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ABSTRACT: Cyclohexene oxide (CHO) is a useful building <A o, A

block for the synthesis of novel materials and is a model substrate + R= [ ‘,o(% ?qp B or 3O

for polymerization catalyst development. The driving force for - Fastpolymerization - Slow polymerization '

CHO polymerization is derived from its bicyclic structure, which | :f:_:‘flsf-lymer bl l tﬂ‘,‘,’;ﬁ”‘.‘.”“ff

combines the release of the enthalpy from epoxide ring-opening

(ca. =15 kcal/mol) and a twist-chair-to-chair conformation shift in Unified materials platform o &R w o lowerke
2,0 BN 0+n * Higher T,

the cyclohexane ring (ca. —S kcal/mol) upon enchainment. The ~ R Uy
lack of regio-defined functional handles attached to the CHO B"2N~\AI/°‘A"7'\R—ﬁ> R
monomer hmlts the ability to.both pre- and post—functlon'ahze .the « — %\0; , O o
resultant materials and establish structure—property relationships, 2 n
which reduces the versatility of currently accessible materials. We

report the synthesis of two series of CHO derivatives with butyl, allyl, and halogen substituents in the & and f positions relative to
the epoxide ring. Adding substituents to the CHO ring was found to affect polymerization kinetics, with 4-substituted () CHO
being more reactive than 3-substituted (@) CHO analogs when initiated with a mono(u-alkoxo)bis(alkylaluminum) pre-catalyst.
Polymer thermal properties depended on substituent location and identity. Halogenated CHO rings were most reactive and
produced the highest glass transition temperatures in the resultant polymers (up to 105 °C). Density functional theory revealed a
possible mechanistic explanation consistent with the observed differences in polymerization rate for the 3- and 4-substituted CHOs
derived from a combination of steric and thermodynamic considerations.

Higher ks
¢ LowerT,

B INTRODUCTION oxide.””»** Renewed interest in the stereochemistry of
CHO polymerizations with zinc-based chiral and achiral

Epoxides are useful precursors and intermediates for small-
catalysts has led to a better mechanistic understanding of

molecule synthesis' ~ and as building blocks for polyethers,*°

polycarbonates,”® and other heteropolymers.” Polyether- disubstituted epoxide polymerization.’*** Using the highly
derived materials represent a highly versatile materials platform versatile Vandenberg catalyst as inspiration, our group
with excellent modularity for compositional control and the serendipitously discovered a new organoaluminum-based
tuning of structure—property relationships.'’™"> The versatile initiator system for the ring-opening polymerization of
nature of these materials is derived from the wide variety of epoxides; the mono(u-alkoxo)bis(alkylaluminum)s
available epoxide monomers'"'® and the ease with which many (MOBs).”* The MOB system initiates a reasonably controlled
polymers can be post-functionalized.'”"” High reaction rates polymerization with improved tolerance for monomer
are typical for epoxides because of the substantial enthalpic functionality over traditional anionic ring-opening polymer-
driving force for epoxide ring-opening.'® Homopolymers, ization.'® Molecular weight control and functional group
statistical copolymers, and block polymers have all been tolerance make this system well-suited for producing
synthesized from different functionalized epoxides usin previously inaccessible compositions and architectures. Despite
anionic,”""” cationic,”’”** and catalytic approaches.”'***~* the functional group tolerance these catalysts and other
Additionally, polyethers have been used in a wide variety of catalytic systems have demonstrated, most materials develop-

applications as components in elastomers, polyurethanes,

resins, and a variety of other materials on commercial

scales.”’*° The decades-long industrial production of

elastomers such as poly[(epichlorohydrin)-co-(allyl glycidyl -

ether)-co-(ethylene oxide)] is accomplished using the \?anden— Rec?we‘l: March 14, 2023 l“lﬂ%“l‘“m‘]mm

berg catalyst.4’3l’32 Rew?ed: May 1, 2023
The aluminum chelate catalyst, introduced by Vandenberg, Published: June 30, 2023

led to a series of classical studies of the stereochemistry of

polymers synthesized from disubstituted epoxides including

cyclohexene oxide (CHO) and cis- and trans-butene

ment efforts use terminal epoxides such as ethylene oxide,
alkylene oxides, or derivatives of epichlorohydrin such as the
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glycidyl ethers."'**” The scope of typical monomers is due to
the availability of the alkylene oxides and the ease with which
epichlorohydrin may be used to glgfcidylate nearly any alcohol
under mild reaction conditions.”” An alternative monomer
platform based on, for example, a highly strained CHO could
increase polymerization rates relative to terminal epoxides,
increase glass-transition temperature (T,) of the resulting
polymers, and expand the scope of new polyether materials.

