17.14 1771
4 E(2,2) 9.34 3646 t 4 ¢ ¢

9.44 3670 16.70 1770
5 E(2,3)

8.44 3662 15.62 1755
6 E(3,3) 8.78 3664 16.30 1765

Table 6: 3P NMR chemical shifts, 1Jw, and Pt Ptt P bond angles for structurally
characterized complexes of the form [Ph 2P(CH2)xPPhz]PtCl 2.

X np? P (HZ) PtPttP (°F
5 9.4 3643 103.73
4 10.8 3544 95.37

3 $5.5 3409 91.63

an CH2Cl2/ CDCls. PData taken from reference.1?®

3.5.4 Kinetic Analysis of Reductive Elimination

An NMR tube containing a solution of (PtP)PtArz (9.83 103 mmol, 16.3 mM),
dibenzylideneacetone (2.30 mg, 9.8 103 mmol, 16.3 mM), and trim ethylphosphine oxide

(0.60 mg, 6.5° 103 mmol, 10.8 mM) in toluene-ds (0.60 mL) was placed into the probe of
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an NMR spectrometer preheated at 85 °C and analyzed in 10 min intervals by *H NMR
spectroscopy through three half-lives. The concentration of (Pt P)PtArz was determined
by integrating the dimethyamino resonance of (PtP)PtAr EUwy wl 6 Kt wYl UUUUwUOT
res®OEOET wOl wOUDOI UT aO0xT OUxT DOl wORDET whH 0% wy 6 Wk ¢
yield of the Ar -Ar product determined by !H NMR. First-order rate constants were
obtained from linear plots of In[(P ¢ P)PtArz] versustime (Table 7, Figure 18-22). Owing to
the low forces and modest changes in rate of reductive elimination to the compressive

ligands, the reductive elimination of [Z(2,3)]PtAr 2was not investigated.

Table 7: First order rate constants for the reductive elimination of (P + P)PtAr2(16.3
mM) in toluene -ds containing DBA ( 16.3mM) at 85 °C.

Restoring force

entry (PtP) (o) (109)k (s'Y)
1 MeOBiphep 0 6.92 £ 0.05
2 Z(2,2) -65 5.32+£0.03
3 Z(2,2) -65 6.07 £ 0.06
4 Z(2,2) -65 5.87 £ 0.07
5 Z(3,3) -3 6.12 + 0.05
6 Z(3,3) -3 5.67 £ 0.02
7 E(2,3) 228 18.7+0.3
8 E(2,3) 228 20.2+0.5
9 E(3,3) 130 14.8+0.2
10 E(3,3) 130 13.9+04
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Figure 18: First order rate plot for the reductive elimination of
(MeOBiphep)PtAr 2 (16.3mM) in toluene -ds containing DBA ( 16.3mM) at 85 °C.
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Figure 19: First order rate plot for the reductive elimination of [  Z(2,2)]PtAr:
(16.3mM) in toluene -ds containing DBA ( 16.3mM) at 85 °C.
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Figure 20: First order rate plot for the reductive elimination of [Z(3,3)]PtAr2
(16.3 mM) in toluene -ds containing DBA (16.3 mM) at 85 °C.
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Figure 21: First order rate plot for the reductive elimination of [E(2,3)]PtAr2
(16.3 mM) in toluene -ds containing DBA (16.3 mM) at 85 °C.
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Figure 22 First order rate plot for the reductive elimination of [E(3,3)]PtAr2
(16.3 mM) in toluene -ds containing DBA (16.3 mM) at 85 °C.

3.5.5 Computed Structure-reactivity Relationships of Reductive
Elimination

All calculations were performed with aforementioned method in Chapter 2.
Energy of optimized reactants and transition states are calculated for (PtP)PtPh:
complexes with diverse ligands under different restoring forces. Force -dependent
activation free energies of reductive elimination from ( Pt P)PtPh2 complexes vs restoring
force is plotted in Figure 12and coordinates of optimized conformations for each com plex
are listed below.

Table 8: Minimal energy conformation for 1a.

_ Coordinates (A)
Atomic number
X Y A
78 0.305404 -2.38292 0.437471
6 0.209932 1.767205 0.710405
6 1.286806 1.010262 1.222194
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6 1.852185 1.35659 2.464291
1 2.69099 0.788086 2.861331
6 1.355512 2.429645 3.197414
1 1.808121 2.685618 4.158889
6 0.285142 3.18277 2.716408
6 -0.28007 2.856225 1.479024
6 -0.41205 1.571183 -0.6424

6 -1.30821 0.53226 -0.97695
6 -1.906 0.512777 -2.25155
1 -2.60843 -0.27581 -2.51453
6 -1.61571 1.499533 -3.18841
1 -2.09051 1.469759 -4.17253
6 -0.72454 2.527583 -2.88316
6 -0.13113 2.565375 -1.61683
6 3.499184 -0.88974 1.171988
6 3.470434 -1.54804 2.41495

1 2.513437 -1.84164 2.849603
6 4.653472 -1.8493 3.09119

1 4.608514 -2.36445 4.053805
6 5.889099 -1.5173 2.527155
1 6.816488 -1.76401 3.050499
6 5.930437 -0.88444 1.283416
1 6.891229 -0.63429 0.825911
6 4.744918 -0.57194 0.609553
1 4.803827 -0.08787 -0.36526
6 2.350353 0.053022 -1.33535
6 2.057308 -0.76345 -2.43928
1 1.506854 -1.6945 -2.28294
6 2.450731 -0.38524 -3.72667
1 2.214764 -1.03032 -4.57669
6 3.141164 0.813305 -3.92431
1 3.453658 1.107013 -4.92993
6 3.427513 1.639024 -2.83134
1 3.964646 2.579548 -2.98127
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6 -3.10252 -1.72082 -0.51765
6 -2.91732 -2.58887 -1.60912
1 -1.91198 -2.76519 -1.99543
6 -4.00238 -3.24485 -2.19216
1 -3.8357 -3.91783 -3.03675
6 -5.29099 -3.06195 -1.68111
1 -6.13963 -3.58505 -2.12942
6 -5.48352 -2.22054 -0.58382
1 -6.48433 -2.08238 -0.16634
6 -4.39819 -1.55377 -0.00528
1 -4.57264 -0.91096 0.857568
6 -2.21643 -0.09787 1.736129
6 -3.12882 0.971605 1.71547

1 -3.45134 1.395758 0.762355
6 -3.61744 1.505916 2.910258
1 -4.33424 2.331124 2.882041
6 -3.19346 0.987312 4.13895

1 -3.57783 1.406241 5.072728
6 -2.27403 -0.06439 4.168378
1 -1.9307 -0.46782 5.124254
6 -1.78792 -0.60408 2.973548
1 -1.05963 -1.41861 2.993338
6 3.030582 1.26545 -1.54498
1 3.242162 1.925795 -0.70148
15 1.876063 -0.52953 0.352052
15 -1.60061 -0.89422 0.187446
8 0.743209 3.532469 -1.23841
8 -1.3208 3.539675 0.938053
6 1.038996 4.590709 -2.11943
1 1.734705 5.25371 -1.58723
1 1.524878 4.232057 -3.04429
6 -1.83567 4.669682 1.602573
1 -2.25837 4.409354 2.589294
1 -1.0672 5.451811 1.738304
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1 -0.50025 3.289714 -3.62863
1 -0.09912 4.015713 3.304131
1 0.134468 5.164352 -2.39045
1 -2.63848 5.066203 0.966103
6 1.833737 -3.77212 0.640864
6 1.950767 -4.56343 1.801804
1 1.217297 -4.45672 2.60564
6 2.784122 -3.99255 -0.37492
1 2.744232 -3.41252 -1.30116
6 3.804308 -4.94323 -0.23758
1 4523219 -5.08568 -1.05055
6 3.909359 -5.70239 0.930089
1 4.706068 -6.44326 1.041273
6 2.974401 -5.50534 1.951178
1 3.032665 -6.10002 2.8683
6 -0.91743 -4.0566 0.540235
6 -1.82635 -4.25482 1.597703
1 -1.91895 -3.50786 2.391108
6 -0.8545 -5.06773 -0.44026
1 -0.14041 -4.9797 -1.26358
6 -1.67102 -6.20227 -0.38186
1 -1.59364 -6.96517 -1.16298
6 -2.5696 -6.37389 0.675803
1 -3.20376 -7.26336 0.727683
6 -2.63828 -5.39458 1.669312
1 -3.33165 -5.5123 2.508018

Table 9: Transition state for the reductive elimination of 1a

Atomic number

Coordinates (A)

X Y Z
78 0.225408 -2.33128 0.192856
6 0.070909 1.801159 0.645557
6 1.121493 1.082433 1.260302
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6 1.635249 1.525873 2.494409
1 2.448075 0.982915 2.974243
6 1.121262 2.662591 3.111064
1 1.534253 2.995661 4.066852
6 0.082724 3.383519 2.520724
6 -0.43836 2.953478 1.295762
6 -0.48737 1.475993 -0.70913
6 -1.3449 0.388856 -0.98453
6 -1.7726 0.156406 -2.3088

1 -2.39354 -0.71026 -2.53611
6 -1.4009 1.015538 -3.33579
1 -1.7408 0.822806 -4.35666
6 -0.5933 2.125019 -3.07586
6 -0.14005 2.352506 -1.77245
6 3.115967 -0.99172 1.666894
6 2.740216 -1.72334 2.808668
1 1.685839 -1.96427 2.967069
6 3.695585 -2.14565 3.735033
1 3.382731 -2.70563 4.620337
6 5.050002 -1.86614 3.522862
1 5.800802 -2.20554 4.241216
6 5.43676 -1.15825 2.382461
1 6.493333 -0.94167 2.203748
6 4.477819 -0.71985 1.462546
1 4.7989 -0.16408 0.58019

6 2.745156 0.150718 -0.96331
6 3.043456 -0.74453 -2.00406
1 2.680482 -1.77237 -1.95381
6 3.809847 -0.33108 -3.09736
1 4.035528 -1.0414 -3.89692
6 4.284412 0.981816 -3.16776
1 4.884261 1.304786 -4.02293
6 3.989657 1.880101 -2.13689
1 4.36161 2.907471 -2.18214
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6 -3.3842 -1.57606 -0.18488
6 -3.67203 -2.90346 0.169375
1 -2.89643 -3.52734 0.614683
6 -4.94795 -3.43679 -0.04303
1 -5.14767 -4.47361 0.238254
6 -5.95122 -2.65389 -0.61707
1 -6.94667 -3.07224 -0.78825
6 -5.67554 -1.32884 -0.97303
1 -6.45581 -0.70706 -1.42046
6 -4.40503 -0.79194 -0.75489
1 -4.21155 0.244701 -1.0371
6 -2.16164 -0.09278 1.860805
6 -3.07005 0.97741 1.925265
1 -3.45247 1.427774 1.007561
6 -3.48029 1.482908 3.160023
1 -4.18995 2.314126 3.196791
6 -2.99429 0.923881 4.348024
1 -3.32211 1.317469 5.313854
6 -2.09147 -0.13987 4.29335
1 -1.70728 -0.58242 5.216085
6 -1.67755 -0.64485 3.055856
1 -0.97583 -1.48144 3.008903
6 3.224875 1.469619 -1.04075
1 2.996366 2.182224 -0.24674
15 1.781643 -0.4804 0.484801
15 -1.70346 -0.92588 0.266837
8 0.657031 3.400042 -1.4373
8 -1.45889 3.584289 0.659059
6 1.005785 4.351957 -2.41403
1 1.613921 5.112333 -1.90508
1 1.603286 3.90611 -3.22913
6 -1.94822 4.803511 1.1645
1 -2.40787 4.683483 2.162184
1 -1.15397 5.56894 1.229457
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1 -0.31186 2.791954 -3.89003
1 -0.3162 4.266154 3.019746
1 0.114512 4.839183 -2.849

1 -2.71811 5.147371 0.460214
6 1.440471 -4.04692 -0.28781
6 2.437497 -4.50475 0.615133
1 2.243226 -4.47876 1.688849
6 1.7581 -4.14758 -1.6723

1 1.02125 -3.83332 -2.41506
6 2.984672 -4.64212 -2.11321
1 3.185668 -4.69795 -3.1874

6 3.953253 -5.06872 -1.19669
1 4911534 -5.46417 -1.54221
6 3.663505 -4.99403 0.172268
1 4.404659 -5.32277 0.906504
6 -0.28124 -4.41973 0.148515
6 -0.50118 -4.95099 1.452213
1 0.083972 -4.56828 2.291789
6 -1.06511 -4.98917 -0.89386
1 -0.93362 -4.6357 -1.9185

6 -1.99159 -5.99977 -0.65222
1 -2.56891 -6.40597 -1.48804
6 -2.19456 -6.49351 0.644051
1 -2.91656 -7.2923 0.83042
6 -1.44126 -5.95154 1.693414
1 -1.58194 -6.31928 2.714238

Table 10: Minimal energy conformation for 2a
_ Coordinates (A)
Atomic number
X Y Z

6 0.341484 15.23817 5.164782
6 1.104654 10.29102 8.715032
6 -0.04412 10.33083 2.151546
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6 0.409949 13.90338 4.729042
6 1.540568 11.83187 6.401027
6 0.535584 7.933415 3.438889
6 1.192786 10.21677 2.818788
6 1.974162 9.832715 7.720647
6 1.461584 8.984989 3.446695
6 2.184153 10.594 6.566902
6 3.268424 16.47143 -0.14022
6 3.33162 15.76788 1.066902
6 3.995878 16.03277 -1.25004
6 3.308201 13.98181 5.389762
6 2.619746 11.51256 -0.22529
6 4.132681 14.61846 1.187602
6 3.153475 11.00123 0.973852
6 3.747261 14.7719 4122461
6 3.001146 11.00412 -1.47402
6 4.781122 14.88032 -1.14715
6 4.846601 14.17644 0.05777
6 4.456211 13.23099 6.106884
6 4.403335 13.34117 7.628029
6 4.082174 9.94837 0.864759
6 3.934754 9.966541 -1.55953
6 4.343386 16.9701 5.335166
6 4.790242 15.87611 4.366486
6 5.537031 12.61694 9.558149
6 4.473353 9.440128 -0.38089
6 5.93665 13.1161 2.896388
6 5.032787 19.05575 6.182661
6 6.248765 11.81985 3.33925
6 6.987497 14.01023 2.619195
6 7.579472 11.43037 3.5212
6 8.316924 13.61923 2.799288
6 8.615492 12.32969 3.253891
6 -0.72969 13.33299 4.130557
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6 -0.69558 8.080615 2.793101
6 0.6599 12.2801 7.401663
6 -0.97798 9.286032 2.142856
6 -0.83261 15.98372 5.0043
6 0.444231 11.51379 8.550546
6 -1.90408 14.07481 3.981411
6 -1.95888 15.40413 4.414327
1 -0.69582 12.299 3.775743
1 1.200015 15.71908 5.640091
1 2.643222 17.36706 -0.21012
1 0.782727 6.989581 3.938494
1 2.738835 16.12993 1.910622
1 2.482805 8.87067 7.834857
1 1.885845 12.32529 -0.19268
1 3.945005 16.58325 -2.19459
1 2.882246 14.70928 6.101299
1 2.845926 10.21966 5.782339
1 2.424475 8.823884 3.944175
1 2.833817 15.2619 3.739569
1 2.561869 11.42341 -2.38649
1 3.444519 12.94334 8.020825
1 4.474899 12.16092 5.838679
1 3.346194 17.36844 5.035001
1 5.342113 14.51632 -2.01324
1 4.630567 12.14896 10.00052
1 5.453685 13.2695 0.113477
1 4507425 9.498346 1.768478
1 6.420835 12.02963 9.858386
1 5.431736 13.628 5.783449
1 4.070546 19.55716 5.937377
1 4.234276 16.57214 6.368253
1 4.23397 9.566496 -2.53418
1 5.017027 16.37429 3.408021
1 4.459005 14.41289 7.93167
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1 5.74326 15.45616 4.727753
1 5.437491 11.11249 3.53373

