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Pronounced electronic modulation of
geometrically-regulated metalloenediyne
cyclizationt

Sarah E. Lindahl,? Erin M. Metzger,? Chun-Hsing Chen, ©° Maren Pink®
and Jeffrey M. Zaleski @ *2

Using a diverse array of thermally robust phosphine enediyne ligands (dxpeb, X = Ph, Ph-pOCHs, Ph-pCF3,
Ph-m,CHs, Ph-m,CFs, 'Pr, Cy, and ‘Bu) a novel suite of cisplatin-like Pt(1) metalloenediynes (3, Pt(dxpeb)Cl,)
has been synthesized and represents unique electronic perturbations on thermal Bergman cyclization
kinetics. Complexes 3e (Ph-m,CFs) and 3f (Pr) are the first of this structure type to be
crystallographically characterized with inter alkyne termini distances (3e: 3.13 A: 3f: 3.10 A) at the lower
end of the widely accepted critical distance range within which enediynes should demonstrate
spontaneous ambient temperature cyclization. Despite different electronic profiles, these
metalloenediynes adopt a rigid, uniform structure suggesting complexes of the form Pt(dxpeb)Cl, have
orthogonalized geometric and electronic contributions to thermal Bergman cyclization. Kinetic
activation parameters determined using *!P NMR spectroscopy highlight the dramatic reactivity and
thermal tunability of these complexes. At room temperature, the half-life (t») of cyclization spans
a range of ~35 hours and for the aryl phosphine derivatives, cycloaromatization rates are 10-30 times
faster for complexes with electron donating substituents (3b: Ph-pOCH=; 3d: Ph-m,CHsz) compared to
those with electron withdrawing substituents (3c: Ph-pCFz; 3e: Ph-m,CF3z). Computational interrogation
of the aryl phosphine metalloenediynes 3a—3e reveals that the origin of this precise electronic control
derives from electronic withdrawing group-mediated alkyne carbon polarization that amplifies
coulombic repulsion increasing the cyclization barrier height. Additionally, mixing between the in-plane
m-orbitals and the phosphine aryl ring system is pronounced for complexes with electron donating
substituents which stabilizes the developing C-C bond and lowers the activation barrier. This 7t-orbital
mixing is negligible however, for complexes with electron withdrawing substituents due to an energetic
mismatch of the orbital systems. Overall, this work demonstrates that for geometrically rigid frameworks,
even remote enediyne functionalization can have pronounced effects on activation barrier.

that generates the reactive 1,4-phenyl diradical species
responsible for biological potency. Despite being known for

Over 30 years ago, the discovery of the unprecedented,
enediyne-containing natural products*® introduced the world
to the biologically active 1,5-diyne-3-ene functionality whose
seemingly esoteric cyclization reactivity was described by
Masamune’ and Bergman® over a decade prior. Currently, 14
enediynes and 5 cycloaromatized compounds have been struc-
turally characterized,”” verifying the unique diyne-ene motif
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decades, enediynes are still on an upward trajectory and have
not yet reached their peak impact. As evidence, two second-
generation antibody-conjugated forms of calicheamicin (Mylo-
targ and Besponsa) have been approved by the FDA (Mylotarg
reapproved) in 2017 and show low nanomolar-to-picomolar
activity against acute myeloid and lymphoblastic leuke-
mias.'>*®" Other enediyne-containing conjugates have been
approved outside the US or are currently in development and
show cytotoxicity limits in comparable ranges.*** The success
of these natural product conjugates is a triumph for a class of
molecules that has struggled to maintain a presence in main-
stream medicinal chemistry. Yet, there are still extensive unmet
challenges: many natural product enediynes react too quickly at
ambient temperature to be directly drugable,® suites of
synthetic analogues with delicately tuned reactivity do not yet
exist, and the role of the enediyne unit in nature is not even well-
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defined. Many of these shortcomings survive because
researchers have yet to fully understand and harness the
geometric and electronic structural parameters responsible for
the fundamental reactivity of the 1,5-diyne-3-ene unit to effec-
tively put constructs beyond natural product enediyne-
conjugates to appropriate use.

One of the most fundamental paradigms describing the base
reactivity of enediynes was established by Nicolaou et al. early
on in the field's development and stated that a critical distance
(d) between alkyne termini existed at which spontaneous ene-
diyne cyclization would occur (d: 3.2-3.31 A).>*** Computational
analysis by Schreiner later supplemented these findings and
expanded the critical distance range, especially the lower limit,
to 2.9-3.4 A.?* Work by Snyder,>**” and later in conjunction with
Magnus,*® also added that differential strain between the
ground and transition states contributes significantly to the
kinetics of cycloaromatization for more complex ring-closed
systems.

Electronic perturbations of the enediyne framework have
also been shown to influence Bergman cyclization kinetics.
Modulation of orbital contributions and energetic dependen-
cies are inherently system-specific and can lead to complex
trends in reactivity outcomes. For example, Semmelhack et al.
demonstrated that incorporation of the -ene- unit into an
aromatic ring stabilizes the base enediyne framework signifi-
cantly and reduces cyclization reactivity.*>*° In a similar vein,
Jones and others have shown that functionalization of the
vinylic positions with o-donating or o/m-withdrawing groups
leads to enhancement or retardation of cyclization, respec-
tively,*** due to differential electron repulsion in the devel-
oping diradical transition state. This result is at first glance
counterintuitive since electron withdrawing substituents,
inductively or through space, should decrease the observed
electrostatic interaction. It can only be rationalized by the
structural disposition of the lone pairs and their field effect®*
relative to the developing diradical and C2---C7 bond. An
analogous polarization argument was employed by Schmittel
et al. to explain differential barrier heights as a function of
alkyne termini substituent. Here, however, distal p-phenyl
substituted electron withdrawing groups play a more traditional
inductive role in reducing the electron repulsion in the transi-
tion state thus lowering the activation barrier to Bergman
cyclization.® This result was later supported and enhanced by
Schreiner et al. who showed that o-withdrawing functionalities
(or m-donors) directly at the alkyne termini engender a parallel
stabilizing influence on the transition state structure by facili-
tating the formation of the benzenoid diradical intermediate
leading to rate acceleration.* It is clear from these demon-
strations that electronic effects are complex and influenced by
both pure electronic (i.e., inductive) as well as spatial (ie.,
proximity) interactions between populated orbitals. These
effects, while significant, are superimposed upon a given
geometric structural reactivity base and further modulate the
observed Bergman cyclization rate.

To further harness the geometric component of the activa-
tion, metal fragment complexation was first realized in the mid-
1990s to provide a highly dynamic, conformational platform for
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activating bound enediyne substrates. Buchwald and coworkers
developed the acyclic enediyne 1,2-bis((diphenylphosphino)
ethynyl)benzene (dppeb) as a ligand for d® Pd(u) and Pt(u) which
generates a square planar geometry and is computationally
determined to have a significantly reduced inter alkyne termini
separation of 3.3 A% This translates to spontaneous thermal
reactivity in solution at ambient temperature for these
complexes in situ, consistent with the original cyclization
paradigm put forth by Nicolaou.

While an ensemble of geometrically-modulated, metal-
mediated Bergman cyclization demonstrations exist, there are
far fewer examples of electronic influences on metal-modulated
enediyne frameworks.***” The thermal cyclization of a Mo(v)
dithiolate-enediyne complex is one of them. Here the high-
valent metal fragment stabilizes the sulfur lone pairs which
eliminates electron repulsion with the developing diradical
species in the transition state. This stabilization lowers the
activation barrier to cyclization as had been previously
demonstrated for the purely organic examples by an analogous
mechanism.>” Although this example relies directly on the
electronics of the metal fragment to influence the cyclization
rate, what we have learned from the organic enediyne reactivity
demonstrations is that substitution of the ligand framework
can also have significant electronic contributions that modulate
the geometry-controlled reactivity set point.

More than a quarter century has passed since Nicolaou,****
Schreiner,” Buchwald,*® and others demonstrated that there
exists a crude geometric critical distance for seemingly dispa-
rate enediyne structures to react spontaneously, and this para-
digm has held ever since. Similarly, it has been nearly as long
since electronic influences on enediyne cyclization have been
established on somewhat independent frameworks.>** Herein
we show that for a Pt(dxpeb)Cl, derivatized suite, these two
control mechanisms can be selectively merged to enhance the
rate of thermally stable constructs or stabilize otherwise spon-
taneously reactive molecules. A key outcome of this systematic
approach is that molecular structures that fall at the lower end
of the historical critical distance threshold now can be crystal-
lized and their structures elucidated in detail, while those that
should be reactive according to that same tenet are stabilized
for extended periods due to the electronic counterbalance.

Results and discussion
Functionalized phosphine enediynes and oxide derivatives

We set to synthesizing a diverse array of phosphine enediyne
ligands bearing both aryl (a: Ph, b: Ph-pOCHj3, ¢: Ph-pCFj3, d: Ph-
m,CH;, and e: Ph-m,CF;) and alkyl (f: 'Pr, g: Cy, and h: ‘Bu)
substituents to better understand the ways in which electronic
substitutions at the alkyne termini work to modulate the acti-
vation barrier to thermal Bergman cyclization. The ligands 1b-
1h were synthesized from a modified procedure established for
the phenyl-substituted phosphine enediyne 1a.*® Generally, to
a solution of the TMS-protected precursor enediyne is added #-
BulLi and the reaction mixture heated to achieve deprotection of
the alkyne. Subsequently, addition of the appropriate CIPR,
reagent leads to isolation of the crude R-group-substituted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of phosphine enediynes (1a—1h) and phosphine oxide derivatives (2a—2h).

phosphine enediyne (Scheme 1). Purification with silica gel
flash chromatography affords these ligands as either pale yellow
solids (1a-1b and 1d-1e) or as yellow oils (1c and 1f-1h). The
phosphine oxide analogues (2a-2h) were intentionally synthe-
sized by the addition of hydrogen peroxide to a solution of
enediyne 1a-1h and their spectroscopic signatures identified,
providing a valuable tool to monitor the oxidation of the ene-
diyne ligands 1a-1h.

Evaluating the *'P NMR chemical shifts of the enediyne
ligands allows us to visualize the extent to which functionali-
zation of the alkyne termini perturbs the chemical environment
of the phosphine. Phosphorus chemical shifts are influenced by
the distribution of electron density in the o-bonds between the
phosphorus atom and its substituents, the degree of w-bonding,
and variations in the C-P-C angles, which provide information
about phosphine basicity.®® Clearly, derivatization with
aromatic (1a-1e) and aliphatic (1f-1h) functional groups yields
a wide range of *'P NMR resonances (Ad ~50 ppm). Despite this
breadth, all enediynes bearing aryl substituents show *'P NMR
shifts < 5 ppm of one another suggesting that the presence of
electron donating and withdrawing groups at various positions
on the terminal phenyl rings does not modulate the basicity of
the phosphine to a considerable extent.

Reducing the flexibility of the phosphine by forming phos-
phine oxide analogues 2a-2h suppresses the variations in the
C-P-C angles, minimizing steric influences on chemical shift,
and allowing for isolation of electronic influences.*® As with
enediynes 1a-1h, large chemical shift differences (>35 ppm) are
observed between the aromatic (2a-2e) and aliphatic substitu-
ents (2f-2h), with the most electron donating R-groups
appearing downfield. For the suite of aryl-substituted ligands,
differences in *'P NMR chemical shift are small (<7 ppm);
however, a clear trend is observed as a function of electron
donating ability which is a mixture of both inductive (¢) and
resonance () effects: 2e < 2¢ < 2a < 2b < 2d. Functionalization of
the aromatic rings at the alkyne termini with electron donating
groups minimally increases the basicity of the phosphine while

© 2025 The Author(s). Published by the Royal Society of Chemistry

the presence of electron withdrawing groups decreases basicity.
While these effects are not as pronounced as those observed
between aromatic and aliphatic R-groups, they do demonstrate
that aryl ring substitution can be used to subtly tune the elec-
tronic nature of the phosphine.

The phosphine oxide ligands 2a-2h are stable when stored
under ambient conditions while the enediyne ligands 1a-1h
show no degradation over >9 months when stored as solids or
dilute solutions in air at 0 °C. The robustness of these phos-
phine enediynes is reflected in their Bergman cyclization
temperatures as measured by differential scanning calorimetry
(DSC). For enediyne frameworks, endothermic events are
consistent with melting while exothermic events are indicative
of cycloaromatization.*>**** Though these studies were per-
formed with neat material in the absence of a radical quenching
agent, they provide a relative measure of the activation barrier
to cycloaromatization, and when coupled with other structural
information, can be used to predict the reactivity of enediyne-
containing constructs towards Bergman cyclization in solution.

DSC traces have been obtained for aryl substituted enediynes
la-1b and 1d-1e which melt between 78-144 °C and then
cyclize in the liquid phase between 264-275 °C (Fig. 1St).
Though the range of melting is large (>60 °C), the cyclization
window is quite narrow (11 °C). In this case, the presence of
electron donating or withdrawing groups on the aromatic rings
does not lead to a substantial change in the thermal activation
barrier to Bergman cyclization. However, ligands whose phos-
phine termini have been functionalized at both meta positions
(1d-1e) show higher melting temperatures than those bearing
no functionalization (1a) or substitution only in the para posi-
tion (1b), suggesting that differences in solid-state packing may
inhibit melting of these phosphine enediynes. The cyclization
temperatures of the phosphine oxide analogues are markedly
higher than those of the non-oxidized ligands. In general, the
melting temperature increases between 20-80 °C upon oxida-
tion and no cyclization events are observed below 280 °C for
ligands 2a-2b and 2d-2e.

