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Generalizing metallocene mechanochemistry to ruthenocene
mechanophores

Ruthenocene is demonstrated to be the selective site of
mechanical scission in main-chain polymers, in a manner similar
to ferrocene, but with a counter-intuitive interplay between bond
length and bond dissociation energy. The results suggest that
metallocenes might be privileged mechanophores through which
highly inert coordination complexes can be made dynamic,
holding rich potential for stimuli-responsive metallopolymers.
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Recent reports have shown that ferrocene displays an unexpected combination of force-free stability and
mechanochemical activity, as it acts as the preferred site of chain scission along the backbone of highly
extended polymer chains. This observation raises the tantalizing question as to whether similar
mechanochemical activity might be present in other metallocenes, and, if so, what features of
metallocenes dictate their relative ability to act as mechanophores. In this work, we elucidate
polymerization methodologies towards main-chain ruthenocene-based polymers and explore the
mechanochemistry of ruthenocene. We find that ruthenocene, in analogy to ferrocene, acts as a highly
selective site of main chain scission despite the fact that it is even more inert. A comparison of
ruthenocene and ferrocene reactivity provides insights as to the possible origins of metallocene

mechanochemistry, including the relative importance of structural and thermodynamic parameters such
Received 19th March 2019 bond length and bond dissociati Th It t that metall ight b
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privileged mechanophores through which highly inert coordination complexes can be made dynamic in

DOI: 10.1038/c9sc01347d a stimuli-responsive fashion, offering potential opportunities in dynamic metallo-supramolecular
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Introduction

A mechano-responsive polymer exhibits a specific response
triggered by an external stress.™ One class of mechano-
responsive polymers relies on stress-responsive entities
termed mechanophores that are connected to the polymer or
polymer matrix such that stored tension is coupled to a specific
chemical response.'*** A common feature of these mechano-
phores is that the more responsive functional groups typically
have lower intrinsic activation energies associated with the
chemical response of interest, leading to the selective scission
of bonds that can be either covalent or coordination."'* There
is often a trade-off between force-free stability and mechanical
lability.

Mechanophores with weak coordination bonds are usually
organometallic compounds.”>™ In contrast to most organo-
metallic mechanophores, metallocenes, one of the most clas-
sical organometallic motifs,"*?* are commonly regarded as
being highly inert, mostly due to their thermodynamic stability.
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For example, ferrocene has been commonly regarded as a stable
“covalent” compound based on its high bond dissociation
energy (BDE).>>** One might therefore expect ferrocene to hold
little promise as a mechanophore. Very recently, however,
Fromm and Weder and we independently reported that ferro-
cene mechanophores embedded in polymer backbones can be
mechanically activated under sonication.***” We further quan-
tified the mechanical strength of ferrocene, and found that it
displays remarkable mechanochemical lability despite its
substantial thermal BDE.” This counterintuitive result inspired
us to question whether the mechanical lability is universal to
the metallocene family, or more generally what features of
metallocenes dictate their relative ability to act as
mechanophores.

Ruthenocene, for example, is isoelectronic to ferrocene. The
Ru-cyclopentadienyl (Cp) bond distance (metal to Cp centroid
distance, 1.823 A) is significantly larger than the Fe-Cp distance
in ferrocene (1.661 A).>® Furthermore, ruthenocene is reported
to have an even higher thermodynamic BDE than ferrocene
(Table 1) for both a homolytic and a heterolytic dissociation
process,**! although comparable thermodynamic data are only
available for the complete dissociation of the complexes.

