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ABSTRACT: This report describes an approach for preparing
tethered tungsten-imido alkylidene complexes featuring a tetra-
anionic pincer ligand. Treating the tungsten alkylidyne [‘BuOCO]-
W=C'Bu(THF), (1) with isocyanates (RNCO; R = ‘Bu, Cy, and
Ph) leads to cycloaddition occurring exclusively at the C=N bond
to generate the tethered tungsten-imido alkylidenes (6-NR).
Unanticipated intermediates reveal themselves, including the
discovery of [(0,CBuC=)W(#*-(N,C)-RNCO)(THF)] (11-R)
and an unprecedented decarbonylation product [(‘BuOCO)W(=
NR)(‘BuCCO)] (14-R), on the pathway to the formation of 6-
NR. Complex 11-R is kinetically stable for sterically bulky isocyanate R = ‘Bu (11-'Bu) and is isolated and characterized by single-
crystal X-ray diffraction. Finally, adding to the short list of catalysts capable of ring expansion metathesis polymerization (REMP),
complexes 6-NR and 11-‘Bu are active for the stereoselective synthesis of cyclic polynorbornene.

B INTRODUCTION

Catalytic ring expansion metathesis polymerization (REMP)'
is an efficient method for producing cyclic polymers from
cyclic alkene monomers. REMP requires the catalyst to contain
a tethered metal—carbon double bond, where the growing
polymer chain remains attached to the catalyst at two
points.' > Employing this design strategy and a Ru-based
catalyst,4 interesting materials are now accessible, for example,
cyclic dendronized polymers,® cyclic brush polymers,”*~* and
cyclic gels.”"’

Properties and applications unique to the cyclic topology are
emerging as access to these materials increases and evidence
for their cyclic topology mount."'™"> To highlight a few,
Tezuka et al. discovered enhanced thermal stability in self-
assembled cyclic amphiphiles,'®'” and Szoka et al. demon-
strated greater blood circulation times for cyclic polymers,
implying the potential to improve drug delivery systems.
Other innovative applications include using cyclic polymers to
generate microscopic particles with tunable pore sizes,'” pH
responsive materials,”’ and enhancing fluorescent properties by
increasing their lifetimes and emission intensity.”"** Exhibiting
a higher T, than its linear analog, recent reports on cyclic
poly(4-methyl-1-pentene) (c-PMP) and cyclic polypropylene
(c-PP) demonstrate the potential to manipulate the thermal
properties of traditional polyolefins.””** Possessing smaller
hydrodynamic volumes than linear analogs, cyclic polymers
have higher grafting densities and greater dry thicknesses on
surfaces.”” Related to the intrinsic conformational constraints
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of cyclic polymers and high grafting density, cyclic polymer
grafted substrates exhibit low friction compared to linear
grafts.”® Imparting stereoregularity within polymers is also
critical to manipulating their bulk properties, but controlling
the topology (cyclic vs linear) and stereochemistry (atactic,
isotactic, syndiotactic, and cis/trans) of polymers is a
challenging endeavor. Only a few examples of catalysts capable
of imparting stereoregularity into cyclic polymers are
known.”*”” Combining structural features to promote Z-
selective ring-opening metathesis polymerization (ROMP)>*
with a tethered metal alkylidene,' we recently reported the
synthesis of the tethered tungsten-oxo alkylidene (2) that
initiates the polymerization of norbornene to yield cis,
syndiotactic cyclic polynorbornene (>98% cis and syndiotactic
selectivity).26 The reaction between the trianionic (OCO3")
pincer-supported tungsten-alkylidyne 1°° with CO, generates
the tethered tungsten-oxo alkylidene 2 and the dimeric species
3 in a 9:2 ratio, respectively (Scheme 1).”° This reaction is
noteworthy not only for the generation of active catalyst 2 that
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Scheme 1. Synthesis of Complexes 2 and 3
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promotes stereoselective REMP but also for the unprece-
dented carbon dioxide C—O bond cleavage by an alkylidyne.

Scheme 2 outlines the proposed pathway for the formation
of the tethered tungsten-oxo alkylidene.”® The first step

Scheme 2. Proposed Pathway for the Formation of the
Tungsten-Oxo Alkylidene Complex 2 Highlighting the
Potential Role of the Ketenylide Intermediate

CO,
-THF

involves cycloaddition of CO, with complex 1 to produce an
oxymetallacyclobutene intermediate followed by retrocycload-
dition to form a tungsten-oxo-ketenylide. Presumably, the
ketenylide moiety is unstable in the presence of the OCO*"
pincer ligand and inserts rapidly into the metal-aryl bond to
generate complex 2. Evidence supporting the ketenylide
intermediate comes via isolation and crystallographic charac-
terization of the related [ONO]~ derivative as described in
Scheme 3.*°

Carbon dioxide contains two symmetric C=0O bonds, thus
cycloaddition at either C=0O bond results in a single product.
Isocyanates (R—N=C=0) are unsymmetrical and therefore
prompt the inquiry into which double bond will react

Scheme 3. CO, Cleavage Promoted by Complex 4 to
Generate the Tungsten Oxo-Ketene Complex 5
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preferentially with the alkylidyne of 1. Scheme 4 outlines the
two plausible cycloaddition intermediates upon reacting with
either the C=O or C=N double bond of an isocyanate.
Cycloaddition with the C=O bond leads to the tethered
tungsten-oxo alkylidene complex 6-O, whereas cycloaddition
with the C=N bond leads to the tethered tungsten-imido
alkylidene complex 6-NR. In 6-O, the alkylidene bridge bears
an imine, whereas in 6-NR, the bridge contains a ketone.
Employing isocyanates offers an opportunity to alter the
structure of catalyst 2 by either replacing the oxo group with an
imido or replacing the tethered ketone in 2 with a tethered
imine, changes that can alter catalyst reactivity. Isocyanates
also provide an additional site of tuning by choice of the R-
group.

