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Abstract	
  

	
  

Understanding	
  the	
   impact	
  of	
   tensile	
   forces	
  on	
  disulfide	
  bond	
  cleavage	
   is	
  not	
  only	
  

crucial	
   to	
   the	
   breaking	
   of	
   cross-­‐linkers	
   in	
   vulcanized	
  materials	
   such	
   as	
   strained	
  

rubber,	
  but	
  also	
  to	
  the	
  regulation	
  of	
  protein	
  activity	
  by	
  disulfide	
  switches.	
  By	
  using	
  

ab	
  initio	
   simulations	
   in	
   the	
   condensed	
   phase,	
   we	
   investigated	
   the	
   response	
   of	
  

disulfide	
  cleavage	
  by	
  β-­‐elimination	
  to	
  mechanical	
  stress.	
  We	
  reveal	
   that	
   the	
  rate-­‐

determining	
   first	
   step	
   of	
   the	
   thermal	
   reaction,	
  which	
   is	
   the	
   abstraction	
  of	
   the	
  β-­‐

proton,	
   is	
   insensitive	
   to	
   external	
   forces.	
   However,	
   forces	
   larger	
   than	
   about	
   1	
  nN	
  

were	
   found	
   to	
   reshape	
   the	
   free-­‐energy	
   landscape	
  of	
   the	
   reaction	
   so	
  dramatically	
  

that	
  a	
  second	
  channel	
  is	
  created,	
  where	
  the	
  order	
  of	
  the	
  reaction	
  steps	
  is	
  reversed,	
  

turning	
  β-­‐deprotonation	
  into	
  a	
  barrier-­‐free	
  follow-­‐up	
  process	
  to	
  C−S	
  cleavage.	
  This	
  

transforms	
  a	
  slow	
  and	
  force-­‐independent	
  process	
  with	
  second-­‐order	
  kinetics	
  into	
  

a	
  unimolecular	
  reaction	
  that	
  is	
  greatly	
  accelerated	
  by	
  mechanical	
  forces.	
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The	
  impact	
  of	
  tensile	
  forces	
  on	
  the	
  kinetics	
  and	
  reaction	
  mechanisms	
  of	
  disulfide	
  

bond	
   reductions	
   has	
   been	
   intensely	
   investigated	
   in	
   recent	
   years.1-­‐15	
  Much	
   of	
   the	
  

current	
   interest	
   in	
   biochemistry	
   stems	
   from	
   the	
   increasingly	
   acknowledged	
   key	
  

role	
  played	
  by	
  the	
  reduction	
  of	
  so-­‐called	
  “disulfide	
  switches”,	
  commonly	
  found	
  

in	
  protein	
  regions	
  of	
  pronounced	
  mechanical	
  strain,	
  in	
  the	
  regulation	
  of	
  the	
  activity	
  

of	
  many	
  proteins.14-­‐18	
  Orthogonal	
  to	
  this	
  function	
  in	
  living	
  organisms	
  is	
  the	
  force‐

induced	
   breaking	
   of	
   sulfur‐based	
   cross‐linkers	
   in	
   vulcanized	
   rubber,	
  which	
   is	
  

essential	
   not	
   only	
   in	
   waste	
   rubber	
   recycling	
   (an	
   urgent	
   economic	
   and	
  

environmental	
   task	
   faced	
   by	
   industry	
   worldwide)19-­‐21	
   but	
   also	
   in	
   defining	
   the	
  

mechanical	
  fatigue	
  properties	
  of	
  rubber.22,	
  23	
  

	
  

