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Chemical Reactions under Mechanical Force

Mechanochemistry
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Single-Molecule Force Spectroscopy

Single-Molecule Force Spectroscopy
(SMEFS)

*Polymers
*Receptor-Ligand
*Proteins
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Polymer Chains under Ultrasound
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Acoustic Cavitation
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An Acoustically Cavitating Bubble




Polymer Mechanochemistry

(SR T SRR SR £ F
/%é-%‘?/\ G
| st T N
M — BRI
i T N
| senn
HERRZOE A R EEHERE |, (ERFLEARE HEMRR AR EEERERISPAL , (NEIRE

WH : B FRMERE, NEDFEE, #




Polymer Mechanochemistry
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Biasing Reaction Pathways

HO

)\
.

o

uﬂ ’:ﬁ Ultrasound
0 0
0{1\ o=

=
HO

2

JPEG
HK

ot{’
O
o

o

Heat or

|

HN,
PEG

3
M, =4,10, 20, 40, 60 kDa

ultrasound

PEG
HN
/=0

o~/

‘o
HN,
PEG

4
M,, = 4, 10, 20, 40, 60 kDa

Nature, 2007, 446, 423



Biasing Reaction Pathways
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Mechanical Reactions in Bulk Polymers
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Mechanical Reactions in Bulk Polymers
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Mechanical Reactions in Bulk Polymers
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Mechanical Reactions in Bulk Polymers
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Mechanically Induced Chemiluminescence
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Mechanically Induced Chemiluminescence
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Polymer Mechanochemistry for Catalysis
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Polymer Mechanochemistry for Catalysis
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Polymer Mechanochemistry for Catalysis
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Mechanically Induced Depolymerization
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Mechanically Induced Depolymerization
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Mechanically Induced Depolymerization
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Polymer Mechanochemistry at Solid Interface
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Polymer Mechanochemistry at Solid Interface
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Polymer Mechanochemistry
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Polymer Mechanochemistry
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Mechanically Throwing a Reaction into Reverse
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of azides and alkynes) within a poly(methyl acrylate) chain renders it susceptible to ultrasound-induced
cycloreversion, as confirmed by comprehensive spectroscopic and chemical analyses. Such reactivity offers
the opportunity to develop triazoles as r hanically labile protecting groups or for use in readily accessible
materials that respond to mechanical force.
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The Journal of Chemical Physics did.

Volume 92 Issue 26 | p.7 | News of The Week
Issue Date: June 30, 2014 | Web Date: June 27,2014 9 8

Doubts About Unclick Reaction f

Mechanochemistry: Author says data manipulated, but conclusions stand Email (=) Prmtg

By Bethany Halfo:

Depariment: Science & Technology
News C 1els: Materials SCENE, Organic SCENE
Keywords: editorial expression of concern, unclick, click chemistry, mechanochemistry

Seience has published an editorial expression of concem about a high-profile polymer mechanochemistry paper that appeared
in the journal in 2011. The report, “Unclicking the Click: Mechanically Facilitated 1,3-Dipolar Cycloreversions® (DO
10.1126/science.1207934), was authored by Christopher W. Bielawski, Johnathan N. Brantley, and Kelly M. Wiggins of the
University of Texas, Austin

In the paper, the chemists reported they could mechanically pull apart a 1,2 3-triazole—the product of the most popular of the so-
called click reactions. Neither thermal nor photochemical conditions are able to spur this cycloreversion, but Bielawski and his
students reported that they were able to pull the triazole apart by tethering it between two poly(methyl acrylate) chains and then
subjecting it to ultrasound

Science Editor-in-Chief Marcia McNutt writes that in response to a reader e-mail, Bielawski revisited the original data. “In over
50% ofthe figure parts, the authors deemed the data unreliable due to uncertainty regarding the origin of data or the mannerin
which the data were processed,” McNuft notes

Bielawski tells C&EN that a former group member, whom he declined to identify, came forward and admitted to manipulating
data in the Science paper. Bielawski says that his lab “repeated the experiments in question and found that the conclusions of
the report were unchanged.” He has submitted a correction to Science to address the concerns. Neither Brantley nor Wiggins
could be reached for comment The University of Texas, Austin, is conducting an investigation.

