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Abstract. Spiro-orthoesters, produced from the coupling of lactones and epoxides, are unique pre-
sequenced monomers capable of producing alternating poly(ether-alt-ester) after ring opening
polymerization. Recently, we reported the selective synthesis of spiro-orthoesters through the
coupling of epoxides and lactones catalyzed by a cationic alkyl indium catalyst. Herein, we
investigate the mechanism of'this reaction using structure function relationships and computational
studies. We show that this reaction is governed by Michaelis-Menten type saturation kinetics,
which, along with the low Lewis acidity of these indium catalysts, explains their exceptional

selectivity.



Introduction

Polymers with precisely controlled alternating monomer units have properties distinct from
their homo-, block-, or gradient counterparts,'? therefore, the sequence controlled synthesis of
copolymers is challenging.’-> This has been particularly true in the synthesis of poly(ether-alt-
esters) from epoxides and lactones; most attempts to create alternating copolymers form
oligomers.®!! One successful method for producing alternating copolymers has been the
polymerization of pre-sequenced monomers.!'?'* We are interested in spiro-orthoesters, whichare

capable of forming poly(ether-alt-esters) through double ring opening polymerization reactions.'>
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The synthesis of spiro-orthoesters has been dominated by the coupling of epoxides and lactones
in the presence of Lewis or Brensted acids (Figure 1a).'®22 However, this method suffers from low
selectivity due to the competing polymerization of the lactone and epoxide substrates. These side
reactions often necessitate high temperature distillation for product isolation resulting in low yields
(< 50%). While other selective synthetic procedures involving diazo precursors were reported by
Coster and Lacour using rhodium and ruthenium catalysts, respectively,?>?* the requirement for
multi-step organic syntheses to produce precursors limits the scope and versatility of these

methods.



a. Synthesis of spiro-orthoesters from acid-catalyzed coupling of epoxides and lactones
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Figure 1. Prior studies in the coupling of epoxides and lactones.

Pascault and coworkers proposed a mechanism for the formation of spiro-orthoesters from
lactones and epoxides that involves the activation of the epoxide via protonation with an acid,
followed by attack of a lactone resulting in the ring opening of the epoxide (Figure 1b).2° The final

step was ring closure and release of the spiro-orthoester product. Although this hypothesis



rationalized the formation of spiro-orthoesters, the low selectivity of the reported systems has

curtailed a detailed mechanistic examination of this reaction.

Recently, we reported that a cationic alkyl indium complex (Figure lc, A) catalyzed the
synthesis of a range of spiro-orthoesters from various epoxides and lactones with selectivity for
coupling over polymerization reactions (Figure 1¢).?° Subsequently, we reported that A is capable
of catalyzing the temperature-triggered double ring opening polymerization of spiro-orthoesters to
yield alternating poly(ether-a/t-ester) with the highest molecular weights reported to date (> 40,000

g/mol).?’

In our work with cationic indium catalysts,?”-?8

we have shown that their stability and reactivity
can be significantly influenced by the addition of a hemilabile donor arm to the ligand
backbone.?**" For example, adding a furfuryl pendant arm to A results in a catalyst with controlled
activity and long shelf-life.3! Herein, we elucidate the mechanism of spiro-orthoester formation
using cationic indium complexes with hemilabile furfuryl pendant arms. We explore the structure-
function relationship of different catalysts and demonstrate that the formation of spiro-orthoesters
with these compounds is governed by Michaelis-Menten saturation kinetics.3?-* To the best of our
knowledge, this is the first detailed investigation of the mechanism of Lewis acid catalyzed

formation of spiro-orthoesters from the coupling of epoxides and lactones and shows the value of

using weak Lewis acidic catalysts in achieving selectivity.

