#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Snapshot of cyclooctyne ring-opening to
a tethered alkylidene cyclic polymer catalystf
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Cyclooctyne reacts with the trianionic pincer ligand supported alkylidyne ['BuOCOIWCC(CHz)s(THF), (1) to
yield tungstacyclopropene (3) and tungstacyclopentadiene (4) complexes. The ratio of 3 and 4 in the
reaction mixture depends on the stoichiometry of the reaction. The maximum concentration of 3 occurs
with one equiv. of cyclooctyne and 4 is the exclusive product of the reaction above three equivalents.
Both complexes 3 and 4 convert to the cyclooctyne ring-opened product 5 upon heating. While the
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Accepted 28th August 2024 conversion of 4 to 5 is accompanied by formation of polycyclooctyne as a white precipitate during the

reaction, conversion of 3 to 5 is homogeneous. Exhibiting Ring Expansion Polymerization (REP),

DOI: 10.1039/d4sc04411h complexes 4 and 5 initiate the polymerization of phenylacetylene to generate cyclic
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Cyclic polymers do not have chain ends' and have notably
different physical, biological, and chemical properties
compared to their linear analogues with similar molar mass.
Cyclic polymers exhibit higher glass transition temperature
(Tg),>* smaller radii of gyration,™® lower intrinsic viscosity,”®
and higher thermal stability.>'® Changing polymer topology
imparts a significant difference in biological properties. For
instance, cyclic polymers exhibit higher tumor penetration
ability,"** cytotoxicity," and nucleic acid delivery."”> When
grafted on a surface, cyclic polymers have lower friction coeffi-
cients,''® smaller nanostructure domain spacing,"” and higher
surface annealing rates.” Increased nucleation density and
crystallization rates were measured for cyclic polymers.*
Enhanced conjugation in cyclic polymers also affects photo-
physical properties including higher fluorescence emission and
excited state-lifetime,* and higher refractive index.** Conven-
tional synthetic routes to obtain cyclic polymers rely on
coupling chain ends of linear polymers.”»** Coupling chain
ends requires multiple synthetic steps, is laborious, and often
requires dilute conditions though improved approaches are
emerging.>*¢

In 2016, we reported the trianionic pincer*=° alkylidyne
complex 1 (ref. 31-33) transforms to the tethered tungsten
alkylidene complex 2 (Scheme 1) when treated with 4,4-
dimethyl-but-1-yne.** Complex 2 rapidly initiates ring expansion
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polymerization (REP) of alkynes to generate cyclic polyenes in
excellent yields with diverse functional groups.*

The REP mechanism, introduced by Lee and Kricheldorf
using a dibutyltin catalyst in 1995,*¢ involves repeated monomer
insertions into a growing ring.>”** New REP initiators and an
ever-expanding list of monomers are appearing in the litera-
ture.*”** The initial proposal for ring formation with complex 2
was published in 2016 (Fig. 1). In that work, because complex 2
does not undergo metathesis with preformed cyclic poly-
phenylacetylene, the tethered alkylidene was not invoked as the
site of ring expansion and only played the role of ancillary
ligand. Instead, the mechanism implied sequential insertions
to grow a metallacycle where an intermediate 2b (Fig. 1) forms
and then eliminates the cyclic polymer in a reductive elimina-
tion step.** Support at the time, and since, for 2b as an inter-
mediate in the polymerization came from the isolation of
several ring expanded metallacyclopentadiene species.**™** The
extreme rates (1.8 x 10° g mol ' h™")* recorded for polymeri-
zations initiated by 1 and 2 make it difficult to ascertain the
mechanism of alkyne REP.