1 6.771394 15.01521 2.247977
1 5.198697 8.619759 -0.42812
1 5.633983 13.64271 9.978285
1 4.985972 18.72351 7.243201
1 5.848965 19.78976 6.078892
1 7.805606 10.41671 3.865623
1 9.123789 14.3255 2.580038
1 9.657526 12.02452 3.392068
1 0.93206 9.690317 9.613603
1 -0.28391 11.24963 1.604573
1 -1.42129 7.260556 2.784951
1 0.132445 13.23062 7.28373

1 -0.86422 17.02272 5.347487
1 -2.77925 13.6105 3.516605
1 -0.24694 11.87271 9.319737
1 -1.92877 9.412609 1.61219

1 -2.87675 15.98732 4.290572
8 5.489747 12.62668 8.158406
8 5.305675 17.99249 5.312268
15 1.898868 12.81485 4.882182
15 4.158807 13.57457 2.706955
78 2.569536 11.7797 2.808864

Table 11: Transition state for the reductive elimination of 2a

Atomic number

Coordinates (A)

X Y Z
6 0.301504 15.18159 5.167143
6 1.053155 10.15146 8.611194
6 0.100982 10.40459 1.686972
6 0.38275 13.8531 4.714513
6 1.51924 11.7648 6.350542
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6 0.308759 8.095938 3.231869
6 1.38139 10.05991 2.205022
6 1.86768 9.687183 7.573817
6 1.441092 8.866457 2.976647
6 2.090444 10.48396 6.446258
6 3.221654 16.52217 -0.13735
6 3.350116 15.83718 1.076228
6 3.771655 15.99439 -1.3082

6 3.291037 13.92522 5.353468
6 2.511633 10.91163 -0.17263
6 4.036932 14.61162 1.142188
6 2.803779 10.41041 1.126848
6 3.733798 14.73142 4.093113
6 3.264906 10.54925 -1.2872

6 4.445789 14.76864 -1.25866
6 4.571712 14.08151 -0.05012
6 4.437931 13.15121 6.047585
6 4.405107 13.23775 7.570501
6 3.899679 9.506402 1.216206
6 4.346098 9.66488 -1.16615
6 4.341744 16.90052 5.356461
6 4.780079 15.82732 4.36096

6 5.55449 12.47486 9.47606

6 4.654516 9.149937 0.099925
6 5.956709 13.19622 2773774
6 5.036102 18.96764 6.243678
6 6.348148 11.93158 3.245494
6 6.953461 14.1175 2.401693
6 7.701893 11.60163 3.365452
6 8.306078 13.78559 2.517123
6 8.68356 12.52849 3.003114
6 -0.74814 13.28519 4.09543

6 -0.94227 8.469369 2.721881
6 0.692142 12.21811 7.394531
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6 -1.03089 9.632163 1.945193
6 -0.8769 15.92094 5.008805
6 0.460775 11.41626 8.515627
6 -1.9274 14.01949 3.949871
6 -1.99529 15.34182 4.403225
1 -0.69943 12.25868 3.718249
1 1.154928 15.66007 5.6547
1 2.687294 17.47726 -0.16223
1 0.402952 7.189276 3.839663
1 2.901769 16.27753 1.969982
1 2.322457 8.693571 7.63456
1 1.675678 11.6032 -0.30834
1 3.670961 16.53172 -2.25633
1 2.879005 14.64913 6.077192
1 2.702826 10.10717 5.621812
1 2.401451 8.534243 3.381489
1 2.820636 15.22896 3.718353
1 3.005113 10.96618 -2.26655
1 3.448234 12.84099 7.96898
1 4.437405 12.0848 5.762493
1 3.340385 17.30281 5.07561
1 4.871284 14.33704 -2.17009
1 4.64918 12.00739 9.921722
1 5.086136 13.11618 -0.03534
1 4.163995 9.074112 2.185768
1 6.436822 11.87632 9.758378
1 5.415409 13.5398 5.71894
1 4.06881 19.47144 6.023647
1 4.244799 16.48234 6.382524
1 4931378 9.374868 -2.04412
1 5.008468 16.3478 3.414951
1 4.473651 14.30367 7.891192
1 5.733316 15.39494 4.707198
1 5.579019 11.19998 3.510348
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1 6.674668 15.09878 2.008749
1 5.495364 8.457891 0.219724
1 5.663885 13.49336 9.911001
1 5.004128 18.61022 7.296693
1 5.84819 19.70736 6.147287
1 7.988864 10.61251 3.735532
1 9.069525 14.51344 2.224467
1 9.743546 12.27002 3.091789
1 0.869682 9.524024 9.489186
1 -0.00543 11.30044 1.068551
1 -1.829 7.858398 2.916052
1 0.219594 13.20255 7.331436
1 -0.91892 16.95486 5.36632
1 -2.79587 13.55732 3.470212
1 -0.18763 11.7807 9.318943
1 -1.99681 9.940424 1.529451
1 -2.91648 15.92022 4.281348
8 5.492295 12.50613 8.077791
8 5.301037 17.92702 5.344846
15 1.875267 12.76655 4.840177
15 4.147301 13.55951 2.651965
78 2.585935 11.75461 2.798678
Table 12: Minimal energy conformation for 4
_ Coordinates (A)
Atomic number
X Y z
6 7.529718 9.653392 9.707915
6 8.745291 9.295002 10.3864
6 9.15875 11.26472 9.215959
6 7.800545 10.8655 8.98103
6 8.282803 8.578854 6.591676
6 9.440766 9.384273 6.315231
6 10.57645 8.829198 6.994476
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6 10.10687 7.677015 7.710327
6 8.713411 7.516812 7.463089
6 5.017619 9.717366 11.06388
6 3.956279 9.093373 11.74401
6 3.255387 9.772918 12.74314
6 3.593068 11.0893 13.07331
6 4.639923 11.72147 12.39732
6 5.348535 11.04078 11.40107
6 6.268697 7.175474 10.50518
6 6.671899 7.073972 11.84893
6 6.954434 5.826648 12.41287
6 6.830777 4.662786 11.64498
6 6.416453 4.751342 10.31303
6 6.133377 6.00021 9.748215
6 6.561747 10.47744 5.25263

6 7.310373 10.788 4.103064
6 7.300827 12.08341 3.577907
6 6.537274 13.08515 4.188968
6 5.778524 12.78369 5.323968
6 5.788024 11.48633 5.84953

6 6.557323 7.688783 4.497494
6 7.434392 6.597028 4.38119

6 7.38767 5.760815 3.260313
6 6.466889 6.004946 2.23798

6 5.588901 7.088164 2.345854
6 5.628096 7.920305 3.467217
26 9.021829 9.343269 8.340754
1 8.896955 8.408985 11.00047
1 7.082174 11.39842 8.360609
1 9.451725 10.27791 5.694563
1 10.70413 7.041795 8.36378

1 8.07853 6.740218 7.887517
1 3.665047 8.071445 11.49143
1 2.431462 9.26877 13.25713
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1 3.040263 11.62116 13.85424
1 4.915804 12.75093 12.64737
1 6.171255 11.55117 10.89552
1 6.754566 7.974112 12.46452
1 7.266395 5.7628 13.46018
1 7.047362 3.686349 12.08976
1 6.301943 3.844782 9.710705
1 5.786526 6.071266 8.712172
1 7.896946 10.01028 3.606073
1 7.887719 12.30993 2.682156
1 6.525036 14.09722 3.77213

1 5.166246 13.55699 5.798149
1 5.17667 11.24107 6.72407

1 8.171379 6.39464 5.161554
1 8.082204 4917813 3.187011
1 6.432152 5.352212 1.359898
1 4.856147 7.28561 1.557642
1 4.922556 8.75111 3.537726
15 5.9021 8.806403 9.709626
15 6.559065 8.781833 5.99753

78 4.703644 8.513892 7.585783
6 2.942418 8.298502 8.663449
6 2.113779 9.404121 8.931379
6 2.501564 7.039967 9.115629
6 0.908143 9.264893 9.629917
1 2.408091 10.40186 8.588118
6 1.299296 6.893896 9.820981
1 3.100259 6.145426 8.913488
6 0.495204 8.007896 10.08369
1 0.286804 10.14743 9.819577
1 0.986136 5.89925 10.15854
1 -0.44851 7.895884 10.62804
6 3.438898 8.174354 5.974611
6 2.771005 9.228744 5.322692
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6 3.177263 6.86875 5.518605
6 1.89845 8.9935 4.25139

1 2.924006 10.26132 5.654076
6 2.301764 6.625447 4.453167
1 3.663269 6.014723 6.002703
6 1.65976 7.68816 3.80898

1 1.395181 9.837859 3.766513
1 2.120238 5.595637 4.125387
1 0.972661 7.500442 2.977054
6 11.96765 9.323605 6.940409
6 13.04855 8.48689 7.289851
6 12.27475 10.6259 6.513687
6 14.36453 8.92964 7.218934
1 12.85805 7.458157 7.607397
6 13.59296 11.08448 6.433171
1 11.47018 11.31726 6.250841
6 14.65322 10.2361 6.787767
1 15.19772 8.273774 7.484745
1 13.77518 12.10761 6.100125
8 15.96595 10.58 6.74645

6 16.3295 11.86544 6.301923
1 15.91293 12.65941 6.95316

1 17.42911 11.90948 6.343258
1 16.00047 12.04874 5.260045
6 9.737244 10.26856 10.07218
1 10.77538 10.23704 10.40248
6 9.818502 12.47917 8.695558
6 10.97036 12.99762 9.30626

6 9.302719 13.18228 7.584791
6 11.59534 14.16092 8.842511
1 11.39296 12.49538 10.18045
6 9.912271 14.33788 7.112117
1 8.411623 12.81278 7.069943
6 11.0681 14.84308 7.736393
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1 12.48562 14.52488 9.358518
1 9.508887 14.87587 6.250316
8 11.58981 15.97838 7.205817
6 12.73392 16.55281 7.792117
1 13.60382 15.86719 7.755008
1 12.96461 17.45554 7.20517

1 12.55389 16.84434 8.845602

Table 13; Transition state for the reductive elimination of 4

: Coordinates (A)
Atomic number
X Y Z

6 7.464611 9.637889 9.708729
6 8.680026 9.268971 10.3809

6 9.104498 11.23512 9.207759
6 7.742764 10.84538 8.978792
6 8.223107 8.543741 6.57521

6 9.380895 9.351369 6.305494
6 10.51358 8.798087 6.992125
6 10.0409 7.646334 7.707228
6 8.649148 7.484988 7.451771
6 4.936405 9.754266 11.03194
6 3.719605 9.237826 11.51334
6 2.996298 9.92037 12.49428
6 3.466011 11.13679 13.00115
6 4.667656 11.66474 12.5203

6 5.399454 10.97884 11.54444
6 6.175796 7.203155 10.56465
6 6.515213 7.140008 11.92806
6 6.777295 5.9102 12.53887
6 6.697402 4.725061 11.79822
6 6.347561 4.775201 10.44576
6 6.084144 6.006562 9.834922
6 6.517517 10.41122 5.186045
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6 7.232616 10.67168 4.003322
6 7.226285 11.94894 3.434937
6 6.499566 12.98349 4.03613

6 5.774968 12.73281 5.205505
6 5.781051 11.4533 5.773248
6 6.490827 7.618565 4.50189

6 7.495301 6.665454 4.258338
6 7.421599 5.822006 3.144229
6 6.346936 5.920094 2.255699
6 5.341365 6.863509 2.492279
6 5.407172 7.700731 3.608569
26 8.95668 9.31419 8.332724
1 8.823813 8.383267 10.99774
1 7.023531 11.38315 8.363776
1 9.39394 10.24262 5.680858
1 10.63602 7.014009 8.365631
1 8.010396 6.709099 7.87139

1 3.330504 8.293379 11.1237

1 2.053109 9.498691 12.85505
1 2.895939 11.67229 13.7671

1 5.046473 12.61526 12.90985
1 6.342057 11.40302 11.19111
1 6.566573 8.057854 12.52085
1 7.039854 5.876863 13.60115
1 6.898536 3.762478 12.27917
1 6.269462 3.851846 9.863145
1 5.788484 6.048222 8.781467
1 7.792275 9.868286 3.515869
1 7.787011 12.13532 2.513394
1 6.488585 13.981 3.585161
1 5.191793 13.53216 5.673617
1 5.196205 11.24738 6.675701
1 8.349484 6.58091 4.934069
1 8.215629 5.088833 2.968931
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6.291875 5.262267 1.382407

4.489834 6.946393 1.809918

4.606476 8.425048 3.780054
15 5.827071 8.810758 9.708047
15 6.498152 8.734678 5.981504
78 4.706367 8.503233 7.58804
6 2.629931 8.136101 8.137855
6 1.830879 9.204597 8.629418
6 2.380078 6.858152 8.714712
6 0.841902 9.006633 9.591321
1 1.972469 10.21132 8.22709
6 1.401039 6.664589 9.687632
1 2.96205 5.994184 8.381658
6 0.60937 7.734218 10.12927
1 0.245906 9.861679 9.928175
1 1.248366 5.661818 10.10155
1 -0.17531 7.577277 10.87572
6 2.941222 8.166797 6.355331
6 2.476776 9.313962 5.650526
6 2.770116 6.920919 5.691595
6 1.877288 9.218745 4.395877
1 2.579035 10.30314 6.10558
6 2.156537 6.825745 4.443807
1 3.103659 6.001197 6.179675
6 1.697157 7.971452 3.781312
1 1.538089 10.13153 3.893887
1 2.038773 5.840172 3.980573
1 1.204833 7.894788 2.806997
6 11.90646 9.288021 6.940835
6 12.98171 8.441964 7.254777
6 12.21628 10.60784 6.54765
6 14.31047 8.876279 7.189942
1 12.789 7.404702 7.542322
6 13.5303 11.05294 6.475725
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1 11.41129 11.3084 6.312058
6 14.59545 10.19223 6.797182
1 15.10965 8.17579 7.439192
1 13.76244 12.079 6.179347
8 15.84367 10.71718 6.698051
6 16.95726 9.913492 7.007679
1 17.02723 9.031984 6.340014
1 17.84746 10.54491 6.8605