Research involving CHO has mainly focused on under-
standing its copolymerization with CO,,””™* lactides,* ™’
and anhydrides®' ™ to form degradable polyesters and
polycarbonates. For example, Williams and co-workers have
developed efficient catalysts for CHO-containing copolymer-
izations and expanded the library of accessible materials from
renewable resources,”’ **°%%” while Diaconescu and co-
workers have developed redox-switchable catalysts for the
synthesis of polyCHO-b-polyesters.”*™®" Others have used
CHO and other epoxides to synthesize bicyclic lactones that
can be polymerized into degradable, recyclable poly(ether
ester)s.””"* An attractive feature of poly(cylcohexene oxide)-
based degradable polyesters and polycarbonates is the facile
regeneration of the monomers post—degradation.65 Williams
and co-workers recently reported on the recyclability of
poly(cyclohexene carbonate) back to the CHO monomer
using a bimetallic Mg" catalyst with yields up to 98%.°° This
work highlighted that CHO-containing polymers may be ideal
candidates for further investigation as replacements for
commonly used, petroleum-based polymers because of their
ease of chemical recyclability back to monomers compared to
other epoxide-containing polymers. The chemical recycling
strategy allows for recycling and regeneration of materials with
properties identical to the virgin plastic.

In the development of new catalytic systems for polyether
synthesis, CHO has been used as a model substrate in part
because of its high reactivity relative to other epoxides.”’~%
Although PCHO is one of the few examples of a moderately
high T, (>50 °C) polyether synthesized in a chain-growth
polymerization, the lack of CHO derivatives limits the
versatility of resultant materials. Functionalized CHO-deriva-
tives would produce a new class of polyethers with a more rigid
PCHO backbone instead of the flexible [—CH,—CH(R)—
O—], backbone derived from terminal epoxides. Derivatives of
CHO with reactive pendant groups could be functionalized
after polymerization to produce a variety of different polymers
with tunable properties. Copolymerization of CHO with CHO
derivatives could be used as a strategy to modulate bulk
polymer characteristics such as T, and mechanical toughness.
Schneiderman et al. studied the effects of adding n-alkyl
substituents to d-valerolactone on both the polymerization rate
as well as the physical properties of the resulting polymers,”
yet this type of study has not been used on CHO-based
epoxide monomers. Finally, although CHO is frequently used
as a substrate in catalyst development, little work has been
done on understanding the basis for CHO’s significantly higher
reactivity compared to many terminal epoxides.”’

In this report, we investigate the molecular basis for the high
reactivity of CHO by synthesizing structures analogous to
common terminal epoxide monomers to understand the
interplay between the added substituents and the reactivity
of the bicyclic monomer (Scheme 1a,b). CHO derivatives with
butyl, allyl, and halogen substituents were synthesized at both
the @ (aCHO series) and § (BCHO series) positions relative
to the epoxide ring (Scheme 1b). Polymerization rates were
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Scheme 1. (a) Conventional Epoxide Monomers. (b) Range
of Novel Monomers Investigated in This Study
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significantly impacted by the size and relative stereochemistry
of substituents for the aCHO series when using the MOB-
based initiator system. The reactivity of the SCHO series
monomers, in contrast, had similar polymerization rates to
unsubstituted CHO. Computational studies using density
functional theory (DFT) were conducted to better understand
the differences in reactivity we observed between the two sets
of CHO monomers, mono-substituted epoxides, and
CHO."™>%"" The effect of the substituents on both the steric
and electronic environments of the reactive sites provided an
explanation for the different reactivities of the monomers. DFT
results additionally supported a possible mechanism for the
polymerization and offered insights into the higher polymer-
ization rate of CHO over monocyclic epoxide monomers,
which were related to a cascade of ring strain release of both
epoxide and a conformation shift of the cyclohexane ring from
an unstable twist chair to a more stable chair conformation.
Finally, a regiochemical analysis using ">*C NMR spectroscopy
showed that substituted CHO monomers were incorporated
into polymer chains with little regularity in tacticity, similar to
PCHO made with other achiral catalysts.*>”*

B RESULTS AND DISCUSSION

Monomer Synthesis. Two series of substituted CHOs
were synthesized (Scheme 2). The aCHO series was
synthesized with the substituent a to the epoxide starting
with either cyclohexenone or 3-bromocyclohexene, whereas
PCHO series was synthesized with the substituent f to the
epoxide starting with 3-cyclohexene-1-carboxaldehyde. Because
most commercially available substituted epoxides are typically
sold as a mixture of enantiomers, both series were made using
reactions that are not enantioselective. To make a large library
of materials accessible without significant synthetic burden, we
used a minimal number of high-yielding, orthogonal reactions
as shown in the Supporting Information. Carbonyl reduction
with sodium borohydride followed by epoxidation with m-
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Scheme 2. (a) MOB-Initiated Polymerization of High-Strain
CHO Monomers to Produce Poly(cyclohexene oxide)
Derivatives; (b) Pre-catalyst Structure and Functional
Groups of Novel CHO Derivatives

(a) Cascade ring strain release polymerization
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chloroperoxybenzoic acid (mCPBA) afforded the precursor
epoxy alcohols (Compounds 9 and 12) to cis-allyloxy-aCHO,
cis-butoxy-aCHO, as well as allyloxy-fCHO and butoxy-
PCHO. Purification by column chromatography after the
second step produced Compounds 9 and 12 in overall yields as
high as ca. 66%. Because mCPBA epoxidation has low atom
efficiency and the resulting product is too hydrophilic for
extraction to be efficient, the challenging removal of the m-
chlorobenzoic acid byproduct decreased the overall yield of the
pure product.

