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TEMPO	  	   	   	   2,2,6,6-‐Tetramethylpiperidinyloxy	  	  
TFA	  	   	   	   	   Trifluoroacetic	  acid	  	  
TfO–	  	   	   	   	   Trifluoromethanesulfonate	  
TfOH	  	   	   	   	   Trifluoromethanesulfonic	  acid	  	  	  
THF	  	   	   	   	   Tetrahydrofuran	  	  
TLC	  	   	   	   	   Thin	  layer	  chromatography	  
TMG	   	   	   	   1,1,3,3-‐Tetramethylguanidine	  
TMS	  	   	   	   	   Trimethylsilyl	  	  
Tol	   	   	   	   Toluene	  
TOCSY	   	   	   	   Total	  correlation	  spectroscopy	  
Tr	   	   	   	   Trimethylphenyl	  
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ABSTRACT	  

	  

Carbohydrates	  are	  considered	  important	  biomolecules	  and	  are	  the	  most	  efficient	  

sources	  of	  energy,	  which	  is	  the	  reason	  they	  are	  known	  as	  the	  “fuel	  of	  life.”	  Apart	  from	  

nutritional	   functions,	   they	   play	   significant	   roles	   in	   various	   cell-‐cell	   recognition	   and	  

differentiation,	   inflammatory	   responses,	   pathogen	   invasion,	   etc.	   To	   understand	   their	  

functions	   better,	   chemical	   syntheses	   of	   these	   crucial	  molecules	   have	   been	   attempted	  

but	  scientists	  over	  the	  years	  have	  found	  this	  task	  to	  be	  challenging.	  Various	  worthwhile	  

iterative	  methods/protocols	  have	  been	  developed	  and	  a	  range	  of	  glycosyl	  donors	  have	  

been	   utilized	   to	   build	   oligosaccharides.	   Chapter	   1	   is	   a	   review	   on	   thioglycosides	   as	  

important	  glycosyl	  donors	  in	  these	  processes.	  The	  chapter	  enlists	  common	  methods	  for	  

their	  synthesis	  as	  well	  as	  accounts	  the	  available	  methods	  for	  their	  activation	  along	  with	  

advantages/limitations.	  

In	  lieu	  of	  the	  existing	  limitations	  in	  thioglycoside	  activation,	  a	  simple	  and	  efficient	  

methodology	  was	  developed	  for	  activating	  thiopropylglycosides	  utilizing	  a	  unique	  Bi(V)	  

containing	  promoter.	  Chapter	  2	  discusses	   the	   successes	  and	   failures	   in	   synthetic	   trials	  

towards	  the	  discovery	  of	  this	  promoter.	  A	  variety	  of	  glycosyl	  donors	  containing	  different	  

protecting	  groups	  could	  be	  coupled	  to	  simple	  and	  complex	  glycosyl	  acceptors	  in	  high	  to	  

excellent	   yields.	   The	   method	   does	   not	   require	   low	   temperatures,	   or	   additional	  

additives/co-‐promoters	  and	  tolerates	  different	  functional	  groups	  including	  alkenes.	  	  

After	  the	  success	  of	  the	  developed	  method	  with	  alkene-‐containing	  compounds,	  

it	  was	  applied	  to	  the	  acceptors	  containing	  alkynes.	  Chapter	  3	  describes	  how	  this	  strategy	  
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was	  utilized	  towards	  the	  synthesis	  of	  a	  particular	  alkynyl	  D-‐mannose	  analogue	  that	  was	  

then	   coupled	   to	   a	   class	   of	   pentablock	   copolymers	   via	   Huisgen	   cycloaddition	   and	  

quantified	   by	   various	   methods.	   The	   Mallapragada	   group	   has	   developed	   these	  

copolymers	   as	   potential	   vaccine	   adjuvants	   candidates.	   Addition	   of	   carbohydrates	   like	  

mannose	   to	   these	  adjuvants	  has	  proved	  helpful	   towards	  building	  protective	   immunity	  

against	  viruses.	  

The	   bismuth-‐mediated	   thioglycoside	   activation	   protocol	   is	   one	   of	   the	   first	  

demonstrations	  of	  Bi(V)	  in	  carbohydrate	  chemistry	  and	  to	  our	  knowledge,	  is	  also	  one	  of	  

the	  first	  reports	  of	  using	  less	  than	  stoichiometric	  amounts	  of	  promoter	  in	  thioglycoside	  

activation.	   These	   interesting	   features	   led	   to	  us	   to	   study	   this	   reaction	   in	  depth,	  with	   a	  

vision	  to	  find	  possible	  ways	  to	  further	  improve	  the	  activation	  (make	  it	  catalytic),	  fasten	  

reaction	   times,	   and	   also	   induce	   stereoselectivity	   in	   products.	   Chapter	   4	   constitutes	   a	  

detailed	   mechanistic	   investigation	   of	   the	   activation	   with	   a	   variety	   of	   benchtop	   and	  

analytical	   tools	   like	   1D	   &	   2D-‐NMR,	   GCMS,	   kinetics	   modeling	   etc.	   Role	   of	   various	  

reactants	   on	   the	   rate	   of	   the	   reaction	   were	   studied	   as	   well	   as	   different	   by-‐product	  

analyses	  were	  done.	  While	  studying	   the	  kinetics,	  an	  unprecedented	   isomerization	  was	  

also	  discovered.	  This	  observation	  was	  utilized	  to	  improve	  reaction	  times	  and	  implement	  

better	  diastereoselectivity	  in	  products.	  The	  hypothesis	  behind	  developing	  the	  activation	  

protocol	  was	  based	  on	  the	  thiophilicity	  of	  bismuth	  and	  this	  was	  successfully	  probed	  as	  

an	   in	   situ	   bismuth-‐sulfonium	   species	   could	   be	   detected	   by	   various	   NMR	   methods.
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CHAPTER	  1.	  A	  REVIEW	  ON	  THIOGLYCOSIDES	  AS	  IMPORTANT	  GLYCOSYL	  
DONORS	  

1.1. INTRODUCTION	  

1.1.1.	   Oligosaccharides	  

Carbohydrates	  are	  the	  most	  abundant	  group	  of	  natural	  products	  found	  in	  nature,	  

comprising	  both	  plant	  and	  animal	  sources.	  In	  the	  past	  two	  decades,	  oligosaccharides,	  a	  

class	  of	  carbohydrates	  has	  gained	  considerable	  interest	  in	  the	  field	  of	  glycoscience	  and	  

its	  applications.1	  Alongside,	  the	  synthetic	  difficulties	  associated	  with	  the	  building	  of	  the	  

oligosaccharides	  from	  monosaccharides	  have	  also	  come	  to	  the	  forefront.2	  The	  synthesis	  

of	  oligosaccharides	  involves	  the	  joining	  of	  two	  saccharide	  units:	  a	  glycosyl	  donor	  and	  a	  

glycosyl	  acceptor,	  by	  a	  process	  known	  as	  chemical	  glycosylation3	  (Scheme	  1).	  This	  step	  is	  

generally	  done	  in	  the	  presence	  of	  a	  promoter/activator	  or	  a	  catalyst	  and	  is	  considered	  to	  

be	   the	   most	   crucial	   step	   in	   any	   carbohydrate	   synthesis.	   However,	   building	   these	  

complex	  molecules	   can	  be	   very	  difficult	   and	   time-‐consuming.	  An	   ideal	   strategy	  would	  

then	  be	  to	  automate	  iterative	  oligosaccharide	  synthesis,4	  as	  done	  in	  peptide	  or	  nucleic-‐

acid	   building	   block	   synthesis.	   So	   far,	   excellent	   automated	  methods	   comprising;	   solid-‐

phase,5	  solution-‐phase,6	  HPLC-‐assisted,7	  etc.	  have	  been	  developed	  for	  making	  a	  number	  

of	  oligosaccharide	  libraries.	  The	  Pohl	  group	  has	  developed	  their	  own	  unique	  automated	  

solution-‐phase	  synthesis	  technique,	  which	  utilizes	  fluorous	  tag	  chemistry.6b,	  8	  Among	  the	  

various	   advantages	   of	   solution-‐phase	   over	   solid-‐phase	   strategies,	   the	  most	   significant	  

ones	   in	   carbohydrate	   synthesis	   are:	   no	   requirement	   of	   excess	   reagents,	   or	   sugar	  

building-‐blocks,	  ability	   to	  monitor	  progress	  of	   reaction	  and	  product	   identity	  as	  well	  as	  
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purity	  by	  various	  chromatographic/spectroscopic	  methods	  during	  a	  multi-‐step	  synthesis.	  	  

Further,	   the	   use	   of	   fluorous-‐tags	   makes	   the	   Pohl	   method	   distinctive	   as	   it	   helps	   in	  

efficient	  purification	  as	  well	  as	   to	   immobilize	  carbohydrates	  on	  a	   fluorous	  microarray9	  

platforms.	  

In	  all	  of	  the	  above-‐mentioned	  methods,	  different	  classes	  of	  glycosyl	  donors	  have	  

been	  used	   to	  build	   the	  desired	  oligosaccharides.	  Traditionally,	   the	  halide	  donors	  were	  

used	   for	   the	   preparation	   of	   oligosaccharides,	   but	   they	   suffered	   from	   distinct	  

disadvantages:	  strong	  acidic	  conditions	  were	  required	  to	  prepare	  these	  donors	  and	  they	  

were	  typically	  activated	  by	  stoichiometric	  amounts	  of	  heavy	  metal	  salts	  like	  Ag,	  Hg,	  etc.,	  

which	  can	  be	  expensive	  and/or	  toxic.	  Since	  their	  discovery	  by	  Schmidt	  and	  co-‐workers,	  

trichloroacetimidate	  donors	  have	  become	  very	  popular.3c	  Although	   these	  donors	  have	  

proved	   to	   be	   better	   than	   the	   halide	   donors,	   they	   also	   suffer	   limitations.	   They	   are	  

extremely	   labile	   and	   have	   to	   be	   prepared	   more	   or	   less	   just	   prior	   to	   a	   glycosylation.	  

Hence,	   they	  cannot	  be	  stored	   for	  a	   long	  time	  and	  also	  are	  not	  suitable	   for	  orthogonal	  

activation	   in	   presence	   of	   other	   donors.	   As	   such,	   their	   use	   in	   iterative	   automated	  

solution-‐	  or	  solid-‐	  phase	  protocols	  become	  very	  tricky	  and	  hence	  less	  useful	  at	  times.	  	  

	  

Scheme	  1.	  General	  scheme	  of	  chemical	  glycosylation	  
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1.1.2.	   Thioglycosides:	  synthesis,	  advantages	  

Because	   of	   the	   aforementioned	   disadvantages	   with	   other	   glycosyl	   donors,3c	  

thioglycosides10	   	   have	   become	   more	   widely	   used	   donors.	   Thioglycosides	   were	  

discovered	  around	  a	  century	  ago	   in	  1910	  by	  Fischer	  and	  Delbrück.11	  Since	   then,	   these	  

donors	   have	   been	   prepared	   by	   a	   variety	   of	   methods,	   which	   are	   mostly	   based	   on	  

nucleophilic	  substitutions	  at	  the	  anomeric	  center.	  Thioglycosides	  can	  be	  obtained	  from	  

mercaptolysis	   of	   different	   glycosyl	   halides,12	   or	   trichloroacetimidates,	   etc.,	   from	   ring-‐

opening	   of	   1,2-‐anhydrosugars,	   or	   by	   alkylations	   of	   1-‐thiosugars.	   Another	   common	  

procedure	   to	   make	   thioglycosides	   is	   the	   Lewis	   acid-‐catalyzed	   reaction	   of	   thiols13	   or	  

trimethylsilyl	   (TMS)	   ethers	   of	   thiols14	  with	   glycosyl	   acetates	   (Scheme	   2),	   especially	   to	  

prepare	  a	  1,2-‐trans	  relationship.	  

	  

Scheme	  2:	  Example	  of	  Lewis-‐acid	  promoted	  thioglycoside	  formation	  

Apart	   from	   their	   easy	   preparation,	   thioglycosyl	   donors	   offer	   distinct	  

advantages.3b,	  10c	  They	  have	  remarkable	  stability	  as	  they	  have	  long	  shelf	  lives	  and	  remain	  

intact	  in	  various	  functional	  group	  manipulations.	  Additionally,	  they	  are	  stable	  in	  several	  

glycosylation	   conditions,	   thereby	   offering	   orthogonality	   in	   their	   activation	   in	   the	  

presence	  of	  other	  glycosyl	  donors.10c	  This	   feature	  also	   facilitates	   their	  use	  as	  potential	  

glycosyl	  acceptors	  amongst	  different	  sugar	  building	  blocks,	  which	   later	  can	  be	  used	  as	  
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donors.	   Moreover,	   thioglycosides	   can	   be	   easily	   converted	   to	   other	   glycosyl	   donors.	  

Overall,	  these	  attributes	  make	  thioglycoside	  donors	  to	  be	  the	  most	  versatile	  and	  popular	  

donor	  in	  oligosaccharide	  synthesis.	  	  

1.1.3.	   Thioglycoside	  activation:	  promoters,	  applications,	  and	  limitations	  

	  	   Although	   thioglycosides	   were	   discovered	   a	   long	   time	   ago,	   their	   use	   in	  

glycosylation	  as	  glycosyl	  donors	  was	  done	  only	  a	   few	  decades	  ago.	  Since	   then,	  a	  wide	  

variety	  of	  promoters	  have	  been	  developed	  for	  their	  activation	  (Scheme	  3)	  and	  are	  listed	  

as	  follows:	  

	  

Scheme	  3:	  General	  scheme	  of	  thioglycoside	  activation	  

1.1.3.1. Metal-‐based	  promoters:	  

Ferrier	  et	  al.	  explored	  the	  well	  known	  high-‐affinity	  of	  mercury(II)	  for	  sulfide	  and	  

became	  the	   first	   research	  group	  to	  activate	   thioglycosides	  using	  heavy	  metal	   salts	   like	  

mercuric	  sulfate	  (HgSO4)	  and	  mercuric	  acetate	  [Hg(OAc)2].15	  In	  later	  years,	  various	  other	  

mercury	  salts	   like	  HgCl2,	  PhHgOTf,16	  Hg(OBz)2,17	  etc.	  were	  used	  as	  promoters,	  however	  

all	   of	   these	   failed	   to	   give	   high	   yielding	   glycosylations.	   Another	   way	   of	   activating	  

thiopyridinyl	   donors	   was	   to	   convert	   them	   to	   in	   situ	   glycosyl	   halides	   by	   the	   use	   of	  

reagents	   like	  (Bu4N)2CuBr4.	  Addition	  of	  glycosyl	  acceptor	  and	  AgOTf	  then	  produces	  the	  

desired	  glycoside,18	  although	  this	  method	  was	  not	  useful	  with	  the	  common	  thioaryl	  or	  

alkylglycosides.	  
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Apart	  from	  low	  yielding	  activations,	  few	  other	  disadvantages	  exist	  with	  this	  class	  

of	  promoters.	  Most	  of	  these	  metals	   like	  Hg,	  Pb,	  etc.	  are	  extremely	  toxic	   in	  nature	  and	  

are	   not	   preferred	   for	   use	   with	   potential	   biologically-‐active	   substrates.	   Furthermore,	  

using	  these	  in	  presence	  of	  thioglycosides	  and	  glycosyl	  halide	  donors	  can	  activate	  both	  to	  

form	  undesired	  products.	  	  

1.1.3.2. Alkylating	  promoters:	  

Soon	  after	  the	  discovery	  of	  metal	  containing	  promoters,	  Lönn	  used	  MeOTf19	  to	  

successfully	  activate	  alkyl	  and	  aryl	  thioglycosyl	  donors.	  Although	  fast	  and	  effective,	  this	  

method	   has	   several	   disadvantages.	   MeOTf	   is	   toxic,	   difficult	   to	   handle	   and	   in	   the	  

presence	  of	  unreactive	  donors,	  it	  can	  alkylate	  free	  hydroxyl	  groups	  in	  acceptors	  instead	  

of	  forming	  the	  desired	  glycosides.	  A	  much	  milder	  promoter,	  methyl	  iodide	  (MeI),20	  was	  

reported	   with	   activation	   of	   2-‐pyridyl	   thioglycosides	   during	   the	   same	   time.	   But	   this	  

reagent	  was	  found	  to	  be	  very	  slow	  in	  activating	  any	  other	  alkyl	  or	  aryl	  thioglycosides.	  

1.1.3.3. Halonium-‐based	  promoters:	  

Currently,	   methods	   employing	   halonium-‐based	   reagents	   in	   thioglycoside	  

glycosylation	   are	   perhaps	   the	   most	   popular	   ones.	   The	   earliest	   example	   of	   such	   a	  

promoter	   was	   N-‐bromosuccinamide	   (NBS)21	   used	   by	   Nicolaou	   and	   group	   to	   activate	  

phenyl	   thioglycosides.	   This	   mild	   bromonium	   source	   was	   used	   effectively	   to	   couple	  

various	   simple	   to	   complex	   acceptors.	   During	   the	   years	   of	   1990-‐1991,	   van	   Boom	   and	  

colleagues	   discovered	   some	   of	   the	   more	   efficient	   halonium	   promoters.	   	   These	   were	  
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based	  on	  “soft”	  iodonium	  species,	  and	  iodonium	  dicollidine	  perchlorate	  (IDCP)22	  was	  the	  

first	  of	   its	  kind	  to	  be	  used	  to	  couple	  different	  alkyl	  thio-‐rhamnosyl	  and	  fucosyl	  donors.	  

This	  was	  followed	  shortly	  by	  iodonium	  dicollidine	  triflate	  (IDCTf),23	  which	  was	  less	  toxic	  

than	  IDCP.	  In	  the	  same	  year,	  another	  important	  contribution	  by	  Veeneman	  &	  Van	  Boom	  

was	   the	   use	   of	   stoichiometric	   amounts	   of	   N-‐iodosuccinamide	   (NIS)	   in	   presence	   of	  

catalytic	  triflic	  acid	  (TfOH)24	  to	  give	  very	  fast	  thioglycoside	  activations.	  This	  combination	  

of	   reagents	  was	   also	   discovered	   by	   the	   Fraser-‐Reid	   group	   independently	   in	   the	   same	  

year25	  to	  activate	  n-‐pentenyl	  donors.	  Since	  then,	  many	  other	  methods	  utilizing	  excess	  or	  

stoichiometric	  amounts	  of	  NBS	  or	  NIS	  with	  catalytic	  amounts	  of	   co-‐promoters	   for	  e.g.	  

NBS/TfOH26	  or	  Ph2IOTf,	  Bu4NOTf,	  or	  Bu4NClO4
27	  or	  Bi(OTf)3,28	  NIS/TMSOTf	  or	  AgOTf	  or	  

TrB(C6F5)429	  or	  Yb(OTf)330	  etc.	  have	  been	  developed.	  To	  resolve	  some	  of	   the	  undesired	  

products	   issues,	   another	   reagent	   N-‐iodosaccharin	   (NISac)31	   was	   discovered.	   Other	  

halonium	  sources	  like,	  I2	  or	  ICl	  or	  IBr	  in	  presence	  of	  co-‐promoters	  like	  AgOTf32	  	  and	  PhIO	  

in	  presence	  of	  Sn(OTf)2	  or	  SnCl2-‐AgClO4,
33	  etc.	  have	  also	  been	  successfully	  explored	   to	  

activate	  ethyl,	  phenyl	  thioglycosides	  as	  well	  as	  ethyl	  S-‐glycosyl	  xanthates.	  Bennett	  et	  al.	  

have	   also	   recently	   developed	   a	   new	   air-‐	   and	   water-‐stable	   iodonium	   salt	  

phenyl(trifluoroethyl)iodonium	   triflimide	   (IPTIT)34	   which	   activates	   thioglycosides	   at	  

room	  temperature.	  

Although	   these	   methods	   are	   efficient,	   several	   disadvantages	   are	   still	  

encountered	   while	   performing	   glycosylations.	  Most	   of	   them	   need	   excess	   reagents	   or	  

additives/co-‐promoters	  to	  form	  reactive	  intermediates	  and	  as	  such	  reagent	  handling	  as	  

well	  as	  storage	  of	  these	  intermediates	  pose	  a	  problem.	  Some	  of	  the	  popular	  activators	  
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like	  NIS/TfOH,	  TMSOTf,	  etc.	  are	  mostly	  used	  at	  very	  low	  temperatures	  (<–20	  °C),	  so	  as	  to	  

control	  reactivity	  or	  formation	  of	  unwanted	  side-‐products.	  	  Another	  limitation	  of	  NIS	  or	  

NBS	   kind	   of	   reagents	   is	   that	   the	   high	   nucleophilicity	   of	   the	   counterion	   can	   lead	   to	  

various	  N-‐succinimide	  products,35	  especially	  with	  unreactive	  acceptors.	  In	  addition,	  the	  

presence	  of	  “soft”	  nucleophilic	   centers	   like	  alkenes	   in	  donors	  or	  acceptors	  has	  been	  a	  

concern	  for	  these	  classes	  of	  promoters.	  Even	  though	  controlled	  activations36	  have	  been	  

performed,	  they	  still	  form	  various	  addition	  products	  or	  undesired	  cyclic	  intermediates	  as	  

seen	  with	  some	  O-‐allyl	  containing	  glycosyl	  acceptors.37	  This	  further	  restricts	  their	  use	  in	  

presence	  of	  the	  n-‐pentenyl	  glycosyl	  donors,38	  that	  are	  another	  important	  class	  of	  donors	  

frequently	  encountered	  in	  oligosaccharide	  synthesis.	  

1.1.3.4. Sulfonium,	  selenium-‐based	  promoters:	  

Organosulfur-‐based	   reagents	   are	   also	   commonly	   used	   with	   thioglycosides.	  

