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ABSTRACT: Late-transition-metal catalysts for polymerization of olefins [ ome o
have drawn a significant amount of attention owing to their ability to  °’]

tolerate and incorporate polar comonomers. However, a systematic way to =i i " < r o .
experimentally quantify the electronic properties of the ligands used in these ~ ©7 ¢ L \Q =%
systems has not been developed. Quantified ligand parameters will allow for o« 1 \/ K

the rational design of tailored polymerization catalysts, which would target ! \ ‘
specific polymer properties. We report a series of platinum complexes =,.! W, \
bearing bisphosphinemonoxide ligands, which resemble those used in the ., | N
polymerization catalysts of Nozaki and Chen. Their electronic properties are . | \
investigated experimentally, and trends are rationalized by using computed N
spectral properties. Benchmarking computational data with known N ) . i '
experimental parameters further enhances the utility of both methods for
determining optimal ligands for catalytic application.

Absorbance

Bl INTRODUCTION I|?1 . ?\ﬂ
Polymerization of olefins has long been a popular area of P\/ Me R_ N /Arz
research, dating back to the development of the first Pd_ R/P\\ /P\Arz
commercial systems, the Ziegler—Natta system and the Phillips P:O/ L O—Pd_
catalysts, in the 1950s and 1960s."” More than 20 million tons RY | | Me

. R? Cl
of polyolefin polymers are produced annually using these
catalysts. However, polyolefins produced using these catalysts Figure 1. Palladium catalysts developed by Nozaki (left) and Chen
are typically nonpolar due to deleterious interactions between (right). Nozaki: R! = ‘Pr, Ph; R? = Ph, ‘Bu, L = 2,6-dimethylpyridine
polar functionality and the early-metal active site, which puts Chen- R = Ph, Ar, = 2-methoxyphenyl.

some restrictions on their application.”* Adding polar groups
to the final polymer can improve important properties, such as
printability and adhesion, and improve polymer affinity for
fibers and pigments.’”” New designer catalysts have been

rich alkyl groups on phosphorus increased the polymer
molecular weight and led to a higher degree of linearity

sought to change the polymer properties and complement when compared with the aryl analogue. Catalysts bearing ‘Pr

: : .

these industrial systems. Though not a fully solved problem, and ‘Bu substltuents. were further used to cop olymerllze

late-metal systems pioneered by, for example, Brookhart,* 1 ethylene and polar vinyl monomers. Although a suggestion

Drent,® Jordan, >~ Nozaki,>'%'%'® Chen,'”~2° and Carrow?! based on the polymerization data that strongly donating
) ) ) )

phosphines would improve the catalyst performance was made,
there were no further experiments to explicitly measure or
quantify ligand donor parameters for that system.
Structure—function relationships are powerful tools for
catalyst design. To this end, there have been numerous

have shown success in copolymerization of simple olefins with
polar comonomers.”>~>* Most relevant to the work presented
here, the Nozaki-type and Chen-type catalysts are comprised
of a square planar palladium(II) center and chelating
bisphosphinemonoxide (BPMO) ligands (Figure 1).

To improve upon current late-metal catalysts, it is important

to understand the electronic factors within these systems and Received: August 16, 2023
how they relate to the final polymer properties. In their initial Revised:  January 11, 2024
report, Nozaki"” and co-workers found that incorporating Accepted:  January 12, 2024

different R groups on the BPMO ligand led to different Published: January 31, 2024
molecular weights and branching properties in the obtained
polymers (Figure 1). It was found that incorporating electron-
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attempts to develop universal metrics that can quantitate the
steric and electronic properties of ligands. Most famous is the
work of Tolman wherein he measured the donor properties of
70 phosphorus ligands bound to nickel tricarbonyl.”> The
derived Tolman electronic parameter (and related computa-
tional electronic parameter derived from DFT), based on the
principle of carbonyl back-bonding, has been expanded to
encompass a vast assortment of ligands and is now a standard
offering in any introductory class in organometallic chem-
istry.m’27 However, this system is best applied for monodentate
phosphine ligands, not the BPMO ligands that are the targets
of this study.

Other ligand parameters have been developed for targeted
purposes. Our group recently published several papers in
which the donor power of aluminum-containing ligands bound
to late transition metals has been explicitly measured using
carbonyl stretching frequency as the electronic probe.”® A
rthodium dicarbonyl fragment has been exploited by Crabtree
et al. to measure the donor power of N-heterocyclic
carbenes.”” Ligand donor parameterization has also been
explored in early-metal systems by Odom using a different
methodology.”® The work of Odom suggests that measure-
ments of donor parameters are most useful when the system
used to interrogate ligand properties is a mimic of that used in
catalysis.

