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ABSTRACT: Hydrogen fluoride (HF) is a versatile reagent for material transformation, with applications in self-immolative poly-
mers, remodeled siloxanes, and degradable polymers. The responsive, in situ generation of HF in materials therefore holds promise
for new classes of adaptive material systems. Here, we report the mechanochemically coupled generation of HF from alkoxy-gem-
difluorocyclopropane (gDFC) mechanophores derived from difluorocarbene addition to enol ethers. Production of HF involves an
initial mechanochemically assisted rearrangement of gDFC mechanophore to o-fluoro allyl ether whose regiochemistry involves
preferential migration of fluoride to the alkoxy substituted carbon, and ab initio steered molecular dynamics simulations reproduce
the observed selectivity and offer insights into the mechanism. When the alkoxy gDFC mechanophore is derived from poly(dihydro-
furan), the a-fluoro allyl ether undergoes subsequent hydrolysis to generate one equivalent of HF and cleave the polymer chain. The
hydrolysis is accelerated via acid catalysis, leading to self-amplifying HF generation and concomitant polymer degradation. The
mechanically generated HF can be used in combination with fluoride indicators to generate optical response and to degrade poly(nor-
bornene) with embedded HF-cleavable silyl ethers (20 mol%). The alkoxy-gDFC mechanophore thus provides a mechanically cou-
pled mechanism of releasing HF for polymer remodeling pathways that complements previous thermally driven mechanisms.

INTRODUCTION until released in response to a mechanical signal, at which point it could

Mechanochemistry has been widely applied in various contexts, includ- be converted in situ to a fluoride salt for the uses described above.

ing mechanochromic materials,'* mechanocatalysis,* 3 unlocking oth-
erwise inaccessible reactions,%!? small molecule release,'!"'* and to en-
hance the mechanical properties of networks integrated with mechano-
phores.'® 7 Among these applications, the mechanically triggered re-
lease of acid is useful for a rich range of responses, including acid-in-
duced polymer degradation,'8?° polymerization,?' and hydrogel actua-
tors.??2 The concept of a mechanochemically generated acid was first
reported by Diesendruck et al. using a gem-dichlorocyclopropanated
(gDCC) indene (Figure 1),'> which was followed by a more thermally
stable, but scissile, design based on an oxime sulfonate mechano-
phore.?® More recently, some of us reported easily synthesized alkoxy-
substituted gDCC mechanophores that readily releases hydrochloric
acid in a non-scissile fashion similar to the indene, but with improved
thermal stability — combining some of the more attractive attributes of
previous designs.?’ 28

Inspired by the prior success with mechanically driven HCl release, we
wondered about the potential to develop a system that can mechanically
release hydrogen fluoride (HF), an important multipurpose reagent for
both laboratory and industrial applications. Much of the chemistry of
HF is unique relative to HCI and other common acids. While HF is
widely used in the synthesis of fluorine-containing compounds, such as
fluoropolymers®® and pharmaceutical intermediates,*® we were drawn
to its use as a versatile reagent for material remodeling. In particular,
fluoride sources react readily with silica-containing materials, and this
efficient characteristic has been applied in self-immolative polymers,’!
remodeled siloxane elastomers,*> 3* vitrimer alteration,3* and degrada-
ble polymers.'$:3%3¢ The corrosiveness and toxicity of HF,*” however,
presents a safety concern for its handling and storage.’® We therefore
set out to develop a latent source of HF that resides within a polymer
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Figure 1. Schematic representation of previously reported mech-
anophores'® 12272839 and the mechanical release of hydrogen flu-
oride reported in this work.