Fügedi	   and	   group	   reported	   one	   of	   the	   first	   sulfonium	   promoter;	  

Dimethyl(thiomethyl)sulfonium	   triflate	   (DMTST)39	   to	   activate	   alkyl	   and	   phenyl	  

thioglycosides	  to	  form	  various	  disaccharides.	  Other	  similar	  alkylsulfenylating	  agents	  such	  

as	  methylsulfenyl	  triflate	  (MeSOTf),40	  methylsulfenyl	  bromide	  (MeSBr),41	  phenylsulfenyl	  

triflate	   (PhSOTf)42	   and	   N-‐ethylsulfenyl	   phthalimide	   (PhthNSEt)43	   in	   combination	   with	  

Lewis	   acid	   TrB(C6F5)4	   have	  been	  also	  used.	  More	   recently,	   powerful	   sulfur	   reagents	   in	  

the	   presence	   of	   Tf2O	   like,	   	   N-‐(phenylthio)-‐ε-‐caprolactam/Tf2O,44	  

benzenesulfinylpiperidine-‐triflic	   anhydride	   (BSP)/	   Tf2O,45	   diphenyl	   sulfoxide	  

(Ph2SO/Tf2O),46	  S-‐(4-‐methoxyphenyl)benzenethiosulfinate	   (MPBT)/Tf2O47	  have	   replaced	  
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the	  previous	  generation	  of	  promoters	  used	  to	  couple	  complex	  sugars	  like	  sialic	  acids	  and	  

hyaluronic	   acid	   oligomers.	   Another	   cheap	   and	   efficient	   promoter;	   dimethyl	   disulfide-‐

triflic	  anhydride	  (Me2S/Tf2O)48	  was	  recently	  developed	  for	  alkylthioglycosides.	  

Similar	   to	   the	   sulfenyl	   reagents,	   arylselenylating	   reagents	   have	   also	   become	  

quite	   prevalent,	   for	   e.g.	   1-‐benzeneselenyl	   triflate,49	   N-‐phenylselenylphthalimide	  

(PhSeNPhth)-‐TMSOTf50	   or	   MgClO4
51	   have	   been	   used	   too.	   Recently,	   Zhu	   et	   al.	   used	  

thioperoxide	   in	   combination	  with	  TMSOTf52	   as	   a	  powerful	   thiophilic	  promoter	   system,	  

capable	  of	  activating	  different	  thioglycosides.	  

1.1.3.5. Single	  electron	  transfer	  promoters:	  

Electron	   transfer	   reagents	   like	   tris(4-‐bromophenyl)ammoniumyl	  

hexachloroantimonate	   (TBPA)53	   and	   nitrosyl	   tetrafluoroborate	   (NOBF4)54	   were	  

discovered	   in	   early	   1990s	   to	   activate	   thioglycosyl	   donors.	   Another	   example	   is	   the	  

TrB(C6F5)-‐NaIO4
55

	   promoter	   which	   has	   also	   been	   studied.	   However,	   single	   electron	  

activation	  of	   thioglycosides	  still	   is	   relatively	  unexplored,	  probably	  since	  these	  reagents	  

are	  generally	  not	  very	  selective	  and	  can	  give	  low	  yielding	  glycosylations.	  A	  most	  recent	  

method	   applies	   single	   electron	   transfer	   using	   visible	   light	   and	   ruthenium	   or	   iridium-‐

containing	  catalysts56	  to	  activate	  thioglycosides.	  	  

1.1.3.6. Other	  methods:	  

AgPF657	  and	  electrochemical	  oxidation58	  has	  been	  reported	  separately	  to	  activate	  

thioglycosides	  too.	  	  
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Scheme	  4:	  Structures	  of	  some	  thioglycoside	  promoters	  

1.1.4. Other	  S-‐containing	  glycosyl	  donors:	  

Apart	   from	   alkyl	   or	   aryl	   thioether-‐type	   glycosides,	   many	   other	   thio-‐containing	  

glycosyl	  donors	  have	  been	  popular,	   for	  e.g.	   glycosyl	   sulfoxides,	   sulfones,	   thioimidates,	  

etc.3,	   10b	   Since	   their	   discovery,	   various	   methods	   for	   their	   activation	   have	   been	  

developed.	   Moreover,	   orthogonal	   glycosylations	   of	   these	   donors	   in	   presence	   of	  

thioglycosides	  have	  also	  been	  well	  studied	  and	  utilized	  in	  carbohydrate	  synthesis.	  

1.2. CONCLUSION	  

In	  summary,	  in	  the	  past	  decade,	  numerous	  new	  methods	  for	  the	  preparation	  and	  

activation	  of	  thioglycosides	  have	  been	  reported.	  As	  thioglycosides	  are	  among	  the	  most	  

versatile	   donors,	   they	   will	   continue	   to	   play	   an	   important	   role	   in	   oligosaccharide	  
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synthesis.	   Although	   the	   field	   of	   thioglycoside	   activation	   has	   progressed	   leaps	   and	  

bounds	   in	   the	   last	   25-‐30	   years,	   there	   are	   still	   limitations	   that	   interfere	   in	   efficient	  

glycosylation	   with	   these	   donors.	   These	   issues	   with	   solubility,	   undesired	   by-‐products,	  

stability	   or	   reagent	   handling,	   co-‐activation	   of	   other	   glycosyl	   donors	   are	   particularly	  

problematic	   in	   the	   context	   of	   the	   development	   of	   robust	   automated	   protocols	   for	  

oligosaccharide	  synthesis	  and	  hence	  need	  to	  be	  dealt	  with.	  
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CHAPTER	  2.	  BISMUTH(V)-‐MEDIATED	  THIOGLYCOSIDE	  ACTIVATION	  

Paper	  published	  in	  part	  in	  Angewandte	  Chemie	  International	  Edition1	  

	  

Abstract	  

A	   straightforward	   method	   utilizing	   a	   bismuth(V)	   compound	   was	   developed	   for	   the	  

activation	  of	   thiopropylglycosides	   for	   coupling	   to	   various	   acceptors;	   good	   to	   excellent	  

yields	  were	  obtained	  without	  applying	  additional	  additives/co-‐promoters.	  The	  method	  

does	  not	  require	  low	  temperatures,	  is	  applicable	  to	  a	  wide	  variety	  of	  carbohydrates,	  and	  

tolerates	  different	  functional	  groups	  including	  alkenes.	  	  

	  

	  

	  

	  

1.	  Reprinted	  with	  permission	  from	  Angew.	  Chem.	  Int.	  Ed.	  2013,	  52,	  8441–8445.	  Copyright	  ©	  2013	  WILEY-‐
VCH	  Verlag	  GmbH	  &	  Co.	  KGaA,	  Weinheim	  
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2.1.	   INTRODUCTION	  

In	  the	  past	  decade,	  main	  group	  metal	  and	  transition	  metal	  catalysis	  have	  become	  

immensely	  popular	  in	  synthetic	  organic	  chemistry.	  Chemical	  glycosylation	  is	  also	  one	  of	  

these	  synthetic	  areas,	  which	  has	  been	  actively	  explored	  too.	  A	  range	  of	  transition	  metals	  

like	  Pd,	  Ni,	  Zn,	  Ti,	  Au	  etc.	  have	  been	  effectively	  used	  to	  activate	  various	  glycosyl	  donors	  

like	  glycosyl	  trichloroacetimidate,	  orthoalkynyl	  benzoate,	  halide	  donors	  etc.1	  Unlike	  with	  

the	   above	   donors,	   fewer	   examples	   of	   transition	   metals	   like	   Hg,	   Cu,	   etc.	   have	   been	  

utilized	  in	  the	  area	  of	  thioglycosyl	  donors,	  although	  heavy-‐metal	  cation	  based	  promoters	  

were	   among	   the	   first	   thioglycoside	   activation	   methods	   to	   be	   discovered.2	   When	   it	  

comes	  to	  main-‐group	  metals,	  even	  fewer	  examples	  can	  be	  found	  with	  thioglycosides.	  In	  

lieu	  of	  the	  available	  heavy	  metal	  cation-‐based	  promoters,	  bismuth	  presents	  interesting	  

possibilities.	  Bismuth	  is	  a	  post	  transition	  metal	  and	  like	  its	  neighboring	  metals	  such	  as	  Hg	  

and	   Pb—is	   considered	   thiophilic3	   as	   well	   as	   soft	   Lewis	   acidic.4	   In	   nature,	   it	   occurs	   in	  

various	  forms	  which	  suggests	  its	  thiophilicity;	  from	  simple	  ores	  like	  bismuthinite	  (Bi2S3)	  

to	   complex	   minerals	   like	   matildite	   (AgBiS2),	   tetradymite	   (Bi2TeS),	   galenobismutite	  

(PbBi2S4),	  etc.5	  	  

In	  comparison	  to	  other	  transition	  and	  post	  transition	  metals,	  bismuth	  is	  relatively	  

inexpensive	  and	  is	  frequently	  used	  in	  metallurgy,	  electronics,	  and	  ceramic	  industries.3b,	  5-‐

6	  Also	  considering	  its	  heavy	  metal	  status,	  bismuth	  is	  one	  of	  the	  rare	  elements	  treated	  to	  

be	   safe	   as	   it	   is	   nontoxic	   and	   non-‐carcinogenic7	   unlike	   Hg	   and	   Pb.	   In	   fact,	   bismuth	  

compounds	   have	   been	   used	   in	   the	   pharmaceutical	   and	   cosmetic	   industries	   for	   more	  

than	  a	  century.8	  	  
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2.1.1. Applications	  of	  BiIII	  in	  functional	  group	  transformations	  &	  in	  carbohydrate	  
chemistry	  

Unfortunately,	  despite	   its	  popularity	  as	  a	  treatment	  for	  digestive	  problems,	  the	  

synthetic	   utility	   of	   bismuth	   compounds	   remain	   relatively	   unexplored.	   However,	   the	  

chemistry	  of	  this	  element	  is	  gaining	  considerable	  interest	  over	  the	  past	  decade.	  Various	  

bismuth(III)	   compounds	   have	   been	   discovered	   which	   play	   crucial	   roles	   in	   different	  

functional	   groups	   transformations	   (Scheme	   1).9	   BiIII	   reagents	   like	   bismuth	   triflate	  

[Bi(OTf)3],	  bismuth	  chloride	  or	  bromide	  (BiCl3	  or	  BiI3),	  etc.	  have	  been	  used	  in	  a	  variety	  of	  

reactions	   in	   stoichiometric	   or	   catalytic	   amounts,	   for	   e.g.;	   aldol	   reactions,	   epoxide	  

opening	   reactions,	   alkylation	   or	   arylation,	   cycloisomerization,	   oxycarbonylations	   and	  

many	  more.	  

	  

Scheme	  1:	  Examples	  of	  Bi(III)-‐catalyzed	  reactions	  
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In	  carbohydrate	  chemistry,	  bismuth	  (III)	  triflate	  [Bi(OTf)3]	  combined	  with	  NBS	  has	  

been	  reported	  as	  a	  promoter	  for	  the	  activation	  of	  thio-‐	  and	  seleno-‐glycosides	  [Scheme	  

2(a)].10	  Moreover,	   Bi(OTf)3	  by	   itself	   can	   also	   be	   used	   for	   selective	   activation	   of	   an	   S-‐

benzoxazolyl	   (SBox)	   sialyl	   donor	   over	   a	   galactosyl	   acceptor	   equipped	  with	   a	   thioethyl	  

anomeric	  moiety	   [Scheme	   2(b)].11	  However,	   in	  both	   these	  cases,	   it	  was	  observed	   that	  

Bi(OTf)3	  was	  not	  only	  used	   in	  excess	  amounts,	  but	  due	  to	   its	   insolubility	   in	  the	  organic	  

solvents	  often	  used	  for	  glycosylations,	   it	  has	  to	  be	  used	  in	  the	  presence	  of	  co-‐solvents	  

like	   1,4-‐dioxane	   and	   tetrahydrofuran	   that	   play	   a	   significant	   role	   in	   the	  

diastereoselectivity12	  of	  the	  glycosylation	  products.	  

	  

Scheme	  2:	  Glycosylation	  schemes	  using	  Bi(OTf)3	  with	  (a)	  Thio,	  seleno-‐glycosides,	  (b)	  SBox	  donors	  
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2.2. RESULTS	  AND	  DISCUSSION	  

2.2.1. Preparation	  of	  thiopropylglycosides	  

A	  number	  of	  alkyl	  and	  aryl-‐containing	  thiols	  were	  examined	  for	  the	  preparation	  

of	   thioglycoside	   donors.	   Thiols	   in	   general	   are	   difficult	   to	   handle	   owing	   to	   their	  

malodorous	   property.	   We	   therefore	   eschewed	   the	   more	   common	   volatile	  

methane/ethanethiols	  and	  the	  highly	  pungent,	  more	  toxic	  aryl	  thiols	  and	  settled	  on	  n-‐

propylthiol,	  a	  compound	  safe	  enough	  to	  be	  approved	  as	  a	   food	  additive	   for	   its	   savory	  

onion-‐like	  smell.13	  	  

A	  range	  of	  thiopropyl	  analogues	  of	  galactosyl	  (1a-‐b),	  glucosyl	  (2a-‐b),	  fucosyl	  (3a)	  

donors	  were	  prepared	  (Scheme	  3).	  The	  acetylated	  sugars	  (1,	  2,	  3)	  were	  converted	  to	  the	  

corresponding	   thiopropylglycosides	   (1a,	   2a,	   3a)	   by	   reacting	   with	   n-‐propylthiol	   in	   the	  

presence	  of	  a	  Lewis	  acid	  (BF3•OEt2).14	  Further,	  the	  perbenzylated	  donors	  (1b,	  2b)	  were	  

then	  obtained	  by	  deacetylation	  of	  the	  2,3,4,6-‐	  hydroxyls	  and	  then	  re-‐protection	  with	  a	  

benzylating	  reagent	  (BnBr).	  
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Scheme	  3:	  Preparation	  of	  thioglycosyl	  donors	  
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and	  prevalent	  oxidation	  state.	  Since	  most	  of	  the	  BiIII	  promoters	  that	  have	  been	  used	  in	  

glycosylations	  are	  Lewis	  acidic,	  our	  initial	  aim	  was	  to	  discover	  a	  superior	  BiIII	  Lewis	  acid,	  

which	   will	   selectively	   activate	   thiopropylglycosides	   and	   evade	   some	   of	   the	  

aforementioned	  limitations.	  	  At	  first,	  we	  tried	  to	  use	  some	  of	  the	  commercially	  available	  

BiIII	   compounds	   to	   activate	   the	   prepared	   thioglycosides.	   In	   spite	   of	   many	   trials	   and	  

varying	   reaction	   conditions,	   we	   failed	   to	   get	   any	   success.	   Among	   the	   different	   BiIII	  

compounds,	  Bi(OTf)3	  has	  been	  used	  previously	   to	  activate	  SBox	  donors	   in	  presence	  of	  

thioglycosides,	  although	  it	  suffers	  from	  low	  solubility	  issues.	  So,	  we	  imagined	  long-‐chain	  

ligands	  might	   increase	   solubility	   of	   BiIII	  compounds.	   Also,	   stronger	   Lewis	   acidity	  might	  

activate	   thioglycosides	   as	   they	   are	   usually	   harder	   to	   activate	   than	   thioimidates.2b	  

Bearing	   these	   two	   ideas	   in	  mind,	  we	  proposed	  some	  BiIII	  compounds	  analogous	   to	   the	  

reported	   bismuth(III)	   carboxylates	   and	   sulfonates:	   Bi(OCOCnF2n+1)3,	   Bi(OSO2CnF2n+1)3	  

(n=7,8,9).	  The	  long	  fluorous	  chains	  were	  chosen	  since	  these	  tend	  to	  increase	  solubility.	  

Moreover,	   these	   fluorous	   tails	  help	   in	  selective	  solid-‐phase	  purification,	  a	   feature	   that	  

might	  be	   fruitful	   for	  promoter	   recovery	  at	   the	  end	  of	  an	  activation.	  Since	  none	  of	   the	  

reported	   thioglycoside	   promoters	   are	   recyclable,	   this	   strategy	   can	   make	   our	  

methodology	  more	  efficient	  than	  others.	  	  

To	   prepare	   some	   of	   the	   proposed	   BiIII	   compounds,	   several	   methods	   were	  

investigated	  using	  a	  variety	  of	  bismuth	  starting	  precursors	   (Scheme	  4).	  Although	  Bi(III)	  

carboxylates	   have	   been	   reported	   earlier,	   it	   was	   surprising	   to	   us	   that	   chemistry	   of	  

bismuth	  sulfonates	  is	  limited	  to	  Bi(OTf)3.9b	  	  
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Scheme	  4:	  Synthetic	  trials	  for	  preparation	  of	  BiIII	  compounds	  
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increase	  solubility	  but	  in	  spite	  of	  using	  the	  long	  fluorous	  tails,	  we	  still	  encountered	  low	  

solubility	  issues	  with	  all	  of	  our	  product	  mixtures.	  

Nevertheless,	   we	   decided	   to	   analyze	   our	   product	   mixtures	   to	   have	   a	   deeper	  

understanding	  of	  our	  failed	  synthetic	  schemes	  and	  possibly	  troubleshoot	  them.	  Looking	  

into	  literature,	  we	  found	  that	  the	  techniques	  mostly	  used	  to	  characterize	  Bi-‐containing	  

compounds	   are	   X-‐ray	   crystallography,	   NMR	   spectroscopy	   and	   to	   some	   extent	   IR	  

spectroscopy.	  When	  it	  comes	  to	  variety	  of	  bismuth	  compounds,	  this	  metal	  exist	  mainly	  

in	  +3	  state,	  but	  other	  oxidation	  states	  of	  +4,	  +5,	  etc.	  are	  also	  commonly	  seen.	  Another	  

possibility	   in	  bismuth	  chemistry,	   is	   the	  element’s	  ability	   to	   form	  chelation	  compounds	  

with	  various	  heteroatoms	  like	  O,	  S,	  N,	  etc.15	  	  

Initially,	  various	  1-‐D	  NMR	  techniques	  were	  utilized	  to	  analyze	  the	  mixtures,	  but	  

these	  did	  not	  prove	  to	  be	  informative,	  as	  the	  spectra	  of	  starting	  reactants	  and	  products	  

were	  almost	  identical.	  Sine	  recrystallization	  attempts	  failed,	  X-‐ray	  crystallography	  could	  

not	  be	  used	  either.	  On	  the	  other	  hand,	  IR	  spectroscopy	  did	  show	  us	  bands	  characteristic	  

of	   Bi-‐O	   bonds	   but	   did	   not	   help	   in	   identifying	   the	   structure	   of	   the	   product.	   Next,	   we	  

turned	   to	   one	   of	   the	   most	   sensitive	   and	   useful	   analytical	   technique:	   high-‐resolution	  

mass	   spectrometry	   (HRMS).	   Though	   we	   did	   not	   aim	   for	   product	   separation,	   it	   was	  

anticipated	   that	   this	   method	   would	   inform	   if	   the	   desired	   high-‐molecular	   weight	  

products	   were	   being	   formed	   at	   all.	   Unfortunately,	   this	   effort	   also	   failed	   to	   give	   any	  

insight	   since	   inconsistent	   data	  was	  obtained	  with	  different	   trials	   of	   the	   same	  analyte.	  

Going	   back	   to	   literature,	   it	  was	   surprising	   to	   us	   that	   there	   are	   only	   a	   few	   reports	   on	  
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structural	   analysis	   of	   synthetic	   Bi-‐compounds	   by	   MS,9b	   although	   this	   technique	   is	  

frequently	   used	   with	   bismuth-‐protein	   complexes.	   	   These	   studies	   emphasized	   the	  

difficulty	  of	  obtaining	  accurate	  molecular	  ion	  peaks	  for	  bismuth	  compounds	  or	  a	  reliable	  

MS	  spectrum,	  as	  these	  do	  not	  follow	  regular	  fragmentation	  patterns.9b	  So,	  although	  high	  

mass	  molecular	   ion	  peaks	  were	  observed,	  verification	  of	   the	  structure	  of	   the	  products	  

failed.	   Recently,	   solid	   state	   Bismuth-‐NMR	   has	   been	   utilized	   by	   Schurko	   group16	   for	  

structural	  identification.	  However,	  209Bi	  NMR	  spectroscopy	  is	  very	  limited	  because	  of	  its	  

large	  nuclear	  quadrupole	  moment	  and	  complex	  nature.	  To	  date,	  only	  a	  handful	  research	  

groups	  in	  the	  world	  have	  attempted	  this	  technique.	  