The hydroxyl group of 2-cyclohexenol directed epoxidation
by mCPBA to the same side of the ring as the hydroxyl group
through the formation of an intra-molecular hydrogen bond,
allowing for the synthesis of the cis-eCHO monomers.”’ The
two epoxy alcohols were treated with sodium hydride and
either allyl bromide or 1-bromobutane for the final Williamson
etherification step to yield the desired monomers. For trans-
butoxy-aCHO, the carbonyl reduction was followed by
Williamson etherification to create a cyclohexene-butyl ether.
mCPBA epoxidation without a directing group then yielded
the epoxide in an anti-facial position relative to the butoxy
group as the epoxidation favors the less sterically hindered face
of the alkene. This strategy was also employed for the synthesis
of trans-bromo-aCHO through the mCPBA epoxidation of 3-
bromocyclohexene. For the aCHO series, column chromatog-
raphy removed the undesired diastereomers. For chloro-
BCHO, a modified Appel reaction’* was employed, starting
with 3-cyclohexene-1-methanol to afford the corresponding
alkyl halide. Epoxidation with mCPBA was then used to
produce the monomer.

Kinetics Studies and Comparison to Terminal
Epoxide Polymerizations. All monomers were polymerized

Table 1. Summary of Bn,N(CH,),(s,-O)Al(Et), Al(Et);-Initiated Polymerizations”

monomer target M, (kg/mol) M,° (kg/mol)  M,° (kg/mol)
AGE 9.1 7.1 5.3
AGE 9.1 6.7 5.0
nBGE 10.4 79 4.2
nBGE 10.4 7.8 4.0
ECH 7.4 6.9 7.0
ECH 74 7.1 7.9
CHO 7.9 6.5 10.9
CHO 7.9 5.8 82
cis-allyloxy-aCHO 12.3 9.4 19.6
cis-allyloxy-aCHO 12.3 10.3 16.2
cis-butoxy-aCHO 13.6 19.6 17.7
cis-butoxy-aCHO 13.6 20.0 14.1
trans-butoxy-aCHO 13.6 14.0 10.1
trans-butoxy-aCHO 13.6 16.0 9.3
trans-bromo-aCHO 14.2 6.1 1.6
trans-bromo-aCHO 14.2 3.0 0.8
allyloxy-fCHO 13.5 13.8 11.2
allyloxy-fCHO 13.5 13.3 9.1
butoxy-fCHO 14.7 22.1 14.2
butoxy-fCHO 14.7 22.5 12.9
chloro-fCHO 11.7 10.0 18.7
chloro-fCHO 11.7 10.1 12.2

b conversion after S min (%)  conversion after 24 h (%) T, (°C)

1.54 10 77 =79
1.44 10 77 =76
131 16 78 -80
1.34 17 77 —80
1.38 29 >99 —-49
123 29 >99 —45
2.33 87 97 S8
2.96 85 96 Ny
1.94 57 85 23
1.87 59 86 22
2.04 49 82 16
2.23 49 84 15
2.07 11 91 37
1.90 15 84 33
2.80 90 9S 105
2.66 90 96 101
1.44 76 >99 -11
1.46 69 >99 —11
243 78 96 —-16
2.42 59 87 -17
3.64 66 94 83
3.22 76 92 82

“Reactions were run neat at 60 °C for 24 h. *Molecular weight determined by end group analysis in 'H NMR spectra using either the dibenzyl end
group protons or reacting the terminal hydroxyl group with trichloroacetyl isocyanate to extract the terminal methine proton signal.”> “Molecular
weight determined by SEC relative to polystyrene standards. All polymerizations were done with [M],/[I], = 80. Each polymerization was run in

duplicate.
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under identical, neat conditions in an inert glove box utilizing
the pre-catalyst shown in Scheme 2b. The mono(u-alkoxo)-
bis(alkylaluminum) (MOB) initiator system was used for this
study because it has been shown to polymerize a varietzr of
terminal epoxides with broad functional group tolerance.'® All
polymerizations were run at 60 °C. Although it would be ideal
to conduct the polymerizations above the glass transition
temperatures of all of the resultant polymers, alkyl aluminum
decomposition would occur at higher temperatures (ca. 100
°C). A summary of the outcomes of the polymerizations is
presented in Table 1. The initial monomer/initiator ratio was
kept constant at 80:1 by mole, targeting polymers with
molecular weights between 7.4 and 14.7 kg/mol. For these
experiments, the least-active MOB initiator previously
reported, BnZN(CHZ)2(/42—0)Al(Et)z-Al(Et)3,16 was chosen
because of the high reactivity of CHO and because the reaction
kinetics of a slower polymerization are more easily monitored.

