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A series of dinuclear Pt—Au complexes [(bhg-PhR)(PPhs)Pt—-Au(PPhs)l* (R = —H (5), -OMe (5-OMe), —F
(5-F), and —CF5 (5-CF3)), derived from novel Pt complexes (4, 4-OMe, 4-F, and 4-CFs), were prepared and
analyzed using solution-state NMR spectroscopy and X-ray crystallography. The persistence of three-
center Pt—-Au-C,s, bonding interaction in solution and the migration of [Au(PPh3)I* across electronically
distinct arenes of 5, 5-OMe, 5-F, and 5-CF5 offers a unique opportunity to probe the intermediates of
transmetallation as a function of bridging arene ring electronic properties. Analysis of the solid-state X-ray
structures of these dinuclear complexes reveal that the degree of arene ring transfer is dictated by
whether the [Au(PPhz)l* bridges the Pt—benzoquinoline or the comparably more flexible Pt—Ph® ring.
Relative thermodynamic stability, evaluated via pyridine titrations, correlates with the electronic donating
or withdrawing ability of the R group. A Hammett analysis of the K. derived from pyridine titrations reveal
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a linear relationship between the log(Kr/Ky) and o, values. Together, these studies demonstrate how
arene ring electronic properties influence the structure and stability of transmetallation intermediates,
important progress towards a deeper understanding of transmetallation between transition metal organo-
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Introduction

Transmetallation is an important component of all cross-
coupling reactions such as the Stille, Negishi, Kumada, and
Suzuki-Miyaura reactions, which primarily differ in the iden-
tity of the stoichiometric transmetallation reagent. The mecha-
nism of transmetallation between main-group based transme-
tallating reagents and palladium catalysts, especially tin,'®
silicon,”"" and boron'*"'® reagents, is fairly well-established.
By contrast, less is known about the mechanism for substrate
exchange between two transition metal organometallic com-
plexes,'® despite being a step in the Sonogashira reaction
(transmetallation between Cu-acetylide and a Pd-catalyst).>°

Early work studying transmetallation between transition
metal organometallic complexes focused on late transition
metals such as Pt and Au.*"*” It is likely that metallophilic
interactions play a role in these transmetallation reactions.*
Based on the retention of stereochemistry at Pt in the exchange
between cis-[PtMe,(PMe,Ph),] and cis-[PtCl,(PMe,Ph),] to
generate 2 equivalents of cis-[PtCl(Me)(PMe,Ph),], Puddephatt
proposed the now generally accepted cyclic (closed) transition
state (or intermediate) for transmetallation.>*
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Since then, various reports have examined stoichiometric
transmetallation between transition metal complexes,**™>°
explored transition metal catalyzed isomerization reactions,””
and invoked transmetallation in cooperative catalytic
reactions.”®?° In stoichiometric transmetallation reactions,
methyl, benzyl, and phenyl groups are capable of undergoing
transmetallation with the appropriate combinations of tran-
sition metal complexes.”® However, in some cases, methyl
transfer occurs preferentially over phenyl group transfer.”®
Exclusive benzyl group transfer from Ir to Pt, over phenyl
group transfer, has also been observed.”® These results con-
trast Pd-catalyzed cross-coupling reactions using Me;Sn-R’
(R’ = aryl or alkynyl groups) as the transmetallation reagent
where selective R’ (over methyl group) transmetallation and
subsequent cross-coupling occurs.’* Cationic intermediates
may also play a role in transmetallation between transition
metal complexes given the observed anion and solvent effects
in these reactions.”>**

More recently, the Chen and Martin groups have examined
structural mimics of transmetallation intermediates (Fig. 1),
each group leveraging chelation to hinder full transmetallation
from one metal to the other.**° Chen and coworkers have
examined benzoquinoline (bhq) ligands while Martin and co-
workers have used 2,6-diphenylpyridine (CNC) ligands. In both
cases, a M1-M2-C,,, three-center bonding interaction is
present in both the solid-state and in solution. Chen’s group
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R = OMe, H, F, CF,
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Fig. 1 (Top) Previously reported intermediates in transmetallation by
Chen and coworkers. (a) [M] = Zn or Cu complexes. (b) [M] = Cu, Ag, or
Au. (Bottom) Previously reported and new Pt—Au complexes as inter-
mediates in transmetallation reported by Martin and Cueny. (c) Previous
work by Martin and Cueny with 2,6-diarylpyridine ligands where R = H
or F. (d) New complexes reported herein with the 2-arylbenzolh]quino-
line ligand where R = OMe, H, F, or CFs.

has also characterized the transfer of phenyl acetylide from Pd
to Cu, Ag, and Au; the authors crystallographically characterized
intermediates at various stages of phenyl acetylide transfer.*’

To better understand the stability of such transmetallation
intermediates, Martin and coworkers have used DFT calcu-
lations. Specifically, the authors used Energy Decomposition
Analysis (EDA) to determine the stability of their dinuclear
complexes.”’*° While Chen and coworkers have employed
DFT calculations, they have also used mass spectrometry in
conjunction with collision-induced dissociation (CID) to
measure the energy required to break up the dinuclear
complexes.**?>3%19742 nterestingly, by comparing the differ-
ence in CID between [(bhq),Pd-Cu(IPr)]" and [(IPr)Cu(n*
CeHe)]" (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene)
the authors estimated the Pd(u)-Cu(i) interaction accounted
for an additional ~9 kcal mol™ of stability.*”

But why expend so much effort understanding the stability
of such transmetallation intermediates? In any proposed coop-
erative catalysis involving transmetallation, the stability of a
transmetallation intermediate will have strong implications on
the rate of catalysis (Fig. 2). A highly stable intermediate will
decrease the steady-state concentration of active catalyst
species. High energy intermediates (or transition states) may
be inaccessible and hinder catalysis. This interplay of kinetic
barriers and intermediate stabilities is best exemplified in
alkene polymerization involving chain transfer (i.e. transmetal-
lation) reagents. Chain transfer reagent metal identity (Zn vs.
Al) and sterics of the alkyl/polymer chain undergoing exchange
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Fig. 2 Hypothetical reaction coordinate diagram for transmetallation
involving a dinuclear complex with a bridging arene as an intermediate.