2.2.3. Synthesis	  of	  BiV	  compounds:	  Ph3Bi(OTf)2	  &	  X-‐ray	  structure	  

Soon	   after	   discovering	   the	   challenges	   of	   trying	   to	   synthesize	   and	   characterize	  

new	   bismuth(III)-‐containing	   compounds,	   we	   decided	   to	   look	   into	   other	   aspects	   of	  

bismuth	  chemistry.	  The	  next	  most	  stable	  oxidation	  state	  for	  bismuth	  compounds	  after	  

+3	   is	   +5.	   Surprisingly,	   a	   variety	   of	   bismuth(III)	   reagents	   have	   been	   used	   in	   arylation,	  

hydroamination	  and	  glycosylation	  reactions,	  but	  applications	  of	  bismuth(V)	  compounds	  

remain	   relatively	   unexplored.	   Recent	   reports15,	  17	  demonstrate	   the	  use	  of	   BiV	  salts	   and	  

ylides	   in	   carbon-‐carbon,	   carbon-‐heteroatom	   bond-‐forming	   and	   oxidation	   reactions	  

(Scheme	  5).	  	  
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Scheme	  5:	  Examples	  of	  Bi(V)-‐assisted	  reactions	  

Observing	   the	   reported	   bismuth(V)	   compounds,	   we	   found	   that	   the	   common	  

feature	  in	  all	  of	  these	  was	  the	  presence	  of	  phenyl	  or	  substituted-‐phenyl	  ring	  ligands.	  To	  

our	   delight,	   most	   of	   these	   BiV	  compounds	   were	   soluble	   in	  most	   organic	   solvents	   like	  

CH2Cl2,	  CHCl3,	  toluene,	  etc.	  probably	  due	  to	  presence	  of	  the	  aryl	  rings.	  Hence,	  we	  were	  

curious	   with	   the	   possibility	   of	   the	   addition	   of	   solubilizing	   ligands	   on	   BiIII	   and	   the	  

thiophilicity	   of	   BiV	   complexes.	   Given	   the	   current	   limitations	   in	   the	   definitive	  

characterization	   of	   new	   bismuth	   compounds	   in	   solution,3b	  we	   next	   sought	   a	   complex	  

that	   was	   amenable	   to	   crystallization	   and	   thereby	   went	   to	   a	   pentavalent	   bismuth	  

compound	  containing	  three	  phenyl	  (Ph)	  and	  two	  triflate	  (OTf)	  groups,	  namely	  triphenyl	  

bismuth	  ditriflate	   [Ph3Bi(OTf)2]	  5.	  Ph3Bi(OTf)2	  was	  synthesized	   in	   two	  steps	   (Scheme	  6)	  

starting	   from	   relatively	   inexpensive	   triphenyl	   bismuth,	   which	   was	   first	   oxidized	   to	  

triphenyl	  bismuth	  diacetate	  4	  and	  then	  later	  converted	  to	  the	  desired	  compound	  5	  in	  an	  

OH
+Ph3Bi

BF4
Ph TMG

O

Ph

Alkenylation
reaction

OMe
+ TMS

Friedel-Crafts
allylation

Ph3BiF2–BF3•OEt2
CH2Cl2, –78 °C to RT

OMe

Br

HO

(o-Tol)3BiCl2 (1.1 equiv.)

Oxidation reaction

DBU (1.1 equiv.)
toluene, RT, 0.5–2 h Br

O
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80%	   overall	   yield.	   Compound	   5	   is	   a	   colorless	   white	   solid	   that	   crystallizes	   in	   a	   highly	  

disordered	  orthorhombic	  space	  group	  with	  trigonal	  bipyramidal	  coordination	  geometry	  

(crystallographic	   data	   collected	   and	   solved	   by	   Dr.	   Arkady	   Ellern)	   around	   the	   bismuth	  

metal	  center,	  which	  is	  similar	  to	  previously	  reported	  BiV-‐containing	  compounds15	  (Figure	  

1).	  More	   importantly,	   the	   compound	   surprisingly	   proved	   to	   have	   activity	   in	   an	   initial	  

glycosylation	  reaction	  screen.	  

	  

Scheme	  6.	  Preparation	  of	  bismuth(V)	  promoter	  

	  

Figure	  1:	  X-‐ray	  structure	  of	  compound	  5	  [Ph3Bi(OTf)2].	  (Data	  by	  Dr.	  Arkady	  Ellern)	  
Crystal	   data:	   C20H19BiF6O6S2,	   FW	   	   780.45;	   orthorhombic,	   Cmcm;	   a	   =	   10.7232(9),	   b	   =	   18.469(2),	   c	   =	  
14.1481(11)	  Å;	  V	  =	  2802.0(4)	  Å3;	  Z	  =	  4;	  Dcalcd	  =	  1.850	  g/cm

-‐3;	  F(000)	  =	  1496;	  T	  =	  173	  K;	  R	  =	  0.0388;	  Rw	  =	  
0.1184	  for	  2315	  observed	  data.	  Intensity	  data	  were	  collected	  on	  a	  Bruker	  APEX	  2	  diffractometer	  with	  Mo	  
Ka-‐radiation	  (l	  =	  0.71073	  Å).	  Molecule	  occupies	  a	  special	  crystallographic	  position	  m2m	  and	  it	  is	  disordered	  
by	  symmetry.	  SIMU	  and	  DELU	  similarity	  restrains	  were	  used	  for	  all	  carbon	  atoms.	  Hydrogen	  atoms	  were	  
placed	  at	   idealized	  positions	  and	  were	  allowed	   to	   ride	  on	   the	  neighboring	  atoms	  with	   relative	   isotropic	  
displacement	   coefficients.	   Two	   isolated	   water	   molecules	   per	   cluster	   were	   observed.	   CCDC	   937346	  

Bi
3

2 PhI(OAc)2

CH2Cl2, RT
10 h, 87%

Bi
3

OAc

OAc
2 TfOH

CH2Cl2, RT
12 h, 92%

Bi
3
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contains	   the	   supplementary	   crystallographic	   data	   for	   this	   paper.	   These	   data	   can	   be	   obtained	   free	   of	  
charge	  from	  The	  Cambridge	  Crystallographic	  Data	  Centre	  via	  www.ccdc.cam.ac.uk/data_request/cif	  
	  

	   Further	  exploration	  of	  this	  BiV	  reagent	  revealed	  several	  advantages.	  Solubility	  has	  

been	   a	   major	   drawback	   with	   most	   reported	   promoters,	   thereby	   complicating	   their	  

employment	   in	   automation	   platforms	   (solution	  or	   solid-‐phase)	   that	   carry	   out	   iterative	  

oligosaccharide	  synthesis.	  As	  predicted,	  compound	  5	  was	  found	  to	  be	  readily	  soluble	  in	  

most	  organic	  solvents,	  particularly	  dichloromethane	  and	  toluene	  that	  are	  desirable	  non-‐

participating	   solvents	   in	  glycosylation.	   In	  addition,	   the	  promoter	  was	  also	   found	   to	  be	  

oxygen	  and	   light	   stable.	  No	  degradation	  or	  decomposition	  was	   seen	  when	  kept	  under	  

anhydrous	  conditions	  for	  months.	  So,	  unlike	  many	  thioglycoside	  promoters,	  complex	  5	  

does	  not	  need	  to	  be	  synthesized	  just	  prior	  to	  the	  activation	  reaction,	  but	  can	  be	  made	  in	  

batches	   and	   stored.	   In	   addition,	   the	   promoter	  5	   does	   not	   require	   a	   co-‐promoter	   like	  

NBS/NIS	   to	   first	   make	   a	   soft	   electrophilic	   halonium	   species	   to	   attach	   to	   the	   soft	  

nucleophilic	   sulfur.	   Finally,	   the	   activation	   does	   not	   require	   extreme	   low	   temperatures	  

(−20	  to	  −78	  °C)	  primarily	  to	  control	  side	  reactions	  or	  unwanted	  by-‐products.	  

2.2.4. Coupling	  of	  various	  glycosyl	  donors	  with	  different	  acceptors	  

	   To	   test	   the	   scope	   of	   the	   developed	   methodology,	   a	   range	   of	   thiopropyl	  

analogues	  of	  galactosyl	  (1a-‐b),	  glucosyl	  (2a-‐b),	  fucosyl	  (3a)	  donors	  were	  prepared.	  Next,	  

the	  solvent	  chosen	  for	  the	  activation	  was	  dichloromethane	  as	  it	   is	  relatively	  inert,	  easy	  

to	   handle,	   has	   negligible	   solvent	   effects12	   and	   completely	   solubilizes	   the	  

donor/acceptor/promoter.	  Examining	  various	  temperature	  conditions	  (0	  °C–reflux),	  the	  

glycosylations	  were	  found	  to	  be	  best	  (without	  degradation	  of	  starting	  material)	  carried	  
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out	  at	  ambient	  temperature.	  These	  propanethiol-‐modified	  sugars	  were	  then	  subjected	  

to	  these	  optimized	  reaction	  conditions	  with	  a	  range	  of	  glycosyl	  acceptors	  in	  presence	  of	  

5	  (Scheme	  7	  and	  Table	  1).	  

	  

Scheme	  7.	  Activation	  of	  thiopropylglycosides	  with	  5	  

As	   listed	   in	   Table	   1,	   the	   study	   of	   thioglycoside	   activation	   with	   our	   model	  

promoter	   5	   was	   started	  with	   a	   simple	   acceptor:	   allyl	   alcohol	   6a.	   The	   evident	   feature	  

here	  is	  the	  presence	  of	  double	  bonds,	  which	  is	  generally	  avoided	  in	  donor/acceptor,	  as	  

they	   tend	   to	   compete	   as	   a	   potential	   soft	   nucleophilic	   center	   to	   sulfur.	   Though	   some	  

controlled	   activation18	   protocols	   can	   avoid	   these	   issues,	   alkenyl	   protecting	   groups	  

always	   have	   the	   potential	   to	   be	   cleaved.19	   Fortunately,	   the	   “armed”20	   perbenzylated	  

galactosyl	   donor	  1b	   and	   the	   “disarmed”20	   peracetylated	   galactosyl	   donor	  1a	   gave	   the	  

desired	  O-‐allyl	  galactosides	   in	  high	  yields	   (entries	  1-‐2).	  The	  “armed”	  glucosyl	  donor	  2b	  

could	  also	  be	  activated	  (entry	  3)	  to	  give	  the	  O-‐allyl	  glucoside	  in	  good	  yield.	  The	  alkenyl	  

system	   remained	   intact	   throughout	   these	   reactions	   and	   formation	   of	   addition	   side	  

product	  was	  not	  observed.	  	  
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With	   our	   initial	   success	   with	   acceptor	   6a,	   the	   method	   was	   applied	   to	   various	  

glycosyl	  acceptors	   containing	  a	  wide	   range	  of	   functional	  groups.	  The	  glucosyl	  acceptor	  

6b	  was	   selected	   to	   test	   the	  method	   for	   the	   formation	  of	   1à6	   linked	  disaccharides	   as	  

well	   as	   glycosylation	  with	   a	  primary	  hydroxyl	   acceptor.	  Both	   the	   galactosyl	   donors’	  1a	  

and	   1b	   (entries	   4-‐5)	   gave	   the	   disaccharides	   in	   excellent	   yields.	   As	   predicted,	   the	   1,2-‐

trans-‐glycosides	   were	   favored	   for	   the	   “disarmed”	   thioglycosides	   and	   a	   low	  

stereoselectivity	   was	   observed	   in	   the	   case	   of	   “armed”	   thioglycosides.	   	   Similarly,	   the	  

armed	  glucosyl	  donor	  2b	   (entry	  6)	  was	  also	  activated	   to	   give	   the	  1à6	  disaccharide	   in	  

very	  high	  yield	  with	  a	  slight	  preference	  for	  the	  α-‐anomer.	  	  

Next,	  from	  common	  sugars	  like	  D-‐glucose	  and	  D-‐galactose,	  we	  moved	  forward	  to	  

less	   common	  sugars.	  An	   “armed”	   L-‐fucosyl	  donor	  3a	  was	  chosen	   for	   this	  purpose	  and	  

was	  synthesized	  from	  its	  acetate	  analogue	  (see	  Supporting	  Information).	  The	  activations	  

were	   investigated	   with	   α-‐thiopropyl	   L-‐fucoside	   donors;	   these	   are	   the	   more	   stable	  

anomers	   for	   L-‐fucose.	   Interestingly,	   the	   initial	   glycosylation	  with	   the	   glucosyl	   acceptor	  

6b	  (entry	  7)	  was	  extremely	  fast	  as	  the	  donor	  was	  consumed	  in	  12	  min	  to	  give	  the	  fucose-‐

1à6-‐linked	   glycoside	   in	   good	   yield.	   The	   anomeric	   selectivity	   of	   the	   disaccharide	   was	  

seen	  to	  be	  more	  α-‐favoring,	  as	  is	  generally	  seen	  with	  fucose	  analogues.21	  
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Table	  1.	  Reaction	  of	  glycosyl	  donors	  and	  acceptors.

	  

Entry Donor Acceptor t [h] Isolated
Yield [%][b] α:β[c]

1

2

3

4

5

6

7

O

OBn

BnO
OBn

SPr

BnO

1a

O
BnO

BnO
BnO

OBn
SPr

1b

O

OAc

AcO
OAc

SPr

AcO

2b

O
HO

BnO
BnO

BnO OMe

HO6a

6b

6b

O
HO

BzO
BzO

BzO OMe

6c

6a

6a

6b1a

1b

2b

6b

8

9

11

12

O

BnOOBn
OBn

SPr

3a

4.5

1

3

0.5

6

3.5

0.2

6c1b

2b

1

2b

3a

6d

6d

4

0.33

0.5

78

86

1:10

2:1

69 1.2:1

86

91

87

1:9

1.5:1

1.2:1

81

64

1:1

2:1

80 2.3:1

72

85

2:1

7:1

10

1a 8 71 1:12

6c

O
BnO

HO
BnO NPhth

O

[a] Reaction conditions: donor (1 equiv.), acceptor (0.9 equiv.), 5 (1 equiv.), CH2Cl2, RT, 0.5 M
[b] Yield after silica gel chromatography [c] calculated by NMR spectroscopy
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To	   explore	   another	   acceptor	   containing	   a	   commonly	   used	   protecting	   group,	  

acceptor	  6c	  was	   selected.	  Unlike	   the	  benzyls	   (OBn)	  on	  6b,	   the	  benzoates	   (OBz)	  on	  6c	  

made	   it	   very	   deactivated.	   This	   particular	   acceptor	   was	   selected	   as	   previously22	   it	   has	  

been	  observed	  that	  coupling	  similarly	  deactivated	  acceptors	  with	  reactive	  donors	  in	  the	  

presence	   of	   NIS	   resulted	   in	   the	   formation	   of	   irreversible	  N-‐succinimide	   glycosides	   of	  

donor	  as	  major	  products.	  However,	  using	  promoter	  5,	  the	  required	  disaccharides	  were	  

obtained	  in	  high	  to	  good	  yields	  with	  both	  reactive	  donors	  (entry	  9-‐10)	  and	  a	  deactivated	  

donor	   (entry	   8).	   Interestingly,	   the	   rate	   of	   glycosylation	   did	   not	   differ	   much	   with	  

alterations	   in	   the	  electronics	  of	   the	  acceptor	   (entries	  5	   and	  9,	   6	   and	  8),	   but	   a	   change	  

from	  disarmed	  to	  armed	  donors	  (entries	  8-‐9)	  had	  a	  significant	  impact	  on	  reaction	  times.	  

To	  extend	  the	  method	  to	  amino-‐sugars,	  a	  glucosamine	  acceptor	  6d	  containing	  a	  

variety	  of	  functional	  groups	   including	  benzyl	  and	  allyl	  as	  alcohol	  protecting	  groups	  and	  

phthalimido	  (Phth)	  as	  amine	  protecting	  group	  was	  chosen.	  	  This	  acceptor	  with	  a	  free	  4-‐

hydroxyl	  group	  would	  also	  validate	  our	  promoter	  for	  making	  1à4-‐linked	  disaccharides,	  

which	  in	  general	  are	  difficult	  to	  construct	  due	  to	  the	  low	  reactivity	  of	  the	  C-‐4	  hydroxyl.23	  	  

On	  reaction	  of	  acceptor	  6c	  with	  the	  perbenzylated	  galactosyl	  donor	  1b	  (entry	  11)	  using	  

promoter	  5,	   the	   1à4-‐linked	   galactose-‐glucosamine	   disaccharide	  was	   obtained	   in	   72%	  

yield	  without	  any	  interference	  with	  the	  other	  functional	  groups.	  Coupling	  of	  acceptor	  6d	  

to	   fucosyl	   donor	   3a	   (entry	   12)	   was	   met	   with	   similar	   success.	   The	   glycosylation	   was	  

observed	   to	   be	   very	   fast,	   resulting	   in	   the	   formation	   of	   the	   1à4-‐linked	   fucose-‐

glucosamine	   disaccharide	   in	   very	   high	   yield	   favoring	   the	  α-‐anomer.	   Comparing	   all	   the	  
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entries	  in	  Table	  1,	  we	  can	  conclude	  that	  the	  glycosylation	  time	  depends	  on	  the	  nature	  of	  

the	  donor	  (armed	  or	  disarmed)	  more	  so	  than	  on	  the	  incoming	  acceptor.	  	  

2.2.5. Stoichiometry	  studies	  

Another	  noteworthy	   limitation	  with	   available	   thioglycoside	   activators	  has	  been	  

the	  amounts	  of	  promoter/co-‐promoter	  needed	  for	  thioglycoside	  activation.	  To	  the	  best	  

of	   our	   knowledge,	   none	   of	   the	   available	   methods	   to	   date	   require	   less	   than	  

stoichiometric	   amounts	   of	   promoter.	   Considering	   this	   and	   the	   above	   successful	  

glycosylations,	  experiments	  were	   then	  designed	   to	  probe	   the	  amounts	  needed	   for	   full	  

consumption	  of	  the	  glycosyl	  donor	  (Table	  2)	  and	  isolation	  of	  the	  desired	  glycosides.	  Here,	  

the	  coupling	  of	  benzylated	  galactoside	  donor	  1b	  to	  allyl	  acceptor	  6a	   in	  the	  presence	  of	  

promoter	  5	  was	  considered	  as	  our	  model	  thioglycoside	  activation	  reaction.	  Moreover,	  to	  

make	  accurate	  and	  consistent	  comparison	  of	  the	  differential	  loading,	  we	  quenched	  the	  

reactions	  (Table	  2)	  after	  a	  1	  h	  run,	  as	  the	  total	  reaction	  time	  was	  already	  determined	  for	  

the	  same	  reaction	  in	  Table	  1,	  entry	  2.	  

Table	  2.	  Promoter	  equivalence	  studies	  with	  model	  glycosylation	  of	  donor	  1b	  and	  acceptor	  6a	  

	  

O

OBn

HO
CH2Cl2, 
1 h, RT

O

Ph3Bi(OTf)2 5 
(1.0 to 0.3 equiv.)

1b 6a 1b6a

BnO OBn

BnO SPr
O

OBn

BnO OBn

BnO+
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Fortunately,	  very	  high	  to	  good	  conversion	  rates	  were	  still	  seen	  as	  the	  amount	  of	  

promoter	  was	   steadily	  decreased	   (Table	   2).	  Only	   a	  modest	  decrease	   in	   isolated	   yields	  

(86%	   to	   68%)	   was	   observed	   as	   the	   loading	   was	   decreased	   from	   100%	   to	   30%.	  

Nevertheless,	  a	  very	  high	  isolated	  yield	  of	  76%	  was	  obtained	  even	  when	  cutting	  in	  half	  

the	   amount	   of	   promoter	   previously	   used.	   This	   result	   turned	   out	   to	   be	   particularly	  

remarkable	  as	  none	  of	  the	  previously	  reported	  thioglycoside	  promoters	  have	  been	  able	  

to	   effect	   such	   activations	  with	   less	   than	   stoichiometric	   amounts	   of	   promoter	  without	  

other	   additives	   or	   co-‐promoters.	   To	   further	   authenticate	   as	   well	   as	   to	   confirm	   our	  

finding	   with	   another	   thioglycoside	   activation,	   we	   chose	   the	   glycosylation	   of	   fucosyl	  

donor	   3a	   and	   glucosamine	   acceptor	   6d	   (Scheme	   8)	   with	   only	   half	   the	   amount	   of	  

promoter	  previously	  used.	   The	  activation	  was	  achieved	   in	   similar	   times	   (Table	   1	   entry	  

12).	   The	   donor	   was	   completely	   consumed	   and	   the	   yield	   was	   also	   comparable	   to	   the	  

earlier	   trial.	   These	   trials	   show	   that	   a	   less	   than	   stoichiometric	   amount	   of	   promoter	   5	  

(≤0.7	  equiv.)	  is	  sufficient	  for	  complete	  activation.	  	  

Entry Promoter
Equivalence

Isolated
Yield [%][a]

1
2

3
4

1
0.7

0.5
0.3

86
82

76
68

Reaction conditions: donor, acceptor (1 equiv.), RT, CH2Cl2, 1 h
[a] Yield after silica gel chromatography
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Scheme	  8.	  Glycosylation	  with	  donor	  1a	  and	  acceptor	  6d	  

2.2.6. Control	  experiments	  

The	  two	  common	  oxidation	  states	  for	  Bi	  are	  BiIII	  and	  BiV;	  the	  +3	  state	  is	  to-‐date	  

better	  known.	  For	  a	  preliminary	  investigation	  into	  the	  activity	  of	  the	  Bi	  species,	  a	  set	  of	  

control	  experiments	  (Scheme	  8)	  was	  designed.	  For	  these	  studies,	  we	  went	  back	  to	  the	  

model	   glycosylation	   of	   donor	   1b	   and	   acceptor	   6a,	   which	   was	   also	   selected	   for	   the	  

loading	   experiments.	   To	   have	   a	   consistent	   comparison	   of	   the	   reactivity	   with	   the	  

previous	   study	   (Table	   2),	   the	   monitoring	   of	   the	   reaction	   was	   also	   done	   after	   1	   h	   of	  

reaction	  time.	  At	  first,	  a	  trial	  glycosylation	  using	  only	  Ph3Bi	  [Scheme	  8,	  (a)]	  as	  a	  promoter	  

was	  performed.	  However,	  no	  change	  in	  the	  reaction	  mixture	  or	  formation	  of	  product	  at	  

1	   h	   or	   even	   after	   an	   overnight	   reaction	   time	  was	   observed.	   The	   next	   trial	   was	   a	   1:2	  

mixture	  of	  Ph3Bi	  and	  triflic	  acid	  (TfOH)	  as	  an	  activator	  [Scheme	  8,	  (b)],	  which	  resembles	  

the	   composition	   of	   the	   promoter	   [Ph3Bi(OTf)2].	   Product	   formation	   again	   was	   not	  

observed,	   although	   a	   slow	   anomerization	   of	   the	   β-‐galactosyl	   donor	   was	   seen,	   likely	  

owing	  to	  the	  presence	  of	  the	  strong	  acid,	  TfOH.	  Examining	  the	  reaction	  over	  time,	  the	  

O
BnO

HO
BnO O

NPhth

CH2Cl2, rt, 0.33 h

O

BnO

OBn

SPr

O
BnO

O
BnO O

NPhthO

BnO

OBn
OBn

OBn

5 (0.5 equiv)

Donor consumption = 100%
Isolated yield = 76%

3a

6d

3a6d

α/β 3.5:1

+
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donor	  was	  hydrolyzed	  completely	  without	  any	  formation	  of	  desired	  product.	  This	  result	  

led	  to	  the	  inference	  that	  Bi	  in	  the	  BiV	  state	  is	  necessary;	  it	  is	  not	  a	  mixture	  of	  Ph3Bi	  and	  

TfOH	  performing	  the	  activation.	  