Chem. Sci., 2025, 16, 255-279 | 257
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Alkyne termini separations from X-ray crystallography can be
used to predict relative activation barriers to diradical genera-
tion in simple enediyne systems. Ligands 1d-1e and 2d-2e were
obtained as crystalline products from vapor diffusion of
hydrocarbon solvents into saturated dichloromethane solutions
at —20 °C and analyzed using X-ray crystallography (Fig. 1).
Though 1a has been modeled computationally,* 1d-1e and 2d-
2e represent the first phosphine enediyne ligands to be crys-
tallographically characterized.

Enediynes 1d and 1e feature aryl rings at the phosphine
termini which have been substituted in the meta positions with
-CH; and -CF; groups, respectively. Both ligands show a high
degree of w-stacking between the aromatic rings bound to the
phosphorus atoms, with the closest points of contact between

View Article Online
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these stacked rings being ~3.7 A (1d) and 3.9 A (1e). The pres-
ence of these non-covalent interactions supports the proposal
that differences in solid-state interactions lead to variance in
the DSC melting temperatures of these enediyne ligands. The
two arms of the enediyne moiety are symmetric in 1e showing
identical C-C=C and C=C-P angles while those of 1d show
a high degree of asymmetry (Table 1St). For both ligands, the
alkyne termini separations are large (1d: 4.09 A; 1e: 4.20 A) and
compare favorably with the computed distance of 1a which has
been reported as 4.1 A.** The structures of the phosphine oxide
analogues 2d and 2e have also been crystallographically deter-
mined and, though similar to their non-oxidized counterparts,
show some unique differences from 1d and 1e. The inter alkyne
termini distance of 2d is greater than that of 1d by ~0.12 A.

2d
d=4.21A

Fig.1 X-ray crystallographic structures of phosphine enediynes (1d and 1e) and phosphine oxide analogues (2d and 2e). Thermal ellipsoids are
illustrated at 50% probability and interalkyny!l distances (d) are given below structures.
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Oxidation at the phosphine leads to changes in structure at the
alkyne termini resulting in a widening of the enediyne frame-
work. Interestingly, the interalkynyl distance of 2e is reduced by
~0.26 A relative to 1e. Here, one of the alkyne arms has rotated
the bulky —CF; substituted rings to the exterior of the enediyne
framework lessening the steric clash between the large aromatic
substituents. Overall, these structural data are consistent with
the high cyclization temperatures observed in the DSC analyses
and highlight the geometric similarities between these
substituted phosphinoenediynes.

Isolation of sensitive Pt(n) phosphine enediyne dichloride
complexes

Using this suite of functionalized phosphine enediynes, we
synthesized a series of square planar platinum(i) complexes,
3a-3h, bearing these ligands. Buchwald's original report for the
in situ formation of 3a showed spontaneous solution cyclization
at room temperature.*** Within this well-defined geometric
framework, we recognized the opportunity to investigate how
unexplored electronic modifications at the phosphine termini
can lead to acceleration or retardation of ambient temperature
Bergman cyclization kinetics.

Compounds 3a-3g have been successfully synthesized and
spectroscopically characterized, representing the first Pt(u)
phosphine enediyne suite isolated to date. For all compounds
except 3d, addition of 1.2 equivalents of phosphine enediyne to
a solution of dichloro(1,5-cyclooctadiene)platinum(u), Pt(cod)
Cl,, in dichloromethane affords the desired metalloenediynes
as pale-yellow solids (Scheme 2). In the synthesis of 3d, a slight
excess of metal precursor is required to isolate the intended
Pt(i1) phosphine enediyne product. Successful synthesis of 3a—
3g required optimization of reaction times and temperatures in
all cases. These synthetic changes suggest that R-group modi-
fications of the phosphine ligands may have substantial
consequences on metalloenediyne reactivity as some complexes
such as 3b were unstable if isolated at room temperature while
others such as 3f required prolonged reaction times at 25 °C.

Though complex 3h bearing the tert-butyl-substituted
a)
PR,
= =
Pt(cod)Cl,
—_ "
DCM
X X
PR,
Scheme 2
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phosphine enediyne was observed in situ by NMR spectroscopy,
attempts to isolate this complex proved unsuccessful.

The crude solids of 3a-3g isolated directly from the reaction
mixtures contained Pt(cod)Cl, impurities by "H NMR spectros-
copy. Alteration of the synthetic conditions to eliminate this
impurity was ineffective for all complexes, and in many
instances resulted in the formation of intractable material if
reaction times and/or temperatures were increased. Conse-
quently, these metalloenediynes were purified to give pale-
yellow solids either through preparatory silica chromatog-
raphy (3a-3b, 3d, and 3f-3g) or repeated washings with diethyl
ether (3¢ and 3e). Attempts to purify the fluorinated metal-
loenediynes 3¢ and 3e using chromatography led to the degra-
dation of these complexes on the chromatographic substrate.
This was unanticipated as the fluorinated ligands 1c and 1e are
repeatedly purified by this method with no evidence of enediyne
degradation. Once purified, compounds 3¢ and 3e-3g are stable
for ~10 days at —20 °C. In contrast, metalloenediynes 3a-3b
and 3d degrade significantly upon standing at —20 °C for ~48 h.

Interestingly, addition of a slight excess of 1d to a solution of
Pt(cod)Cl, in dichloromethane affords not the monomeric
complex 3d (*'P 6 = —16.53 ppm), but rather the dimeric
complex 5d (*'P 6 = —2.61 ppm) (Scheme 3). X-ray crystallog-
raphy reveals 5d to have two equivalents of PtCl, bridged by two
molecules of the phosphine enediyne 1d generating a C,-
symmetric dimer. The inter alkyne termini distance of 5d which
has the methylated ligand 1d bridging two platinum centers is
exceptionally large at 4.53 A which suggests that this dinuclear
complex is thermally robust (Table 2St). There is significant
distortion from linearity in the C-C=C and C=C-P bond
angles which measure 168 and 163°, respectively, to accom-
modate bridging both platinum centers. The differential scan-
ning calorimetry trace of 5d shows no exothermic event
indicative of cyclization up to 280 °C which is consistent with
the large alkyne termini separation. Incubation of 5d with
excess 1,4-cyclohexadiene (1,4-CHD) at room temperature
shows no reactivity over the course of 72 h when monitored by
NMR spectroscopy, confirming that this dinuclear complex has
a high activation barrier to diradical generation due to the

R
P\ o
p<
/ i
P
R

(a) General synthesis of Pt(1) phosphine enediyne dichloride complexes (3a—3g). (b) X-ray crystallographic structure of 3e with

interalkynyl distance (d) shown below. Thermal ellipsoids are drawn at 50% probability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DCM

d=453A

Scheme 3 Synthesis and X-ray crystallographic structure of the Pt(i) phosphine enediyne-bridged dimer 5d. Thermal ellipsoids are illustrated at

50% probability and the interalkynyl distance (d) is provided below.

increased alkyne termini separation. Buchwald reported
a similar enediyne-bridged Pd(u) dimer of 1a on the basis of
a saturation transfer experiment and suggested that the dimeric
and monomeric Pd(u) complexes of 1a were in equilibrium with
one another.>®** Qur observations with 5d, however, do not
indicate interconversion between this dinuclear species and the
mononuclear complex 3d, likely due to the slower ligand
exchange kinetics observed for platinum complexes relative to
their lighter congeners.

The *'P NMR chemical shifts of 3a-3g show a similar trend
to that observed for the free ligands 1a-1g. There is a large
discrepancy (>30 ppm) in the chemical shifts of the aromatic-
(3a-3e) and aliphatic-substituted (3f-3g) metalloenediynes;
however, all aryl complexes give *'P NMR resonances within
a 3 ppm range. From the chemical shift data alone, the remote
substitutions at the meta or para positions of the phenyl rings at
the phosphine termini do not appear to drastically change the
chemical environment about the phosphine. However, the
rapid degradation of 3a-3b and 3d relative to 3¢ and 3e at —20 °
C suggests that the aryl substituted metalloenediynes func-
tionalized with electron donating groups are more thermally
sensitive than those bearing electron withdrawing groups.

Crystalline material was obtained from vapor diffusion of
hexane or pentane into saturated dichloromethane solutions of
3e and 3f, respectively, at —20 °C and X-ray crystallographic
analysis confirms these complexes as square planar Pt(u)
phosphine enediyne dichloride complexes. Deviations from
linearity of ~15° and 7° are observed in the C~-C=C and C=C-P
angles for both 3e and 3f; however, these deviations are antic-
ipated as bent acetylenic units are commonly observed for
enediyne complexes and have been attributed to in-plane w-m
repulsions between the alkyne moieties (Table 3St).** The inter
alkyne termini distances are found to be 3.13 and 3.10 A for 3e
and 3f, respectively, which are considerably shorter than those
computationally predicted for the Pd(u) and Pt(i) analogues of
1a (3.3 A).*® The alkyne termini separation of ligand 1e is
significantly reduced (>1.0 A) upon platination, clearly

260 | Chem. Sci., 2025, 16, 255-279

demonstrating the drastic structural changes that can accom-
pany metal ion complexation. The interalkynyl distances of 3e
and 3f are well within the critical distance experimentally
proposed by Nicolaou® (3.2-3.31 A) and computationally by
Schreiner (2.9-3.4 A) suggesting that these divalent complexes,
and derivatives thereof, should cyclize spontaneously at
ambient temperature. It is important to note that the solid-state
structures of 3e and 3f are quite similar in all bond lengths and
angles despite having notably different R-groups at the phos-
phine termini (3e: R = Ph-m,CF5; 3f: R = 'Pr). These data
demonstrate that complexation of free ligands 1a-1g with Pt(u)
has generated a suite of metalloenediyne complexes with
a nearly uniform, rigidly defined structure. As a result, changes
in geometric influences on Bergman cyclization are minimized
allowing for clearer interrogation of electronic effects caused by
variations in phosphine termini functionalization.

Differential scanning calorimetry has been used to probe the
cyclization temperatures of 3a-3g. Although these metal-
loenediynes all demonstrate solid-state cyclization, complexes
3a-3d and 3f-3g show exothermic maxima between 106-177 °C,
while 3e cyclizes at a considerably higher temperature, 236 °C
(Table 1). The cyclization temperatures of aryl-substituted
metalloenediynes increase as electron donating substituents
are replaced with electron withdrawing groups suggesting that
the former are more thermally reactive than the latter. The
elevated cyclization temperature of 3e relative to the other
derivatives likely results from solid-state packing differences
(i.e., m-stacking between aryl rings, hydrogen bonding with
fluorine atoms, etc.) not experienced by the other
metalloenediynes.

It is challenging to directly compare the cyclization temper-
atures of 3a-3b and 3d-3e to their corresponding free ligands,
1a-1b and 1d-1e due to differences in their phases during DSC
analysis in which solid-state cyclization temperatures are often
upwards of 70 °C higher than those of neat liquids. However,
the data clearly show that metalation leads to a drastic reduc-
tion in the thermal activation barrier to diradical generation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Solid-state Bergman cyclization temperatures of Pt(i) phos-
phine enediyne dichloride complexes 3a—3g determined by differ-
ential scanning calorimetry

Bergman cyclization temperature/°C

Onset Max
3a 75 116
3b 70 120
3¢ 110 177
3d 65 106
3e 208 236
3f 100 139
3g 91 140

and suggests that these metalloenediynes should demonstrate
facile cycloaromatization under ambient solution conditions.
These results are unsurprising as the use of coordination
chemistry to geometrically modulate Bergman cyclization has
been well established.******>* Moreover, the range of cyclization
temperatures across this series of metalloenediynes indicates
that electronic substitutions on the ligand framework, while
seemingly inert in the free ligands, make dramatic impacts on
the electronic component of the cyclization barrier in these
well-defined, square geometric complexes.

Electronic modulation of the activation barriers to thermal
Bergman cyclization

While solid-state cyclization temperatures and
crystallographically-determined inter alkyne termini distances
provide an approximation of the thermal reactivity of complexes
3a-3g, kinetic studies in solution on the cyclization of these
metalloenediynes can accurately measure activation barriers to
Bergman cyclization and determine rates of cycloaromatization.
Comparison of kinetic activation parameters across this series
of metalloenediynes reveals the extent to which phosphine
functionalization electronically influences thermal Bergman

cyclization rate.

View Article Online
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To that end, *'P NMR spectroscopy was used to monitor the
conversion of metalloenediynes 3a-3g to their corresponding
cyclized products 4a-4g in the presence of 1,4-CHD in deuter-
ated chloroform (Scheme 4). Though a reliance of cyclization
rate on H-atom donor concentration has been observed for
benzannelated enediynes, this dependence is less pronounced
at high radical quench concentrations.?**>*>*> Additionally,
analysis of Bergman cyclization kinetics for the original in situ
cycloaromatization of 1a with a soluble PdCl, source found this
reaction to be essentially zero order in 1,4-CHD.*>* Therefore,
only a 100-fold excess of 1,4-CHD was used in this study to
establish pseudo-first order conditions. Metalloenediynes 3a-3g
were purified directly before use to ensure the integrity of the
samples. All studies were performed in triplicate, under
ambient conditions, and in the presence of triphenylphosphine
oxide (Ph;PO) which served as an inert internal standard. The
disappearance of 3a-3g was followed to at least 90% completion
by integration of the *'P NMR signal of the starting metal-
loenediyne vs. that of Ph;PO. Cyclization was monitored in 5 °C
increments for each complex: 3b (5-20 °C); 3a, 3d (10-25 °C); 3¢
(15, 25-35 °C); 3e-3g (25-40 °C), and all samples were observed
to have well-behaved pseudo-first order kinetics (R* > 0.98) at all
temperatures (Fig. 25T). These data were then used to determine
rate constants and derive the free energy of activation (AG*) for
this radical-mediated transformation.