(1° vs. 2° and B-branched vs. non f-branched) can dictate the
energetics of chain transfer from inhibition of propagation
through stable intermediate formation,**** successful
exchange,”™*” and high kinetic barriers leading to no observed
exchange. Thus, knowledge of the energy of transmetalla-
tion intermediates is crucial for efficient cooperative catalysis.

In previous work, we compared the binding of [(PPh;)Au]’
to [(CNC)Pt(PPh;)] (1) and [(CNCF)Pt(PPh;)] (1-F), where CNC =
2,6-diphenylpyridine and CNCF = 2,6-bis(4-fluorophenyl)pyri-
dine.*® The stability of the dinuclear complexes [(CNC)(PPhj)
Pt-Au(PPh,)]" (2) and [(CNCF)(PPh;)Pt-Au(PPh;)]" (2-F) was
compared using pyridine titration experiments. Based on the
K.q of pyridine titrations, we found that complex 2 is more
stable than 2-F.

Herein, we seek to expand our understanding of the impact
of electronic substituents on the structure and stability of
transmetallation intermediates. We study electronically dis-
tinct Pt-arene groups by use of 2-arylbenzo[Z]quinoline (bhg-
Ph®) ligands. Not only do these ligands have substantially
different electronic properties amongst them, but they also
bear a Pt-benzoquinoline vs. a Pt-Ph® ring. Thus, there are
two options for [(PPh;)Au]” binding to the Pt-complexes, Pt-
bhq vs. Pt-Ph*.

We use NMR spectroscopy and X-ray crystallography to
probe which of the Pt-arene ligands the [(PPh3)Au]" binds with
in both the solution- and solid-state. Using the crystal struc-
ture of the dinuclear complexes, we determine the degree of
arene ring transfer using the angle between planes formed by
the arene rings. We also examine the relative thermodynamic
stability of these complexes by pyridine titration experiments
as a function of ligand electronic properties and degree of
arene transfer. Last, we use a Hammett analysis to correlate
the K.q from pyridine titration experiments with the ¢ para-
meters of the R groups on the Pt-Ph®. Together, these data
inform on the role of arene ring electronic properties on the
structure and, more importantly, the stability of transmetalla-
tion intermediates.

45,46
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Results and discussion

We begin by first synthesizing the bhg-Ph® ligands (3, R = H;
3-OMe, R = OMe; 3-F, R = F; 3-CF3, R = CF;), where 3 and
3-OMe are known compounds.*®® This synthesis starts with
lithiation of the appropriate bromoarene followed by selective
nucleophilic addition at the 2-position of benzo[A]quinoline.
Subsequent in situ oxidation leads to rearomatization of the
benzo[h]quinoline ring yielding the desired bhq-Ph® ligands.
For 3-F, 4-fluorophenylmagnesium bromide was reacted with
benzo[h]quinoline N-oxide to produce the desired bhq-Ph®
ligand. Coordination of ligands to platinum (Scheme 1) occurs
by first reacting potassium tetrachloroplatinate with the
desired ligand in acetic acid at reflux over several days under
N,. The resulting Pt-dimer is then treated with excess sodium
bicarbonate and triphenyl phosphine to yield the desired Pt-
complexes. See the SI for synthetic details and spectroscopic
characterization data.

The solid-state structures of the (bhqg-Ph¥)Pt(PPh;) com-
plexes (4, R = H; 4-OMe, R = OMe; 4-F, R = F; 4-CF3, R = CF;)
are shown in Fig. 3. Selected bond distances and angle are
shown in Table 1, for a full list of bond angles and distances
see the SI. Each of the structures are quite similar, all having
slightly distorted square planar geometry that is most evident
in the C-Pt-C angle. The 7, values for each structure are quite
similar (~0.17-0.18)." The only substantive difference in these
structures is the systematic increase in the Pt-Cphr bond
length going from R = OCHj; to CF;, which is interesting con-
sidering that the bond strength of Pt-C bonds is expected to
be higher with electron withdrawing groups.’*>* However,
because of the extended conjugation of the 2-arylbenzo[k]qui-
noline ligand, the electron withdrawing groups can pull elec-
tron density from both the aryl and benzo[h]quinoline sides of
the ligand, more on this subject later. None of the N-Pt-P
bond angles are exactly 180° and all are quite similar.
However, the PPh; group leans in different directions, towards
the benzo[h]quinoline for R = CF; and F and towards the aryl
group for R = H and OCH3;, which could be a result of changes
in the Pt-Cppr bond lengths.

Synthesis and spectroscopic characterization of dinuclear
Pt-Au complexes

With the Pt-complexes in hand, we set out to synthesize the
Pt-Au dinuclear complexes, [(bhg-Ph®)(PPh;)Pt-Au(PPh;)][OTf]
(5, R = H; 5-OMe, R = OMe; 5-F, R = F; 5-CF3;, R = CF;). We

1) KoPtCl, R

N Acetic Acid
P reflux
O A O 2) PPhy
R NaHCO3
MeCN, reflux

Scheme 1 Synthesis of mononuclear Pt-complexes (4, R = H; 4-OMe,
R = OMe; 4-F, R = F; 4-CFs, R = CF3) from bhg-PhR ligands (3, R = H; 3-
OMe, R = OMe; 3-F, R = F; 3-CF3, R = CF3).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Crystal structures of the monometallic (bhqg-Ph®)Pt(PPhz) com-
plexes (4, 4-OMe, 4-F, and 4-CF3). Hydrogens and solvent are omitted
for clarity. Thermal ellipsoids are shown at the 50% probability level.