Ligand steric effects have also been extensively studied, with
standard metrics such as percent buried volume, cone angle,
and bite angle featuring prominently. The vast amount of
experimental steric and electronic data available for simple
ligands has led to the development of machine-learning-driven
computational protocols, which can now be used to predict
some ligand properties without the need for tedious syn-
thesis.”' =

Most relevant to this work, there have been several attempts
to develop a structure—function relationship between P—O
ligands and the resulting catalytic activity in late-metal
polymerization systems. Carrow related the activity of a series
of BPMO ligands to percent buried volume and the CO stretch
of a Rh(CO)Cl species in which the CO was located trans to
the phosphine oxide/phosphoramide of interest. Mecking has
found a strong correlation between phosphine donor power
and polymer molecular weight in ethylene copolymerization,
and Nozaki has found a relationship between ligand steric
properties and polymerization outcomes in Drent-type
phosphine sulfonate catalysts.”**> Nozaki and Sigman used
statistical analysis to explore the catalytic performance of
Drent-type phosgphine sulfonate palladium catalysts for
copolymerization.” 037 Using machine learning, some compo-
nents and parameters of a “useful” ligand were identified.*®
However, even with acknowledging these useful contributions,
there is a need for experimentally derived ligand parameters.
Additional metrics, which are easy to implement and provide
reliable electronic information, can be used as both standalone
predictors of catalyst behavior and incorporated into the
workflow of machine learning systems to allow for better
refinement.

Herein, we report a new system for electronically parameter-
izing ligands bound to platinum group metals. A drawback to
the Vaska system studied previously by our group is that it is
impractical for chelate ligands such as the BPMOs used in late-
metal olefin polymerization catalysis. Thus, an alternative
measure is required. Given that palladium(II) and nickel(II)
systems are employed catalytically, we posited that electronic
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data generated from a platinum(II) analogue would provide an
appropriate model. Specifically, we envisioned complexes of
the type [Pt(L)(bpy)]** (L = BPMO ligand, bpy = 2,2’
bipyridine; Figure 2) which are easily investigated via UV—vis

X@ T, x T)(OTF), oty
~ N-RPh, N PPh;
(IPr)ZP\ /O Ph F; Ro 2 PhZP\Pt,O
/Pt\ AR, N/ \N
N N Pt / N /_\
— — 7 N\ = —
7
X=H,1 = =
X= OMe, 2 X = H, 3
X =0Me, 4
X =Me, 5
X=0H,6

Figure 2. [Pt(L)(bpy)]*" complexes investigated in this study.

spectroscopy. The maximal energy of the low-energy d — 7*
MLCT transition is known to be quite sensitive to the
electronic nature of the supporting, nonbipyridine ligand.***”
We additionally hypothesized that chemical shift data from
Pt NMR spectroscopy would provide complementary
electronic information regarding the donor ability of the
BPMO ligands.** Though we were ultimately unable to obtain
experimental '”*Pt NMR data for the complexes (see below),
both absorbance data and NMR data have been modeled using
density functional theory (DFT) methods to augment the
experiment. We believe that our experimental evaluation of
electronic parameters will complement the computational
methods demonstrated in the literature®® and allow for rapid
experimental prescreening of potential chelate ligands for late-
metal polymerization catalysts.

B RESULTS AND DISCUSSION

Synthesis. Synthetic procedures for the desired [Pt(bpy)-
L]*" complexes 1—7 were adapted from the palladium catalyst
syntheses of Chen” and Nozaki" (for full synthetic protocols,
see the Experimental Details). Complexes 1—6 were obtained
from 4-substituted anilines (Schemes 1 and 2). To obtain the
desired BPMO ligands, the aniline derivatives were allowed to
react with one equivalent of n-butyllithium (1.6 M in hexanes)
followed by one equivalent of diphenylphosphinic chloride.
Crude phosphoramide was obtained and used in the
subsequent step after the removal of water-soluble byproducts.
To obtain the BPMO, phosphoramide was allowed to react
with n-butyllithium, (Scheme 1, step 2; Scheme 2, step 4) and
then 1 equiv of the appropriate chlorophosphine. Filtration
through a silica plug yielded crude BPMO as a white solid.

The final platinum complexes 1 and 2 (diisopropylphos-
phine) and 3—6 (diphenylphosphine) were obtained from the
reaction of the crude BPMO and Pt(bpy)CL."" AgOTf was
utilized to facilitate the dissociation of chloride ligands. After
workup, complexes 1—5 were obtained as yellow solids.
Interestingly, after coordination with platinum, the MOM
group is cleaved from the resulting platinum dication, yielding
phenol complex 6. Complex 6 is obtained as a pink solid.