Previous work by Schrock et al. offers some insight into the
expected reactivity of 1 with isocyanates. Treating (dme)-
CLLW=C'Bu (dme = 1,2-dimethoxyethane) with isocyanato-
cyclohexane (CyNCO) yields the imido complex 7 (Scheme
5).>" Considering the final product contains an imido-
cyclohexane group, this strongly suggests the reaction proceeds
via [2 + 2] cycloaddition of the C=N bond across the
tungsten alkylidyne to give initially a tungsten-imido-ketenylide
intermediate. The ketenylide must be unstable and inserts a
second isocyanate to give the final ketene product 8. The
preferential binding and cleavage of C=N compared to C=0
are consistent with the strength of the double bonds in
isocyanates. The C=N bond in N=C=O0 is weaker than
C=O0, both regarding its 6> and 7 character, thereby
promoting the cleavage of the weaker C=N bond (C=0 in
NCO 113.0 k] mol™}, C=N in NCO 93.4 k] mol™}, C=0 in
CO, 105.8 kJ mol™).** From a steric perspective, the attack of
the C=N bond is preferential as the two large Cy and ‘Bu
groups are well-separated in space.

Complicating the ability to predict the reactivity of
isocyanates with the trianionic pincer alkylidyne 1, Mindiola
et al. report that 2-isocyanato-2-methylpropane reacts with the
niobium methylidyne (PNP)(ArO)Nb=CH (9) via cyclo-
addition of the C=0 bond instead of the C=N bond to yield
the mononuclear oxo complex (PNP)(ArO)Nb=O(CH=
C=N'Bu) (10), according to Scheme 6.%° The authors suggest
steric hindrance and oxophilicity of niobium direct the
selectivity.

In this work, we provide a conclusive answer for isocyanate
cycloaddition regioselectivity with 1. Cycloaddition occurs
exclusively at the C=N bond to yield the imido complex 6-
NR. Additionally, during the formation of the imido complex
6-NR, unanticipated intermediates reveal themselves, including
an unprecedented decarbonylation and the discovery of an 7>
(N,C)-isocyanate complex initiator that exhibits the highest
stereoselectivity (>99% cis and syndiotactic selectivity) for the
synthesis of cyclic polynorbornene. Moreover, adding to the
short list of catalysts capable of REMP, tethered tungsten-
imido alkylidenes (6-NR) are also active catalysts for the
synthesis of cis-syndiotactic cyclic polynorbornene.

B RESULTS AND DISCUSSION

Cycloaddition occurs exclusively at the C=N bond to yield
the imido complex 6-NR, according to Scheme 7. However,
prior to the formation of 6-NR, the 7’-(N,C) ligated
intermediate (0,C'BuC=)W(#*-(N,C)-RN=C=0)(THF)
(11-R) can be detected and, in the case of R = ‘Bu, isolated.
11-R is an uncommon example of this coordination mode for a
tungsten—isocyanate.B’6 Treating the tungsten alkylidyne
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Scheme 4. Two Possible Outcomes from Cycloaddition between Complex 1 and Isocyanates (R—NCO)
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Scheme 6. Proposed Mechanisms for the Reaction of Mononuclear Niobium Methylidyne with ‘BuNCO
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['BuOCOJW=C'Bu(THF), (1) with 1 equiv of 2-isocyanato-
2-methylpropane (‘BuNCO) in toluene-ds over 45 min at
ambient temperature produces the tetra-anionic pincer
complex (0,C'BuC=)W(#*-(N,C)-"BuN=C=0)(THF)
(11-'Bu) in 70% yield as a bright orange solid. In toluene-ds,
complex 11-'Bu exhibits a "H NMR spectrum indicative of C,
symmetry. Three singlets attributable to the alkylidene, pincer,
and isocyanate ‘Bu groups resonate at 0.95, 1.39, and 1.82
ppm, respectively. In the “C{'H} NMR spectrum, the
alkylidene carbon (W=C) appears at 279.9 ppm, consistent
with known pincer-supported tethered alkylidene com-
plexes.”*™*%*"7* For reference, the alkylidyne carbon (W=
C) in complex 1 resonates at 320.7 ppm.29 A resonance at
120.2 ppm for 11-Bu corresponding to the C,,, carbon
indicates the central aryl ring of the pincer is not directly
attached to the W(VI) metal center, as the Cipso
commonly appears further downfield, around 200 ppm.”” A
'"H-"*C gHMBC NMR spectrum optimized for a coupling
constant of 3 Hz reveals the coupling over four bonds of the
‘Bu protons, and Cipso within 11-Bu that confirms its
connectivity. Free BuNCO exhibits a '*C{'H} NMR

—W resonance
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resonance at 123.6 ppm for the C atom (N=C=O0). In
complex 11-‘Bu, the resonance appears at 202.3 ppm,
confirming its 77°-(N,C) coordination to the formally W(VI)
ion.***! Conclusive evidence for its molecular structure comes
from X-ray diffraction performed on single crystals obtained
from diffusion of THF into a concentrated toluene solution of
11-'Bu at =35 °C.