	  

Scheme	   9.	   Control	   studies	   with	  model	   glycosylation	   of	   donor	  1b	   and	   acceptor	   6a.	   Reaction	   conditions:	  

donor,	  acceptor,	  promoter	  (1	  equiv.)	  (a)–(c)	  CH2Cl2,	  RT;	  (d)	  CH3CN,	  RT	  

Next,	  the	  activity	  of	  TfOH	  [Scheme	  9,	  (c)]	  as	  a	  promoter	  in	  thioglycoside	  activation	  

was	   tested.	   The	   donor	   anomerized	   slightly	   faster,	   indicating	   that	   previously	   the	  

reactivity	  of	  TfOH	  was	  slowed	  perhaps	  in	  association	  with	  Ph3Bi.	  The	  hydrolyzed	  donor	  

was	  also	  found	  to	  be	  the	  major	  product	  after	  an	  overnight	  reaction.	  Finally,	  another	  BiIII	  

compound	   (Ph2BiOTf)24	   was	   checked	   for	   its	   reactivity,	   as	   it	   resembles	   the	   promoter	  

[Ph3Bi(OTf)2].	  The	  mechanistic	  pathway	  of	  the	  activation	  is	  still	  unclear	  and	  is	  currently	  

under	   study,	   yet	   the	   soft	   Lewis	  acidity	  of	   the	  Bi	   compound	  can	  be	   imagined	   to	  play	  a	  

pivotal	  role.	  The	  glycosylation	  [Scheme	  9,	   (d)]	  was	  closely	  monitored	  but	  no	  formation	  

of	  our	  desired	  product	  was	  seen	  in	  1	  h.	  After	  an	  overnight	  observation,	  the	  β-‐galactosyl	  

donor	  was	  noticed	   to	  be	  anomerizing	   to	   the	  α-‐anomer,	   yet	   still	   no	  product	   formation	  

O
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was	  seen.	  However,	  the	  donor	  was	  not	  seen	  hydrolyzing	  in	  this	  case.	  Considering	  all	  of	  

the	   results	   above,	  we	   can	   assume	   that	   bismuth(V)	   is	   responsible	   for	   the	   activation	   of	  

thioglycosides	   rather	   than	   bismuth(III).	   Previously	   BiV	   has	   seen	   used	   in	   oxidation	   and	  

some	  addition	  reactions,	  particularly	  phenylation.	  David	  and	  Thieffry	  et	  al	  also	  tried	  to	  

selectively	  oxidize	  carbohydrate	  alcohols	  with	  Ph3Bi(OAc)2,	  which	  incidentally	  is	  the	  first	  

example	   of	   BiV	   in	   carbohydrate	   chemistry.25	   Nonetheless,	   formation	   of	   such	   addition	  

products	   was	   not	   observed	   with	   the	   thioglycosyl	   donors	   or	   glycosyl	   acceptors	   under	  

consideration.	  

2.3. CONCLUSION	  

In	   summary,	   the	   first	   demonstration	   of	   the	   catalytic	   utility	   of	   a	   pentavalent	   bismuth	  

complex,	   specifically	   Ph3Bi(OTf)2,	   has	   been	   shown	   in	   the	   context	   of	   a	   thioglycoside	  

activation	  reaction.	  This	  new	  promoter	  has	  shown	  distinct	  advantages	  over	  most	  current	  

thioglycoside	   activators,	   namely	   high	   solubility,	   air/light	   stability	   and	   a	   long	   shelf	   life.	  

Most	   importantly,	   this	  promoter	  can	  activate	  thioglycosides	  with	  as	   little	  as	  0.5	  equiv.	  

and	  at	   room	  temperatures.	  The	  scope	  of	   reactivity	  was	  studied	  with	  a	  wide	  variety	  of	  

sugar	  donors	  carrying	  diverse	  protecting	  groups	  and	  products	  were	  seen	  to	  form	  in	  good	  

to	   excellent	   yields.	   The	   diastereoselectivity	   of	   the	   products	   seem	   to	   follow	   trends	  

reported	  in	  literature.	  Unexpectedly,	  the	  activation	  was	  found	  to	  be	  uniquely	  related	  to	  

pentavalent	   and	   not	   trivalent	   bismuth,	   a	   fact	   that	   should	   spur	   additional	   work	   in	  

developing	  the	  chemistry	  of	  this	  relatively	  nontoxic	  metal.	  
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2.4.	   EXPERIMENTAL	  SECTION	  

Air-‐	   and	  moisture-‐sensitive	   reactions	  were	   carried	   out	   in	   oven-‐dried	   or	   flame-‐

dried	   glassware,	   septum-‐capped	   under	   atmospheric	   pressure	   of	   argon.	   Commercially	  

available	   compounds	  were	   used	  without	   further	   purification	   unless	   otherwise	   stated.	  

Air-‐	  and	  moisture-‐sensitive	  liquids	  and	  solutions	  were	  transferred	  via	  syringe	  or	  stainless	  

steel	  cannula.	  All	  saccharides	  and	  promoters	  were	  pre-‐treated	  by	  azeotropic	  removal	  of	  

water	  using	  toluene.	  Flash	  silica	  gel	  column	  chromatography	  was	  performed	  employing	  

Silica	  Gel	  60	  Sorbent	  (40-‐63	  μm,	  230-‐400	  mesh).	  Thin–layer	  chromatography	  (analytical)	  

was	  performed	  using	  glass	  plates	  pre-‐coated	  to	  a	  depth	  of	  0.25	  mm	  detected	  under	  UV	  

light	  and	  by	   spraying	   the	  plates	  with	  a	  0.02	  M	  solution	  of	   resorcinol	   in	  20%	  ethanolic	  

H2SO4	  solution	  followed	  by	  heating.	  

2.4.1. Instrumentation	  

Proton	  (1H)	  NMR,	  carbon	  (13C)	  NMR	  and	  fluorine	  (19F)	  spectra	  were	  recorded	  on	  

a	   600	  MHz,	   125	  MHz	   and	   565	  MHz	   instrument	   respectively	   using	   the	   residual	   signals	  

from	  chloroform	  (CDCl3),	  7.26	  ppm	  and	  77.0	  ppm,	  and	  acetonitrile	   (CD3CN),	  1.94	  ppm	  

and	   118.69	   ppm,	   1.39	   ppm,	   as	   internal	   references	   for	   1H	   and	   13C	   chemical	   shifts	   (δ)	  

respectively.	  Trifluoroacetic	  acid	  (CF3COOH)	  with	  δ	  −76.55	  ppm	  was	  used	  as	  an	  external	  

reference	  for	  19F	  NMR.	  ESI-‐HRMS	  mass	  spectrometry	  was	  carried	  out	  on	  an	  Agilent	  6540	  

QTOF.	  X-‐ray	  crystallography	  was	  done	  on	  a	  Bruker	  APEX2	  CCD	  System.	  Optical	  rotations	  

were	  measured	   at	   20	   °C	   using	   an	   automatic	   polarimeter	   AP300.	  Melting	   points	  were	  

recorded	  in	  capillary	  tubes	  on	  a	  Digimelt	  SRS.	  
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2.4.2. Synthetic	  protocols	  and	  characterization	  of	  new	  compounds	  

Preparation	  of	  	  triphenyl	  bismuth	  ditriflate	  (5):	  

	  

To	   a	   solution	   of	   426	   (2.3	   g,	   4.1	   mmol)	   in	   anhydrous	   dichloromethane	   (20	   mL),	  

trifluoromethane	  sulfonic	  acid	   (TfOH,	  1.2	  g,	  8.2	  mmol)	  was	  added	  dropwise	  at	  −78	  °C.	  

The	   reaction	  was	   stirred	   at	   ambient	   temperature	   for	   12	   h.	   The	   solvent	  was	   removed	  

under	  reduced	  pressure	  to	  obtain	  a	  pale	  white	  crude	  solid.	  Upon	  recrystallization	  with	  a	  

1:1	   mixture	   of	   dichloromethane	   and	   hexanes,	   colorless	   transparent	   crystals	   of	   the	  

desired	  BiV	  compound	  5	  (2.8	  g,	  3.7	  mmol,	  92%)	  were	  obtained;	  m.p.	  165-‐166	  °C	  (dec);	  1H	  

NMR	  (600	  MHz,	  [D-‐1]	  CDCl3,	  25	  °C,	  TMS)	  δ	  8.14	  (d,	  J	  =	  7.9	  Hz,	  6H;	  H-‐1	  Ph),	  7.91	  (t,	  J	  =	  7.8	  

Hz,	  6H;	  H-‐2	  Ph	  ),	  7.73	  (t,	  J	  =	  7.5	  Hz,	  3H;	  H-‐3	  Ph);	  13C	  NMR	  (151	  MHz,	  [D-‐1]	  CDCl3,	  25	  °C,	  

TMS)	  δ	  155.56	  (3C;	  Bi-‐C,	  C-‐1	  CPh)	  134.78,	  134.02,	  133.53	  (9C;	  C-‐2,3,4	  CPh),	  119.76,	  117.65	  

(2C;	  CF3);	  19F	  NMR	  (565	  MHz,	  CDCl3,	  ext.	  std.	  CF3COOH)	  δ	  -‐77.53	  (6F,	  OSO2CF3).	  

X-‐ray	  structure	  and	  data	  

CCDC	  937346	   contains	   the	   supplementary	   crystallographic	   data	   for	   Ph3Bi(OTf)2.	   These	  

data	  can	  be	  obtained	  free	  of	  charge	  from	  The	  Cambridge	  Crystallographic	  Data	  Centre	  

via	  www.ccdc.cam.ac.uk/data_request/cif.	  

Bi
3

OTf
OTf

5
C20H15BiF6O6S2
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Standard	  procedure	  for	  preparation	  of	  thiopropyl	  glycosides	  

A	   0.50	  M	   solution	   of	   glycosyl	   acetate	   donor	   (1.0	   equiv.)	   and	   propanethiol	   (PrSH,	   1.3	  

equiv.)	   were	   stirred	   for	   0.5	   h	   in	   anhydrous	   dichloromethane	   at	   0	   °C.	   Then,	   boron	  

trifluoride	  dietherate	  (BF3⋅OEt2,	  1.5	  equiv.)	  was	  added	  dropwise	  to	  the	  reaction	  mixture	  

and	  it	  was	  stirred	  over	  an	  ice	  bath	  (0–5	  °C)	  until	  consumption	  of	  the	  starting	  donor	  was	  

seen	  by	  TLC.	  The	  reaction	  was	  quenched	  with	  excess	  triethylamine,	  diluted	  with	  CH2Cl2,	  

filtered,	   and	  washed	   sequentially	  with	   2	  M	   aqueous	  HCl,	   saturated	   aqueous	  NaHCO3,	  

and	   water.	   The	   organic	   layer	   was	   dried	   over	   MgSO4,	   concentrated	   under	   reduced	  

pressure	   at	   40	   °C,	   and	   the	   resulting	   residue	   was	   purified	   by	   silica	   gel	   column	  

chromatography.	  

n-‐Propyl-‐2,3,4,6-‐tetra-‐O-‐acetyl-‐1-‐thio-‐β-‐D-‐galactopyranoside	  (1a)	  	  

	  

The	   donor	   127	   (2.5	   g,	   6.4	  mmol)	   with	   PrSH	   (0.63	   g,	   8.3	  mmol)	   were	   reacted	   and	   the	  

reaction	   mixture	   was	   purified	   by	   flash	   silica	   gel	   column	   chromatography	   (Ethyl	  

acetate:hexanes,	  1:3)	  to	  give	  1a28	  (2.0	  g,	  4.8	  mmol)	  as	  a	  white	  solid;	  m.p.	  80.2–81.5	  °C;	  

Rf	  0.48	  (Ethyl	  acetate:hexanes	  1:3);	  [α]D	  +	  83.3	  cm
3	  g-‐1dm-‐1	  (c	  0.12	  g	  cm-‐3,	  CHCl3;	  

1H	  NMR	  

(600	  MHz,	  [D-‐1]	  CDCl3,	  25	  oC,	  TMS)	  δ	  =	  5.41	  (d,	  J=7.0,	  1H;	  H-‐1),	  5.21	  (t,	  J=10.0,	  1H;	  H-‐4),	  

5.02	   (dd,	   J=10.0,	  3.4,	  1H;	  H-‐2),	  4.46	   (d,	   J=10.0,	  1H;	  H-‐3),	  4.11	   (ddd,	   J=11.3,	  6.7,	  2H;	  H-‐

O
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6a,6b),	  3.91	  (td,	  J=6.9,	  1.4,	  1H;	  H-‐5),	  2.72	  –	  2.57	  (m,	  2H;	  SCH2CH2CH3),	  2.13,	  2.04,	  2.03,	  

1.96	   (4s,	   12H;	   24×CH3C=O)	   1.64	   (dt,	   J=14.6,	   7.4,	   2H;	   SCH2CH2CH3),	   0.97	   (t,	   J=7.4,	   3H;	  

SCH2CH2CH3);	   	   13C	  NMR	   (151	  MHz,	   [D-‐1]	  CDCl3,	   25	   oC,	   TMS)	  δ	  170.46,	   170.32,	   170.16,	  

169.66	  (4C;	  C=O),	  84.38	  (1C;	  C-‐1),	  74.47	  (1C;	  C-‐2),	  72.03	  (2C;	  C-‐3),	  67.41	  (1C;	  C-‐4),	  67.38	  

(1C;	   C-‐5),	   61.57	   (1C;	   C-‐6ab),	   32.45	   (1C;	   SCH2CH2CH3),	   23.21	   (1C;	   SCH2CH2CH3),	   20.92,	  

20.78,	  20.77,	  20.70	   (4C;	  CH3C=O),	  13.50	   (1C;	  SCH2CH2CH3);	  HRMS	   (ESI-‐QTOF)	  m/z	  calc.	  

for	  C17H26O9	  SNa+	  	  429.1195	  	  found	  	  420.1200.	  

n-‐Propyl-‐2,3,4,6-‐tetra-‐O-‐acetyl-‐1-‐thio-‐β-‐D-‐glucopyranoside	  (2a)	  	  

	  

The	   donor	   229	   (2.3	   g,	   5.9	  mmol)	   with	   PrSH	   (0.58	   g,	   7.6	  mmol)	   were	   reacted	   and	   the	  

reaction	   mixture	   was	   purified	   by	   silica	   gel	   column	   chromatography	   (Ethyl	  

acetate:hexanes,	  1:3)	  to	  give	  2a30	  (1.9	  g,	  4.6	  mmol)	  as	  a	  white	  solid;	  m.p.	  83.2–84.1	  °C;	  

Rf	  0.39	  (Ethyl	  acetate:hexanes	  1:3);	  [α]D	  +58.8	  cm
3	  g-‐1dm-‐1	  (c	  0.17	  g	  cm-‐3,	  CHCl3);	  

1H	  NMR	  

(600	  MHz,	  [D-‐1]	  CDCl3,	  25	  oC,	  TMS)	  δ	  =	  5.19	  (t,	  J=9.4,	  1H;	  H-‐2),	  5.05	  (t,	  J=9.8,	  1H;	  H-‐3),	  

5.00	   (t,	   J=9.7,	  1H;	  H-‐4),	  4.46	   (d,	   J=10.1,	  1H;	  H-‐1),	  4.21	   (dd,	   J=12.3,	  5.0,	  1H;	  H-‐6a),	  4.11	  

(dd,	  J=12.3,	  2.4,	  1H;	  H-‐6b),	  3.70	  –	  3.66	  (m,	  1H;	  H-‐5),	  2.69	  –	  2.55	  (m,	  2H;	  SCH2CH2CH3),	  

2.05,	  2.03,	  2.00,	  1.98	  (s,	  12H;	  4×CH3C=O),	  1.60	  (dt,	  J=15.3,	  7.7,	  2H;	  SCH2CH2CH3),	  0.96	  (t,	  

J=7.3,	  3H;	  SCH2CH2CH3);	  13C	  NMR	  (151	  MHz,	  [D-‐1]	  CDCl3,	  25	  oC,	  TMS)	  δ	  170.70,	  170.27,	  

O
AcO

OAc
OAc RT, 3.5 h, 

78%

O
AcO

OAc
SPr

C17H26O9S
(406.45)

2a2

AcO
AcO AcO

AcO

PrSH, BF3•OEt2, 
CH2Cl2



www.manaraa.com

	   43	  

169.49,	  169.46	  (4C;	  C=O),	  83.78	  (1C;	  C-‐1),	  75.93	  (1C;	  C-‐2),	  74.00	  (1C;	  C-‐3),	  70.02	  (1C;	  C-‐

4),	  68.46	  (1C;	  C-‐5),	  62.28	  (1C;	  C-‐6ab),	  32.21	  (1C;	  SCH2CH2CH3),	  23.17	  (1C;	  SCH2CH2CH3),	  

20.81,	  20.71,	  20.68	   (4C;	  CH3C=O),	  13.48	   (1C;	  SCH2CH2CH3);	  HRMS	   (ESI-‐QTOF)	  m/z	  calc.	  

for	  C17H26O9	  SNa+	  	  429.1195	  	  found	  	  420.1196.	  

n-‐Propyl-‐2,3,4-‐tri-‐O-‐benzyl-‐1-‐thio-‐α-‐L-‐fucopyranoside	  (3a)	  

	  

The	   donor	  331	   (1.2	   g,	   2.5	  mmol)	   with	   PrSH	   (0.25	   g,	   3.3	  mmol)	   were	   reacted	   and	   the	  

reaction	   mixture	   was	   purified	   by	   silica	   gel	   column	   chromatography	   (Ethyl	  

acetate:hexanes,	   1:4)	   to	   give	   3a	   (0.88	   g,	   4.6	   mmol)	   as	   a	   yellow	   oil;	   Rf	   0.86	   (Ethyl	  

acetate:hexanes	  1:3),	  [α]D	  -‐105.2	  cm3	  g-‐1dm-‐1	  (c	  0.13	  g	  cm-‐3,	  CHCl3);	  1H	  NMR	  (600	  MHz,	  

[D-‐3]	  CD3CN,	  25	  oC,	  TMS)	  δ	  =	  7.39	  –	  7.28	  (m,	  15H;	  PhCH2O),	  5.53	  (d,	  J=3.9,	  1H;	  H-‐1),	  4.87	  

(d,	   J=11.6,	   1H;	   PhCH2O),	   4.74	   (s,	   2H;	   PhCH2O),	   4.71	   (d,	   J=11.6,	   1H;	   PhCH2O),	   4.59	   (d,	  

J=11.3,	  2H;	  PhCH2O),	  4.21	  –	  4.15	  (m,	  1H;	  H-‐5),	  4.10	  (dd,	  J=10.0,	  5.5,	  1H;	  H-‐2),	  3.80	  (dd,	  

J=3.1,	   1.2,	   1H;	   H-‐3),	   3.74	   (dd,	   J=10.0,	   3.0,	   1H;	   H-‐4),	   2.49	   (ddd,	   J=12.9,	   7.8,	   6.7,	   2H;	  

SCH2CH2CH3),	   1.61	   (tq,	   J=14.0,	   7.2,	   2H;	   SCH2CH2CH3),	   1.16	   (d,	   J=6.5,	   3H;	   CH3),	   0.98	   (t,	  

J=7.3,	  3H;	  SCH2CH2CH3);	  13C	  NMR	  (151	  MHz,	  [D-‐3]	  CD3CN,	  25	  oC,	  TMS)	  δ	  129.10,	  129.08,	  

129.02,	  128.88,	  128.68,	  128.40,	  128.37,	  128.32,	  128.24	  (15C;	  CPh),	  84.12	  (1C;	  C-‐1),	  80.10	  

(1C;	  C-‐4),	  78.75	  (1C;	  C-‐3),	  76.51	  (1C;	  C-‐2),	  75.79,	  73.08,	  72.31	  (3C;	  PhCH2O),	  67.40	  (1C;	  C-‐
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5),	   32.02	   (1C;	   SCH2CH2CH3),	   23.61	   (1C;	   SCH2CH2CH3),	   16.78	   (1C;	   CH3),	   13.66	   (1C;	  

SCH2CH2CH3);	  HRMS	  (ESI-‐QTOF)	  m/z	  calc.	  for	  C30H36O4	  SNa+	  	  515.2227	  found	  515.2218.	  

n-‐Propyl-‐2,3,4,6-‐tetra-‐O-‐benzyl-‐1-‐thio-‐β-‐D-‐galactopyranoside	  (1b)	  

	  

To	   a	   solution	   of	  1a	   (1.2	   g,	   2.9	  mmol)	   in	   30	  mL	   anhydrous	   (MeOH),	   0.50	  mL	   of	   0.5	  N	  

sodium	  methoxide	  (freshly	  prepared	  by	  dissolving	  sodium	  in	  anhydrous	  methanol)	  was	  

added.	  The	  reaction	  mixture	  was	  stirred	  at	  room	  temperature	  for	  1	  h,	  neutralized	  with	  