In this work, a snapshot of cyclooctyne (CyO) ring-opening
across the tethered alkylidene of 2 provides new insight into

5eq HCCBu

Toluene,
<5 min
>99%

Scheme 1 Reported synthesis of REP initiator 2.
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Fig. 1 Original proposed REP pathway for the synthesis of cyclic
polyenes.

the possible mechanism and suggests the tethered alkylidene
may participate in the REP mechanism after all. Complex 2
rapidly polymerizes small non-coordinating monosubstituted
alkynes but does not react with bulky or disubstituted alkynes at
room temperature.*® A simple strategy to trap an intermediate
in such a case is to hinder propagation with an appropriately
bulky substrate. Metallacycopentadiene trapping events employ
a similar strategy; however, those reactions require elevated
temperatures (75 °C) to induce insertion.* It is possible to miss
reactive intermediates at high temperatures. Ideally, the reac-
tion probe uses relatively lower temperatures to observe elusive
intermediates. CyO is disubstituted, thus bulky enough to
inhibit propagation but also significantly strained, making
initial insertions favorable. Therefore, CyO was chosen for this
study resulting in the first isolation of a complex featuring
a ring opened CyO.

Treating a dark red benzene solution of 1 with CyO results in
an immediate color change to amber and finally to olive green.
The reaction between 1 and CyO simultaneously yields tung-
stacyclopropene (3) and tungstacyclopentadiene (4) tethered
alkylidene complexes (Scheme 2). Complex 4 forms exclusively
when combining 2.5 (or above) equivalents of CyO and 1.
However, 3 always coexists with 4 in solution even at sub-
stoichiometric additions. Table 1 and Fig. 2 depict the rela-
tionship between the relative amounts of complexes 1, 3, and 4
that form in benzene solution vs. equiv. of CyO added; the
maximum concentration of 3 occurs with 1 equiv. It is impor-
tant to notice that insertion of CyO in 1 is rapid leading to
a mixture of either 3 and 4, or solely 4. Therefore, it is impos-
sible to exclusively obtain 3 from 1. Exposing 1 to CyO in the
presence of excess THF does favor the formation of 3. For
example, addition of one equiv. of CyO in the presence of 10
equiv. of THF in benzene results in a relative ratio of 7: 8:2 of
complexes 1:3:4, respectively. Performing the same reaction
with THF as solvent does not improve the outcome in favor of 3.

Complex 3 co-crystallizes as light orange crystals with dark
olive green crystals of 4 from a concentrated Et,O solution of 1:

Scheme 2 Synthesis of complexes 3 and 4.
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Table 1 Yield (%) of 1, 3, and 4 vs. CyO equivalents
CyO 1 3 4
0.25 83 11 6
0.58 60 22 18
1.11 27 35 38
1.52 13 34 53
1.97 0 3 97
2.50 0 0 100
100 1
80
L
T 604 —e—1
=]
g ] 3
< ——4
o 404
2
E 4
¢ 20
04
T M T v T N T 1 T
0.0 0.5 1.0 1.5 2.0 25

Equivalents of Cyclooctyne

Fig. 2 Yield (%) of 1, 3, and 4 vs. CyO equivalents.

3:4 in ratio 7: 8: 2, respectively, within several days at —30 °C.
Consequently, it is not possible to obtain pure 3 in large
quantities. Single crystals of 4 deposit exclusively from
a concentrated Et,O solution of 4 at —30 °C overnight. Single
crystal X-ray diffraction experiments provide unambiguous
assignment of 3 as a tungstacyclopropene and 4 as a tung-
stacyclopentadiene (Fig. 3); Table 2 lists selected bond lengths
and angles. Both 3 and 4 are pseudo-C; symmetric with the
plane of symmetry bisecting the OCO pincer ligand and W=C
bond.