The 2011 Science paper was important for the field of polymer mechanochemistry because it showed how mechanical forces
can open new reaction pathways using a popular reaction, comments Rint P. Sijbesma, a mechanochemistry expert at

University of T inthe
have conseguences for the understanding of this specific reaction. But the general principles of mechanochemically induced
reactivity and the unigue naturs of mechanically facilitated reaction pathways stand firm because they are based on a much
larger body of experiments with a wide range of reactions.”
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Retraction Watch

Chemistry paper in Science earns expression of concern for
unreliable data

with 15 comments

A 2011 paper in Science has been subjected to an expression of concern and has led to an [science 62714
investigation by the Texas university where the work was done. 2

Here's the expression of concern, signed by Science editor in chief Marcia McNutt (and paywalled):

In the 16 September 2011 issue, Science published the Report “Unclicking the click: Mechanically
facilitated 1,3-dipolar cycloreversions” by J. M. Brantley et all ().

After concerns were raised in an e-mail to the editors from a reader, the corresponding author
supervised a comprehensive evaluation of all data presented in the original manuscript by tracing all
figures back to their raw data files. In over 50% of the figure parts, the authors deemed the data
unreliable due to uncertainty regarding the origin of data or the manner in which the data were
processed. A confidential investigation that is relevant to these concerns is currently being
conducted by the University of Texas at Austin.

Pending the conclusion of the investigation, Science is publishing this Editorial Expression of
Concern to alert our readers to the fact that sericus questions have been raised about the validity of
findings in the Brantley et al. paper.

Chemical & Engineering News has some details after talking to corresponding author Christopher W. Bielawski:

Bielawski tells C&EN that a former group member, whom he declined to identify, came forward and
admitted to manipulating data in the Science paper. Bielawski says that his lab “successfully repeated
the experiments in question and found that the conclusions of the report were unchanged.” He has
submittad a correction to Science to address the concerns. Neither Brantley nor Wiggins could be
reached for comment.

The paper has been cited 75 times, according to Thomson Scientific’s Web of Knowledge.
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bielawski expression of concern, misconduct investigations,science
(iournal) retractions united states unreliable findings
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June 27th, 2014 at 8:30 am

« Republished Seralini GMO-rat study was not peer-reviewed, says editor
Wayward “contractor” prompts expression of concern for PLoS ONE paper on cancer cells »
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Archive for the ‘christopher bielawski’ Category

Bielawski and Wiggins retraction count grows to six

with 3 comments

A group of chemists whose work was investigated by the University of Texas-Austin
has had another paper retracted, this one of a Chemical Science study praviously
subjected to an Expression of Concern.

That makes six retractions for Christopher Bielawski and Kelly Wiggins.

Here's the notice for “Homonuclear bond activation using a stable N,N'-
diamidocarbene”, signed by all three authors of the paper: Read the rest of this entry
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Bielawski and Wiggins up retraction count to five with three in JACS

with & comments

The fournal of the American Chemical Sociery (JACS) has retracted three articles that had
earned expressions of concern by chemistry researchers who were under investigation at
the University of Texas, Austin.

| e

Kelly Wiggins and Christopher Bielawski have already received two other retractions and
several EoCs.

The newly retracted articles have each been cited more than 50 times, according to
Thomson Scientific’'s Web of Knowledge.

