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ABSTRACT: Architecture underlies the thermomechanical properties of polymers. Yet, few strategies are available to tune a 
polymer’s architecture after it is prepared without altering its chemical composition. The ability to edit the architecture of a 
polymer would dramatically expand the accessible architecture-property space of polymeric materials. Herein, we disclose a 
backbone rearrangement approach to tune the short-chain branching of polymers. Specifically, we demonstrate that 
palladium(II)-catalyzed [3,3]-sigmatropic oxo-rearrangements can transform branched polyesters and polyurethanes to their 
linear counterparts. While the effects on materials properties are generally subtle in the case of polyesters, more dramatic 
changes are observed in the case of polyurethanes: two polyurethanes undergo a soluble-to-insoluble transition, and one 
exhibits a dramatic increase in both strain at break and toughness after rearrangement. Additionally, the incorporation of 
alkenes in the polymer backbone through the rearrangement enables facile deconstruction via ethenolysis. In all, we disclose 
a powerful and broad-scope strategy to edit the architecture of polymer backbones and thereby tune their physical and 
chemical properties. 

INTRODUCTION 

The architecture of polymer backbones underlies their 
thermomechanical properties, as can be readily observed 
by comparing high density (linear) and linear low density 
(short branches) polyethylene.1 While considerable 
attention has been devoted over the years to post-
polymerization transformations of the global polymer 
architecture/topology,2–15 modification of local 
architecture—specifically, short-chain branching—has 
received much less attention: typically, the extent of 
branching is controlled by catalyst design and/or addition 
of branch-bearing co-monomers, and once formed, the 
architecture of the polymer backbone is conventionally 
regarded as immutable.16–19 In the exceptions, such as 
mechanochemical ring-openings,20,21 the chemical 
functionality of the polymers is fundamentally altered, so 
the connection between isomeric architectural change and 
polymer properties is difficult to determine.  

Given our interest in the ability to edit polymer 
backbones—as demonstrated in our previous reports using 
the Ireland-Claisen rearrangement on polyesters and the 
anionic Brook rearrangement on poly(acyl silanes) to edit 
backbone chemical composition22,23—we envisioned that 
this strategy might lend itself well toward architectural 
modifications to yield isomeric polymers with different 
backbones. Our aim herein differs from our previous 
reports: in this work, we seek to modify polymer 

architecture while maintaining the class to which the 
polymer belongs—



 

 

Figure 1. Proposed [3,3]-sigmatropic oxo-rearrangement 
(SOR) of polyesters and polyurethanes from branched to linear 
using a Pd(II) catalyst via an acetoxonium intermediate as 
reported for small molecule esters and carbamates.24 

e.g., a polyester stays a polyester—and use catalytic 
reagents instead of stoichiometric ones. Critically, most 

reported polymer backbone edits are highly backbone-
specific, which in turn limits their implementation,20,25–30 
and we sought to address this challenge within the context 
of architectural editing to ensure broad utility. We 
identified the transition metal-catalyzed formal [3,3]-
sigmatropic oxo-rearrangement (SOR) of allylic esters and 
carbamates (Figure 1) as a potential candidate 
transformation for this purpose. Winstein and coworkers 
first observed this type of rearrangement in 1966 in the 
context of small molecules containing allylic esters31 and 
Henry elucidated its mechanism in 1971.24 Furthermore, 
Henry found that palladium(II) salts were the most active 
among noble metal π-acid catalysts available at the time, 
and produced evidence for what   



 

 

Figure 2. A. SOR of PE1, PE2, PU1, and PU2. B. Stacked 1H NMR (CDCl3, 500 MHz, 25 °C) spectra of PE1 (red) and crude PE1 
(maroon). C. Stacked 1H NMR (CDCl3, 500 MHz, 25 °C) spectra of PU1 (blue) and crude PU1 (navy). D. Gel-permeation 
chromatography with multi-angle light scattering (tetrahydrofuran, 35 °C) differential refractive index (dRI) traces of PE1 (red, Mn 
= 7.55 kDa, Đ = 1.21, dn/dc = 0.0768), PE1 (maroon, Mn = 8.84 kDa, Đ = 1.20, dn/dc = 0.0795), PU1 (blue, Mn = 22.3 kDa, Đ = 1.66, 
dn/dc = 0.144), and PU1 (navy, Mn = 23.3 kDa, Đ = 1.43, dn/dc = 0.196). E. Semilogarithmic plot of the equilibrium kinetics of the 
PE1-to-PE1 rearrangement (red, Figure S46), where equilibrium conversion is set to 0.665 and plot of pseudo zero-order kinetics 
of the PU1-to-PU1 rearrangement (blue, Figure S49, * - point excluded as reaction had reached terminal conversion, [M] refers to 
concentration of PU1). F. Differential scanning calorimetry (DSC) curves before (red, blue) and after (maroon, navy) rearrangement 
of PE1 and PU1, respectively. 