In	
   landmark	
   single‐molecule	
   experiments	
   in	
   the	
   context	
   of	
   the	
   covalent	
  

mechanochemistry24-­‐28	
   of	
   disulfide	
   bond	
   breaking,	
   Fernandez	
   and	
   co-­‐workers	
  

probed	
   the	
  cleavage	
  of	
   such	
  bonds	
   in	
  aqueous	
  alkaline	
  solutions	
  as	
  a	
   function	
  of	
  

applied	
   tensile	
   force.3	
   These	
   force-­‐clamp	
   atomic	
   force	
   microscopy	
   (AFM)	
  

experiments	
  revealed	
  a	
  “mechanochemical	
  switch”	
  at	
  a	
  force	
  of	
  about	
  0.5	
  nN	
  above	
  

which	
  the	
  accelerating	
  effect	
  of	
  tensile	
  force	
  on	
  the	
  reaction	
  rate	
  was	
  considerably	
  

diminished.3	
   In	
   a	
   recent	
   computational	
   study,12	
   we	
   showed	
   that	
   the	
   reaction	
  

probed	
   in	
   these	
   experiments	
   is	
   S−S	
   bond	
   cleavage	
   triggered	
   by	
   a	
   nucleophilic	
  

attack	
   of	
   an	
   OH−	
   ion	
   onto	
   one	
   of	
   the	
   sulfur	
   atoms	
   by	
   an	
   SN2	
  mechanism.	
   Upon	
  

studying	
  the	
  response	
  of	
  this	
  reaction	
  pathway	
  to	
  tensile	
  stress,	
  we	
  disclosed	
  that	
  

the	
   mechanochemical	
   switch	
   originates	
   from	
   a	
   force‐induced	
   conformational	
  

rearrangement	
   of	
   the	
   disulfide	
   bridge,	
   which	
   drives	
   the	
   disulfide	
   into	
   a	
  

conformation	
   that	
   is	
   shielded	
   against	
   nucleophilic	
   attack.	
   Our	
   subsequent	
   work	
  

compared	
   the	
   force	
   response	
   of	
   the	
   SN2	
   mechanism,	
   which	
   is	
   preferred	
   at	
   low	
  

mechanical	
  stress,	
  to	
  other	
  scenarios	
  becoming	
  relevant	
  in	
  the	
  high-­‐force	
  regime.29	
  

	
  

When	
   it	
   comes	
   to	
   disulfide	
   bond	
   cleavage	
   reactions,	
   it	
   is	
  well	
   known	
   that	
   under	
  

certain	
   circumstances,30-­‐32	
   disulfides	
   can	
   undergo	
   β -­‐elimination	
   in	
   alkaline	
  

solution.	
   This	
   requires	
   investigations	
   into	
   the	
   response	
   of	
   this	
   more	
   complex	
  

reaction	
  pathway	
  to	
  mechanical	
  stress	
  to	
  achieve	
  a	
  detailed	
  understanding	
  of	
  the	
  

mechanochemistry	
   of	
   disulfide	
   bridges.	
   Herein,	
   based	
   on	
   ab	
  initio	
   molecular	
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dynamics	
   studies	
   in	
   the	
   condensed	
   phase	
   enhanced	
   with	
   metadynamics	
  

sampling,33	
  we	
  explore	
  how	
  the	
  free‐energy	
  landscape	
  associated	
  with	
  the	
  β‐

elimination	
   channel	
   gets	
   transformed	
  under	
   the	
   action	
  of	
   external	
   tensile	
   stress.	
  

Unexpectedly,	
  we	
  disclose	
  significant	
   force-­‐induced	
  changes	
   in	
   the	
  mechanism	
  at	
  

intermediate	
   forces,	
  which	
   reveals	
   a	
   novel	
   reaction	
   channel	
   aside	
   from	
   the	
   slow	
  

and	
   force-­‐insensitive	
   bimolecular	
   process	
   in	
   terms	
   of	
   a	
   greatly	
   accelerated	
  

unimolecular	
  process.	
  