Complex 3 consists of a formally W(vi) ion that diverges from
a conventional polyhedral geometry. The W1-C27 bond length
of 1.904(2) A resembles previously reported W(vi) alkylidene
complexes; for example, 2 has a W1-C27 bond length of
1.9021(19) A.3* The W1-C32 (2.043(2) A), W1-C39 (2.027(2) A)
and C32-C39 (1.309(4) A) bond lengths are statistically similar
to reported n*bound W-alkyne complexes (Table S41).34*-%° An
elongated W1-03 bond length of 2.3003(17) A implies that the
alkylidene exerts a strong trans influence on bound THF. Solu-
tion state NMR studies indicate 3 retains Cg symmetry in solu-
tion. The "H NMR spectrum of 3 in benzene-ds exhibits two
singlets at 0.89 and 1.26 ppm in a relative integration ratio of 1:
2 for the alkylidene-Bu and aryl-‘Bu protons, respectively. A *C
{"H} spectrum of 3 reveals a resonance at 263.4 ppm for the
alkylidene carbon.

For complex 4, an Addison parameter value 7 of 0.53 suggests
that the ligand geometry around the formally W(vi) ion is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Synthesis of complex 5 and crystal structures of 3, 4, and 5.

Table 2 Selected bond lengths (A) and angles (°) for 3, 4, 5

3 4 5
W1-C27 1.904(2) 1.908(6) 1.895(2)
W1-C32 2.043(2) 2.071(9) —

W1-C38 — — 2.022(2)
W1-C39 2.027(2) — 2.037(2)
C32-C39 1.309(4) 1.381(6) —

C38-C39 — — 1.316(3)

between square pyramidal and trigonal bipyramidal.** The W1-
C32 (2.071(9) A), W1-C47 (2.080(7) A), C32-C39 (1.381(6) A) and
C40-C47 (1.370(6) A) bond lengths in 4 are all similar to re-
ported tungstacyclopentadiene complexes.***>** Differences in
the bond lengths and angles of the metallacyclopentadiene ring
are likely attributable to the ring strain of the CyO substituents;
however, the alkylidene is statistically the same bond length as
that of a previously reported metallacyclopentadiene complex
(Table S51). Complex 4 also retains Cy symmetry in solution.
The "H NMR spectrum of 4 in benzene-ds exhibits two distinct
singlets at 0.98 ppm and 1.55 ppm with a relative integration of
1:2 for the alkylidene-‘Bu and pincer-‘Bu protons, respectively.
A resonance for the alkylidene carbon appears at 311.3 ppm in
the "*C NMR spectrum. Although, it is unusual for an alkylidene
carbon to resonate so far downfield, a similar signal was
observed for other tungstacyclopentadienes.*

Complexes 3 and 4 form as the result of a migratory insertion
of the alkylidyne carbon into the tungsten arene bond of the
pincer ligand. The migratory insertion event is a distinctive
property of 1 and occurs with various substrates with high
The ring  strain of  cyclooctyne
(~18 kecal mol~")** must play a role in the swift insertion to

rates,3443:50,55-59

© 2024 The Author(s). Published by the Royal Society of Chemistry
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120 °C, 30h
Tol-dg
- polycyclooctyne

give 4 since disubstituted alkynes require heating to induce
metallacylopentadiene formation.

According to the originally proposed REP mechanism
(Fig. 1), successive addition of alkyne monomers in the metal-
lacyclopropene ring generates a cyclic polymer. Perhaps signi-
fying an alternative mechanism, isolating
a metallacycloheptatriene by adding additional alkyne equiva-
lents was not successful. However, 4 initiates the polymeriza-
tion of phenylacetylene even at —30 °C. Monitoring a 1:1 (4:
phenylacetylene) reaction by "H NMR spectroscopy reveals the
alkyne directly converts into polymer without showing any
detectable signals of an intermediate species (Fig. S127). As is
typical for these polymerizations a significant amount of
unreacted 4 remains during the polymerization, indicative of
slow initiation and rapid propagation kinetics. Exposing 4 to
excess CyO leads to an insoluble white cyclooctyne polymer.
Consistent with reported literature, polycyclooctyne is insoluble
in THF, toluene, o-dichlorobenzene, and other common organic
solvents consequently preventing its characterization.®>* The
IR spectrum of the white precipitate does not exhibit a C=C
stretch (Fig. S39t). Instead, it exhibits a C=C stretch at
1440 cm " indicating the conversion of CyO to poly-CyO.