As shown in Table 1, the polymerizations of terminal
epoxide monomers exhibited control over molecular weight
(M,) and dispersity (D), though allyl glycidyl ether (AGE) and
n-butyl glycidyl ether (nBGE) had lower conversions at 24 h
than epichlorohydrin (ECH). Additionally, all three of the
monosubstituted polyethers remained as viscous liquids and
were able to stir throughout the polymerization, which is
typical for low T, polyethers.”” The first polymerizations of
CHO initiated by Bn,N(CH,),(u,-O)AI(Et),-Al(Et),; were
more rapid and less controlled. A reaction exotherm was
observed under both neat and diluted conditions (3:1 toluene/
CHO by volume) at the start of the polymerizations, likely due
to the rapid release of ring strain enthalpy. In the case of the
neat polymerization, the temperature of the reaction increased
from room temperature to a high of ca. 86 °C in the first
minute of polymerization. The addition of solvent slowed the
reaction and lowered the adiabatic temperature increase to ca.
59 °C in the case of the 3:1 dilution with toluene; however, the
addition of solvent did not lead to improved polymer
characteristics such as a lower dispersity and instead only
decreased conversion. For reference, the polymerization of
both AGE and nBGE resulted in initial temperature increases
to ca. 35—36 °C in the first minute of polymerization. Non-
isothermal, neat polymerization conditions were used for all
aCHO and SCHO derivatives. Due to the non-isothermal
nature of the polymerization of the most active CHO
monomers, reaction rate constants are not easily compared.
The conversion of monomer to polymer after S min is instead
used as a comparison of relative initial polymerization rates.
Most of the resultant polymers had glass-transition temper-
atures below the reaction temperature. Polymerization
conversion was measured by '"H NMR spectroscopy of time-
point aliquots as shown in Figure 1 for cis-butoxy-aCHO. The
two epoxide peaks located between 3.20 and 3.30 ppm give
way to the broad polymer backbone ether peaks at ca. 3.40—
3.50 ppm. The time-dependent conversation data are
presented in Figure 2 as polymerization conversion versus
time for the substituted CHOs and compared with the
terminal epoxide analogues.

As can be seen in Figure 2a, nBGE, AGE, and ECH
exhibited behavior typical in a MOB-initiated polymerization
with ECH polymerizing more quickly than the glycidyl
ethers.”* CHO exhibited the fastest polymerization rate of
the four commercially available monomers (Figure 2a),
reaching ca. 85% conversion after just S min. After this time,
the polymerization rate drops to nearly zero as the system
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Figure 1. (a) Polymerization of cis-butoxy-@CHO and (b) 'H NMR
spectroscopy (500 MHz, CDCl;) throughout the course of the
polymerization. Epoxide peaks located between 3.20 and 3.30 ppm
give way to the broad polymer backbone ether signals located at ca.
3.40—-3.50 ppm.

becomes glassy due to the rising T, of the resulting PCHO (T,
~ 57—58 °C) in the reaction mixture. The polymerization
continued over the course of the next 24 h; however, the rate
was presumably limited by the diffusion of monomer to active
chain ends.

Comparing Figure 2a to the aCHO series in Figure 2b,
trans-bromo-aCHO had similar reaction kinetics to CHO
itself. Although all monomers, including CHO, exhibited an
adiabatic temperature increase at the start of the polymer-
ization, the temperature increase of trans-bromo-aCHO was
most comparable to CHO itself and the reaction reached ca.
90% conversion after just 5 min. The reaction became glassy
after a few minutes, causing the reaction rate to decrease and
the conversion to remain nearly constant for the remainder of
the experiment. Analysis of the final product revealed that
although the monomer was quickly converted to polymer, the
resultant molecular weights were lower than expected. We
believe that the initial exotherm may have caused some of the
MOB pre-catalyst to decompose, leading to parasitic initiation,
as well as some of the monomer to decompose via elimination
of HBr to create a CHO monomer with a carbon—carbon
double bond adjacent to the epoxide ring. The appearance of
peaks at 5.5—6.0 ppm in the polymer 'H NMR spectrum
(Figure S52) indicates that early termination may have
occurred in this reaction via an elimination or transfer reaction.
Additionally, MALDI mass spectrometry revealed signals
consistent with the presence of polymers that contain
monomers that decomposed to the alkene and polymers not
initiated by the pre-catalyst (Figure S71), further supporting
the theory of HBr loss and initiator decomposition. These
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Figure 2. Conversion of (a) mono-substituted epoxides and CHO, (b) «CHO series monomers with substituents « to the epoxide ring, and (c)
PCHO series monomers with the substituent f to the epoxide ring. Trials were run in duplicate under the same neat conditions at 60 °C over the
course of 24 h targeting an initial monomer/initiator ratio of 80. Conversion was monitored over time with 'H NMR spectroscopy (400 MHz,

CDCL,).

undesired reactions that may have been caused by the initial
reaction exotherms may have contributed to the broader
molecular weight distributions of PCHOs relative to other
polyethers synthesized with the MOB pre-catalyst.
cis-Allyloxy-aCHO and cis-butoxy-aCHO demonstrated
similar reaction kinetics, with the polymerization of cis-
allyloxy-aCHO proceeding faster than cis-butoxy-aCHO.
Both monomers were synthesized such that the predominant
set of diastereomers have the epoxide cis to the substituent.
With the substituent groups facing the same side as the
epoxide ring, it is plausible that the larger substituent would
increase steric congestion near the epoxide and slow the
reaction relative to a monomer with a smaller substituent.

