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ABSTRACT: Polyallenamers represent an emerging class of polymeric materials with highly
tailorable and adaptive properties. While their generation has been achieved (via cross-
coupling, postpolymerization modifications, and ring opening allene metathesis polymer-
ization (ROAIMP)), molecular weight limitations and the inability to obtain precise
microstructures have prevented the ability to utilize allenes to their full potential. Herein, we
demonstrate the effects that allylic derivatization of cyclic allenes (4-R-1,2-CNDs) have on
the polymerization rate and regioselectivity of ROAIMP. Bulky substituents were shown to
favor the formation of distal products, leading to perfectly regioregular polymerizations
(>97% head-to-tail). Kinetic investigations indicated that bulky substituents also led to large

N

Slow / Low % Fast/ High

polymerization rate enhancements (>20X), allowing for the generation of high molecular
weight material (M, > 120 kDa) and effective chain extension. Density functional theory calculations indicate that bulky substituents
destabilize the metallacyclobutane intermediate to a greater extent than the transition state (cycloreversion), leading to

unprecedented rate enhancements.

B INTRODUCTION

From the storage of genetic information to the selectivity of
enzymes, the regulation of the monomer sequence plays a
critical role in the function of biological machinery. For
example, biocatalysts carry out polymerizations at the ultimate
level of precision (sequence-defined polymer), as sequence
mutations or deletions can lead to genetic diseases such as
cystic fibrosis and sickle cell anemia.' Although much less
complex, small microstructural perturbations have a similar
effect on the performance of synthetic polymeric materials,
leading to altered conductivities,” stabilities,’ degradability,4
and thermomechanical properties.” As precise control of
polymers remains a challenge that obscures structure—property
relationship analysis, new synthetic tools for the generation of
well-defined materials are needed.

Ring opening metathesis polymerization (ROMP) presents
an attractive synthetic tool for the generation of precise
microstructures of variant periodicities. Upon hydrogenation of
the resulting polyalkenamer, poly(ethylene-per-a-olefin) struc-
tures are generated, providing a model system to investigate
branching length and frequency effects in polyethylene.® The
generation of these well-defined periodic polymers is currently
accomplished through two unique strategies. First, the
polymerization of symmetrical monomers can be used where
the direction of monomer insertion is inconsequential to the
final microstructure, leading to no microstructural defects.
While this method is the most straightforward, it is limited to
odd-numbered-size rings (cyclopropene, cyclopentene, cyclo-
heptene, and norbornene) and can be challenging to
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incorporate into larger systems due to remote functionalization
challenges. Alternatively, the regioregular polymerization of
asymmetrical monomers is amenable to all ring sizes and can
be used to generate well-defined periodic polymers. In this
case, the degree of regioregularity is dependent upon the steric
environment at the active site and varies based on
derivatization location (allylic” vs vinylic®) and ring size.”
While both strategies provide access to periodic micro-
structures, rapid diversification of the resulting backbone is
challenging due to the limited reactivity of the polyalkenamer.

In comparison, allenes represent a reactive and multi-
divergent functional group that has the potential for rapidly
diversifying polymeric materials.'” Although allenes have
become a synthetic linchpin for organic chemists, due to
challenges associated with their incorporation into polymeric
materials, allenes have rarely been employed in soft materials."!
Compared to traditional polymerization methodologies of
allenes that yield alternating sp”-sp*-hybridized microstructures
of limited utility, successful generation of polymeric material
containing allenes has been accomplished through both cross-
coupling polymerization strategies'~ and postpolymerization
modifications of polyalkenamers (Scheme 1).'*'* Although
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Scheme 1. Polyallenamer Synthesis
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these methods impose limitations on either molecular weight
or mlcrostructural regularlty, promising prehmmary properties
(helicity,"* fluorescence,"® degradability'®) of the resulting
material have been demonstrated. Therefore, it is hypothesized
that the generation of precision polyallenamers of appreciable
size will lead to a new class of functionalizable materials with
highly tailorable and adaptive properties.