Providing insight into the role of the tethered alkylidene and
its ability to engage in metathesis with alkynes, heating 3 at 80 ©
C for 30 h provides the cyclooctyne ring opened product 5
(Fig. 3). A similar transformation occurs in the case of 4 as well,
but it is slower and requires 120 °C to complete in the same
time frame. The color of the solution changes from orange (3) or
olive green (4) to red orange (5) during these transformations.
The formation of 5 from 3 and 4 at elevated temperatures
indicates that 5 is the thermodynamic product from the overall
reaction between 1 and CyO. Conversion of 3 to 5 occurs
homogeneously, whereas conversion of 4 to 5 is accompanied

Chem. Sci., 2024, 15, 15873-15879 | 15875
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with the formation of a white precipitate. The white precipitate
is insoluble in common organic solvents leading to the
conclusion that it is also polycyclooctyne, that results from
shedding one equivalent of cyclooctyne.

Single crystals suitable for X-ray data collection accumulate
from a concentrated Et,O solution of 5 at —30 °C within several
days. Fig. 3 depicts the solid-state structure of 5. Similar to 3, 5
also contains a tungstacyclopropene, belongs to C; symmetry in
the solid-state, and exhibits analogous structural features
(Table 2). A noticeable and unexpected structural difference
among 3, 4, and 5 is a contracted alkylidene bond in 5 (1.895(2)
A), presumably due to the tether between the alkylidene and n*
bound alkyne. Additional evidence suggesting the tether alters
the alkylidene is the bond angle between the alkylidene and the
adjacent carbon of the bound alkyne is considerably smaller for
5 by 5.64(14)°.

The coordinated Et,O, from solvent, is weakly bound in 5
(2.300 (17) A) akin to THF in 3 (2.390 (17) A). Key to the structure
is the unambiguous presence of a tether between the alkylidene
and the n*-bound alkyne. Evidence of the tether in solution
comes from 'H, "*C, HSQC, HMBC, and COSY NMR data (see
ESIf for spectra).

Akin to their parent complexes 1, 4 and 5 polymerize phe-
nylacetylene. In a typical polymerization reaction, the required
amount of a stock solution of pure initiator 4 or 5 was added to
a stirring solution of freshly dried and distilled phenylacetylene
in toluene. As the reaction stirs, the color of the solution
changes from green to deep red. Reactions using 4 as the
catalyst were stirred for 12 h, while reactions with 5 were stirred
for 3 h (Fig. 4, Table 3). Adding the reaction mixture dropwise
into oxygen free methanol precipitates the polymer. Precipita-
tion of polyenes requires oxygen free methanol as conjugated
polyenes degrade via oxidation.*® The polymerization experi-
ments were conducted in triplicate for 4 and 5, (see ESIt).

For comparison, linear polyphenylacetylene (I-PPA) was
prepared according to literature procedures using (acetylaceto-
nato)(1,5-cyclooctadiene)rhodium(i) [acac(Rh(1)cod)]. Impor-
tantly, PPA samples prepared with 4, 5, and [acac(Rh(1)cod)]***”
contain >90% cis double bonds, as determined by NMR spec-
troscopy (Fig. S30-S357).

Cyclic polymers exhibit distinct physical properties
compared to linear polymers of comparable molecular weight,
enabling the determination of their topology by size exclusion
chromatography (SEC) coupled to viscometer measurements

\\ 1% 4 or5

toluene, RT

[M]=0.5M
3h(5)
12 h (4)

Fig. 4 Polymerization of phenylacetylene to generate cyclic poly-
phenylacetylene (c-PPA) with 4 and 5 as catalysts.
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Table 3 GPC data of c-PPA obtained using 4 and 5 as catalysts

4 5
M,%P 279 kDa 337 kDa
M4t 368 kDa 429 kDa
peb 1.32 1.27
Yield® 49% 22%

“ Values are an average of three from triplicate experiments. > Measured
using GPC (50 °C, DMAc, dLS detection).