The aCHOs and monosubstituted epoxides display
substituent groups directly adjacent to the epoxide ring, yet
the rates of polymerization of cis-allyloxy-aCHO and cis-
butoxy-aCHO were initially faster than the polymerization of
the analogous glycidyl ethers AGE and nBGE, which exhibit
the same through-bond separation between epoxide and ether
substituent. The difference in polymerization rate was likely
caused by two factors that will be explored further in the
computational section of this article. Significantly, CHO in a
twist-chair configuration contains more ring strain and,
therefore, has a larger thermodynamic driving force than the
epoxide moiety of the glycidyl ethers alone. This added ring
strain also leads to a larger release of energy upon monomer
enchainment, leading to more significant adiabatic temperature
increases, which further increases the polymerization rate.
Additionally, in the case of the terminal epoxides (AGE, nBGE,
and ECH), the substituents have more conformational
freedom and can sterically encumber the epoxide group. cis-
Allyloxy-aCHO and cis-butoxy-aCHO have their substituent
groups locked in a position pointing away from the
electrophilic carbon atoms of the epoxide (see Figure 3a),
leaving carbon atoms 1 and 2 of the epoxide more exposed to
reactive polymer chain ends.

While both cis-aCHO monomers polymerized faster than
their analogous monosubstituted epoxides, the SCHO
analogues polymerized at a higher initial rate than the
aCHO monomers (Figure 2c), reaching ca. 70% conversion
in S min. With the substituents placed 3 to the epoxide, the
reactivity was similar for all three monomers for the first 5 h of
polymerization. With the substituents farther from the reactive
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Figure 3. (a) Simplified propagation step for the polymerization of
the aCHO cis- and trans-butyl CHO monomers. In both cases, the
lowest energy intermediate forms from attack at carbon 2, which
yields the 1,2-trans diaxial product. (b) Attack at carbon 1 is less
favorable but is still accessible. Alkyl aluminum species not shown for

clarity.

center, steric hindrance from the substituents was less
significant. Furthermore, the relative stereochemistry of the
substituent to the epoxide is expected to have a reduced effect
when further away from the epoxide ring. These conclusions
were consistent with the proposed anionic-type polymerization
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Figure 4. Relative energies of proposed intermediates for the initiation of CHO polymerization with a bis-aluminum complex. For clarity, the
benzyl groups on the amine have been replaced with methyl groups and the trialkyl aluminum adducts with the amines are omitted.

mechanism. With the substituent further away from the
epoxide, the electrophilic carbon atoms of the CHO ring were
sterically more accessible to the propagating center of the
polymerization. Additionally, the alkoxide resulting from the
epoxide ring opening was less sterically encumbered and,
therefore, more reactive in the propagation step. After the first
few hours of the polymerization, all JCHO monomer
polymerization rates likely became diffusion limited.

cis-Butoxy-aCHO, with butoxy and epoxide groups cis to
each other, reacted faster than trans-butoxy-aCHO with the
substituent and epoxide opposite to each other. This result
may seem counterintuitive based on a steric argument for the
propagation steps. If the epoxide ring is on the same side of the
cyclohexane ring as the substituent and is opened, the
propagating alkoxide would be sterically encumbered by the
butyl substituent, making it more difficult for the alkoxide to
react with another epoxide. However, when the three-
dimensional structure of the monomers is considered (Figure
3), a plausible reason for this result can be elucidated.

For both the cis- and the trans-butoxy-aCHOs, the lowest
energy propagation step should involve the propagating
alkoxide attacking the next epoxide in a pre-axial orientation
to proceed through a more stable chair-like transition state
(TS) (Figure 3a), consistent with the Fiirst—Plattner Rule,
resulting in an opened ring with the new ether oxygen and
alkoxide in a trans diaxial orientation.”"’® This behavior has
been well-studied and documented for the ring opening of
CHO and CHO derivatives with a variety of nucleophiles and
under both catalyzed and uncatalyzed conditions.””””~*" This
pathway is only possible if the attack happens at carbon 2 of
the epoxide, as shown in Figure 3a. Attack at this carbon for
both cis and trans monomers is favored because the C,—O
bond is longer and, therefore, more easily broken than the C,—
O bond after both monomers coordinate to the aluminum (see
Table S2 in the Supporting Information). We hypothesize that
the attack at carbon 2 is faster in the case of cis-butoxy-aCHO
because this carbon atom is farther away from the bulky butoxy
group than it is from trans-butoxy-aCHOs. The butoxy group
in trans-butoxy-aCHOs is also on the same face of the
cyclohexane ring as the alkoxide attack is, increasing the steric
hindrance around the electrophilic carbon atom and slowing
polymerization. Because this polymerization is believed to
proceed through an anionic-type coordination mechanism, the
propagation step is steric approach-controlled. Hansen and co-
workers have previously explored the Lewis acid-catalyzed ring
opening of CHO at both carbon atoms and found that ring
opening through a chair-like TS had a lower energy barrier
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than the twist—boat TS regardless of the Lewis acid.”' The
reaction of either monomer proceeding through an attack on
carbon 1 is less energetically favorable due to the twist boat TS
(Figure 3b); however, it is still possible if the more favorable
carbon is less sterically accessible.