Results and discussion
Synthesis of compounds. We hypothesized that the reactivity of A can be probed by tuning the
In-alkyl group and by replacing the coordinated solvent (THF) with a donor arm that can be

changed both sterically and electronically. The alkane elimination reaction of trialkyl indium



complexes (InR3, R = CH3, CH2,CH(CH3)2, CH2Si(CH3)3) with proligands bearing a hemilabile
furfuryl pendant group with various substituents in the a-furfuryl position (X = H, CHs, Br) forms
the neutral compounds 1a-e (Scheme 1 , see SI for synthetic procedures). Reacting 1a-e with
[PhNMe;H][BAr"] (BArf = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) forms the cationic
species 2a-e. Compounds 2a-c will be used to probe the effect of the alkyl group, while 2d-e will
be used to probe the effect of the substituents on the pendant donor arms. Compound 2d has a
weakly electron donating methyl substituent at the a-position of the furan ring, while 2e has a
weakly electron withdrawing bromo group;*>3¢ both substituents have similar steric bulk.>’8 All
new compounds were fully characterized (see SI). Additionally, the solid-state molecular
structures of 1a and 2e were determined by single-crystal X-ray crystallography. In the solid state,
the hemilabile pendant arm is coordinated to the cationic indium center in the absence of external

donors (Figures 2 and S50).3!
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Scheme 1. Synthesis of neutral and cationic indium complexes.



Figure 2. Molecular structure of 2e depicted with thermal ellipsoids at 50% probability and H
atoms, BAr" counterion, solvent molecules, as well as minor disordered counterparts, omitted for

clarity.

Evaluation of catalytic competency. We used 2a-e as catalysts for the coupling of e-
caprolactone (e-CL) and 1,2-epoxy-7-octene (EOE) to form 2-(hex-5-en-1-yl)-1,4,6-
trioxaspiro[4.6]Jundecane (SOE) (Table 1). Compared to A (Figure 1c), 2a-e exhibit slower
conversions of EOE and higher stability, making them suitable catalysts to study the specific
mechanism of this reaction. Monitoring SOE formation using 2b, 2d, and 2e as catalysts showed
similar reactivity, demonstrating that the substituent on the a-position of the furfuryl pendant arm

does not play a significant role in the mechanism of SOE formation (Figure S57).



Table 1. Synthesis of SOE from e-caprolactone (e-CL) and 1,2-epoxy-7-octene (EOE) using

various cationic indium complexes.
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EOE e-CL SOE Poly(EOE) Poly(CL)
Entry Catalyst In-R Furfuryl Conversion of  Poly(EOE) Poly(CL)
a-X group  EOE (%) (%) (%) °
1 2a CH; H 48 <1 <1
2 2b CH>CH(CH3)2 H 55 <1 <1
3 2¢ CH>Si(CHs)3 H 78 <1 <1
4 2d CHzCH(CH3)2 CH; 57 <1 <1
5 2e CH>CH(CH3)2 Br 60 <1 <1
64 A CH»Si(CH3)3 - >99 <1 <1

2 Reactions were performed in benzene for 24 h at 60 °C, [EOE] = [¢-CL] = 0.25 M, [catalyst]
= (0.006 M. ® Conversion was determined by 'H NMR spectroscopy (400 MHz, C¢Ds, 25 °C) and
calculated with respect to EOE. ¢ Determined by 'H NMR spectroscopy (400 MHz, C¢Dg, 25°C).
dPreviously reported data for cationic indium complex A.2°

Role of the alkyl ligands in determining reactivity. The total conversion of EOE and &-CL to
SOE at 24-hour reaction time increases in the following order 2a < 2b < 2¢ (Table 1, entries 1-3).
Correspondingly, 2a has the slowest rate of conversion of epoxide to SOE monitored over 14
hours by "H NMR spectroscopy at 60 °C, followed by 2b, with 2¢ having the highest rate (Figure

3).
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Figure 3. Conversion vs. time plots of 2a-¢ for the formation of SOE monitored by '"H NMR

spectroscopy (60 °C, C¢Ds, 400 MHz).