Dowex	  50WX8	   (H+)	   cation	  exchange	   resin	   and	   filtered.	   The	  methanol	  was	   removed	   in	  

vacuo	  and	  trace	  methanol	  or	  water	  was	  removed	  by	  co-‐evaporation	  with	  toluene	  (3	  x	  5	  

mL).	  	  The	  crude	  product	  (0.63	  g,	  2.6	  mmol)	  was	  used	  directly	  in	  the	  next	  step	  and	  mixed	  

in	  10	  mL	  anhydrous	  DMF.	  To	  the	  solution,	  NaH	  was	  added	  (0.63	  g,	  26	  mmol)	  at	  0	  °C	  and	  

left	  to	  stir	   for	  20	  min.	  Then,	  BnBr	  (2.7	  g,	  16	  mmol)	  was	  added	  to	  the	  reaction	  mixture	  

and	   was	   stirred	   for	   22	   h,	   until	   consumption	   of	   starting	   material.	   The	   reaction	   was	  

quenched	  with	  MeOH,	  diluted	  with	  CH2Cl2,	   filtered,	  and	  washed	  sequentially	  with	  2	  M	  

aqueous	  HCl,	  saturated	  aqueous	  NaHCO3,	  and	  water.	  The	  organic	   layer	  was	  dried	  over	  

MgSO4,	  concentrated	  under	  reduced	  pressure	  at	  40	  °C,	  and	  the	  residue	  was	  purified	  by	  

silica	   gel	   column	   chromatography	   (Ethyl	   acetate:hexanes,	   1:6)	   to	   obtain	   a	   pale	   white	  

solid	  1b	   (1.4	   g,	   2.3	  mmol);	  m.p.	   79.0-‐79.4	   °C;	   Rf	  0.84	   (Ethyl	   acetate:hexanes	  1:3),	   [α]D	  

O
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+71.4	  cm3	  g-‐1dm-‐1	  (c	  0.14	  g	  cm-‐3,	  CHCl3);	  
1H	  NMR	  (600	  MHz,	  [D-‐1]	  CDCl3,	  25	  oC,	  TMS)	  δ	  =	  

7.36	  –	  7.26,	  7.25	  –	  7.18	  (2m,	  20H;	  PhCH2O),	  4.90	  (d,	  J=11.7,	  1H;	  PhCH2O),	  4.83	  (d,	  J=10.2,	  

1H;	   PhCH2O),	   4.74	   (d,	   J=10.2,	   1H;	   PhCH2O),	   4.67	   (s,	   2H;	   PhCH2O),	   4.56	   (d,	   J=11.7,	   1H;	  

PhCH2O),	   4.40	   (d,	   J=11.7,	   1H;	   PhCH2O),	   4.36	   (d,	   J=8.9,	   1H;	  H-‐1),	   4.34	   (s,	   1H;	   PhCH2O),	  

3.90	  (d,	  J=2.8,	  1H;	  H-‐2),	  3.77	  (t,	  J=9.5,	  1H;	  H-‐3),	  3.54	  (dd,	  J=6.3,	  2.9,	  2H;	  H-‐4,5),	  3.53	  –	  

3.48	  (m,	  2H;	  H-‐6ab),	  2.77	  –	  2.43	  (m,	  2H;	  SCH2CH2CH3),	  1.68	  –	  1.54	  (m,	  2H;	  SCH2CH2CH3),	  

0.93	  (t,	  J=7.3,	  3H;	  SCH2CH2CH3);	  13C	  NMR	  (151	  MHz,	  [D-‐1]	  CDCl3,	  25	  oC,	  TMS)	  δ	  138.91,	  

138.53,	  138.46,	  138.03	  (4C;	  4×C-‐1'	  CPh),	  128.59,	  128.55,	  128.44,	  128.30,	  128.13,	  128.04,	  

127.93,	   127.85,	   127.76,	   127.67	   (20C;	  CPh),	   85.68	   (1C;	  C-‐1),	   	   84.26,	   78.65,	   75.93,	   74.54	  

(4C;	  PhCH2O),	  73.73	  (1C;	  C-‐2),	  73.70	  (1C;	  C-‐3),	  72.88	  (1C;	  C-‐3),	  68.98	  (1C;	  C-‐4),	  32.89	  (1C;	  

SCH2CH2CH3),	   23.44	   (1C;	   SCH2CH2CH3),	   13.72	   (1C;	   SCH2CH2CH3);	   HRMS	   (ESI-‐QTOF)	  m/z	  

calc.	  for	  C37H42O5	  SEt3NH+	  	  700.4035	  found	  700.4022,	  m/z	  calc.	  for	  C37H42O5Na+	  621.2645	  

found	  621.2638.	  

n-‐Propyl-‐2,3,4,6-‐tetra-‐O-‐benzyl-‐1-‐thio-‐β-‐D-‐glucopyranoside	  (2b)	  

	  

To	   a	   solution	   of	  2a	   (0.90	   g,	   2.2	  mmol)	   in	   30	  mL	   anhydrous	   (MeOH),	   0.5	  mL	   of	   0.5	  N	  

sodium	  methoxide	  (freshly	  prepared	  by	  dissolving	  sodium	  in	  anhydrous	  methanol)	  was	  

added.	  The	  reaction	  mixture	  was	  stirred	  at	  room	  temperature	  for	  1	  h,	  neutralized	  with	  
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Dowex	  50WX8	   (H+)	   cation	  exchange	   resin	   and	   filtered.	   The	  methanol	  was	   removed	   in	  

vacuo	  and	  trace	  methanol	  or	  water	  was	  removed	  by	  co-‐evaporation	  with	  toluene	  (3	  x	  5	  

mL).	  	  The	  crude	  product	  (0.49	  g,	  2.1	  mmol)	  was	  used	  directly	  in	  the	  next	  step	  and	  mixed	  

in	  10	  mL	  anhydrous	  DMF.	  To	  the	  solution,	  NaH	  was	  added	  (0.49	  g,	  21	  mmol)	  at	  0	  °C	  and	  

left	  to	  stir	   for	  20	  min.	  Then,	  BnBr	  (2.1	  g,	  12	  mmol)	  was	  added	  to	  the	  reaction	  mixture	  

and	   was	   stirred	   for	   22	   h,	   until	   consumption	   of	   starting	   material.	   The	   reaction	   was	  

quenched	  with	  MeOH,	  diluted	  with	  CH2Cl2,	   filtered,	  and	  washed	  sequentially	  with	  2	  M	  

aqueous	  HCl,	  saturated	  aqueous	  NaHCO3,	  and	  water.	  The	  organic	   layer	  was	  dried	  over	  

MgSO4,	  concentrated	  under	  reduced	  pressure	  at	  40	  °C,	  and	  the	  residue	  was	  purified	  by	  

silica	   gel	   column	   chromatography	   (Ethyl	   acetate:hexanes,	   1:6)	   to	   obtain	   a	   pale	   white	  

solid	  2b32	  (1.0	  g,	  2.3	  mmol);	  m.p.	  81.0–82.2	  °C;	  Rf	  0.81	  (Ethyl	  acetate:hexanes	  1:3),	  [α]D	  

+71.4	  cm3	  g-‐1dm-‐1	  (c	  0.09	  g	  cm-‐3,	  CHCl3);	  
1H	  NMR	  (600	  MHz,	  [D-‐3]	  CD3CN,	  25	  oC,	  TMS)	  δ	  =	  

7.43	  –	  7.17	   (m,	  20H;	  PhCH2O),	  4.86	   (dd,	   J=10.9,	  1.7,	  2H;	  PhCH2O),	  4.82	   (d,	   J=11.1,	  1H;	  

PhCH2O),	  4.78	  (d,	  J=11.0,	  1H;	  PhCH2O),	  4.73	  (d,	  J=10.6,	  1H;	  PhCH2O),	  4.57	  (d,	  J=7.4,	  1H;	  

H-‐1),	   4.57	   (d,	   J=17.0,	   1H;	   PhCH2O),	   4.52	   (d,	   J=12.0,	   1H;	   PhCH2O),	   4.48	   (d,	   J=9.8,	   1H;	  

PhCH2O),	  3.72	  (dd,	  J=11.0,	  1.9,	  1H;	  H-‐2),	  3.65	  (m,	  2H;	  H-‐6ab),	  3.53	  (dd,	  J=9.8,	  8.8,	  1H;	  H-‐

3),	  3.47	  (ddd,	  J=9.9,	  4.7,	  1.9,	  1H;	  H-‐5),	  3.37	  (dd,	  J=9.8,	  8.7,	  1H;	  H-‐4),	  2.69	  (ddd,	  J=12.7,	  

7.8,	   6.7,	   2H;	   SCH2CH2CH3),	   1.74	   –	   1.59	   (m,	   2H;	   SCH2CH2CH3	   ),	   0.98	   (t,	   J=7.3,	   3H;	  

SCH2CH2CH3);	   13C	  NMR	   (151	  MHz,	   [D-‐3]	   CD3CN)	   δ	   139.89,	   139.57,	   139.55,	   139.54	   (4C;	  

4×C-‐1'	   CPh),	   129.30,	   129.25,	   129.19,	   128.96,	   128.88,	   128.78,	   128.73,	   128.57,	   128.52,	  

128.46	  (20C;	  CPh),	  87.20	  (1C;	  C-‐1),	  85.68,	  82.65,	  79.46,	  79.01(4C;	  PhCH2O),	  76.10(1C;	  C-‐

2),	   75.65(1C;	   C-‐3),	   75.48	   (1C;	   C-‐3),	   73.78	   (1C;	   C-‐4),	   70.10	   (1C;	   C-‐5),	   33.31	   (1C;	  
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SCH2CH2CH3),	   24.12	   (1C;	   SCH2CH2CH3),	   13.74	   (1C;	   SCH2CH2CH3);	   HRMS	   (ESI-‐QTOF)	  m/z	  

calc.	  for	  C37H42O5SEt3NH+	  	  700.4035	  found	  700.4013,	  m/z	  calc.	  for	  C37H42O5Na+	  621.2645	  

found	  621.2637.	  

General	  procedure	  for	  thioglycoside	  activation	  

A	  0.50	  M	  solution	  of	   thioglycoside	  donor	   (1.0	  equiv.)	   and	  acceptor	   (0.90	  equiv.)	  were	  

stirred	  together	  in	  anhydrous	  dichloromethane	  (CH2Cl2)	  for	  0.5	  h	  in	  a	  flask	  filled	  with	  Ar	  

at	  room	  temperature.	  To	  it	  a	  solution	  of	  the	  promoter	  (1.0	  equiv.)	  in	  anhydrous	  CH2Cl2	  

was	   added	   and	   the	   reaction	  was	   stirred	   at	   room	   temperature	   till	   the	   consumption	  of	  

donor	  was	   seen	   by	   TLC.	   The	   reaction	  was	   then	   quenched	  with	   triethylamine,	   filtered	  

through	   a	   Celite	   pad,	   concentrated	   under	   vacuum	   and	   purified	   by	   silica	   gel	   column	  

chromatography.	  

Entry	  1:	  

Allyl-‐2,3,4,6-‐tetra-‐O-‐acetyl-‐1-‐O-‐D-‐galactopyranoside	  (1a6a)	  

	  

1a	  (0.030	  g,	  0.070	  mmol)	  and	  6a	  (0.0040	  g,	  0.070	  mmol)	  were	  reacted	  in	  presence	  of	  5	  

(0.054	   g,	   0.074	   mmol)	   to	   yield	   1a6a33	   (0.022	   g,	   0.058	   mmol)	   as	   a	   white	   gel	   after	  

purification	  by	   silica	   gel	   column	  chromatography	   (Ethyl	   acetate:hexanes,	   1:3).	   The	   	   1H	  

NMR	  and	  13C	  NMR	  data	  matched	  those	  previously	  reported.33	  
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Entry	  2:	  

Allyl-‐2,3,4,6-‐tetra-‐O-‐benzyl-‐1-‐O-‐D-‐galactopyranoside	  (1b6a)	  

	  

1b	  (0.030	  g,	  0.050	  mmol)	  and	  6a	  (0.0030	  g,	  0.050	  mmol)	  were	  reacted	  in	  presence	  of	  5	  

(0.037	   g,	   0.050	   mmol)	   to	   yield	   1b6a34	   (0.025	   g,	   0.043	   mmol)	   as	   a	   white	   gel	   after	  

purification	  by	  silica	  flash	  column	  chromatography	  (Ethyl	  acetate:hexanes,	  1:5).	  The	  	  1H	  

NMR	  and	  13C	  NMR	  data	  matched	  those	  previously	  reported.34	  

Entry	  3	  

Allyl-‐2,3,4,6-‐tetra-‐O-‐benzyl-‐1-‐O-‐β-‐D-‐glucopyranoside	  (2b6a)	  

	  

2b	  (0.030	  g,	  0.050	  mmol)	  and	  6a	  (0.0030	  g,	  0.050	  mmol)	  were	  reacted	  in	  presence	  of	  5	  

(0.037	  g,	  0.050	  mmol)	  to	  yield	  2b6a34	   (0.020	  g,	  0.035	  mmol)	  as	  a	  pale	  yellow	  gel	  after	  

purification	  by	   silica	   gel	   column	  chromatography	   (Ethyl	   acetate:hexanes,	   1:5).	   The	   	   1H	  

NMR	  and	  13C	  NMR	  data	  matched	  those	  previously	  reported.34	  

Entry	  4:	  

Methyl-‐(2',3',4',6'-‐tetra-‐O-‐acetyl-‐D-‐galactopyranosyl)-‐(1à6)-‐2,3,4-‐tri-‐O-‐benzyl-‐α-‐D-‐

glucopyranoside	  (1a6b)	  

O

OBn

BnO
OBn

SPr

BnO

HO O

OBn

BnO
OBn O

BnO

1 h, 86%

1b 6a 1b6a

5, CH2Cl2+

O
BnO

BnO
BnO

OBn

SPr HO 3 h, 69%

6a

O
BnO

BnO
BnO

OBn O

2b 2b6a

5, CH2Cl2+
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1a	  (0.030	  g,	  0.074	  mmol)	  and	  6b35	  (0.031	  g,	  0.066	  mmol)	  were	  reacted	  in	  presence	  of	  5	  

(0.054	   g,	   0.074	   mmol)	   to	   yield	   1a6b36	   (0.031	   g,	   0.039	   mmol)	   as	   a	   white	   foam	   after	  

purification	  by	   silica	   gel	   column	  chromatography	   (Ethyl	   acetate:hexanes,	   1:3).	   The	   	   1H	  

NMR,	  13C	  NMR,	  HRMS	  data	  matched	  those	  previously	  reported.36	  

Entry	  5:	  

Methyl-‐(2',3',4',6'-‐tetra-‐O-‐benzyl-‐D-‐galactopyranosyl)-‐(1à6)-‐2,3,4-‐tri-‐O-‐benzyl-‐α-‐D-‐

glucopyranoside	  (1b6b)	  

	  

1b	   (0.035	  g,	  0.058	  mmol)	  and	  6b	   (0.024	  g,	  0.052	  mmol)	  were	  reacted	  in	  presence	  of	  5	  

(0.043	  g,	  0.058	  mmol)	  to	  yield	  1b6b37	   (0.047	  g,	  0.047	  mmol)	  as	  a	  pale	  yellow	  gel	  after	  

purification	  by	   silica	   gel	   column	  chromatography	   (Ethyl	   acetate:hexanes,	   1:4).	   The	   	   1H	  

NMR,	  13C	  NMR,	  HRMS	  data	  matched	  those	  previously	  reported.37	  
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Entry	  6:	  

Methyl-‐(2',3',4',6'-‐tetra-‐O-‐benzyl-‐D-‐glucopyranosyl)-‐(1à6)-‐2,3,4-‐tri-‐O-‐benzyl-‐α-‐D-‐

glucopyranoside	  (2b6b)	  

	  

2b	   (0.035	  g,	  0.058	  mmol)	  and	  6b	   (0.024	  g,	  0.052	  mmol)	  were	  reacted	  in	  presence	  of	  5	  

(0.043	  g,	  0.058	  mmol)	  to	  yield	  2b6b36	  (0.045	  g,	  0.045	  mmol)	  as	  a	  pale	  yellow	  foam	  after	  

purification	  by	   silica	   gel	   column	  chromatography	   (Ethyl	   acetate:hexanes,	   1:4).	   The	   	   1H	  

NMR	  and	  13C	  NMR	  data	  matched	  those	  previously	  reported.36	  

Entry	  7:	  	  

Methyl-‐(2',3',4'-‐tri-‐O-‐benzyl-‐L-‐fucopyranosyl)-‐(1à6)-‐2,3,4-‐tri-‐O-‐benzyl-‐α-‐D-‐

glucopyranoside	  (3a6b)	  

	  

3a	   (0.035	  g,	  0.071	  mmol)	  and	  6b	   (0.030	  g,	  0.064	  mmol)	  were	  reacted	  in	  presence	  of	  5	  

(0.052	   g,	   0.071	   mmol)	   to	   yield	   3a6b38	   (0.045	   g,	   0.051	   mmol)	   as	   a	   white	   solid	   after	  

purification	  by	   silica	   gel	   column	  chromatography	   (Ethyl	   acetate:hexanes,	   1:6).	   The	   	   1H	  

NMR	  and	  13C	  NMR	  data	  matched	  those	  previously	  reported.38	  
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Entry	  8:	  

Methyl-‐(2',3',4',6'-‐tetra-‐O-‐acetyl-‐D-‐galactopyranosyl)-‐(1à6)-‐2,3,4-‐tri-‐O-‐benzoyl-‐α-‐D-‐

glucopyranoside	  (1a6c)	  

	  

1a	  (0.038	  g,	  0.093	  mmol)	  and	  6c39	  (0.042	  g,	  0.084	  mmol)	  were	  reacted	  in	  presence	  of	  	  5	  

(0.069	  g,	  0.093	  mmol)	  to	  yield	  1a6c40	  (0.049	  g,	  0.059	  mmol)	  as	  a	  pale	  white	  foam	  after	  

purification	  by	   silica	   gel	   column	  chromatography	   (Ethyl	   acetate:hexanes,	   1:3).	   The	   	   1H	  

NMR,	  13C	  NMR,	  HRMS	  data	  matched	  those	  previously	  reported.40	  

Entry	  9:	  

Methyl-‐(2',3',4',6'-‐tetra-‐O-‐benzyl-‐D-‐galactopyranosyl)-‐(1à6)-‐2,3,4-‐tri-‐O-‐benzoyl-‐α-‐D-‐

glucopyranoside	  (1b6c)	  
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1b	   (0.030	  g,	  0.050	  mmol)	  and	  6c	   (0.023	  g,	  0.045	  mmol)	  were	  reacted	   in	  presence	  of	  5	  

(0.037	  g,	   0.050	  mmol)	   to	   yield	  1b6c38	   (0.037	  g,	   0.036	  mmol)	   as	   a	  pale	  white	  gel	   after	  

purification	  by	   silica	   gel	   column	  chromatography	   (Ethyl	   acetate:hexanes,	   1:3).	   The	   	   1H	  

NMR	  and	  13C	  NMR	  data	  matched	  those	  previously	  reported.38	  

Entry	  10:	  

Methyl-‐(2',3',4',6'-‐tetra-‐O-‐benzyl-‐D-‐glucopyranosyl)-‐(1à6)-‐2,3,4-‐tri-‐O-‐benzoyl-‐α-‐D-‐

glucopyranoside	  (2b6c)	  

	  

1b	   (0.030	  g,	  0.050	  mmol)	  and	  6c	   (0.023	  g,	  0.045	  mmol)	  were	  reacted	   in	  presence	  of	  5	  

(0.037	  g,	   0.050	  mmol)	   to	   yield	  2b6c41	   (0.029	  g,	   0.028	  mmol)	   as	   a	  pale	  white	  gel	   after	  

purification	  by	   silica	   gel	   column	  chromatography	   (Ethyl	   acetate:hexanes,	   1:3).	   The	   	   1H	  

NMR	  and	  13C	  NMR	  data	  matched	  those	  previously	  reported.41	  

Entry	  11:	  

Allyl-‐(2',3',4',6'-‐tetra-‐O-‐benzyl-‐D-‐galactopyranosyl)(1à4)-‐3,6-‐di-‐O-‐benzyl-‐2-‐deoxy-‐2-‐

N-‐phthalimido-‐D-‐glucopyranoside	  (1b6d)	  
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1b	  (0.035	  g,	  0.058	  mmol)	  and	  6d42	  (0.028	  g,	  0.052	  mmol)	  were	  reacted	  in	  presence	  of	  5	  

(0.043	   g,	   0.058	  mmol)	   to	   yield	   1b6d	   (0.039	   g,	   0.037	  mmol)	   as	   a	   pale	  white	   gel	   after	  

purification	   by	   silica	   gel	   column	   chromatography	   (Ethyl	   acetate:hexanes;	   1:5).	   Rf	  0.64	  

(Ethyl	  acetate:hexanes	  1:3);	  [α]D	  +71.2	  cm
3	  g-‐1dm-‐1	  (c	  0.13	  g	  cm-‐3,	  CHCl3);	  

1H	  NMR	  (600	  

MHz,	   [D-‐3]	   CD3CN,	   25	   oC,	   TMS)	   δ	   =	   7.83	   –	   7.69	   (m,	   4H;	  NPhth),	   7.43	   –	   7.21	   (m,	   26H;	  

5×PhCH2O,	  Ph(H-‐4)CH2OC-‐3),	  6.90	  –	  6.81	  (m,	  4H;	  Ph(H-‐2,3)CH2OC-‐3),	  5.71	  (ddd,	  J=16.5,	  

11.0,	  5.5,	  1H;	  OCH2CH=CH2),	  5.13	  (d,	  J=8.5,	  1H;	  H-‐1),	  5.11	  –	  4.94	  (m,	  2H;	  OCH2CH=CH2),	  

[4.84	   (d,	   J=11.4),	  4.80	  –	  4.75	   (m),	  4.74-‐4.68	   (m),	  4.3	  –	  4.51	   (m),	  9H;	  PhCH2O],	  4.50	   (d,	  

J=3.8,	  1H;	  H-‐1’),	  [4.47	  –	  	  4.45	  (2s),	  4.41	  (d,	  J=11.8),	  4.36	  (d,	  J=11.8),	  4.31	  (d,	  J=7.1),	  3H;	  