The three papers are: Read the rest of this entry »
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Published on Web 0211672010
This paper was retracted on March 11, 2015 (J. 4m. Chem. Soc. 2015, 137. DOL 10.]
Mechanical Reconfiguration of Stereoisomers
Kelly M. Wiggins," Todd W. Hudnall, Qilong Shen,* Mat[hew J. Kryger* Jeffrey S.
Christopher W. Bielawski™

Depariment of Chemisiry and Biochemisiry, The University of Texas at Austin, Austin, Texas
Department of Chemistry, University of Hlinois at Urbana-Champaign, Urbana, Hlinois

Aaceived December 31, 2009; E-mail: bislawski@cm utexas adu

Atropisomers are chiral molecules whose asymmetric structures
are derived from hindered rotations about sterically congested
bonds.! They have found wtility in a broad range of applications,
including asymmelric synthesis and calalysis, supramolecular and
polymer chemisiry, and chemical sensors.” Certain atropisomers,
such as 1,1°-bi-2-naphthal (binol),** 2,2"bis(diphenylphosphino)-
1,1"-binaphthyl (binap),* and their derivatives, have isomerization
‘barriers that typically exceed 30 keal mol™' and therefore do not
readily undergo thermal equilibration.’~® Although these high
energy barriers facililate chiral resolulion, stereoselective syntheses
are currently required o access enantiopure forms of these
molecules in the most efficient manner.* In view of the recent
advances in mechanochemistry,” in which known or conceived
reaction patfiways may be activated or even biased (o proceed in
atypical directions,® we demonstrate here that thermally restricted

ization barriers can be by force, thu:
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This paper was retracted on March 11. 2015 (J. 4m. Chem. Sec. 2015, 137. DOL 10.1021/jacs.5b01990).
Mechanically Facilitated Retro [4 + 2] Cycloadditions
Kelly M. Wiggins," Jay A. Syrett,” David M. Haddleton,” and Christopher W. Bielawski*"

D, of Chemistry and Biock

The University of Texas, Austin, Texas 78712, United States

*Department of Chemistry, University of Warwick, Coventry CV4 7AL, United Kingdom

D) supperting Iiformation

ABSTRACT: Poly(methyl acrylate)s (PMAs) of vary-  polyme

ing molecular weights were grown from a [4 + 2]

<
cycloaddi adduct it de with furan g foree

two polymerization initiators. Subjecting the corre-

.
U force,
retro
polymer  [4+2]

polymer. =
Xt

polymer

sponding PMA (>30 kDa) chains to ultrasound at 0 °C resulted in a retro [4 + 2] cycloaddition reaction, as observed by gel
permeation chromatography (GPC) and UV—vis spectzascopy, as well as labeling of the bberated maleimide and firan moieties

with fanctionsl groups. Similarzesults were obtained by sonicating analogous
of

polymers that were grown from a thermally robust [4 + 2]

ddition adduct leimide with anth The g,

anthiacensl species from these later adducts allowed for the rate of the corresponding mechanically acivated retro [4 + 2]

Spovvmen

Tabk 1. Selected Molecular Weight an

polymer: (10° e FOF
S 987 103
Rims. 94 107
Ssox 48.8 L16
S 265 109
S 9.66 103

2 new method for reconfiguring sterenisomers.

As shown in Scheme 1, we reasoned that planar intermediates”
should be accessible by applying a tensile force to binol derivatives
outfitted with polymer chains of sufficient molecular weight,
ultimately converting one enantiomer to the other: Ta test this
hypothesis. poly(methyl scrylate) (PMA) was grown from the
bifunctional initiator (5)-1,1’-binaphthyl-2,2’-bis-{2-bromoisobu-
tyrate) (S;)* using Cu-mediated single-electron-transfer living radical
polymerization (SET LRP)” ({methyl aerylalely/[Silo = 1160) in
dimethyl sulfoxide (DMSO) followed by from CH3OH.