Figure 1 depicts the molecular structure of 11-Bu, and the
caption lists pertinent bond lengths and angles. Complex
11-Bu is C, symmetric in the solid state and contains a
formally W(VI) ion in a distorted octahedral geometry. The
pincer ligand binds in a tetra-anionic form through two
phenolate donors and an alkylidene, occupying three of the six
vertices. The solid-state structure confirms that the alkylidyne
originally present in complex 1 undergoes a formal reductive
migratory insertion into the W-arene bond of the pincer.
Similar alkylidyne insertions with complex 1 occur with alkenes
and alkynes.”*"***"~*" The 5*(N,C) bound ‘BuNCO ligand
and THF occupy the remaining vertices. The W=C1 bond
length of 1.8755(11) A within 11-'Bu is significantly longer
than the W=C bond length of 1.759(4) A observed in

https://dx.doi.org/10.1021/jacs.0c12248
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Scheme 7. Summary of the Synthesis of Complexes 11-R,
14-R, and 6-NR”

RNCO
CeDs
-THF

R =Bu, Cy, Ph

Figure 1. Solid-state molecular structure of 11-‘Bu. Hydrogen atoms
and lattice solvent molecules (THF and toluene) are removed for
clarity. Selected bond distances [A]: W1—C1 1.8755(11), W1-N1
2.0043(10), W1—C32 2.0889(12), W1-O1 1.9655(8), W1-02
1.9741(8), and W1—04 2.3367(8). Selected bond angles [°]: £C33—
N1-W1 150.31(9), 2C1-WI1-N1 127.82(4), 201-W1-02
154.06(3), 2C1-W1—-04 134.30(4), and £03—-C32-WI
155.18(10).

complex 1°° and is comparable to other structurally
characterized neutral W(VI) alk;rlidenes that typically range
between 1.88 and 1.95 A.**7**%"73% The elongated W1—04
bond of 2.3367(8) A for the coordinated THF suggests that it
experiences a strong trans influence from the alkylidene and
should be labile. For comparison, the THF ligands in complex
1 are labile and also have long W—0O bonds (2.473(2) A and
2.177(2) A),”” with the longest being trans to the alkylidyne.
Significant 7-backbonding renders the complex diamagnetic,
and the bound isocyanate is best represented as a metal-
laaziridinone, similar to the metallacyclopropenes observed for
bound 7]2—alkynes.37_40 The N1-C32 bond (1.3278(15) A) is
significantly elongated from 1.20 A of uncoordinated

isocyanate C=N bonds.”* Deviating significantly from
linearity, the C32-N1-C33 angle in 11-Bu is 135.06(11)°,
therefore providing evidence for back-donation of electron
density from the tungsten center into N-C 7* orbitals of the
n*-(N,C)-isocyanato ligand. The IR spectrum of 11-'Bu
exhibits a strong C=O stretch at 1714 cm™!. Furthermore,
in complex 11-Bu, the v¢q band shifts by about 548 cm™ in
comparison to uncoordinated isocyanate C=0 bonds (v, =
2262 cm™!).” Intermediate 11-Bu is related to Cp*M[N-
(‘Pr)C(Me)N(Pr)](CO)(k*-C,N-OCNSiMe;), where M = W
and Mo, and Cp*W[N(‘Pr)C(Me)N('Pr)](CO)(x*-C,N-
OCN'Bu).*

Heating complex 11-Bu or simply combining 1 with
‘BuNCO at 60 °C generates the tungsten-imido alkylidene
complex 6-N'Bu in 74% vyield as a bright scarlet solid. A
combination of 'H, *C{'H}, gHSQC, and gHMBC NMR
spectroscopy, combustion analysis, and X-ray diffraction
studies confirms the identity of 6-N'Bu. Unequivocal evidence
for the structure of 6-N'Bu comes from a single-crystal X-ray
diffraction experiment performed on crystals obtained from the
diffusion of pentane into a concentrated benzene solution of 6-
N'Bu at ambient temperature. Figure 2 depicts the molecular

Figure 2. Solid-state molecular structure of 6-N'Bu. The hydrogen
atoms are removed for clarity. Selected bond distances [A]: W1-N1
1.7302(11), W1—-C1 1.9568(13), W1-02 1.9828(9), W1-03
1.9769(9), and W1—-04 2.3023 (10). Selected bond angles [°]:
£C33-N1-W1 164.01(10), ZN1-W1—C1 105.58(5), £03—W1—
02 150.10(4), and £C1-W1—04 153.68(5).