is now the accepted mechanism of the 
isomerization/equilibration via the formation of a cyclic 
acetoxonium intermediate.24 Meyer and then Overman and 
Knoll each improved upon and expanded the application of 
this chemistry by using acetonitrile and benzonitrile 
complexes of PdCl2 as catalysts, which exhibited a factor of 
1013–1014 rate enhancement of the isomerization compared 
to the uncatalyzed reaction.32–36 We envisioned that this 

catalytic system would prove similarly effective to 
isomerize branched polyester and polyurethane backbones 
into linear ones or vice versa, as dictated by 
thermodynamics. 

RESULTS AND DISCUSSION 



 

We selected polyesters PE1 and PE2 and polyurethanes 
PU1 and PU2 as our initial substrates (Figure 2A). The 
polyesters were previously reported by our groups in the   



 

 
Figure 3. SOR of polyester PE1 and functionalized polyesters PE3 and PE4 (Mn = 14.8 kDa, Đ = 1.11 for PE1 used in the cross-
metathesis reaction to afford PE3 and PE4). % rearr. A refers to the rearrangement of the unfunctionalized PE segments; % 
rearr. B refers to the rearrangement of the functionalized PE segments (Figures 2B, 2D, S13–S17, S51–S73); GB, the G 
calculated for SOR of segment B, was calculated by DFT computations on one representative monomer unit of each polymer, 
with a 6-311+g(d,p) basis set and M06-2X functional (See Supplementary Information Computational Procedure and Results).

contexts of using CO2 and butadiene as sustainable 
precursors37 (for PE1) and polymer backbone Ireland-
Claisen rearrangements (for PE2).22 Notably, these 
polyesters are differentiated by the -carbonyl ethyl 
substituent in PE1, which is absent in PE2. Meanwhile, 
polyurethanes PU1 and PU2 were designed to ensure 
solubility, incorporate the allylic carbamate 
“sigmatropomer”, and, in the case of PU2, incorporate a 
commercial diisocyanate. Synthesis of PE1 (Mn = 7.55 kDa, 
Đ = 1.21, Figure 2D) and PE2 (Mn = 7.47 kDa, Đ = 1.07, Figure 
S1) followed established protocols,22,37 and PU1 (Mn = 22.3 
kDa, Đ = 1.63, Figures 2D and S2–S6) and PU2 (Mn = 14.4 
kDa, Đ = 1.66, Figures S7–S12) were synthesized via di-n-
butyltin(IV) dilaurate-catalyzed step-growth 
copolymerization of 1,4-phenylenebis(2-propen-1-ol) (3) 
and either 9,9-di-n-octyl-9H-fluorene-2,7-diisocyanate (4) 
or hexamethylene diisocyanate (HMDI), respectively, in 
dichloromethane (DCM) at 25 °C for 16 hours.  

Subjection of PE1, PE2, PU1, and PU2 to (MeCN)2PdCl2 led 
to rapid rearrangement of these polymers from branched to 
linear (PE1, PE2, PU1, and PU2, respectively; Figures 2A 
and S13–S33). For PE1 and PE2, clean conversion (68.4 ± 
0.5% and 75 ± 1%, respectively) was achieved in 1.5 hours 
based on 1H nuclear magnetic resonance (NMR) 
spectroscopy (Figures 2B and S13–S22; errors are standard 
deviations based on 5 and 3 trials, respectively). Fully linear 
PE2 was synthesized independently via polycondensation 
polymerization of methyl (Z)-7-hydroxyhept-5-enoate (5, 
Figures S34–S38) and subjected to the same SOR conditions 
as PE2; this polymer achieved 33% conversion to the 
branched product PE2 (Figures S39–S43) as expected 
based on the conversion of the forward reaction, thus 
demonstrating the reversible nature of this SOR. For PU1, 
98% conversion was achieved in <2 hours, also with no 
side-reactivity (Figures 2C and S23–S27). In contrast, 
rearrangement of PU2 proceeded to ~55% conversion by 
1H NMR spectroscopy in 20 min, after which precipitation of 
the polymer was observed (Figure S28). 1H NMR 
characterization of the precipitated PU2 re-dissolved in 
deuterated dimethyl sulfoxide (DMSO-d6) revealed a net 
89% conversion of branched allylic carbamates to their 