Complex 7, an analogue of the Nozaki catalyst,'> was
obtained through a similar reaction protocol (Scheme 3).
Acetone was found to be a superior solvent to methylene
chloride for this reaction, and celite filtration was found to
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Scheme 1. Syntheses of Complexes 1—5
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Scheme 3. Synthesis of 7 As noted in the Introduction section, Pt"(bpy)L complexes are
well-known to undergo strong MLCT absorption under UV—
~ oty R )
vis irradiation. The absorbance maximum of the low-energy
1,2-dibromoethane oPh feature of the CT band has been previously shown to be
PPh, P(rjq(:g:)z PPh, Pt/(l‘l;poy_)r(f:lz pth\Pt_'é ’ dependent on the donor capacity of the supporting ligand.*
— - N Exploiting this knowledge, we conducted UV—vis absorbance
PPh, H,O/DCE PPh, Acetone / N N_\ . . Toes
80°C.7h L 24, <:>—<:> experiments on all complexes to determine the donor abilities
T of our BPMO ligands. The spectral data can be found in
' Figures 3 and 4, and a tabulation of 4, for the low-energy
MLCT feature is provided in Table 1. Calculated extinction
work well during workup (as opposed to silica; see the coefficients are consistent with a weak charge-transfer band
Experimental Details section). Interestingly, when filtration is and with computational data (see below). Plots of absorbance
attempted using a celite plug for 1 and 2, it was noticed that as a function of concentration for each complex can be found
the complexes decomposed. in the Supporting Information.
Electronic Characterization. The value of complexes 1—7 Careful analysis of the experimental data (column 2 in Table
derives from their ability to be utilized as electronic probes for 1) suggests some noticeable trends. First, we will consider the
ligand classes common to late-metal polymerization catalysis. effect of the R groups on the phosphine component of the
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Figure 3. Truncated UV—vis

spectra of complexes 3—6 in dichloromethane solution highlighting the lowest-energy MLCT transition.
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Figure 4. Truncated UV—vis spectra of complexes 1, 2, and 7 in dichloromethane solution highlighting the lowest-energy MLCT transition.

BPMO ligand. When comparing anisidine-derived complexes 2
and 4, it is observed that 4, hypsochromically shifts by 24 nm
(600 cm™) on substitution of diisopropylphosphine with
diphenylphosphine. A similar, though less dramatic, blue shift
on changing from isopropyl substituents to phenyl substituents
is seen for the aniline complexes 1 (370 nm, 27 000 cm™") and
3 (362 nm, 27 600 cm™'). These data are consistent with the
isopropyl phosphine serving as the stronger donor to the
platinum center, as stronger ligand donors would be expected
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to absorb at lower energy due to destabilization of the
occupied metal d orbital involved in the MLCT transition.>**’
It is not surprising to find that diisopropylphosphine
complexes 1 and 2 contain stronger donors than diphenyl-
phosphine analogues 3 and 4, as it has long been established
that alkyl phosphines are stronger electron donors than aryl
phosphines.

We also sought to understand the electronic effect of
substitution of the aniline aryl ring in Chen-type catalysts. The

https://doi.org/10.1021/acs.inorgchem.3c02869
Inorg. Chem. 2024, 63, 2888—2898
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Table 1. Tabulated Electronic Data for Complexes 1—7 in Dichloromethane Solution

max max € Ammax Az 195pt NMR chemical shift
complex  (nm, measured, + 4) (em™, measured) M tem™) (nm, calculated) (nm, calculated) (ppm, calculated)
1 370 27 000 85 286.3 324.4 —3759
2 364 27 500 286 283.5 321.6 —3748
3 362 27 600 868 284.6 294.0 —3858
4 340 29 400 1344 284.6 294.7 —3845
S 364 27 400 379 284.3 294.7 —3843
6 336 29 800 780 284.3 294.1 —3864
7 394 25400 1445 284.1 327.7 —3848
Taft Inductive Parameterization
0.35
0.3 y=0.0001x - 4.1226 e OH
R? = 0.9905 iy
025 OMe
0.2
0.15
9
0.1
0.05
H
0 /I
-0.05 L
Me
-0.1
26500 27000 27500 28000 28500 29000 29500 30000 30500 31000

Energy of Ay (cm™)

Figure S. Correlation between o7 and absorption energy of complexes 3—6.

energies of the charge-transfer transitions for complexes 3—6
are 27 600, 29 400, 27 400, and 29 800 cm™}, respectively. This
indicates that absorption energy increases as R = Me < H <
OMe < OH. As noted above, a higher-energy absorption is
consistent with an electron-withdrawing effect due to
stabilization of the occupied d orbitals at Pt.*® These data
are inconsistent with a resonance donor effect, as OMe and
OH would be expected to be stronger donors than Me or H
based on resonance. Unsurprisingly, a plot of observed
absorption energies against the standard Hammett o, values
yields a poor inverse correlation (see the Supporting
Information). Structurally, this makes sense, as there is weak,
if any, m-conjugation between the aniline ring and the
phosphorus atom bound to the metal center. We, thus,
hypothesized that inductive effects play the dominant role in
determining the electron donor ability of the aniline ring.
Gratifyingly, a plot of absorption energy against the Taft
inductive parameter42 (oy) yields a strong positive correlation
(Figure S). Substituents that are strongly inductively with-
drawing (—OH, —OMe) yield the highest-energy transitions,
as is expected.

The beauty of this electronic parameterization method is
that it can be extended across platforms to draw comparisons
between Chen-type'” and Nozaki-type BPMO ligands.'> UV—
vis data show that the Nozaki ligand complex 7 possesses a
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lower-energy absorption feature than any of the Chen-type
complexes 1—6. This is consistent with the nitrogen bridge in
the Chen-type BPMO framework serving as a relative electron-
withdrawing functionality compared to the arene bridge in
Nozaki-type complex 7. Notably, both 2 and 7 contain phenyl
rings appended to the phosphines, indicating that the
difference in the bridging moiety must be responsible for the
electronic change.