structure of 6-N'Bu. The tungsten ion in 6-N‘Bu adopts a
distorted square pyramidal geometry with an Addison
parameter 7 = 0.30.*" The imido group occupies the axial
position, and the alkylidene, a THF ligand, and two aryloxides
reside in the basal plane. A short W—N(imido) bond length
(W1-N1 = 1.7302(11) A) and a nearly linear W—N-Bu angle
of 164.01(10)° are consistent with a W=N triple bond
typically observed for high oxidation state tungsten-imido
complexes.” Elongated but within the range of previously
reported tetra-anionic pincer W(VI) alkylidene complexes, the
WI1=Cl bond length is 1.9568(13) A.**"***"*? Although
not perfectly trans to the tungsten-alkylidene, theTHF
experiences a strong trans influence, manifesting in a long
W1—04 bond length of 2.3023(10) A.

https://dx.doi.org/10.1021/jacs.0c12248
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Similar to 11-‘Bu, complex 6-N'Bu is also C, symmetric in
solution, as the "H NMR spectrum in toluene-dy displays three
singlets attributable to the alkylidene, pincer, and imido ‘Bu
groups in a 1:2:1 ratio at 1.19, 1.59, and 1.60 ppm, respectively.
In the *C{'H} NMR spectrum, the alkylidene carbon (W=
C) appears at 257.3 ppm, and a resonance at 134.0 ppm
corresponds to the C,,, carbon. The IR spectrum of 6- N'Bu
reveals a strong stretching vibration at 1569 cm™ for the C=
O bond. Such a feature is consistent with previously reported
oxatungstacyclobutenones 9% Fischer et al. report an intense
band at 1645 cm™%,* and our active REMP catalyst 2 has an
analogous absorption at 1588 cm™'.”° Reflecting the distinct
coordination environments of 11-‘Bu and 6-N‘Bu, the *C{'H}
NMR spectra reveal some key differences. Most notable are the
alkylidene carbon resonances. In complex 11-‘Bu, the
alkylidene carbon resonates at 279.9 ppm, whereas in 6-
N'Bu, it resonates at 257.3 ppm. Similarly, the carbonyl in
complex 11-Bu resonates at 202.3 ppm, but in 6-N‘Bu, it
appears at 185.1 ppm. Finally, distinguishing the compounds,
the "N chemical shifts are 237 ppm for 11-Bu and 414 ppm
for 6-N'Bu.

Previously reported, carbon dioxide cleavage across the
metal—carbon triple bond of complex 1 occurs to give the
analogous W=O complex 2 according to Scheme 2.
Considering CO, and isocyanates both ultimately form the
tethered alkylidene, it is reasonable to expect both substrates
proceed through the same reaction pathway. Lending evidence
toward a ketenylide intermediate, treating a blue benzene-dj
solution of the ONO-alkylidyne [CF;—ONO]W=C'Bu-
(THF), (12)*7** with 1 equiv of 2-isocyanato-2-methylpro-
pane results in a rapid color change to green, signaling the
formation of the tungsten imido-ketenylide complex [CF;—
O}:)TO]WENtBu(tBuC=C=O) (13), according to Scheme
8"

Scheme 8. ‘BuNCO Cleavage Promoted by Complex 12 to
Generate the Tungsten Imido-Ketenylide Complex 13

CF, CFs
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Not able to insert into the pincer W—N bond, the ketenylide
is trapped. Evidence for the identity and purity of complex 13
comes from a combination of solution-phase NMR studies and
solid-state structural characterization. Conclusive evidence for
the complete cleavage of the C—O bond in ‘BuNCO comes
from a single-crystal X-ray diffraction experiment performed on
crystals that deposit from the diffusion of pentane into a
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concentrated ethereal solution of 13. Figure 3 depicts the
solid-state structure of 13.

Figure 3. Solid-state molecular structure of 13. Hydrogen atoms are
removed for clarity. Selected bond distances [A]: W1—-N2 1.716(6),
W1-02 1.937(4), W1—-01 1.947(4), W1-N1 2.036(5), and W1—
C21 2.059(6). Selected bond angles [°]: £N2—W1-02 105.1(2),
ZN2-W1-01 108.6(2), £02—W1-01 145.8(2), «N2—W1-N1
106.0(2), «£N2—W1-C21 100.7(3), «£N1-W1—-C21 153.4(2), and
£C27-N2-W1 175.1(5).

Data refinement reveals a structural model for 13 consistent
with a C,-symmetric complex. The W(VI) ion in complex 13
adopts a distorted square pyramidal geometry with an Addison
parameter 75 = 0.13.** The imido group occupies the axial
position with the pincer ligand and ketenylide moiety
occupying the basal plane. The imido ligand is nearly linear,
creating an angle of 175.1(5)°. A short W—N bond length
(W1-N1 1.716(6) A) and linear W—N—'Bu angle are
consistent with a W=N triple bond within the range observed
for tungsten-imido complexes.” Also, the C=0 (1.168(10)
A) and C=C (1.333(10) A) bond lengths in complex 13 are
akin to known organic ketenes.*”*’ The "H NMR spectrum of
complex 13 supports the assignment of a C;-symmetric
complex. For example, the methyl protons on the pincer
ligand resonate as two singlets at 1.97 and 1.95 ppm. The
YF{'H} NMR spectrum of complex 6 is also consistent with
the low symmetry, where four quartets resonate at —70.09,
—70.73, =75.17, and —75.64 ppm for the CF; groups. More
compelling evidence comes from the *C{'H} NMR spectrum
of complex 13 that reveals a noticeable resonance at 180.8 ppm
for the ketene C=C=0 carbon.’”*"*"** Not to be confused
as simply an aromatic carbon, the assignment of the resonance
as a ketenylide is also supported by IR spectroscopy;’’ an
absorption appears at 2043 cm™ Conﬁrmmg an imido ligand,
the "N NMR chemical shift appears well-downfield at 430
ppm, whereas the pincer ligand N atom resonates at 180 ppm.