The overall polymerization conversions of cis- and trans-
butoxy-aCHO converge slowly to ca. 80%, as shown
previously in Figure 2b. The cis-butoxy-aCHO polymerization
rate decreases significantly after 1 h as the T, of the polymer
approaches the reaction temperature.*> As both cis- and trans-
butoxy-aCHO polymerizations reach conversions above ca.
70%, the reactions become increasingly limited by monomer
diffusion to the active chain end rather than by the differences
in reactivity between the two monomers.

These observations appear to be contradicted by the result
that trans-bromo-aCHO is the most reactive monomer out of
the aCHO series. However, the bromine substituent is
significantly smaller than both the allyloxy and butoxy groups,
and the steric contribution of this group is less significant than
the CHO ether monomers. This result suggests that the size of
the pendant group has a larger effect on polymerization
kinetics than the relative position of the substituent when the
group is directly adjacent to the epoxide. To better understand
the differences in reactivity observed at the beginning of
polymerization, DFT calculations were performed to extract
relative intermediate state energies for the proposed polymer-
ization mechanism for the different types of monomers.

Calculations of the Reaction Coordinate Diagram. In
a previous study, we investigated a possible mechanism of a
controlled epoxide ring-opening polymerization initiated by
the MOBs.*” We observed that the polymerization proceeded
after the in situ formation of a bisaluminum complex as the
initiator. Inspired by this observation, here we propose a
similar stepwise reaction pathway for the initiation of CHO
and CHO-derived monomers (see Figure 4).

The DFT calculations were performed on Gaussian 16. The
molecular geometry of each molecule and states 1, 2, 3, and 4
as well as the TS in the polymerization was optimized using the
B3LYP functional with polarized plus diffusion 6-31+G** basis
sets for all atoms and the Grimme D3 dispersion correction.
The TSs were obtained using QST3 calculations and
optimized until a single negative vibrational frequency was
obtained (cf. Table S1). Benzyl groups on the nitrogen atoms
were replaced with methyl groups to simplify the calculation.
The initiation reaction pathway started with the monomer
approaching the initiator and forming a coordination bond
between the epoxide oxygen and the aluminum center (state
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1). At this stage, the bicyclic monomer contained a
cyclohexane ring with additional strain compared to the
relaxed chair conformation. The twisted chair conformation
has been previously reported for cyclohexene, where, similar to
CHO, the ring is locked out of the preferred chair
conformation, increasing the overall ring strain.®* This
coordinated state exists in an equilibrium with uncoordinated
monomer, and the relative energy difference between the
uncoordinated and coordinated states correlates to the relative
population of monomers coordinated to aluminum atoms.
Subsequently, the four-membered ring in the bisaluminum
complex opens to accommodate the monomer (state 2) and
forms a six-membered ring TS where a nucleophilic
substitution occurs that results in the enthalpy-driven ring
opening of the epoxide (state 3). In state 4, the 2-
(dimethylamino )ethoxyl group is attached to the ring-opened
monomer, and a new four-membered-ring bisaluminum
complex forms at the resting-state chain end for propagation.
The transition from state 3 to state 4 also coincides with a
conformational change in the cyclohexane ring from a twist
chair to a chair, providing additional thermodynamic driving
force for the reaction. Relative intermediate state and TS
energies for the different monomers are enumerated in Table
S2 in the Supporting Information. Dative bond lengths were
typically longer for the aCHO series than the SJCHO series,
CHO, and the conventional epoxides. Additionally, all CHO
monomers had lower overall AG¥ from their ground states to
the rate limiting TS than the mono- and non-bicyclic
disubstituted epoxides, indicating a lower kinetic barrier to
polymerization for the CHO derivatives.