Herein we report the first synthesis of ruthenocene polymers
with a main-chain topology by site-specific atom transfer radical
polymerization (ATRP) and ring-opening metathesis polymeri-
zation (ROMP). Ultrasonication is employed to study the
mechanical activity of these ruthenocene-containing polymers.
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Table 1 Thermodynamic bond dissociation energy (BDE) of metallocenes based on dissociation mechanisms

Homolytic full dissociation (keal mol ")

Heterolytic full dissociation (kcal mol ™)

Metallocene Exp Theo Exp Theo
Ferrocene 158 (ref. 32) 131-156 (ref. 29, 33 and 34) 635 (ref. 31 and 35) 615-689 (ref. 29, 31, 34-37)
Ruthenocene 172 (ref. 32) 187-249 (ref. 30) — 679-750 (ref. 30, 31 and 35)

a Half-homolytic
Mg ——————

9=y

Various spectroscopic evidence and control experiments
demonstrate that ruthenocene is the preferential scission site of
the mechanophore along the polymer chain. The relative
mechanical strength of ruthenocene is experimentally quanti-
fied through the competition between the bond scission and the
non-scissile ring-opening of gem-dichlorocyclopropane mecha-
nophores along the same polymer backbone. The scission is
further elucidated by calculations.

Results and discussion

When a polymer solution is exposed to an acoustic field, the
resulting cavitation events generate extensional flow fields
through which the center of the polymer chain experiences the
largest mechanical force.'**** To test the mechanical

af‘;ﬂ Half-heterolytic ae+ ﬂ:\(y

ﬁw Faeeromie  (J° o

susceptibility of ruthenocene, a difunctional ATRP initiator 2
was prepared by esterification of 1,1'-ruthenocene dicarboxylic
acid and 2-hydroxyethyl 2-bromoisobutyrate with a yield of
~60% (Scheme S1t). Subsequent ATRP of methyl acrylate
afforded poly(methyl acrylate) (PMA, P1, Scheme S1}) with high
molecular weight and low dispersity (M,, = 76 400 Da, D = 1.06,
Table 2) for sonication studies.

Sonication of P1 was conducted in acetonitrile at a concen-
tration of 2 mg mL™". One cumulative hour of sonication led to
a decrease of molecular weight to 52 600 Da, or 54% of chains
broken. The activation of ruthenocene was quantified by the
change in relative integration of "H NMR peaks from 4.7-
5.3 ppm (Fig. S1T). The analysis shows that 58 + 2% of ruth-
enocene has disappeared. The correlation between apparent
number of ruthenocene scission and chain scission events

Table 2 Main-chain ruthenocene-containing polymers used in this study

Polymer Structure M, (Da) D Labeling molar ratio
|
o 0.0
©)LO/\/0 Br
] 440
P1 Br. Q Ru ° 76 400 1.06 0.11%
o
“Wo/\/ Y@
0o °
|
b0
o
P2 @)Lo/\ﬂ Br 56 500 1.02 0.15%
x i 651
o
@I)LO/WM
P3 Ru ~ 113 000 1.61 2.8%
oo
o
o
@)LOWS .
P4 R‘Iu cl’ ¢l 104 000 1.52 11%
oy
o
o
IS
Ru cr ¢l
P5 *\/O \ 86 800 1.58 5.0%
o
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indicates that ruthenocene is the preferential scission site along
the polymer chain. Similar to ferrocene, new peaks (6 = 7.5-
6.6 ppm, Fig. S1t) were observed after sonication, consistent
with the mechanical generation of dissociated Cp ligands.?”***>
These freshly formed Cp ligands led us to speculate that the
mechanism of ruthenocene dissociation might resemble that
previously attributed to ferrocene dissociation, namely the
mechanical generation and subsequent protonation of Cp
anions.” In order to validate that the activity of ruthenocene
originates from the coupled mechanical stress, a control poly-
mer P2 with ruthenocene located at the chain terminus (Table 1,
Scheme S1t) was prepared from ruthenocene-based ATRP
monofunctional initiator 3. After sonication under the same
conditions as P1, P2 showed no changes in its "H NMR spectra
associated with ruthenocene dissociation (Fig. S21). We there-
fore rule out dissociation mechanisms based on heating and/or
the production of reactive species independent of tension along
the polymer chain.**