With a reliable experimental protocol in hand, we then
sought to develop a computational model to support our
experimental spectroscopic observations. We determined the
electron donor ability of the ligands using two computational
metrics: absorbance maxima derived from TD-DFT and
calculated '”*Pt NMR chemical shifts.** Each calculated metric
was then compared with the experimentally derived UV—vis
absorption data to determine how well the calculated data
correlated with the experiment. [NOTE: despite many
attempts, experimental Pt chemical shift data could not be
obtained via either direct or indirect methods due to the fast
quadrupolar relaxation of the Pt center by the strongly coupled
"N atoms of the bipyridine ligand.]

Geometry optimizations of the various complexes were
performed with ZORA-based DFT using the PBEO functional
(see the Synthetic Methods section). For all complexes
discussed in this work, we discovered a surprising structural

https://doi.org/10.1021/acs.inorgchem.3c02869
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Figure 6. Three isoenergetic 3D structures of complex 4. Hydrogen atoms are omitted for clarity. The left and middle structures are rotamers, with

the OCH; group rotated by 180°.
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Figure 7. Comparison of theoretical UV—vis transitions with experimentally observed values (nm). Trend lines for A, (blue) and 4,, (red) are

plotted separately.

depth to the species due to the existence of energetically
degenerate isomers arising from the conformational flexibility
of the Pt—P—N—-P—O metallacycle. Additionally, nearly
degenerate hydroxy and methoxy rotamers of 2, 4, and 6
were located, and several local minima of 1 and 2 could be
obtained depending on the coupled orientation of the two
isopropyl groups. An illustrative example of the conformers
considered for complex 4 is provided in Figure 6. With the
exception of complex 6, where one pair of the four structures is
1.0—1.1 kcal mol™" higher in energy than the other pair, all
isomers/rotamers of each complex are within 0.048 kcal mol™*
of the global minimum. To effectively correlate with
experimental solution data, where degenerate conformers
with a negligible barrier rapidly interchange, we considered
the average calculated data of 2 isomers for complexes 1, 3,
and § or an average of 4 structures (2 isomers x 2 rotamers) for
complexes 2, 4, and 6. Boltzmann averaging of the four
structures of complex 6 produces nearly identical results to
simple averaging of the UV—vis and chemical shift values in
Table S1 (see the Supporting Information).

The right structure is a conformer of the middle structure
arising from the inversion of the phosphorus and nitrogen
centers. A fourth structure (not shown) is a rotamer of the
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right-side structure, with the OCHj; group rotated by 180°.
While the electronic energies of the four structures differ by
only a maximum of 0.048 kcal/mol, the computed '**Pt NMR
chemical shifts range from —3854 to —3841 ppm.

We first compared computed UV—vis properties (TD-DFT
simulated spectra for all complexes provided in Figure S1) to
experimental data. We sought a correlation between two
calculated values: transition energies corresponding to the
singlet—singlet excitation with the largest oscillator strength
above 280 nm (Figure 7, blue) and the singlet—singlet
excitation corresponding to a transition dominated by the 5d
occupied orbital (Figure 7, red) are listed in Table 1 (4,,,, and
Aq calculated, respectively). From the data in Figure 7 (blue),
there is no correlation between the excitations selected by
computed maximum oscillator strength energy values and the
experimentally observed A,,,,.

Next, wavelengths of transitions identified as originating
from the occupied Pt Sd.> molecular orbital (4, in Table 1)

were plotted against experimental A, (Figure 7, red). This is
the orbital transition that has been historically postulated to
lead to the experimentally observed low-energy charge-transfer
transition in complexes of the type Pt(bpy)X, (X = X-type
ligand).”® The computed A4 values of diisopropylphosphine

https://doi.org/10.1021/acs.inorgchem.3c02869
Inorg. Chem. 2024, 63, 2888—2898


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02869/suppl_file/ic3c02869_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02869/suppl_file/ic3c02869_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02869?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02869?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02869?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02869?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02869?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02869?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02869?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02869?fig=fig7&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c02869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

400 +

390

)
®
S

()
2
S5

Experimental UV-vis A, (nm)

6m

330

-3880.0 -3860.0 -3840.0

-3820.0

-3800.0 -3780.0 -3760.0 -3740.0

Calculated Chemical Shift of 1Pt NMR Resonance (3, ppm)

Figure 8. Comparison of calculated Pt NMR chemical shifts with measured absorbance maxima.