Recently, Bielawski and Moore independently disclosed that
metathesis catalysts such as Grubbs second generation catalyst
(G2) transform cyclic allenes (1,2-cyclononadiene (1,2-
CND)) into linear polymers through a new strategy termed
ring opening allene metathesis polymerization (ROAIMP)."”
In comparison to standard techniques, ROAIMP was shown to
preserve the allenic functionality throu%hout polymerization,
leading to well-defined polyallenamers.'® While this method-
ology allows for the generation of precision allenic micro-
structures of variant periodicities, initial investigations
indicated that catalyst instabilities and slow propagations led
to molecular weight limitations (<15 kDa) faced similarly by
alternative strategies. Previously, it has been observed in
metathesis-based cyclopolymerizations that polymerization
efficiencies, propagation rates, and catalyst stability could be
drastically improved with the incorporation of bulky
substituents onto the monomer due to improved cyclization
efficiencies or suppression of catalyst decomposition.'”*’
While the steric effect must be overcome in typical ring
opening polymerization mechanisms and is typically thought of
as deleterious, the derivatization strategy and its effects in
ROAIMP were unknown and therefore tested to see if
increased propagation rates and increased molecular weights
could be observed. We knew that if the strategy favorably
increased rates, it would become a valuable tool for the
generation of periodic polymers. Herein, we report the effects
of alkyl and aromatic derivatization on ROAIMP propagation
rates and microstructural regularity. Insights into the polymer-
ization rate enhancements and origin of regioselectivity are
provided by density functional theory (DFT) calculations.

B RESULTS AND DISCUSSION

As prior ROMP investigations have indicated that high degrees
of regioregularity are realized through vinylic and allylic
derivatizations of cyclic alkenes, we began our investigation by
synthesizing various alkyl and aromatic derivatives of 1,2-CND.
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Vinylic derivatives, which are obtained in 3 steps from
cyclooctanone (see Supporting Information for experimental
details), led to poor polymerization conversion compared to
the parent 1,2-CND system under identical conditions (26 vs
81%). Concomitantly, *C NMR analysis indicated that
polymerizations occurred in a regiorandom fashion, indicated
by multiple sp-hybridized allenic signals (& > 200, Figure S57).
As a result, vinylic derivatives were abandoned for allylic-
substituted derivatives. Various allylic-substituted 1,2-CNDs
(Me, Et, 'Pr, ‘Bu, Ph) were synthesized in moderate yields from
cyclooctene in 4 steps (Scheme S1). In short, allylic
bromination of cyclooctene followed by Cul-catalyzed
nucleophilic substitution led to the corresponding allylic-
substituted cyclooctenes in >68% yield. Cyclic allenes (4-R-
1,2-CND) were subsequently generated on gram-scale
quantities following standard Doering-Laflamme conditions,
leading to the isolation of the products as clear oils in
moderate yields (23—58% yields). In comparison to vinylic
derivatives,” allylic derivatives exhibited good stabilities (>6
months) when stored at —20 °C under argon. As the
introduction of an allylic-substituent generated diastereomers,
diastereomeric ratios (dr) were determined by 1D-TOCSY
and gas chromatography—mass spectrometry (GCMS),
indicating a dr ~ 1:1 for all monomers (Table S1).

With fully characterized gram-scale quantities of 4-R-1,2-
CND on hand, polymerization regioselectivities and efficien-
cies were investigated. As seen in Scheme 2, three different

Scheme 2. ROAIMP Microstructural Outcomes
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repeat unit regioisomers are possible, depending upon the
insertion preference of G2. Formation of the Dewar-Chat
Duncanson adduct at a terminal carbon of the allene (1,2 or
3,2-insertion) is required to give polymerization, while
formation at the center carbon of allene (2,1 or 2,3-insertion)
leads to an unreactive vinylidene carbene. Distal additions in
the ROMP of allylic-substituted cyclooctenes have been shown
to be preferred over proximal additions due to unfavorable
steric interactions between alkyl substituents and the mesityl
group of the NHC ligand of G2, leading to predominantly
head-to-tail (HT) products.”> As G2 was used as our catalyst
of choice for ROAIMP investigations, it was hypothesized that
ROAIMP of allylic derivatives would proceed through a similar
origin of regioselectivity.