By *'P NMR spectroscopy, the cyclization of all complexes
except 3g proceeds cleanly to the corresponding cyclized
product in >90% yield (Fig. 2). In the case of 3g, though the
cyclized product 4g is identifiable by *'P NMR, other
phosphorus-containing species are also observed suggesting
that self-quenching of the diradical intermediate with internal
C-H bonds from the cyclohexyl substituents may occur leading
to the formation of multiple products. Following the kinetics
measurement, the reaction mixtures from all trials for a given
compound were combined and purified using preparatory silica
gel chromatography allowing for isolation and characterization
of the cyclized compounds 4a-4f. Unfortunately, attempts to
isolate 4g wvia this same purification method proved

3f
d=3.10A

4f

Scheme 4 Ambient temperature Bergman cyclization of 3f to generate 4f. Thermal ellipsoids are illustrated at 50% probability and the inter-

alkynyl distance (d) is given below.
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3a t=3h
‘ t=2h
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Fig.2 3P NMR spectroscopy demonstrating the cyclization of 3a (6 =
—17.44 ppm) in the presence of 1,4-CHD to afford 4a (6 = 39.42 ppm)
in near quantitative yield at 25 °C. These data are representative of the
cyclizations of 3b—3f which proceed cleanly to the cyclized products
4b—-4f. The designated (*) signal corresponds to triphenylphosphine
oxide, the internal standard.

unsuccessful due to the high quantities of side products.
Complexes 4a and 4c-4f were isolated as crystalline materials
and X-ray crystallography shows that these Bergman cyclized
products adopt nearly idealized square planar geometries about
the divalent platinum center (Fig. 3St). The Pt-P and Pt-Cl bond
lengths are conserved across the series and are consistent with
other Pt(u) phosphine dihalide complexes (Table 4St).***
Comparison of 4e and 4f to their metalloenediyne counterparts
3e and 3f shows slight bond angle changes, the most notable
being the P1-Pt1-P2 angle which is reduced ~17° upon closing
of the inter alkyne termini distance.

Analysis of the room temperature kinetic studies reveals that
the rate of Bergman cyclization of these Pt(u) metalloenediynes
increases on the order of 3f < 3e <3g < 3c < 3a ~ 3d < 3b (Fig. 3a-
b). In fact, cyclization of 3b proceeds so rapidly at room
temperature that an accurate assessment of the rate could not
be made. Consequently, cyclization studies had to be performed
at or below 20 °C to obtain reliable kinetic data which could
then be extrapolated to gain insights into the reactivity of this
complex at 25 °C. Similarly, complexes 3a and 3d show rapid
cycloaromatization at room temperature requiring all subse-
quent kinetic studies to be performed at low temperature.

At 25 °C, the half-life (t,,,) of cyclization for 3a-3g spans
a range of almost 35 hours, highlighting the dramatic thermal
tunability that is afforded through functionalization of the
phosphine enediyne with various electron donating and with-
drawing substituents (Table 2). The temperature-dependent
cyclization rates allow for the generation of Eyring plots and
the elucidation of the free energy of activation, AG*, at room
temperature (Fig. 3¢, d and 4S¥). Cyclization parameters have
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been experimentally determined for both aryl (3a-3e) and
aliphatic (3f-3g) substituents and in nearly all cases, the
aliphatic substituents show slower cyclization kinetics and
higher activation barriers to cycloaromatization than their aryl
counterparts (Table 2). For acyclic enediynes, Schreiner has
shown that direct functionalization of the alkyne termini with
alkyl groups increases the endothermicity of Bergman cycliza-
tion due to stabilization of the enediyne core orbitals.”> We
observe a similar increase in endothermicity upon alkyl
substitution at the phosphine termini; however competing
internal C-H bond quenching of the diradical intermediate in
3g suggests that the rate-determining pathway for the alkyl
substituent constructs may differ from the mechanistic
consistency of the aryl family.

With regards to the aryl phosphines (3a-3e), the presence of
electron donating substituents (3b and 3d) clearly accelerates
Bergman cyclization while electron withdrawing groups (3¢ and
3e) retard cyclization. In some cases, the rate enhancement for
structurally analogous metalloenediynes is minimal and in
others, it is quite dramatic. For example, complex 3b (R = Ph-
PpOCH;) cyclizes approximately 10x faster than 3¢ (R = Ph-pCF;)
whereas 3d (R = Ph-m,CH;) has a cyclization rate >30 times
faster than the analogous 3e (R = Ph-m,CFj3). As expected, these
trends are mirrored in the AG* data, with the activation barrier
varying by ~2.6 kcal mol ™" across the series of aryl-substituted
metalloenediynes (Table 2). Specifically, for the para- (3b and
3¢) and meta-substituted (3d and 3e) derivatives, the free energy
of activation decreases by ~1.4 and ~2.2 kcal mol !, respec-
tively, when electron withdrawing —-CF; groups are replaced with
electron donating substituents. Overall, these data clearly
highlight the role that electronic substitutions can play in
controlling activation barriers to Bergman cyclization.

Probing the origin and mechanism of electronic control for
aryl-substituted metalloenediynes

The rate dependence for Bergman cyclization on electron
donating and withdrawing substituents for acyclic enediynes
has been established by Schmittel** and Schreiner.** Here, as
electron withdrawing substituents are added at the alkyne
termini positions, the activation barrier for the reaction
decreases due to reduced electron-electron repulsion of the in-
plane pm-orbitals in the transition state which facilitates C-C
bond formation. This result is intuitive in that distributing
electron density across multiple atoms via electron withdrawing
functionalities decreases charge repulsion, whereas electron
donors increase it.

Broadly, our results are consistent with this literature
precedence. Complexes with categorical electron withdrawing
aryl substituents (3a-3e) generally have shorter half-lives and
lower activation barriers to cycloaromatization than do those
with electron donating alkyl substituents (3f and 3g) (Table 2).
However, the rate enhancement within the series of the aryl-
substituted metalloenediynes with electron donating groups
(3b and 3d) relative to those with electron withdrawing groups
(3c and 3e) is counter to this paradigm. The additional
complexity of 3a-3e, ie., the presence of an insulating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Summary of Bergman cyclization kinetics for complexes 3a—3g (a) at 25 °C and (b) at 15 °C. Sample Eyring plots of (c) 3f and (d) 3a used to

calculate activation parameters.

Table 2 Kinetic activation parameters for the thermal Bergman
cyclization of complexes 3a—-3e (aryl) and 3f-3g (alkyl) at 25 °C.
Functionalization of aromatic rings with electron donating (3b, 3d) and
electron withdrawing groups (3c, 3e) leads to acceleration and retar-
dation of cyclization kinetics, respectively?

Experimental kinetic activation parameters at 25 °C kcal " mol ™"

Compound ti2/h k/h? AGH
L J 3f 33.3 0.02 19.72
3e 27.1 0.03 19.62
° 3g 113 0.06 19.10
3c¢® 4.4 0.16 18.45
PY 3a 0.73 0.95 17.47
3d 0.70 0.99 17.47
. 3b (0.36) (1.90) 17.07

“ Complex 3¢ contained ~5% Pt(cod)Cl, impurity. ® Data in ()
extrapolated from Eyring plot.

heteroatom (P) and a PtCl, fragment, diversify the electronic
structures of these constructs globally, and within the geomet-
rically equivalent metalloenediyne frameworks. This invariance
is supported by the X-ray structures of Bergman cyclized Pt(u)
products 4a and 4c-4e (vida supra) suggesting that there exists
minimal geometric differences amongst these complexes. Thus,

© 2025 The Author(s). Published by the Royal Society of Chemistry

an important feature of this molecular suite is that we have in
essence, independently accounted for the geometric and elec-
tronic contributions to thermal Bergman cyclization, which can
be readily evaluated using computational methods.

The reaction profiles of simple organic enediynes******%* and
metalloenediynes®** to the diradical intermediate have been
successfully modeled with density functional theory (DFT) and
yield activation barriers consistent with experimental findings.
The choice of theoretical approach plays a key role in modeling
transition state structures and predicting activation energies.
Many have noted that hybrid Hartree-Fock DFT methods such
as B3LYP do not effectively model the diradical intermediate
leading to spurious results, which at times can overestimate
barrier heights by upwards of 8 kecal mol~".2531%%% [t has been
demonstrated however, that pure density functionals such as
BLYP and BPWY91 give computational activation parameters
that are consistent with those obtained experimentally.***”

Bergman cyclization of 3a-3e was modeled with DFT using
Gaussian 16 (ref. 70) to confirm the geometric similarities
across this suite of metalloenediynes, obtain activation
parameters, and to visualize the molecular orbitals that play key
roles in the formation of the reactive diradical intermediate.
Both B3LYP””® and B3PW91 ”* yielded activation barriers that
were consistently 5-10 kcal mol~" higher in energy than those
obtained experimentally, even when correcting for empirical
dispersion via Grimme's GD3BJ”* damping function. The results
from the pure BPW91 747> functional however, were consistent
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with experimental findings within <2 kcal mol . Therefore, all
structures were optimized using the (U)BPW91 functional with
the 6-31G** basis set and the LANL2DZ**** pseudopotential was
applied to transition metal atoms. The spin-unrestricted
approach® was used to compute diradical intermediates
which were found to be open-shell singlet in character. Vibra-
tional frequency calculations were performed at the (U)BPW91/
6-31G**/LANL2DZ level of theory to confirm convergence to
minima for ground state geometries and first-order saddle
points for transition state structures, respectively, as well as
provided zero-point energy (ZPE) corrections at room tempera-
ture. After performing all calculations in the gas phase, solvated
single point energies were evaluated using the PCM model®***
at the same level of theory to account for energy differences due
to solvation in chloroform (¢ = 4.71).

Bergman cyclization reactions encounter multiple transition
states: the first involves conversion of the enediyne to the dir-
adical intermediate while subsequent barriers describe the H-
atom abstraction steps to yield the benzannelated product.
Relative to parent (Z)-hex-3-ene-1,5-diyl frameworks, incorpo-
ration of the enediyne backbone into an aromatic ring is known
to increase the endothermicity of diradical formation while
concomitantly lowering the barrier to retro-Bergman ring
opening due to reduced aromatic stability of the naphthyl
product.’®#>533457°60 A5 such, the rate of cyclization of benzan-
nelated enediyne complexes depends not only on formation of
the diradical intermediate (k) but also on the retrocyclization
(k_1), while the H-atom abstraction (k,) pathways are considered
comparable for structurally analogous compounds. However,
when pseudo-first order conditions are achieved using suffi-
ciently high concentrations of radical quenching agent, cycli-
zation becomes the rate-limiting step.*>**

The interplay between k; and k_, on the observed rate can be
gleaned from the computational barrier heights for the forward
and retrocyclization reactions. Here, for the fastest cyclizing
compound 3b, the forward barrier height is one of the lowest of
the set 3a-3e by 1.8 kcal mol !, while the barrier to retro-
cyclization is the highest by 1.2 kcal mol ', therefore contrib-
uting to the largest observed rate. Conversely, 3e has the most
significant barrier to Bergman cyclization and the smallest to
retrocyclization, thereby retarding the observed reaction rate
appreciably. Thus, the two barriers have complementary effects
on the rate of the overall cyclization reaction. The first activation
barrier leading to formation of the reactive diradical interme-
diate, however, is the more energetically dominant of the two
contributors to the overall rate constant for these Bergman
cyclization reactions.

These variations in state energies and rates must derive from
geometric and/or electronic structural changes at the molecular
level.>® Comparison of the computed structures for the metal-
loenediynes 3a-3e finds that all compounds have nearly iden-
tical enediyne core geometries, to within ~0.05 A and 3° in bond
lengths and angles, respectively. Furthermore, the transition
state geometries, 3a-TS-3e-TS, are also consistent in bond and
angle metrics between all complexes investigated (Fig. 4). These
computational findings agree with the experimental crystallo-
graphic data and support the proposal that the observed rate
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enhancements or retardations result from electronic rather
than structural differences that manifest upon R-group modi-
fication at the phosphine termini. For complexes 3a-3e,
geometric rearrangements between the reactants and products
are minimal due to the structure enforced by the square planar
metal center. Consequently, electronic reorganization may
exhibit a greater level of control over the cyclization event than
what has been observed previously in simple enediyne systems.

For enediyne frameworks, electron repulsion between filled
in-plane w-orbitals accounts for considerable destabilization
upon bending of the alkynes to facilitate sigma C-C bond
formation.*® Removal of electron density from this in-plane -
system promotes formation of the cycloaromatized products by
lowering the energy of the transition state. The relationship
between *C NMR chemical shifts and atomic charges has been
studied both experimentally and computationally. Although
effects may vary depending on hybridization, the general
consensus is that for a series of closely related compounds,
charge-shift trends can provide a good approximation of elec-
tronic polarization.®** Specifically, ">*C NMR spectroscopy has
been shown to be a sensitive reporter of electron density in
acetylenic moieties, with a correlation demonstrated between
the shielding of an alkyne carbon and the w-electron density on
that atom.**"*® The distribution of electron density in the alkyne
carbons of a ground state structure has important conse-
quences on the electronic rearrangement that occurs upon
formation of the reactive diradical intermediate. Much like
crystallographic analysis, >*C NMR investigations of the reactive
metalloenediyne complexes 3a-3e were prohibited due to the
long acquisition times needed for data collection and the highly
reactive nature of the complexes. However, with computational
support that structural differences amongst 3a-3e are minute,
the geometrically-locked phosphine oxide free enediyne
ligands, 2a-2e, can be used as model systems to experimentally
interrogate alkyne charge distribution in the ground state.