	
  

The	
  model	
  system	
  introduced	
  here	
  to	
  explore	
  the	
  mechanical	
  response	
  of	
  the	
  β‐

elimination	
   scenario	
   greatly	
   exceeds	
   our	
   previously	
   studied	
   minimal	
   diethyl	
  

disulfide	
  model	
  in	
  complexity12,	
  29	
  (Figure	
  1,	
  inset),	
  and	
  the	
  model	
  compound	
  was	
  

hence	
   solvated	
   in	
   a	
   spacious	
   bulk	
   water	
   periodic	
   supercell	
   that	
   also	
   hosts	
   the	
  

attacking	
   fully	
   solvated	
   OH−	
   (aq).	
   In	
   particular,	
   the	
   disulfide	
   model	
   employed	
  

herein	
  exhibits	
  one	
  of	
  its	
  sulfur	
  atoms	
  linked	
  to	
  a	
  large	
  organic	
  moiety	
  in	
  which	
  the	
  

β‐carbon	
   atom	
   of	
   the	
   disulfide	
   is	
   bonded	
   to	
   two	
   fragments	
   excised	
   from	
   the	
  

protein	
  backbone	
  used	
   in	
   the	
  AFM	
  experiments.3	
  This	
  ensures	
   that	
   the	
  acidity	
  of	
  

the	
   β-­‐proton	
   (see	
   Figure	
  1,	
   inset)	
   is	
   properly	
   represented,	
   whereas	
   the	
   far‐

distant	
   sulfur	
   site	
   is	
   saturated	
   using	
   a	
   methyl	
   group.	
   Two	
   so-­‐called	
   collective	
  

variables	
   (CVs)	
   were	
   introduced	
   to	
   span	
   the	
   free‐ energy	
   landscape	
   that	
  

characterizes	
  β‐elimination	
  (see	
  the	
  Supporting	
  Information	
  for	
  details):	
  The	
  first	
  

one	
  is	
  the	
  coordination	
  number,	
  CNC−S,	
  between	
  the	
  carbon	
  and	
  sulfur	
  atoms	
  of	
  the	
  

C−S	
  bond	
  (denoted	
  by	
  CV1	
  in	
  Figure	
  2).	
  CV2	
  is	
  the	
  difference	
  in	
  the	
  coordination	
  

number	
  between	
  the	
  β-­‐hydrogen	
  and	
  the	
  carbon	
  atom	
  to	
  which	
  it	
  is	
  linked	
  in	
  the	
  

disulfide	
  molecule,	
  CNC−Hβ,	
   and	
   the	
  coordination	
  number	
  of	
   the	
  β-­‐hydrogen	
  atom	
  

with	
  respect	
  to	
  the	
  oxygen	
  atom	
  of	
  the	
  hydroxide	
  ion,	
  that	
  is,	
  CNC−Hβ	
  –	
  CNC−Hβ	
  -­‐	
  OH-­‐	
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Figure	
  1.	
  Force	
  dependence	
  of	
  the	
  activation	
  free	
  energy	
  for	
  β-­‐elimination	
  of	
  the	
  disulfide	
  
bond	
   (see	
   inset),	
   corresponding	
   to	
   the	
   rate-­‐determining	
   bimolecular	
   and	
   unimolecular	
  
first	
   step	
   of	
   the	
   reaction	
   according	
   to	
   the	
   carbanion	
   (•)	
   and	
   carbocation	
   (▪)	
   pathways,	
  
which	
  are	
  preferred	
  at	
  low	
  and	
  high	
  force,	
  respectively.	
  The	
  inset	
  shows	
  the	
  large	
  disulfide	
  
model	
  currently	
  employed	
  together	
  with	
  the	
  attacking	
  hydroxide	
  ion	
  (dashed	
  red	
  arrow);	
  
all	
   water	
   molecules	
   were	
   removed	
   for	
   clarity.	
   The	
   β-­‐hydrogen	
   atom	
   (green)	
   gets	
  
abstracted	
  as	
  a	
  proton	
  by	
  OH−	
  (aq).	
  C	
  black,	
  H	
  gray,	
  N	
  blue,	
  O	
  red,	
  S	
  yellow.	
  Arrows	
  indicate	
  
the	
  C	
  atoms	
  on	
  which	
  constant	
  mechanical	
   forces	
  of	
  magnitude	
  F	
  are	
  exerted	
  collinearly	
  
along	
  a	
  fixed	
  direction	
  in	
  space.	
  	