Providing compelling support for the intermediacy of a
ketenylide in the formation of 6-NR catalysts, a peculiar
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observation was made when monitoring a solution of 6-N‘Bu
on the NMR probe at 60 °C. Signals, initially thought to be an
inseparable minor impurity (~7%), appear. The signals are
attributable to the ketenylide 14-Bu (Scheme 9). Upon

Scheme 9. Equilibrium between 6-N‘Bu (THF Coordinated)
and 14-Bu (THF Uncoordinated)

returning the sample to ambient temperature, signals for
14-Bu decrease and those assigned to 6-N'Bu reappear,
indicating a thermally accessible equilibrium. Critical to the
transformation is the loss of THF from the coordination
sphere of 6-N‘Bu. Heating 6-N'Bu under vacuum results in a
complete loss of THF and permits the isolation of 14-Bu in
76% yield. Evidence for the identity of 14-‘Bu comes from
NMR and IR spectroscopy. Resonating at 181.7 ppm in the
BC{'H} NMR spectrum, the C=C=0 of 14-‘Bu matches
with a previously characterized W-ketenylide (181.5 ppm)’**'
and the structurally verified complex 13 (180.8 ppm) in Figure
3. Consistent with other complexes in this study, the "N
chemical shift for the imido N atom appears downfield at 453
ppm. The IR spectrum of 14-Bu exhibits a strong C=C=0
stretching vibration at 2039 cm™' that matches closely with
complex 13 (2043 cm™) and with complex § (2050 cm™).*
Testing the reversibility of the ketenylide insertion, addition of
1 equiv of THF to 14-N'Bu in a sealed NMR tube results in
the reformation of 6-N‘Bu immediately upon mixing.

Employing CyNCO, a similar sequence of reactions occurs
over 20 min to give the analogous 11-Cy intermediate
according to Scheme 7. Allowing the reaction mixture to
continue at ambient temperature, 11-Cy completely converts
to 6-NCy. Unfortunately, attempts to acquire single crystals of
11-Cy were unsuccessful. Cooling the solution below 0 °C,
however, slows the conversion of 11-Cy to 6-NCy, thus
permitting in situ characterization by multidimensional NMR
spectroscopy (see Supporting Information (SI)). The NMR
data support the assignment of complex 11-Cy as a C.-
symmetric tetra-anionic alkylidene. In the 'H NMR spectrum
of 11-Cy (toluene-dg, —30 °C), two singlets appear in a 1:2
ratio at 0.96 and 1.37 ppm, corresponding to the ‘Bu protons
on the tungsten alkylidene and the ligand, respectively. In the
"H-"3C gHMBC NMR spectrum, the alkylidene carbon (W=
C) corresponds to the downfield resonance at 280.1 ppm, and
a resonance at 120.3 ppm corresponds to the C,,,, carbon. A
multinuclear '"H—"*C gHMBC spectrum of 11-Cy confirms the
connectivity of the C,,, carbon with the W=CC(CH,),
protons. The complex possesses an 7°-bound CyNCO, similar
to 11-Bu. The NMR data are consistent with a #°-(IN,C)
binding mode®**" (§ 202.5 ppm, 7>-CyN=C=O0) for
complex 11-Cy. Isolated as an orange-yellow microcrystalline
solid in 68% yield, complex 11-Cy completely converts to 6-
NCy over S d. A combination of NMR spectroscopy, single-
crystal X-ray diffraction, combustion analysis, ESI-MS, and
FTIR confirm the identity of 6-NCy (see SI).
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Unequivocal evidence for the structure of 6-NCy comes
from a single-crystal X-ray diffraction experiment performed on
crystals that deposit from a concentrated solution in benzene-
dg at room temperature (Figure 4). The asymmetric unit of 6-
NCy comprises the W complex and a half benzene solvent
molecule (located on an inversion center).

Figure 4. Solid-state molecular structure of 6-NCy. Hydrogen atoms
and lattice solvent molecule (n-pentane) are removed for clarity.
Selected bond distances [A]: W1—-N1 1.7262(14), W1-C1 1.9601
(16), W1—-02 1.9826(11), W1—03 1.9906(11), and W1—04 2.2700
(12). Selected bond angles [°]: £C33—N1-W1 169.00(12), £N1—
WI1-C1 103.48(7), £02—=W1-03 153.09(5), and £C1-W1-04
152.14(6).