It is clear from the "*C NMR shifts of 2a-2e that the alkyne
carbon adjacent to the phosphine atom, C,, supports consid-
erably more electron density than the alkyne carbon closer to
the benzannelated backbone, Cg (Fig. 5). The degree of shield-
ing (C,) and deshielding (Cg) of these signals reveals that all
phosphine oxide ligands, regardless of aryl ring R-group
substitution, are polar in nature, with the dipole moment sit-
uated such that C, is more electron-rich than Cg. However,
there appears to be a correlation between the identity of the R-
group and the magnitude of alkyne polarization, with ligands
bearing electron withdrawing substituents being more highly
polarized than those supporting electron donating substituents
(A6(C=C): 2e = 19.6 ppm; 2b = 12.6 ppm). The polar nature of
the alkyne carbons of the free ligand phosphine oxides
demonstrates that subtle changes in the enediyne framework
itself can be used to tune the electronic properties of ligand.
Moreover, it suggests that there likely exist differential charges
in the acetylenic moieties of the reactive metalloenediyne
complexes 3a-3e that, over the course of the cyclization reac-
tion, may play a role in governing barrier heights to diradical
formation. This "*C NMR charge-shift analysis may not be
indiscriminately applied to all acetylenic systems; however,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3e

3e-TS

Fig. 4 Key structural parameters of (U)BPW91/6-31G**/LANL2DZ optimized metalloenediynes 3a and 3e and their transition states 3a-TS and
3e-TS. These bond length (A) and angle (°) changes are representative of those observed for all metalloenediynes 3a—3e and transition states 3a-

TS—3e-TS.

correlations can be drawn in this case due to the highly
conserved geometry across the series of phosphine oxide ene-
diyne ligands and corresponding metalloenediynes.

Although "*C NMR spectroscopy provides information about
the relative distribution of electron density in the alkyne
carbons of the organic-only enediyne oxide frameworks, in-
depth charge analysis of the computed ground state (GS) and
transition state (TS) structures of the reactive metalloenediynes
3a-3e can more definitively establish whether there exists
a correlation between the polarization of the enediyne frame-
work and activation barriers to Bergman cyclization. Nuclear
rearrangement (i.e., bending of the alkynes) necessitates
concomitant electronic reorganization to both facilitate o-bond
formation and to promote development of the diradical inter-
mediate. Despite the importance of C, in C-C bond formation,
consideration of only these differential charges may be an
oversimplification of the electronic parameters that govern

© 2025 The Author(s). Published by the Royal Society of Chemistry

barriers to thermal Bergman cyclization. Indeed Cg, though not
directly involved in bond formation, is the site of diradical
generation, and as such, likely experiences electronic pertur-
bations which may also modulate activation barriers to
cycloaromatization.

Bearing this in mind, natural bond order (NBO) charges
from the computed GS structures of 3a-3e and those of corre-
sponding transition states, 3a-TS-3e-TS, can be used to calcu-
late the dipole moment of each alkyne (C,-Cg) according to eqn
(1) (Fig. 6a). In this case, the magnitude of the dipole, u, is given
by the product of the differential charges of the alkyne carbons
(9a - gs) and the separation between those charges, rp. It is
important to consider not only the polarization of a single
acetylenic unit but also the dipole interaction energy which is
operative as geometric rearrangement brings the two arms of
the enediyne framework in close proximity to initiate C-C bond
formation. Eqn (2) shows that the dipole interaction energy is
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Fig. 5 3C NMR resonances of phosphine oxide analogues 2a—2e
revealing the polar nature of the alkyne carbons, C, (black) and Cg
(red), the magnitude of which is enhanced in the presence of electron
withdrawing substituents.

dependent on the dipole moments, u; and u,, of the alkyne
fragments, the separation between the center of the two dipoles,
15, the permittivity of free space, ¢,, and the projection of the
dipoles on one another, 6,4, 6,, and 6,, (Fig. 6b). It is clear from
the structures of 3a-3e and 3a-TS-3e-TS and the orientation of
the C,—Cg dipoles that there are both attractive and repulsive
interactions between the two opposing alkynes; undoubtedly,
the magnitude of these coulombic forces influences the elec-
tronic contributions to the activation energy for the reaction.

u=(gan — q8)(ras) W
—h s
E = m(cos 612 — 3 cos 6, cos 6,) (2)

For all complexes in the ground state, C, and Cg are nega-
tively and positively polarized, respectively, resulting in a net
dipole moment in the direction of C4 (Fig. 7a). The magnitude
of this C,—Cg dipole increases in the presence of electron
withdrawing substituents such that complexes 3c and 3e show
the greatest charge separation between the alkyne carbons,
consistent with the data from the "*C NMR analysis of the
phosphine oxide enediyne ligands 2a-2e. Comparison of the
ground state dipole interaction energies to the experimentally
determined barrier height reveals an empirical correlation
between the free energy of activation and the R-group of the
phosphine-bound aryl rings (Fig. 7b). The complex with the
highest activation barrier (3e: R = Ph-m,CF;) has the greatest
coulombic repulsion between the alkyne fragments while the
complex with the most facile cycloaromatization (3b: R = Ph-
POCH3;) has the smallest dipole interaction energy.

NBO charge analysis of the computed transition state
structures (3a-TS-3e-TS) shows that as geometric rearrange-
ment begins, electron density flows from Cy towards the site of
o-bond formation resulting in an increased negative charge on
Cy (Fig. 7a). The dipole moment (C,—Cg) in the transition state
lies in the same direction as that of the ground state and an
overall increase in the polarization of the alkyne carbons is
observed. Plotting the experimental activation barriers as
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Fig. 6 Global distribution of charge throughout the enediyne frame-
work can be approximated by considering (a) the net polarization of
alkyne carbons C, and Cg and (b) the magnitude of coulombic inter-
actions between opposing acetylenic dipoles.

a function of TS dipole interaction energy reveals the same
correlation between enediyne R-group and free energy of acti-
vation as was observed with the GS structures (Fig. 7c). For
complexes 3a-TS-3e-TS, those with electron withdrawing
substituents are overall more polar in the transition state than
those with electron donating groups. This NBO charge analysis
provides a global picture of electron distribution within the
enediyne framework and indicates that the presence of electron
withdrawing substituents on the terminal phosphine aryl rings
increases the coulombic repulsions in the transition state
between the two acetylenic moieties in these metalloenediynes
leading to an increase in barrier height for Bergman cyclization.

In addition to the dipole-dipole interaction energy contri-
butions to the barrier, interrogation of the frontier molecular
orbitals (FMO) of the enediyne core may give a more detailed
perspective on how the distribution of electron density across
the acetylenic carbons as a function of R-group influences the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Plots of AG* as a function of alkyne dipole interaction energy,
evaluated using (@) NBO charge analysis (representative example of 3a
shown) for (b) enediyne ground states (3a—3e) and (c) calculated
transition states (3a-TS—-3e-TS) demonstrating the relationship
between alkyne polarity (Co—Cg) and experimental barrier height to
thermal Bergman cyclization.

energetics for the cycloaromatization reaction. For the repre-
sentative cyclization reaction involving (Z)-enediynes, Alabugin
has computationally shown destabilization of the out-of-phase
combination of the in-plane m-orbitals to be the largest ener-
getic penalty paid to reach the transition state and achieve p-
benzyne formation. This destabilizing effect, however, is offset
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by stabilization of the in-phase, in-plane m-orbitals which
contribute to the formation of the new carbon-carbon sigma
bond.**** A minor, secondary source of stabilization comes
from the out-of-plane alkyne w-system which yields a conju-
gated aromatic product upon H-atom abstraction.*® Since the
activation barrier to Bergman cyclization is simply the differ-
ence between the energies of the reactants and the transition
state,* the degree of stabilization or destabilization of the in-
plane symmetric and antisymmetric m-orbitals, respectively,
should predominantly govern the barrier height and thus
thermal cycloaromatization of enediyne-containing constructs.

Examination of the molecular orbital manifolds of 3a-3e and
their associated transition states reveals several orbitals with in-
plane m-orbital density indicating that it is an orbital ensemble
rather than a singular stabilization/destabilization effect that
contributes to the overall acceleration or retardation of Berg-
man cyclization kinetics. Regardless, some of these in-plane -
orbitals show markedly greater energy differences between the
ground and transition states suggesting that they contribute
significantly to the overall barrier height. The antisymmetric in-
plane m-orbitals, which become the site of diradical formation,
are destabilized in the transition state for all complexes 3a-3e.
For a set of complimentary orbitals in the ground state, electron
density is delocalized across the in-plane t-system as well as the
platinum center and the two chloride ligands. In the transition
state however, the electron density of these orbitals is now
almost exclusively localized in the in-plane m*-orbitals. The
magnitude of this destabilization varies as a function of R-
group, with complexes bearing electron withdrawing groups,
3e, being destabilized to a greater extent than those with elec-
tron donating substituents, 3b (Fig. 8). When viewed collectively
with the NBO charge analysis, this electronic reorganization in
the transition state results in differentially increased electron-
electron repulsions between the approaching acetylenic
carbons.

While this destabilization of the antisymmetric in-plane -
orbital is significant for all complexes 3a-3e, it is offset by the
stabilization of the symmetric in-plane m-orbitals. Within this
orbital manifold, complexes with electron withdrawing
substituents generally have a distribution of orbitals with
similar character compared to those with electron donating
substituents, where electron density is localized to a single
orbital. This aggregation of orbitals makes pinpointing the
stabilization effect to a single orbital challenging. Nevertheless,
comparison of a set of complimentary in-phase m-orbitals for
complexes 3b and 3e finds the ground state orbitals to be
similar in character to those of the antisymmetric set, with
electron density distributed predominantly within the square
planar core of the metalloenediyne. In the transition state,
electron density about the PtCl, fragment has decreased and
there remains overlap between the in-phase alkyne m-orbitals,
although the magnitude of this interaction appears R-group
dependent (Fig. 8). In general, complexes with electron
donating groups on the aryl phosphine rings have substantially
greater stabilization of these in-phase, in-plane m-orbitals
compared to those complexes bearing electron withdrawing
substituents. This is consistent with the NBO charge analysis
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Fig. 8 Walsh diagram showing the in-plane alkyne m/m*-orbitals most stabilized and destabilized by the cyclization reaction of complexes 3b
and 3e and their associated transition states 3b-TS and 3e-TS. The degree of stabilization or destabilization of these orbitals in the transition state
varies significantly due to the presence of electron donating (3b: R = Ph-pOCH?3) or electron withdrawing (3e: R = Ph-m,CF3) groups at the
alkyne termini.
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which finds complexes with less polar acetylenic bonds have
lower barriers to cycloaromatization.

An additional noteworthy point: the symmetric in-plane -
FMOs for 3a-TS, 3b-TS, and 3d-TS have considerably more
electron density within the aryl ring system which are
predominately po-character, than do the corresponding orbitals
of 3¢-TS and 3e-TS, mainly pw- and -CF; lone pair character.
The orbital parentage for complexes with electron donating
substituents suggests that there exists m-orbital mixing between
the acetylenic orbitals and the aryl ring system which substan-
tially lowers the energy of the transition state orbitals involved
in the formation of the developing C-C bond. Since the aryl ring
system is chiefly low-lying po-character, this m-orbital mixing is
reflected in a net stabilization of the transition state which
affords a lower activation barrier to Bergman cyclization. The
presence of electron withdrawing substituents on the terminal
aryl rings decreases the energy of these po-orbitals such that
they are no longer capable of interacting with those of the
enediyne core. Consequently, only minimal stabilization of the
developing o-bond occurs which results in an overall increase in
the activation barrier to cycloaromatization.

Finally, the degree with which the alkyne po- and pr-density
mixes with that of the PtCl, fragment cannot be ignored. DSC
data, experimental cyclization kinetics, and crystallographic
analysis (vida supra) confirm that the significant rate enhance-
ment or retardation of Bergman cyclization with the aryl-
substituted enediynes is electronic in nature and not operable
until platination occurs. In general, metalloenediynes with
electron donating groups at the para or meta positions of the
aryl rings have a higher percentage of frontier molecular
orbitals that show mixing of the PtCl, fragment with the alkyne
orbitals relative to the complexes with electron withdrawing
groups in these remote positions. The increased mixing of the
alkyne and PtCl, orbitals stabilizes the transition state which
facilitates rapid Bergman cyclization at ambient temperature.
Overall, for this suite of reactive metalloenediyne complexes, it
appears that the R-group strongly influences the orbital mixing
between the enediyne backbone, aryl ring system, and PtCl,
fragment which either promotes (EDGs) or impedes (EWGs)
C-C bond formation which is directly reflected in the overall
barrier height due to stabilization or destabilization of the
transition state, respectively.

Conclusions

The original paradigms illustrating the critical distance for
spontaneous Bergman cyclization by Nicolaou (d ~3.2-3.3 A),
and significant geometric rate acceleration using square planar
Pt(u) by Buchwald, have stood for more than a quarter century.
Our development of a suite of functionalized phosphine ene-
diynes bearing either aliphatic (‘Pr, Cy, ‘Bu) or aromatic (Ph, Ph-
pOCHj3, Ph-pCF;, Ph-m,CHj;, Ph-m,CF;) substituents with
donor/acceptor functionality has moved the frontiers of both of
these benchmarks simultaneously. With these ligands, we have
synthesized a series of cisplatin-like complexes featuring an
array of phosphine enediynes that represent the first divalent
platinum phosphine enediyne complexes isolated as discrete
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structures to date. X-ray crystallography indicates that these
Pt(u) dichloride complexes have greatly reduced inter alkyne
termini distances relative to the free ligands, suggesting that
these metalloenediynes should demonstrate very rapid Berg-
man cyclization under modest conditions. While these struc-
tures are primed to cyclize at 25 °C, their half-lives vary
considerably (¢;,, ~0.6-35 h) depending upon the donating or
withdrawing nature of the substituents, even though experi-
mentally, they are structurally analogous.