  
	
  

The	
  free	
  energy	
  surface	
  (FES)	
  obtained	
  for	
  β-­‐elimination	
  in	
  the	
  thermal	
  limit	
  (i.e.,	
  

in	
   the	
  absence	
  of	
  any	
  external	
  mechanical	
   force)	
  demonstrates	
   that	
   this	
   reaction	
  

follows	
  a	
  two‐step	
  mechanism	
  (see	
  Figure	
  2 A).	
  In	
  the	
  rate-­‐determining	
  first	
  step	
  

(which	
  connects	
  the	
  reactant	
  R	
  to	
  product	
  P1	
  via	
  transition	
  state	
  TS1),	
  the	
  OH−	
  ion	
  

removes	
   the	
   β-­‐proton	
   of	
   the	
   disulfide	
   by	
   overcoming	
   a	
   significant	
   free-­‐energy	
  

barrier	
  of	
  ΔA≠≈35	
  kcal mol−1	
  (see	
  Figure	
  1	
  at	
  F=0	
  nN).	
  The	
  resulting	
  product	
  P1	
  

is	
  a	
  short-­‐lived	
  carbanion	
  intermediate	
  where	
  the	
  attacking	
  OH−	
  species,	
  which	
  has	
  

been	
  turned	
   into	
  a	
  water	
  molecule	
  by	
  H	
  abstraction,	
  creates	
  an	
  H-­‐bonded	
  bridge	
  

that	
  connects	
  one	
  of	
  the	
  sulfur	
  atoms	
  with	
  an	
  oxygen	
  atom	
  of	
  the	
  amide	
  bond	
  (see	
  

Figure	
   2 A,	
   inset,	
   P1).	
   The	
   second	
   step	
   (P1→TS2→P2	
   in	
   Figure	
   2 A)	
   consists	
   of	
  

simple	
  C−S	
  bond	
  cleavage	
  with	
  a	
  vanishingly	
  small	
  and	
  force-­‐independent	
  barrier	
  

on	
   the	
   order	
   of	
   1	
   kcal mol−1;	
   the	
   thereby	
   generated	
   disulfide	
   anion	
   eventually	
  

accepts	
  a	
  proton	
  from	
  water.	
  Overall,	
   this	
   is	
  a	
  two‐step	
  “irreversible	
  carbanion”	
  

mechanism,34,	
  35	
   (E1cB)I,	
   that	
   is	
   characterized	
   by	
   second‐order	
   kinetics,	
   where	
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the	
   first	
   bimolecular	
   step—involving	
   the	
   conjugate	
   base	
   and	
   yielding	
   carbanion	
  

P1—is	
  rate‐determining	
  and	
  essentially	
  irreversible	
  given	
  that	
  the	
  second	
  step	
  is	
  

very	
   fast.	
   Indeed,	
   this	
   finding	
   is	
   in	
   agreement	
  with	
   general	
   expectations	
   for	
   the	
  

purely	
  thermal	
  reaction	
  as	
  electron‐withdrawing	
  groups	
  in	
  the	
  β-­‐position,	
  such	
  

as	
   the	
   CONH2	
   group	
   in	
   our	
   case,	
   shift	
   β -­‐eliminations	
   towards	
   the	
   E1cB	
  

mechanism.35	
   Moreover,	
   strong	
   bases	
   and	
   high	
   base	
   concentrations	
   also	
   favor	
  

E1cB,35	
  which	
  is	
  certainly	
  the	
  case	
  for	
  our	
  aqueous	
  alkaline	
  solution.	
  