1 16.93348 9.564596 8.059118
6 9.679224 10.23445 10.06222
1 10.71803 10.19607 10.38978
6 9.770709 12.44472 8.683629
6 10.94759 12.94411 9.278705
6 9.248516 13.15961 7.592637
6 11.57169 14.09307 8.805418
1 11.37986 12.42922 10.14063
6 9.864231 14.31647 7.104995
1 8.343688 12.80582 7.090842
6 11.03743 14.79448 7.710767
1 12.48211 14.47593 9.273767
1 9.418918 14.83088 6.251544
8 11.71293 15.9047 7.318856
6 11.22844 16.66231 6.235267
1 10.21463 17.06259 6.433883
1 11.92687 17.50407 6.107476
1 11.20264 16.07114 5.298508

Table 14: Minimal energy conformation for 2b
_ Coordinates (A)
Atomic number
X Y Z

6 -0.15142 10.47697 2.393938
6 0.499305 8.026941 3.544723
6 1.166453 10.28819 2.858789
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6 1.465765 9.035303 3.431565
6 3.278538 13.96792 5.353911
6 2.614389 11.36832 -0.2858

6 3.224147 11.01447 0.935027
6 3.743484 14.76415 4.094498
6 3.071442 10.86461 -1.51111
6 4.424406 13.22701 6.084402
6 4.324521 13.27923 7.606817
6 4.311994 10.11979 0.867635
6 4.156485 9.982855 -1.55257
6 4.371087 16.94812 5.319532
6 4.805836 15.84744 4.353473
6 5.440053 12.54057 9.544221
6 4.773127 9.610139 -0.35395
6 5.090036 19.01997 6.177586
6 -0.80361 8.240928 3.082622
6 -1.12326 9.472815 2.502848
1 0.769941 7.063261 3.991709
1 1.752054 12.04507 -0.28683
1 2.817759 14.69121 6.052644
1 2.480756 8.830736 3.791499
1 2.847034 15.28276 3.701503
1 2.569452 11.15867 -2.44021
1 3.358505 12.86021 7.961887
1 4.483874 12.16843 5771712
1 3.385291 17.36461 5.008023
1 4.528067 12.07712 9.980278
1 4.8111 9.799347 1.789845
1 6.317204 11.94481 9.845915
1 5.399875 13.6662 5.818635
1 4.14265 19.54072 5.916575
1 4.239939 16.54748 6.349176
1 4.513051 9.584727 -2.50847
1 5.058272 16.34548 3.400662
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1 4.356408 14.3395 7.949242
1 5.747698 15.41087 4.726803
1 5.618326 8.912161 -0.36685
1 5.541872 13.56394 9.967706
1 5.019768 18.68926 7.237184
1 5.923123 19.73626 6.086174
1 -0.43159 11.42684 1.923008
1 -1.55969 7.453087 3.166678
1 -2.13655 9.654161 2.125816
8 5.400128 12.55621 8.143121
8 5.35447 17.94986 5.311819
15 1.909315 12.77724 4.802963
15 4.146284 13.58841 2.661343
78 2.583621 11.80926 2.749495
6 0.399402 13.84086 4.737417
1 -0.45314 13.20531 4.44139

1 0.18065 14.31145 5.713168
1 0.515127 14.62456 3.970352
6 1.530753 11.68387 6.236868
1 2.404998 11.06247 6.488697
1 1.203382 12.24886 7.127125
1 0.723683 11.00226 5.917059
6 4.084306 14.67836 1.175578
1 4.823254 15.49799 1.214823
1 4.280369 14.05172 0.28856

1 3.070506 15.10038 1.070568
6 5.939244 13.16956 2.774589
1 6.177375 12.51958 1.914549
1 6.58666 14.06325 2.746332
1 6.138867 12.59829 3.695431

Table 15: Transition state for the reductive elimination of 2b

Atomic number

Coordinates (A)
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X Y z

6 0.081297 10.20375 1.791832
6 0.647535 7.991049 3.386992
6 1.433044 9.999692 2.194155
6 1.674485 8.848817 2.998773
6 3.243835 13.90793 5.306233
6 2.271178 10.97136 -0.23874
6 2.706822 10.45136 1.014668
6 3.716714 14.72004 4.058786
6 2.95334 10.70791 -1.42465
6 4.38124 13.12258 6.004803
6 4.340818 13.19779 7.528586
6 3.868841 9.627196 0.974414
6 4.101245 9.903014 -1.42917
6 4.338408 16.89822 5.29952

6 4.784872 15.78997 4.347496
6 5.488123 12.43367 9.436933
6 4.548364 9.366431 -0.21366
6 5.063451 18.95661 6.184088
6 -0.67498 8.226633 2.985662
6 -0.94302 9.343969 2.182498
1 0.882698 7.122823 4.012823
1 1.376552 11.59934 -0.27871
1 2.811887 14.62882 6.026033
1 2.69364 8.627338 3.328209
1 2.825719 15.25416 3.674342
1 2.582524 11.13689 -2.36236
1 3.369649 12.82976 7.923949
1 4.377879 12.05872 5.703967
1 3.371931 17.33362 4.955306
1 4570676 12.02242 9.912765
1 4.246394 9.185016 1.900805
1 6.345527 11.8004 9.719106
1 5.366828 13.50906 5.697279
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1 4.134607 19.49421 5.891517
1 4.165259 16.50144 6.324191
1 4.629958 9.688746 -2.36294
1 5.074038 16.28512 3.403555
1 4.436185 14.25881 7.856188
1 5.708944 15.34109 4.749805
1 5.441849 8.732431 -0.19139
1 5.654028 13.45707 9.840196
1 4.949959 18.62665 7.24039
1 5.911154 19.65919 6.123633
1 -0.16771 11.0609 1.159705
1 -1.47878 7.546125 3.282733
1 -1.96829 9.547909 1.853752
8 5.399682 12.43002 8.038896
8 5.339627 17.88365 5.326915
15 1.835817 12.75561 4.760145
15 4.112047 13.56608 2.597384
78 2.545589 11.77844 2.711572
6 0.379666 13.903 4.6978
1 -0.52261 13.30808 4.472936
1 0.227113 14.441 5.652167
1 0.505259 14.63562 3.883189
6 1.412068 11.75835 6.261544
1 2.244342 11.08429 6.521546
1 1.151642 12.38087 7.137094
1 0.545849 11.12602 5.999109
6 4.039677 14.72235 1.153604
1 4.737525 15.57513 1.240465
1 4.286561 14.1485 0.243514
1 3.010213 15.10283 1.040205
6 5.927299 13.21199 2.693377
1 6.197378 12.62314 1.79925
1 6.546509 14.12635 2.722675
1 6.144967 12.59362 3.579376
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Table 16: Minimal energy conformation for 1b

_ Coordinates (A)
Atomic number
X Y Z

78 0.304019 -2.36412 0.430535
6 0.189581 1.753609 0.718531
6 1.235752 0.968142 1.247663
6 1.72658 1.24865 2.539137
1 2.526367 0.645533 2.970451
6 1.196003 2.294237 3.290032
1 1.589888 2.501179 4.290044
6 0.161081 3.081988 2.78097

6 -0.34173 2.810379 1.502584
6 -0.38741 1.565567 -0.65349
6 -1.24634 0.503738 -1.00876
6 -1.75558 0.435467 -2.3216

1 -2.411 -0.38376 -2.61933
6 -1.42679 1.406769 -3.2635

1 -1.83273 1.341212 -4.27786
6 -0.57945 2.465121 -2.92796
6 -0.05951 2.541649 -1.63002
15 1.864803 -0.54061 0.369698
15 -1.58537 -0.90702 0.148027
8 0.793275 3.516004 -1.22447
8 -1.36347 3.503771 0.940081
6 1.138133 4.559078 -2.10595
1 1.811306 5.226351 -1.54554
1 1.67008 4.183019 -3.00169
6 -1.92554 4.601587 1.620364
1 -2.38728 4.298992 2.580561
1 -1.17396 5.391251 1.815456
1 -0.32754 3.215034 -3.67913
1 -0.24713 3.894078 3.384258
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1 0.24787 5.132442 -2.43027
1 -2.70852 5.005501 0.959847
6 1.864607 -3.72135 0.627638
6 2.255291 -4.2276 1.883255
1 1.700775 -3.93592 2.782328
6 2.597491 -4.16055 -0.49387
1 2.321424 -3.81086 -1.49591
6 3.676532 -5.04672 -0.36806
1 4.221986 -5.36928 -1.26264
6 4.054548 -5.5242 0.891024
1 4.895828 -6.21796 0.992818
6 3.334104 -5.11145 2.016975
1 3.608734 -5.48659 3.0097
6 -0.95975 -4.00887 0.55157
6 -1.61385 -4.34164 1.75539
1 -1.42887 -3.74696 2.658002
6 -1.22192 -4.82807 -0.56455
1 -0.71843 -4.62534 -1.51657
6 -2.10628 -5.91213 -0.49012
1 -2.28486 -6.52908 -1.37845
6 -2.75351 -6.21612 0.712356
1 -3.44238 -7.06529 0.773757
6 -2.49826 -5.42631 1.838051
1 -2.98709 -5.65749 2.791695
6 -3.08647 -1.71355 -0.55756
1 -2.83756 -2.26122 -1.47966
1 -3.42699 -2.46259 0.176078
1 -3.89288 -0.98523 -0.75134
6 -2.29787 -0.15684 1.682875
1 -3.07901 0.58596 1.444792
1 -2.73901 -0.98026 2.27136
1 -1.51084 0.317193 2.287308
6 2.429122 0.028537 -1.29909
1 3.034884 0.948701 -1.22869
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1 3.041492 -0.78355 -1.72845
1 1.570877 0.202858 -1.96416
6 3.490708 -0.88022 1.171693
1 3.349241 -1.27861 2.188219
1 3.982366 -1.67324 0.584574
1 4.13146 0.018116 1.19878

Table 17: Transition state for the reductive elimination of 1b

Atomic number

Coordinates (A)

X Y z

78 0.365508 -2.29707 0.078492
6 0.198598 1.736533 0.52146
6 1.339554 0.997279 0.909876
6 1.96933 1.292777 2.137031
1 2.844804 0.726711 2.4579
6 1.485694 2.302673 2.96342
1 1.98883 2.519983 3.911074
6 0.359298 3.042704 2.595835
6 -0.27849 2.760014 1.381696
6 -0.53174 1.562241 -0.78111
6 -1.43108 0.508805 -1.06486
6 -2.09833 0.485602 -2.30742
1 -2.78796 -0.32467 -2.54786
6 -1.88654 1.486597 -3.25072
1 -2.41483 1.453848 -4.20898
6 -1.00193 2.535236 -2.98719
6 -0.33052 2.57146 -1.75887
15 1.907043 -0.48197 -0.05088
15 -1.60178 -0.94851 0.066004
8 0.558414 3.543257 -1.42632
8 -1.389 3.416053 0.955586
6 0.790972 4.613795 -2.30984
1 1.521174 5.271353 -1.81257
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1 1.216605 4.269754 -3.27304
6 -1.90905 4.481512 1.713986
1 -2.2421 4.150795 2.717458
1 -1.17176 5.299661 1.832386
1 -0.84148 3.309588 -3.73864
1 -0.01244 3.826737 3.25701

1 -0.13427 5.18849 -2.51149
1 -2.78012 4.860608 1.15686

6 1.523193 -4.11772 0.135824
6 2.233326 -4.37416 1.344523
1 1.765442 -4.13295 2.303367
6 2.196584 -4.47896 -1.06739
1 1.699547 -4.3211 -2.02884
6 3.477672 -5.02701 -1.06112
1 3.956634 -5.28043 -2.01362
6 4.15368 -5.2587 0.145513
1 5.154813 -5.70043 0.149377
6 3.513144 -4.92569 1.347159
1 4.019789 -5.09939 2.303195
6 -0.25935 -4.36122 0.176227
6 -0.82315 -4.79566 1.411018
1 -0.3966 -4.436 2.351758
6 -0.86119 -4.89267 -1.00114
1 -0.46467 -4.61081 -1.98083
6 -1.94561 -5.76637 -0.94704
1 -2.37659 -6.14404 -1.88112
6 -2.48573 -6.16457 0.283696
1 -3.33118 -6.85805 0.325006
6 -1.90958 -5.66671 1.461287
1 -2.31268 -5.96478 2.435723
6 -2.1899 -0.25308 1.681174
1 -3.0245 0.456313 1.540383
1 -2.52861 -1.10042 2.302815
1 -1.36557 0.251271 2.206764
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6 -3.14408 -1.79657 -0.50209
1 -3.35714 -2.59255 0.23218
1 -4.01212 -1.11698 -0.57098
1 -2.97691 -2.29292 -1.47123
6 3.600703 -0.83573 0.602547
1 4.265082 0.046524 0.584316
1 3.54333 -1.24171 1.625073
1 4.026334 -1.63048 -0.03416
6 2.33679 0.16216 -1.73566
1 2.965781 1.06809 -1.67813
1 2.888073 -0.63512 -2.26447
1 1.423646 0.386064 -2.30695
Table 18 Minimal energy conformation for 3
. Coordinates (A)
Atomic number
X Y VA
78 0.306848 -2.35216 0.431761
6 0.215873 1.826514 0.737466
6 1.279864 1.056265 1.221415
6 1.850429 1.366029 2.492782
1 2.691703 0.7805 2.862332
6 1.373896 2.398614 3.264067
1 1.836267 2.618514 4.231817
6 0.287754 3.193175 2.820937
6 -0.30092 2.91315 1.542604
6 -0.38671 1.644112 -0.62959
6 -1.27687 0.612314 -0.94945
6 -1.87346 0.575325 -2.24582
1 -2.58189 -0.21569 -2.48993
6 -1.58782 1.524379 -3.19762
1 -2.06637 1.475652 -4.18113
6 -0.68006 2.576882 -2.92251
6 -0.07133 2.647064 -1.62496
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6 3.503081 -0.85122 1.167322
6 3.473364 -1.52583 2.402067
1 2.514896 -1.82272 2.834531
6 4.65561 -1.83935 3.075169
1 4.60838 -2.36896 4.031449
6 5.892825 -1.50286 2.515923
1 6.820717 -1.75947 3.036765
6 5.93583 -0.85402 1.279864
1 6.898375 -0.6001 0.824577
6 4.750578 -0.53051 0.609451
1 4.812684 -0.03679 -0.3617

6 2.348978 0.054378 -1.35235
6 2.021719 -0.77916 -2.43496
1 1.447598 -1.69246 -2.25152
6 2.412989 -0.44248 -3.7348

1 2.150023 -1.10166 -4.5678

6 3.134528 0.732123 -3.96777
1 3.441602 0.995995 -4.98478
6 3.455055 1.57473 -2.89776
1 4.006717 2.503352 -3.07376
6 -3.09838 -1.64145 -0.51665
6 -2.91628 -2.50879 -1.60987
1 -1.91046 -2.68945 -1.99666
6 -4.00345 -3.159 -2.19665
1 -3.83735 -3.83305 -3.04238
6 -5.29275 -2.97081 -1.68776
1 -6.14415 -3.49004 -2.13901
6 -5.48299 -2.13058 -0.58845
1 -6.48493 -1.98824 -0.17121
6 -4.39471 -1.47066 -0.00611
1 -4.56883 -0.83152 0.861057
6 -2.18554 -0.09105 1.779284
6 -3.11852 0.959819 1.817715
1 -3.47749 1.408919 0.887598
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6 -3.59031 1.445201 3.040133
1 -4.31419 2.265852 3.053161
6 -3.13019 0.892584 4.240332
1 -3.49918 1.27506 5.197305
6 -2.19078 -0.14249 4.213263
1 -1.8185 -0.57292 5.147976
6 -1.72032 -0.63088 2.990081
1 -0.9764 -1.43299 2.966319
6 3.061798 1.240611 -1.59921
1 3.308869 1.913909 -0.77382
15 1.87958 -0.48564 0.348032
15 -1.59037 -0.83189 0.198029
6 1.826184 -3.75205 0.65927