complexes 1 and 2 are clustered between 320 and 324 nm, and
transitions of complexes diphenylphosphine complexes 3—6
range from 294 to 295 nm, consistent with the experimentally
observed blue shift on moving from isopropyl to phenyl
substitution at the phosphine substituent. The overall
correlation between the calculated energy of the d — #*
transition and the observed experimental absorbance energy is
modest (R* = 0.56). There are two plausible reasons for this.
First, as the d — #* transition shifts to higher energy, it gets
close in energy to the large charge-transfer feature present in all
Pt(bpy)** complexes. Accurate determination of A, is thus
increasingly difficult as the donor ability of the BPMO ligand
becomes weaker. Second, as the transition moves to higher
energy, in the limiting case, it will cease to be the lowest-energy
component of the experimentally observed shoulder. This is,
notably, not an issue for strong donor ligands (complexes 1, 2,
and 7 and Pt(bpy)X, complexes studied previously by
Puddephatt)*® where the d — 7* is further out in the visible
region of the spectrum but can manifest more readily for very
weakly donating ligands. These caveats do not cause us to
doubt the validity of our parameter or the trends presented but
serve as a reminder that this metric is not without limitations.

We then sought to establish whether an alternative
computational metric, **Pt NMR shift, showed any correlation
with experimental data. While a linear relationship may not
necessarily be expected between the two measurements, '**Pt
chemical shifts are known to be highly sensitive to electronic
changes in supporting ligands.”” Our endeavor was immedi-
ately complicated by the conformational complexity of the
BPMO ligands. Using ZORA defaults, calculated '**Pt NMR
chemical shifts for seemingly isoenergetic structures of a single
complex were observed to differ by up to 110 ppm. Larger
DFT integration grids (keyword DEFGRID) than those
specified by default are necessary to compute accurate NMR
properties for molecules with very heavy atoms like Pt.
Calculated properly, differences in computed 195pt NMR
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chemical shift values show differences of 4—22 ppm. Though
small, these differences in chemical shift values contribute
some uncertainty to the correlation plot (Figure 8).

As can be seen, computed chemical shifts cluster for Chen-
type complexes bearing phenyl substituents on the associated
phosphines (3—6) and those bearing isopropyl substituents
(1-2). This suggests that our employed computational
methods are sufficient to distinguish between substituents
bound to the phosphine moiety. There does not appear to be
any useful correlation between the measured chemical shift and
the identity of the X group bound to the aniline functionality,
though it should be noted that the spans of calculated chemical
shifts within complexes 1—6 are 12 and 21 ppm, respectively,
which is likely within the experimental error of the calculation.
Interestingly, the calculated NMR chemical shift for complex 7
is an outlier, grouping with complexes 3—6 rather than
displaying the strong donor properties observed in the
experimental UV—vis data. This result is also in direct contrast
to the calculated 4,,, which tracks nicely with the experiment

and predicts the Nozaki ligand to be a relatively strong donor.
We do not yet know the reason for this discrepancy. Current
studies are underway on a companion system for which '*>Pt
NMR data can be obtained to determine if this observation
extends to the experiment.

Overall, our results demonstrate that computational
methods are sufficient for the accurate prediction of a ligand
donor strength as a function of the R-group bond to
phosphorus. We cannot make the same claim that computa-
tional methods accurately capture the experimentally observed
effect of R-group substitution on the aniline backbone of
complexes 1—6. Conformational flexibility and the correspond-
ing uncertainty imparted on computed data, particularly '**Pt
NMR chemical shifts, in the chosen model complex may
prevent sufficient accuracy from being obtained to make these
distinctions. We can, however, distinguish the electronic
contribution of the aniline-bound functional groups exper-
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imentally, and a clear trend emerges that suggests that
inductive effects are the dominant contributor to the electron
donor power of the ligands.

B CONCLUSIONS

In this report, we have established a simple method for
experimentally quantifying ligand electronic effects in BPMO
ligands. Our data support the logical conclusion that alkyl
phosphines should serve as stronger electron donors to the
metal center in BPMO complexes. Both experimental and
computational data (UV—vis and Pt NMR chemical shift)
can readily distinguish between phosphine R substituents.
Additionally, experimental data suggest that substituent effects
on the aniline component in Chen-type BPMO ligands are
inductive in nature, though this trend could not be modeled
effectively computationally. This is likely due to the small range
of calculated UV—vis absorption maxima and '*Pt chemical
shift data for each family of complex and the inherent
conformational flexibility of the BPMO ligand framework
adding uncertainty to the calculations. The larger calculated
difference between complexes 1—6 in the chemical shift
highlights the sensitivity of '*Pt NMR to functional group
changes and emphasizes the need to generate a companion
system for which the '"Pt NMR spectra can be reliably
obtained experimentally. Work toward this goal, and the
overall long-term goal of correlating measured donor
parameters with polymerization data, is currently ongoing.