The geometries and activation parameters of the aryl-
substituted complexes are computationally consistent with the
experimental findings suggesting that the electronic function-
alization is the driving force controlling the cyclization rates
and thus the stabilization of this otherwise geometrically reac-
tive framework. The origin of this modulation derives from two
coincident phenomena: (1) NBO charge analysis reveals that
differential charges between the alkyne carbons contribute to
an overall polarization of the in-plane m-system which either
promotes (EDGs) or inhibits (EWGs) cycloaromatization and (2)
complexes with electron donating substituents experience
substantial orbital mixing between the acetylenic w-orbitals, the
phosphine-bound aryl ring system, and the PtCl, fragment
resulting in a significant stabilization of the developing ¢-bond
and transition state. This, concomitant with reduced polariza-
tion of the alkyne carbons, lowers the activation barrier
dramatically relative to those complexes bearing EWGs where
orbital energies are disparate, and mixing is unfavorable.
Together these new parameters push the boundaries of ene-
diyne reactivity space well beyond what was originally deemed
possible, and thus encourage creative structural manipulations
to further advance the reaches of diradical utility.

Materials and methods
Materials

Reactions to synthesize enediyne ligands and platinum(u)
phosphine enediyne dichloride complexes were carried out
using standard dry box and Schlenk techniques under inert
nitrogen atmosphere. All chemicals and solvents were
purchased from commercial sources and used as received.
Solvents were dried and distilled according to standard proto-
cols unless otherwise noted. Deuterated solvents were dried
over 4 A molecular sieves and used without further purification.
Flash and preparative chromatography were performed on
silica gel (Sorbtech, 60 A porosity, 230 x 400 mesh) and (Anal-
tech, 1000 pm), respectively.

Physical measurements

NMR spectra were collected on a Varian Inova 400 or 500 MHz
NMR spectrometer using the residual proton resonance of the
solvent as an internal reference. All *'P and 'F NMR spectra
were externally referenced using 85% H;PO, and 100% tri-
fluoroacetic acid standards, respectively. Mass spectrometry
data were acquired on an Agilent 1200 HPLC-6130 MSD mass
spectrometer. Differential scanning calorimetry (DSC)
measurements were made on a TGA Q10 DSC system with a TA
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Instruments thermal analyzer at a heating rate of 10 °C min .
Infrared spectra were measured on a Nicolet 6700 FT-IR spec-
trometer equipped with OMNIC software. Elemental analyses
were obtained from Robertson Microlit Laboratories, Inc. X-ray
crystallographic data were obtained by the Indiana University
Molecular Structure Center on a Bruker APEX II Kappa Duo
diffractometer using Mo Ko radiation (graphite mono-
chromator). Summaries of X-ray crystallographic analyses can
be found in the ESL{

Computational methods

All calculations were carried out using Density Functional
Theory (DFT) as implemented in Gaussian 16.° Geometry
optimizations were performed with the (U)BPW91 functional
and 6-31G** basis set for all structures.”””>” The LANL2DZ
effective core potential was used to model transition metal
atoms.**® Calculation of the open-shell, diradical intermedi-
ates used the broken-symmetry, broken-spin approach which
allows for the a and B electrons to be localized on separate
carbon centers.” Vibrational frequency calculations were per-
formed at the (U)BPW91/6-31G**/LANL2DZ level of theory to
confirm proper convergence to minima and maxima for equi-
librium and transition state geometries, respectively, and to
derive zero-point energy (ZPE) and entropy corrections at room
temperature (298.15 K). Single point energy calculations in
chloroform (dielectric constant ¢ = 4.71) were performed using
the PCM model®**® at the same level of theory to account for
energetic contributions from solvation. The energy components
were calculated following the standard protocol.*” Isosurface
contour plots of all molecular orbitals were created with
Gaussview 6.1.1 with isovalues at 0.02. Coordinates for all
optimized geometries can be found in the ESL}

Synthesis of phosphine enediyne ligands (1a-1h). The TMS-
protected precursor enediyne 1,2-bis((trimethylsilyl)ethynyl)
benzene, EDTMS, was synthesized according to a published
literature procedure® and used in all syntheses.

1,2-Bis((diphenylphosphino)ethynyl)benzene, dppeb (1a). This
enediyne has been synthesized using a modified literature
procedure®>* to yield the ligand as a solid rather than an oil as
previously reported. To a solution of EDTMS (2.17 g, 8.00 mmol)
in 150 mL THF at 0 °C was added 1.6 M n-BuLi in hexanes (10.50
mL, 16.81 mmol) and the reaction mixture allowed to warm
slowly to 55 °C. The reaction mixture was stirred at elevated
temperature during which time the clear, dark brown solution
lightened considerably and became milky. After 3 h, the solu-
tion was cooled to 0 °C and chlorodiphenylphosphine (3.16 mL,
17.61 mmol) was added via syringe. The mixture was slowly
warmed to RT and allowed to stir for 3 h resulting in a clear,
dark brown solution. The product was isolated as a pale yellow
solid after purification by silica gel flash chromatography with
a 15:1 hexanes : ethyl acetate eluent. Yield: 52%. "H NMR (400
MHz, 298 K, CD,Cl,) 6y (ppm): 7.69-7.64 (m, 8H), 7.61-7.59 (m,
2H), 7.39-7.36 (m, 2H), 7.31-7.29 (m, 12H). *C{'"H} NMR (101
MHz, 298 K, CD,Cl,) ¢ (ppm): 136.6 (d,J = 6.7 Hz), 133.1 (d,] =
1.8 Hz), 133.0 (d, J = 21.1 Hz), 129.4 (d, J = 38.0 Hz), 129.3,
129.3, 125.7, 106.6 (d, J = 3.7 Hz), 91.0 (d, J = 9.2 Hz). *'P{'H}
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NMR (161 MHz, 298 K, CD,Cl,) dp (ppm): —33.11 (s). HRMS-ESI:
m/z 495.1426 (M + H)". IR (KBr) # (cm™): 630, 808, 873 (P-C=C),
2161 (C=C). DSC: 78 °C (melt), 266 °C (maximum). Elemental
analysis, caled for C;,H,4P,: C, 82.58; H, 4.89. Found: C, 82.18;
H, 4.74.

1,2-Bis((bis(4-methoxyphenyl)phosphino)ethynyl)benzene,
dppeb-pOCHj (1b). To a solution of EDTMS (1.30 g, 4.80 mmol)
in 125 mL THF at 0 °C was added 1.6 M n-BulLi in hexanes (6.29
mL, 10.07 mmol), resulting in an immediate color change from
pale yellow to dark brown. The mixture was slowly warmed to
55 °C leading to a gradual color change to light, milky brown.
After stirring for 2 h at elevated temperature the mixture was
again cooled to 0 °C and a solution of chlorobis(4-
methoxyphenyl)phosphine (2.69 g, 10.55 mmol) in 25 mL THF
was added. The solution gradually became dark brown and
cleared upon phosphine addition. The mixture was warmed to
RT and stirred for 3 h. The product was isolated as an off-white
solid after purification using silica gel flash chromatography
with a 100% benzene eluent. Yield: 63%. "H NMR (400 MHz, 298
K, CD,Cl,) 0y (ppm): 7.60-7.55 (m, 10H), 7.36-7.34 (m, 2H),
6.85-6.81 (m, 8H), 3.76 (s, 12H). **C{*H} NMR (101 MHz, 298 K,
CD,Cl,) 6¢ (ppm): 160.1, 133.7,133.5, 132.0 (d, ] = 3.1 Hz), 126.8
(d,J = 6.3 Hz), 124.8, 113.9 (d, J = 13.9 Hz), 105.0 (d, ] = 5.2 Hz),
91.1 (d, J = 15.2 Hz), 54.7. *'P{'"H} NMR (161 MHz, 298 K,
CD,Cl,) dp (ppm): —36.72. HRMS-ESI MS: m/z 615.1850 (M + H)".
IR (KBr) 7 (cm™"): 624, 809, 871 (P-C=C), 2161 (C=C). DSC: 96 ©
C (melt), 264 °C (maximum). Elemental analysis, calcd for
Ci3H3,04P,: C, 74.26; H, 5.25. Found: C, 73.97; H, 5.34.

1,2-Bis((bis(4-(trifluoromethyl)phenyl)phosphino Jethynyl)
benzene, dppeb-pCF; (1c). To a solution of EDTMS (1.88 g, 6.93
mmol) in 125 mL THF at 0 °C was added 1.6 M n-Buli in
hexanes (9.09 mL, 14.56 mmol), resulting in an immediate color
change from pale yellow to dark brown. The mixture was slowly
warmed to 55 °C leading to a gradual color change to light,
milky brown. After stirring for 2 h at elevated temperature the
mixture was again cooled to 0 °C and a solution of chlorobis(4-
(trifluoromethyl)phenyl)phosphine (5.00 g, 14.02 mmol) in
10 mL THF was added. The solution became clear, dark brown
immediately upon phosphine addition. The mixture was
warmed to RT and stirred for 3 h. The product was isolated as
a yellow oil after purification using silica gel flash chromatog-
raphy with a 10:1 hexanes:ethyl acetate eluent followed by
a second purification using a 2:1 hexanes: dichloromethane
eluent. Yield: 20%. "H NMR (400 MHz, 298 K, CD,Cl,) 6y; (ppm):
7.78-7.74 (m, 8H), 7.66-7.63 (m, 2H), 7.54-7.51 (m, 8H), 7.46-
7.43 (m, 2H). *'P{'H} NMR (161 MHz, 298 K, CD,Cl,) ép (ppm):
—32.75. "F NMR (400 MHz, 298 K, CD,Cl,) 6 (ppm): —63.33.
HRMS-ESI MS: m/z 767.0926 (M + H)". IR (KBr) # (cm"): 628,
813, 873 (P-C=C), 2163 (C=C).

1,2-Bis((bis(3,5-dimethylphenyl)phosphino)ethynyl)benzene,
dppeb-m,CHj (1d). To a solution of EDTMS (2.09 g, 7.74 mmol)
in 150 mL THF at to 0 °C was carefully added 1.6 M n-BuLi in
hexanes (10.16 mL, 16.26 mmol) resulting in an immediate
color change from pale yellow to dark brown. The reaction
mixture was stirred for 2 h after slowly warming to 55 °C during
which time the solution turned light brown and became milky.
After 2 h, the reaction was cooled again to 0 °C and a solution of
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chlorobis(3,5-dimethylphenyl)phosphine (5.00 g, 18.07 mmol)
in 20 mL THF was added. After slowly warming to RT, the
mixture was stirred for 3 h during which time the color dark-
ened leaving a clear brown solution. The product was obtained
as a white solid after purification by silica gel flash chroma-
tography using a 20:1 hexanes: ethyl acetate eluent. Crystals
suitable for characterization by X-ray crystallography were
grown from vapor diffusion of heptane into a saturated solution
of dichloromethane at —20 °C. Yield: 63%. "H NMR (400 MHz,
298 K, CD,Cl,) éy (ppm): 7.60-7.57 (m, 2H), 7.37-7.35 (m, 2H),
7.23 (d,J = 11.2 Hz, 8H), 6.93 (br s, 4H), 2.24 (s, 24 H). "*C{'H}
NMR (101 MHz, 298 K, CD,Cl,) éc (ppm): 138.7 (d, J = 8.2 Hz),
136.2 (d, J = 6.5 Hz), 132.8, 131.3, 130.8, 130.6, 129.1, 125.9,
106.4 (d, J = 3.8 Hz), 91.7 (d, J = 10.0 Hz), 21.6. *'P{'"H} NMR
(161 MHz, 298 K, CD,Cl,) 6p (ppm): —33.59. HRMS-ESI MS: m/z
607.2682 (M + H)". IR (KBr) # (cm "): 630, 808, 873 (P-C=C),
2161 (C=C). DSC: 121 °C (melt), 271 °C (maximum). Elemental
analysis, calcd for C4,H,40P,: C, 83.14; H, 6.64. Found: C, 82.97;
H, 6.55.

1,2-Bis((bis(3,5-bis(trifluoromethyl)phenyl)phosphino)ethynyl)
benzene, dppeb-m,CF; (1e). To a solution of EDTMS (1.88 g, 6.93
mmol) in 100 mL THF at 0 °C was added 1.6 M n-Buli in
hexanes (9.09 mL, 14.55 mmol) resulting in an immediate color
change from yellow to dark brown. The solution was allowed to
warm to 55 °C and was stirred at elevated temperature for 2 h
during time which time the reaction mixture turned light brown
and became milky. The solution was then cooled to 0 °C and
bis(3,5-bis(trifluoromethyl)phenyl)chlorophosphine (7.51 g,
15.25 mmol) in 20 mL THF was added. The reaction mixture
turned dark blue and was allowed to stir at RT for 3 h. The crude
reaction mixture was filtered through a silica gel plug and
washed with copious amounts of benzene and dichloromethane
to remove impurities yielding a yellow/brown solution. The
product was then isolated as an off-white solid after purification
by silica gel flash chromatography with a 5:1 hexanes: ethyl
acetate eluent. Crystals suitable for characterization by X-ray
crystallography were grown from vapor diffusion of hexane
into a saturated dichloromethane solution at —20 °C. Yield:
52%. 'H NMR (400 MHz, 298 K, CD,Cl,) 6y (ppm): 8.07 (d, ] =
7.6 Hz, 8H), 7.89 (s, 4H), 7.68-7.66 (m, 2H), 7.52-7.50 (m, 2H).
BC{"H} NMR (125 MHz, 298 K, CD,Cl,) é¢ (ppm): 138.8 (d, J =
13.7 Hz), 133.0 (d,J = 38.8 Hz), 133.0 (d,J = 22.1 Hz), 132.9 (q of
d,J = 33.5 Hz, ] = 7.3 Hz), 130.6, 124.9, 124.5 (m), 123.6 (q, ] =
273.1 Hz), 109.5 (d, J = 6.2 Hz), 86.9 (d, J = 20.2 Hz). *'P{'H}
NMR (161 MHz, 298 K, CD,Cl,) 6p (ppm): —31.96. '°F NMR (400
MHz, 298 K, CD,Cl,) 6y (ppm): —63.28. HRMS-ESI MS: m/z
1073.0009 (M + CI)". IR (KBr) 7 (cm™%): 634, 806, 877 (P-C=C),
2167 (C=C). DSC: 144 °C (melt), 275 °C (maximum). Elemental
analysis, caled for C,,H;6F24P5: C, 48.58; H, 1.55. Found: C,
48.40; H, 1.56.