6 1.9235 -4.5362 1.826725
1 1.177615 -4.42212 2.620017
6 2.790433 -3.98036 -0.34147
1 2.764742 -3.40549 -1.27323
6 3.807364 -4.93209 -0.18268
1 4.539106 -5.0808 -0.98511
6 3.893467 -5.68478 0.991471
1 4.68796 -6.42773 1.119113
6 2.943111 -5.47989 1.997497
1 2.98581 -6.07035 2.920068
6 -0.91996 -4.02863 0.49398

6 -1.83978 -4.24528 1.538177
1 -1.93671 -3.51448 2.348031
6 -0.85032 -5.01826 -0.50757
1 -0.12684 -4.91465 -1.32277
6 -1.67199 -6.15117 -0.48221
1 -1.58871 -6.89873 -1.2796

6 -2.58273 -6.34163 0.562535
1 -3.22168 -7.23074 0.588967
6 -2.65773 -5.38311 1.576545
1 -3.36111 -5.51588 2.406651
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6 -0.36492 3.565826 -3.89027
6 0.83015 3.712408 -1.37175
6 0.514826 4.593057 -3.61777
1 0.732877 5.335912 -4.38692
6 1.126094 4.6642 -2.33694
1 -0.83731 3.503717 -4.87583
1 1.323216 3.80955 -0.40489
8 2.015964 5.628611 -1.98178
6 2.340272 6.653994 -2.89083
1 3.055827 7.311367 -2.37251
1 2.819056 6.259071 -3.80872
1 1.450984 7.24913 -3.17765
6 -1.38379 3.725194 1.118628
6 -0.22595 4.261152 3.601556
6 -1.87167 4.7604 1.903095
6 -1.28001 5.03696 3.165105
1 -1.64833 5.850249 3.792694
1 -1.86967 3.552371 0.158721
1 0.232689 4.467228 4.573929
8 -2.92248 5.458785 1.39694

6 -3.45195 6.548807 2.114212
1 -4.27078 6.954506 1.499597
1 -3.86227 6.239846 3.095989
1 -2.69761 7.344086 2.274809

Table 19: Transition state for the reductive elimination of 3

Atomic number

Coordinates (A)

X Y Z
78 0.217282 -2.309 0.176216
6 0.022993 1.841126 0.610368
6 1.072693 1.139924 1.217722
6 1.582553 1.586948 2.47379
1 2.408073 1.048524 2.940194
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6 1.063129 2.689953 3.109015
1 1.477072 3.017063 4.068449
6 -0.01116 3.41747 2.537258
6 -0.54032 2.995389 1.271786
6 -0.51331 1.481706 -0.74847
6 -1.37016 0.397555 -0.96426
6 -1.80829 0.095028 -2.2925
1 -2.43216 -0.7844 -2.46276
6 -1.45522 0.881165 -3.36055
1 -1.80866 0.63368 -4.36682
6 -0.62342 2.01739 -3.18085
6 -0.1351 2.322023 -1.86549
6 3.074813 -0.94036 1.666239
6 2.67418 -1.61972 2.832658
1 1.610458 -1.80878 3.006013
6 3.614211 -2.05668 3.768297
1 3.279801 -2.57459 4.672963
6 4.979665 -1.84693 3.541963
1 5.719203 -2.19816 4.268545
6 5.391183 -1.19497 2.376856
1 6.456829 -1.03438 2.18443
6 4.447246 -0.74159 1.447391
1 4.791232 -0.23311 0.54409
6 2.740384 0.192114 -0.97587
6 2.913318 -0.65025 -2.08589
1 2.448153 -1.6389 -2.09048
6 3.684372 -0.23619 -3.17689
1 3.811752 -0.90541 -4.03356
6 4.286394 1.025784 -3.17448
1 4.885673 1.351024 -4.03106
6 4.11689 1.873251 -2.07415
1 4.575011 2.86729 -2.06692
6 -3.40588 -1.54841 -0.126
6 -3.69157 -2.88161 0.209087
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1 -2.90919 -3.51733 0.629591
6 -4.97299 -3.40761 0.008106
1 -5.17183 -4.45013 0.274283
6 -5.98335 -2.61153 -0.53656
1 -6.98416 -3.02453 -0.69892
6 -5.70887 -1.28135 -0.87632
1 -6.49436 -0.64922 -1.30316
6 -4.43256 -0.75235 -0.66897
1 -4.23852 0.288755 -0.94129
6 -2.12663 -0.12114 1.930506
6 -3.07298 0.908544 2.068258
1 -3.53571 1.353558 1.183968
6 -3.43516 1.37498 3.333638
1 -4.16912 2.181864 3.423314
6 -2.86514 0.812481 4.481846
1 -3.15469 1.175902 5.473076
6 -1.92853 -0.21665 4.356653
1 -1.48081 -0.66536 5.249043
6 -1.5618 -0.67923 3.087917
1 -0.83673 -1.49261 2.986515
6 3.350172 1.458945 -0.98146
1 3.226378 2.129833 -0.12702
15 1.758847 -0.42798 0.462171
15 -1.71692 -0.90759 0.302055
6 1.457627 -4.02077 -0.29365
6 2.437518 -4.45536 0.637744
1 2.221032 -4.4123 1.708179
6 1.805733 -4.13464 -1.66826
1 1.081989 -3.83654 -2.43223
6 3.046878 -4.62249 -2.07646
1 3.273043 -4.68846 -3.14655
6 3.998246 -5.02983 -1.13294
1 4.969085 -5.42061 -1.45278
6 3.678042 -4.94043 0.228562
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1 4.406892 -5.2521 0.984417
6 -0.28407 -4.40314 0.109478
6 -0.51865 -4.9656 1.396507
1 0.054855 -4.60158 2.253982
6 -1.05662 -4.94387 -0.95567
1 -0.91744 -4.56094 -1.97018
6 -1.98682 -5.96039 -0.75034
1 -2.5574 -6.3434 -1.60353
6 -2.20237 -6.48869 0.530517
1 -2.92744 -7.29291 0.688746
6 -1.46028 -5.97363 1.601916
1 -1.61186 -6.36764 2.612938
6 -1.6202 3.731095 0.720392
6 0.714175 3.447108 -1.71695
6 -2.16083 4.830706 1.37167

6 1.071778 4.240581 -2.79795
6 -1.62869 5.248915 2.621624
1 -2.03921 6.113763 3.145596
6 0.576454 3.94184 -4.09452
1 0.84398 4.557372 -4.95501
6 -0.57857 4.548217 3.179491
1 -0.16801 4.864802 4.143706
6 -0.2505 2.849498 -4.26649
1 -0.63033 2.610025 -5.26495
1 1.116431 3.717117 -0.74112
1 -2.05694 3.445369 -0.23679
8 -3.19865 5.452098 0.751223
8 1.908642 5.280118 -2.53309
6 -3.78923 6.587382 1.337926
1 -4.58888 6.90893 0.652308
1 -4.23658 6.358895 2.325619
1 -3.06461 7.417164 1.455665
6 2.29117 6.151901 -3.56994
1 2.946559 6.909181 -3.11153
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2.854852 5.627287 -4.36668
1.41924 6.662382 -4.02462
Table 20: Minimal energy conformation for 5
_ Coordinates (A)
Atomic number
X Y z

6 0.153587 11.2206 2.930674
6 0.683214 8.831014 4.25576
6 1.386471 11.09081 3.601401
6 1.628628 9.865181 4.25347
6 0.006199 14.07763 5.19379
6 2.991573 11.86728 0.600623
6 3.510807 11.61719 1.886628
6 6.245519 13.46081 3.512209
6 3.456454 11.18115 -0.52908
6 -0.85237 14.57458 6.361516
6 -2.24344 15.00877 5.909853
6 4.50714 10.62538 1.987553
6 4.457798 10.2121 -0.40523
6 8.781692 13.55117 3.535652
6 7.491125 14.31715 3.261236
6 -4.25643 15.9024 6.73618
6 4.978115 9.93418 0.862402
6 11.11929 13.8139 3.534531
6 -0.53992 8.990017 3.595781
6 -0.79799 10.19108 2.928104
1 0.908682 7.890609 4.771634
1 2.197729 12.61173 0.470946
1 -0.48856 13.2384 4.672665
1 2.582165 9.703698 4.769152
1 6.218371 13.11489 4.562956
1 3.026478 11.40131 -1.51294
1 -2.77723 14.1543 5.436155
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1 -0.9747 13.78683 7.125761
1 8.788277 13.17364 4.583821
1 -4.87809 15.08086 6.317025
1 4.921578 10.36885 2.969506
1 -4.71489 16.24537 7.678727
1 -0.37972 15.43575 6.866568
1 11.23324 13.45963 4.582958
1 8.846569 12.6586 2.873396
1 4.820864 9.672141 -1.28599
1 7.492322 15.21672 3.902199
1 -2.16416 15.80603 5.135701
1 7.52328 14.67252 2.216087
1 5.752076 9.167176 0.981014
1 -4.2668 16.74433 6.009035
1 11.28972 12.94618 2.85992

1 11.89284 14.57376 3.333438
1 -0.07184 12.14154 2.380363
1 -1.27935 8.182334 3.593199
1 -1.74444 10.32791 2.392483
8 -2.95402 15.47779 7.027177
8 9.871137 14.41029 3.316068
15 1.72576 13.46876 5.560214
15 4.57586 14.21759 3.192974
78 2.803571 12.62026 3.572236
6 1.490358 12.18136 6.864217
1 2.48147 11.80583 7.172654
1 0.968491 12.58353 7.749586
1 0.923626 11.33382 6.44706

6 2.445451 14.84392 6.575796
1 2.472391 15.77894 5.99348

1 1.859148 15.01465 7.495197
1 3.477935 14.58267 6.86355

6 4.672423 15.83438 4.097175
1 5.487085 16.46661 3.703802
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1 3.71946 16.37713 3.977106
1 4.84327 15.66476 5.172336
6 4.66685 14.80937 1.445256
1 3.721977 15.32285 1.196306
1 5.505997 15.50966 1.292275
1 4.769236 13.94631 0.768465
1 6.267054 12.54592 2.893081
1 0.128752 14.87463 4.435943

Table 21: Transition state for the reductive elimination of 5

. Coordinates (A)
Atomic number
X Y Z

6 0.40519 11.32575 2.527798
6 0.537159 9.180481 4.298223
6 1.65318 11.06332 3.162252
6 1.671694 9.952265 4.053089
6 -0.18029 13.92915 5.15359

6 2.924585 11.67737 0.785598
6 3.142572 11.30478 2.142726
6 6.312182 13.3569 3.340629
6 3.720764 11.19502 -0.25192
6 -1.14597 14.26966 6.293589
6 -2.5638 14.52556 5.792275
6 4.216706 10.39724 2.369434
6 4.775652 10.30784 0.00538

6 8.836902 13.23657 3.102843
6 7.589392 14.09734 2.93008

6 -4.71925 15.08684 6.548894
6 5.012284 9.916086 1.329968
6 11.17319 13.29198 2.833997
6 -0.6788 9.469176 3.662424
6 -0.72867 10.55208 2.774281
1 0.603227 8.337083 4994717




1 2.105434 12.36006 0.541451
1 -0.52452 13.03322 4.604127
1 2.603524 9.68744 4.561293
1 6.379588 13.02439 4.394167
1 3.513064 11.51423 -1.27941
1 -2.94957 13.62704 5.25978

1 -1.19152 13.44761 7.029427
1 8.931617 12.90579 4.162469
1 -5.19703 14.20547 6.066715
1 4.428106 10.06023 3.388572
1 -5.26504 15.31819 7.478975
1 -0.81454 15.16879 6.843575
1 11.37498 12.97461 3.881174
1 8.754229 12.3136 2.485554
1 5.392792 9.921215 -0.81122
1 7.728067 15.01609 3.527857
1 -2.56597 15.36058 5.054769
1 7.539812 14.41232 1.872837
1 5.828127 9.220714 1.557502
1 -4.81824 15.95094 5.854944
1 11.19425 12.38368 2.192034
1 11.98014 13.97061 2.510345
1 0.327134 12.15717 1.820993
1 -1.56566 8.85546 3.846884
1 -1.6658 10.79655 2.261499
8 -3.38439 14.83846 6.889669
8 9.962784 13.98612 2.720745
15 1.605204 13.58799 5.565305
15 4.679574 14.24664 3.209169
78 2.836916 12.80893 3.679441
6 1.513525 12.34771 6.936253
1 2.537244 12.1385 7.292282
1 0.902471 12.69449 7.788103
1 1.09405 11.40748 6.538763
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6 2.114977 15.11455 6.488758
1 2.080843 15.98411 5.810236
1 1.47297 15.31632 7.364695
1 3.156036 14.99312 6.833312
6 4.971705 15.79513 4.189144
1 5.832319 16.37852 3.816222
1 4.067821 16.42587 4.138739
1 5.145831 15.53481 5.247251
6 4.674612 14.90768 1.480389
1 3.769288 15.52356 1.340236
1 5.563465 15.5226 1.254322
1 4.620805 14.0609 0.774696
1 6.184979 12.43467 2.743505
1 -0.15741 14.74713 4.40823
Table 22 Calculated reductive elimination barrier lowering of (Pt P)PtPh2
complexes vs force.
Restoring E E(f) (kcal/mol)
force (pN) 2a 4 2b 1b 3 5 la
-50 -0.164 | -0.0239 | -0.00159 0.055 0.201 0.178 | 0.168
-40 -0.13 -0.0191 | -0.00103 | 0.0438 0.159 0.142 | 0.134
-30 -0.0962 | -0.0143 | -0.00059 | 0.0328 0.118 0.106 0.1
-20 -0.0635| -0.00949 | -0.00028 | 0.0218 | 0.0777 0.07 | 0.0668
-10 -0.0314 | -0.00473 | -7.88E05 | 0.0108 | 0.0384 | 0.0348 | 0.0333
0 0 0 0 0 0 0 0
10 0.0308 | 0.00471 | -3.70E05 | -0.0108 | -0.0376 | -0.0582 | -0.0331
20 0.0609 | 0.00939 | -0.00019 | -0.0214 | -0.0743| -0.113 | -0.066
30 0.0904 0.014 -0.00045 | -0.032 -0.11 -0.165 | -0.0988
40 0.119 0.0187 -0.00082 | -0.0426 | -0.145 | -0.213 | -0.131
50 0.148 0.0233 -0.00131 | -0.053 -0.18 -0.259 | -0.164
60 0.175 0.0279 -0.00189 | -0.0634 | -0.213 | -0.301 | -0.196
70 0.202 0.0324 -0.00258 | -0.0737 | -0.246 -0.34 | -0.228
80 0.229 0.0369 -0.00338 | -0.0839 | -0.278 | -0.377 | -0.26
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90 0.254 0.0414 -0.00427 -0.094 -0.309 | -0.411 | -0.292
100 0.28 0.0459 -0.00527 -0.104 -0.34 -0.442 | -0.323
110 0.304 0.0504 -0.00636 -0.114 -0.37 -0.47 | -0.354
120 0.328 0.0548 -0.00754 -0.124 -0.399 | -0.497 | -0.385
130 0.352 0.0592 -0.00882 -0.134 -0.427 | -0.525 | -0.416
140 0.375 0.0636 -0.0102 -0.143 -0.455 | -0.551 | -0.447
150 0.397 0.0679 -0.0117 -0.153 -0.481 | -0.578 | -0.478
160 0.419 0.0722 -0.0132 -0.163 -0.508 | -0.604 | -0.508
170 0.44 0.0765 -0.0148 -0.172 -0.533 | -0.631 | -0.538
180 0.461 0.0808 -0.0165 -0.182 -0.558 | -0.656 | -0.568
190 0.481 0.085 -0.0183 -0.191 -0.582 | -0.682 | -0.598
200 0.501 0.0892 -0.0202 -0.2 -0.606 | -0.707 | -0.628
210 0.52 0.0934 -0.0222 -0.209 -0.628 | -0.732 | -0.658
220 0.538 0.0976 -0.0242 -0.218 -0.651 | -0.757 | -0.687
230 0.556 0.102 -0.0263 -0.227 -0.672 | -0.781 | -0.716
240 0.574 0.106 -0.0285 -0.236 -0.693 | -0.806 | -0.745
250 0.591 0.11 -0.0307 -0.245 -0.713 -0.83 | -0.774
260 0.607 0.114 -0.0331 -0.254 -0.733 | -0.853 | -0.802
270 0.623 0.118 -0.0354 -0.263 -0.752 | -0.876 | -0.831
280 0.639 0.122 -0.0379 -0.271 -0.771 | -0.899 | -0.859
290 0.654 0.126 -0.0404 -0.28 -0.788 | -0.922 | -0.887
300 0.668 0.13 -0.043 -0.288 -0.806 | -0.945 | -0.915
310 0.682 0.134 -0.0456 -0.297 -0.823 | -0.967 | -0.943
320 0.696 0.138 -0.0483 -0.305 -0.839 | -0.989 | -0.97
330 0.709 0.142 -0.051 -0.313 -0.855 -1.01 | -0.998
340 0.722 0.146 -0.0538 -0.321 -0.87 -1.03 -1.02
350 0.734 0.149 -0.0567 -0.329 -0.884 -1.05 -1.05
360 0.746 0.153 -0.0596 -0.337 -0.898 -1.07 -1.08
370 0.757 0.157 -0.0625 -0.345 -0.912 -1.09 -1.11
380 0.768 0.161 -0.0655 -0.353 -0.925 -1.11 -1.13
390 0.778 0.164 -0.0685 -0.361 -0.938 -1.13 -1.16
400 0.788 0.168 -0.0716 -0.368 -0.95 -1.15 -1.18
410 0.798 0.172 -0.0747 -0.376 -0.961 -1.17 -1.21
420 0.807 0.175 -0.0779 -0.384 -0.973 -1.19 -1.24