B EXPERIMENTAL DETAILS

Synthetic Methods. Syntheses and manipulations were per-
formed in a nitrogen-filled Inert Technologies glovebox or using
standard Schlenk techniques unless otherwise specified. Deuterated
solvents were purchased from Cambridge Isotope Laboratories, dried
over molecular sieves or calcium hydride, and stored in a glovebox
over molecular sieves prior to use. Dichloromethane, tetrahydrofuran,
toluene, and pentane were dried on a Grubbs-type solvent purification
system. Organic solvents were procured from commercial sources,
dried using standard methods (Na, CaH) or on a Grubbs-type solvent
purification system,* and stored in a nitrogen glovebox. All other
reagents were purchased from commercial sources and used without
further purification unless specified. Phosphine reagents were stored
in a nitrogen glovebox prior to use. 1-(Methoxymethoxy)-4-
nitrobenzene and 4-(methoxymethoxy)aniline were synthesized
according to methods established in the literature.** 1,2-Bis-
(diphenylphosphino)benzene monoxide (dppBzO) was synthesized
according to methods established in the literature.* Procedures for
ligand synthesis have been adapted from known methods of Chen and
Nozaki"™'” and can be found in the Supporting Information. 'H,
BC{'H}, and 3'P{'H} NMR spectra were recorded on a 400 MHz
JEOL spectrometer and referenced to the residual solvent peak (*H,
BC{'H}) or an external standard (*'P{'H}). High-resolution mass
spectra were recorded on a Waters SYNAPT quadrupole-time-of-
flight instrument housed at the University of Memphis. Elemental
analyses were conducted at the University of Memphis on a CE
Elantech FlashSmart elemental analysis system. UV—vis data were
recorded on a PerkinElmer Frontier FT-IR spectrometer in a
dichloromethane solution.