In designing a mechanophore for fluoride release, we considered that
the addition of a methoxy substituent to a gem-dichlorocyclopropane
(gDCC) mechanophore yielded a 2-methoxy-substituted gem-dichloro-
cyclopropane (MeO-gDCC)?’ that acts as a latent source of HCI (Figure
1). Despite the similarities in HF and HCI, we anticipated that a 2-meth-
oxy-gem-difluorocyclopropane (MeO-gDFC) mechanophore would be
a far less effective (and perhaps entirely ineffective) source of mechan-
ically generated HF than its chlorinated analog. We perceived two po-
tential primary barriers. First, the ring-opening reaction of the parent
dialkyl gDFC'? differs from that of gDCC. The ring opening of gDCC
involves presumably concerted C-C bond scission and chloride migra-
tion, leading to the formation of an a.-chloro allyl ether product. In con-
trast, gDFC ring opening in the parent system (either thermal or me-
chanical) involves a 1,3-diradicaloid transition state (thermal) or force-
coupled intermediate (mechanical) that recloses back to the original
gDFC structure or its stereoisomer; dissociation/migration of fluoride
is not observed.” I Second, even if the corresponding a-fluoro allyl
ether were generated (in part or in whole), the elimination of HF is gen-
erally disfavored relative to that of HCIL. For example, in the aromati-
zation of 1,1-dihalo-6,6a-dihydro-1aH-cyclopropala]indene through
HX elimination, HF elimination requires temperatures of 160 °C* to
achieve rates comparable to those achieved for HCI elimination at 50
°C.!2 Nonetheless, we began our pursuit of HF generating mechano-
phores by exploring the mechanochemistry of two polymers that incor-
porate alkoxy-substituted gDFCs along their backbones (Figure 1): P1
— a copolymer of MeO-gDFC that is analogous to the previously re-
ported MeO-gDCC mechanoacid, and P2 — the polymer generated from
exhaustive difluorocarbene addition to poly(dihydrofuran) (PDHF).

Here we report a range of outcomes initiated by the mechanochemical
reactivity of these polymers, as induced by pulsed sonication of their
solutions. First, the addition of the alkoxy substituent leads to irreversi-
ble ring opening and regiospecific fluoride migration to yield the cor-
responding a-fluoro allyl ether product. Second, the presence of water
enables the hydrolysis of ring opened P2 in a reaction sequence that
also generates HF. Third, the aforementioned hydrolysis is accelerated
by HF, leading to self-amplifying HF production and polymer decon-
struction. Finally, the fluoride generated can be used to generate opti-
cal signals in the presence of suitable fluoride sensors, or as the trans-
duction agent within a polymer degradation cascade that couples HF
generation to the cleavage of silyl ether linkers.'® 33-41-42

RESULTS AND DISCUSSION

Synthesis and characterization. As shown in Scheme 1, we synthe-
sized the MeO-gDFC macrocycle 4 from the selective difluorocyclo-
propanation of commercially available 1-methoxy-1,4-cyclohexadiene
at the electron-rich alkene position, followed by subsequent ozonolysis,
esterification, and ring-closing metathesis (RCM). A copolymer P1 of
9-oxabicyclo[6.1.0lnon-4-ene (epoxy-COD) and 4 was obtained
through ring-opening metathesis polymerization (ROMP),* as em-
ployed previously for the synthesis of multi-mechanophore polymers.'®
27 The related polymer P2 was synthesized through difluorocyclopro-
panation of PDHF using TMSCF3 and Nal at 100 °C in a pressurized
vessel under N2.* The isolated P1 and P2 contain alkoxy gDFC mech-
anophores M1 and M2 (Table 1), respectively, and their mechano-
chemistry was investigated using sonication, under which conditions
the epoxy unit in P1 has been found to be mechanically inactive.® 7 >
4 The different synthetic pathways lead to polymers of differing num-
ber-averaged molar mass (Mx), but, as discussed below, M, does not
influence the product generated by the mechanochemically induced
chemistry.

Scheme 1. Synthesis of (a) P1 and (b) P2.
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Table 1. Characterization of P1 and P2.
My, (kDa) D M1% M2% #MI1 #epox #M2

P1 59 1.8 52 - 132 122 -

P2 210 1.6 - 100 - - 1418
Molar masses (Mn) and dispersity (D) determined by size exclusion
chromatography and multi-angle light scattering. Fractional content of
M1 or M2 repeats determined by 1H NMR, and average number of M1,
M2, or epoxide (epox) repeats per polymer by combining the two meas-
urements.