10t




430 0.816 0.179 -0.081 -0.391 -0.983 -1.21 -1.26
440 0.824 0.183 -0.0843 -0.398 -0.994 -1.23 -1.29
450 0.832 0.186 -0.0875 -0.406 -1 -1.25 -1.31
460 0.84 0.19 -0.0908 -0.413 -1.01 -1.27 -1.34
470 0.847 0.193 -0.0941 -0.42 -1.02 -1.28 -1.36
480 0.854 0.197 -0.0975 -0.427 -1.03 -1.3 -1.39
490 0.86 0.2 -0.101 -0.434 -1.04 -1.32 -1.41
500 0.866 0.204 -0.104 -0.441 -1.05 -1.34 -1.44
510 0.872 0.207 -0.108 -0.448 -1.05 -1.35 -1.46
520 0.877 0.211 -0.111 -0.454 -1.06 -1.37 -1.48
530 0.882 0.214 -0.115 -0.461 -1.07 -1.39 -1.51
540 0.887 0.217 -0.118 -0.467 -1.07 -1.4 -1.53
550 0.891 0.221 -0.121 -0.474 -1.08 -1.42 -1.55
560 0.895 0.224 -0.125 -0.48 -1.09 -1.44 -1.58
570 0.899 0.227 -0.128 -0.487 -1.09 -1.45 -1.6
580 0.902 0.23 -0.132 -0.493 -11 -1.47 -1.62
590 0.905 0.234 -0.135 -0.499 -11 -1.48 -1.65
600 0.908 0.237 -0.139 -0.505 -11 -1.5 -1.67
610 0.91 0.24 -0.142 -0.511 -1.11 -1.51 -1.69
620 0.912 0.243 -0.146 -0.517 -1.11 -1.53 -1.71
630 0.914 0.246 -0.149 -0.523 -1.12 -1.54 -1.73
640 0.916 0.249 -0.153 -0.529 -1.12 -1.56 -1.76
650 0.917 0.252 -0.157 -0.534 -1.12 -1.57 -1.78
660 0.918 0.255 -0.16 -0.54 -1.12 -1.59 -1.8
670 0.918 0.258 -0.163 -0.545 -1.13 -1.6 -1.82
680 0.919 0.261 -0.167 -0.551 -1.13 -1.62 -1.84
690 0.919 0.264 -0.17 -0.556 -1.13 -1.63 -1.86
700 0.919 0.267 -0.174 -0.561 -1.13 -1.65 -1.88
710 0.918 0.27 -0.177 -0.567 -1.13 -1.66 -1.9
720 0.917 0.273 -0.181 -0.572 -1.14 -1.68 -1.92
730 0.917 0.276 -0.184 -0.577 -1.14 -1.69 -1.94
740 0.915 0.279 -0.187 -0.582 -1.14 -1.7 -1.96
750 0.914 0.281 -0.191 -0.587 -1.14 -1.72 -1.98
760 0.912 0.284 -0.194 -0.591 -1.14 -1.73 -2
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770 0.911 0.287 -0.197 -0.596 -1.14 -1.75 -2.02
780 0.909 0.29 -0.201 -0.601 -1.14 -1.76 -2.04
790 0.906 0.292 -0.204 -0.605 -1.14 -1.78 -2.06
800 0.904 0.295 -0.207 -0.61 -1.14 -1.79 -2.08
810 0.901 0.298 -0.21 -0.614 -1.14 -1.81 -2.1
820 0.898 0.3 -0.213 -0.619 -1.14 -1.82 -2.12
830 0.895 0.303 -0.216 -0.623 -1.14 -1.83 -2.14
840 0.892 0.305 -0.22 -0.627 -1.14 -1.85 -2.15
850 0.889 0.308 -0.223 -0.631 -1.14 -1.86 -2.17
860 0.885 0.311 -0.225 -0.635 -1.14 -1.88 -2.19
870 0.882 0.313 -0.228 -0.639 -1.14 -1.89 -2.21
880 0.878 0.315 -0.231 -0.643 -1.14 -1.91 -2.22
890 0.874 0.318 -0.234 -0.647 -1.14 -1.92 -2.24
900 0.869 0.32 -0.237 -0.65 -1.15 -1.94 -2.26
910 0.865 0.323 -0.239 -0.654 -1.15 -1.95 -2.28
920 0.861 0.325 -0.242 -0.658 -1.15 -1.97 -2.29
930 0.856 0.327 -0.245 -0.661 -1.15 -1.98 -2.31
940 0.851 0.33 -0.247 -0.664 -1.15 -2 -2.33
950 0.847 0.332 -0.25 -0.668 -1.15 -2.01 -2.34
960 0.842 0.334 -0.252 -0.671 -1.15 -2.03 -2.36
970 0.837 0.336 -0.254 -0.674 -1.15 -2.05 -2.37
980 0.832 0.339 -0.257 -0.677 -1.15 -2.06 -2.39
990 0.826 0.341 -0.259 -0.68 -1.15 -2.08 -2.4
1000 0.821 0.343 -0.261 -0.683 -1.15 -2.09 -2.42
1010 0.816 0.345 -0.263 -0.686 -1.15 -2.11 -2.44
1020 0.81 0.347 -0.265 -0.689 -1.15 -2.13 -2.45
1030 0.805 0.349 -0.267 -0.691 -1.15 -2.14 -2.46
1040 0.799 0.351 -0.269 -0.694 -1.15 -2.16 -2.48
1050 0.793 0.353 -0.27 -0.696 -1.15 -2.18 -2.49
1060 0.787 0.355 -0.272 -0.699 -1.15 -2.19 -2.51
1070 0.782 0.357 -0.274 -0.701 -1.15 -2.21 -2.52
1080 0.776 0.359 -0.275 -0.703 -1.15 -2.23 -2.54
1090 0.77 0.361 -0.276 -0.706 -1.15 -2.25 -2.55
1100 0.764 0.363 -0.278 -0.708 -1.15 -2.26 -2.56
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1110 0.758 0.365 -0.279 -0.71 -1.15 -2.28 -2.58
1120 0.752 0.367 -0.28 -0.712 -1.15 -2.3 -2.59
1130 0.746 0.369 -0.281 -0.713 -1.15 -2.32 -2.6
1140 0.74 0.37 -0.282 -0.715 -1.15 -2.34 -2.62
1150 0.734 0.372 -0.283 -0.717 -1.15 -2.35 -2.63
1160 0.728 0.374 -0.283 -0.719 -1.15 -2.37 -2.64
1170 0.722 0.376 -0.284 -0.72 -1.15 -2.39 -2.65
1180 0.716 0.377 -0.285 -0.722 -1.15 -2.41 -2.66
1190 0.71 0.379 -0.285 -0.723 -1.15 -2.43 -2.68
1200 0.704 0.381 -0.285 -0.724 -1.15 -2.45 -2.69
1210 0.698 0.382 -0.285 -0.726 -1.15 -2.47 -2.7
1220 0.692 0.384 -0.285 -0.727 -1.15 -2.48 -2.71
1230 0.686 0.385 -0.285 -0.728 -1.15 -2.5 -2.72
1240 0.68 0.387 -0.285 -0.729 -1.15 -2.52 -2.73
1250 0.675 0.388 -0.285 -0.73 -1.15 -2.54 -2.74
1260 0.669 0.39 -0.285 -0.732 -1.15 -2.56 -2.75
1270 0.663 0.391 -0.284 -0.733 -1.15 -2.58 -2.76
1280 0.658 0.393 -0.283 -0.734 -1.15 -2.6 -2.78
1290 0.652 0.394 -0.283 -0.736 -1.15 -2.62 -2.79
1300 0.647 0.396 -0.282 -0.737 -1.15 -2.64 -2.8
1310 0.641 0.397 -0.281 -0.738 -1.15 -2.66 -2.8
1320 0.636 0.398 -0.279 -0.739 -1.15 -2.68 -2.81
1330 0.631 0.4 -0.278 -0.741 -1.15 -2.7 -2.82
1340 0.626 0.401 -0.277 -0.742 -1.15 -2.72 -2.83
1350 0.621 0.402 -0.275 -0.743 -1.15 -2.74 -2.84
1360 0.616 0.403 -0.273 -0.744 -1.15 -2.76 -2.85
1370 0.611 0.405 -0.271 -0.745 -1.15 -2.78 -2.86
1380 0.606 0.406 -0.269 -0.746 -1.15 -2.8 -2.87
1390 0.602 0.407 -0.267 -0.747 -1.15 -2.81 -2.88
1400 0.597 0.408 -0.265 -0.748 -1.15 -2.83 -2.88
1410 0.593 0.409 -0.262 -0.749 -1.15 -2.85 -2.89
1420 0.589 0.41 -0.26 -0.75 -1.15 -2.87 -2.9
1430 0.585 0.411 -0.257 -0.751 -1.15 -2.89 -2.91
1440 0.581 0.412 -0.254 -0.751 -1.15 -2.91 -2.91
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1450 0.578 0.413 -0.251 -0.752 -1.15 -2.93 -2.92
1460 0.574 0.414 -0.248 -0.753 -1.15 -2.94 -2.93
1470 0.571 0.415 -0.244 -0.754 -1.15 -2.96 -2.94
1480 0.568 0.416 -0.241 -0.754 -1.15 -2.98 -2.94
1490 0.565 0.417 -0.237 -0.755 -1.15 -2.99 -2.95
1500 0.562 0.418 -0.233 -0.756 -1.15 -3.01 -2.96

3.5.6 NMR Spectra
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Figure 23: 'H NMR spectrum of (MeOBiphep)PtClI
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Figure 24: 13C NMR spectrum of (MeOBiphep)PtCI 2.
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Figure 25:3P NMR spectrum of (MeOBiphep)PtCI 2.
11C



99
Q0

I o” Mo
l oo

Ph,P,  PPh,

e
~

™K
2

Cl Cl

T T T T T T T T T T T T T T T T T T
110 105 100 95 90 85 80 75 70 65 60 55 - (5.0 ) 45 40 35 30 25 20 15 10 05 00 -05
ppM.

Figure 26: 'H NMR spectrum of [Z(2,2)]PtCI .
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Figure 27: 13C NMR spectrum of [Z(2,2)]PtCI -.
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Figure 29: 'H NMR spectrum of [Z(3,3)]PtCI 2.
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Figure 32 'H NMR spectrum of [E(2,3)]PtCI -.
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Figure 33:13C NMR spectrum of [E(2,3)]PtCl-.