Kinetics of spiro-orthoester formation. To identify the mechanism of SOE formation, we
conducted kinetic analysis to determine the order of reaction with respect to 2b, EOE, and &-CL.
The SOE formation was observed by in situ monitoring of the SOE proximal vinylic proton peak
(R(CH2)4CH=CH,)?*¢ using '"H NMR spectroscopy at 60 °C. The concentrations of 2b, EOE, or &-
CL were varied individually while the other components were kept constant. For each component,
data from three different test concentrations were evaluated using variable time normalization
analysis (VINA).340 The reaction profile was plotted against the time axis multiplied by Z[EOE],
Y[e-CL], or [2b] raised to different numerical power to visually overlap the plots (Figures 4 and
S58-S60). Based on this analysis, the system shows first order rate dependence with respect to
[2b]. However, changing either [EOE] or [e-CL] has no effect on the rate of reaction and shows
zeroth order with respect to both starting substrates. This points to catalyst saturation at these

reaction conditions resulting in pseudo-zeroth order Michaelis-Menten type kinetics. 324
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Figure 4. a) Variable time normalization analysis (VTNA) plot to determine the order with respect

to [e-CL]. ([2b] =0.0127 M, [EOE] = 0.507 M at 60 °C in benzene-ds). b) VTNA plot to determine

the order with respect to [EOE] ([2b] = 0.0127 M, [e-CL] = 0.507 M at 60 °C in benzene-ds). c)
VTNA plot to determine the order with respect to [2b] ((EOE] =0.507 M, [e-CL]

=0.507 M at 60 °C in benzene-ds).

Michaelis-Menten Kinetic analysis. In systems showing Michaelis-Menten kinetics, the rate of
reaction is initially linearly dependent on the concentration of starting material; however, with
increasing substrate concentration the rate approaches a maximum value for a given catalyst
concentration.3*#!42 The initial rate of SOE formation (M s!) increases when [EOE] and [¢-CL]
are increased until the rate reaches a maximum value (Vmax) indicating that the catalyst becomes
kinetically saturated (Figure 5a). In enzyme kinetics, the Michaelis constant (Kwm), i.e., the

concentration of substrate at %2 Vmax, is used as a measure of substrate affinity to a catalyst. Lower



Kwm values correspond to stronger affinity, while higher values correspond to weaker affinity.*} For
biological enzymes, Kv values range from 1071-10"7 M, with the average enzyme showing Ku
values of ~10~* M.* Typical metal catalysts exhibiting saturation kinetics show Ky values in the
range of 1072-10* M.* However for 2b a Michaelis constant (Ky) of 0.43 M and a Vmax 0f 6.43 M
s ! were calculated using the Eadie-Hofstee relationship (Figure 5b).%¢ These values indicate that
cationic alkylindium complexes have very low affinity to substrate at these reaction conditions,
precluding the unwanted homopolymerization reactions of epoxides and lactones. This illustrates

the importance of saturation kinetics in the selectivity of these catalysts.
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Figure 5. a) Saturation plot of 2b. Line is plotted with Km and Vmax values extracted from the

Eadie—Hofstee plot for 2b (b).

Nature of the catalytically active species. Understanding the nature of the active catalytic
species is a fundamental step in the elucidation of the mechanism of spiro-orthoester formation.
Our previous studies with cationic alkyl indium complexes bearing hemilabile ligands have shown
that the hemilability of the furfuryl pendant group has a significant effect on the reactivity of these
compounds.’! The change in the chemical shift of the a-proton of the furfuryl group in 2a-c is an
excellent determinant of the fluxionality of the donor arm. Using the difference in the chemical

shift of this proton at 25 °C and chemical shifts at higher temperatures (A9), in variable temperature

10



(VT) '"H NMR spectroscopy experiments, we show that 2a has the lowest fluxionality followed by
higher fluxionality in 2b (Figures 6 and S52-S54). Compound 2¢, bearing the bulky CH2Si(CH3)3
ligand, decomposes irreversibly at higher temperatures in the absence of external donor groups,
showing significantly greater labile behavior than 2a or 2b. The more fluxional nature of the
pendant arm results in higher reactivity of the cationic indium complexes in the formation of SOE
with a reactivity order of 2a <2b < 2¢ (Table 1).