	
  

Figure	
   2.	
  A)	
  Free-­‐energy	
   landscape	
   for	
  β-­‐elimination	
  (see	
  Figure	
  1)	
   in	
   the	
   thermal	
   limit	
  
(i.e.,	
   at	
   F=0	
   nN)	
   where	
   only	
   the	
   carbanion	
   pathway	
   is	
   operating.	
   B)	
   Force-­‐transformed	
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free-­‐energy	
  landscape	
  for	
  β-­‐elimination	
  (see	
  Figure	
  1)	
  at	
  a	
  constant	
  force	
  of	
  F=1	
  nN	
  where	
  
the	
   carbocation	
   channel	
   is	
   energetically	
   preferred	
   over	
   the	
   still	
   operating	
   carbanion	
  
pathway.	
   Red	
   and	
   blue	
   arrows	
   indicate	
   the	
   carbanion	
   and	
   carbocation	
   pathways,	
  
respectively,	
   whereas	
   R,	
   Pn,	
   and	
   TSn	
   denote	
   reactants,	
   intermediates/products,	
   and	
  
transition	
  states,	
  respectively,	
  for	
  which	
  representative	
  snapshots	
  sampled	
  from	
  ab	
  initio	
  
metadynamics	
  are	
  shown.	
  
	
  

Having	
   successfully	
   deciphered	
   the	
   thermal	
  β-­‐elimination	
   reaction	
   mechanism,	
  

we	
   focused	
   on	
   the	
   effect	
   of	
   finite	
  mechanical	
   tensile	
   forces	
   on	
   this	
   process.	
   This	
  

investigation	
  was	
  performed	
  by	
  means	
  of	
  isotensional	
  metadynamics	
  sampling28,36	
  

carried	
  out	
  in	
  the	
  presence	
  of	
  different,	
  but	
  constant	
  external	
  forces	
  (see	
  Figure	
  1).	
  

For	
   each	
   fixed	
   value	
   of	
   the	
   external	
   force,	
   the	
   isotensional	
   metadynamics	
  

simulations	
   lead	
   to	
   a	
   different	
   so‐called	
   “force‐transformed	
   FES”,36	
   which	
  

provides	
  the	
  proper	
  reaction	
  landscape	
  including	
  the	
  mechanical	
  distortion.28	
  

	
  

At	
  a	
  force	
  of	
  0.5	
  nN,	
  the	
  entire	
  mechanism	
  remains	
  unchanged	
  when	
  compared	
  to	
  

the	
  purely	
   thermally	
  activated	
  process	
  (see	
   the	
  corresponding	
   force-­‐transformed	
  

FES	
  in	
  the	
  Supporting	
  Information,	
  Figure	
  S3).	
  Interestingly,	
  however,	
  the	
  barrier	
  

ΔA≠	
   for	
   the	
   rate-­‐determining	
   first	
   step	
   remains	
   roughly	
   constant	
   according	
   to	
  

Figure	
  1,	
  which	
  means	
  that	
  the	
  external	
  force	
  does	
  not	
  result	
  in	
  any	
  acceleration	
  of	
  

the	
   overall	
   reaction.	
   Larger	
   forces	
   do	
   not	
   lead	
   to	
   a	
   reduction	
   of	
   this	
   free-­‐energy	
  

barrier	
   either	
   (Figure	
   1).	
   Our	
   simulations	
   thus	
   clearly	
   reveal	
   that	
   the	
   rate-­‐

determining	
   step	
   of	
   the	
   (E1cB)I	
   process,	
   that	
   is,	
  β-­‐proton	
   abstraction,	
   is	
   fully	
  

decoupled	
  from	
  the	
  applied	
  mechanical	
  force.	
  Other	
  examples	
  of	
  force-­‐insensitive	
  

chemical	
  processes	
  whose	
  reaction	
  coordinates	
  are	
  orthogonal	
   to	
  the	
  mechanical	
  

coordinates	
  can	
  be	
  found	
  in	
  Refs.	
  5	
  and	
  37-­‐39.	
  