In order to better probe and quantify the mechanochemical
reactivity of ruthenocene, we turned to a multi-mechanophore
labeling strategy that has previously proven to be useful.*
Entropy-driven  ring-opening metathesis polymerization
(ROMP) serves as a robust tool to incorporate main-chain
functionalities.”® The cyclic olefin monomers of mechano-
phores can be obtained through the versatile ring-closing
metathesis (RCM) of terminal dienes. It should be noted that
for the preparation of metallocene-based cyclic olefins, the size
of macrocycles and substituents should be carefully considered,
as these factors strongly affect the interplay of entropy and
enthalpy during ring closing.** Our synthetic approach is
described in Scheme S2.f Copolymerization of 5 with 5-
methoxycyclooctene yielded copolymer P3 with multiple ruth-
enocene moieties on the polymer backbone. Sonication of P3
was conducted in tetrahydrofuran (THF) at a concentration of
2 mg mL~". Similar to P1, ruthenocene in copolymer P3 was the
preferential scission site during sonication based on the
normalized "H NMR spectra, as shown in Fig. $4 in ESL.}

Macrocycle 5 was then copolymerized with gem-dichlor-
ocyclopropane (gDCC) based cyclooctene to yield polybutadiene-
like (PB-like) polymers P4 and P5. Under sonication, the mecha-
nochemical ring opening of non-scissile gDCC serves as an
internal standard that competes with ruthenocene scission to
report the bond strength of ruthenocene (Fig. 1a). This method-
ology has been successfully used to estimate the mechanical
strength of weak bonds including ferrocene.””** The extent of ring
opening per scission cycle (®;) describes the ratio of ring opening
that accompanies a representative weak bond scission. As Fig. 1b
shows, the slopes of ruthenocene-containing polymers (P4 and
P5) are each lower than that of poly(gDCC), which means the Ru-
Cp bond is more susceptible to mechanical force than the pol-
y(gDCC) backbone, consistent with the observed preference for
ruthenocene scission. The reduction in @; from P5 (0.52) to P4
(0.43) is due to the increased incorporation of the ruthenocene
(5% vs. 11%).

When compared to ferrocene with a similar labeling ratio (®;
= 0.22 at 10% ferrocene),”” P4 shows considerably higher &;
(0.43), indicating that the mechanical strength of ruthenocene

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Scheme of a multi-mechanophore polymer system to
examine ruthenocene scission and gDCC ring opening; (b) fraction of
ring opening of gDCC versus scission cycle for poly(gDCC),? ferro-
cene-containing polymer (labeling ratio: 10%)¥ and ruthenocene-
containing polymers.

is higher than ferrocene. This result is contradictory to an
empirical rule that rupture forces usually decrease when bond
length increases because the longer bond length suggests softer
potential, which in general would be more easily deformable,**
but aligns well with the relative thermodynamic strength of the
two metallocenes (Table 1). The nascent bond strengths, rather
than bond lengths, appear from the data to be the better
predictors of the relative mechanical strength of metallocenes.
The ®; value allows one to compare the mechanical strength of
ruthenocene to other known covalent bonds. In particular, the
@; of the carbon-sulfur bond of a thioether (BDE =
54 keal mol™") is 0.43 at a labeling ratio of 12%.** Ruth-
enocene therefore appears to be effectively indistinguishable
from a thioether in terms of its mechanical lability during
sonication, even though the BDE of the Ru-Cp bond is much
greater (see Table 1). This result also suggests the tantalizing
possibility that mechanical lability may be a common feature of
metallocenes in general.

We then used constrained geometries simulated external
force (COGEF) simulations*” to provide more mechanistic
insights into the mechanochemical process of ruthenocene
dissociation to see how the interplay of bond length and bond