We aimed to investigate the correlation of the steric bulk of 2a-¢, quantified using %buried
volume (%Vuur), to their temperature-dependent behavior (Figure S63).4” The methyl ligand of2a
contributes the lowest % Vyur, while 2b-c¢ have similar values. We postulate that the increased steric
crowding leads to increased fluxionality of the furfuryl pendant arm. The difference in the relative

stability of 2b and 2¢ arises from the electron withdrawing effects of the organosilicon ligand.*84°
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Figure 6. a) Downfield shift of the a proton of the furfuryl pendant arm relative to 25 °C. VT 'H
NMR (400 MHz, C¢DsBr, 25-125 °C) spectra showing downfield migration of the o proton of the

furfuryl group of 2a (b) and 2b (c).
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Substrate coordination to the indium center and product formation can follow several possible
pathways (Figure 7). In scenario A, epoxide coordinates first to the catalyst and the insertion of &-
CL or epoxide into a coordinated epoxide results in either SOE or polyether respectively (Figure
7 Al-2). Alternatively, &-CL coordinates first and the insertion of epoxide or &-CL into a
coordinated &-CL results in a cyclic ether-ester compound or polycaprolactone (Figure 7B1-2and
Figure S61). However, of these pathways, only the product from path A2, SOE, is observed. While
epoxides or &-CL can be homopolymerized by cationic indium complexes at higher temperatures
and concentrations, %313 these polymerizations do not occur under the current reaction conditions
due to the relatively low Lewis acidity of the catalyst. The relative Lewis acidity of 2b, determined
by a modified Gutmann-Becket method,>'->3 is significantly lower than that of compounds such as
BF3 (Figurela) that can homopolymerize both &-CL and epoxide under the reaction conditions
used herein (5 = 78.2 ppm for BF; and § = 69.4 ppm for 2b in the *'P{'H} NMR spectrum, see
SI).%7
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Figure 7. Possible pathways for substrate coordination and product formation by 2b.
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The first step in our proposed mechanism is the coordination of an epoxide to the cationic center,
as neither homopolymerization products nor a cyclic ether-ester species is observed. We used
triethylphosphine oxide (TEPO) as a non-reactive model for epoxide coordination in order to probe
the impact of catalyst reactivity with either one or two coordinated epoxide molecules using a
modified Gutmann-Beckett method (Figure 8).%!-3 The *'P{'H} NMR spectrum of 2b mixed with
1 equivalent of TEPO (2b*TEPO) shows a broad signal at & = 69.4 ppm. The broadness of this
peak arises from the fluxional behavior of the furfuryl pendant arm at 25 °C resulting in the
reversible association and dissociation of the TEPO molecule (Figures 8a, S55, S56). Conversely,
when two equivalents of TEPO are mixed with 2b the resulting *'P{'H} NMR spectrum shows a
single sharp peak at 6 = 59.6 ppm (Figures 8b, S55, S56). While both species show a downfield
shift of the TEPO 3!'P{!H} peak compared to free TEPO (8 = 45.8 ppm), 2b*TEPO is more Lewis

acidic than 2b*2TEPO and thus expected to be the more reactive species.’!»3
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Figure 8. (a) Broad *'P{'H} NMR peak arising from the coordination of one TEPO molecule to
2b and (b) sharp *'P{'H} NMR peak from the coordination of two TEPO molecules to 2b. (*'P{'H}

NMR 162 MHz, 25 °C, Tol-ds).