linear isomers. (Figures S29–S33). Most of the Pd was 
removed from PU1 and PU2 during workup and from 
PE1 (Table S1). By gel permeation chromatography with 
multi-angle light scattering (GPC-MALS), the number-
average molecular weights (Mn) of PE1, PE2, and PU1 
were nearly identical to those of the parent polymers 
(Figures 2D and S1), which confirms that chain cleavage 
does not take place, as expected based on the mechanism of 
SOR (Figure 1). GPC-MALS was not obtained for PU2 due to 
poor solubility in solvents other than DMSO; however, the 
diffusion-ordered spectroscopy (DOSY) diffusion 
coefficient for the polymeric species did not change 
(2.15x10-7 cm2/s, Figures S44–S45), which supports a lack 
of chain cleavage in this case as well. 

Higher conversions in the case of PE1 and PE2 could not be 
reached by varying concentration or catalyst loading, which 
indicates that isomerization proceeds under 
thermodynamic control; reaction kinetics are also 
consistent with first order equilibrium (Figures 2E and 
S46–S48). Nearly quantitative conversions of PU1 and PU2 
are likely due to the thermodynamically favored migration 
of the alkene into conjugation with the benzene ring 
(Figures 2C and S23–S33). However, surprisingly, 
rearrangement kinetics for PU1 and PU2 are zero order in 
alkene (Figures 2E, S28, and S49–S50), which is indicative 
of strong binding of the catalyst to the polymer substrate. 

Indeed, ground state DFT calculations on the 
thermodynamic equilibrium for one representative repeat 
unit of PE1, PE2, PU1, and PU2, capped with methoxy 
groups or hydrogen atoms for polyurethanes and 
polyesters, respectively (Figure 3, right column), are 
consistent with the experimental observations above 
(Figure 2). The calculated ∆G of PE1 and PE2 are both close 
to 0 (0.29 kcal/mol and 0.11 kcal/mol, respectively), 
consistent with incomplete rearrangement, while PU1 (-6.9 
kcal/mol) and PU2 (-1.5 kcal/mol) are driven to near-
complete conversion based on the stability of the 
conjugated alkene. Additionally, such simple DFT methods 
can easily be used to predict the degree of rearrangement of 



 

other polymers (e.g. PE3 and PE4, vide infra), providing a 
useful tool for future polymer synthesis and modification. 

With this information in hand, we reasoned that alkene sub-  



 

 
Figure 4. A. SOR and subsequent degradative ethenolysis of PE1. B. Stacked 1H NMR spectra of PE1 (maroon) and the crude 
mixture after ethenolysis was performed (black). C. GPC-MALS dRI traces before (maroon, Mn = 22.8 kDa, Đ = 1.39) and after 
ethenolysis (black, Mn = 0.85 kDa, Đ = 1.25) of PE1 

stitution could be utilized to tune the rearrangement 
efficiency of polyesters and produce novel materials that 
could not be easily accessed via direct polymerization. To 
explore these possibilities, cross-metathesis of the parent 
polyester, PE1, was employed with styrene and 2-butene to 
afford PE3 and PE4 respectively (Figures S51–S61). As 
might be expected, the styrenyl-functionalized esters in 
PE3 do not rearrange because the resulting loss of 
conjugation would be thermodynamically uphill. As an 
internal control, the non-functionalized (R = H) repeat units 
in PE3 underwent 70% rearrangement, consistent with the 
previously established thermodynamics of the PE1-to-PE1 
rearrangement (Figures 3 and S62–S67). Meanwhile, the 
propenyl- functionalized esters in PE4 undergo 
rearrangement to a similar degree of conversion (63%) as 
the vinyl-functionalized ones in PE1 (Figures 3 and S68–
S73). Ground state DFT calculations on the thermodynamic 
equilibrium are consistent with experimental observations 
for PE3 and PE4 as well, with a calculated ∆G of 3.2 
kcal/mol and 0.31 kcal/mol respectively, consistent with no 
rearrangement and incomplete rearrangement (Figure 3).   