PhCH2O],	  	  4.26	  –	  4.16	  (m,	  2H;	  1×	  OCH2CH=CH2,	  H-‐4’),	  4.06	  –	  4.01	  (m,	  1H;	  H-‐2’),	  [4.00	  –	  

3.93	  (m)	   ,	  3.93	  –	  3.89	  (m),	  3.87	  (dd,	  J=10.9,	  3.8),	  4H;	  H6a’6b’,	  H-‐2,4],	  3.72	  (dd,	  J=10.9,	  

1.8,	  1H;	  1×	  OCH2CH=CH2),	  3.66	  –	  3.56	  (m,	  3H;	  H-‐3,3’,	  H6a	  ),	  3.54	  –	  3.46	  (m,	  3H;	  H-‐5,5’,	  

H6b);	   13C	   NMR	   (151	  MHz,	   [D-‐3]	   CD3CN,	   25	   oC,	   TMS)	   138.25,	   138.22,	   135.24,	   135.15,	  

135.00,	   134.97,	   132.71,	   132.51	   (10C;	  CPhth,	  CPh-‐C-‐1),	   131.26	   (1C;	  OCH2CH=CH2),	   129.21,	  

129.16,	  129.06,	  129.00,	  128.95,	  128.87,	  128.85,	  128.77,	  128.66,	  128.60,	  128.55,	  128.48,	  

128.41,	   128.38,	   128.36,	   128.31,	   128.24,	   128.13,	   127.97	   (30C;	  CPh-‐C	  2,3,4),	   124.01	   (2C;	  

CPhth),	  117.29	  (1C;	  OCH2CH=CH2),	  103.44	  (1C;	  C-‐1),	  98.36	  (1C;	  C-‐1’),	  82.84,	  80.64,	  78.07,	  

77.83	   (4C;	   C-‐2’,3’,4’,4),	   75.66,	   75.30,	   75.05,	   74.90,	   74.21,	   74.03,	   73.74,	   73.54,	   73.10,	  

72.92	   (9C;	   6×PhCH2O,	   C-‐3,5,5’),	   70.34,	   69.47,	   68.83	   (3C;	   C6a’b’,C6ab,	   OCH2CH=CH2),	  

56.53(1C;	   C-‐2);	   HRMS	   (ESI-‐QTOF)	   m/z	   calc.	   for	   C65H65NO12Et3NH+	   1153.5790	   found	  

1153.5721,	  m/z	  calc.	  for	  C65H65NO12Na+	  1074.4404	  found	  1074.4343.	  
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Entry	  12:	  

Allyl-‐(2',3',4'-‐tri-‐O-‐benzyl-‐L-‐fucopyranosyl)(1à4)-‐3,6-‐di-‐O-‐benzyl-‐2-‐deoxy-‐2-‐N-‐

phthalimido-‐D-‐glucopyranoside	  (3a6d)	  

	  

3a	   (0.030	  g,	  0.060	  mmol)	  and	  6d	   (0.028	  g,	  0.054	  mmol)	  were	  reacted	  in	  presence	  of	  5	  

(0.044	   g,	   0.060	   mmol)	   to	   yield	   3a6d	   (0.043	   g,	   0.046	   mmol)	   as	   a	   white	   foam	   after	  

purification	  by	  silica	  flash	  silica	  gel	  column	  chromatography	  (Ethyl	  acetate:hexanes,	  1:5);	  

Rf	  0.54	  (Ethyl	  acetate:hexanes	  3:1);	  [α]D	  -‐	  54.2	  cm
3	  g-‐1dm-‐1	  (c	  0.13	  g	  cm-‐3,	  CHCl3);	  

1H	  NMR	  

(600	  MHz,	  [D-‐3]	  CD3CN,	  25	  oC,	  TMS)	  δ	  =	  7.79	  –	  7.74	  (m,	  4H;	  NPhth),	  7.41	  –	  7.23	  (m,	  20H;	  

4×PhCH2O),	   6.97	   (dd,	   J=41.6,	   7.1,	   2H;	   Ph(H-‐2)CH2OC-‐3),	   6.88	   (d,	   J=7.0,	   2H;	   Ph(H-‐

1)CH2OC-‐3),	   6.74	   (d,	   J=4.2,	   1H;	   Ph(H-‐3)CH2OC-‐3),	   5.70	   (m,	   1H;	   OCH2CH=CH2),	   5.15	   (d,	  

J=8.5,	  1H;	  H-‐1β),	   5.11	   (d,	   J=8.48,	  1H;	  H-‐1'β),	   5.09	   (d,	   J=3.41,	  H-‐1α),	   5.07–4.91	   (m,	  2H;	  

OCH2CH=CH2),	  4.84	  (d,	  J=11.3,	  1H;	  H-‐1'α),	  4.80	  –	  4.69,	  4.65	  –	  4.58,	  4.55,	  4.53,	  4.5,	   (m,	  

8H;	   PhCH2O),	   4.36	   (dd,	   J=10.8,	   8.5,	   1H;	   H-‐2'),	   4.32	   –	   4.26	   (m,	   1H;	   PhCH2O)	   4.17	   (dtt,	  

J=13.3,	  5.2,	  1.6,	  1H;	  OCH2CH=CH2),	  4.17	  (d,	  J=18.2,	  1H;	  PhCH2O),	  4.01	  (dd,	  J=	  11.29,1.88,	  

1H;	   H-‐3'),	   3.97	   (ddt,	   J=11.9,	   6.1,	   1.5,	   1H;	   OCH2CH=CH2),	   3.92	   (m,	   1H;	   H-‐2)	   3.87	   (dd,	  

J=10.3,	  3.5,	  1H;	  H-‐4'	  ),	  3.82	  (m,	  1H;	  H6a6b),	  	  3.74	  (m,	  1H;	  H-‐5'),	  3.67	  (m,	  1H;	  H6a6b),	  3.56	  

(m,	  2H;	  H-‐4,5)	  3.50	  (dd,	  J=6.5,	  1.2,	  1H;	  H-‐3)	  1.18	  [(d,	  J=6.4,	  1H)-‐0.84	  (d,	  J=6.5,	  2H),	  3H;	  

CH3];	   13C	  NMR	   (151	  MHz,	   [D-‐3]	  CD3CN,	  25	   oC,	   TMS)	  δ	  140.22,	   139.99,	   139.96,	   139.87,	  
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139.11,	   139.07	   (5C;	   CPh-‐C1)	   135.40,	   135.33,	   135.07	   (4C;	   CPhth),	   132.32	   (1C;	  

OCH2CH=CH2),129.31,	   129.28,	   129.26,	   129.20,	   129.18,	   129.13,	   129.05,	   129.02,	   129.00,	  

128.94,	  128.86,	  128.69,	  128.67,	  128.61,	  128.56,	  128.54,	  128.44,	  128.33,	  128.31,	  128.27,	  

128.18	   (20C;	  CPh-‐C	  2,3,4),	  124.19,	  124.14	   (2C,	  CPhth),	  117.37	   (1C,	  OCH2CH=CH2),	  103.45	  

(1C;	   C-‐1),	   98.40,	   98.19	   (1C;	   C-‐1'),	   83.23,	   81.11,	   80.36,	   80.21	   (4C;	   C-‐2',3',4',4),	   79.71,	  

78.76,	  78.14,	  76.11,	  75.71,	  75.59,	  75.57,	  74.56,	  73.76,	  72.90	  (5C;	  PhCH2O),	  71.32,	  70.77,	  

70.48,	  70.46,	  69.84,	  67.78	  (4C;	  C-‐3,5,6,	  OCH2CH=CH2	  ),	  57.04	  (1C;	  C-‐2')	  16.92,	  16.76	  (1C;	  

CH3);	   HRMS	   (ESI-‐QTOF)	  m/z	   calc.	   for	   C58H59	  N2O11Et3NH+	   	  1047.5370	   found	   1047.5400,	  

m/z	  calc.	  for	  C58H59	  N2O11Na+	  968.3985	  found	  968.3994.	  

Promoter	  equivalence	  studies	  (Table	  2)	  

A	   0.5	   M	   solution	   of	   thioglycoside	   donor	   1b	   (0.030	   g,	   0.050	   mmol)	   and	   acceptor	   6a	  

(0.0029	  g,	  0.050	  mmol)	  was	  stirred	  together	  in	  anhydrous	  CH2Cl2	  for	  0.5	  h	  in	  a	  flask	  filled	  

with	   Ar	   at	   room	   temperature.	   To	   it	   a	   solution	   of	   the	   promoter	   5	   (see	   below	   for	  

amounts)	   in	   anhydrous	   CH2Cl2	   was	   added	   and	   the	   reaction	   was	   stirred	   at	   room	  

temperature	   for	   1	   h.	   The	   progress	  was	  monitored	   by	   TLC	   and	   then	   the	   reaction	  was	  

quenched	  by	   triethylamine,	   filtered	   through	  a	  Celite	  pad,	   concentrated	  under	  vacuum	  

and	  the	  product	  purified	  by	  silica	  gel	  column	  chromatography.	  	  	  

Entry	   1:	  same	  as	  table	  1	  entry	  2.	  

	   2:	  promoter	  5	  (0.026	  g,	  0.035	  mmol),	  	  

	  	  	  	  	  product	  1b6a	  obtained	  (0.024	  g,	  0.041	  mmol,	  82%)	  

	   3:	  promoter	  5	  (0.018	  g,	  0.025	  mmol),	  	  
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	  	  	  	  	  product	  1b6a	  obtained	  (0.022	  g,	  0.038	  mmol,	  76%)	  

4:	  promoter	  5	  (0.011	  g,	  0.015	  mmol),	  	  

	  	  	  	  	  product	  1b6a	  obtained	  (0.020	  g,	  0.034	  mmol,	  68%)	  	  

	  

3a	   (0.030	  g,	  0.060	  mmol)	  and	  6d	   (0.028	  g,	  0.054	  mmol)	  were	  reacted	  in	  presence	  of	  2	  

(0.022	   g,	   0.030	   mmol)	   to	   yield	   3a6d	   (0.038	   g,	   0.041	   mmol)	   as	   a	   white	   foam	   after	  

purification	  by	  silica	  flash	  silica	  gel	  column	  chromatography	  (Ethyl	  acetate:hexanes,	  1:5);	  

Rf	  0.54	   (Ethyl	   acetate:hexanes	   3:1).	   The	   1H	   NMR	   and	   13C	   NMR	  matched	   with	   table	   1	  

entry	  12.	  

Control	  experiments	  

	  (i)	  

	  

A	  0.5	  M	  solution	  of	  thioglycoside	  donor	  (0.030	  g,	  0.050	  mmol)	  and	  acceptor	  (0.0029	  g,	  

0.05	  mmol)	  were	  stirred	  together	  in	  anhydrous	  dichloromethane	  (CH2Cl2)	  for	  0.5	  h	  in	  a	  

O
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flask	  filled	  with	  Ar	  at	  room	  temperature.	  To	  it	  a	  solution	  of	  the	  triphenyl	  bismuth	  (Ph3Bi,	  

0.022	   g,	   0.050	  mmol,	   1	   equiv.)	   in	   anhydrous	   CH2Cl2	  was	   added	   and	   the	   reaction	  was	  

monitored	  by	  TLC.	  There	  was	  no	  change	  seen	  in	  the	  donor	  consumption	  and	  no	  product	  

formation	  was	  observed	  after	  an	  overnight	  reaction	  time.	  

(ii)	  

	  

A	  0.5	  M	  solution	  of	  thioglycoside	  donor	  (0.030	  g,	  0.050	  mmol)	  and	  acceptor	  (0.0029	  g,	  

0.050	  mmol)	  were	  stirred	  together	  in	  anhydrous	  dichloromethane	  (CH2Cl2)	  for	  0.5	  h	  in	  a	  

flask	  filled	  with	  Ar	  at	  room	  temperature.	  To	  it	  a	  solution	  of	  Ph3Bi	  (0.022	  g,	  0.050	  mmol)	  

and	  TfOH	  (0.0075	  g,	  0.050	  mmol)	  in	  anhydrous	  CH2Cl2	  was	  added	  and	  the	  reaction	  was	  

monitored	  by	  TLC.	  After	  1	  h,	  a	  slight	  anomerization	  of	  the	  β	  anomer	  to	  α	  anomer	  was	  

observed,	  which	  increased	  after	  an	  overnight	  reaction	  time.	  No	  product	  formation	  was	  

observed	  by	  TLC.	  On	   the	  other	  hand,	   the	  hydrolyzed	  donor	  was	   found	   to	  be	   the	  only	  

product	  in	  the	  end.	  

(iii)	  

	  

A	  0.5	  M	  solution	  of	  thioglycoside	  donor	  (0.030	  g,	  0.050	  mmol)	  and	  acceptor	  (0.0029	  g,	  

0.050	  mmol)	  were	  stirred	  together	  in	  anhydrous	  dichloromethane	  (CH2Cl2)	  for	  0.5	  h	  in	  a	  

flask	  filled	  with	  Ar	  at	  room	  temperature.	  To	  the	  reaction	  mixture,	  TfOH	  (0.0070	  g,	  0.050	  
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mmol)	  was	  added	  and	  reaction	  was	  monitored	  by	  TLC.	  There	  was	  no	  product	  formation	  

after	  an	  overnight	  reaction.	  In	  this	  case	  as	  well,	  the	  hydrolyzed	  donor	  was	  found	  to	  the	  

only	  product.	  

(iv)	  

	  

A	  0.5	  M	  solution	  of	  thioglycoside	  donor	  (0.030	  g,	  0.050	  mmol)	  and	  acceptor	  (0.0029	  g,	  

0.050	  mmol)	  were	  stirred	  together	  in	  anhydrous	  acetonitrile	  (CH3CN)	  for	  0.5	  h	  in	  a	  flask	  

filled	  with	  Ar	  at	   room	   temperature.	  To	   the	   reaction	  mixture,	  Ph2BiOTf	   (0.026	  g,	  0.050	  

mmol)	   was	   added	   and	   the	   reaction	   was	   monitored	   by	   TLC.	   	   There	   was	   no	   change	  

observed	  after	  1	  h,	  although	  anomerization	  of	  the	  β	  anomer	  to	  α	  anomer	  was	  observed	  

after	   an	   overnight	   reaction	   time.	   No	   product	   formation	  was	   observed	   in	   this	   case	   as	  

well.	  
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CHAPTER	  3.	  BISMUTH(V)	  ACTIVATION	  OF	  ALKYNES:	  APPLICATIONS	  TO	  
CARBOHYDRATE	  FUNCTIONALIZATION	  OF	  PENTABLOCK	  
COPOLYMERS	  AS	  POTENTIAL	  VACCINE	  ADJUVANTS	  

	  
Collaboration	  with	  Justin	  R.	  Adams,	  Surya	  K.	  Mallapragada,	  Department	  of	  Chemical	  

Engineering,	  Iowa	  State	  University,	  Ames	  IA	  50011	  

Chapter	  published	  in	  part	  in	  RSC	  Advances1	  

	  
	  

Abstract	  

A	   family	   of	   amphiphilic	   pentablock	   polymers	   with	   different	   cationic	   blocks	   and	   with	  

controlled	   architectures	   as	   potential	   vaccine	   carriers	   for	   subunit	   vaccines	   has	   been	  

developed	  and	  their	  properties	  as	  a	  gene	  and	  protein	  delivery	  vehicle	  has	  been	  studied	  

by	  Mallapragada	  et	  al.	  Modification	  of	  other	  polymer	  systems	  with	  carbohydrates	   like	  

mannose	  has	  been	  shown	  to	  enhance	  immunogenicity	  by	  activating	  pattern	  recognition	  

receptors	   on	   antigen	   presenting	   cells	   and	   increasing	   uptake	   in	   these	   cells.	   Here,	   we	  

report	   the	   synthesis	   of	   a	   virus-‐mimicking	   pentablock	   copolymer	   vaccine	   platform	   by	  

successful	   functionalization	   of	   these	   polymers	  with	  mannose	   through	   an	   azide-‐alkyne	  

Huisgen	   cycloaddition.	   The	   synthesis	   of	   a	   mannoside	   with	   the	   alkyne	   linker	   was	  

achieved	  by	  a	  recently	  reported	  bismuth(V)-‐mediated	  activation	  of	  a	  thioglycoside	  that	  

left	   the	  alkyne	   intact.	  The	  carbohydrate	  modification	  was	   shown	  not	   to	   interfere	  with	  

the	  ability	  of	  these	  virus-‐mimicking	  block	  copolymers	  to	  complex	  DNA,	  thereby	  making	  

this	  family	  of	  modified	  materials	  promising	  candidates	  for	  DNA-‐based	  vaccine	  delivery.	  

1.	   RSC	   Adv.,	   2014,	   4,	   15655–15663;	   Reproduced	   by	   permission	   of	   The	   Royal	   Society	   of	   Chemistry	  
http://pubs.rsc.org/en/content/articlelanding/2014/ra/c3ra47687a - !divAbstract	  	  
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3.1. INTRODUCTION	  

3.1.1. Importance	  of	  alkenes	  and	  alkynes	  in	  organic	  synthesis	  	  	  

Among	  different	  classes	  of	  functional	  groups	  seen	  in	  synthetic	  organic	  chemistry,	  

alkenes	   constitute	   one	   of	   the	  most	   significant	   categories.	   In	   carbohydrate	   chemistry,	  

alkene	  functionality	  is	  regularly	  used	  as	  protecting	  groups	  for:	  alcohols	  like	  allyl	  ethers,	  

prenyl	   ethers,	   alkyl	   allyl	   carbonates	   (Alloc–OR);1	   acids	   like	   allyl	   esters;2	   amines	   like	  N-‐

prenyl	   amines,	   allyl	   carbamates,	   etc.3	  Unsaturated	   carbohydrates	   like	   glycals	   are	  used	  

commonly	   in	   oligosaccharide	   synthesis	   to	   build	   O-‐	   or	   C-‐glycosides.4	   In	   chemical	  

glycosylation,	  Fraser-‐Reid	  et	  al.	  developed	  the	  multifaceted	  n-‐pentenyl	  glycosyl	  donors,5	  

while	   Boons	   and	   co-‐workers	   introduced	   alkenyl	   glycosides	   for	   latent-‐active	  

glycosylations.6	   However,	   as	   mentioned	   previously,	   alkenyl	   groups	   have	   posed	   major	  

challenges	  with	   thioglycosyl	   donors	   and	   their	   activation.	   Fortunately,	  we	   developed	   a	  

unique	  bismuth(V)	  promoted	  thioglycoside	  activation	  protocol,7	  which	  could	  be	  applied	  

to	   couple	   a	   variety	   of	   donors	   with	   alkene-‐containing	   acceptors.	   Unlike	   many	  

thioglycoside	  activation	  methods	  that	  rely	  on	  promoter	  interactions	  with	  the	  soft	  sulfur	  

that	  preclude	  the	  facile	  use	  of	  alkenes	  anywhere	  in	  the	  glycosyl	  donor	  or	  acceptor,	  this	  

bismuth-‐mediated	  method	   was	   shown	   to	   work	   effectively	   in	   the	   presence	   of	   alkenyl	  

groups.	  

Another	  essential	   functional	  group	   in	   chemical	   synthesis	   similar	   in	   reactivity	   to	  

alkenes	   is	   the	   alkyne	   functionality.	   Like	   alkenes,	   they	   are	   found	   in	   many	   protecting	  

groups	   for	   alcohols,	   acids	   and	   amines:1-‐3	   for	   e.g.	   propargyl	   ethers,	   prop-‐2-‐ynyl	   esters	  
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and	  propargyl	  carbamates	  respectively.	  	  More	  importantly,	  alkynes	  have	  become	  hugely	  

popular	   functional	   groups	   in	   chemical	   synthesis	   as	   they	   can	   undergo	   Huisgen	  

cycloaddition8	  with	  azides	  to	  form	  extremely	  stable	  cyclized	  products.	  This	  efficient	  click	  

reaction	  has	  become	  quintessential	  in	  pharmaceutical,	  material	  and	  other	  industries	  as	  

it	   can	   generate	   large	   libraries	   of	   compounds	   for	   screening	   in	   discovery	   research.	  

Although	  alkynes	  are	  thermodynamically	  less	  stable	  than	  alkenes	  and	  can	  easily	  undergo	  

hydrogenation	   to	   alkenes,	   they	   are	   less	   reactive	   towards	   electrophilic	   substitution	  

reactions.	  Nevertheless,	  they	  can	  easily	  form	  various	  addition	  and	  rearranged	  products	  

with	  electrophilic	  reagents	   like	  X2	  (Br2,	   I2),	  HX	  (HCl,	  HI),	  etc.,	  which	  are	  commonly	  used	  

promoters	  in	  glycosylation.	  Additionally,	  they	  can	  also	  undergo	  hydration	  in	  presence	  of	  

acids	  to	  give	  keto-‐enol	  tautomers.	  Because	  of	  these	  reasons,	  they	  are	  difficult	  to	  handle	  

during	  a	  glycosylation	  and	  general	  avoided	  in	  glycosyl	  donors	  or	  acceptors.	  They	  are	  also	  

prone	  to	  rearrangement	  and	  eventual	  cleavage	  in	  presence	  of	  transition	  metals	  like	  Pd,	  

Au,	  Sn	  etc.,9	  a	   feature	  which	  was	   recently	  used	  by	  Zhu	  et	  al.	   to	  activate	  S-‐prop-‐2-‐ynyl	  

thioglycosides	  to	  prepare	  2-‐deoxy	  glycosides.10	  Moreover,	  Sen	  and	  co-‐workers	  used	  I2	  as	  

an	  efficient	  and	  chemoselective	  activator	  with	  glycosyl	  ortho-‐alkynylbenzoates	  donor	  in	  

presence	   of	   thioglycosides,11	   which	   suggests	   the	   higher	   reactivity	   of	   alkynes	   towards	  

electrophilic	  reagents.	  	  