13



Additionally, computational studies show that the mono-epoxide species is more stable (~7 kcal
mol!) than the bis-epoxide in benzene, where the coordination of two epoxide molecules leads to
the complete dissociation of the pendant furan (Figure S62). Thus, coordination of one epoxide leads
to a more stable and more active catalyst. Based on these studies, spiro-orthoester formation is

preceded by the coordination of a single epoxide molecule resulting in the active catalytic species.

Computational studies. The first step of the proposed mechanism involves the Sn2 attack of the
epoxide by lactone and subsequent ring opening of the epoxide (Scheme 2A). This attack can occur
at either carbon of the epoxide, resulting in two possible isomers. The subsequent steps of the cycle

involve ring closing, release of the product, and regeneration of the active catalyst (Scheme 2B).

(oj
Ph
Ph
Ph A

N on l Ph
R
() N O ) o

' 13 (*) ans

/ =\, B
|

Scheme 2. Proposed mechanism for spiro-orthoester formation by 2b.

We used computational methods to gain further insight into the mechanism since the Michaelis-
Menten saturation kinetics makes it considerably difficult to study the the proposed mechanism

experimentally. These calculations were performed with a truncated 2a (methyl groups instead of
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Me,PhC) as a model and 1,2-epoxybutane as a simplified epoxide (Figure 9). Although all four

possible stereoisomers are observed experimentally, only the pathway for the formation of one

stereoisomer was examined for brevity.
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Figure 9. Proposed reaction profile for SOE formation by a truncated model of 2a.

When &-CL and epoxide are present, either one can coordinate to the indium center. In the case

of e-CL coordination, either an epoxide or an additional &-CL can ring open the coordinated

15



lactone molecule (Figure 9, c3 and c4, respectively). However, the kinetic barriers for both these
scenarios are considerably higher than that of e-CL attacking a coordinated epoxide (Figure 9, c1),
consistent with the fact that the homo-polymerizations of e-CL and of the epoxide do not occur.
Based on these calculations, the rate determining step (+16.7 kcal mol™!, Figure 9, ci) is the Sx2
attack on and the simultaneous ring opening of the coordinated epoxide by &-CL, resulting in the
formation of a new indium alkoxy bond (Figure 9d).

The last step of the cycle is the attack on the carbonyl carbon of &- CL by the indium alkoxide
oxygen and the formation of the spiro-orthoester. This is followed by the release of the newly
formed spiro-orthoester and regeneration of the active catalyst upon the coordination of a new
epoxide molecule.

The steric bulk of the alkyl species has a significant impact on this step of the reaction. %Vbur
calculations of the catalyst coordinated to SOE show that the steric environment is different

between 2a and 2b or 2¢ (Figure 10), contributing to 2b and 2¢ reaching higher conversions.
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Figure 10. %V, (at a 3.5 A radius around the indium center) calculation to determine steric bulk

of different alkyl ligands on 2a-SOE, 2b-SOE, and 2¢-SOE.
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Conclusions

We investigated the mechanism of the spiro-orthoester synthesis through the coupling of
epoxides and e-caprolactone. We used model catalysts with different In-alkyl and substituted
furfuryl pendant ligands to probe the structure function relationships in reactivity and mechanism.
We found out that increased steric bulk and weak electron donation of the alkyl ligands increase
the rate of reaction.

The main question in this study was to determine why these catalysts, in the presence of lactones
and epoxides, form spiro-orthoesters exclusively in lieu of a mixture of SOE, polyether, and
polyesters. We found out that these catalysts follow Michaelis-Menten type saturation kinetics,
with the reaction being zeroth order with respect to both substrates and first order with respect to
catalyst, with a Michaelis constant comparable to a slow reacting enzyme. Concurrently, the
limited Lewis acidity of these systems under these reaction conditions prevents the homo-
polymerization of epoxides or g-caprolactone. Finally, we show using DFT calculations that the
reaction proceeds through the coordination of one epoxide molecule to the cationic indium center
followed by the coupling to a lactone molecule resulting in the selective formation of spiro-

orthoesters.
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