Having established the viability of architectural editing, we 
proceeded to explore its effects on the materials’ thermal 
and mechanical properties. After rearrangement of PE1 to 
PE1, the glass transition temperature (Tg) decreased by 12 
°C (Figure 2F), which is consistent with reduced 
branching.38 Similar decreases in Tg (13 °C, 10 °C, 3 °C, and 
5 °C) were observed for PE2 / PE2, PE3 / PE3, PE4 / PE4, 
and PU1 / PU1 respectively (Figures S74–S76 and 2F). 
Although the % conversion to “linear” is higher for PU1 
compared to all of the polyesters, the smaller shift in Tg than 
might be expected is most likely due to the dilution of the 
effects by the unchanged di-n-octylfluorene fragments. On 
the other hand, the Tg of PU2 observed at 64 °C disappears 
for PU2—at least it is not observed below the 
decomposition temperature of PU2 (Td,1% = 195 °C, Figures 

S77–S78). Increased hydrogen bonding and -stacking in 
the more linearized architecture could explain the 
disappearance of Tg Powder X-ray diffraction (PXRD) 
confirms a new chain packing pattern for PU2 compared to 
PU2 (Figure S79). The major observed peaks for PU2 and 

PU2 with d-spacings of 4.54 Å and 4.08 Å respectively are 
consistent with hydrogen bonding between polyurethane 
chains (Figure S79).39  

Thermal stabilities of PE1–PE4 and their rearranged 
counterparts PE1–PE4 proved to be nearly identical: for 
instance, the decomposition temperature at 5% mass loss, 
Td,5%, of PE1 was only 4 °C smaller than that of PE1 (Figures 
S80–S83). A similar trend was observed for PU2 / PU2 
with post-rearrangement reduction in Td,5% of 2 °C (Figure 
S78). Notably, a bigger change in the opposite direction was 
observed for PU1 / PU1: Td,5% of PU1 was 31 °C greater 
than that of PU1; however, beyond this first stage, further 
mass loss for PU1 and PU1 was virtually identical (Figure 
S84). On the whole, architecture alone appears to have a 
subtle impact on the thermal stability of isomeric polymers.  

Another valuable feature of this rearrangement is the 
introduction of alkenes into the polymer backbone; for 
instance, this functionality enables deconstruction via 
ethenolysis.40,41 Using the parent PE1 as a model system, we 
first performed rearrangement under our standard 
conditions (vide supra), and then, without purification, 
exposed it to 2nd-generation Grubbs catalyst (G2, 1 mol %) 
and ethylene gas (150 psi, 50 °C, 16 hours, Figure 4A). 
Fragmentation of the polymer backbone was observed by 
both 1H NMR spectroscopy (Figures 4B and S85–S89) and 
by a dramatic decrease in Mn by GPC-MALS (Figure 4C). The 
viability of this procedure demonstrates that (MeCN)2PdCl2 
does not interfere with G2 during ethenolysis. Additionally, 
as expected, PE1 remains unchanged under our standard 
ethenolysis conditions prior to the rearrangement (Figure 



 

S90). These reaction sequences demonstrate a 
straightforward way to selectively   



 

 

Figure 5. A. SOR of PU3 to PU3 catalyzed by (MeCN)2PdCl2. B. Differential scanning calorimetry (DSC) curves comparing PU3 
(blue) and PU3 (purple); light blue shaded area corresponds to area under the melting peak used to calculate Hm. C. Powder 
X-ray diffraction (PXRD) of PU3 (blue) and PU3 (purple) with the distance corresponding to the major peak listed. D. Multiple 
uniaxial tensile test trials for PU3 (blue hues) and PU3 (purple hues). 

deconstruct PE1 through a two-step one-pot reaction 
sequence, in addition to the previously shown chemical 
recycling and biodegradation pathways that are possible.37 
Such a sequence could be a valuable tool for the selective 
deconstruction and separation of PE1 or other -vinyl 
sidechain polyesters in the presence of mixed polyester 
waste streams, which typically all undergo hydrolysis or 
catalyzed ring-closing depolymerization and are thus 
difficult to separate from each other.42,43 