Mechanically triggered fluoride migration. P1 and P2 were dis-
solved in 11 mL of dry tetrahydrofuran (THF) at a concentration of 2
mg/mL. The resulting solutions were subjected to ultrasonication for 4



h (1s on and 1s off, 30% amplitude, 4-9 °C in N2), and the products
were analyzed by nuclear magnetic resonance (NMR) and size exclu-
sion chromatography (SEC). As is characteristic of polymer mechano-
chemistry in multi-mechanophore polymers, a concomitant reduction
in number-average molar mass (M, from 59 to 24 kDa) and mechano-
phore activation (up to 80%) is observed in P1 with ongoing sonication,
tapering as Mx approaches an apparent so-called limiting M, (Figure
2a). The reduction in M» during sonication is attributed to random scis-
sion of bonds along the backbone, which occurs even though the mech-
anophores non-scissile.?’-4¢ Whereas dialkyl gDFC mechanophores un-
dergo predominant ring-opening/ring-closing and trans/cis isomeriza-
tion,> % 1 sonication of P1 results in a new set of resonances in the '°F
NMR spectrum that are consistent with the conversion of M1 into the
ring-opened a-fluoro allyl ether product A1 (Figure 2b). The °F NMR
spectrum of A1 has two peaks that integrate in a 1:1 ratio — a triplet (J
=17.3 Hz) at —123.6 ppm and a doublet (J = 36.6 Hz) at —125.5 ppm
that are consistent with assignments to Fg and F4 respectively (Figure
2¢). The '"H NMR also shows a doublet of triplets at 5.3 ppm and a new
singlet at 3.3 ppm which match the vinyl proton and methoxy protons
of A1, respectively (Figure S3).
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Figure 2. (a) Conversion of M1 (black circles) and Mx of P1 (green

squares) as a function of sonication time; (b) Mechanochemical re-

action of M1 induced by sonication; (c) '’F NMR spectrum of P1

in THF-ds before and after 4 h sonication.

The clean isomerization of M1 to Al is distinct from the reactivity of
its MeO-gDCC analog, which results in a mixture of products that in-
volve net elimination of either HC] or MeCl. Insights into the unique
reactivity of M1 are gleaned from DFT calculations. Ab initio steered
molecular dynamics (AISMD) simulations were performed for the
MeO-gDFC and MeO-gDCC mechanophores. Propyl groups were
used as surrogates of the polymer attachments. A force of 2 nN was
applied to the terminal carbon atoms of the propyl handles. In the sim-
ulations, the MeO-gDCC ring undergoes dynamically concerted ring
cleavage accompanied by chloride dissociation, which generates an al-
lylic carbocation intermediate (Figure 3a). Inspection of the <S%> val-
ues (i.e., the expectation value of the S? operator) during the MD sim-
ulation shows that this process is heterolytic, with the value of <S>
never rising above 0.25 (Figure 3a, Table S5). This observation sug-
gests that there is no diradical character formed during the ring-opening
step (Figure 3a, Table S4). This intermediate is primed to undergo ei-
ther deprotonation to generate HCl or Sx2 substitution at the methylox-
onium to generate MeCl. In contrast, M1 ring opening occurs through
initial homolytic cleavage of the C-C bond. The diradical intermediate
is dynamically stable and long lived under the external force of 2 nN
(Figure 3b). Furthermore, the diradical intermediate undergoes fluorine
atom transfer coupled with an electron transfer, as seen from a sharp
decline in <S> value coupled with C-F bond elongation, leading to
fluoride anion dissociation and a rebound to the carbon center (Figure