Table 1 Selected bond distances and angles for mononuclear Pt-
complexes

Pt-Cppr & Pt-Cpnq (A)  Pt-N(A)  Pt-P (A) N-Pt-P
C-Pt-C (°)
4 2.087(3) 2.016(3)  2.2210(7) 174.88(8)
2.097(3) 159.41(12)
4-OMe  2.064(7) 2.032(6)  2.2176(15) 176.10(16)
2.101(7) 159.5(3)
4-F 2.093(5) 2.016(4)  2.2240(13) 176.86(13)
2.084(5) 159.0(2)
4-CF, 2.109(3) 2.012(2)  2.2299(7) 175.46(6)
2.096(3) 158.24(11)

began these investigations with the synthesis of dinuclear
complex 5 from mononuclear complex 4. Using a method
similar to the syntheses of 2 and 2-F,*® we reacted 4 with
in situ generated [(PPh;)Au]" (Scheme 2). NMR spectroscopic
evidence supports that the desired dinuclear complex was gen-
erated. *'P{'"H} NMR spectroscopy revealed two new peaks,
both of which contain Pt-satellites, indicating the cationic gold
fragment binds to the Pt-arene ring. Because the two sides of
the Pt-complex are asymmetric in 4, the "H NMR spectrum of
4 contains two peaks associated with the protons alpha to Pt
(Table 2), which are easily identifiable (they bear Pt-satellites)
and undergo a characteristic upfield shift upon coordination
of [(PPh;3)Au]" to the Pt-arene ligand as observed with 2 and 2-
F. In the "H NMR spectrum of 5, both alpha protons undergo
an upfield shift of 0.13 ppm and 0.19 ppm compared to 4.
Based on the upfield shift of both alpha protons, we conclude
that the [(PPh;)Au]" can migrate between both Pt-arene rings

Dalton Trans., 2025, 54,16241-16253 | 16243
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Scheme 2 Synthesis of dinuclear Pt—Au complexes (5, R = H; 5-OMe,
R = OMe; 5-F, R = F; 5-CF3, R = CF3) from mononuclear Pt complexes
(4, R = H; 4-OMe, R = OMe; 4-F, R = F; 4-CF3, R = CF3) by reaction with
in situ generated [(PPhz)Aul*.

Table 2 Chemical shift of alpha protons of the mononuclear Pt-com-
plexes and dinuclear Pt—Au complexes

Chemical shift of
a-Hphg in ppm

Chemical shift of
o-Hppg in ppm

Mononuclear &
(dinuclear) complexes

1(2)% 6.24 (6.07) N/A
4(5) 6.31 (6.18) 6.20 (6.01)
4-OMe (5-OMe) 6.11 (5.98) 6.21 (5.87)
4-F (5-F) 5.75 (6.06)" 6.32 (5.78)
4-CF; (5-CF3) 6.46 (6.62) 6.43 (5.90)
1-F (2-F)*® 5.80 (5.68) N/A

“The peak for the proton alpha to Pt in the Pt-Ph" ring of 4-F can be
identified by its matching coupling constant to the fluorine peak
associated with the Pt-Ph" ring in the '°F NMR spectrum. For 5-F, we
identified the two alpha protons from the pyridine titration data. Upon
addition of pyridine, the dinuclear complex is in equilibrium with the
mononuclear Pt-complex. Based on the identity of the alpha peaks of
4-F and the direction of the chemical shift changes upon addition of
pyridine to 5-F, we can then identify the protons alpha to Pt in the Pt-
Ph* and Pt-bhq ring of 5-F.

of 5. This observation is unsurprising given the electronic pro-
perties of the two Pt-arene rings of 5 are quite similar to each
other and to complex 2, and 2 undergoes an identical process
in solution.

In the synthesis of 5-OMe, similar spectroscopic data are
obtained compared to 5, and we concluded that the desired
heterodinuclear complex forms and the [(PPh;)Au]" can
migrate between both Pt-arene rings of 5-OMe. The *'P{'H}
NMR spectrum of 5-OMe reveals two new peaks, both contain-
ing Pt-satellites; the "H NMR spectrum of 5-OMe reveals both
protons alpha to Pt shift upfield upon coordination of Au.
However, in the synthesis of 5-F and 5-CFz;, we observed
unique spectroscopic data relative to 5 and 5-OMe.

The *'P{'H} NMR spectra for 5-CF; was similar to 5 and
5-OMe as two new peaks with Pt-satellites are observed indicat-
ing formation of the desired Pt-Au dinuclear complex occurs.
The "H NMR spectrum of 5-CF; revealed that one proton alpha
to Pt shifts upfield by 0.53 ppm and the other shifts downfield
by 0.16 ppm upon coordination of [(PPh;)Au]". The shielding
effect of Au appears localized in 5-CF;; in other words, the
[(PPh;)Au]" binds exclusively to only one of the Pt-arene rings
at room temperature. Based on the splitting pattern of the two
alpha protons, we conclude the [(PPh;)Au]" binds the Pt-benzo
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View Article Online

Dalton Transactions

[h]quinoline ring over the electron deficient Pt-Ph“™ ring of 5-
CF; in solution at room temperature.

To further analyze 5-CF;, we performed variable tempera-
ture NMR (VI-NMR) spectroscopy in CD;CN over CD,Cl, due
to the higher boiling point of CD;CN. The "H NMR spectra at
elevated temperatures show no signs of dynamic behavior
induced by increased temperature. While some peaks in the
'H NMR spectrum of 5-CF; shift as the temperature increases,
no broadening of any peaks are observed as would be expected
if the [(PPhs)Au]” moves between the two Pt-arene rings. It is
likely that the electron withdrawing nature of the —-CF; group
renders the Pt-Ph®" ring too electron poor for the [(PPh;)Au]"
to bind with it. We postulate that changes in the NMR spectra
are a result of CD;CN coordination to the complex.