Polymers were prepared at a [M],/[I], = 100 (see
Supporting Information for experimental detail) and charac-
terized upon isolation via 'H NMR analysis. Tail-to-tail (TT)
and head-to-head (HH) repeat unit regioisomers were
identified by comparison to spectra of poly(1,2-CND) and
representative small molecule analogs, respectively. Regiose-
lectivity determinations using 'H NMR analysis proved
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ineffective because of peak overlap between the vinylic proton
of the TT product (6 = 5.06) and the alkene of the HT
product (Figure S69). However, sufficiently large differences in
chemical shifts between HT, TT, and HH products were
observed in 3C NMR. As a result, quantitative 13C NMR
analysis was used for the regioselectivity determinations. Both
the allenic sp-hybridized and sp>-hybridized regions in *C
NMR proved to be effective for regioselectivity determinations.
As seen in Figure 1, three major HT peaks for poly(4-Me-1,2-
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Figure 1. *C NMR analysis of polyallenamers (CDCl;, 25 °C).
Dashed lines indicate the TT product (poly-1,2-CND). Besides R =
H, all of the major peaks represent the HT product. Long relaxation
delays (D1 = 10) and integrations of similar carbons were used to
calculate % HT.

CND) were observed at § = 202.8, 97.3, and 91.8, in good
agreement with literature values of 2-methylnona-3,4-diene.”
The observation of two peaks at 97.3 (and in all other cases) is
a result of polymerizing the racemic mixture of 4-Me-1,2-CND.
Four minor peaks were observed at 6 = 203.9, 201.7, 98.0, and
91.0, attributed to the TT (6 = 203.9 and 91.0) and HH
products (§ = 201.7 and 98.0) as determined by literature
precedence.” Integration of the respective peaks indicated an
80.0% preference for HT addition in poly(4-Me-1,2-CND)
with minor contributions from the HH and TT repeat unit
regioisomers (10.4 and 9.6%, respectively). Compared to the
ROMP of 3-methylcyclooctene with G2 (93.5% HT), the alkyl
substituent and the coordination site in cyclononadiene
derivatives are spaced by one additional carbon, likely leading
to the lower selectivity.” However, as the substituent size
increased to ethyl, the HT selectivity increased to 96.1%,
closely matching what was previously observed for 3-
ethylcyclooctene (96.8% HT). Bulkier substituents such as
Pr and ‘Bu produced a perfectly regioregular material as
indicated by no detectable minor peaks in *C NMR.
Interestingly, 4-Ph-1,2-CND (which has a larger A-value than
"Pr) only afforded 95.0% HT additions compared to >99.9%
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for 3-phenylcyclooctene, highlighting the regioselectivity
differences between ROMP and ROAIMP of allylic deriva-
tives.””

Next, we decided to investigate the kinetics of these
monomers in duplicate analysis via 'H NMR, as prior
investigations have shown that bulky allylic substituents
drastically decrease the polymerizability of cyclic alkenes in
ROMP but can accelerate }g:)ropagation rates in metathesis-
based cyclopolymerizations.'” As previously demonstrated for
1,2-CND, all derivatives exhibited first-order kinetics with
respect to monomer concentration (Figure 2a).17 Large
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Figure 2. Kinetic analysis of 4-R-1,2-CNDs at [M],/[I], = 100, [M],
= 1.0, 25 °C, THF-d;. (a) Linear plot of —In([M]/[M],) vs time
showing first-order kinetics. (b) Conversion vs time plots. The dashed
lines are to help guide the eye.

differences in the polymerization rates were observed between
substituents. The smallest derivative (4-Me-1,2-CND) poly-
merized at a similar rate (k. = 0.005 + 0.001 min™!) as 1,2-
CND (kqp = 0.005 + 0.002 min~"), reaching ~25% conversion
after 1 h (Figure 2b). However, large rate enhancements were
observed when increasing the alkyl substituent to bulkier
groups. For example, the polymerization of 4-Et-1,2-CND
proceeded an order of magnitude faster (ky,, = 0.050 = 0.011
min~') than 4-Me-1,2-CND, and the bulkiest monomer
(4Bu-12-CND) exhibited the fastest polymerization rate
(ks = 0.104 = 0.010 min™'), a >20X rate enhancement in
comparison to 1,2-CND. Polymer conversions of >90% for
4-'Bu-1,2-CND were realized in <30 min at a [M],/[I], = 100,
in stark contrast to 1,2-CND (~10% conversion). It is worth
noting that this trend contrasts with what has previously been
observed in ROMP.*® For example, 3-‘Bu-cyclooctene has been
shown to be nonpolymerizable due to steric effects, and 3-"Pr-
cyclooctene polymerizes slowly (100% conversion in >24 h) in
comparison to cyclooctene (100% conversion in 7 min).27 We
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also note that 4-Et-1,2-CND and 4-Ph-1,2-CND seem to show
a decrease in polymerization rate with time, likely due to the
poor catalyst stability (Figures S92 and S95). On the other
hand, 4-Pr-1,2-CND shows an exponential increase, poten-
tially indicating the slow initiation nature of G2.