3b). In these simulations, the charge-separated complex is very short-
lived likely due to the absence of explicit treatment of solvent (Figure
3b). While both fluoride migration regioisomers were observed during
molecular dynamics simulations, the predominant pathway was migra-
tion to the methoxy substituted carbon (Table S5). Despite discrepan-
cies in experimentally observed regioselectivity, which can be at-
tributed to the lack of explicit treatment of solvent, computational re-
sults can rationalize the regioselectivity of the migration observed ex-
perimentally. The methoxy-substituted carbon has a higher charge
throughout MD trajectories, and the recombined product is thermody-
namically favorable by 12.3 kcal/mol (Table S5, Figure S36).
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Figure 3. Representative molecular dynamics simulation trajectories
with MeO-gDFC (a) and MeO-gDCC (b) mechanophores. Cleaving C-
C distance and two C-X distance plots are shown at the top and <S*>
values are shown in the bottom. Structures along the trajectory are
shown as insets (C in gray, H in white, O in red, Cl in green, F in cyan).
Associated chemical structures are provided below each MD trajectory.

Similar regioselectivity is observed in the sonication behavior of
poly(alkoxy-gDFC) P2 derived from PDHF (Figure 4). Like P1, when
P2 is sonicated in THF over 4 h, there is a decrease from initial M, of
210 kDa to a gradually tapering value of 43 kDa. At the same time, '°F
and '"H NMR indicate that embedded M2 is mechanically active and



rearranges in a manner that is analogous to M1. M2 exists as two ste-
reoisomers: a cis isomer that corresponds to the '°F NMR peaks at & =
-129.3 and -158.9 ppm, and a trans isomer with peaks at 8 =-140.9 and
-144.3 ppm. The isomers produce the same product but have different
reactivities under sonication; the more mechanochemically reactive cis
isomer is converted more quickly during sonication (see Table S1). Flu-
orine atom migration to yield product A2 is inferred from the appear-
ance of two new signals F¢ and Fp that integrate 1:1—a doublet of
doublets at —129.8 ppm (J = 62.6, 19.4 Hz) and a doublet of doublets
of doublets at —129.4 ppm (J = 37.5, 19.4, 8.2 Hz), respectively. In the
"H NMR spectrum, a new doublet of triplets at 5.2 ppm is assigned to
the vinyl proton on A2 (Figure S8). Figure 4 shows that the product of
the reaction stays the same with continuing sonication across multiple
scissions per polymer chain; in other words, the product of the mecha-
nochemical reaction does not change with polymer M;, as mentioned
above. As with M1, the presence of the alkoxy substituent directs a
highly regioselective migration of fluorine to generate the a-fluoro al-
lyl ether product.
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Figure 4. (a) Conversion of M2 (black circles) and My of P2 (blue
squares) as a function of sonication time; (b) Mechanochemical reac-
tion of M2 induced by sonication; (c) '’F NMR spectrum of P2 in THF-
ds before and after 4 h sonication.

Hydrolytic HF generation and chain scission. The sonication behav-
ior of P2 changes when 10% (v/v) water is added to the THF, whereas
P1 remains unaffected. After only 10 min sonication, the M, of P2
drops to 47 kDa, as opposed to 140 kDa in the absence of water. The
increase in the initial rate of Mx reduction is accompanied by a greater
extent to which M, ultimately changes. After 4 h sonication, the M,
with water present is 10 kDa, in comparison to an apparently limiting
value of 43 kDa without water added (Figure 5a). Interestingly, the ex-
tent of M2 activation is not significantly changed by the presence of
water (Figures 5a, S16-17); only the ultimate product of activation dif-
fers. As described below, the change in product is a consequence of
reactivity that occurs after, rather than during, mechanochemical con-
version of M2 to A2.