For 5-F, the *'P{'"H} NMR spectroscopic data are similar to
2, 2-F, 5, 5-OMe, and 5-CF;. In the '"H NMR spectrum, the
protons alpha to Pt in 5-F experience divergent chemical shift
changes upon coordination of [(PPh;)Au]’. The peak associ-
ated with the alpha proton on the Pt-bhq ring shifts upfield by
0.54 ppm, while the alpha proton of the Pt-Ph” ring shifts
downfield by 0.31 ppm. At first glance, it may appear that 5-F
(with an electron deficient Pt-Ph* ring) behaves quite similarly
to complex 5-CF;. However, upon closer examination of the
spectroscopic data, this conclusion is less apparent.

First, in complex 2-F, the [(PPh;)Au]" is able to bind to a Pt-
Ph” ring both in solution and the solid-state.*® Thus, we do
not believe that a Pt-PhF ring is too electron deficient to bind
with [(PPhs)Au]” in 5-F. Second, while chemical shift changes
of the alpha protons of 5-F are divergent, the alpha proton of
the Pt-Ph" ring of 4-F is the most upfield shifted of all the
mononuclear Pt-complexes synthesized in this study (4, 4-
OMe, 4-F, and 4-CF;) by ~0.36 ppm (Table 2). Upon coordi-
nation of the [(PPh;)Au]" the alpha proton of the Pt-Ph® ring
shifts downfield to 6.06 ppm; however, the chemical shift of
this proton is within the range (Table 2) of all the alpha
protons of the Pt-arene rings of the dinuclear complexes that
[(PPh;)Au]” binds with (6.18-5.78 ppm). Whereas, with 4-CF;,
the chemical shift of the alpha proton on the Pt-Ph“® ring is
6.62 ppm. For these reasons, we chose to further investigate
the solution state behavior of 5-F.

Chemical shift and splitting pattern changes are observed
by "H NMR spectroscopy upon heating CD;CN solutions of 5-F
(see SI for details). After heating, the room temperature 'H
NMR spectrum of 5-F was not identical to the starting spec-
trum of 5-F prior to heating. In fact, allowing CD3;CN solutions
of 5-F to stand at room temperature (or mildly elevated temp-
eratures) reveals similar changes in the "H NMR spectra. These
chemical shift changes are not observed in CD,Cl, solutions of
5-F over the same period of time suggesting the coordinating
ability of CD;CN may impact the solution-state dynamics of 5-
F. The VT NMR spectrum of 5-CF; does not show this behavior,
though the amount of time 5-CF; was heated is much shorter
than that of 5-F.

Additionally, we conducted a VI-NMR study at low tempera-
ture (298 K to 188 K) of 5-F in CD,Cl, (Fig. 4) to better under-
stand its behavior in solution. We monitored the two peaks in

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Variable temperature *H NMR spectra of 5-F in CD,Cl, from 298 K (top) to 188 K (bottom). Inset shows the peaks associated with the
protons alpha to Pt. Stars are also used to highlight the peaks associated with the protons alpha to Pt.

the "H NMR spectrum associated with the protons alpha to Pt.
Upon cooling, substantial broadening of these peaks occurs
until 213 K when both peaks broaden into the baseline, i.e.
coalescence occurs. Using the chemical shift of alpha protons
at 188 K and the coalescence temperature, we have determined
the kinetic barrier to interconversion (AG* = 10.8 kcal mol™).
The kinetic barrier to interconversion is similar to that of 2
(AG* = 8.8 keal mol™).%®

The low temperature NMR data demonstrate that 5-F is flux-
ional at room temperature. The solid-state structural data for
5-F, described below, support the notion that the [(PPh;)Au]
can bind with both the Pt-benzo[k]quinoline and the Pt-Ph”
rings.

Solid-state structural characterization of dinuclear Pt-Au
complexes

While the spectroscopic characterization of the solution state
structure and behavior of 5, 5-OMe, 5-F, and 5-CF; are informa-
tive (Fig. 5), we are also interested in the solid-state structure
of these complexes for two reasons. First, we can confirm the
identity of the dinuclear complexes, especially the solid-state
preference of bridging arene between Pt and Au. Second, as
these complexes mimic the intermediates of transmetallation,
we can correlate the electronic properties of bridging arene
ligands with the bonding metrics in these dinuclear complexes.

For 5-OMe, we anticipated that the [(PPh;)Au]" would bind
to the comparably more flexible, and electron rich, Pt-Ph™¢
vs. the Pt-benzo[k]quinoline moiety in the solid-state. Indeed,
the crystal structure of 5-OMe reveals that the [(PPhj)Au]"

This journal is © The Royal Society of Chemistry 2025

5'CF3

Fig. 5 Crystal structures of the dinuclear [(bhg-PhR)(PPhs)Pt—Au
(PPh3)]* complexes (5, 5-OMe, 5-F, and 5-CF3). Hydrogens, anions, and
solvent are omitted for clarity. Thermal ellipsoids are shown at the 50%
probability level. The phenyl rings of the PPhs ligands on Pt and Au are
shown as wireframes for clarity. For 5 and 5-F, only the major structure
is shown (90% and 89% for 5 and 5-F, respectively, see Sl for details).
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binds to the Pt-Ph®™® ring. The solid-state structure of 5-OMe
contrasts that of 5-CF;, which reveals a preference of the
[(PPh;)Au]" to bind to the Pt-bhq moiety over the Pt-Ph®™,
Although the Pt-Ph“F; ring is more flexible than the Pt-bhq,
described in more detail below, the substantial difference in
electronic donating ability likely leads to this result. The struc-
tural data for 5-CF; is consistent with the solution-state spec-
troscopic observations (vide supra) where the [(PPh;)Au]” binds
exclusively to the Pt-bhq ring.

The solid-state structure of 5 and 5-F are unique. The
crystal structures of each complex indicates that the [(PPhj)
Au]" at least partially occupies both sides of the Pt-complex. In
other words, the [(PPh;)Au]" at least partially binds to both the
Pt-bhq ring and the Pt-Ph® ring for 5 and 5-F (where R = H
and F, respectively). For 5, the major species (~90%) in the
solid-state has the [(PPh;)Au]" bound to the Pt-bhq ring
instead of the more flexible Pt-Ph ring. The major species of 5-
F (~89%) has the [(PPh3)Au]” bound to the Pt-Ph” ring instead
of the more electron rich Pt-bhq ring. At present, we do not
know what leads to this difference in [(PPh;)Au]” binding site.
However, as we discuss below, the conjugated nature of the of
the bhq-Ph® ligands can delocalize the overall electron density
across both Pt-arene rings.