	
  

A	
  dramatic	
  change	
  of	
  scenario	
   is	
  observed	
  upon	
  reaching	
  an	
  intermediate	
  tensile	
  

force	
  of	
  1	
  nN.	
  Indeed,	
  Figure	
  2 B	
  discloses	
  that	
  the	
  force-­‐transformed	
  FES	
  enables	
  a	
  

different	
  reaction	
  channel:	
  First,	
  the	
  carbocation	
  P3	
  is	
  obtained	
  by	
  cleaving	
  the	
  C−S	
  

bond	
  without	
  involvement	
  of	
  the	
  base,	
  OH−(aq),	
  which	
  only	
  subsequently	
  abstracts	
  

the	
   β-­‐proton	
   (R→P3→P2);	
   the	
   disulfide	
   anion	
   generated	
   after	
   the	
   first	
   step	
  

eventually	
  stabilizes	
  itself	
  by	
  abstracting	
  a	
  proton	
  from	
  the	
  solvent.	
  The	
  activation	
  

free	
   energy	
   of	
   the	
   rate‐determining	
   first	
   step	
   at	
   F=1.0	
  nN,	
   ΔA≠≈28	
   kcal mol−1	
  

according	
   to	
   Figure	
   1,	
   is	
   much	
   smaller	
   than	
   that	
   associated	
   with	
   the	
   rate‐
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determining	
   first	
   step	
   of	
   the	
   (E1cB)I	
   process,	
   which	
   is	
   37	
   kcal mol−1	
   for	
   β‐H	
  

abstraction	
   by	
   OH−	
   (aq)	
   at	
   1	
   nN.	
   However,	
   the	
   generation	
   of	
   carbocations	
   in	
  

aqueous	
   solution	
   appears	
   to	
   be	
   an	
   utmost	
   unrealistic	
   scenario.	
   Indeed,	
   our	
  

simulations	
  show	
  that	
  no	
  carbocations	
  are	
  generated	
  in	
  the	
  limit	
  of	
  the	
  thermally	
  

activated	
  reaction	
  (i.e.,	
  at	
  F=0	
  nN,	
  see	
  Figure	
  2 A),	
  and	
  that	
  their	
  generation	
  is	
  also	
  

not	
  feasible	
  at	
  moderate	
  forces	
  below	
  approximately	
  1	
  nN	
  (see	
  Figure	
  1).	
  So,	
  why	
  

is	
  carbocation	
  generation	
  enabled	
  by	
  sufficiently	
  large	
  mechanical	
  forces?	
  

	
  

Mechanistic	
  analysis	
  of	
  the	
  novel	
  scenario	
  shows	
  that	
  the	
  same	
  final	
  product	
  P2	
  as	
  

before	
   is	
   obtained,	
   yet	
   by	
   a	
   vastly	
   different	
  mechanism.	
   It	
  was	
   classified	
   to	
   be	
   a	
  

two-­‐step	
  E1	
  process35	
   as	
   the	
   rate-­‐determining	
   first	
   step	
   leads,	
   in	
   a	
  unimolecular	
  

process	
   (R→P3),	
   to	
  a	
   carbocation	
   that	
   readily	
   loses	
   the	
  β-­‐proton	
   (see	
  P3→P2	
   in	
  

Figure	
  2 B),	
  therefore	
  leading	
  to	
  first‐order	
  kinetics.	
  The	
  picture	
  underlying	
  this	
  

scenario	
   is	
   that	
   the	
   internal	
   strain	
   generated	
   by	
   mechanically	
   stretching	
   the	
  

molecule	
  is	
  so	
  large	
  that	
  the	
  covalent	
  bond	
  is	
  simply	
  ripped	
  apart	
  (R→P3)	
  before	
  

any	
   other	
   process	
   occurs.	
   The	
   nascent	
   carbocation	
   is	
   short‐lived	
   and	
   stabilizes	
  

itself	
   quickly	
   after	
   its	
   generation	
   by	
   detaching	
   the	
   β-­‐proton	
   into	
   the	
   basic	
  

solution.	
  This	
  view	
  is	
  supported	
  by	
  the	
  observation	
  that	
  the	
  rate‐determining	
  R→