The reactivity of A2 with water was probed by first sonicating P2 in
THF-ds and then adding 100 pL water to 0.9 mL of the post-sonicated
solution. The results are consistent with the hydrolytic conversion of
allyl ether A2 into lower molecular species A3 and A4 (Figure 5b).
Over the course of 33 h at room temperature, the '°F NMR resonances
from F¢ and Fp disappear and a new doublet of doublets (/=33.3, 19.1
Hz) emerges at —135.4 ppm (Figure 5¢). The chemical shift and split-
ting pattern are consistent with the assignment of vinyl fluorine Fg on
the backbone. This assignment is further supported by the observation
that '"H NMR peaks at 9.2 ppm and 6.3 ppm (the aldehyde proton and
vinyl proton in A3, respectively) are coupled to the Fg resonance (Fig-
ure S14). Furthermore, gas chromatography—mass spectrometry of the
reaction solution gives Mn matching those of A3 and small A4 oligo-

mers (Table S2). Finally, the production of A3 and A4 implies the gen-
eration of HF as a hydrolysis by-product, and two new '"’F NMR reso-
nances at —152.1 and —180.1 ppm match the chemical shifts observed
when aqueous HF (48% in H20) is added to THF-ds (Figure S16). Note:
the use and/or generation of HF requires proper attention to safety
protocols; see Supplementary Information for details.
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Figure 5. (a) Activation of P2 (black circles) during sonication with
H20 and M» of P2 (red squares) as a function of sonication time;
(b) Proposed final products of A2 after ring opening and reaction
with H2O; (c) Spectrum of F NMR in THF-ds before and after
H>0 addition.

Autocatalysis and amplification. The time course of the hydrolysis
reveals unexpected kinetic complexity in the conversion of A2 into the
products shown above. In a separate experiment, 100 pL H.O was
added to 0.9 mL of a dry THF solution of P2 that had been sonicated
for 4 h. The progress of the reaction at room temperature was followed
by '“F NMR. As seen in Figure 6a, the initial rate of hydrolysis is very
slow, with only a few percent conversion observed over the first 10 h.
Soon after, the rate increases and conversion completes within 33 h.
The gradual increase in rate of reaction suggests an autocatalytic effect
of the products, most likely as a result of the generated HF. To probe
that hypothesis, 5 puL of aqueous HF (48% in H20) was added with
water to the freshly sonicated P2. The additional HF corresponds to 7.3
times that produced by the complete conversion of M2. Conversion of
A2 occurs much more rapidly, going to completion in less than 30 min
vs. over 20 h without added HF. The reaction catalysis is attributed to
the acidic character of HF, rather than the presence of fluoride. Addi-
tion of CF3COOH also accelerates the hydrolysis, whereas addition of
tetrabutylammonium fluoride does not (Figures S24 & S25). One po-
tential mechanism that is consistent with the experimental observations
involves acid-catalyzed ether hydrolysis through nucleophilic displace-
ment, followed by elimination of HF from the resulting fluorohydrin
(Scheme S1).

The conversion of A2 in the post-sonication hydrolysis is accompanied
by a further reduction in polymer M, consistent with a reaction that
includes chain scission (Figure 6b). The observed reduction in M, can
be quantitatively attributed to the hydrolysis. If one assumes that the
reduction in M, is due entirely to a hydrolysis reaction that generates
HF, then the relationship between degree of polymerization and con-
version of a-fluoro allyl ether is given by equation (1) (see S18 for
detailed derivation), below:
1 1
or@ ¢t om M




Here, DP is the degree of polymerization of P2 given by DP = Mx
/120, where M. is the number-averaged molar mass determined by size-
exclusion chromatography and multi-angle light scattering (SEC-
MALS), and 120 is the mass of the repeat unit; c is the fractional con-
version of o-fluoro allyl ether, given by
([HF]+[A3]+[A4])/([HF]+[A2]+[A3]+[A4]) and obtained by '°F NMR,;
and DP, is the initial degree of polymerization. As seen in Figure 6¢, a
plot of 1/DP vs. ¢ at low conversion agrees well with eq. 1. At higher
conversion, the apparent M, is overestimated (and 1/DP is underesti-
mated) due to the increasing presence of low-molar mass degradation
products that are not included in the SEC-MALS analysis, which pre-
cludes a quantitative evaluation of the relationship between hydrolysis
and chemical scission across the entire degradation time.
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Figure 6. (a) Conversion vs. post-sonication standing time of A2
with 10% (v/v) addition of H20 (black circles) and 10% (v/v) ad-
dition of H20 and 5 pL HF (red squares) at room temperature. Lines
provided to guide the eye. (b) SEC chromatograms of post-soni-
cated A2 as a function of time following addition of 10% (v/v) H20.
(c) Experimental 1/DP vs. conversion at different standing times
following addition of 10% (v/v) H20. The line is the theoretical
expectation (eq. 1).