As polymerization of diastereomers such as exo and endo-
dicyclopentadiene”® and polyhydroxyalkanoates™ have shown
propagation rates dependent on stereochemistry, we next
investigated whether a similar phenomenon would be observed
in cyclic allenes. Diastereomers of 4-Bu-1,2-CND were
isolated by preparatory high-performance liquid chromatog-
raphy (prep-HPLC) as confirmed by *C NMR and '"H NMR
(Figures S77 and S78), and stereochemical assignments were
accomplished via 2D-NOESY (Figure S79, see SI for details).
Racemic 4-'Bu-1,2-CND was subsequently polymerized and
monitored via GC. As seen in Figure 3, (2R, 4S) and (25, 4R)

G2 P
[M],/ 1), = 100 }/Ji\/\/\;rn
]

----------- 0 min (dr=49.5: 50.5)
p 5 min, 12.0% conv.
(dr=152.6:47.4)

=10 min, 51.7% conv.
(dr=61.8:38.2)

15 min, 74.8% conv.
(dr=169.9:30.1)

Detector Response (A.U.)

69 70 741
Retention Time (min)

72 73 74

Figure 3. GC traces of 4-Bu-1,2-CND polymerization aliquots.

were consumed ~1.5X times faster (k. = 0.065 min~') than
(2R, 4R) and (28, 4S) (kys = 0.040 min™") at [M], = 1.0 M,
[M],/[I]l, = 100 (see Figure S100 for stereochemical
assignment). While polymerization rate differences between
diastereomers are an important contribution to the final
microstructure, this rate enhancement is minimal in compar-
ison to the effects of the size of the allylic substituent, and as a
result, further investigations were not pursued.

As we had previously highlighted in our initial report,
molecular weight limitations (M, < 15 kDa) were a major
challenge in ROAIMP. We next sought to investigate whether
these limitations could be overcome with the use of highly
reactive monomers such as 4-'Bu-1,2-CND. Polymerizations at
various M/I ratios (100—500) were conducted under
optimized conditions, and in all cases, it led to high
conversions (>65%) and an increase in molecular weight
(Figures 4 and S101). These observations are in stark contrast
to prior observations of 1,2-CND where, upon increasing the
M/I ratios to 200, conversions plummeted to 10% with no
increase of M. Gratifyingly, M, > 100 kDa is readily obtained
for poly(4-Bu-1,2-CND) at a [M],/[I], = 500 with modest
dispersities (D = 1.6). Except for 4-Me-1,2-CND, likely due to
its slow propagation, molecular weights of >85 kDa are
obtained in all other derivatives and used for thermal analysis
(Table S3).
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Figure 4. SEC (normalized RID vs retention time) traces of M/I trials
for 4-Bu-1,2-CND with respective conversion and M, values.

While catalyst instabilities are still prevalent under these
conditions (>70% residual after 90% conversion, Figure $84),
we sought to investigate whether chain extension was effective
for the generation of copolymers. G2 was added to 50 equiv of
4-Bu-1,2-CND and allowed to react for 1.5 h. At this time, a
small aliquot was taken for 'H NMR and SEC analysis, and
another 50 equiv of monomer was injected. After completion,
M, and conversions were obtained. As seen in Figure S, after
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Figure S. SEC traces (THF, 25 °C) of chain extension trials for 4-'Bu-
1,2-CND.

nearly complete consumption of the monomer (96.6%
conversion, M, = 12.2 kDa, P = 2.1 Table S2), effective
chain extension to high conversion (96.3%) was obtained. The
final M, is almost perfectly double that of the first segment (M,
= 24.5 kDa, D = 1.8). This experiment suggests that the
formation of complex architectures such as block copolymers
using ROAIMP is now plausible with the use of highly reactive
monomers.