P3	
  process,	
   and	
   thus	
   the	
  entire	
  E1	
  pathway,	
   is	
   very	
   responsive	
   to	
   tensile	
   forces:	
  

The	
  activation	
  free	
  energy,	
  ΔA≠,	
   is	
  reduced	
  to	
  half	
  from	
  about	
  28	
  kcal mol−1	
  at	
  1	
  

nN	
  to	
  approximately	
  14	
  kcal mol−1	
  at	
  2	
  nN.	
  Moreover,	
  Mulliken	
  population	
  analysis	
  

(see	
  Figure	
  S1)	
  reveals	
  that	
  the	
  α-­‐carbon	
  atom	
  involved	
  in	
  the	
  C−S	
  bond	
  cleavage	
  

of	
   P3	
   intermittently	
   acquires	
   a	
   positive	
   partial	
   charge.	
   Last	
   but	
   not	
   least,	
  

reference‐coupled	
   cluster	
   calculations	
   of	
   C−S	
   bond	
   breaking	
   using	
   a	
   reduced	
  

model	
  embedded	
  in	
  continuum	
  water	
  provide	
  no	
  support	
  for	
  a	
  homolytic	
  diradical	
  

mechanism	
   instead	
   of	
   the	
   heterolytic	
   ionic	
   pathway	
   involving	
   the	
   reported	
  

carbocationic	
   intermediate.	
   In	
   conclusion,	
   the	
   E1	
   reaction	
   channel	
   favored	
   at	
  

sufficiently	
   large	
   forces	
   not	
   only	
   implies	
   a	
   significant	
   acceleration	
   of	
   a	
   hitherto	
  

force‐insensitive	
  reaction,	
  but	
  also	
  a	
   force‐induced	
  change	
   from	
  a	
  bimolecular	
  

to	
  a	
  unimolecular	
  process	
  and	
  from	
  second-­‐order	
  to	
  first-­‐order	
  reaction	
  kinetics.	
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Given	
  the	
  vastly	
  different	
  reaction	
  channel	
  that	
  is	
  preferred	
  at	
  forces	
  beyond	
  1	
  nN,	
  

our	
   final	
   analysis	
   addresses	
   the	
   nature	
   of	
   the	
   elementary	
   β-­‐proton	
   abstraction	
  

step.	
   Figure	
   3	
   nicely	
   reveals	
   that	
   C−S	
   cleavage	
   (dark‐brown	
   line)	
   occurs	
  

after/before	
   β-­‐H	
   abstraction	
   by	
   OH−	
   (green	
   lines)	
   in	
   the	
   carbanion/carbocation	
  

mechanism	
  depicted	
  in	
  panels	
  B/D	
  at	
  F=1.0	
  nN.	
  The	
  OH−	
  (aq)	
  hydration	
  shell	
  (red	
  

line)	
   is	
   more	
   flexible	
   in	
   the	
   carbanion	
   scenario,	
   whereas	
   mostly	
   two	
   water	
  

molecules	
   remain	
  hydrogen‐bonded	
  along	
   the	
  carbocation	
  pathway	
  (see	
  panels	
  

A/C,	
   respectively).	
   Moreover,	
   the	
   β-­‐proton-­‐abstracting	
   OH−	
   (aq)	
   forms	
   a	
   stable	
  

hydrogen	
  bond	
  to	
  one	
  of	
   the	
  NH	
  groups	
  of	
   the	
  reactant	
  molecule	
  (blue	
   line).	
  The	
  

fact	
  that	
  this	
  H-­‐bond	
  is	
  broken	
  shortly	
  after	
  the	
  β-­‐proton	
  is	
  abstracted,	
  but	
  largely	
  

locked	
   before,	
   suggests	
   that	
   this	
   hydrogen	
   bond	
   keeps	
   the	
   nucleophile	
   at	
   the	
  

reaction	
  center.	
  Indeed,	
  such	
  an	
  hydrogen‐bonded	
  intermediate	
  state	
  (HBIS)	
  has	
  

been	
   observed	
   for	
   base‐catalyzed	
   peptide	
   hydrolysis.38	
   Here,	
   only	
   a	
   slight	
  

migration	
  of	
  OH−	
  from	
  such	
  an	
  HBIS	
  configuration	
  to	
  the	
  C−Hβ	
  group	
  is	
  required	
  to	
  

achieve	
  the	
  elementary	
  elimination	
  step.	
  