The hydrolysis reaction appears to be dominated by the reactivity of
the a-fluoro allyl ether product of sonication, rather than by reaction of
water with, for example, a tension trapped oxonium intermediate dur-
ing the sonication-induced chain extension. We compared the extent of
HF generation and M, of P2 that was sonicated for 4 h in the presence
of water to P2 that was sonicated for 4 h in the absence of water and
then allowed to react with water for an additional 4 h. Both the amount
of HF (0.9% and 0.8%, respectively) and molar mass (12.3 kDa and
10.1 kDa, respectively) are quite similar for the two experiments (Fig-
ure S16). We cannot rule out that some direct hydrolysis takes place
during the mechanochemical events triggered in the presence of water.
Given the autocatalytic effect of HF generation, however, any such
events must be rare for the two experiments to generate such similar
results.

Applications of released HF. The reactivity of the HF released by the
cascading hydrolysis can be used to generate additional outcomes in
the presence of the other products of P2 degradation. For example, op-
tical signals can be induced in the presence of base and the pro-fluores-
cent fluoride indicator tert-butyldiphenylsilyl-protected 7-hydroxy-4-
tri-fluoromethylcoumarin (TBDPSCA, probe 5).#’ To minimize water
content, only 10 pL of H20 was added to 1 mL of post-sonicated P2.
After the conversion of P2 was completed, 10 pL N, N-diisopro-
pylethylamine (DIPEA) was added to deprotonate the HF. Finally, 10
uL of probe 5 was added to the solution. When irradiated at 365 nm,

the solution emits the expected blue-green color associated with the
deprotected coumarin. In contrast, the same operation applied to P1
leads to no discernable visible fluorescence by eye (Figure 7b) or via
spectroscopy (Figure 7¢). For comparison, the absence of DIPEA in the
mixture of P2 and water resulted in a lack of observable fluorescence
(Figure S26). This indicates the crucial role of ionizing HF in produc-
ing a distinct fluorescence color.
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Figure 7. (a) Working scheme of fluoride ion detector probe; (b)
Detection of fluoride by adding probe 5 and DIPEA to post soni-
cated P1, post sonicated P2 and the control group of HF (48% in
H20); (c) fluorescence spectra of experimental groups (sonicated
P1 and P2) and control groups (HF (aq)+DIPEA+ probe 5, DIPEA
+ probe 5; all control groups are with same concentration of
DIPEA and probe 5).

We speculated that it could be possible to combine the HF generation
available in P2 with polymers possessing HF-sensitive motifs, enabling
the stress-triggered degradation of a wider range of material systems.
This concept requires a delicate balance of kinetic considerations: the
reactivity of the degradable unit to HF should be slow relative to the
self-amplifying chemistry, else the degradation reaction would effec-
tively quench the amplification and limit the ultimate extent of degra-
dation. We chose for this purpose a diisopropyl silyl ether, which is
labile upon exposure to HF.'®35 The polymer P3 was synthesized with
11% of the repeats along its polybutadiene backbone containing the de-
sired silyl ether, which has been recently applied in degradable poly-
mers that are selectively cleaved by fluoride.’! The polybutadiene con-
trol P4, without a silyl ether, was also synthesized (Figure 8a).