The size of the isocyanate substituent determines if the
intermediate 7°-(N,C) complex is isolable prior to the
formation of the final imido complex. Treating 1 equiv of
isocyanatobenzene with 1 equiv of alkylidyne [‘BuOCOJW=
C'Bu(THF), (1)*” in toluene-dg at —30 °C yields 11-Ph and
6-NPh in a 3:2 ratio, as determined by 'H NMR spectroscopy.
Allowing the reaction mixture to continue at ambient
temperature, 11-Ph completely converts to 6-NPh over 3 d
and is isolated as a bright red solid in 81% yield. Unfortunately,
attempts to obtain single crystals of 11-Ph were unsuccessful
owing to the presence of 6-NPh. Cooling the solution below 0
°C slows the conversion of 11-Ph to 6-NPh, thus permitting in
situ characterization. The NMR data support the assignment of
11-Ph as a C;-symmetric tetra-anionic alkylidene complex
similar to 11-'Bu and 11-Cy (see SI). Evidence for the purity
and identity of complex 6-NPh comes from NMR spectros-
copy and combustion analysis. Importantly, crystals amenable
to single-crystal X-ray diffraction deposit from a concentrated
THEF solution of 6-NPh at —35 °C layered with pentane via
diffusion. Figure S depicts the molecular structure of 6-NPh.

REMP and Evidence for Stereoselectivity. In catalytic
REMP, even small changes to the metal complex can cause
profound differences in activity." For instance, the tethered
tungsten-imido alkylidene complexes (6-NR) display lower
activity for the generation of cis-syndiotactic cyclic poly-
norbornene compared to the tethered tungsten-oxo alkylidene
(2).*° Similarly, the activities of the tethered tungsten imido
complexes (6-NR) increase in the order R = Cy < Ph < ‘Bu.
The tungsten-imido complexes (6-NR) exhibit a strong
catalytic activity dependence on the lability of the bound
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Figure S. Solid-state molecular structure of 6-NPh. Hydrogen atoms,
W complexes B and C, and lattice solvent molecule (n-pentane and
THF) are removed for the clarity. Selected bond distances [A]:
WI1A-NIA 1.747(5), W1A—C20A 1.952(6), W1A—O1A 1.936(4),
WIA—02A 1.962(4), and WIA—O4A 2.274(4). Selected bond
angles [°]: ZC33A—NIA-WIA 166.3(S), «N1A—WIA—C20A
104.2(2), £O1A-WIA—02A 149.77(15), and £C20A—-WI1A—
O4A 153.3(2).

Table 1. Polymerization of Norbornene” by Catalyst 6-N'Bu
with Different Monomer/Catalyst Ratios

[mon]/[cat], [mon],’ yield (%) % cis M,%(kDa)  M,/M,*
50:1 0.25 75 95 1940 1.53
100:1 0.25 67 95 633 3.23
200:1 0.25 42 94 677 3.19
400:1 0.25 27 95 727 2.45

“The appropriate amount of a catalyst solution in toluene (10 mg/
mL) is added to norbornene (50 mg) dissolved in toluene and stirred
for 4 h at 60 °C. “mol L™". “Determined by 'H NMR spectroscopy.
“Determined by SEC using dichlorobenzene as the mobile phase at
140 °C with a conventional calibration based on narrow polystyrene
standards.

polymer cis-polynorbornene is produced under all of these
conditions.

Considering the additional strain in the tethered alkylidene
of complex 11-Bu relative to 6-NR (R = ‘Bu, Ph and Cy),
11-‘Bu was tested for its activity in the REMP of norbornene
and was found to be even more active and more selective.
Treating 11-Bu with norbornene in toluene at ambient
temperature yields cis-selective (>99% by '"H NMR spectros-
copy) cyclic polynorbornene after 1 h (Scheme 11, Table 2).

THE. Comparison of the W1—04 bond length for complexes
6-NR validates this: The bond lengths (W1—04) increase in
the same order as the polymerization activity, from 2.2700(12)
A (6-NCy) to 2.274(4) A (6-NPh) to 2.3023(10) A (6-N'Bu).
Catalyst 6-N‘Bu exhibits the highest activity, and the activity
decreases significantly upon the addition of 1 equiv of THF,
suggesting that excess THF suppresses the coordination of
norbornene, thereby hindering REMP. For brevity, the ensuing
discussion on polymer characterization and tacticity analysis
will be limited to cis-syndiotactic cyclic polynorbornene
generated by 6-N'Bu.