With the newfound ability to generate well-defined high
molecular weight polyallenamers, the thermal and photo-
physical properties of these materials were investigated. In all
cases, thermogravimetric analysis (TGA) of polyallenamers
under argon showed good thermal stabilities (T4 e > 390 °C,
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Figure 6. Gibbs free energy diagrams (in kcal'mol™") of G1- and G2-catalyzed metatheses of cyclic allenes. Solid lines indicate the preferred
pathway. Red lines indicate the alkylidene formation. Black lines indicate the vinylidene formation. Bond lengths are shown in A. Computational
studies were performed with M06/6-311++G(d)-SDD(Ru) and SMD(THF)//B3LYP-D3/6-31G(d)-SDD(Ru).

Figure $96), similar to poly(1,2-CND). Differential scanning
calorimetry (DSC) from —150 to 25 °C in all cases showed
amorphous materials with low glass transition temperatures
(T; < =20 °C, Figure S97) and no observed exotherms
(indicative of the lack of cross-linking events). As expected,
bulkier substituents that limit the main chain flexibility led to
higher Tgs. Interestingly, T,s of these polyallenamers are
similar to that of unsaturated poly(3-R-cyclooctenes), indicat-
ing minimal main chain flexibility difference with the addition
of a single carbon and a degree of unsaturation.” Photophysical
properties of polyallenamers were also investigated to test the
effect that substituents and regioregularity have on the
fluorescence of these materials. Similar to our prior studies,
broad emissions (Agy = 365—660 nm) at 2.0 mg-mL~" in THF
were observed in all cases, consistent with recently reported
allene-containing polymers (Figure $99)."*"”

We also undertook a computational investigation to gain
insights into this unprecedented ROAIMP rate enhancement
and the origin of regioselectivity. All DFT calculations were
done within the Gaussian 16 program. The geometries were
optimized using the B3LYP-D3*'~** density functional with
the SDD**™° basis set for Ru and the 6-31G(d) basis set for
the remaining atoms. Vibrational frequency calculations were
performed at the same level of theory to confirm that the
stationary point is an energy minimum or a transition state and
to evaluate its zero-point vibrational energy (ZPVE) and
thermal corrections at 298 K. Single-point energies were
calculated at the M06°” level with SDD basis set for Ru and 6-
311++G(d,p) for the remaining atoms, and SMD** solvation
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model of THF. Optimized structures are illustrated with
CYLview.””

Previously, we observed that the choice of catalyst dictated
the mechanism between vinylidene formation (with Grubbs
first generation catalyst, G1) and polymerization (with G2).
To understand the origins of these selectivities, both pathways
were studied for Gl and G2, and the Gibbs free energy
diagrams are shown in Figure 6 for the initiation step and in
Figure S102 for the propagation. G1 shows a preference for the
formation of ruthenium vinylidene in initiation. The addition
of ruthenium to the central carbon of allene is favored
compared to the addition of it to the terminus carbon (Figure
6 left, TS1 vs TS3, AAG* = 4.1 kcal-mol™"). This occurs due to
the relatively electrophilic nature of the ruthenium in the
alkylidene formed from GI1 and its preference to attack at the
central carbon of allene. In the favored vinylidene formation
pathway, the formation of metallacyclobutane intermediate via
TS1 is the rate-limiting step (RLS, AG* = 16.3 kecal'mol™),
and the formation of the ruthenium vinylidene was slightly
more exergonic than the ruthenium alkylidene (Figure 6 left,
P1 vs P2, AAG = 1.7 kcal-mol™). For G2, a slight preference
in the pathway leading to alkylidene formation was observed.
In contrast to G1, the RLS is the formation of alkylidene from
metallacyclobutane via TS4, similar to what has previously
been observed in the ROMP of cyclooctene.”” While the
minimal difference between pathways for initiation was
observed for G2 (Figure 6, TS1 vs TS4, AAG* = 0.5 keal-
mol™"), a study on the propagation process indicated a
preference for the experimentally observed pathway (Figure
$102, AAG* = 2.3 kcal'mol ™).
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Figure 7. Gibbs free energy diagrams (in kcal-mol™") of G2-catalyzed metathesis of substituted cyclic allenes R’ (R = Me and ‘Bu). Computational
studies were performed with M06/6-311++G(d)-SDD(Ru) and SMD(THF)//B3LYP-D3/6-31G(d)-SDD(Ru).