1,2-Bis((diisopropylphosphino)ethynyl)benzene, dipeb (1f). To
a solution of EDTMS (2.14 g, 7.92 mmol) in 125 mL of THF at 0 ©
C was added 1.6 M n-BulLi in hexanes (10.39 mL, 16.63 mmol)
resulting in an immediate color change from pale yellow to dark
brown. The mixture was slowly warmed to 55 °C and stirred for
2 h during which time the reaction color lightened to milky
brown. After stirring at elevated temperature, the solution was
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cooled to 0 °C and a solution of chlorodiisopropylphosphine
(2.77 mL, 17.42 mmol) in 10 mL THF was added. Upon slow
warming to RT, the reaction mixture became a clear, dark brown
solution which was stirred for 3 h. The product was isolated as
a yellow oil after purification with silica gel flash chromatog-
raphy using a 5:1 hexanes:benzene eluent. Yield: 81%. 'H
NMR (400 MHz, 298 K, CD,Cl,) 6 (ppm): 7.47-7.44 (m, 2H),
7.27-7.25 (m, 2H), 2.02-1.95 (m, 4H), 1.26 (d, J = 11.2 Hz, 6H),
1.24 (d, J = 11.2 Hz, 6H), 1.16 (d,J = 16.8 Hz, 6H), 1.15 (d, ] =
17.2 Hz, 6H). "*C{"H} NMR (101 MHz, 298 K, CD,CL,) é¢ (ppm):
133.1, 128.5, 126.0, 104.1 (d, J = 4.7 Hz), 92.3 (d, J = 27.3 Hz),
24.5 (d, ] = 8.8 Hz), 20.2 (d, J = 19.7 Hz), 19.9 (d,/ = 6.8 Hz). *'P
{'"H} NMR (161 MHz, 298 K, CD,Cl,) ép (ppm): —11.79. HRMS-
ESI MS: m/z 359.2042 (M + H)". IR (KBr) # (cm™): 636, 802,
871 (P-C=C), 2158 (C=C).

1,2-Bis({dicyclohexylphosphino)ethynyl)benzene, dcpeb (1g). To
a solution of EDTMS (2.33 g, 8.61 mmol) in 150 mL THF at 0 °C
was added 1.6 M n-BuLi in hexanes (11.30 mL, 18.08 mmol) and
the reaction mixture allowed to warm slowly to 55 °C. The
reaction was stirred at elevated temperature for 2 h during
which time the clear, dark brown solution lightened consider-
ably and became milky. After 2 h, the solution was cooled to 0 °C
and a solution of chlorodicyclohexylphosphine (4.18 mL, 18.94
mmol) in 10 mL THF was added. The mixture was slowly
warmed to RT during which time the color darkened resulting
in a clear brown solution after stirring for 3 h. The product was
isolated as a yellow oil after purification by silica gel flash
chromatography with a 10:1 hexanes: benzene eluent. Yield:
74%. "H NMR (400 MHz, 298 K, CD,Cl,) éy; (ppm): 7.46-7.43 (m,
2H), 7.27-7.24 (m, 2H), 2.02-2.00 (m, 4H), 1.82-1.80 (m, 18H),
1.71-1.68 (m, 4H), 1.42-1.24 (m, 18H). "*C{"H} NMR (101 MHz,
298 K, CD,Cl,) 6¢ (ppm): 133.1, 128.4, 126.2, 104.4 (d, ] = 3.64
Hz), 92.6 (d, J = 26.4 Hz), 33.7 (d, ] = 8.7 Hz), 30.8 (d, ] = 18.0
Hz), 30.2 (d, ] = 4.9 Hz), 27.7 (d, ] = 18.7 Hz), 27.7 (d, ] = 2.3 Hz),
27.0. *'P{'"H} NMR (161 MHz, 298 K, CD,Cl,) ép (ppm): —20.80.
HRMS-ESI MS: m/z 519.3329 (M + H)". IR (KBr) # (cm™%): 626,
800, 885 (P-C=C), 2159 (C=C).

1,2-Bis((di-tert-butylphosphino)ethynyl)benzene, dtpeb (1h). To
a solution of EDTMS (2.02 g, 7.48 mmol) in 150 mL THF at 0 °C
was added 1.6 M n-BulLi in hexanes (9.81 mL, 15.71 mmol). The
solution immediately changed color from pale yellow to dark
brown. The reaction mixture was heated to 50 °C and allowed to
stir for 2 h during which time the solution color lightened, and
the consistency became milky. The mixture was then cooled to
0 °C and a solution of di-tert-butylchlorophosphine (3.12 mL,
16.45 mmol) in 20 mL THF was added, resulting in an instan-
taneous color change to dark brown and a clearing of the cloudy
solution. The mixture was slowly warmed to RT and stirred for
3 h. The product was isolated as a yellow oil after purification by
silica gel flash chromatography using a 5:1 hexanes:benzene
eluent. Yield: 64%. "H NMR (400 MHz, 298 K, CD,Cl,) 6y (ppm):
7.49-7.47 (m, 2H), 7.28-7.26 (m, 2H), 1.29 (d, ] = 12.4 Hz, 36H).
B3C{'H} NMR (101 MHz, 298 K, CD,Cl,) d¢ (ppm): 133.3, 128.4,
126.0,104.7 (d,J = 3.6 Hz), 93.8 (d,/ = 25.3 Hz), 33.5 (d,/ = 17.1
Hz), 30.2 (d,] = 14.6 Hz). *'P{'"H} NMR (161 MHz, 298 K, CD,Cl,)
dp (ppm): 12.33. HRMS-ESI MS: m/z 415.2700 (M + H)". IR (KBr) 7
(em™1): 640, 802, 867 (P-C=C), 2159 (C=C).
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Synthesis of phosphine oxide enediyne compounds (2b-2h)
General procedure for the synthesis of phosphine oxide ene-
diynes. Syntheses for the phosphine oxide enediyne ligands
were adapted from a published literature procedure'® and
performed under ambient conditions. To a solution of enediyne
(1b-1h) (1 eq.) in 8 mL benzene was added excess hydrogen
peroxide (30% by wt). The mixture was stirred vigorously at RT
for 1 h after which time Na,SO, was added. The reaction
mixture was filtered and then evaporated to dryness to yield the
final product (2b-2h). The phosphine oxide ligand 1,2-
phenylenebis(ethyne-2,1-diyl)bis(diphenylphosphine oxide)
(2a) has been reported previously.**
1,2-Phenylenebis(ethyne-2,1-diyl)bis(bis(4-methoxyphenyl)
phosphine) oxide (2b). The product was isolated as a yellow oil.
Yield: 81%. "H NMR (400 MHz, 298 K, CD,Cl,) 6 (ppm): 7.77-
7.72 (m, 8H), 7.69-7.67 (m, 2H), 7.50-7.47 (m, 2H), 6.94-6.91
(m, 8H), 3.81 (s, 12H). "*C{"H} NMR (101 MHz, 298 K, CD,Cl,) d¢
(ppm): 163.3, 134.1, 133.3 (d, J = 12.7 Hz), 130.9, 125.7, 124.4,
114.8 (d, J = 14.6 Hz), 101.7 (d, ] = 28.5 Hz), 89.1 (d, ] = 160.4
Hz), 55.9. >'P{"H} NMR (161 MHz, 298 K, CD,Cl,) 6p (ppm): 7.56.
HRMS-ESI MS: m/z 647.1756 (M + H)". IR (KBr) 7 (cm): 626,
819, 875 (P-C=C), 1203 (P=0), 2177 (C=C). Elemental anal-
ysis, caled for C3;gH;3,P,04-H,0: C, 68.67; H, 5.15. Found: C,
68.73; H, 5.19.
1,2-Phenylenebis(ethyne-2,1-diyl)bis(bis(4-(trifluoromethyl)
phenyl)-phosphine) oxide (2c). The product was isolated as
a yellow oil. Yield: 67%. "H NMR (400 MHz, 298 K, CD,Cl,) dy
(ppm): 8.06-8.01 (m, 8H), 7.76-7.71 (m, 10H), 7.59-7.57 (m, 2H).
BC{"H} NMR (101 MHz, 298 K, CD,Cl,) é¢c (ppm): 137.0 (d, ] =
121.2 Hz), 134.6 (dd, J = 33.1 Hz, J = 3.3 Hz), 134.3 (d,J = 1.9
Hz), 132.0 (d,J = 11.7 Hz), 131.8, 126.5 (q, J = 3.6 Hz), 126.4 (q, ]
= 4.0 Hz), 125.4, 123.4, 122.7, 103.7 (d, J = 30.0 Hz), 86.9 (d, ] =
169.4). *'"P{'"H} NMR (161 MHz, 298 K, CD,Cl,) dp (ppm): 4.16.
9F NMR (400 MHz, 298 K, CD,Cl,) 6z (ppm): —64.56. HRMS-ESI
MS: m/z 799.0818 (M + H)". IR (KBr) 7 (cm%): 630, 823, 879 (P-
C=C), 1215 (P=0), 2179 (C=C).
1,2-Phenylenebis(ethyne-2,1-diyl)bis(bis(3,5-dimethylphenyl)
phosphine) oxide (2d). The product was isolated as a shiny white
solid. Crystals suitable for characterization by X-ray crystallog-
raphy were grown from vapor diffusion of pentane into a satu-
rated dichloromethane solution at —20 °C. Yield: 93%. 'H NMR
(400 MHz, 298 K, CD,Cl,) 6y (ppm): 7.71-7.69 (m, 2H), 7.51-7.49
(m, 2H), 7.45 (d,J = 16.0 Hz, 8H), 7.09 (br s, 4H), 2.26 (s, 24H). *C
{'"H} NMR (101 MHz, 298 K, CD,Cl,) ¢ (ppm): 139.1 (d, ] = 14.2
Hz), 134.4 (d,] = 3.1 Hz), 134.2, 134.1, 132.9, 130.9, 128.8 (d, ] =
11.1 Hz), 123.9, 101.8 (d, J = 27.8 Hz), 89.0 (d, J = 158.9 Hz), 21.5.
3'p{'H} NMR (161 MHz, 298 K, CD,Cl,) 6p (ppm): 8.42. HRMS-ESI
MS: m/z 639.2575 (M + H)". IR (KBr) # (cm™"): 640, 809, 875 (P-
C=C), 1199 (P=0), 2177 (C=C). DSC: 153 °C (melt), no
maximum up to 280 °C. Elemental analysis, calcd for C,,HyoP,-
0,-C¢Hy-H,0: C, 78.46; H, 6.59. Found: C, 78.13; H, 6.28.
1,2-Phenylenebis(ethyne-2,1-diyl)bis(bis(3,5-bis(trifluoromethyl)
phenyl)-phosphine) oxide (2e). Due to the low solubility of 1e in
benzene, a 1:1 solvent mixture of benzene : dichloromethane
was utilized. The product was isolated as an off-white solid.
Crystals suitable for characterization by X-ray crystallography
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were grown from vapor diffusion of pentane into a saturated
dichloromethane solution at —20 °C. Yield: 88%. "H NMR (400
MHz, 298 K, CD,Cl,) 64 (ppm): 8.37 (d,J = 15.6 Hz, 8H), 8.10 (s,
4H), 7.82-7.80 (m, 2H), 7.66-7.64 (m, 2H). "*C{'"H} NMR (101
MHz, 298 K, CD,Cl,) ¢ (ppm): 135.4 (d, J = 123.4 Hz), 134.0,
133.0 (q of d, J = 34.2 Hz, ] = 13.9 Hz), 132.3, 131.8 (d, / = 12.9
Hz), 127.4,124.7,122.0, 105.3 (d, ] = 31.9 Hz), 85.7 (d, ] = 176.4
Hz). >'P{'H} NMR (161 MHz, 298 K, CD,Cl,) dp (ppm): 1.83. '°F
NMR (400 MHz, 298 K, CD,Cl,) 6z (ppm): —64.26. HRMS-ESI
MS: m/z 1071.0302 (M + H)". IR (KBr) # (cm™'): 646, 809, 885
(P-C=C), 1216 (P=0), 2181 (C=C). DSC: 164 °C (melt), no
maximum up to 280 °C. Elemental analysis, calcd for
CuoH,6F54P,0,: C, 47.12; H, 1.51. Found: C, 46.87; H, 1.49.
1,2-Phenylenebis(ethyne-2,1-diyl)bis(diisopropylphosphine
oxide) (2f). The product was isolated as a yellow oil. Yield: 66%.
"H NMR (400 MHz, 298 K, CD,Cl,) dy (ppm): 7.62-7.60 (m, 2H),
7.46-7.44 (m, 2H), 2.19-2.10 (m, 4H), 1.30 (d, J = 7.2 Hz, 6H),
1.28 (d, J = 6.8 Hz, 6H), 1.25 (d, J = 7.2 Hz, 6H), 1.24 (d, ] =
6.8 Hz, 6H). ">*C{'H} NMR (101 MHz, 298 K, CD,Cl,) ¢ (ppm):
134.0, 130.6, 124.0, 100.2 (d, ] = 20.3 Hz), 86.4 (d, ] = 129.4 Hz),
28.1, 27.3,16.6 (d, J = 2.7 Hz), 15.3 (d, ] = 3.2 Hz). *'P{"H} NMR
(161 MHz, 298 K, CD,Cl,) 6p (ppm): 42.65. HRMS-ESI MS: m/z
391.1954 (M + H)". IR (KBr) # (cm™): 667, 813, 873 (P-C=C),
1180 (P=0), 2177 (C=C).
1,2-Phenylenebis(ethyne-2,1-diyl)bis(dicyclohexylphosphine
oxide) (2g). The product was isolated as a yellow oil. Yield: 94%.
'H NMR (400 MHz, 298 K, CD,Cl,) 0y (ppm): 7.63-7.60 (m, 2H),
7.46-7.43 (m, 2H), 2.04-1.83 (m, 20H), 1.74-1.71 (m, 4H), 1.56-
1.46 (m, 8H), 1.36-1.23 (m, 12H). "*C{"H} NMR (101 MHz, 298 K,
CD,Cl,) 6¢ (ppm): 133.9 (d, J = 1.8 Hz), 130.5, 124.1 (m), 100.0 (d,
J =20.0 Hz), 87.3 (d, ] = 128.4 Hz), 37.3 (d, ] = 78.5 Hz), 26.8 (d, ]
=7.2 Hz), 26.7 (d,J = 6.7 Hz), 26.5 (d, ] = 3.2 Hz), 26.4 (d,] = 5.0
Hz), 25.3 (d,J = 3.3 Hz). >'P{'"H} NMR (161 MHz, 298 K, CD,Cl,)
6p (ppm): 35.80. HRMS-ESI MS: m/z 551.3213 (M + H)". IR (KBr) 7
(em™): 632, 808, 873 (P-C=C), 1211 (P=0), 2177 (C=C).
1,2-Phenylenebis(ethyne-2,1-diyl)bis(di-tert-butylphosphine
oxide) (2h). The product was isolated as a yellow oil. Yield: 75%.
'H NMR (400 MHz, 298 K, CD,Cl,) dy; (ppm): 7.63-7.61 (m, 2H),
7.47-7.45 (m, 2H), 1.37 (d,J = 15.2 Hz, 36H). C{"H} NMR (101
MHz, 298 K, CD,Cl,) é¢ (ppm): 134.2, 130.5, 124.0, 100.4 (d, ] =
17.2 Hz), 87.3 (d, J = 121.1 Hz), 37.1, 36.3, 26.8. *'P{'"H} NMR
(161 MHz, 298 K, CD,Cl,) 6p (ppm): 49.41. HRMS-ESI MS: m/z
447.2585 (M + H)". IR (KBr) 7 (cm™'): 644, 815, 869 (P-C=C),
1220 (P==0), 2175 (C=C). Elemental analysis, caled for C,s-
H,oP,0,-H,0,: C, 64.98; H, 8.81. Found: C, 64.77; H, 8.63.
Synthesis of Pt(u) phosphine enediyne dichloride complexes
(3a-3g)
Dichloro-(1,2-bis((diphenylphosphino)ethynyl)benzene)plati-
num(u), Pt(dppeb)Cl, (3a). This complex has been generated in
situ previously.**** Using the procedure detailed here, the
complex has now been isolated and characterized. To a solution
of Pt(cod)Cl, (64.1 mg, 0.171 mmol) in 6 mL DCM was added
a solution of 1a (102 mg, 0.206 mmol) in 6 mL DCM. The
mixture was allowed to stir at RT for 30 min, then the solvent
was removed in vacuo. The residue was suspended in minimal
DCM and filtered to remove insoluble material. To the filtrate
was added excess hexanes. The resulting off-white precipitate
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was collected, washed with hexanes, and dried. Crude yield:
53%. The crude precipitate was purified by preparatory chro-
matography on silica gel with a 50 : 1 DCM : acetone eluent (R =
0.57). Purified yield: 31%. "H NMR (400 MHz, 298 K, CD,Cl,) dy
(ppm): 7.93-7.87 (m, 8H), 7.53-7.42 (m, 16H). *'P{'"H} NMR (161
MHz, 298 K, CD,Cl,) ép (ppm): —17.44 (s, Jpp = 3823 Hz).
HRMS-ESI MS: m/z 725.0702 (M-Cl)*. IR (KBr) # (cm '): 637,
820, 882 (P-C=C), 2171 (C=C). DSC: 116 °C (maximum).