Complex 6-N'Bu is an active catalyst for the stereoselective
REMP of norbornene to give cyclic polynorbornene (Scheme
10; Table 1). Treating a solution of norbornene (50.0 mg, 100

Scheme 10. Polymerization of Norbornene by Catalyst 6-
NBu to Generate Stereoregular Cyclic Polynorbornene

o) 'Bu

T
/W:NJBu
T

HF'S

s

6-NBu
toluene, 4 h, 60 °C

Vi

N

equiv) in toluene with 6-N‘Bu (4.23 mg, 1 equiv) for 4 h at 60
°C results in the formation of cyclic polynorbornene in 67%
yield with high cis-selectivity. '"H and '*C NMR spectra are
consistent with cis-sgrndiotactic polynorbornene (>95% cis,
>97% syndiotactic).>> > The identification of specific trends
in the polymerization results is challenging, potentially due to
the rapid increase in viscosity that occurs shortly after catalyst
addition. One clear observation is that a high molecular weight
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Scheme 11. Polymerization of Norbornene by Catalyst
11-‘Bu to Generate Stereoregular Cyclic Polynorbornene
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Table 2. Polymerization of Norbornene” by Catalyst 11-‘Bu
with Different Monomer/Catalyst Ratios

[mon/cat], [mon],” vyield (%) % cis® M,? (kDa) M, /M,
50:1 0.25 95 99 436 2.02
100:1 0.25 93 99 546 3.61
200:1 0.25 80 99 458 2.09
400:1 0.25 64 99 1499 2.11

“The appropriate amount of a catalyst solution in toluene (10 mg/
mL) is added to norbornene (50 mg) dissolved in toluene and stirred
for 1 h at ambient temperature. “mol L™, “Determined by 'H NMR
spectroscopy. “Determined by SEC using dichlorobenzene as the
mobile phase at 140 °C with a conventional calibration based on
narrow polystyrene standards.

Adding the reaction mixture into a 10-fold excess of stirring
methanol stops the polymerization and precipitates the
polymer. Vacuum filtration followed by drying under vacuum
overnight affords white cyclic polynorbornene. Cyclic poly-
norbornene produced with catalyst 11-Bu is syndiotactic
(>99%), as determined by comparison to *C NMR data of
previously reported syndiotactic linear polynorbornene.**”>°
Postpolymerization modification of polynorbornene via partial
bromination of the double bonds, as reported by Schrock et
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al,*® confirms the syndiotacticity of the cyclic polynorbornene.
The brominated polymer displays two doublets at 3.84 ppm (J
= 9.6 Hz) and 3.81 ppm (J = 9.6 Hz) (Figure S89, top).
Concordant with reported cis, syndiotactic linear polynorbor-
nene, irradiating the methine proton at 2.61 ppm, results in
two singlets (Figure $89, bottom).*® In addition, the FTIR
spectrum of the cyclic polynorbornene exhibits a strong IR
absorption at 732 cm™" (cis out of plane = C—H bending) and
a weak absorption at 1405 cm™ (cis in-plane = C—H bending),
characteristic of cis olefins.”” Within minutes of adding 11-'Bu
to the solution of monomer, a high viscosity is observed. The
polymerization results listed in Table 2 clearly indicate that
high M, polymers are produced under all the conditions
considered.

Complex 6-NPh is also an active catalyst for the stereo-
selective REMP of norbornene to give cyclic polynorbornene
(Scheme 12). In a typical reaction, to a 20 mL glass vial

Scheme 12. Polymerization of Norbornene by Catalyst 6-
NPh to Generate Stereoregular Cyclic Polynorbornene

Bu

(6}
W
/Vy:N—Ph

THF o

as

6-NPh
toluene, 10 h, 60 °C

Y.

charged with norbornene (67.0 mg, 400 equiv) in 1 mL of
toluene was added 145 uL of a 10 mg/mL solution of 6-NPh
in toluene (1.45 mg, 1 equiv). The reaction was allowed to stir
for 10 h at 60 °C. After this period, the reaction vessel was
withdrawn from the glovebox, and the reaction mixture was
added dropwise to stirring methanol. Polynorbornene
precipitated as a white solid that was filtered and dried
overnight under vacuum. 'H and "“C NMR spectra are
consistent with cis-syndiotactic polynorbornene.

Table 3 lists the results of the polymerizations as a function
of [monomer]:[catalyst] ratio. As observed for the other
catalysts, the polymers produced with 6-NPh have high
molecular weights, though the dispersities are lower and more
consistent. Samples from these polymerizations were suitably
soluble, thus allowing an interrogation of the cyclic topology.

Table 3. Polymerization of Norbornene” with Catalyst 6-
NPh with Different Monomer/Catalyst Ratios

[mon/cat],  [mon],’ yield (%) % cis M,? (kDa) M, /M,
63:1 0.1 90 94 185 1.55
100:1 0.1 89 92 384 1.31
171:1 0.1 80 93 167 1.20
400:1 0.1 76 92 178 1.34

“The appropriate amount of a catalyst solution in toluene (10 mg/
mL) is added to norbornene dissolved in toluene and stirred for 10 h
at 60 °C. mol L' “Determined by 'H NMR spectroscopy.
“Determined by SEC using THF as the mobile phase at 35 °C
equipped with MALS detection.
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Size exclusion chromatography (SEC) equipped with multi-
angle light scattering (MALS) and viscosity detectors provide
data for a cyclic topology. Cyclic polymers have lower intrinsic
viscosities and smaller hydrodynamic volumes than their linear
analogs. For comparison, linear polynorbornene with high cis
selectivity (>95%) and syndiotacticity (>95%) was synthesized
using Grubbs’ catalyst Ru(NHC(Ad)(Mes))(=CH(PhOPr))-
(7-NO;) (15).%

Consistent with their smaller hydrodynamic volume, a plot
of log of molar mass versus elution time (Figure 6) indicates