114



T T T
9.6 9.4 9.2

9.0 838
1 (ppm)

21 20

9 18 17
f1 (ppm)

9.49
9.40

Lo
e

8.48
8.39

0 -1 -2
1 (ppm)

T T T T
130 120 110 100 90 80 70 60 50 40

30 20 10
f1 (ppm)
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Figure 36:13C NMR spectrum of [E(3,3)]PtCl-.
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Figure 37: 3P NMR spectrum of [E(3,3)]PtCI 2.
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Figure 40:3'P NMR spectrum of (MeOBiphep)PtAr .
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Figure 42 13C NMR spectrum of [Z(2,2)]PtAr 2.
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Figure 43:31P NMR spectrum of [Z(2,2)]PtAr 2.
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Figure 45: 13C NMR spectrum of [Z(3,3)]PtAr 2.
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4.1 Introduction

Allosteric regulation underlies a wide range of processes, including oxygen
transport® and enzyme activity 1°2 in biology , as well as catalysis%: 194 molecular
recognition, %5197 and self-amplifying signaling % 1%9in synthetic systems. Typically, the
allosteric effect is interpreted in terms of inducing the change of available conformational
states in a system toward those that have different chemical activity, as a result of the
binding of a controlling molecule in another site .19 206204 Examples include the opening of
latent catalytic sites'®> and tailoring the shape of a desired binding pocket. 1% In recent
years, an additional strategy for allosteric regulation has been proposed, in which the
conformational changes induced in a remote binding event are transduced to a site of
chemical reactivity via intramolecular forces that couple to the reaction of interest. 205.206Tg
date, however, the forces that are generated are either small (< 10 pN¥7 or unquantified. 205
Here, we show that metal coordination in a common BIPHEP-derived (bis)phosphine
ligand motif can generate large (>100 pN) forces that are transduced through a
macrocyclic architecture to a reactive site on the opposite side of the macrocycle The distal
metal-ligand coordination drives orders -of-magnitude (up to ~104) changes in the rate of

a coupled unimolecular trans/cis alkene isomerization.
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The molecular design is shown in Figure 53. The probe reaction is the
isomerization of E-stiff stilbene into its more stable Z isomer. The E-stiff stilbene is
tethered on both ends to the oxygen atoms of aBIPHEP-derived (bis)phosphine ligand to
give macrocycles E(m,n) (m,n = 2,2; 2,3; 3,3), wheran and n denote the length of alkane
tethers within the macrocycle, as shown in Figure 53. We have previously employed these
same macrocyclic (bis)phosphine ligands to study the effects of force on elementary
transformations occurr ing within the ligand sphere of a transition metal complex .88 89|n
particular, we have calculated the force applied by the stiff stilbene to the oxygen atoms
of the MeOBiphep moiety, and we have correlated this force to the rates of oxidative
addition and reductive elimination at group 10 metal centers . Importantly, o ur analyses
of force transduction in these transformations in dicated that the applied force opens the
aryl-aryl dihedral angle of the free ligand but does not significantly perturb metal -ligand
geometry. In other words, the BIPHEP moiety should function as an allosteric binding
site, in which bidentate coordination of a transition metal to the phosphine atoms of the
macrocyclic ligand reduces the aryrkE Ua OWE DT | EUEOQWEOT Ol OQwki PET wl 11
ends of the stilbene in a direction that couples onto the isomerization pathway and

accelerates isomeization .
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4.2 Result and Discussion

Stiff-stilbene isomerization in force probe ligands E(m,n) (m,n = 2,2; 2,3; 3,3) are
compared between (i) free ligands and (ii) their coordinated state of platinum
(bis)phosphine dichloride complexes (Pt P)PtClz (Pt P = force probe ligand, Figure 53).
Those complexeswere initially prepared by in situ ligand replacement in DMF -d7 from
(COD)PtCI2 (COD = 1,5cyclooctandiene) with 2 equiv. ligands (1 equiv. in excess, same
below). Because the rates of ligand replacement fromCOD and alkene isomerization are
comparable for the most extended E(2,2) ligand that prevents kinetic observations, we
chose (NBD)PtClinstead, which contains NBD (norbornadiene) as a more labile ligand?°g.
209 3s its precursor to separate the two steps into different temperature windows (lower
temperature ranges for complete (PtP)PtCl: formation and higher for isomerization
kinetics characterization). E(2,2)PtCk is generated between -50 °C to -30 °C; all other
complexes are generated at ambient conditions. It is worth noting that there are
diastereomersi OUwUT 1 wOPT EOEUwWUPATl EWEUwmt Ot AWBOEwPIT wk
$pt Ot Kz wbUwi OU Olisemertzation Inuiheg Sams batcH a® thégeneration of
E(3,3) Geparable with column chromatography), but the stilbene rotates toward a
different direction and generates a higher strain. The macrocycle size-dependent restoring
forces in this series of ligands are well established with computational methods (forces

listed in Table 25, 26.88
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Figure 53: Generation and isomerization of E(m,n) and ( Pt P)PtCl..

Solutions of free ligands (in p-xylene-dio) or E(m,n)PtClz complexes (DMF-d7) were
heated at different temperature ranges (Table 23) followed by 3P NMR spectroscopy
analysis. The disappearance of the E ligands/complexes obey firstorder kinetics up to
3 half-lives to form corresponding Z compounds as the exclusive products, respectively.
Kinetic measures were conducted at multiple temperatures (Table 25, 26, from which
activation energy Y'®¥ was extracted from Eyring equation ( Table 23, 27).21° In Table 23,
entry 1-4 present the activation energies for E(m,n)PtCk complexes and 59 for free
ligands. E(m,n)PtCl2 complexes isomerize at lower temperature ranges compared to their
corresponding free ligands (with similar rates that are convenient for measurement). No
isomerization of the excess free ligand (1 equiv. in excess is employé for in situ complex
generation) was observed for the E(m,n)PtClz isomerization study of E(2,2) and E(2,3)

(because of the large difference of activation energy between ligand and complex), which
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rules out the hypothesis for metal -catalyzed alkene isomerization.?*. 212For either series,
activation energies lower wi th increasing strain (i.e., smaller m,n). However, they lower
at different rates against strain change.

Table 23: Measured ﬂfof the alkene isomerization of force probe ligands
E(m,n) and corresponding complexes ( Pt P)PtClzin p-xylene-dic and DMF -d-.

entry species  Temperature range (°C)2 30 (kcal/mol)®

1 E(2,2)PtCk -10t0 6 20.2+0.9
2 E(2,3)PtCk 64 to 80 26.8+2.2
3 $pt Of 2 109 to 121 30.4 +4.2
4  E(3,3)PtCh 114 to 125 31.5+0.4
5 E(2,2) 69 to 84 27.1+2.0
6 E(2,3) 105 to 135 32.0+2.1
7 $ ot Of 131 to 140 32.3+54
8 E(3,3) 126 to 140 32.3+4.7

[a] Specific temperatures seeTable 25, 26 [b] Calculated under 298.15 K
To determine how activation energy is affected by force, activation energy
differences (3 30 30 & "QQM ¢ £ 0 & & 1) § Bedween the isomerization of free
ligand and corresponding ( P+ P)PtCl. complex for the same size (m,n) are plotted against
the restoring force of E(m,n)(Figure 54). The activation energy difference increases with

DOEUI EUDOT wi RUI OUPOOwWi OUET wbOwUT.l wOUET UwoOi w$ ot
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Figure 54: The activation energy difference -"? between the isomerization of free
ligand and corresponding ( PtP)PtCl2 complex as a function of applied force .

In comparison, we calculated the force applied on Cveo O 1 w-Hif®dthpxy -stiff -
stilbene and the corresponding activation energes for alkene isomerization from 0 to 1.6
nN (Table 30, Figure 55). The range of activation energy larger than 20"Qc &tié &, which
contains that of the isomerization of E(m,n) and (Pt P)PtClz, shows a linear relationship
and Dx’ can be approximated as1.56 + 0.14 A. We also found that activation energies for
E(m,n) ligands (black triangles in Figure 55) agree well with the curve for stiff -stilbene
(light/dark blue curve). It is worth noting that the force generated by stiff -stilbene is
characterized on the pulling axis of biphenO*Oniphen (the biphep part, force scale in Figure
54),%9.88while on stif f-stilbene isomerization the pulling axis is based on oveC*Cweo (force
scale and structure in Figure 55). The agreement between these two systems may be
mainly explained by reciprocity of force. As a molecular motor, stiff -stilbene can impose
extension force on other moieties, such as biphep® 88 8or scissile mechanophores,!2:. 122 124
through the tether chain connecting two parts. In turn, stiff -stilbene experiences a

compressive counter-force, which is directly responsible for its isomerization. This
13C



agreement also suggests thatthe pulling axis of omeC*Cwmeo is a useful proxy for strain
estimation (as the effect of counterforce), andthe isomerization of stiff -stilbene resembles

that of free ligands.

98.15K

(

A

y =-0.0373x + 37.94

0 400 800 1200 1600
Restoring force / pN

Figure 55: The computational activation energy of the isomerization of stiff -stilbene
(blue and red) and the activation energies of E(m,n) (black triangle ).

Our results indicate the coordination of platinum lowers the activation energy of
the free ligand isomerization and the influence is positively related to the original force
magnitude of uncoordinated ligands. Such coordination effects on force can be analyzed
in the context of bite angle of transition metal complexes, i.e., the Pt Mt P angle. For free
OPT ECEUQWHIUIT WP OPDT EOQBIOEVUUUEOWEDUI wEOT Ol WEEQWEI
dummy atom at the center of the bisector of two phosphorous atom s with a fixed M -P
bond length (2.252A for Pt-P from the crystal structure of MeOBiphepPtCl 2, Figure 101):7
80, 88, 91, 116, 11E (2 ), 136.8; E(2,3) 133.%; $ gt AB2&7E(3,3) 123.8. For Ptcoordinated
complexes, the bite angles are constrained by metalpreferred angle and both

spectroscopic and computational data have been reported to indicate little perturbation

of Pt M1t P angles. Pt Pt-P bite angles can therefore be estimated fromMeOBIiphepPtClzto
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be 92.14. The deviation between ligand/metal -preferred bite angles suggests a metal
induced strain that accommodates within the macrocycle, which possibly deforms the
stilbene toward Z -isomer and increases the counterforce through an allosteric effect. It
also indicates that the deviation is larger for a more strained macrocycle, as is the trend
for the difference between ligand/metal -preferred bite angles. If taking the simulated
PDUOOI Ub 4 E U b CdinetkokyOdhifiugdibens (dadk lue trendline in Figure 55) as a
calibration curve (to resemble free ligand isomerization) and mapping 30 of E(m,n)PtCl2
isomerization on the curve to obtain restoring forces, the experienced counter forces by
stiff -stilbene are estimated and summarized in Table 24.

Table 24: Restoring forces of E(m,n) from 1. Free ligand; 2. Corresponding E(m,n)PtCI 2

complexes that are estimated from 1% [Jcalibration curve using measured 4.

Force/pN  E(2,2) E(2,3) $ ot ( E(3,3)
Free ligand 241 228 157 130
E(m,n)PtCl2 476 298 205 172
difference 235 70 48 42

It has been shown in previous studies on force/activity relationships of oxidative
addition & and reductive elimination 8 employing force probe ligands that restori ng force
has little perturbation on the ground -state geometry of the reactive moiety. Instead, force
couples to the reaction coordinate by assisting structural displacements along the pulling
axis from the ground -state to transition state, which accounts for >90% of the activation
energy lowering across this series From the perspective of stiff -stilbene isomerization,

in the ground -state, thePt Mt P angle is confined by the preference of metal, which in turn
13z



causes geometry deformation elsewhere, as is indicated by the additional counter force
and the relative flexibility of stiff -stilbene. When a reactive moiety is present, such as
diaryl groups ready f or reductive elimination, strain generated by stilbene and metal
constraint will promote this reaction; otherwise, in our case, strain is only used for

overcoming the barrier for stilbene isomerization.

4.3 Experimental Section
4.3.1 General Methods

All r eactions were performed under a nitrogen atmosphere in oven-dried
glassware employing standard Schlenk or glovebox techniques unless otherwise noted.
Nitrogen -flushed plastic syringes and oven-dried stainless steel cannulas were employed
for reagent transfer. NMR spectra were obtained at 25 °C unless noted otherwise 3P NMR
spectra were referenced using absolute frequency referencing in Mnova software or from
trimethylphosphine oxide internal standard. Chemical shifts are given in units of ppm ( d)
and coupling constants (J) in Hz. Multiplicities are assigned as singlet (s), doublet (d),
triplet (t), quartet (q), pentet (p), multiplet (m), or broad (br). NMR probe temperature
were determined from a single scan of neat ethylene glycol (high temperature) or neat
methanol (low temperature) with accuracy of + 1 °C.213

Anhydrous solvents were obtained either from Sigma -Aldrich in Sure/Seal™
containers or were dried and degassed using an Innovative Technologies PureSolv

solvent purification system. All deuterated solvents were obtained from Cambridge
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Isotope Laboratory and were dried over activated 3A molecular sieves. Freshly opened
anhydrous p-xylene-co was degassed via three freezepump -thaw cycles and stored in a
glovebox. All other reagents were purchased from major chemical suppliers and were
used as received unless noted otherwise. Force probe ligands were synthesized
employing published procedures .%% 8 Platinum dichloride complexes [E(n,m)]PtCI 2> and

[E(n,m)]PtCl2 have been previously reported .88

4.3.2 Kinetics of the isomerization of [E(m,n)]PtCl> complexes

Isomerization of E(2,3)PtCl.. Addition of DMF -d7 (0.60 mL) via syringe to an
NMR tube that contained (NBD)PtClz (1.85mg, 5.173 10 mmol, 8.61 mM) and E(2,3)
(9.12mg, 1.03% 102 mmol) and that was capped with a rubber septum at 25 °C generated
a solution of the platinum dichloride complex E(2,3)PtCEand free E(2,3). (~1:)88 The tube
was shaken until the mixture was homogeneous, inserted into the probe of an NMR
spectrometer preheated at 80 °Cand analyzed periodically by 3P NMR spectroscopy. The
concentration of E(2,3)PtCk was determined by integrating the resonances corresponding
to E(2,3)PtCk at d 6.39 and 5.39 (ABq,Fr = 19 Hz) and Z(2,3)PtCE at d 4.94 (s) assuming
guantitative E to Z is omerization; this assumption was supported by the absence of any
additional resonances in the 3P NMR spectrum throughout complete conversion of
E(2,3)PtCkto Z(2,3)PtCl. The first-order rate constant for the conversion of E(2,3)PtCk to
Z(2,3)PtCl-was obtained from the linear plot of In[E(2,3)PtClz] versus time through 3 half -

lives (Figure 25, Table 56, entry 1). First-order rate constants for the conversion of
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E(2,3)PtChk to Z(2,3)PtCl- were determined as a function of temperature from 64 to 80 °C
employing a similar procedure ( Figures 65¢ S68; Table 25, entries 1 - 5). A plot of In(k/T)
versus reciprocal temperature provided the activation parameters DH?> = 22.9 + 0.6
kcal/mol and DS = 9.2+ 2.2e. u. (Figure 95, Table 26).

Isomerization of E(3,3PtClzand E(3,3ztCl.. First-order rate constants (Figures
S75¢% S78 and S82 ¢ S86; Table 25, entries 6¢ 9 and 10- 13) and activation parameters
(Figures S42 and S44Table S2, entries 3 and 4 for the isomerization E(3,3)PtCk(d 5.61, s)
and E(3,3)'PtCk (d 5.48, s) both to Z(3,3)PtCi (d 4.78, s)were determined employing
procedures similar to those used to determine the first-order rate constants and activation
parameters for the isomerization of E(2,3)PtCl..

Isomerization of E(2,2PtClz. A solution of E(2,2)PtClz was generatedin situ by
dropwise addition of a solution of (NBD)PtClz (1.85mg, 5.173 103 mmol) in DMF -d7
(0.60 mL) via syringe into an NMR tube containing E(2,2) (8.97mg, 1.03% 102 mmol) at ¢
30 °C. The contents of the tube for mixed thoroughly at + 30 °C, the tube was placed in
the probe of an NMR spectrometer pre-cooled at 5.6 °C, and the sample was analzed
periodically by 3P NMR spectrometry by integrating the resonances corresponding to
E(2,2)PtCk (d 6.27, s) andZ(2,2)PtCl(d 5.09, s).