After	  the	  initial	  success	  with	  alkenes,	  we	  wanted	  to	  further	  test	  the	  scope	  of	  our	  

thioglycoside	   activation	   methodology	   in	   presence	   of	   alkynes.	   Fortunately,	   the	   Bi(V)-‐

mediated	   method	   could	   be	   used	   successfully	   with	   alkynes	   and	   assisted	   in	  
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functionalization	  of	   virus-‐mimicking	  pentablock	   co-‐polymers	  with	  pathogen-‐associated	  

carbohydrates	  via	  click	  chemistry.	  

3.1.2. Pentablock	  copolymers	  as	  potential	  vaccine	  adjuvants	  	  

Block	  copolymers	  based	  on	  Pluronics	  have	  been	  used	  in	  a	  variety	  of	  applications,	  

including	  sustained	  drug	  delivery,	  therapeutic	  cellular	  transfection	  and	  as	  novel	  vaccine	  

adjuvants.12	  Pluronic	  F127	  is	  an	  FDA-‐approved	  surfactant	  that	  exhibits	  temperature	  and	  

pH-‐dependent	   gelation	  properties	   that	  make	   it	   an	   ideal	   carrier	   for	   hydrophobic	   drugs	  

such	   as	   paclitaxel,	   aspirin	   and	   antibiotics.13	   Pluronic	   F127	   has	   a	   central	   hydrophobic	  

chain	  of	  polyoxypropylene	  and	  two	  outer	  hydrophilic	  chains	  of	  polyoxyethylene.14	  The	  

hydrophobic	   interactions	  between	  the	  collapsed	  polyoxypropylene	  blocks	   result	   in	   the	  

formation	   of	   micelles.15	   There	   are	   several	   advantageous	   properties	   of	   Pluronic	   that	  

make	  it	  suitable	  for	  antigen	  delivery	   including	  cellular	  uptake	  through	  endocytosis	  and	  

high	   gene	   expression.12c,	   13d,	   14,	   16	   There	   is	   also	   evidence	   that	   hydrophobic	   portions	   of	  

synthetic	  polymers	  can	  initiate	  immune	  responses.17	  	  

The	   Mallapragada	   group	   has	   previously	   synthesized	   a	   family	   of	   cationic	  

pentablock	   copolymers	   based	   on	   Pluronics	   for	   drug	   delivery.18	   The	   pentablock	  

copolymers,	   which	   are	   synthesized	   using	   Pluronic	   macroinitiators	   and	   atom	   transfer	  

radical	   polymerization	   (ATRP)	   of	   the	   outer	   cationic	   blocks,	   offer	   several	   critical	  

advantages	   for	   DNA-‐based	   vaccine	   delivery.	   The	   amine	   groups	   on	   the	   pentablock	  

copolymer	   outerblocks	   can	   form	   nanoscale	   complexes	   with	   DNA	   spontaneously	   as	   a	  

result	   of	   electrostatic	   interactions.19	   Detailed	   studies	   with	   one	   of	   these	   pentablock	  
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copolymers	   with	   poly(2-‐diethylaminoethyl	   methacrylate)	   (PDEAEM)	   cationic	   blocks,	  

have	  shown	  that	  the	  polymer	  micelles	  aggregate	  to	  form	  physical	  gels	  at	  high	  polymer	  

concentrations.	   This	   enables	   the	   pentablock	   copolymers	   to	   serve	   as	   a	   unique	   multi-‐

purpose	  platform	  to	  condense	  DNA,	  enable	  sustained	  gene	  delivery	  from	  the	  pentablock	  

copolymer	   gels,	   and	  also	  provide	   combinational	   therapy	  of	   gene	  and	  drug	   co-‐delivery	  

from	   the	   same	  platform.15,	  20	   However,	   the	   effect	   of	   different	   cationic	   blocks	   on	  DNA	  

complexation	  ability	  as	  well	  as	  cytotoxicity	  of	  the	  copolymers	  has	  not	  been	  investigated.	  

To	  have	   a	  deeper	  understanding	  of	   the	   functions	  of	   various	   chain	   lengths	  on	   gene	  or	  

drug-‐delivery,	   they	   synthesized	   four	   other	   pentablock	   copolymers	   based	   on	   Pluronic	  

with	   end	   blocks	   of	   PDEAEM,	   poly(2-‐dimethylaminoethyl	   methacrylate),	   poly(2-‐

diisopropylaminoethyl	   methacrylate)	   or	   poly-‐(tert-‐butylaminoethyl	   methacrylate)	  

abbreviated	   PDMAEM,	   PDiPAEM	   and	   PtBAEM,	   respectively	   [work	   done	   by	   Justin	  

Adams].	  The	  PDEAEM	  and	  PDMAEM	  pentablock	  copolymers	  appeared	  to	  be	  the	  optimal	  

subunit	   vaccine	   candidates	   due	   to	   their	   low	   cytotoxicity	   and	   relatively	   small	  

Nitrogen/Phosphorous	   (N/P)	   ratios	   required	   for	   DNA	   condensation.	   The	   PDiPAEM	  

pentablock	   copolymer	   was	   insoluble	   in	   water,	   requiring	   the	   use	   of	   slightly	   cytotoxic	  

DMSO	   solvent	   or	   use	   of	   sonication,	   and	   did	   not	   complex	   with	   the	   DNA	   plasmid	   at	  

relatively	   low	  N/P	  ratios.	  Although	  the	  PtBAEM	  pentablock	  copolymer	  complexed	  with	  

DNA	  at	  a	  low	  N/P	  ratios,	  it	  proved	  to	  be	  highly	  cytotoxic.	  	  
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Scheme	  1.	  ATRP	  synthesis	  of	  block	  copolymer	  family	  (work	  done	  by	  Justin	  Adams)	  

3.1.3. Modification	  with	  carbohydrates:	  advantages	  

To	   establish	   protective	   immunity,	   vaccines	   can	   enhance	   an	   innate	   immune	  

response	  by	  activating	  antigen	  presenting	  cells	  (APCs).21	  Dendritic	  cells	  are	  a	  critical	  type	  

of	   APCs	   that	   are	   present	   in	   all	   body	   tissues.22	   Immature	   dendritic	   cells	   can	   activate	  

directly	   from	  pattern	   recognition	   receptors	   (PRRs)	   that	   recognize	  pathogen-‐associated	  

molecular	  patterns	  (PAMPs).22	  Carbohydrates	  such	  as	  mannose	  have	  been	  shown	  to	  act	  

as	  PAMPs,	  which	  can	  target	  carbohydrate-‐recognition	  recognition	  receptors,	  specifically	  

C-‐type	   lectin	   receptors	   abundantly	   expressed	   on	   dendritic	   cells.23	   Ligation	   of	   C-‐type	  
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lectin	  receptors	  with	  mannose	  structures	  displayed	  by	  pathogen	  glycoproteins	  leads	  to	  

internalization	   of	   pathogens	   for	   antigen	   loading	   of	   major	   histocompatibility	  

molecules.23b,	  24	  Therefore,	  nano-‐scale	  adjuvants	  with	  attached	  carbohydrates	  can	  act	  as	  

virus-‐mimicking	   particles	   such	   as	   mannose	   containing	   HIV-‐1	   and	   measles	   virus,	   and	  

increase	  dendritic	  cell	   transfection	  efficiencies	   through	  receptor	  mediated	  endocytosis	  

and	  presentation	  of	  processed	  antigen	  to	  T	  cells.23c	  Figure	  1	   is	  a	  representation	  of	  the	  

proposed	  interaction	  of	  mannose	  functionalized	  pentablock	  copolymer	  DNA	  polyplexes	  

interacting	  with	  PRRs	  on	  a	  dendritic	  cell.	  

	  

Figure	  1.	  Schematic	  diagram	  showing	  polyplex	  formation	  and	  interaction	  with	  dendritic	  cells	  

3.2. RESULTS	  AND	  DISCUSSION	  

We	   utilized	   the	   simple	   and	   effective	   azide-‐alkyne	   Huisgen	   cycloaddition	   to	  

couple	   the	   pathogen-‐associated	   carbohydrates,	   specifically	   D-‐mannose	   to	   the	  

pentablock	   co-‐polymers.	   This	   was	   done	   by	   functionalizing	   the	   polymer	   with	   an	   azide	  

group	   and	   the	   mannose	   with	   an	   alkyne	   linker.	   As	   previously	   reported,25	   bromo-‐

terminated	  polyacrylates	  can	  be	  easily	  substituted	  by	  the	  nucleophilic	  azide	  group	  hence	  

the	  halogen	  end	  groups	  of	  the	  pentablock	  copolymers	  were	  replaced	  by	  azide	  (Scheme	  
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2).	  A	  distinct	  IR	  stretch	  band	  present	  between	  2100	  and	  2300	  cm-‐1	  represents	  the	  azide	  

functionalization	  of	  the	  pentablock	  copolymers	  (Figure	  2)	  that	  was	  previously	  absent	  in	  

the	  non-‐azide	  functionalized	  polymers	  [work	  done	  along	  with	  Justin	  Adams].	  

	  

Scheme	  2:	  Azide	  functionalization	  of	  block	  copolymer	  family	  

	   	  

C

H2
C

C
H2

O
C
H2

CH
O

H2
C

C
H2

O
C
H2

H2
C

CH3

100 10065

H2
C

Br

C

O

H2C

CH2

N

R2

O

CH3

R1

C

H2
C

Br

C

O

CH2

H2C

N

CH3

R2

R1

O

C

H2
C

C
H2

O
C
H2

CH
O

H2
C

C
H2

O
C
H2

H2
C

CH3

100 10065

H2
C

N3

C

O

H2C

CH2

N

R2

O

CH3

R1

C

H2
C

N3

C

O

CH2

H2C

N

CH3

R2

R1

O

NaN3
DMF
24 h

DEAEM R1,R2 = –CH2–CH3;  
DMAEM R1,R2= –CH3; 
DiPAEM R1,R2= –CH(CH3)2;
tBAEM R1= H, R2= –C(CH3)3.

n n

n n



www.manaraa.com

	   72	  

	  

Figure	  2:	  IR	  spectrum	  comparison	  of	  PDEAEM	  before	  azide	  functionalization	  (top),	  after	  azide	  

functionalization	  (middle)	  and	  after	  azide-‐alkyne	  Huisgen	  reaction	  with	  mannose	  analogue	  4	  (bottom).	  

3.2.1. Synthesis	  of	  thiopropyl	  mannosyl	  donors	  

The	   synthesis	   of	   the	   desired	   mannose	   analogue	   (Scheme	   3)	   containing	   the	  

alkyne	  moiety	  started	  with	  peracetylation	  of	  commercially	  available	  D-‐mannose,	  which	  

was	   then	   converted	   to	   a	   new	   thiopropyl	  mannoside	   donor	   2.	   The	   donor	   2	  was	   then	  

activated	  with	  propargyl	  alcohol	  using	  our	  developed	  promoter,	  Ph3Bi(OTf)27	  to	  give	  the	  

alkyne	  linked	  mannose	  3	  in	  79%	  yield,	  without	  any	  interference	  with	  the	  alkyne	  moiety.	  

Finally,	  3	  was	  deacetylated	  to	  give	  the	  final	  alkynyl	  mannose	  4	   in	  overall	  50%	  yield	  in	  5	  

steps.	  

any additives/co-promoters. Moreover, unlike many thioglycoside
activationmethods that rely on promoter interactions with the so
sulfur that preclude the facile use of alkenes anywhere in the
glycosyl donor or acceptor, this bismuth-mediated method was
shown to work effectively in the presence of alkenyl groups. In
order to install the alkyne linker onto the carbohydrate, we further
investigated the application of this method in the presence of
terminal alkynyl systems, which like alkenes are also prone to
addition by-products. The synthesis of the desired mannose
analogue (Scheme 4) containing the alkyne moiety started with
peracetylation of commercially available D-mannose, which was
then converted to a new thiopropylmannoside donor 2. The donor
2 was then activated with Ph3Bi(OTf)2 in presence of propargyl
alcohol to give the alkyne linked mannose 3 in 79% yield, without
any interference with the alkyne moiety. Finally, 3 was deacety-
lated to give the nal alkynyl mannose 4 in overall 50% yield in 5
steps. 1D and 2D NMR spectra of the mannose derivatives are
available in the ESI.†

Aer the azide and alkyne functionalization of the polymer
and mannose respectively, they were coupled together via a
Huisgen azide-alkyne click reaction catalyzed by a mixture of
CuSO4$5H2O and L-ascorbic acid (Scheme 5).

Purication and analysis of the attachment of D-mannose to
pentablock copolymers: IR spectroscopy, and phenol sulfuric
acid assay

The next crucial part was to characterize the attachment as well
as quantify the amount of sugar attached to the polymer.
Unfortunately, the initial studies using mass spectroscopy
(specically MALDI-TOF) and 15N labeled 1-D & 2-D NMR
spectroscopy were not denitive. However, IR spectroscopy
results showed the presence and absence of peaks, particularly
a distinct azide peak (!2050–2300 cm"1) (Fig. 4) before/aer
reaction, but did not quantify the coupling. The 1HNMR spectra
of the pentablock copolymers before and aer attachment
(ESI†) also shows new peaks in the region of 5–7 ppm, which are
probably from the triazole ring protons and the mannose
protons aer the click reaction. However, since these protons
are too small in number compared to the copolymer protons,
they are difficult to accurately integrate to quantify the
attachment.

In order to accurately quantify the amount of mannose
attached to the polymer, a phenol sulfuric acid assay was carried
out by dissolving the pentablock copolymers in water and

Scheme 3 Azide functionalization of block copolymer family.

Fig. 4 IR spectrum comparison of PDEAEM before azide functional-
ization (top), after azide functionalization (middle) and after azide–
alkyne Huisgen reaction with mannose analogue 4 (bottom).

Scheme 4 Preparation of D-mannose with the alkyne linker.

Scheme 5 Azide–alkyne Huisgen cycloaddition between D-mannose
and the various pentablock copolymers.

15660 | RSC Adv., 2014, 4, 15655–15663 This journal is © The Royal Society of Chemistry 2014

RSC Advances Paper
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Scheme	  4:	  Preparation	  of	  D-‐mannose	  with	  the	  alkyne	  linker	  

3.2.2. Attachment	  of	  D-‐mannose	  to	  copolymers	  

After	   the	   azide	   and	   alkyne	   functionalization	   of	   the	   polymer	   and	   mannose	  

respectively,	   they	   were	   coupled	   together	   via	   a	   Huisgen	   azide-‐alkyne	   click	   reaction	  

catalyzed	  by	  a	  mixture	  of	  CuSO4•5H2O	  and	  L-‐ascorbic	  acid	  (Scheme	  5).	  

3.2.3. Purification	  and	  Analysis	  of	  the	  Attachment	  of	  D	  -‐mannose	  to	  Pentablock	  
Copolymers:	  IR	  Spectroscopy,	  and	  Phenol	  Sulfuric	  Acid	  Assay	  

	  
	   The	   next	   crucial	   part	   was	   to	   characterize	   the	   attachment	   as	   well	   as	   quantify	   the	  

amount	  of	  sugar	  attached	  to	  the	  polymer.	  Unfortunately,	  the	  initial	  studies	  using	  mass	  

spectroscopy	   (specifically	  MALDI-‐TOF)	   and	   15N	   labelled	   1-‐D	   &	   2-‐D	   NMR	   spectroscopy	  

were	  not	  definitive.	  IR	  spectroscopy	  results	  showed	  the	  presence	  and	  absence	  of	  peaks,	  

particularly	  a	  distinct	  azide	  peak	  (∼2050–2300	  cm-‐1)	  (Figure	  2)	  before/after	  reaction,	  but	  

did	  not	  quantify	  the	  coupling.	  The	  1H	  NMR	  spectra	  of	  the	  pentablock	  copolymers	  before	  

and	  after	  attachment	  (Supporting	  Information)	  also	  showed	  new	  peaks	  in	  the	  region	  of	  

5-‐7	  ppm,	  which	  are	  probably	   from	  the	   triazole	   ring	  protons	  and	  the	  mannose	  protons	  

after	   the	   click	   reaction.	   However,	   since	   these	   protons	   were	   too	   small	   in	   number	  
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compared	   to	   the	   copolymer	   protons,	   they	   were	   difficult	   to	   accurately	   integrate	   to	  

quantify	  the	  attachment.	  

	  

Scheme	  5:	  Azide-‐alkyne	  Huisgen	  cycloaddition	  between	  D-‐mannose	  and	  the	  various	  pentablock	  

copolymers	  

	   In	  order	  to	  accurately	  quantify	  the	  amount	  of	  mannose	  attached	  to	  the	  polymer,	  a	  

phenol	   sulfuric	   acid	   assay	  was	   carried	  out	  by	  dissolving	   the	  pentablock	   copolymers	   in	  

water	   and	   reacting	   the	   carbohydrates	   with	   phenol	   in	   the	   presence	   of	   sulfuric	   acid	  

(Figure	   3).	   Prior	   to	   these	   assays,	   the	   mannose	   functionalized	   pentablock	   copolymers	  

were	  purified	  from	  the	  unreacted	  sugar/excess	  reagents	  by	  utilizing	  dialysis	  membrane	  

cassettes	  to	  rule	  out	  detection	  of	  unattached	  sugar.	  The	  separation	  of	  the	  excess	  sugar	  

C

H2
C

C
H2

O
C
H2

CH
O

H2
C

C
H2

O
C
H2

H2
C

CH3

100 10065

H2
C

N3

C

O

H2C

CH2

N

R2

O

CH3

R1

C

H2
C

N3

C

O

CH2

H2C

N

CH3

R2

R1

On n

OHO
HO

HO

O

OH

4

CuSO4.5H2O,
Ascorbic acid 
H2O 
24 h, 35 oC

O

NN
N

OHO
HO

HO OH

N
N N

O

OHO
HO

HO OH

C

H2
C

C
H2

O
C
H2

CH
O

H2
C

C
H2

O
C
H2

H2
C

CH3

100 10065

H2
C

C

O

H2C

CH2

N

R2

O

CH3

R1

C
CH2

C

O

CH2

H2C

N

CH3

R2

R1

On n

DEAEM R1,R2 = –CH2–CH3;  
DMAEM R1,R2= –CH3; 
DiPAEM R1,R2= –CH(CH3)2;
tBAEM R1= H, R2= –C(CH3)3.



www.manaraa.com

	   75	  

as	  well	  as	  excellent	  coupling	  of	  the	  two	  were	  clearly	  evident	  in	  the	  phenol	  sulfuric	  acid	  

assay	   values	   from	   before	   and	   after	   dialysis	   samples.	   The	   PDiPAEM	   pentablock	  

copolymer	  was	  slightly	  soluble	  in	  water	  with	  vortexing	  but	  continuously	  precipitated	  out	  

of	  solution	  at	  relatively	  low	  concentrations.	  For	  this	  reason,	  sonication	  was	  used	  for	  the	  

mannose	  functionalized	  PDiPAEM	  pentablock	  copolymer	  for	  all	  characterization	  assays.	  

Overall,	  it	  was	  determined	  that	  the	  dialyzed	  pentablock	  copolymers	  had	  approximately	  

two	  moles	  of	  mannose	  present	  per	  mole	  polymer	  indicating	  that	  the	  azide-‐alkyne	  click	  

reaction	  produced	  near-‐complete	  conversion.	  

	  

Figure	  3.	  Quantification	  of	  mannose	  functionalized	  pentablock	  copolymers.	  The	  data	  presented	  are	  95%	  

confidence	  intervals	  for	  the	  mean	  for	  four	  independent	  experiments	  

3.2.4. DNA	  Condensation	  of	  Mannose	  Functionalized	  Block	  Copolymers	  	  
(Work	  done	  by	  Justin	  Adams)	  

	   We	   envisioned	   that	   the	   addition	   of	   the	   mannose	   to	   the	   pentablock	   copolymers	  

should	   not	   hamper	   their	   ability	   to	   condense	   DNA	   since	   this	   ability	   comes	   from	   the	  

tertiary	   amine	   groups	   present	   in	   the	   outerblocks.	   Nevertheless,	   we	   performed	   gel	  
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electrophoresis	   on	   the	   mannose	   attached	   copolymers	   to	   test	   this	   hypothesis.	   The	  

minimum	   N/P	   ratios	   for	   DNA	   complexation	   did	   not	   change	   for	   any	   of	   the	   four	  

pentablock	   copolymers	   after	   the	   azide-‐alkyne	   Huisgen	   reaction	   indicating	   that	   the	  

attached	  mannose	  did	  not	   impact	   the	  capability	  of	   the	  block	   copolymers	   to	   condense	  

DNA	  (Figure	  4).	  	  

	  

Figure	  4.	  Agarose	  gel	  electrophoresis	  of	  mannose	  functionalized	  pentablock	  copolymer	  polyplexes	  at	  N/P	  

ratios	  of	  1,	  3,	  5	  and	  10	  with	  a	  DNA	  only	  control	  (A)	  PDEAEM	  (B)	  PDMAEM	  (C)	  PDiPAEM	  (D)	  PtBAEM	  

3.2.5. Further	  Discussion	  

C-‐type	  lectin	  receptors	  expressed	  by	  dendritic	  cells	  and	  macrophages	  internalize	  

pathogens	   after	   binding	   carbohydrate	   structures	   on	   their	   surface.26	   Recently,	   a	  

carbohydrate-‐functionalized	  polymer	  synthesized	  by	  Charville	  et	  al.	  	  demonstrated	  that	  

copolymers	  containing	  a	  higher	  degree	  of	  mannose	  functionalization	  were	  more	  prone	  

to	   binding	   lectin	   receptors.27	   Our	   method	   that	   includes	   the	   functionalization	   with	  

mannose	  alkyne	  linker	  synthesized	  by	  bismuth(V)-‐mediated	  activation	  of	  a	  thioglycoside	  

has	  yielded	  pentablock	  copolymers	  with	  hydrophobic	  polyoxyproplyene	  blocks	  that	  self-‐
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assemble	   into	  micelles.	   These	   pentablock	   copolymers	   are	   capable	   of	   condensing	  DNA	  

for	  gene	  delivery	  through	  tertiary	  amine	  groups	  in	  the	  outer	  blocks.	  	  