Table 1. Distortion/Interaction-Activation Strain Analysis for Intermediate 4 and Transition State TS4

NHC

NHC

TS4
4 TS4

Me Ph Et Pr ‘Bu Me Ph Et Pr ‘Bu
E(Gy-as) 59.3 59.3 59.4 59.0 59.4 73.9 68.7 732 68.7 61.4
E(r.ais) 45.5 46.7 45.6 57.6 60.9 137.0 138.1 136.1 135.8 111.8
E (i) 104.8 106.0 105.0 116.6 1203 210.9 206.8 209.3 204.5 1732
Eine) —137.1 —138.3 —136.8 —148.1 —151.9 —232.1 —229.1 -230.3 -227.7 —197.0
E() -32.3 32.3 —-31.8 31.5 31.6 212 22.3 -21.0 232 -23.8
Glaet) -6.7 -59 -5.3 -5.0 —47 5.6 52 49 4.3 3.6

With the mechanistic pathway for 1,2-CND and G2 now
established, substituted derivatives were investigated. Both
proximal (ruthenium attacking C3, which is close to the
substituent) and distal (ruthenium attacking C1, which is away
from the substituent) insertions were investigated for all
substituents (R = Me, Et, ‘Pr, ‘Bu, Ph). A large preference for
the insertion of ruthenium distal to the substituents was
observed in all cases. The left side of Figure 7 shows the
calculated Gibbs free energy profile for R = Me (pink) and R =
‘Bu (orange) in proximal (dashed lines) and distal (solid lines)
insertions. The regioselectivity is >2X larger for R = ‘Bu (27.0
vs 13.7 kcal'mol™") than R = Me (17.7 vs 11.3 kcal-mol™"), in
accordance with the higher regioselectivity observed exper-
imentally for R = ‘Bu. The Gibbs free energy profile shows that
bulkier substituents stabilized TS4, leading to a lower barrier of
activation of the rate-limiting step. These computational results
are in accordance with the trend observed for the rate
enhancements.

Distortion/interaction-activation strain*>*" analysis on the
rate-limiting step (from 4 to TS4) was carried out to gain a
deeper understanding of the rate enhancement (Table 1).
Distortion energies correspond to the energetic cost for the
reactants to be distorted into transition state geometries. Large
distortion leads to an increase in the activation energy.
Interaction energies correspond to the stabilizing interactions
between distorted reactants in the transition state geometry. A
more negative interaction energy decreases the activation
energy. For intermediates 4, the distortion energy (E(dis))
increases gradually with the increase of the size of substituent
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group R, especially with ‘Bu group. More significant steric
hindrance leads to larger distortion energy and destabilization
in the formation of the four-membered ring in metal-
lacyclobutane. For transition states TS4, the steric hindrance
built up in intermediate 4 is partially released, and a decrease
in E(dis) as the size of the substituent increases was observed.
An overlay of structures is provided in the corresponding
colors in Table 1 to show the conformational changes that
occur as a result of steric hindrance. Interaction energies are
not affected as much as distortion energies with different
substituents. Overall, a highly sterically hindered substituent,
such as ‘Bu, destabilizes intermediate 4 more than TS4 and
therefore lowers the activation barrier for the rate-limiting step.

B CONCLUSIONS

The effect of allylic derivatization with simple alkyl and
aromatic substituents on the ROAIMP of 1,2-CND was
investigated. Bulky substituents were shown to favor distal
products leading to perfectly regioregular polymerizations
(>97% HT), similar to what has been observed in the ROMP
of cyclic alkenes. However, bulky substituents led to large
polymerization rate enhancements (>20x compared to 1,2-
CND) in direct contrast to similarly substituted cyclic alkenes.
DFT calculations show that rate enhancements are caused by
the destabilization of the metallacyclobutane intermediate via
steric hindrance, which is subsequently released in the RLS
(cycloreversion) leading to lower barriers of activation. This
study highlights how simple derivatization of 1,2-cyclo-
nonadiene allows for molecular weight limitations to be
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overcome and the effects they have on the microstructure of
the resulting polyallenamer. These results provide design
insights into the next generation of highly reactive cyclic allene
monomers.
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