	
  

	
  

Figure	
   3.	
   Elementary	
   elimination	
   step	
   involving	
   b-­‐proton	
   abstraction	
   by	
   OH-­‐	
   (aq)	
   at	
   a	
  
constant	
  force	
  of	
  F	
  =	
  1	
  nN	
  along	
  the	
  carbanion	
  and	
  carbocation	
  reaction	
  channels	
  (top	
  and	
  
bottom,	
   respectively).	
   The	
   left	
   panels	
   depict	
   configuration	
   snapshots	
   of	
   the	
   reactive	
  
complex	
  when	
  OH-­‐	
  (aq)	
  is	
  about	
  to	
  abstract	
  the	
  b-­‐proton	
  (green	
  dotted	
  line)	
  and	
  to	
  break	
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its	
  stabilizing	
  hydrogen	
  bond	
  to	
  H-­‐N-­‐(red	
  dotted	
  line)	
  together	
  with	
  a	
  contour	
  plot	
  of	
  the	
  
corresponding	
  spatial	
  distribution	
  functions	
  of	
  the	
  oxygen	
  site	
  of	
  OH	
  in	
  the	
  N-­‐H···Hb	
  plane	
  
sampled	
  shortly	
  before,	
  during,	
  and	
  after	
  Hb	
  abstraction	
  and	
  thus	
  H2O	
  formation.	
  The	
  bulk	
  
water	
  environment	
  present	
  in	
  the	
  simulations	
  is	
  not	
  shown.	
  The	
  panels	
  on	
  the	
  right	
  show	
  
in	
  their	
  lower	
  parts	
  the	
  evolution	
  of	
  the	
  following	
  distances	
  along	
  the	
  two	
  pathways:	
  dark	
  
brown:	
  C-­‐S	
  distance;	
  blue	
  and	
  green	
  lines:	
  distance	
  from	
  the	
  O	
  site	
  of	
  OH-­‐	
  to	
  the	
  H	
  sites	
  of	
  
the	
  H-­‐N-­‐	
  and	
  Hβ-­‐C-­‐	
  groups,	
   respectively;	
   red	
   line:	
  number	
  of	
  water	
  molecules	
  hydrogen-­‐	
  
bonded	
  to	
  OH-­‐	
  (aq).	
  The	
  top	
  parts	
  show	
  the	
  coordination	
  of	
  OH-­‐	
  (aq)	
  with	
  respect	
  to	
  the	
  H	
  
sites	
  of	
  the	
  H-­‐N-­‐	
  and	
  Hβ	
  –C-­‐	
  groups	
  using	
  again	
  blue	
  and	
  green	
  lines,	
  where	
  the	
  final	
  jumps	
  
to	
   zero	
   and	
   unity	
   correspond	
   to	
   the	
   termination	
   of	
   the	
  HBIS	
   (see	
   text)	
   and	
   to	
   β-­‐proton	
  
abstraction,	
  respectively;	
  a	
  simple	
  distance	
  criterion	
  of	
  R<2.4	
  Å	
  was	
  used	
  to	
  visualize	
  the	
  
hydration	
  and	
  coordination	
  numbers.	
  Note	
  that	
  OH-­‐	
  (aq)	
  changes	
  to	
  H2O	
  (aq)	
  along	
  the	
  red	
  
line	
  shortly	
  before	
  the	
  green	
  and	
  blue	
  lines	
  cross.	
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