The lower activation barrier and greater thermodynamic
driving force for CHO and CHO derivatives is assisted by a
higher electron density on the epoxide oxygen than the
terminal epoxide monomers. This result is consistent with the
previous results by Hansen et al. who found that the increased
electron density on the oxygen atom decreased the steric
repulsion between the incoming nucleophile and the filled
orbitals of the epoxide.”" Therefore, CHO is expected to be
more Lewis basic with more electrophilic carbon atoms in the
epoxide ring than terminal epoxides. It is also worth
highlighting that the conformation of cyclohexane changed
to the most stable “chair” conformation at state 4 from the
twist-chair at state 3. Such a conformation change releases
additional enthalpy for the polymerization of CHO and other
bicyclic CHO-derived monomers compared to non-bicyclic
epoxides such as propylene oxide and cis-2,3-butene oxide.
Therefore, we propose that the high reactivity of CHO is
attributed to its increased nucleophilicity, lower activation
energy at the rate determining step, and its conformation
change during the ring-opening process. Considering that this
conclusion was drawn based on the calculation of electronic
structure and the analysis of molecular geometry changes of
CHO, it should be general and applicable to other Lewis acid-
catalyzed ring-opening polymerizations and not just the MOB
system reported here.

To better understand the differences in reactivity between
the aCHO and SCHO series, CHO, cis-butoxy-aCHO, and
cis-butoxy-fCHO can be compared. The change in Gibbs free
energy to reach the TS (AG¥) was calculated to be ca. 32, 40,
and 31 kcal/mol, respectively, for each monomer. The
significantly higher AG™ of cis-butoxy-aCHO is likely caused
by the stronger steric repulsion between the n-butyl group and
the catalytically active species, consistent with the observed

4890

slowest polymerization kinetics. The steric repulsion is less
consequential for the JCHO series because the substituent is
further away from the epoxide oxygen, resulting in shorter
dative bond lengths compared to the aCHO series. Further
examination of molecular geometry at state 1 revealed that
CHO formed a strong coordination bond with a bond length
of 2.388 A with the aluminum center, while the coordination
bond lengths for cis-butoxy-aCHO and cis-butoxy-fCHO were
around 3.37 and 2.90 A respectively, suggesting much weaker
coordination in their geometries with the JCHO monomer
more closely associated with the aluminum atom. Such a
significant discrepancy in the coordination bond length was
attributed to both the higher electron density on the epoxide
oxygen of CHO compared to the other functionalized
monomers, as indicated by the Mulliken charge calculation
results, and the increased steric hindrance caused by the n-
butyl substituents. The polymerization of CHO and the SCHO
monomers additionally produced a significantly higher
exotherm (ca. 20 kcal/mol) compared to aCHO (ca. 11-15
kcal/mol), which likely increased the rates of polymerization of
the JCHO monomers relative to the ?CHO monomers.

Regio- and Stereochemistry. *C NMR spectroscopy
was used to probe the regiochemical makeup of the resultant
PCHOs. CHO polymerizes with little stereochemical regularity
with achiral catalysts (see Figure Sa with peak assignments
previously reported’**®’%). We hypothesized that the «aCHO
series with pendant groups directly adjacent to the epoxide ring
might limit the configurational degrees of freedom for addition
to the growing polymer chain. Interestingly, as can be seen in
Figure Sb, the polymerization of cis-butyl-aCHO produced a
polymer with broad peaks possibly corresponding to isotactic,
syndiotactic, and atactic sequences in the polymer. The
overlapping signals between 68 and 68.6 ppm correspond to
the ether carbon of the butyl group. The observed array of
signals revealed that the polymer was likely composed of
different constitutional regioisomers with the monomers
adding with head-to-head, head-to-tail, tail-to-head, and tail-
to-tail linkages. This was also consistent with the increased
number of peaks between 75 and 79 ppm. We hypothesize that
this may be the case if the coordination step (state 1) of the
mechanism does not favor aligning either of the electrophilic
carbon atoms of the epoxide ring or either isomer of the CHO
monomer prior to the ring-opening step. This is more likely in
the JCHO series monomers than the ®CHO series monomers
because the substituent is further away from the epoxide
oxygen in the JCHO series monomers and, therefore, likely
has less directing influence. If the approach of the next
monomer determines which carbon atom the alkoxide attacks
and the coordination does not have a large energetic driving
force to favor one orientation of the monomer over the other, a
mixture of syndiotactic, isotactic, and atactic triads in the
polymer with different constitutional isomers would be
expected. Definitive assignments of these peaks, as well as
the polyether backbone carbon peaks, are beyond the scope of
this work and should be addressed in a future study.

For poly(butoxy-fCHO), the polyether backbone carbon
peaks are significantly broader and less well defined than
PCHO and poly(cis-butoxy-aCHO). The plurality of signals
observed at ca. 68 ppm in Figure Sb corresponding to different
constitutional isomers is not present in the peak at 71.2 ppm in
Figure Sc. Because the butyl group is farther away from the
stereocenters along the polymer backbone, it is likely that the
signal for this carbon is less influenced by the regio- and
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Figure 5. >C NMR spectroscopy (CD,Cl,, 500 MHz) of (a) PCHO,
(b) poly(cis-butoxy-aCHO), and (c) poly(butoxy-fCHO). Peak
assignments for (a) have previously been reported in the literature
while the assignments for (b,c) are based on HSQC (Figures S60 and
S61 in the Supporting Information). Deconvolution was done using
MATLAB with arbitrary peak colors used.