Two initial control experiments aimed to assess the stability of post-
sonicated P4 in the presence of mechanochemically generated HF and
water, as well as the stability of post-sonicated P3 with water but with-
out the HF source. A mixture of P4 and P2 (each at 2 mg/mL) was
sonicated in THF:H20 (95/5, v/v) for 4 h. Analysis of the polybutadiene
component P4 in the post-sonicated solution is facilitated by the drastic
degradation and reduction in M, of P2 described above, which as ex-
pected leads P2 to disappear from the 13.5-16.5 min retention time win-
dow over the first 2 days following sonication. The degradation of P2
alone with 5% (v/v) H20 in THF, characterized SI, is evident in Figure
8b through the change in shape of the SEC elugram at 2 d relative to its
appearance immediately following sonication. The peak is broader im-
mediately following sonication (red trace, Figure 8b) and narrows over
2 d due to a reduction in the higher retention time/lower M, side of the



peak (grey trace). From '°F NMR (Figure S28), P2 gradually decom-
posed to HF and other final products throughout 4 days. As seen in
Figure 8b, a significant fraction of the peak in the 13.5-16.5 min reten-
tion time window remains stable for up to 14 days post-sonication, and
we assign this peak to P4. The assignment of P4 is supported by the
fact that the retention times and Mn observed match those of P4 soni-
cated without P2 (Figure 8c). The key point is that while sonication
initially cleaves P4 through unspecific mechanochemical bond scission,
the Mn of post-sonicated P4 (in contrast to P2) does not change upon
standing for up to 14 d. Similar behavior is seen when P3, which con-
tains the silyl ether, is sonicated for 4 h in the absence of P2 (Figure
8d). Thus, the polybutadiene backbone is not reactive to the products
of sonicated P2, and the silyl ether in P3 is stable post-sonication in the
absence of P2.

The combination of P2 and P3, however, results in the desired two-
stage response to sonication, as seen in Figure 8e. First, the degradation
of P2, and the associated HF generation, over the first two days post-
sonication is still evident (red vs grey traces, Figure 8e). The expected
reactivity is confirmed by '°F NMR (Figure S28). Thus, the presence
of the silyl ether in P3 does not appear to substantially affect the P2
self-amplifying behavior. Second, from day 2 to day 14, the targeted
deconstruction of P3 is observed, as evidenced by increasing retention
times in the SEC traces. Because this second effect is not observed in
controls when either the silyl ether or the HF source is absent, we at-
tribute the overall behavior to mechanochemical activation of P2 initi-
ating the (relatively rapid) self-amplifying release of HF via acid-cata-
lyzed main-chain hydrolysis, followed by the (relatively slow) HF-
induced breaking of the silyl ether Si-O bond.
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Figure 8. (a) Silyl ether copolymers P3 for degradation and control
group of P4; SEC traces of (b) P4 + P2, (c) P4, (d) P3, (¢) P3 + P2
before (blue dashed line) and after (red solid line) 4 h sonication
with 95:5 THF:H20. At 2-14 days of standing time following son-
ication, any P2 component has degraded to the point that the re-
maining SEC traces reflect changes in the M of P3 or P4 (grey to
black solid lines).

CONCLUSIONS

The addition of alkoxy substituents to gem-difluorocyclopropane
mechanophores induces a combination of reactivity outcomes that dif-
fer from prior unsubstituted gDFC. Whereas unsubstituted gDFC re-
versibly opens to give tension-trapped diradical species, P1 and P2 ir-
reversibly open with associated fluorine migration. AISMD simula-
tions suggest a mechanism that involves a mixture of homolytic bond
scission, fluorine atom dissociation, electron transfer, and anion re-
bound, ultimately leading to regioselective fluorine migration and the
formation of the observed product. A reduced number of carbon sub-
stituents at the secondary carbon of the cyclopropane ring, as in P2,
opens the door for the subsequent release of HF in an autocatalytic fash-
ion. The HF is generated through a hydrolysis reaction that also leads
to chain scission, and the resulting amplified degradation provides a
tool that complements recent approaches to self-immolative poly-
mers.**3! The amplified production of HF can also be harvested for
triggered degradation of a separate set of polymer linkages formed via
diisopropyl silyl ethers, whose reaction with HF is slower than the au-
tocatalytic reaction. This efficient and controllable HF release capabil-
ity could have significant implications for the future applications of HF
in responsive disassembly and remodeling of polymer networks based
on fluoride-sensitive junctions.
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