While the nature of the crystal structure may be unique for
these Pt-Au dinuclear complexes (5 and 5-F), they appear con-
sistent with the solution-state spectroscopic data. In solution,
the [(PPh;)Au]” moves between both Pt-arenes of 5. For 5-F,
VI-NMR spectroscopic analysis reveals that [(PPhs)Au]’
migrates between both the Pt-benzo[i]quinoline and Pt-Ph"
rings. Thus, the solution- and solid-state characterization data
are in agreement; [(PPh3)Au]" can bind to both the Pt-bhq and
Pt-PhF rings of 5-F.

Selected bond distances and angles are shown for 5, 5-OMe,
5-F, and 5-CF; in Table 3. For all dinuclear complexes, the Pt-
C bond elongates upon formation of the bridging Pt-C-Au
interaction. The short Pt-Au distances are consistent with
those of previously synthesized complexes 2 (2.7222(2) A) and
2-F (2.7430(5) A).***® Amongst the newly synthesized com-
plexes, 5-CF; has the longest Pt-Au distance, which might
suggest the electronic withdrawing ability of -CF; influences
this structural parameter, except that 5-OMe has the second

Table 3 Selected bond distances and angles for dinuclear Pt—Au
complexes

Pt-Au Pt-C (A) of bridging

(A Pt-arene Au-C (A)  C-Au-P (°)
5 2.6990(3)  2.186(5) 2.263(5) 151.30(14)
5-OMe  2.7329(4)  2.137(8) 2.242(6) 152.0(2)
5-F 2.7140(5)  2.170(7) 2.272(6) 151.12(18)
5-CF; 2.7495(2)  2.173(3) 2.231(3) 162.92(7)

The Pt-C refers to the C,,,, of the arene ring bridging Pt and Au. The
Au-C bond refers to the distance between Au and the Cjy,, of the brid-
ging arene ring. The C-Au-P refers to the angle between the Cg,, of
the bridging arene ring, Au, and the phosphorous of the PPh; bound
to Au.
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longest Pt-Au distance (Table 3). Similarly, other structural
parameters differ amongst these dinuclear complexes without
much systematic variation except the C-Au-P angle which is
largest for 5-CF; and closer to that observed in 2-F (173.5°).%°

Measurement of the degree of arene group transfer in
dinuclear Pt-Au complexes

In dinuclear complexes with a bridging arene ligand, like the
Pt-Au dinuclear complexes described herein, there are three
important bonding modes to consider between the two metal
fragments: metal-metal interactions that likely consistent of
metallophilic interactions along with donor-acceptor inter-
actions, partial arene group transfer, and full arene group
transfer where the ¢ bond between the metal-arene interacts
with the other metal (Fig. 6). We look to place the new com-
plexes on this scale with a more quantitative measurement of
the amount or degree to which the arene ring transfers from
Pt to Au. We note that it is difficult to distill complicated struc-
tural distortions down to a single number. We also note that
crystal packing forces (e.g = stacking in the solid-state
especially with the Pt-bhq rings) may impact such measure-
ments. Despite these possible shortcomings, these measure-
ments are valuable when comparing the extent of arene ring
transfer amongst electronically distinct complexes.

Martin and coworkers reported a measurement of the
degree of arene ring transfer from Pt to Au using the Cpgr-
Cjpso—Au angle, where a 90° angle reveals no arene transfer and
180° angle reveals complete arene transfer from Pt to Au.*’
Previously, we used this method to compare the degree of
arene group transfer between Pt and Au in complexes 2 and
2-F. Due to strain in the CNC ligand upon coordination to Pt,
the CNC ligand is not perfectly planar. To account for this
deviation from planarity, Martin and coworkers also evaluated
the C,ar—Cipso~Pt angle before and after coordination of the
[(PPh;)Au]".

We have conducted a similar analysis examining the Cpgrq-
Cipso-Pt angle before and after coordination of the [(PPh;)Au]
and the Cp4,~Cjpso—Au (Table 4). We have also examined struc-

a) '?‘u
Pt
QP
! =

Fig. 6 Arene group transfer from Pt to Au. (a) Metal-metal interactions.
(b) Partial transfer from Pt to Au. (c) Full transfer from Pt to Au.
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Table 4 The Cpara—Cipso—Pt angles for the mononuclear Pt-complexes,
and the C,,,,.—Cjpso—M angles dinuclear complexes (M = Pt or Au)

Dinuclear
Cpara_cipso_Pt

Mononuclear

Cpam_cipso_Pt Cpara_cipso_Au

2 168.1° 160.4° 120.1°
2-F 168.7° 159.9° 120.9°
5 167.9° 162.6° 118.5°
5-OMe 167.9° 165.5° 114.0°
5-F 167.7° 164.0° 117.4°
5-CF; 167.9° 164.3° 112.0°

tural overlays of 2-F and the new crystal structures reported
herein (5, 5-OMe, 5-F, and 5-CF;) with 2 (Fig. 7). From these
overlays, subtle but noticable differences in the degree of
arene ring transfer can be observed with 2 apparently exhibit-
ing the highest amount of arene ring transfer at least visually.
Neither the Cp,qr—Cjpso—Au angles nor the differences in Cpgre—
Cipso-Pt angle before and after [(PPhs)Au]” binding in 2 vs. 2-F
suggest a significant difference in the degree of arene ring
transfer.

However, even for a perfectly planar CNC-type complex, the
Cpara—Cipso—Pt angle would not be 180°. The nature of the
5-member chelate formed upon metalation to Pt prohibits the
Cpara—Cipso—Pt angle from reaching 180°. Thus, the Cpurq—Cipso—
Pt angle measures both the distortion from planarity as well as
the strain of the 5-member ring. As an alternative, we measure
the angle between Pt-arene rings before and after [(PPh;)Au]"
binding to determine the degree of arene ring transfer.