6.0
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Figure 6. Log of molar mass versus elution time for polynorbornene
synthesized by 6-NPh (cyclic) and by 15 (linear).

that the cyclic polynorbornene samples with the same molar
mass elute later than their linear counterparts. Confirmation of
a cyclic topology also comes from a demonstration of lower
intrinsic viscosities relative to the linear polymers via a Mark—
Houwink—Sakurada (MHS) plot (log[#] versus log M, where
[17] is the intrinsic viscosity and M is the viscosity-average
molar mass) (Figure 7). The experimental ratio [17]cqic/
[1])iinear of 0.78 over a range of molecular weights is within the
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Figure 7. Log of [1] versus log of molar mass for polynorbornene
synthesized by 6-NPh (cyclic) and by 15 (linear).
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limits expected for the topological difference. The ratio using
early predictions and under 6 conditions (a = 0.5) is expected
to be ~0.65,°"°" while recent predictions suggest a ratio of
0.58 + 0.01.9? Experimental results are inconsistent, ran ing
from ~0.5 to ~0.8,°°% depending on molecular weight***° as
well as polymer-solvent systems.””®” For the polymers
synthesized with catalysts 6-NPh and 15, MHS parameter a
values of 0.788 and 0.700 indicate both polymers behave as
flexible random coils in solution, meaning the observed
differences are caused by different behavior of the polymers
in solution. In addition, a plot of mean square radius of
gyration ((R,”)) versus molar mass (Figure 8) obtained for
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Figure 8. Plot of mean square radius ((R;)) versus log of molar mass
for polynorbornene synthesized by 6-NPh (cyclic) and by 15 (linear).

cyclic and linear samples of polynorbornene provides a
(R;)CYCHC/ <Rg2>linear ratio of 0.48 + 0.1, which is within the
experimental error of the theoretical value of 0.5.°%%

B CONCLUSIONS

The metal—carbon triple bond of complex 1 reacts exclusively
with the C=N bond of isocyanates (R—-N=C=0), leading
to the formation of tethered tungsten-imido alkylidenes (6-
NR). The standout discovery in this work is the identification
and trapping of the intermediates 11-R and 14-R on the
pathway to the formation of complexes 6-NR. The 7>-(N,C)
ligated intermediate [(O,C'BuC=)W(#*-(N,C)-RNCO)-
(THF)] (11-R) is isolable only for sterically bulky isocyanate
R = 'Bu prior to the formation of the final tethered tungsten-
imido complex (6-NR), demonstrating the stability of the
intermediate is sensitive to the size of the substituent. Another
important finding is the loss of THF from the coordination
sphere of complex 6-NR induces decarbonylation to generate a
W-ketenylide (14-R). In a previous paper, where the reactivity
of complex 1 with CO, was examined, the generation of a W-
ketenylide as an intermediate was proposed, but not
observed.”® This discovery provides compelling evidence for
the previously proposed mechanism.

The complexes 6-NR and 11-R contain a tethered alkylidene
and are active REMP catalysts for the synthesis of cyclic
polynorbornene. By altering the R-group on the isocyanate, we
were able to evaluate the effect of the imido substituent on
catalyst efficiency in REMP. The tethered tungsten-imido
alkylidenes (6-NR) successfully generate stereoregular cyclic
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polynorbornene. The polymerization activity of tethered
tungsten-imido alkylidenes (6-NR) significantly depends on
the lability of THF. The activity increases in the order R = Cy
< Ph < 'Bu. The activity decreased considerably upon the
addition of 1 equiv of THF, an observation that strongly
supports the previously proposed catalytic cycle where the
catalyst is activated by substitution of THF from the tungsten
center, followed by [2 + 2] cycloaddition of norbornene with
the metal—carbon double bond.”**” Upon comparing the
polymerization activity of 6-N‘Bu relative to 11-Bu, the latter
was found to be more active and selective, likely due to
additional strain present in the tethered alkylidene and greater
lability of THF. Another trend observed is that increasing
[monomer]:[ catalyst] ratio leads to lower yields. This may be
due to the increased viscosity of the reaction solution. Variable
dispersities are also likely due to variations in reaction medium
viscosity, with some reactions dramatically increasing in
viscosity immediately upon polymerization onset. Finally,
comparing the polymers produced by catalyst 6-NR and
11-'Bu against cis and syndiotactic linear analogs permits their
conclusive assignment as cyclic polymers. Pure tacticity in
polymers imparts important materials properties. Now
available in >99% syndiotacticity and >99% cis double bonds,
future work will center on exploiting the cyclic topology in
comparison to commercially produced linear polynorbornene
and its hydrogenated derivative.

Several exciting applications are now available to explore for
both polynorbornene and its saturated derivative in combina-
tion with stereo and topological control. Polynorbornene and
its elastomer formulations are super absorbent materials and
have good noise/vibration dampening properties and low
friction coefficients, and are employed in automobile parts, oil
absorption, sports equipment, transmission belts, ballistics
jackets, and tires. Untested thus far, it will be interesting to see
how the inherently different properties imparted by a lack of
chain ends, such as, smaller pervaded volumes, higher packing
densities, lower surface friction, and lower flow viscosities, can
be exploited in end-user applications.
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