General Procedure for Metalation of BPMO Ligands
(Complexes 1 and 2). Under an inert atmosphere, Pt(bpy)Cl,
(0.12 mmol) was added to a flask and dissolved in 25 mL of CH,CL,.
Silver triflate (0.23 mmol) was then dissolved in minimal CH,Cl,,
added to the reaction, and stirred for 5 min. In a separate flask, the
appropriate BPMO (0.12 mmol) was dissolved in 10 mL of CH,Cl,.
The ligand solution was then added to the flask containing
Pt(bpy)Cl, and silver triflate, and the mixture was stirred at room
temperature for 24 h in the absence of light. The resulting suspension
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was filtered through a 0.22 um syringe filter, and the solvent was
removed in vacuo. The solid was then washed with hexane and diethyl
ether to remove residual phosphine impurities. The complexes were
then obtained as yellow solids. In some preparations, additional
filtration is required to remove residual silver salts, as indicated by a
darker color of the obtained solids. When needed, solids are
redissolved in dichloromethane, passed through an additional syringe
filter, and dried.
[Pt(bpy),(N-(diisopropylphosphaneyl)-N,P,P-triphenylphosphinic
Amide)][OTf], (1). (Yield: 0.042 g 38%) 'H NMR (400 MHz,
acetone-dg) § 9.15—9.10 (m, 1H), 8.99 (d, ] = 6.0 Hz, 1H), 8.88—
8.79 (m, 2H), 8.62—8.55 (m, 2H), 8.02 (t, ] = 6.6 Hz, 1H), 7.97—
7.87 (m, 6H), 7.71 (dt, J = 8.0, 3.9 Hz, 4H), 7.65—7.53 (m, 2iH),
746 (t, ] = 7.7 Hz, 2H), 7.09 (d, ] = 7.9 Hz, 2H), 3.35—3.21 (m, 2H),
1.68 (dd, J = 20.3, 7.1 Hz, 6H), 1.18 (dd, J = 16.8, 6.9 Hz, 6H). 3'P
NMR (162 MHz, acetone-dg) 6 96.63 (d, J = 20.9 Hz), 67.01 (d, ] =
20.8 Hz). ESI-MS calculated for [M-OTf]": 909.16, measured:
909.12. Elemental analysis: calculated: C 40.84, H 3.52, N 3.97;
obtained: C 40.23, H 3.91, N 4.04.
[Pt(bpy),(N-(diisopropylphosphaneyl)-N-(4-methoxyphenyl)-P,P-
diphenylphosphinic Amide)J[OTf], (2). (Yield: 0.035 g, 35%) 'H
NMR (400 MHz, acetone-dq) § 9.13 (td, ] = 3.9, 1.9 Hz, 1H), 9.02—
8.98 (m, 1H), 8.87—-8.80 (m, 2H), 8.59 (tdd, J = 7.8, 6.2, 1.4 Hz,
2H), 8.06—8.00 (m, 1H), 7.98—7.88 (m, 6H), 7.77—7.68 (m, 4H),
7.51-7.43 (m, 1H), 6.97 (s, 4H), 3.80 (s, 3H), 3.25 (m, 2H), 1.67
(dd, J = 20.1, 7.1 Hz, 6H), 1.19 (dd, ] = 16.7, 6.9 Hz, 6H). >'P NMR
(162 MHz, acetone-dg) § 71.59 (d, J = 33.8 Hz), 64.92 (d, ] = 33.8
Hz). ESI-MS calculated for [M-OTf]*: 939.17, measured: 940.13.
Elemental analysis: calculated C 40.81, H 3.61, N 3.86; measured C
41.59, H 4.02, N 3.96.
[Pt(bpy),(N-(diphenylphosphaneyl)-N,P,P-triphenylphosphinic
Amide)][OTf], (3). (Yield: 0.35 g 30%) '"H NMR (400 MHz, acetone-
dg) 6926 (ddd, J = 5.6, 4.1, 1.5 Hz, 1H), 8.84 (d, J = 8.0 Hz, 1H),
8.74 (dd, J = 8.1, 1.6 Hz, 1H), 8.62 (td, ] = 7.9, 1.5 Hz, 1H), 8.39 (td,
J =79, 1.4 Hz, 1H), 8.26—8.17 (m, 4H), 8.12 (dd, ] = 7.6, 5.8 Hz,
1H), 7.99—7.81 (m, 8H), 7.75—7.64 (m, 8H), 7.62—7.56 (m, 1H),
7.51-7.45 (m, 1H), 7.34 (td, ] = 7.4, 6.8, 2.4 Hz, 1H), 7.12 (t, ] = 7.9
Hz, 2H), 6.41 (dd, J = 8.5, 1.5 Hz, 2H). P NMR (162 MHz,
acetone-dg) 5 96.08 (d, ] = 24.0 Hz), 65.82 (d, ] = 24.0 Hz). ESI-MS
calculated for [M-OTf]": 977.82, measured: 978.12. Elemental
analysis: calculated C 44.77, H 2.95, N 3.73; measured C 44.60, H
3.65, N 3.97.
[Pt(bpy),(N-(diphenylphosphaneyl)-N-(4-methoxyphenyl)-P,P-di-
phenylphosphinic Amide)][OTf], (4). (Yield 0.055, 46%) 1H NMR
(400 MHz, acetone-d6) § 9.27—9.18 (m, 1H), 8.86—8.80 (m, 1H),
8.76—8.70 (m, 1H), 8.60 (td, ] = 8.0, 1.6 Hz, 1H), 8.38 (td, ] = 8.0,
1.4 Hz, 1H), 8.21 (ddd, J = 13.1, 8.5, 1.3 Hz, 4H), 8.12—8.04 (m,
2H), 7.99—7.88 (m, 6H), 7.87—7.82 (m, 2H), 7.74—7.65 (m, 9H),
7.48 (m, 1H), 7.40 (m, 1H), 6.63 (d, J = 9.1 Hz, 2H), 6.29 (d, ] = 9.1
Hz, 2H), 3.67 (s, 3H).>'P NMR (162 MHz, acetone-dq) 6 70.45 (d, J
= 37.8 Hz), 64.88 (d, ] = 37.8 Hz). ESI-MS calculated for [M-OTf]":
1007.84, measured: 1008.11. Elemental analysis: calculated C 44.64,
H 3.05, N 3.63. Measured C 44.04, H 3.48, N 3.87.
[Pt(bpy),(N-(diphenylphosphaneyl)-P,P-diphenyl-N-(p-tolyl)-
phosphinic Amide)][OTf], (5). (Yield: 0.032g, 47%) 'H NMR (400
MHyz, chloroform-d) § 8.94 (t, ] = 4.9 Hz, 1H), 8.59 (d, ] = 8.2 Hz,
1H), 8.49 (d, J = 8.1 Hz, 1H), 8.36—8.28 (m, 1H), 8.18—8.02 (m,
1H), 7.98 (dd, J = 13.2, 7.7 Hz, 4H), 7.82—7.68 (m, 8H), 7.58—7.68
(m, 10H), 7.33—7.18 (m, 1H overlapping with the solvent peak), 6.79
(d, J = 8.1 Hz, 2H), 6.02 (d, J = 8.0 Hz, 2H), 2.21 (s, 3H). >'P NMR
(162 MHz, acetone-dg) § 71.13 (d, J = 35.3 Hz), 64.68 (d, ] = 35.4
Hz). ESI-MS calculated for [M-OTf]*: 977.76, measured: 977.19.
Calculated C 45.27, H 3.09, N 3.68. Measured C 48.00, H 4.02, N
3.33. This is consistent with 1 pentane of crystallization (C 47.53, H
3.91, N 3.46).
[Pt(bpy),(N-(diphenylphosphaneyl)-N-(4-hydroxyphenyl)-P,P-di-
phenylphosphinic Amide)J[OTf], (6). (Yield: 0.033 g, 26% of pink
solid) 'H NMR (400 MHz, acetone-d6) & 9.25 (td, ] = 4.8, 4.0, 1.5
Hz, 1H), 8.84 (d, ] = 8.2 Hz, 1H), 8.74 (dd, ] = 8.2, 1.5 Hz, 1H), 8.62
(td,J =79, 1.5 Hz, 1H), 8.40 (td, ] = 7.9, 1.4 Hz, 1H), 8.32 (dd, J =
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6.4, 3.0 Hz, 1H), 8.26—8.16 (m, 4H), 8.15—8.09 (m, 1H), 7.99—7.87
(m, 6H), 7.87—7.81 (m, 1H), 7.70 (qd, ] = 8.0, 3.8 Hz, 8H), 7.53—
7.45 (m, 2H), 6.53 (d, J = 8.9 Hz, 2H), 6.21—6.14 (m, 2H). 'P NMR
(162 MHz, acetone-dg) 5 70.20 (d, J = 38.7 Hz), 64.57 (d, J = 38.8
Hz). ESI-MS calculated for [M-OTf]*: 993.81, Measured: 993.08.
Elemental analysis: calculated: C 44.14, H 2.91, N 3.68; Measured C
44.55, H 3.43, N 4.00.