= All of the matcrals were dissolved
subj to sonieation for 24 h. * The
B8—99% isolared yicld from methyl acn)
Nomenelature: the letter indicates the o
embedded in the polymer chain and the s
polymer's approximate molecular weight
rumber-average molecular weight of the
index (PDD) was calculated wsing the eq
Myw is the weight-average molecular
determined using GPC.® The stan
measurements were caleulated to be </

‘The resulting polymer (Sseax) exhibited a number-average molecular
weight (My) of 987 kDa and a polydispersity index (PDI) of 1.03,
as determined by gel-permeation chromatography (GPC).'® After
the optical profile of this material was measured using circular
dichroism (€D} and UV—vis spectfoseopics, Siex was dissolved
in CHyGN {0:75 mg/mL) and subjected to somication’" in a Suslick
cell'® placed in an ice bath." As shown in Figure 1, CD analysis
of aliquots'* removed periodically _from this solution revealed a
smooth decrease in signal intensity over time. Comparison of the
intensity of the signal measured at 230 am afier 24 h of sonication
with that of the pre-sonicated Sy revealed that >95% of the
‘material had tion.'* Although the

oF the post-sonicaled material was slighlly higher (PDI = 1.13)
than that, of the pre-sonicated Sy, the My (97.2 kDa) was
comparable. Likewise, the UV—vis and 'H NMR spectra of the
pre- and past-sonicated materials revealed no significant differences
(see Figures §1 and 52 in the Supporting Information). Similar
results were obtained when the aforementioned experiments were
performed with Riek. a polymer prepared from methyl acrylate
and (R)-1,1"-binaphthyl-2,2"bis-(2-bromoisobutyrate) (R) (see
Figure | and Table 1).
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To support the observation of a mec
ization, a series of control experiment
a solution of Syex in PhyO (bp = 257
for 72 h showed no decrease in its CD
$3). This result is consistent with the

Engieny (maeq)

Wessiangn ()

Figura 1. €D spectra of CHyCN solutions
(0.1 mg/mL) as functions of time under the
in the text. Aliquots were removed 0, 2, 4,
commenced and then analyzed; the arrow
specira as they changed over time. Th
chromatograms of Sy and Rypsc before (
aficr sonication (black).

tobe measured. No reduction in the number average molecular weight (M,) o liberation of the maleimide,

furan, or anthracene moieties was observed (i} for palymers containing the cycloaddition adducts with M, <20 kD, (ii) for high
molecular weight PMAs (M, > 60 kDa) featuring terminal cycloaddition adducts, or (i) when L'h: cyclcaddmcn adducts were ot

covalently linked to a high molecularweight PMA. Collectively,

o

e i e Syt s ey oot et N Whgd to .dalm enbetded v th

polymer chains.

M INTRODUCTION
Ultrasound has recently been d:memst:aud as a powerﬁnl
technique for directing bond dissociation' and isomerization”
seactions through high energy pathways. For example, Moare has
shown that sonicating solutions of benzocyclobutenes appro-
priaely outfited with polymer chains faciltates thermally and
trocyclic o

In these enabling processes, the ultrasound inchces the fommation
and growth of microbubbles, which later collapse. The dissolved
polymer segments closest to these collapsing bubbles move at
hlgher velocitiesthan those that are more distal, causingthe polymes
chain to elongate® For polymers of suficiently high molecular
weight, the tension formed can selectively activate certain chemical
processes, often at nenLrally Iocated sites where the force is max-
imized. Ultimately, this process trandlates mechanical force into
unigue chemical rﬁcuvlty"" Despite the extreme tempesatures
der sonication, extensive
control experiments have supported the notion that the doremen-

tioned activation processes are derived from mechanical force.”
Although ultrasound has been used to facilitate other peri-
qrdlc mdudmg piropyran-t Linme
ratians™ and dhalocycl ring-openings, = we
report herein the first use cfmeclunlcal foree to facilitate retro

[4 + 2] reactions.® Beyond shing new tools for il
‘molecular processes with high activation barriers and fundamen-
tally new reactivities, mechanical methods for forming reactive