Dichloro-(1,2-bis((bis(4-methoxyphenyl)phosphino)ethynyl)
benzene) platinum(u), Pt(dppeb-pOCH3)Cl, (3b). To a solution of
Pt(cod)Cl, (57.2 mg, 0.153 mmol) in 10 mL DCM at 0 °C was
added a solution of 1b (113 mg, 0.184 mmol) in 5 mL DCM, also
at 0 °C. The mixture was allowed to stir on ice for 30 min after
which time the solvent was removed by rotary evaporation at 0 °C.
The resulting residue was dissolved in minimal DCM and excess
hexanes added. The off-white precipitate was isolated by filtra-
tion, washed with hexanes, and dried. Crude yield: 43%. The
crude precipitate was purified by preparatory chromatography on
silica gel with a 20: 1 DCM : acetone eluent (R; = 0.65). Purified
yield: 20% 'H NMR (400 MHz, 298 K, CD,Cl,) 6;; (ppm): 7.83-7.78
(m, 8H), 7.52-7.46 (m, 4H), 6.96-6.93 (m, 8H), 3.85 (s, 12H). *'P
{"H} NMR (161 MHz, 298 K, CD,Cl,) dp (ppm): —19.13 (s, Jp_p; =
3846 Hz). HRMS-ESI MS: m/z 844.1100 (M-Cl)*. IR (KBr) # (cm ):
620, 823, 881 (P-C=C), 2167 (C=C). DSC: 120 °C (maximum).

Dichloro-(1,2-bis((bis(4-(trifluoromethyl)phenyl)phosphino)
ethynyl)benzene) platinum(u), Pt(dppeb-pCF;)Cl, (3¢c). To a solu-
tion of Pt(cod)Cl, (25.7 mg, 0.069 mmol) in 15 mL DCM was
added a solution of 1¢ (63.2 mg, 0.083 mmol) in 10 mL DCM.
The mixture was stirred at RT for 30 min and then the solvent
was removed in vacuo. The residue was dissolved in minimal
DCM, followed by the addition of excess hexanes. The off-white
precipitate was filtered, washed with hexanes, and dried. Crude
yield: 45%. The crude solid was stirred in cold Et,O for 2 min
and then filtered resulting in an off-white solid. Purified yield:
17% "H NMR (400 MHz, 298 K, CD,Cl,) é;; (ppm): 8.05-8.00 (m,
8H), 7.73-7.71 (m, 8H), 7.58 (s, 4H). *'P{"H} NMR (161 MHz, 298
K, CD,Cl,) dp (ppm): —17.65 (5, Jp_p: = 3797 Hz). °F NMR (400
MHz, 298 K, CD,Cl,) ér (ppm): —63.59. HRMS-ESI MS: m/z
996.0226 (M-CI)". IR (KBr) # (cm™'): 630, 829, 883 (P-C=C),
2175 (C=C). DSC: 177 °C (maximum).

Dichloro-(1,2-bis((bis(3,5-dimethylphenyl)phosphino)ethynyl)
benzene) platinum(u), Pt(dppeb-m,CH3)Cl, (3d). To a solution of
Pt(cod)Cl, (82.1 mg, 0.219 mmol) in 10 mL DCM was added
a solution of 1d (111 mg, 0.183 mmol) in 5 mL DCM. The
mixture was stirred at RT for 30 min and then solvent was
removed under reduced pressure. The remaining residue was
dissolved in minimal DCM and excess hexanes added to induce
precipitation. An off-white solid was filtered, washed with
hexanes, and dried. Crude yield: 92%. The product was purified
by preparatory chromatography on silica gel with a 2:1
hexanes : acetone eluent (R; = 0.63). Purified yield: 56%. 'H
NMR (400 MHz, 298 K, CD,Cl,) 6y (ppm): 7.54-7.52 (m, 2H),
7.49-7.43 (m, 10H), 7.11 (br s, 4H), 2.31 (s, 24H). *'P{"H} NMR
(161 MHz, 298 K, CD,Cl,) 6p (ppm): —16.53 (s, Jp_p: = 3818 Hz).
HRMS-ESI MS: m/z 837.1972 (M—CI)". IR (KBr) # (cm'): 635,
814, 883 (P-C=C), 2163 (C=C). DSC: 106 °C (maximum).
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Dichloro-(1,2-bis((bis(3,5-bis(trifluoromethyl)phenyl)phosphino)
ethynyl)-benzene)platinum(u), Pt(dppeb-m,CF3)Cl, (3e). To a solu-
tion of Pt(cod)Cl, (61.2 mg, 0.164 mmol) in 10 mL DCM was
added a solution of 1e (204 mg, 0.196 mmol) in 10 mL DCM. The
mixture was stirred at RT for 30 min followed by solvent removal
by rotary evaporation. The residue was dissolved in minimal
DCM and filtered. To the filtrate was added excess hexanes to
induce precipitation. The off-white precipitate was filtered,
washed with hexanes and cold Et,0, and dried. Crystals suitable
for characterization by X-ray crystallography were grown from
vapor diffusion of hexane into a saturated dichloromethane
solution at —20 °C. Yield: 43%. 'H NMR (400 MHz, 298 K,
CD,Cl,) 6;; (ppm): 8.38 (d,J = 11.6 Hz, 8 H), 8.14 (s, 4H), 7.63 (s,
4H). C{'H} NMR (101 MHz, 298 K, CD,Cl,) é; (ppm): 134.3,
132.9 (q of d, J = 34.4 Hz, ] = 12.8 Hz), 132.6, 131.7 (d, J = 80.9
Hz), 131.6,127.0, 124.1, 123.2 (q, ] = 273.3 Hz), 115.3 (d,/ = 16.2
Hz), 84.1 (d, J = 112.9 Hz). *'P{'H} NMR (161 MHz, 298 K,
CD,Cl,) 0p (ppm): —18.17 (8, Jp_pt = 3812 Hz). °’F NMR (400
MHz, 298 K, CD,Cl,) 6y (ppm): —64.23. HRMS-ESI MS: m/z
1268.9723 (M—CI)". IR (KBr) # (cm™): 655, 817, 885 (P-C=C),
2175 (C=C). DSC: 236 °C (maximum). Elemental analysis, calcd
for Cy4pH, F,4P,PtCly: C, 38.67; H, 1.24. Found: C, 38.99; H,
1.07.

Dichloro-(1,2-bis({(diisopropylphosphino Jethynyl)benzene)plati-
num(u), Pt(dipeb)Cl, (3f). To a solution of Pt(cod)Cl, (280 mg,
0.748 mmol) in 12 mL DCM was added a solution of 1f (320 mg,
0.893 mmol) in 5 mL DCM. The mixture was allowed to stir at
RT for 75 min after which time the solvent was removed by
rotary evaporation. The resulting residue was dissolved in
minimal DCM and excess hexanes added. The off-white
precipitate was isolated by filtration, washed with hexanes,
and dried. Crude yield: 80%. The crude precipitate was purified
by preparatory chromatography on silica gel with a 10:1
benzene : acetone eluent (R; = 0.58). Crystals suitable for char-
acterization by X-ray crystallography were grown from vapor
diffusion of pentane into a saturated dichloromethane solution
at —20 °C. Purified yield: 49%. 'H NMR (400 MHz, 298 K,
CD,Cl,) 6y (ppm): 7.59-7.57 (m, 2H), 7.53-7.51 (m, 2H), 3.01-
2.97 (m, 4H), 1.45 (d, J = 7.0 Hz, 6H), 1.41 (d, J = 7.0 Hz, 6H),
1.37 (d,J = 7.0 Hz, 6H), 1.34 (d, J = 7.0 Hz, 6H). "*C{'"H} NMR
(101 MHz, 298 K, CD,Cl,) é¢ (ppm): 130.1, 129.7, 125.1, 110.1,
85.3 (d, J = 5.7 Hz), 84.7 (d, J = 5.5 Hz), 27.9 (d, J = 42.4 Hz),
20.3, 19.0. *'P{'H} NMR (161 MHz, 298 K, CD,Cl,) ép (ppm):
13.46 (s, Jp_pr = 3815 Hz). HRMS-ESI MS: m/z 589.1321 (M-CI)".
IR (KBr) # (cm™'): 634, 827, 881 (P-C=C), 2163 (C=C). DSC:
139 °C (maximum). Elemental analysis, calcd for C,,H;3,P,PtCl,:
C, 42.32; H, 5.17. Found: C, 42.04; H, 4.89.