stereochemistry of the backbone. Nevertheless, the broadness
of the peak corresponding to carbons A and B of this polymer
are likely caused by a mixture of atactic, isotactic, and
syndiotactic triads along the backbone as well as constitutional
isomers. These results, in conjunction with the modeling
results, indicate that the polymerization of CHO with an
achiral catalyst does not produce polymers with large degrees
of regioregularity. The polymerization can occur at either of
the tertiary carbon atoms of the epoxide ring. Although the
substituents on the a position to the epoxide ring significantly
reduce the polymerization rates of aCHO monomers, the
CHO unit’s high reactivity reduces pendant group’s ability to
fully control the orientation in which monomers are added to
the growing polymer chains.

Thermal Properties of Substituted Poly(CHO)s. Glass
transition temperature was determined for each polymer using
differential scanning calorimetry (DSC). Most polyethers have
T, s well below 0 °C (See Table 1) and are, therefore, viscous
liquids at room temperature. One attractive quality of PCHO
is its higher glass transition temperature of ca. 60 °C. The
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substituted PCHOs all share the poly(CHO) backbone, and
were, therefore, expected to have significantly higher T, s than
the analogous glycidyl ethers. All P(¢CHO)s had glass
transition temperatures above 0 °C. Poly(cis-allyloxy-«CHO),
with the allyl pendant group cis to the epoxide, had a T, ca. 30
°C, while poly(cis-butoxy-aCHO), with the butyl group cis to
the epoxide, had a T, of ca. 15—16 °C; a difference that may
originate from the relative size of the pendant groups. The
butyl group is larger and has more free rotation than the allyl
group, which may facilitate increased relative segmental
motion. Interestingly, when the butyl group is in the trans
position relative to the epoxide ring, the T, increases to ca. 35
°C, indicating more hindered relative segmental motion.
Poly(allyloxy-fCHO) had a T, ca. —11 °C and poly(butoxy-
PCHO) had a T, ca. =19 °C. The T, for both PCHOs are
significantly lower than their «CHO counterparts, but still well
above that of the corresponding glycidyl ethers. The likely
reason for this drop in T, compared to the «CHO counterparts
is that these polymers have longer side chains that are farther
away from the polymer backbone, and this difference in
position relative to the backbone could lead to an increase in
polymer chain spacing.
In contrast to the other substituted PCHOs, the halogenated
PCHOs, which have smaller pendant groups than the allyl and
n-butyl CHOs, formed glassy polymers with T,s significantly
higher [ca. 25 °C higher for poly(chloro ﬂCHO) and 50 °C
higher for poly(trans-bromo-aCHO)] than unsubstituted
PCHO. This result is consistent with the poly(glycidyl ether)s,
where PECH has a significantly higher T, than PnBGE and
PAGE. The P(aCHO) T, being higher than the analogous
P(SCHO) T, is consistent w1th the results for the allyl and n-
butyl substrtuted PCHOs. Although these P(aCHO) polymers
have their substituents in different positions relative to the
epoxide ring, they all have T, s significantly above that of the
analogous P(SCHO), suggestmg that it is not just the
stereochemistry of the substitution relative to the epoxide
that affects the glass transition temperature. It is likely that the
steric bulk of the substituent and how the substituent impacts
the polymer chain’s ability to pack together and resist relative
segmental motion have the greatest effect on the glass
transition temperature. Figure 6 shows the effect of the butyl
substituent’s placement on the resulting polymer T,

B CONCLUSIONS

We report the synthesis and characterization of new polymers
made from functionalized CHOs. Kinetic studies reveal the
rate of polymerization had a strong dependence on both the
type of substituent present in the monomer as well as the
position of the substituent relative to the epoxide ring. The
variability in polymerization kinetics motivated DFT calcu-
lations to investigate a possible mechanism for the polymer-
ization by analyzing intermediate and TS energies of the
polymerization initiation event. Our computational work
suggested that CHO’s high reactivity relative to other epoxide
monomers is due to its improved ability to coordinate to Lewis
acids relative to other epoxides. Additional polymerization
driving force comes from the release of ring strain caused by
the opening of the epoxide ring and subsequent cyclohexane
ring conversion to a more stable chair conformation from a
higher-strain twist-chair. The scope of new materials and
methods expand the range of polyethers available with a rigid
poly(CHO) backbone and create a synthetic platform that can
be expanded to a range of CHO-based monomers analogous to
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Figure 6. DSC traces of P(nBGE) (red), poly(butoxy-fCHO)
(yellow), poly(cis-butoxy-aCHO) (blue), poly(trans-butoxy-aCHO)
(green), and pCHO (purple).

the vast library of mono-substituted epoxide monomers. The
resultant materials will likely have significantly higher glass
transition temperatures than analogous polyethers with a
poly(ethylene oxide)-based backbone and, therefore, may find
uses in applications where a high T, is desired.
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