DJ.ds and Alder dlsrlosed t.he ﬁrst cydoaddmm reaction in
1928 mod found extra-
ardinary utility in sym.hel.lc organic ch:mlm.ryfmthe formation of
carbo- and heterocycles? Many cycloaddition reactions are rever-
siblewhen haw:l a feature that hasbeen usedto generate reactive
species in situ! Hawevgrj such retro cycloadditions, especially
those which involve carbocycles, typically require elevated tem-
peratures, While the applied beat often results in undesired side
reactions, frequently to the detriment of the desired m:mlty,
Barner-Kowollik has elegantly demonstrated'” that the activation
temperature may be finely tuned through structural modifications.
We envisioned overcoming prohibitively high thermal barriers
associated with retro cycloadditions usmg ‘mechanical force. Our
hypothesis was that the appll of d-induced tensile
stress to polymer chains propery attached to a cycloaddition
adduct should destabilize the srcund state cﬂh: ayﬁ.cm or lower
‘the activation barri il
process at relatively low c.gmpemums. Tao test our hypothesis, a
variety of retro [4 + 2] cycloaddition reactions involving deriva-
tives of two dienes (furan and anthracene) and a common
dienophie (maleimide) were investigated.

M RESULTS AND DISCUSSION

Initial efforts were directed toward polymerizing methyl aceyl
ate (MA) from the known"® oxanorbornene-based, difunctional
initiator DA using Cu-mediated single-electron-transfer living

cycloaddition partners are expected to find appl in self

healing materials that use the physical processes associated with
the formation of damage to initiate essential repair processes.”
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wchanical Activation of Catalysts for C—C Bond Forming
and Anionic Polymerization Reactions from a Single
Macromolecular Reagent
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supling of pyridine-capped poly(methyl acrylats)s, PyPy (where M comresponds to the number
scular weight in kDa), to the SCS-cyclometalated dipalladium complex [(1)€HCNJ] afforded
lic polymers [(1)(PYPy)c] with & concomitant deubling in melecular weight. Ultrasenication of
raining [(1)(PyPu)z] effected the mechanical scission of a pﬁlladum pyudm bond, where

PyPy was trapped with excess HBF, as the correspondir

to effect

1etric deprotonation of a colerimetric indicator, or used to catalyze lhe anionic polymenization
methyl-2,2 2-triflucrosthyl acrylate. The machanically indeed chain scission also unmasked
ractive palladium species which was used to facilitate carbon—carbon bond formation between
de and Mosyl imines. Spectroscopic and macromolecular analyses as well as a series of
iments demonstrated that the aforementicned structural changes were derived from mechanical
sriginated from ultrasound-induced dissociation of the polymer chains connectsd to the

\ed Pd complexes.

sntly received significant affention for
shemical structures, properties, and
terials via mechanical force, a process
1y"."* During the application of ul-
ion of polymers, bubbles are created
iich induces velocity gradients and
olvated polymer chains.* For magro-
ain length, this mechanical force may
ymerization” at centrally located sites."
ry ultimately enables access to ther-
5. there has been substantial interest
lly activated catalysts. For example,
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recent efforts by Sijbesma have highlighted the promise for using
sonochemically induced changes in polymer structure to drive
catalytic olefin metathesis and transesterification reactions.®
More broadly, mechanacatalysts* are anticipated to uncaver
fundamentally new chemistries, enable transformations not
curtently feasible,” and enduw stimulus-responsive materials.
with novel functions and applications.® Achieving many of these
goals, however, hinges on using mechanical force o access new
reaction pathways, particularly those that are thermally inac-
cessible or prohibited.

To guide the design of such mechanically activated catalysts,
we first considered the components necess;\?' for a mechano-
responsive material:' (i) a mechanophore, 4 which undergoes
an electronic or structural change in response to mechanical
force and (ii) an actuator, which translates exogenously supp]lad
energy into useful l force at the
Polymers have been extensively employed as actuators, given
that they respond to mechanical stress at both the macro- and
microscopic level and can be covalently linked to small

(6) Piermatici, A.; Karthikeyan, S.; Sijbesma, R. P. Nature Chem. 2009,

1,133,
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409,794 (b) Xiangxu, C.;: Dam, M. A.; Ono, K.; Mal, A; Shen, H;
Nutt, §. R ; Sheran, 8. R ; Wudl, F. Science 2002, 205, 1698. (c) White,
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