Dichloro-(1,2-bis({(dicyclohexylphosphino)ethynyl)benzene)plati-
num(u), Pt(dcpeb)Cl, (3g). To a solution of Pt(cod)Cl, (115 mg,
0.307 mmol) in 10 mL DCM was added a solution of 1g (191 mg,
0.369 mmol) in 5 mL DCM. The mixture was allowed to stir at
RT for 2 h after which time the solvent was removed by rotary
evaporation. The resulting residue was dissolved in minimal
DCM and excess hexanes added. The off-white precipitate was
then filtered, washed with hexanes, and dried. Crude yield: 72%

The crude precipitate was purified by preparatory

Chem. Sci., 2025, 16, 255-279 | 273


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05396f

Open Access Article. Published on 12 November 2024. Downloaded on 3/3/2026 8:34:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

chromatography on silica gel with a 10:1 benzene : acetone
eluent (R¢= 0.75). Purified yield: 46%. "H NMR (400 MHz, 298 K,
CD,Cl,) 6y (ppm): 7.59-7.57 (m, 2H), 7.52-7.50 (m, 2H), 2.77-
2.69 (m, 4H), 2.39 (br s, 4H), 1.99-1.96 (m, 4H), 1.81 (br s, 8H),
1.70-1.65 (m, 8H), 1.57-1.51 (m, 6H), 1.40-1.21 (m, 10H). *'P
{"H} NMR (161 MHz, 298 K, CD,Cl,) dp (ppm): 4.35 (s, Jp_pi =
3822 Hz). HRMS-ESI MS: m/z 749.2589 (M-CI)". IR (KBr) 7
(em™): 642, 827, 889 (P-C=C), 2163 (C=C). DSC: 140 °C
(maximum).

Bergman cyclization of Pt(u) phosphine enediyne dichloride
complexes and isolation of cyclized products (4a-4f)

General procedure for the Bergman cyclization of Pt(u) phos-
phine enediyne complexes and the determination of cyclo-
aromatization rate. Pt(u) phosphine enediyne dichloride
complexes were purified as described above directly before use.
Metalloenediynes (3a-3g) were dissolved in CDCl;, dried over 4
A molecular sieves, to give solutions of 3-30 mM, depending on
solubility. A slight molar excess of triphenylphosphine oxide,
Ph,PO, was then added as an internal *'P NMR standard fol-
lowed by 100 equivalents of 1,4-cyclohexadiene. The solution
was sealed in an NMR tube under ambient conditions and
maintained in a temperature-controlled bath or in the NMR
spectrometer. 31p NMR spectra were acquired att =0, 2, 4, 8, 12,
24,36 h...ort =0, 1, 2, 3, 4 h... time intervals for complexes
with cyclization ¢, > 12 h and ¢, < 12 h, respectively. The
disappearance of the starting material was followed to at least
90% completion by integration of the Pt(i) phosphine enediyne
dichloride *'P NMR signal (3a-3g) vs. that of Ph;PO. Cyclization
was monitored in 5 °C increments for each complex: 3b (5-20 ©
C); 3a, 3d (10-25 °C); 3¢ (15, 25-35 °C); 3e-3g (25-40 °C), and
data were collected in triplicate. Complex 3¢ contained ~5%
Pt(cod)Cl, impurity. Rate constants were obtained from highly
linear first order kinetic plots (R* > 0.98) and the free energy of
activation (AG*) was calculated from standard Eyring plots. The
cyclization of all complexes except of 3g proceeds cleanly to the
corresponding cyclized product in >90% yield. Due to the low
concentrations used during the kinetic experiments (3-30 mM),
the reaction mixtures from all trials for a given compound were
combined prior to purification with preparatory silica gel
chromatography. Following purification, all cyclized
compounds were fully characterized.

Dichloro-(2,3-bis(diphenylphosphino)naphthalene)platinum(n),
Pt(dppnap)Cl, (4a). This complex has been reported previously
using a different synthetic protocol.*® After completion of the
kinetic experiments described above (3.9-7.4 mM solutions),
the product was isolated as a white solid using silica gel
preparatory chromatography with a 50: 1 DCM : acetone eluent
(R¢ = 0.45). Crystals suitable for characterization by X-ray crys-
tallography were grown from slow evaporation of a saturated
solution in CD,Cl, at room temperature. "H NMR (400 MHz, 298
K, CD,Cl,) 6y (ppm): 8.12-8.09 (m, 2H), 7.89-7.87 (m, 2H), 7.81-
7.75 (m, 8H), 7.67-7.64 (m, 2H), 7.55-7.51 (m, 4H), 7.47-7.43
(m, 8H). “C{'H} NMR (101 MHz, 298 K, CD,Cl,) ¢ (ppm):
134.6, 134.5, 134.4, 132.4, 130.2, 129.4, 129.3, 129.2, 129.1. *'P
{"H} NMR (161 MHz, 298 K, CD,Cl,) dp (ppm): 39.42 (s, Jp_pt =
3597 Hz). HRMS-ESI MS: m/z 726.0851 (M-Cl)". Elemental
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analysis, caled for C3,H,6P,PtCl,: C, 53.56; H, 3.44. Found: C,
53.75; H, 3.23.
Dichloro-(2,3-bis(bis(4-methoxyphenyl)phosphino)naphthalene)
platinum(u), Pt(dppnap-pOCH;)Cl, (4b). After completion of the
kinetic experiments described above (3.4-8.9 mM solutions),
the product was isolated as a white solid using silica gel
preparatory chromatography with a 20: 1 DCM : acetone eluent
(R¢ = 0.56). "H NMR (400 MHz, 298 K, CD,Cl,) &1 (ppm): 8.08-
8.05 (m, 2H), 7.90-7.87 (m, 2H), 7.71-7.66 (m, 10H), 6.98-6.95
(m, 8H), 3.84 (s, 12H). "*C{"H} NMR (101 MHz, 298 K, CD,Cl,) i
(ppm): 163.0, 136.2, 136.1, 136.0, 129.9, 129.2, 115.0, 114.9,
114.8, 56.0. *'P{"H} NMR (161 MHz, 298 K, CD,CL,) ép (ppm):
37.19 (s, Jp_pt = 3638 Hz). HRMS-ESI MS: m/z 847.1293 (M-CI)".
Dichloro-(2,3-bis(bis(4-(trifluoromethyl)phenyl)phosphino Jnaph-
thalene) platinum(), Pt(dppnap-pCF;)Cl, (4c). After completion
of the kinetic experiments described above (3.6-4.7 mM solu-
tions), the product was isolated as an off-white solid using silica
gel preparatory chromatography with a 2:1 hexanes:ethyl
acetate eluent (R = 0.57). Crystals suitable for X-ray crystallo-
graphic analysis were grown from vapor diffusion of heptane
into a saturated solution of dichloromethane. "H NMR (400
MHz, 298 K, CD,Cl,) 6y (ppm): 8.17-8.14 (m, 2H), 7.97-7.90 (m,
10H), 7.77-7.74 (m, 10H). "*C{'H} NMR (101 MHz, 298 K,
CD,Cl,) ¢ (ppm): 136.4 (d, J = 18.9 Hz), 135.3 (d, J = 6.8 Hz),
134.9 (d, J = 11.8 Hz), 134.5 (d, J = 33.0 Hz), 133.7 (d, J = 29.9
Hz), 132.5 (d, J = 67.0 Hz), 131.2, 129.4, 126.6-126.4 (m), 124.0
(q, J = 273.8 Hz). *'P{'"H} NMR (161 MHz, 298 K, CD,Cl,) dp
(ppm): 38.93 (s, Jp_ps = 3553 Hz). '°F NMR (400 MHz, 298 K,
CD,Cl,) 6p (ppm): —64.51. HRMS-ESI MS: m/z 998.0370 (M-CI)".
Dichloro-(2,3-bis(bis(3,5-dimethylphenyl)phosphino)
naphthalene) platinum(u), Pt(dppnap-m,CH3)Cl, (4d). After
completion of the kinetic experiments described above (9.7-
16.3 mM solutions), the product was isolated as an off-white
solid using silica gel preparatory chromatography with a 2:1
hexanes : acetone eluent (Ry = 0.56). Crystals suitable for char-
acterization by X-ray crystallography were grown from vapor
diffusion of cyclohexane into a saturated dichloromethane
solution at —20 °C. "H NMR (400 MHz, 298 K, CD,Cl,) dy; (ppm):
8.04-8.01 (m, 2H), 7.89-7.87 (m, 2H), 7.65-7.63 (m, 2H), 7.35 (d,
J=12.0 Hz, 8H), 7.15 (br s, 4H), 2.28 (s, 24H). "*C{'H} NMR (101
MHz, 298 K, CD,Cl,) 6¢c (ppm): 139.1 (d, J = 12.7 Hz), 139.1,
134.1, 132.0 (d, J = 11.8 Hz), 132.0, 129.8, 129.2, 128.9, 128.2,
21.7. *'P{'"H} NMR (161 MHz, 298 K, CD,Cl,) dp (ppm): 39.58 (s,
Je-pt = 3614 Hz). HRMS-ESI MS: m/z 838.2087 (M—CI)".
Dichloro-(2,3-bis(bis(3,5-(trifluoromethyl)phenyl)phosphino)
naphthalene) platinum(u), Pt(dppnap-m,CF3)Cl, (4e). After
completion of the kinetic experiments described above (2.8-
3.3 mM solutions), the product was isolated as a white solid
using silica gel preparatory chromatography with a 2:1 hex-
anes:acetone eluent (R; = 0.49). Crystals suitable for character-
ization by X-ray crystallography were grown directly from the
cyclization reaction mixture. "H NMR (400 MHz, 298 K, CD,Cl,)
0u (ppm): 8.25-8.17 (m, 14H), 8.04-8.01 (m, 2H), 7.87-7.85 (m,
2H). *C{'"H} NMR (101 MHz, 298 K, CD,Cl,) ¢ (ppm): 137.2 (d,J
= 18.4 Hz), 135.5 (d, J = 6.9 Hz), 134.1, 134.0, 133.5 (q of d, ] =
21.9 Hz, J = 12.8 Hz), 132.4, 130.6 (d, J = 68.2 Hz), 129.7, 127.6,
123.0 (q,J = 273.5 Hz). *'P{"H} NMR (161 MHz, 298 K, CD,Cl,)
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dp (ppm): 39.87 (s, Jo_p. = 3519 Hz). '°F NMR (400 MHz, 298 K,
CD,Cl,) 6 (ppm): —64.35. HRMS-ESI MS: m/z 1327.9443 (M +
Na)". Elemental analysis, caled for Cy4,H;gF,4P,PtCly: C, 38.61;
H, 1.39. Found: C, 38.33; H, 1.13.
Dichloro-(2,3-bis(diisopropylphosphino)naphthalene)plati-

num(n), Pt(dipnap)Cl, (4f). After completion of the kinetic
experiments described above (21.1-30.0 mM solutions), the
product was isolated as a white solid using silica gel preparatory
chromatography with a 25:5:1 benzene:acetone :hexanes
eluent (R = 0.48). Crystals suitable for characterization by X-ray
crystallography were grown from vapor diffusion of heptane
into a saturated dichloromethane solution at —20 °C. "H NMR
(400 MHz, 298 K, CD,Cl,) dy (ppm): 8.28 (d, J = 9.2 Hz, 2H),
8.05-8.03 (m, 2H), 7.76-7.74 (m, 2H), 3.14-3.04 (m, 4H), 1.43 (d,
J = 6.8 Hz, 6H), 1.39 (d, J = 6.8 Hz, 6H), 1.25 (d, ] = 7.2 Hz, 6H),
1.21 (d,J = 7.2 Hz, 6H). ">C{"H} NMR (101 MHz, 298 K, CD,Cl,)
dc (ppm): 134.5 (dd, J = 53.5 Hz, J = 24.9 Hz), 134.1 (m), 132.7
(m), 129.3, 128.6, 27.5 (d, J = 36.3 Hz), 19.1, 18.5. *'P{'H} NMR
(161 MHz, 298 K, CD,Cl,) dp (ppm): 60.73 (s, Jp_p: = 3576 Hz).
HRMS-ESI MS: m/z 590.1482 (M-Cl)".

Synthesis of a dimeric Pt(u) phosphine enediyne complex
Dichloro-(1,2-bis((bis(3,5-dimethylphenyl)phosphino)ethynyl)
benzene) platinum(u) dimer, Pty(u,-dppeb-m,CH3),Cl, (5d). To
a solution of Pt(cod)Cl, (51.6 mg, 0.138 mmol) in 7 mL DCM was
added a solution of 1d (101 mg, 0.166 mmol) in 5 mL DCM. The
mixture was allowed to stir at RT for 30 min after which time the
solvent was removed in vacuo. The resulting residue was dis-
solved in minimal DCM and excess hexanes added. The off-
white precipitate was filtered, washed with hexanes, and
dried. Crystals suitable for characterization by X-ray crystallog-
raphy were grown from vapor diffusion of hexane into a satu-
rated dichloromethane solution at —20 °C. Yield: 61%. "H NMR
(400 MHz, 298 K, CD,Cl,) 6y (ppm): 7.69 (d, J = 13.6 Hz, 8H),
7.28-7.26 (m, 4H), 7.06 (br s, 4H), 6.99-6.95 (m, 12H), 6.26 (s,
4H), 2.31 (s, 24H), 1.84 (s, 24H). >C{'H} NMR (101 MHz, 298 K,
CD,Cl,) é¢ (ppm): 139.1-139.0 (m), 138.1-138.0 (m), 133.8,
133.2,133.1 (t,J = 6.6 Hz), 133.0, 131.8 (d,J = 77.1 Hz), 130.4 (d,
J=5.4Hz),129.4,123.4 (d,] = 75.1 Hz), 121.3, 110.4 (d, ] = 19.8
Hz), 88.0 (dd, J = 112.8 Hz, 6.8 Hz), 21.7, 21.1. *'P{'"H} NMR (161
MHz, 298 K, CD,Cl,) 6p (ppm): —2.61 (5, Jp_pc = 3787 Hz). HRMS-
ESI MS: m/z 1709.3569 (M-Cl)". DSC: no maximum observed up
to 280 °C. Elemental analysis, caled for Cg,HgoP,Pt,Cly: C, 57.80;

H, 4.62. Found: C, 57.98; H, 4.28.
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