Table 25: First order rate constants for the isomerization of [E(m,n)]PtClz(8.61mM) in
DMF -d-.

entry (PtP) Restoring force (pN) Temp (°C) (1®)k (s'Y)
1 E(2,3) 228 80.0 25.6£2.2
2 E(2,3) 228 75.0 12.0+£0.4
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3 E(2,3) 228 71.4 7.93+0.88
4 E(2,3) 228 67.1 5.17+0.27
5 E(2,3) 228 64.4 3.83+0.52
6 E(3,3) 130 125 28.9+1.8
7 E(3,3) 130 121 15.6+0.7
8 E(3,3) 130 118 12.0+0.7
9 E(3,3) 130 114 7.11+0.31
10 | E(3,3% 157 121 33.2+2.0
11 | E(3,3% 157 117 27.8+1.4
12 | E(3,3% 157 115 17.0+15
13 | E(3,3% 157 109 8.92+0.23
14 | EQ2) 241 5.6 60.7+5.1
15 | E(22) 241 2.5 38.1+1.7
16 | E(22) 241 -0.9 24.3+1.4
17 | E@2) 241 -4.9 11.5+0.4
18 | E(22) 241 -9.6 5.34+0.18

Table 26: Activation parameters for isomerization of |

E(m,n)]PtCl 2.

entry (PtP) DH? DS (e.u) DG2298 k
(kcal/mal) (kcal/mal)

1 E(2,2)PtCI2 22.9+0.6 9.20+2.21 20.2+0.9
2 E(2,3PtCI2 27.7+1.7 2.83+4.92 26.8+2.2
3 E(3,3PtCI2 36.0+£0.3 15.1+0.7 31.5+0.4
4 E(3,3PtCI2 33.3+3.3 9.75+8.62 30.4+4.2

4.3.3 Kinetics of the Isomerization of E(m,n)

Isomerization of E(2,2). An NMR tube containing a solution of force probe ligand
E(2,2) (4.4 mg, 5.17 103 mmol, 8.61 mM) in p-xylene-dio (0.6 mL) which was capped with

a rubber septum was placed in the probe of an NMR spectrometer preheated at 84 °Cand
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analyzed periodically by 3P NMR spectroscopy. The concentration of E(2,2) was
determined by integrating the resonances corresponding to E(2,2) atd+7.04 (s) and Z(2,2)
atd+9.34 (s) assuming quantitative E to Zisomerization; this assumption was supported
by the absence of any additional resonances in the3P NMR spectrum throughout
complete conversion of E(2,2) to Z(2,2). The firstord er rate constant for the conversion of
E(2,2) to Z(2,2) was obtained from the linear plot of In[E(2,2)] versus time through 3 half-
lives (Figure 61; Table 27, entry 1). First-order rate constants for the conversion of E(2,2)
to Z(2,2) were determined as a function of temperature from 69 to 84 °C employing a
similar procedure (Figures 61 ¢ 64; Table 27, entries 1 - 4). A plot of In( k/T) versus
reciprocal temperature provided the activation parameters DH° = 28.6 + 1.5kcal/mol and
DS = 5.3% 4.3e. u. (Figure 94; Table 28).

Isomerization of E(I Ot AOw $ gt Ot KiStorHeD Eate $ampdtadis #rz thew
isomerization of OBT EQEUwS$ pl Ol AOwS pt Ot AOWEDE WS opt Ot Kz whbl
procedures; for some kinetic experiments performed atreaE UD OO wUIl Ox1 UEUUUI Uwa
NMR tubes were heated in an oil bath, periodically removed and cooled to 0 °C, and
analyzed by 3P NMR spectroscopy at 25 °C Figures 69, 70, and 90; Table 27, entry 5, 7,
and 15).

Solvent effect. Afterfull BUOOT UP 4 E UD O SnubiMF atap +CQrighre 830" O
Table 26, entry 13), the tube was further heated at 126°C (Figure 87; Table 27, entry 20)

and then 135°C (Figure 88; Table 27, entry 16), under which first -order rate constants for
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the conversion O w$ pt Ot Az wUO w9 pt O Awbl Ul wél U1 UODPOI Ewi

respectively. Resultant data points fit the Eyring plot from data collected from other

temperatures (Figure 100, suggesting negligible solvent effect.

Table 27: First order rate constants for the isomerization of E(m,n) (8.61mM)in p-

xylene -dao.

entry (PtP) Restoring force (pN) Temp. (°C) A%k (s'Y)
1 E(2,2) 241 83.9 32.0+£1.9
2 E(2,2) 241 77.8 14.7+£0.7
3 E(2,2) 241 74.2 10.4+£0.2
4 E(2,2) 241 68.9 502+ 016
5 E(2,3) 228 135 45.7+3.7
6 E(2,3) 228 132 41.6+5.9
7 E(2,3) 228 130 36.8+2.9
8 E(2,3) 228 127 22.2+1.8
9 E(2,3) 228 123 13.4+0.8
10 E(2,3) 228 105 1.35+£0.03
11 E(3,3) 130 140 25.2+25
12 E(3,3) 130 136 16.9+£2.0
13 E(3,3) 130 134 14.2+1.0
14 E(3,3) 130 131 8.88+0.40
15 E(3,3x 157 140 30.5+ 3.6
16 E(3,3x 157 135 24.4%2.6
17 E(3,3k 157 133 16.2+1.3
18 E(3,3k 157 131 11.2+0.7
19 E(3,3x 157 128 9.97+0.32
20 E(3,3x 157 126 6.59+ 0.58

Table 28: Activation parameters for the isomerization of E(m,n).

entry

(P+P)

DH?
(kcal/mol)

DS (e.u)

DG? 208 k
(kcal/mal)
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1 E(2,2) 28.6+1.5 5.29+4.25 27.1+2.0
2 E(2,3) 36.8+1.7 16.2+4.2 32.0+2.1
3 E(3,3) 35.1+3.8 9.44+9.35 32.3+4.7
4 E(3,3x 35.7+4.3 11.4+10.7 32.3x54
4.3.4 Kinetics Plots
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Figure 56: First order rate plot for the isomerization of [E(2,2)]PtCl2(8.61mM) in DMF -
d7at-4.9°C.
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Figure 57: First order rate plot for the isomerization of [E(2,2)]PtCl2(8.61mM) in DMF -
d7 at -0.9°C.
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Figure 58: First order rate plot for the isomerization of [E(2,2)]PtCl2(8.61mM) in DMF -

dzat 2.5°C.
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Figure 59: First order rate plot for the isomerization of [E(2,2)]PtCl2(8.61mM) in DMF -
d7 at-9.6°C.
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Figure 60: First order rate plot for the isomerization of [E(2,2)]PtCl2(8.61mM)in DMF -

dzat5.6°C.
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Figure 61: First order rate plot for the isomerization of E(2,2) (8.61mM) in p-xylene-dio
at 83.9°C.

141



y =-0.000050x - 0.013889

0.0 \‘ R? = 0.923950
05{ @ e
1 oy
1.0 .#ﬂ e
S 5] Vil
o 15 4" e
o ] ® e °
€ 20| A
. .
-25 1 N
] e
-3.0 )
-3.5

0 5 10 15 20 25 30 35 40 45 50
Time / x10° sec

Figure 62 First order rate plot for the isomerization of E(2,2) (8.61mM) in p-xylene-dio

at 68.9°C.
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Figure 63: First order rate plot for the isomerization of E(2,2) (8.61mM) in p-
xylene-diwo at 77.8°C.
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Figure 64: First order rate plot for the isomerization of E(2,2) (8.61mM) in p-xylene-dio

at 74.2°C.
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Figure 65: First order rate plot for the isomerization of [E(2,3)]PtCl2z(8.61mM) in DMF -
d7 at 75.0°C.
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Figure 66: First order rate plot for the isomerization of [E(2,3)]PtCl2(8.61mM) in DMF -
dzat 71.4°C.
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Figure 67: First order rate plot for the isomerization of [E(2,3)]PtCl2(8.61mM) in DMF -
d7 at 64.4°C.
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Figure 68: First order rate plot for the isomerization of [E(2,3)]PtCl2(8.61mM) in DMF -
dzat67.1°C.
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Figure 69: First order rate plot for the isomerization of E(2,3) (8.61mM) in p-xylene-dio
at 135°C. Heated with oil bath and measured with ex -situ NMR method.

14c



... y =-0.000368x + 0.106436
‘e Re = 0.957408
-0.5 - P
= -1.0 { R e
©
& 15 a
i
= W
2.0 '
2.5
e
-3.0 .
0 5

Time / x103 sec

Figure 70: First order rate plot for the isomerization of E(2,3) (8.61mM) in p-xylene-dio
at 130°C. Heated with oil bath and measured with ex -situ NMR method.
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Figure 71: First order rate plot for the isomerization of E(2,3) (8.61mM) in p-xylene-dio
at 123°C.
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Figure 72 First order rate plot for the isomerization of E(2,3) (8.61mM) in p-
xylene-dwat 127°C.
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Figure 73: First order rate plot for the isomerization of E(2,3) (8.61mM) in p-xylene-dio
at 132°C.
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Figure 74: First order rate plot for the isomerization of E(2,3) (8.61mM) in p-xylene-dio

at 105°C.
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Figure 75: First order rate plot for the isomerization of [E(3,3)]PtCl2(8.61mM) in DMF -
d7 at 114°C.
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Figure 76: First order rate plot for the isomerization of [E(3,3)]PtCl2(8.61mM) in DMF -
d7 at 118°C.
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Figure 77: First order rate plot for the isomerization of [E(3,3)]PtCl2(8.61mM) in DMF -
dz at 121°C.
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Figure 78: First order rate plot for the isomerization of [E(3,3)]PtCl2(8.61mM) in DMF -

dz at 125°C.
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Figure 79: First order rate plot for the isomerization of E(3,3) (8.61mM) in p-xylene-dio
at 136°C.
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Figure 80: First order rate plot for the isomerization of E(3,3) (8.61mM) p-xylene-do at

134°C.
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Figure 81: First order rate plot for the isomerization of E(3,3) (8.61mM) in p-xylene-dio
at 131°C.
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Figure 82 First order rate plot for the isomerization of E(3,3) (8.61mM) in p-xylene-dio

at 140°C.
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Figure 83: First order rate plot for the isomerization of [ E(3,3)3PtClz (8.61mM) in
DMF -d7 at 109°C.
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Figure 84: First order rate plot for the isomerization of [E(3,3)3PtCl2(8.61mM) in
DMF -d7at 117°C.

0.0 ;

03] .
! o y =-0.000332x - 0.199403

0.5 .. Re = 0.953510

0.8 - ..

1.0 ] & e

In[E(3,3)'PtCl,]

-1.3 t e
-1.5 ; ’
-1.8 ; -8
2.0

Time / x10° sec

Figure 85: First order rate plot for the isomerization of [ E(3,3)3PtClz (8.61mM) in
DMF -d7 at 121°C.
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Figure 86: First order rate plot for the isomerization of [E(3,3)3PtCl2(8.61mM) in
DMF -d7 at 115°C.
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DMF -d- at 126°C.
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Figure 88: First order rate plot for the isomerization of E(3,3)7(8.61mM) in DMF -d- at
135°C. Data collected from the second half -life after kinetic measurement at 126 °C.
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Figure 89: First order rate plot for the isomerization of E(3,3)7(8.61mM) in p-xylene-dio
at 131°C.

15¢



0.0, - y = -0.000305x + 0.176624
o5 @ ¥ R2 = 0.922432

1.0 4 T e

1.5 e

2.0
2.5
-3.0 1

IN[E(3,3)1]

-4.0

0 5 10
Time / x10° sec

Figure 90: First order rate plot for the isomerization of E(3,3)z7(8.61mM) in p-xylene-dio
at 140°C. Heated with oil bath and measured with ex -situ NMR method.

0.0 a8
Teae y = -0.000100x - 0.082171
-05 | L Re = 0.973715
& e
& -1.0 5
: .
5 .."'.m
E 45 « ™
-
-2.0 - '..:
@
.25 . _ , ' _
0 5 10 15 20 25

Time / x103 sec

Figure 91: First order rate plot for the isomerization of E(3,3)7(8.61mM) in p-xylene-dio
at 128°C.
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Figure 92 First order rate plot for the isomerization of E(3,3)z7(8.61mM) in p-xylene-dio
at 133°C.
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Figure 93: Eyring plot for the isomerization of [E(2,2)]PtCl-.
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Figure 94: Eyring plot for the isomerization of E(2,2).
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Figure 95: Eyring plot for the isomerization of [E(2,3)]PtCl-.
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Figure 96: Eyring plot for the isomerization of E(2,3).
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Figure 97: Eyring plot for the isomerization of [E(3,3)]PtCl-.
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Figure 98: Eyring plot for the isomerization of E(3,3).
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Figure 99: Eyring plot for the isomerization of [E(3,3)gPtCl-.
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Figure 100 Eyring plot for the isomerization of E¢ O} Az

4.3.5 Crystal Structures and Data

Table 29: Crystal data and structure refinement for
(MeOBiphepPtCl 2)40HClghexane.

Chemical formula Ca3H 80ClsO4P4Pt2
Formula weight 1868.23 g/mol
Temperature 100(2) K
Wavelength 0.71073 A
Crystal size 0.041 x 0.118 x 0.146 mm
Crystal habit colorless plate
Crystal system orthorhombic
Space group P212121
Unit cell dimensions a=11.3739(6) A Ywl wNYyS
b =18.7473(9) A d WA wWNYS
c = 38.7375(19) A Wwa wNy S
Volume 8260.0(7) &
Z 4
Density (calculated) 1.502 g/cn?
Absorption coefficient 3.702 mm?
F(000) 3712
Diffractometer Bruker-Nonius X8 Kappa APEX Il
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Radiation source

fine-i OEUUwUI EOI EWOUET wop, O

Theta range for data
collection

1.87 to 28.36°

Index ranges

-15<=h<=15;24<=k<=25;51<=I<=51

Reflections collected 147435
Independent reflections 20575 [R(int) = 0.0715]
Data / restraints / 20575/ 3 /898

parameters
Goodness-of-fit on F?2 1.048

Final R indices

WA WA WEEUEQ

R1=0.0302, wR2 = 0.069

all data

R1 =0.0360, wR2 = 0.070
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Figure 101 The ORTEP diagram of MeOBiphepPtCl 2. with ellipsoids shown at the

50% probability level.
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4.3.6 Computed Activation Energies of Stiff-stilbene

Table 30: Isomerization activation energy of stiff -stilbene under tension.