.

2-F/2

View Article Online
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We use the program Mercury to calculate individual planes
formed by the two Pt-arene rings (see SI for more details). We
can then measure the angle between the two planes formed by
the Pt-arenes also using Mercury. The monometallic Pt-com-
plexes are not perfectly planar, so we use the angle between
planes in the monometallic complex as a baseline measure-
ment of distortion in these Pt-complexes. The difference in the
measured angles between Pt-arenes in the mononuclear vs.
the dinuclear complexes is then the degree of arene ring trans-
fer. In contrast to the previous method for measuring the
degree of arene group transfer, here 0° indicates no arene
transfer from Pt to Au. As more parameters are introduced by
calculating these planes, the degree of arene ring transfer
assessments are prone to more error than the simpler Cpgq—
Cipso~M measurement. However, as we noted above, the Cpgro—
Cipso~M measurement captures more than just the simple
bending of the Pt-arene ring out of the plane. Thus, we
submit that both measurements have potential drawbacks,
and we prefer the angle between planes measurement here.

Previously, we compared the degree of arene group transfer
between complexes 2 and 2-F using the C,4,Cjpso—Au angle
analysis and found very little difference between them, Cpqro—
Cipso—Au = 120.1° and 120.9° for 2 and 2-F, respectively.’®**
However, using the deviation from planarity method described
above, the deviation from planarity of 2 increases by 21.3° and
by 7.5° in complex 2-F upon [(PPh;)Au]’ binding. It appears
that the electronic deficient, fluorinated Pt-arene rings of 2-F
lead to a significant reduction in the degree of arene group
transfer.

A

5/2

c) : d) j e)

5-OMe /2

5-F/2

5—CF, /2

Fig. 7 Crystal structure overlays produced in Mercury. All structures are shown as a ball and stick model where solvent, anions, hydrogens, and the
phenyl rings of the triphenyl phosphine ligand are omitted for clarity. All structures are compared with complex 2 shown in magenta. (a) Overlay
between 2-F (blue) and 2 (magenta). (b) Overlay between 5 (blue) and 2 (magenta). (c) Overlay between 5-OMe (blue) and 2 (magenta). (d) Overlay
between 5-F (blue) and 2 (magenta). (e) Overlay between 5-CF3 (blue) and 2 (magenta).
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In the crystal structures of 5-CF;, the [(PPhs)Au]” binds
exclusively to the Pt-benzo[h]quinoline ring rather than the
Pt-Ph® ring. For 5, [(PPh3)Au]” binds preferentially (though
not exclusively) to the Pt-benzo[/]quinoline ring. The resulting
deviations from planarity upon [(PPh;)Au]" binding are 4.1°
and 1.6° for 5 and 5-CF;, respectively. These observations
reflect how the fused rings of the Pt-bhq significantly hinder
the degree of arene transfer. The crystal structure of 5-OMe
reveals the [Au(PPh;)]' fragment binds to the Pt-Ph®™® ring
exclusively in the solid-state. The arene transfer of 5-OMe
(12.8°) more closely resembles that of 2 and 2-F, 21.3° and 7.5°
respectively. The lower degree of arene ring transfer in 5-OMe
vs. 2 likely arises from the increased rigidity of 5-OMe enforced
by the benzoquinoline ring. For 5-F, the [Au(PPh;)]" fragment
binds preferentially to the Pt-Ph" ring and the deviation
from planarity is 12.3°, which is remarkably similar to that of
5-OMe.

For complexes 2 vs. 2-F, the substituent (H vs. F) on Pt-
arene ring appears to dictate the degree of arene group trans-
fer. Herein, the degree of arene ring transfer in the solid-state
of 5, 5-OMe, 5-F, and 5-CF; is dictated by whether the [Au
(PPh;)]" fragment binds to the Pt-bhq or the more flexible Pt-
Ph® ring. We now ask the question, what is more important in
the relative thermodynamic stability of complexes 5, 5-OMe, 5-
F, and 5-CF;, the degree of arene group transfer or the elec-
tronic donating vs. withdrawing ability of the substituents on
the arene ring?

Relative thermodynamic stability of dinuclear Pt-Au
complexes

Martin and coworkers have studied Pt-Au, Pd-Au, Pt-Ag, and
Pd-Ag di- and trinuclear complexes where the Pt or Pd was
ligated by 2,6-diphenylpyridine and triphenyl phosphine. They
used Energy Decomposition Analysis (EDA) to determine the
stability of their di- and trinuclear complexes and made
several interesting findings. The most relevant findings as they
relate to the current study lie in the calculated stability of the
various dinuclear complexes (Pd-Au > Pt-Au > Pd-Ag > Pt-
Ag).*° Comparing the Pd-Au and Pt-Au complexes, there is a
substantial difference in the degree of arene group transfer
(Cpara=Cipso-Au = 143.1° and 120.1° for Pd-Au and Pt-Au
respectively). The same is true in the comparison between Pd-
Ag and Pt-Ag dinuclear complexes (Cpgrq=Cipso—Au = 123.2° and
115.7° for Pd-Ag and Pt-Ag respectively). While many factors
contribute to the stability of these dinuclear complexes, one
might conclude that increasing the degree of arene group
transfer increases the stability of the dinuclear complexes.