[Pt(bpy)(dppBzO)](OTf), (7). Pt(bpy)Cl, (100 mg, 1 equiv) was
dissolved in 15 mL of acetone, and the solution was sparged with
nitrogen. In a separate container, AgOTf (122 mg, 2 equiv) dissolved
in 10 mL of acetone was sparged with nitrogen, and then the solution
was added to the Pt(bpy)Cl, suspension. In a separate container,
dppBzO (102 mg, 1 equiv) was dissolved in 15 mL of acetone and
added to the mixture of Pt(bpy)Cl, and AgOTf. The reaction vessel
was wrapped in foil to protect from light and heated to reflux for 2 h.
The reaction mixture was filtered over celite to remove AgCl, and the
pale yellow solution was evaporated to dryness to give a yellow solid.
Further purification to remove phosphine impurities was achieved by
washing the solid with hexane and diethyl ether (yield: 0.080 g, 30%)
"H NMR (400 MHz, acetone-dg) § 9.21 (t, ] = 4.9 Hz, 1H), 8.82 (d, J
=82 Hz, 1H), 8.68 (d, ] = 8.2 Hz, 1H), 8.61 (t, ] = 8.0 Hz, 1H), 8.31
(t, J=7.9 Hz, 1H), 8.12 (t, ] = 6.4 Hz, 1H), 8.07 (t, ] = 7.2 Hz, 1H)
7.96 (dd, J = 13.3, 7.8 Hz, 6H), 7.87—7.92 (m, 1H), 7.78 (t, ] = 7.7
Hz, 2H), 7.67 (dd, ] = 13.3, 7.6 Hz, 6H), 7.52 (m, 9H) 7.25 (t, ] = 8.0
Hz, 1H). 3'P NMR (162 MHz, acetone-dy) & 53.73 (d, ] = 20.2 Hz),
229 (d, J = 20.4 Hz). ESI-MS [m/z]" calculated for [M-OTf]":
962.81, measured: 962.03. Elemental analysis: calculated C 45.37, H
2.90, N 2.52; measured C 46.61, H 3.39, N 2.49. This is consistent
with one associated diethyl ether molecule (C 46.59, H 3.57, N 2.36).

Method for Obtaining UV-Vis Data for Complexes 1-7.
UV—vis data were recorded in dichloromethane solution across a
concentration range from 0.125 to 1 mM. Data were recorded using a
1 cm glass cuvette stoppered with a septum to prevent air from
entering the sample during analysis.

Computational Methods. The electronic structure of the
investigated complexes was executed utilizing density functional
theory (DFT) with the PBE0*>*’ functional and an atom-pairwise
dispersion correction via the Becke—Johnson damping scheme
(D3B)).*** All computations were performed using the ORCA
software package (version 5.0.4).*° The ZORA-TZVP basis sets were
employed for H, C, N, O, and P atoms, while the SARC-ZORA-
TZVP basis sets were utilized for the Pt atom.”* To account for
relativistic effects in the geometry optimizations and calculation of
NMR chemical shifts, the zero-order regular approximation (ZORA)
methodology was implemented.>™° The gauge-including atomic
orbital (GIAO) scheme has been utilized in the calculations of **Pt
NMR chemical shifts to ensure the gauge-independent condition.**”
Analytical calculation of the Hessian matrix for the optimized
structures confirmed the presence of appropriate minima (the
absence of imaginary harmonic vibrational frequencies). A hybrid
approach incorporating the resolution of identity and chain of sphere
exchange algorithms (RIJCOSX) was applied®® to reduce computa-
tional effort. Self-consistent field (SCF) calculations were tightly
converged (keyword = TightSCF). A large DFT integration grid size
(keyword = DefGrid3) was necessary to obtain reliable Pt NMR
chemical shifts. Solvent effects in the computations were considered
using the conductor polarizable continuum model (CPCM).>® The
dichloromethane solvent parameters were used and characterized by a
dielectric constant (&) of 9.08 and a refraction index (n) of 1.424. For
the Pt chemical shifts, [PtCl,]>~ was selected as the reference
compound (calculated at the same level of theory), which itself has an
experimental chemical shift between 1600 and 1630 ppm compared
to the primary reference complex ion K,[PtCl]. Thus, the anisotropic
shielding values from ORCA were further offset by an empirical value
of +1600 ppm [ = (0 — 1600)— 6].°° Time-dependent DFT
computations (TD-DFT) were run to obtain UV—vis spectra for the
various structures at the same level of theory as geometry
optimizations. Simulated UV—vis spectra were plotted with a
Gaussian line shape and a line width of 8 nm.
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