Force / pN DGr298 « (kcal/mol)
0 38.0356
100 34.3715
200 30.4128
300 26.408
400 22.7355
500 19.6897
600 17.3845
700 15.7456
800 14.5654
900 13.5907
1000 12.6178
1100 11.5672
1200 10.508
1300 9.60809
1400 8.97954
1500 8.39307
1600 6.83381
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5.1 Introduction

In Chapter 3, we covered force effect on reductive elimination choosing
platinum(ll) diaryl complexes employing force probe ligands as benchmark compounds.
However, r egardless ofits mechanism (static vs. dynamic), the nature of the metal should
impact either/both t he ground -state geometry of the complex and the structure of the
transition state. We wish to assess the contributions of atomic size and the diffusivity and
energy of molecular orbitals to force-coupled effects2!4 Here, we investigate force/rate
response ofanother group 10 metal, palladium, undergoing reductive elimination from
its d& square planar complexes?215. 216

Palladium -catalyzed crosscoupling reactions are the most widely used transition -
metal catalyzed transformations in organic synthesis, and their product -forming step,
reductive elim ination, has been systematic studied on various types, including C-C,25C-
N 217, 218C-(Q,217. 219, 220C-5 221 gnd C-P222 bond forming. 216 Here we continue to study the C-
C bond forming reductive elimination, but no longer in a Csp 2% Csp? setting due to the
instability of palladium(ll ) diaryl complexes, even at low temperatures with very few
exceptions 26 223, 224 |Instead, we target the reductive elimination of toluene from
palladium(ll) aryl methyl complexes of the form (P ¢ P)PdArMe (Ar = 4-CéHaNMez; PtP =
force probe ligand), for which Brown has shown that the rate increases sharply with the

increasing bite angle of the (bis)phosphine ligand. 184
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5.2 Result and Discussion

The requisite (Pt P)PdArMe [Pt P = Z(2,3), Z(3,3), MeOBiphep, or E(3,3); Ar=4
CeHsNMe 2] complexes were synthesized in two steps from (COD)PdCIMe via ligand
exchange with force probe ligands to form (PtP)PdCIMe, followed by in situ
transmetallation with 4 -dimethylamin ophenyl magnesium bromide at -78 °C in THF
(Figure 53). The thermally stable palladium aryl methyl complexes (Pt P)PdArMe were
characterized in solution without isolation (NMR spectroscopic data summarized in Table
32). A 4-dimethylaminophenyl group was employed as an eliminating ligand in
preference to a phenyl group in an effort to retard the rate of reductive elimination and
simplify the synthesis of the (Pt P)PdArMe complexes?2i¢ Here it is worth noting that the
decreasing rate of reductive elimination from palladiu m aryl methyl complexes with the
increasing electron donor ability of the palladium -bound aryl group is the opposite of the
effect observed for the reductive elimination of biaryls from platinum(ll) diaryl
complexes, where the rate of reductive elimination increases with increasing electron

donor ability of the platium -bound aryl group (See Chapter 3).88
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Figure 102 Generation and reductive elimination of (Pt P)PdArMe complexes [Pt P =
Z(2,3), Z(3,3), MeOBiphep, or E(3,3); Ar = 4CeHsNMe 2].

Solutions of (PtP)PdArMe (27 mM) and dibenzylideneacetone (dba, 2 equiv.) in
toluene-ds were warmed at 5 °C and analyzed periodically by *H NMR spectroscopy.
Disappearance ofeach of the (Pt P)PdArMe complexesobeyed first-order kinetics to three
half-lives (Figures 103106, Table 31), ultimately forming ArMe in ~90% vyield and (Pt
P)Pd(dba) as the exclusive organometallic complex. Dba was employed as a trapping
ligand to stabilize the Pd(0) species generated via reductive elimination and avoid
secondary decomposition (Chapter 3). Analysis of the resulting first -order rate constants
revealed that the rate of reductive elimination was largely invariant of ligand restoring
force, askobs varied by < 20% across the series of ligands employedTable 23).

Table 31: First-order rate constants for the reductive elimination of N,N,4-
trimethylaniline from (Pt P)PdArMe complexes in toluene -dsat 5°C.

Restoring force

entry (PtP) (oN) ArMe y ield (%) (1®)k (s'Y)
p

1 Z(2,3) -6 93.4 17.0+ 02

2 Z(3,3) -3 92.1 15.8+ 02

3 MeOBiphep 0 89.4 149+ 01

4 E(3,3) 130 87.1 17.3+ 04
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Although it is well appreciated that reductive elimination rate in homologous
systems increases with the increasing bite angle of the(bis)phosphine ligand 84 and the
natural bite angles for force probe ligands are different across this series, our previous
study in oxidative addition to (Pt+P)Pd(0) complexes showsthat all complexes bear the
same bite angles after coordination ,®® as is similar to Pt(ll) complexes (Chapter 3).
Therefore, a bite angle effectcould be ruled out, and force does not effectively couple to
the dynamic process on going from reactants to the transition species. It is possible that
the in situ condition complicates the mechanism by introducing many other species (such
as more than 1equiv. of bromides from Grignard reagent), which changed the simple
fragmentation from square planar states to other pathways. For example, Amator e et al.
has demonstrated the anionic complex [CIPd(PPhs)]- with the appearanceof chloride, and
proposed the structure leads to reductive elimination to be CIR *R2Pd(PPhs), where Rt and
Rz are two eliminating groups. 2251n this five -coordinate structure, the force coupling could
be orthogonal to the reaction coordinate. Further researches in a better separated system
may be helpful to elucidat e its mechanism, and the development of other reductive
elimination benchmark systems like (Pt P)NiR 2 or stable (Pt P)PdArR compounds may be
helpful in probing the metal or eliminating group hybridization effects on force-coupling

sensitivity.



5.3 Experimental section

5.3.1 General Methods

All reactions were performed under a nitrogen atmosphere in flame -dried
glassware employing standard Schlenk or glovebox techniques unless otherwise noted.
Nitrogen -flushed plastic syringes and oven-dried stainless steel cannulas were employed
for reagent transfer. NMR spectra were obtained at 25 °C unless noted otherwise.*H and
13C chemical shifts are referenced to the solvent residual peaks and*'P NMR spectra were
referenced using absolute frequency referencing in Mnova software or from
and coupling constants (J) in Hz. Multiplicities are assigned as singlet (s), doublet (d),
triplet (t), quartet (), pentet (p), multiplet (m), or broad (br). For low -temperature NMR
experiments, probe temperature was determined from a single scan of neatmethanol with
accuracy of + 1 °C.

Anhydrous solvents were obtained either from Sigma -Aldrich in Sure/Seal™
containers or were dried and degassed using an Innovative Technologies PueSolv
solvent purification system. All deuterated solvents were obtained from Cambridge
Isotope Laboratory and were dried using activated 3A molecular sieves. Freshly opened
anhydrous toluene-ds was degassed via three freezepump -thaw cycles and stored in a
glovebox. All other reagents were purchased from major chemical suppliers and were

used as received unless otherwise noted.
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5.3.2 Synthesis of (P1 P)PdCIMe Complexes

Synthesis of (P+P)PdCIMe : General procedure. A solution of (COD)P dCiMe
(COD = 1,5cyclooctadiene, 1 equiv, 2550 mM) and (bis)phosphine ligand (1.02 eq) in THF
(3 mL) was stirred at room temperature for 1.5 h. The resulting yellow solution was
filtered through a plug of Celite, eluted with diethyl ether (20 mL), and the resulting
solution was concentrated under vacuum. Theresulting yellow residue was recrystallized
by layering a saturated CH 2Clz solution with diethyl ether and pentane at 4°C to give pure
(Pt P)PdCIMe as a light orange solid.

(MeOBiphep)P dCIMe . Isolated as pale orange needles (116.8mg, 93.9%) from
reaction of (R)-MeOBiphep (100 mg, 0.172 mmol) with (COD) PdCIMe (44.6 mg, 0.168
mmol) employing general procedure. *H NMR (500 MHz, CD 2Cl2): ¥ w A {67A.5@(m,8H),
7.47% 7.34 (m, 7H),7.29 (t,J= 7.5 Hz, 1H), 7.23 (tJ= 7.6 Hz, 2H), 7.17 (tJ= 7.5 Hz, 2H),
6.92¢ 6.81 (m, 2H), 6.68 6.60 (M, 1H), 6.54 (tJ= 8.4 Hz, 1H),6.35 (d,J= 8.3 Hz, 1H), 6.31
(d, J= 8.3 Hz, 1H),3.43 (s, 3H), 3.40 (s, 3H)0.61(dd, J= 7.9, 3.2 Hz, 3H).3?P NMR (202
MHz, CD2Cl2):  wt A 8 JN2uPpE) Q116 (d)= 40.4 Hz).

Z(3,39PdCIMe. Isolated asan orange solid (80.0mg, 57.9%) from reaction of Z(3,3)
(120 mg, 0134 mmol) with (COD)PdCIMe ( 34.7 mg, 0.131 mmol) employing general
procedure. *H NMR (500 MHz, CD 2Cl2A 67ub&tud.44 (m,9H), 7.40¢ 7.30 (m,7H), 7.26 (td,
J=7.4,1.9 Hz1H), 7.22¢ 7.16 (m,1H), 7.11 (td, J= 7.8, 2.2 Hz2H), 7.05 (t,J= 7.8 Hz,4H),

6.78 (tt,J= 8.1, 2.5 Hz2H), 6.57 (dd, J= 10.7, 8.0 Hz.1H), 6.49 (dh,J= 6.4, 2.4 Hz2H), 6.42
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(t, J= 8.2 Hz,1H), 6.17 (d, J= 8.3 Hz,1H), 6.13 (d,J= 8.3 Hz,1H), 3.78% 3.62 (m,2H), 3.60
t 3.47 (m,2H), 3.44¢ 3.28 (m,4H), 2.93¢ 2.81 (m,2H), 2.80¢ 2.63 (m,6H), 1.87+ 1.68 (m,
4H), 0.52 (dd,J= 8.0, 3.5 Hz,3H). 3P NMR (202 MHz, CD:Clz& 6 3d.20u(d,J = 42.3 Hz),
12.84 (d,J= 40.4 Hz).

E(3,3PdCIMe. Isolated asan orange solid (45.0mg, 48.8%) from reaction of E(3,3)
(80 mg, 0089 mmol) with (COD)PdCIMe ( 23.1 mg, 0.087 mmol) employing general
procedure. IH NMR (500 MHz, CD 2ClA 07u89t 7.46 (m,8H), 7.364 7.27 (m,7H), 7.21 (td,
J=7.4, 1.7 Hz1H), 7.144 7.07 (m,3H), 7.05 (dt,J= 7.8, 3.9 Hz2H), 6.87¢ 6.82 (m,2H), 6.74
(dtd, J=16.3, 8.2, 2.4 Hz2H), 6.60 (ddd, J= 8.0, 5.6, 2.2 Hz2H), 6.56 (dd,J= 10.9, 8.0 Hz,
1H), 6.50 (t,J= 8.4 Hz,1H), 6.10 (d,J= 8.4 Hz,1H), 6.07 (d,J= 8.3 Hz,1H), 4.20% 4.06 (m,
4H), 3.17 (dtd, J= 12.0, 9.0, 5.5 HZz2H), 3.01¢ 2.70 (m,10H), 1.514 1.37 (m,4H), 0.42 (dd,
J=8.0, 3.5 Hz,3H). 3P NMR (162MHz, CD 2Cl.A 636.85u4d,J= 41.2 Hz), 11.91 (dJ= 41.2
Hz).

Z(2,3PdCIMe. Isolated as beige solid(35.1 mg, 46.1%H#as a ~1:1 mixture of somers
from reaction of Z(2,3) (65.8 mg, 0.074 mmol) with (COD)PdCIMe (19.3 mg, 0.072 mmol)
employing general procedure. *H NMR (500 MHz, CD 2Cl2A 6 w n#u7 %63 (i} 8Hi), 7.57 (s,
1H), 7.53 (s, 1H), 7.5% 7.40 (m, 8H), 7.3% 7.16 (m, 7H), 6.95 6.87 (m, 1H), 6.82 6.72 (m,
3H), 6.67¢ 6.46 (M, 1H), 6.45 6.41 (m, 1H), 6.40 6.35 (m, 1H), 4.14 3.78 (m, 8H), 3.01

2.89 (M, 4H), 2.8% 2.76 (, 4H), 2.09¢ 1.92 (m, 2H),[0.67 (dd,J= 8.0, 3.4 Hz, 0.64 (dd)=
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8.0, 3.5 Hz,~1:1, 3 H,PdMe]. 3P NMR (202 MHz, CD:Cl2& 0 w wt Jk &0t4 Kz GE4D (d,

J=39.8 Hz), 3.18 (dJ= 41.7 Hz), 12.94 (d]= 42.6 Hz).

5.3.3 In situ Generation of (Pi P)PdArMe Complexes and Kinetic
Analysis of Reductive Elimination

In situ generation of (Pt{P)PdArMe and reductive elimination: general
procedure. A solution of ArMgBrin THF (0.5 M, 71.4 * , ) was injected dropwise at+78 °C
into an NMR tube containing a solution of (PtP)PdCIMe (0.0162 mmol, 32.4 mM) in
toluene-ds (0.5 mL). The tube was agitated at this temperature and the solution turned
from light yellow to light purple . (P{P)PdArMe complexes were characterized & -15t0 5
°C and identified by PdMe peak from H NMR and 3P NMR (summarized in Table 32).
A solution of dibenzylideneacetone (amount, 0.0324 mmol)in toluene-ds (0.1 mL) was
added via syringe to the solution, the tube was inserted into the probe of an NMR
spectrometer pre-cooled at 5°C, and the solution was analyzed periodically by H NMR
spectroscopy. The concentration of (PtP)PdArMe was determined by integrating the
resonances corresponding to thepalladium -bound methyl group relative to the solvent
residual peak (1 wo0B,dthe initial integration is 0.4~0.5 of the methyl peak), and the
concentration of ArMe was determined by the integrating UT 1 w UDPOT Ol Uw EUw »
corresponding to the aryl methyl group (integrations of the PdMe and ArMe methyls
showed decent mass balance)First-order rate constants for the reductive elimination of
ArMe from ( PtP)PdArMe w ere obtained from linear plot s of In[( Pt P)PdArMe] versus

time through 3 half -lives.
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Table 322 NMR spectroscopic data for (PtP)of (Pt P)PdArMe complexes [Pt P = Z(2,3),
Z(3,3), MeOBiphep, or E(3,3); Ar = 4-CsHsNMe .

(PtP)of (Pt ™H NMR (500 MHz, tol -ds, 5°C)

31p NMR (202 MHz, tol-ds, 5°C) Pt P A
P)PdArMe PdMe () ( b, 5°C) PP oy

nwyd A lJutpBHOAGR2Hz) 1 wl K &J¥RAUOPE)R72 (dJ= 21.9 Hz),

Z(2,3)
19.83 (d,J= 20.9 Hz), 19.73 (dJ= 20.6 Hz)
Z(3,3) KwyodArOOBEB  y wl K 6JR3BpE)DQ67 (d)= 23.0 Hz)
MeOBiphep nwy 6 UW=0.4q6.8 Bzau % whuN 8 J¥ RIVcHiE) Q1488 (dJ= 22.0 Hz)
E(3,3) nwyd kI 0haBEB  » wl K B§J=RAUPE)PWSO (d)= 22.4 Hz)
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Figure 103 First order rate plot for the reductive elimination of
(MeOBiphep)PdArMe ( 27.0 mM) in toluene -ds containing DBA ( 540 mM) at 5 °C.
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Figure 104 First order rate plot for the reductive elimination of  Z(3,3PdArMe
(27.0 mM) in toluene -ds containing DBA (54.0 mM) at 5 °C.
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Figure 105 First order rate plot for the reductive elimination of  E(3,3)PdArMe
(27.0 mM) in toluene -ds containing DBA (54.0 mM) at 5 °C.
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Figure 106 First order rate plot for the reductive elimination of  Z(2,3PdArMe
(27.0 mM) in toluene -ds containing DBA (54.0 mM) at 5 °C.

5.3.4 NMR Spectra
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Figure 107: *H NMR spectrum of MeOBiphep PdCIMe.
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Figure 108 3P NMR spectrum of MeOBiphep PdCIMe.
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Figure 109 *H NMR spectrum of Z(3,3)PdCIMe.
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Figure 110 3P NMR spectrum of Z(3,3)PdCIMe.
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Figure 111 *H NMR spectrum of E(3,3PdCIMe.
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Figure 112 3P NMR spectrum of E(3,3PdCIMe.
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Figure 113 H NMR spectrum of Z(2,3)PdCIMe .
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Figure 11431P NMR spectrum of Z(2,3)PdCIMe .
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