and static light scattering techniques.®®” Fig. 5 depicts a plot of
the log of molar mass versus retention time for I-PPA and c-PPA
synthesized by 4. It is clear from the graph that PPA synthesized
by 4 elutes later than 1-PPA at a given molar mass, consistent
with a cyclic topology. Fig. 6 depicts a plot of root mean square
radii of gyration vs. log of molar mass. Again, it is apparent from
the plot that the radius of gyration of PPA produced from
complex 4 is smaller than a known linear analogue at a given
molar mass.® PPA synthesized using 5 also has the same rela-
tionship to the linear version indicating a cyclic topology
(Fig. S37 and S387).

Discussion

Cyclooctyne instantaneously reacts with 1 at room temperature.
The outcome of the reaction is heavily dependent on the stoi-
chiometry. Surprisingly, the expected tungstacyclopropene 3, is
not a major product of the reaction especially at higher equiv-
alents of cyclooctyne. Unlike previously reported tung-
stacyclopropene complexes,* 3 does not establish a detectable
equilibrium with its metathesis isomer 5 at ambient tempera-
ture. For example, alkylidyne 1 reacts with 1 equiv. of 1-phenyl-
1-propyne to yield two metathesis isomers, 6a and 6bina 1:2
ratio respectively (Scheme 3).** Presumably, isomerization
proceeds through a traditional metallacylcobutadiene inter-
mediate by cleavage of the C-C bond to the pincer backbone.

6.5
——LPPA
= c-PPA
g
S 6.01
2
®
£
‘—g 5.5
S
>
o
4
5.0
12 13 14 15

Retention Time (min)

Fig. 5 Log (molar mass(g mol™)) versus retention time graph for c-
PPA (red) synthesized by 4 and linear polyphenylacetylene (l-PPA,
black).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Root mean square radii of gyration versus Log (molar mass(g
mol ™) graph for c-PPA (red) synthesized by 4 and linear poly-phe-
nylacetylene (l-PPA, black).

metallacyclobutadiene
intermediate

Y

‘Bu
o
I// 1 eq. MeCCPh
WETHE  —— T

Toluene- dg
-35°C

3 metallacyclobutadiene
intermediate

Scheme 3 Proposed role of metallacyclobutadiene in tethered alky-
lidene formation.

Published examples indicate the C-C bond cleavage is surpris-
ingly facile in this pincer framework and is a hallmark of the
high reactivity. For 3, due to the cyclic nature of CyO, forming
a metallacyclobutadiene intermediate followed by metathesis
yields the ring opened product as the tethered alkylidene 5.

In an alternative route, heating 4 also produces the tethered
alkylidene 5 presumably by first expelling an equiv. of cyclo-
octyne to revert to 3 followed by metathesis as in Scheme 3.
Monitoring the conversion of 4 to 5 via "H NMR spectroscopy
does not reveal any detectable signals or buildup of 3.

Conclusions

Alkylidyne 1 is an initiator for the polymerization of alkynes to
give cyclic polymers by first transforming into tethered

© 2024 The Author(s). Published by the Royal Society of Chemistry
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alkylidene with a bound alkyne according to Scheme 1. A
previously proposed mechanism®* neglected the potential role
of the tethered alkylidene in the propagation of the growing
ring. The main conclusion from this work is the isolation of and
existence of 5 demonstrates that the tether is a reasonable
composition for possible active species in both ring expansion
metathesis polymerization (REMP) of alkynes and cyclic alkenes
such as norbornene. Complexes 4 and 5 polymerize phenyl-
acetylene to give cyclic polymers. Though much work remains to
elucidate other intermediates in the polymerization, isolation
of a tethered alkylidene within 5, at least from a compositional
standpoint, offers new insight. Complex 5 is also a snapshot of
a ring-opened cyclic alkyne via metathesis, an elusive interme-
diate until now.
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