In the present study, we examine the stability of complexes
bearing electron donating vs. withdrawing substituents and
varying degrees of arene group transfer. Previously, we exam-
ined the relative thermodynamic stability of 2 vs. 2-F using pyr-
idine titrations.*® Upon addition of various equivalents of pyri-
dine to the dinuclear complexes, an equilibrium is established
between the dinuclear Pt-Au complexes plus free pyridine and
the monometallic Pt complexes plus pyridine ligated [(PPh;)
Au]" as observed via "H NMR spectroscopy. Using the equation
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Oobs = OaxNax + 0aN,, we obtained K.q values for these pyridine
titrations (Keq = 1.2 and 103 for 2 and 2-F, respectively).>

Herein, we conduct a nearly identical pyridine titration ana-
lysis with complexes 5, 5-OMe, 5-F, and 5-CF; (see SI for
details). We observe a clear trend in the relative thermo-
dynamic stabilities of the heterodinuclear complexes (Fig. 8a).
In the most electron rich complex (5-OMe), the [(PPhz)Au]
exhibits the strongest binding to the Pt-arene. As electron
withdrawing substituents are added, [(PPh;)Au]" becomes pro-
gressively easier to displace from the dinuclear complexes by
pyridine. Interestingly, the stability of 2 and 5 towards displa-
cement of the [(PPh;)Au]’ by pyridine are quite similar despite
their substantially different degrees of arene group transfer.
For quantitative comparisons amongst these pyridine titra-
tions, we calculated the K.q (Fig. 8b) for this reaction using the
known chemical shifts of the monometallic Pt-complexes, the
dinuclear complexes, and the change in chemical shift as a
function of equivalents of added pyridine (see SI for details).

Based on the K.q values for pyridine binding, it is apparent
that electronic properties rather than degree of arene group
transfer dictate the stability of these dinuclear complexes. For
example, 2 and 5 both have similar K.q values for pyridine dis-
placement of the [(PPh3)Au]’ (1.2 ws. 1.4, respectively);
however, these complexes exhibit substantially different distor-
tions from planarity (21.3° vs. 4.1°, respectively) upon binding
[(PPh3)Au]". For 5 and 5-CF;, these complexes exhibit similar
distortions from planarity but substantial differences in pyri-
dine displacement of the [(PPh;)Au]". It is also worth noting
that for 5-OMe the K.q of 0.33 indicates that complex 4-OMe
binds more strongly to [(PPhs)Au]" than pyridine does.

Hammett plot analysis of pyridine titration experiments

Of note, 5-CF; features a much higher K., value (18) than 5, 5-
OMe, and 5-F. In solution at room temperature, the "H NMR
spectroscopic data is consistent with the [(PPh;)Au]" binding
exclusively to the Pt-bhq ring for 5-CF;. Complexes 5 and 5-
OMe exhibit rapid movement of the [(PPhs)Au]” between the
Pt-benzo[k]quinoline and the Pt-Ph™ or Pt-Ph®™° rings.
Based on the solution- and solid-state structural data for
complex 5-F, movement of [(PPhs)Au]” between the Pt-benzo
[A]quinoline and the Pt-Ph* ring appears possible.

Considering the structure of 5-CFj, it is surprising that the
remote -CF; substituent impacts the K.q so substantially. The
—-CF; substituent may simply withdraw electron density away
from the Pt-center. Alternatively, the fact that [(PPhjz)Au]
binds to only one of the two possible Pt-arene rings may lead
to a decrease in overall stability of 5-CF;. To better understand
the K. values obtained for complexes 5, 5-OMe, 5-F, and
5-CF3, we turned to a Hammett analysis.

Hammett analyses have long been used in the mechanistic
analysis of various reactions involving organometallic com-
plexes. Here, we use a Hammett analysis to help determine if
the electron donating vs. withdrawing groups of complexes 5,
5-OMe, 5-F, and 5-CF; (as determined by their ¢ parameters)
correlate with their equilibrium constants in pyridine titration
reactions. This analysis could inform as to whether the -CF;

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Pyridine titration experiments involving addition of pyridine into complexes 5, 5-OMe, 5-F, and 5-CFs. Equilibrium is established between the
dinuclear Pt—Au complexes plus pyridine and the Pt mononuclear complexes 4, 4-OMe, 4-F, and 4-CFs and pyridine ligated [(PPh3)Au]*. (a) We used
the peak associated with the proton alpha to Pt in 5, 5-OMe, 5-F, and 5-CFz and monitored the change in ppm based on the equivalents of pyridine
added. We normalized the ppm change upon pyridine addition by plotting the normalized Appm on the y-axis. Here, the value of zero on the y-axis
corresponds to no change in the ppm shift (i.e. the chemical shift of the starting 5, 5-OMe, 5-F, or 5-CF3). The value of one on the y-axis corres-
ponds to complete dissociation of [(PPhsz)Aul* from the Pt (i.e. the chemical shift of 4, 4-OMe, 4-F, and 4-CF3). (b) Table indicating the calculated
Keq for pyridine titrations of each complex along with the degree of arene transfer as determined by the angle between planes method described
above. See S| for NMR spectra associated with the pyridine titration experiments and further information regarding K., determination and degree of

arene ring transfer calculation.

group acts as simple electron withdrawing group, which would
likely lead to a linear relationship between ¢ and log(Kr/Ky). If
the fact that [(PPh;)Au]’ binds only to the Pt-bhq ring instead
of both the Pt-bhq and Pt-Ph"® dictates its stability, it would
likely lead to deviations in linearity in the Hammett analysis.
In other words, the Hammett analysis may reveal whether
something beyond the electron withdrawing ability of -CF; dic-
tates the stability of 5-CF; towards pyridine titrations.