Chem. Sci,, 2019, 10, 4959-4965 | 4961
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strength plays out. The DFT computational details (functionals,
pseudopotential and basis sets) are summarized in the ESLt
Briefly, the reaction is simulated by artificially stretching the
end-to-end distance of a model molecule to a fixed value
whereas the other structural geometries remain fully relaxed,
yielding potential energy and force of the constrained molecule
as a function of end-to-end distance as shown in Fig. 2.
Simultaneously, the structural evolution of the reaction can be
obtained, some representative structures are shown in Fig. 3.
Surprisingly, the COGEF potential of ruthenocene model
compound shows a two-step dissociation process that is quite
different from the single-step dissociation of ferrocene. When
no stress is applied on the ruthenocene, the two Cp rings align
in an eclipsed geometry (Fig. 3b). Initial stretching twists the Cp
rings to a staggered geometry due to low energy barrier for Cp
rotation.*® Then two Cp rings come to a staggered geometry
along the stretching direction. Beyond this point (2 A),
stretching leads to a rapid increase in energy due to bond angle
distortion and bond length changes, until the maximum slope
of the COGEF potential curve and thus the maximum force is
reached (3.75 A, a peak value in force profile of Fig. 2). This first
step in the dissociation process for ruthenocene is quite similar
to that of ferrocene, resulting in a similar COGEF potential
curve (Fig. 2). Notably, the COGEF potential as well as the force
plot is slightly contracted in ruthenocene relative to ferrocene;
its inflection point occurs at a smaller extension and has
a larger slope (corresponding to a maximum sustainable force).

150

Rz
120{ - Ruthenocene K
&S

E (kcal/mol)

F (nN)

Y0 1 2 3 4 5 6 1 8
Stretched distance (A)

Fig.2 COGEF potential and force as a function of stretched distance
for ruthenocene and ferrocene model compounds (the substituents
on Cp are omitted for viewing clarity). The stretched distance defined
as 0 A when no stress is applied.
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This observation is somewhat counterintuitive to us, as the
larger Ru-Cp bond length in ruthenocene suggested a softer
bonding potential that is not reflected along the COGEF coor-
dinate. We hypothesize that the reason that the initial COGEF
potential of ruthenocene is so similar to that of ferrocene may
be due at least in part to the fact that the pulling direction (and
therefore the COGEF potential) is nearly perpendicular to the
orientation of the metal-Cp bond. Because the COGEF disso-
ciation coordinate is not necessarily the same as the reaction
coordinate for force-free metal-Cp dissociation, electronic
factors that lead to differences in ruthenocene and ferrocene
bonding need not be directly reflected in the force-coupled
dissociation pathways.

In contrast, striking differences in behavior are observed
upon further extension. When the stretching distance of ferro-
cene comes to 5.5 A, pronounced Cp~ and [CpFe]" cleavage
takes place, and further stretching leads to a complete separa-
tion of the two fragments. In comparison, the complete disso-
ciation of ruthenocene has not yet occurred even when the
stretching distance comes to 5.5 A. Further stretching of ruth-
enocene maintains a barrier to dissociation, and the force value
increases to a second maximum (Fig. 2). As seen in Fig. 3, this
second stage of mechanically induced dissociation can be
attributed to the rich coordination structure that is available in
ruthenium but not in row 2 organic covalent bonding. In
particular, the observed structures are reminiscent of ring-
slippage chemistry that has been observed in other transition-
metal cyclopentadienyl complexes.*

Beyond the stretching distance of 5.5 A, the distance between
one carbon atom of detached Cp and ruthenium is still within
the range of coordination bonding modes because of its nascent
high BDE, making the Cp still “sticky” to ruthenium. Further
stretching to 6 A leads to the Ru-C bond elongation and reaches
a second inflection point (local maximum sustainable force) on
the COGEF potential energy surface, resulting in a delayed
fragmental separation. Ultimately, [RuCp]" and Cp~ are well
separated after an extension of ~7 A, and the calculated
potential comes to a plateau with force release following the
sequential two-step dissociation process, leading to higher
mechanical BDE than the single-step dissociation in
ferrocene.””

Next, the bond cleavage mechanism of ruthenocene is
examined. A molecular electrostatic potential (ESP) plot
mapped onto a molecular surface gives intuitive guidance
about the charge distribution during dissociation.**** ESP
maps of the ruthenocene model are shown as a function of
stretching distance in Fig. 4a. Prior to Cp slippage, the ESP
distribution is centrosymmetric. When it was stretched to 5 A
where the Cp ring slippage is discernable, the left segment
([RuCp]") possesses more positive ESP, and the right segment
(dissociated Cp~) picks up negative charge density. Further
stretching results in a complete dissociation and charge
separation of ruthenocene, as signified by peak positive
potential (blue color) in the ESP located on the ruthenium
atom. The ESP analysis supports the conclusion drawn from

experiments that ruthenocene dissociation is likely

This journal is © The Royal Society of Chemistry 2019
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(a) Front view and (b) top view for structural evolution of metallocene model compounds (the substituents on Cp were not displayed) as

a function of elongated distance. Grey ball represents carbon atom, blue ball represents ruthenium atom and orange ball represents iron atom.

heterolytic in nature, with substantial charge separation at
the point of scission.