To demonstrate broader utility of architectural editing, 
another polyurethane, PU3 (Mn = 5.05 kDa, Đ = 1.40), was  
synthesized directly from commercial starting materials 
1,5-hexadiene-3,4-diol and HMDI to afford a polymer that 
both contains the allylic carbamate sigmatropomer and 
whose production can be readily scaled up (Figures S91–
S96). Rearrangement of PU3 was achieved using 20 mol % 
(MeCN)2PdCl2 at 40 °C to afford PU3 with ~76% 
rearranged allylic carbamates, of which 66% formed 
internal 1,3-dienes, and the other 10%—external 1,3-
dienes (Figures 5A and S97–S101). We hypothesize that 
higher temperatures and catalyst loadings are required for 
the rearrangement of PU3 compared to PU1 and PU2 
because the resulting 1,3-dienes could poison the 
catalyst.32,36 Ground state DFT calculations on the 
thermodynamic equilibrium are consistent with 
experimental observations for PU3, with a calculated ∆G of 
-4.4 kcal/mol and -2.9 kcal/mol for formation of the internal 
1,3-diene and external 1,3-diene respectively (See 
Supplementary Information Computational Procedure and 
Results). Most of the Pd was removed during workup (Table 
S1). Attempts to achieve higher conversion afforded an 
insoluble material. GPC-MALS was not obtained for PU3 
due to poor solubility in solvents other than DMSO; 
however, DOSY for PU3 and PU3 affords the same diffusion 
coefficient (3.98x10-7 cm2/s) for the polymeric species 

(Figures S102–S103). Since PU3 and PU3 have the same 
diffusion coefficient, we conclude that, as in other cases, this 
polymer remains intact throughout the SOR.  

Compared to PU1 and PU2, rearrangement of PU3 leads to 
a substantially reduced Td,5% in PU3 (from 228 °C to 164 °C, 
Figure S104). Here, too, we think the key culprit is the 
presence of 1,3-dienes in the product. In addition to 
decreased thermal stability, PU3 has a slightly increased Tg 
compared to PU3 (Figure 5B). Furthermore, while PU3 is a 
semicrystalline material, PU3 is amorphous, as confirmed 
by both the disappearance of the melting transition in DSC 
traces and the simultaneous disappearance of some peaks 
and broadening of others in the PXRD traces (Figures 5B 
and 5C). The major observed d-spacing for PU3 and PU3 
(4.41 Å and 4.16 Å respectively) is consistent with hydrogen 
bonding between polyurethane chains (Figure 5C).39  

Uniaxial tensile testing was performed on thin films of PU3 
and PU3  at a strain rate of 0.0042 Hz (12 mm sample 
length, 0.05 mm/s). PU3 has a much higher strain at break 
(47 ± 8 %) and toughness (4.2 ± 0.8 MPa) compared to PU3 
(2 ± 1% and 0.07 ± 0.07 MPa respectively, Figure 5D), but a 
lower Young’s modulus (0.20 ± 0.02 GPa compared to 0.7 ± 
0.2 GPa for PU3, Figure 5D). Furthermore, PU3 exhibits 
yielding behavior which could be due to facilitated chain 
slippage in the absence of crystalline domains. In short, the 
rearrangement leads in this case to a more amorphous and 
tougher material. 

CONCLUSION 

We have demonstrated the branched-to-linear architectural 
editing of a variety of functionalized polyesters and 
polyurethanes via the Pd(II)-catalyzed [3,3]-sigmatropic 
oxo-rearrangement. This transformation affords polyesters 
and polyurethanes with thermodynamically-controlled 



 

degrees of branching. Subtle material property shifts were 
observed for all tested polyesters, however the impact of 
the branched-to-linear architectural edit in polyurethanes 
afforded more dramatic shifts; namely a decrease in 
solubility and for one material, a dramatic increase in 
toughness and strain at break. Inclusion of the pendent 
alkene into the polymer backbone lends itself to a two-step, 
one-pot, facile deconstruction of polyesters via ethenolysis 
with the potential to be applied towards polyurethane 
deconstruction. More broadly, our approach increases the 
generality of polymer backbone editing and opens the door 
to wider application across multiple classes of materials. 
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