As the R groups in 5, 5-OMe, 5-F, and 5-CF; are in the meta
position relative to the Pt-C bond, we initially performed a
Hammett analysis using the ¢,, parameters. An apparent break
in the plot is observed (Fig. 9a), which typically suggests a
change in mechanism depending on the substituent. However,
the break occurs with the -OCH; group of 5-OMe; in the meta
position, the -OCH; group is considered an inductively elec-
tron withdrawing group. While the -OCH; group is meta to the
Pt-C bond, it is para to the rest of the benzo[k]quinoline
ligand. As such, we also performed a Hammett analysis using
the 6, parameters and observe a linear relationship between o,
and log(Kyr/Ky) with a p value of 2.2 (Fig. 9b). Such discrepan-
cies between o, and o, parameters have been described pre-
viously for derivatives of 8-aminoquinoline ligands.>®

Previously, we used DFT calculations to show that the
HOMO of 1 and 1-F are d,- orbitals instead of d,. orbitals as is
typical for d® square planar complexes considering the ligand

This journal is © The Royal Society of Chemistry 2025

sigma orbitals only.”® Here, we performed DFT calculations on
complex 4-OMe that show the HOMO is also a d,« orbitals
(Fig. 10), which is not surprising for these bhqg-Ph® has
increased conjugation relative to CNC® ligands. More impor-
tantly, these DFT calculations also reveal that the lone pairs on
the oxygen of the -OCH; group contribute to the HOMO. In
other words, the -OCH; group appears to act as a = donating
substituent. Thus, we argue that the Hammett analysis using
the o, parameters is more appropriate here.

The nature of the Pt-Au interactions

Given the data collected so far, in particular the pyridine titra-
tion experiments, these Pt-Au complexes are clearly quite
stable in solution. In fact, 5-OMe has a K. of 0.33 in pyridine
titration experiments indicating that 4-OMe binds to [(PPhs;)
Au]" more strongly than pyridine. While metallophilic inter-
actions provide stability to dinuclear complexes, these inter-
actions are on the order of ~10 kcal mol™".%”**® In other words,
metallophilic interactions alone cannot explain the stability of
these dinuclear complexes. Previously, Martin and coworkers
conducted a detailed computational analysis of the bonding in
complex 2,%® which is quite similar to the dinuclear complexes
reported here. The EDA analysis suggests electrostatic inter-
actions, orbital interactions, and dispersion forces all play a

Dalton Trans., 2025, 54,16241-16253 | 16249
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Fig. 9 Hammett analysis of complexes 4, 4-OMe, 4-F, and 4-CF; (Top)
Figures showing how the R groups of the Pt-complexes are meta to Pt
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dine titration experiments using the o,,, parameters. (b) Hammett analysis
of pyridine titration experiments using the o, parameters.

Fig. 10 DFT calculation to determine the HOMO of 4-OMe. See SI for
details on the DFT calculation.

substantial role in the stabilization of this dinuclear complex.
However, even the orbital interactions are not so simple.

The largest component of the orbital stabilization involves
the Pt(CNC) = orbital binding with an empty orbital centered
at Au(). We have found that the HOMO for 4-OMe is a «
orbital involving the Pt(bhq-Ph®™¢) fragment, which is consist-

16250 | Dalton Trans., 2025, 54, 16241-16253
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ent with the EDA analysis of Martin and coworkers.
Interestingly, Martin and coworkers also found a not insignifi-
cant amount of backdonation from [(PPhz)Au]” to (CNC)Pt
(PPh;). The significance of the backdonation may be enhanced
by the presence of electron withdrawing groups on the
Pt-arene rings, though this hypothesis requires further
investigation.

To a crude approximation, one could liken the bonding
between the [(PPhj)Au]® fragment to (bhq-Ph®)Pt(PPh;) or
(CNC®)Pt(PPh;) to that of Au binding to alkenes as alkynes. It
is well established that Au complexes will bind and activate
alkynes.>”®® Of course, these dinuclear complexes have the
added complexity of metallophilic interactions to consider.

Conclusions

Herein, we have described the synthesis and characterization
of a series of dinuclear Pt-Au complexes (5, 5-OMe, 5-F, and 5-
CF;). These dinuclear complexes are structural mimics of the
intermediate in transmetallation between two transition metal
complexes. We report on the solution- and solid-state struc-
tures of these dinuclear complexes as well as the relative stabi-
lity of these complexes as a function of ligand electronic pro-
perties and degree of arene group transfer. To the best of our
knowledge, this is the first study to systematically vary the sub-
stituents of Pt-arene rings, by adding electron donating or
withdrawing groups, and study the structure and stability of
Pt-Au dinuclear complexes as a function of those substituents.

In solution, the [(PPh;)Au]” can migrate between the two
arene rings of the bhg-Ph® ligand except when R = CF;. We
conducted a VI-NMR spectroscopic analysis of 5-F, which
reveals a low kinetic barrier (AG* = 10.8 kcal mol™) to
migration of the [(PPhs)Au]’ between the Pt-bhq and Pt-Ph"
rings. In the solid-state, for R = OCH; the [(PPh3)Au]" binds
exclusively to the Pt-Ph®™ ring; whereas for R = CF;, the
[(PPh3)Au]" binds exclusively to the Pt-bhq ring. For R = H and
F, both structures are present in the solid-state (i.e. [(PPh3)Au]"
binds to both the Pt-Ph® and Pt-bhq rings).

We report a different method for determining the degree of
arene group transfer from Pt to Au. Our method relies on the
angles between Pt-arene rings upon Au binding instead of the
Cpara—Cipso—Au angle reported previously. Using this method,
we revisit previously reported complexes 2 and 2-F along with
the newly synthesized complexes 5, 5-OMe, 5-F, and 5-CF;.
Interestingly, the degree of arene group transfer in 5, 5-OMe,
5-F, and 5-CF; does not correlate with the ligand electronic
properties, only with whether or not the [(PPhz)Au]" binds pri-
marily with the Pt-Ph® or Pt-bhq in the solid-state.

Most important to this study, we examine the relative
thermodynamic stability of the newly synthesized complexes 5,
5-OMe, 5-F, and 5-CF; using pyridine titration experiments. We
find that the stability of these complexes does not correlate
with the degree of arene group transfer as was observed by
Martin and coworkers comparing Pt and Pd complexes.*®
Instead, the stability of these complexes is a function of the

This journal is © The Royal Society of Chemistry 2025
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electron withdrawing or donating groups of the Pt-arene.
Using Hammett analysis, we find a linear correlation between
the log(Kg/Ky) and o,

Together, these data are crucial in understanding transme-
tallation between transition metal complexes as they help us
understand the impact of electronic properties on the stability
of transmetallation intermediates.
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