Experimentally, we also hypothesized that the Ru-Cp bond
cleavage is heterolytic and involves a charge separation
process to produce [CpRu]" and Cp~ in solution. In THF
solvent with relative low dielectric constant, the dissociation
energy would include a contribution from the charge sepa-
ration. Excess tetrabutylammonium bromide (TBAB) was
mixed with P5 to stabilize the charge separation and/or

facilitate ligand exchange. As shown in Fig. 4b, the presence
of TBAB lowers @; of ruthenocene from 0.52 to 0.39, but has
no measurable effect on polybutadiene-like backbone
cleavage in the absence of ruthenocene.”” These experiments
support a heterolytic mechanism of ruthenocene dissocia-
tion. The presence of a heterolytic dissociation might seem at
odds with the relative energies of heterolytic and homolytic
processes reported in Table 1, but it is important to note that
the experimental/computational values in Table 1 are gas

a b os
oA | A Ruthenocene y=0.52x
—_ B Ruthenocene + TBAB
0.4
S
-’
£
4A = 0.3
D
[=H
S 0.2
=1
5A .
2 o
7A 0.0 T T T T T T T
0.0 0.2 04 0.6 0.8 1.0

Fig. 4

Scission Cycle

(a) Electrostatic potential map as a function of stretched distance. The contour surface is defined based on the van der Waals surface with

an electron density of 0.001 e/Bohr® proposed by Bader.5 (b) Fraction of ring opening of gDCC vs. ruthenocene scission cycles for P5 with/

without the presence of TBAB.
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phase values. In the condensed phase, solvent dielectric
effects and/or coordination to the exposed metal center will
have a substantial, albeit unquantified, stabilizing effect on
the charged products of heterolytic dissociation. Thus, it is
possible that the heterolytic pathway is the energetically
preferred dissociation pathway under the conditions of the
sonication experiments.

Conclusions

In summary, we prepared single and multiple ruthenocene-
labeled main-chain polymers based on site-specific ATRP
and entropy-driven ROMP. Despite its thermodynamic
stability, ruthenocene is the selective site of mechanical
scission, in a manner similar to ferrocene previously
observed, suggesting that metallocenes might be a privileged
class of mechanophores that possess intriguing combinations
of force-free thermal stability and mechanical lability. The
fact that both computational and experimental mechanistic
studies show striking similarities in the mechanochemistry of
the two mechanophores further support the idea that metal-
locene mechanochemistry holds rich potential for stress-
responsive metallo-polymers and as a tool in metallocene
synthesis.

Whereas there are similarities in the mechanochemistry of
ruthenocene and ferrocene, the current studies also reveal
important variations in behaviors that hint at mechanisms
through which to tune metallocene mechanochemistry and that
motivate further studies. In particular, the existence of multiple
discrete coordination states as intermediates on the ring-slip
dissociation pathway provides a potential avenue to tune met-
allocene mechanochemistry, for example, by adjusting metal
and/or ligand electronics to bias the relative contributions of
the two modes of interactions. Ruthenocene is shown here to be
less reactive under both force-free and force-coupled condi-
tions, but it might be possible to design metallocenes that are
even more inert thermally while also being more active
mechanically. Similarly, one can imagine gaining access to new
modes of organometallic reactivity, either through the complete
dissociation of ligands that are otherwise difficult to remove or
by accessing “partial slip” states of unusual coordination as
observed here in ruthenocene. Given the breadth of metal-
locene structures available in this classical set of compounds,
we see the possibility of even richer behaviors yet to be
uncovered.
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