Carbohydrate	   functionalized	  particles	  have	  been	  shown	  to	  enhance	   the	  expression	  

of	  MHC	  II,	  costimulatory	  molecules	  and	  c-‐type	  lectin	  receptors	  by	  dendritic	  cells.22	  The	  

high	  carbohydrate-‐	  functionalization	  of	  the	  pentablock	  copolymers	  may	  provide	  benefits	  

when	   compared	   to	   other	   reported	   functionalized	   vaccine	   platforms,	   which	   typically	  

focus	   on	   the	   decoration	   of	   particle	   surfaces.28	   The	   continued	   presence	   of	   sugars	  

attached	   to	   polymer	   may	   provide	   increased	   and	   longer-‐lasting	   activation	   of	   immune	  

cells	   as	   compared	   to	   a	   sugar-‐decorated	   particle,	  which	  may	   erode	   and	   slough	  off	   the	  

sugars	  quickly.	  

3.3. CONCLUSION	  

The	   developed	   Bi(V)-‐mediated	   thioglycoside	   activation	   strategy	   proved	   to	   be	  

applicable	  in	  presence	  of	  alkynes.	  The	  activation	  of	  thioproyl	  mannoside	  donor	  could	  be	  

done	  to	  prepare	  alkynyl	  mannose	  in	  high	  yield.	  All	  four	  of	  the	  block	  copolymers,	  namely	  

PDEAEM,	  PDMAEM,	  PDiPAEM	  and	  PtBAEM	  were	   then	   successfully	   functionalized	  with	  

mannose	  by	  a	  high-‐yielding	  azide-‐alkyne	  Huisgen	  reaction.	  The	  addition	  of	  mannose	  to	  

the	  polymer	  did	  not	  hamper	  the	  ability	  of	  the	  polymers	  to	  complex	  DNA	  and	  therefore	  

these	   new	   sugar-‐modified	   materials	   have	   the	   potential	   to	   activate	   APCs.	   These	  

promising	   virus-‐mimicking	   nanoparticles	   for	   DNA-‐based	   vaccine	   delivery	   will	   be	  

evaluated	  in	  future	  studies	  for	  APC	  activation	  and	  immune	  response	  generation.	  
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3.4. EXPERIMENTAL	  SECTION	  

3.4.1. General	  methods	  

Air-‐	   and	  moisture-‐sensitive	   reactions	  were	   carried	   out	   in	   oven-‐dried	   or	   flame-‐

dried	   glassware,	   septum-‐capped	   under	   atmospheric	   pressure	   of	   argon.	   Commercially	  

available	   compounds	   were	   used	   without	   further	   purification	   unless	   otherwise	   stated.	  

The	  exact	  reaction	  conditions	  are	  given	  in	  the	  respective	  procedures.	  Air-‐	  and	  moisture-‐

sensitive	  liquids	  and	  solutions	  were	  transferred	  via	  syringe	  or	  stainless	  steel	  cannula.	  All	  

saccharides	  and	  the	  Bi(V)	  reagent	  were	  pre-‐dried	  by	  azeotropic	  removal	  of	  water	  using	  

anhydrous	   toluene.	  Flash	   silica	  gel	   column	  chromatography	  was	  performed	  employing	  

Silica	  Gel	  60	  Sorbent	  (40-‐63	  μm,	  230-‐400	  mesh).	  Thin-‐layer	  chromatography	  (analytical)	  

was	  performed	  using	  glass	  plates	  pre-‐coated	  to	  a	  depth	  of	  0.25	  mm	  detected	  under	  UV	  

light	  and	  by	   spraying	   the	  plates	  with	  a	  0.02	  M	  solution	  of	   resorcinol	   in	  20%	  ethanolic	  

H2SO4	  solution	  followed	  by	  heating.	  

Proton	   (1H)	   NMR,	   carbon	   (13C)	   NMR,	   1H-‐13C	   HSQC	  were	   recorded	   on	   a	   Bruker	  

Avance	   III	   600	  MHz,	   151	  MHz	   instrument	   respectively	   using	   the	   residual	   signals	   from	  

chloroform	   (CDCl3),	   7.26	   ppm	   and	   77.0	   ppm	   as	   internal	   references	   for	   1H	   and	   13C	  

chemical	   shifts	   (δ)	   respectively.	   Electrospray	   ionization	   high-‐resolution	   mass	  

spectrometry	   (ESI-‐HRMS)	  was	   carried	   out	   on	   an	   Agilent	   6540	  QTOF.	  Optical	   rotations	  

were	  measured	   at	   20	   °C	   using	   an	   automatic	   polarimeter	   AP300.	  Melting	   points	  were	  

recorded	  in	  capillary	  tubes	  on	  a	  Digimelt	  SRS.	  IR	  spectroscopy	  was	  recorded	  by	  putting	  a	  

thin	  film	  of	  the	  analyte	  on	  a	  salt	  plate	  on	  a	  Perkin-‐Elmer	  instrument.	  
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3.4.2. Synthesis	  of	  Alkynyl	  Mannose	  Analogue	  

n-‐Propyl-‐2,3,4,6-‐tetra-‐O-‐acetyl-‐1-‐thio-‐α-‐	  D-‐mannopyranoside	  (2)	  

	  

A	   0.500	   M	   solution	   of	   peracetylated	   donor	   129	   (2.00	   g,	   5.77	   mmol,	   1.0	   equiv.)	   and	  

propanethiol	   (PrSH,	  0.571	  g,	  7.50	  mmol,	  1.3	  equiv.)	  was	  stirred	  for	  0.5	  h	   in	  anhydrous	  

dichloromethane	   at	   0	   °C.	   Then,	   boron	   trifluoride	   dietherate	   (BF3⋅OEt2,	   1.23	   g,	   8.65	  

mmol,	   1.5	   equiv.)	  was	   added	  drop	  wise	   at	   0	   °C	   to	   the	   reaction	  mixture	   and	   then	   the	  

reaction	  was	   left	   to	  stir	  at	  ambient	   temperature	   for	  16	  h.	  The	   reaction	  was	  quenched	  

with	  excess	  triethylamine,	  diluted	  with	  CH2Cl2,	  filtered,	  and	  washed	  sequentially	  with	  2	  

M	   aqueous	   HCl,	   saturated	   aqueous	   NaHCO3,	   and	   water.	   The	   organic	   layer	   was	   dried	  

over	  MgSO4	   and	   concentrated	  under	   reduced	  pressure	   at	   40	   °C;	   the	   resulting	   residue	  

was	   purified	   by	   silica	   gel	   column	   chromatography	   with	   hexane:ethyl	   acetate	   (4:1)	   to	  

yield	  2	  as	  a	  white	   solid	   (1.95	  g,	  4.78	  mmol,	  83%);	  Rf	  0.48	   (hexanes:ethyl	   acetate	  3:1);	  

[α]D	  +	  73.3	  cm3	  g-‐1dm-‐1	  (c	  0.012	  g	  cm-‐3,	  CHCl3;	   1H	  NMR	  (600	  MHz,	   [D-‐1]	  CDCl3,	  25	  °C,	  

TMS)	  δ	  =	  5.32	  (dd,	  J=3.1,	  1.6,	  1H;	  H-‐3),	  5.28	  (m,	  1H;	  H-‐2),	  5.25	  (d,	  J=3.1,	  1H;	  H-‐1α),	  5.23	  

(m,	  1H;	  H-‐4),	  4.37	   (ddd,	   J=9.3,	  5.4,	  2.3,	  1H;	  H-‐5),	  4.28	   (dd,	   J=12.2,	  5.5,	  1H;	  H-‐6a),	  4.07	  

(dd,	   J=12.3,	   2.4,	   1H;	   H-‐6b),	   2.66	   –	   2.47	   (m,	   2H;	   SCH2CH2CH3),	   2.15	   –	   1.94	   (m,	   12H;	  

4×CH3C=O),	  1.69	  –	  1.57	  (m,	  2H;	  SCH2CH2CH3	  ),	  0.97	  (t,	  J=7.3,	  3H;	  SCH2CH2CH3).	  13C	  NMR	  

(151	  MHz,	  [D-‐1]	  CDCl3,	  25	  °C,	  TMS)	  δ	  =	  170.56,	  169.96,	  169.75,	  169.72	  (4C;	  C=O),	  82.64	  

OAcO
AcO

AcO OAc

OAc OAcO
AcO

AcO

OAc
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PrSH, 
BF3.OEt2
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16 h, 83%
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(1C;	   C-‐1),	   71.21,	   69.46,	   68.91,	   66.37	   (4C;	   C-‐2,3,4,5)	   62.45	   (1C;	   C-‐6),	   33.48	   (1C;	  

SCH2CH2CH3),	  22.80	  (1C;	  SCH2CH2CH3),	  20.92,	  20.70,	  20.69,	  20.62	  (4C;	  4×CH3C=O),	  13.35	  

(1C;	   SCH2CH2CH3),	   HRMS	   (ESI-‐QTOF)	   m/z	   calc.	   for	   C17H26O9SNa+	   	   429.119	   	   found	  	  

429.126.	  

2-‐Propynyl-‐2,3,4,6-‐tetra-‐O-‐acetyl-‐1-‐O-‐α-‐	  D-‐mannopyranoside	  (3)	  

	  

A	   0.50	   M	   solution	   of	   thioglycoside	   donor	   2	   (0.250	   g,	   0.615	   mmol,	   1.0	   equiv.)	   and	  

propargyl	  alcohol	  (0.035	  g,	  0.615	  mmol,	  1.0	  equiv.)	  were	  stirred	  together	  in	  anhydrous	  

dichloromethane	   (CH2Cl2)	   for	  0.5	  h	   in	  a	   flask	   filled	  with	  Ar	  at	  ambient	   temperature.	  A	  

solution	  of	  Ph3Bi(OTf)227	   (0.317	  g,	   0.430	  mmol,	   0.700	  equiv.)	   in	   anhydrous	  CH2Cl2	  was	  

added	   and	   the	   reaction	   was	   stirred	   at	   ambient	   temperature	   for	   4	   h	   (until	   the	  

consumption	   of	   donor	   was	   seen	   by	   TLC).	   The	   reaction	   was	   then	   quenched	   by	  

triethylamine,	  filtered	  through	  a	  Celite	  pad,	  and	  concentrated	  under	  reduced	  pressure;	  

the	   resulting	   residue	   was	   purified	   by	   silica	   gel	   column	   chromatography	   with	  

hexane:ethyl	  acetate	  (3:1)to	  give	  a	  pale	  white	  solid	  3	  (0.188	  g,	  0.486	  mmol,	  79%).	  The	  1H	  

NMR,	  13C	  NMR,	  HRMS	  matched	  with	  data	  in	  the	  literature.30	  	  

1H	  NMR	  (600	  MHz,	  [D-‐1]	  CDCl3,	  25	  °C,	  TMS)	  δ	  [5.35	  (dd,	  J	  =	  10.0,	  3.4	  Hz),	  5.31	  (d,	  J	  =	  9.8	  

Hz),	  5.29	  –	  5.27	  (m)	  (3H;	  H-‐2,3,4)],	  5.03	  (d,	  J	  =	  1.8	  Hz,	  1H;	  H-‐1),	  4.31	  –	  4.28	  (m,	  1H,	  H-‐6a),	  
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4.28	  (d,	  J	  =	  2.3	  Hz,	  2H,	  CH2CCH),	  4.11	  (dd,	  J	  =	  12.3,	  2.5	  Hz,	  1H,	  H-‐6b),	  4.02	  (ddd,	  J	  =	  9.7,	  

5.2,	  2.4	  Hz,	  1H,	  H-‐5),	  2.47	  (t,	  J	  =	  2.4	  Hz,	  1H,	  CH2CCH),	  2.17	  (s,	  3H),	  2.11	  (s,	  3H),	  2.04	  (s,	  

3H),	  1.99	  (s,	  3H)	  (4×CH3C=O).	  

13C	   NMR	   (151	   MHz,	   [D-‐1]	   CDCl3,	   25	   °C,	   TMS)	   δ	   96.23	   (1C;	   C-‐1),	   77.92,	   75.62	   (2C,	  

CH2CCH),	  69.33,	  68.97,	  68.91,	  66.00	  (4C;	  C-‐2,3,4,5),	  62.30	  (1C;	  C-‐6),	  54.94	  (1C;	  CH2CCH),	  

20.85,	  20.73,	  20.68,	  20.64	  (4C;	  4×CH3C=O).	  

HRMS	  (ESI-‐QTOF)	  m/z	  calc.	  for	  C17H22O10Na+	  409.110	  found	  409.111.	  

2-‐Propynyl-‐1-‐O-‐α-‐	  D-‐mannose	  (4)	  

	  

To	  a	  solution	  of	  3a	  (0.188	  g,	  0.486	  mmol)	  in	  10.0	  mL	  anhydrous	  methanol	  (MeOH),	  0.2	  

mL	   of	   0.5	   N	   sodium	  methoxide	   (freshly	   prepared	   by	   dissolving	   sodium	   in	   anhydrous	  

MeOH)	  was	  added.	   The	   reaction	  mixture	  was	   stirred	  at	   ambient	   temperature	   for	  1	  h,	  

neutralized	  with	  Dowex	  50WX8	   (H+)	   cation	  exchange	   resin	  and	   filtered.	   The	  methanol	  

was	  removed	  under	  reduced	  pressure	  and	  trace	  methanol	  or	  water	  was	  removed	  by	  co-‐

evaporation	  with	  toluene	  (3	  x	  5	  mL)	  to	  give	  the	  desired	  product	  4	  as	  pale	  yellow	  solid	  

(0.098	  g,	  0.447	  mmol,	  92%),	  which	  was	  directly	  used	  in	  the	  click	  reaction.	  	  
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General	  Procedure	  for	  Azide-‐Alkyne	  Huisgen	  Reaction	  

To	   a	   solution	   of	   the	   pentablock	   copolymer	   (1.00	   equiv.)	   and	   4	   (10	   equiv.)	   in	   H2O,	  

aqueous	   solutions	   of	   CuSO4•5H2O	   (0.20	   equiv.)	   and	   L-‐ascorbic	   acid	   (0.40	   equiv.)	  were	  

sequentially	  added.	  The	  mixture	  was	  stirred	  at	  35	  °C	  for	  24	  h.	  The	  solvent	  was	  removed	  

under	  reduced	  pressure	  and	  residual	  mixture	  was	  dried	  under	  vacuum	  overnight.	  

3.4.3. Purification	  of	  Mannose	  Functionalized	  Pentablock	  Copolymers/Dialysis	  

The	   residue	   after	   the	   click	   reaction	   was	   dissolved	   in	   minimum	   amount	   (<3.0	   mL)	   of	  

solvent	   (33%	  ethanol	   in	  water,	   except	   for	   PDiPAEM	   in	  which	   case	   66%	  ethanol/water	  

was	  used).	  The	  solution	  was	  then	  injected	  into	  a	  Slide-‐A-‐Lyzer®	  dialysis	  cassette	  (10KDa	  

MW	   cutoff),	   and	   left	   for	   stirring	   overnight	   for	   20	   h	   in	   nanopure	   water.	   The	   leftover	  

solvent	   inside	   the	   cassette	   was	   then	   evaporated	   under	   reduced	   pressure	   and	   the	  

dialyzed	  sample	  was	  kept	  under	  vacuum	  overnight	  for	  complete	  dryness.	  	  

3.4.4. Phenol	  Sulfuric	  Acid	  Assay	  

The	   sugar	   attached	   pentablock	   copolymers	   were	   dissolved	   in	   nanopure	   water	   at	   a	  

concentration	  of	  1	  mg/mL	  and	  100	  µL	  volumes	  per	  well	  was	  added	  to	  a	  96	  well	  plate.	  A	  

150	  µL	  volume	  of	  stock	  sulfuric	  acid	  was	  added	  to	  each	  well	  following	  a	  30	  µL	  volume	  of	  

5%	  phenol.	  The	  96	  well	  plate	  was	  heated	  for	  30	  min	  at	  90	  °C	  and	  the	  absorbance	  were	  

recorded	  in	  a	  microplate	  reader	  at	  the	  490	  nm	  wavelength.	  
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3.4.6. Statistical	  Analysis	  

All	   error	   bars	   represent	   95%	   confidence	   intervals	   for	   the	  mean.	   Differences	   between	  

groups	  were	  analysed	  with	  one-‐way	  analysis	  of	  variance	   (ANOVA)	   followed	  by	  Tukey’s	  

multiple	  comparison	  test.	  The	  denoted	  statistical	  significance	  indicates	  a	  p-‐value	  ≤	  0.05.	  
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CHAPTER	  4.	  MECHANISTIC	  INSIGHTS	  OF	  BiV	  MEDIATED	  THIOGLYCOSIDE	  

ACTIVATION	  

Abstract	  

The	   developed	   thioglycoside	   activation	   strategy	   is	   unique	   in	   various	   ways	   for	  

e.g.,	   less	   than	   stoichiometric	   amount	   of	   promoter	   was	   needed	   for	   activation,	   no	  

additive/co-‐promoter	  or	  low	  temperature	  is	  required	  and	  most	  importantly,	  it	  is	  one	  of	  

the	   first	   examples	   of	   Bi(V)	   chemistry	   in	   chemical	   glycosylation,	   or	   indeed	   in	   all	   of	  

carbohydrate	   chemistry.	   	   These	   interesting	   features	   led	   our	   curiosity	   to	   conduct	   a	  

detailed	   mechanistic	   investigation	   of	   the	   glycosylation.	   	   A	   variety	   of	   benchtop	   and	  

analytical	   tools	   like:	  1D	  &	  2D-‐NMR,	  GCMS,	  kinetics	  modeling	  etc.	  were	  used	   to	  gain	  a	  

deeper	   understanding.	   This	   chapter	   is	   one	   of	   the	   first	   in-‐depth	   kinetics	   analyses	   in	  

thioglycoside	  activation,	  and	  in	  glycosylation.	  The	  roles	  of	  various	  reactants	  on	  the	  rate	  

of	   the	   reaction	   were	   explained	   and	   different	   by-‐product	   analyses	   were	   done.	   While	  

studying	  the	  kinetics,	  an	  unprecedented	  anomerization	  was	  also	  discovered,	  which	  was	  

utilized	  to	  reduce	  reaction	  times	  and	  enhance	  stereoselectivity.	  Interestingly,	  a	  probable	  

bismuth-‐sulfonium	  reactive	  intermediate	  was	  also	  detected	  and	  studied	  using	  different	  

NOE	   experiments.	   	   Also,	   other	   possible	   mechanistic	   pathways	   were	   also	   probed	   and	  

some	   possible	   by-‐products	   as	   well	   as	   effect	   of	   ligands	   were	   also	   studied.	  
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4.1	   INTRODUCTION	  

4.1.1. General	  introduction	  to	  mechanistic	  studies	  in	  chemical	  glycosylation	  

Carbohydrate	   or	   oligosaccharide	   synthesis	   has	   always	   been	   a	   complex	   area	   of	  

research	   in	   organic	   synthesis,	   owing	   to	   the	   high	   number	   of	   stereocenters	   as	   well	   as	  

multiple	   functional	   groups	   present	   in	   these	   molecules.	   To	   build	   these	   important	  

biomolecules,	  chemical	  glycosylation	  is	  perhaps	  the	  most	  pivotal	  reaction	  and	  has	  been	  

extensively	  studied.	  A	  variety	  of	  glycosyl	  donors	  can	  be	  coupled	  to	  simple	  and	  complex	  

acceptors	   in	  the	  presence	  of	  promoters/activators	  to	  form	  unique	  oligosaccharides	  via	  

this	   reaction.	  However,	   the	  complexities	  associated	  with	   the	  prediction	  and	  control	  of	  

stereoselectivity	   of	   products	   has	   been	   some	   of	   the	   main	   hurdles	   of	   this	   important	  

reaction.	  Carbohydrate	  chemists	  have	  made	  continuous	  efforts	  to	  optimize	  this	  reaction	  

in	  the	  past	  century.	  	  

“Deciphering	   a	   reaction	   mechanism	   is	   the	   most	   enabling	   knowledge	   that	   a	  

chemist	  has	  to	  control	  the	  outcome	  of	  a	  reaction.”1	  To	  have	  a	  deeper	  understanding	  of	  

the	   reaction	   pathways,	   a	   variety	   of	   mechanistic	   studies	   employing	   various	   analytical	  

techniques	   have	   been	   done.	   Pioneering	   work	   has	   been	   done	   by	   Crich,2	   Gin,3	   Bol,4	  

Woerpel,5	  etc.	  which	  has	  revolutionized	  mechanistic	  studies	  in	  carbohydrate	  chemistry	  

in	   the	   past	   15	   years.	   Apart	   from	   experimental	   and	   analytical	   methods,	   quantum	  

mechanical	   studies	   and	   computational	   modeling	   studies	   have	   been	   explored	   by	  

Whitfield	   et	   al6	   and	   other	   research	   groups.	   Considering	   all	   of	   these	   studies,	   general	  

mechanistic	   pathways	   for	   glycosylation	   have	   been	   postulated,2a,	   7	   for	   both	   non-‐
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participating	  (Scheme	  1)	  and	  participating	  groups	  (Scheme	  2)	  present	  on	  C-‐2	  carbon	  of	  

the	   glycosyl	   donor.	   This	   schemes	   have	   been	   adapted	   from	   a	   review7b	   on	   chemical	  

glycosylation	  mechanisms.	  	  	  

	  

Scheme	  1:	  General	  glycosylation	  mechanism	  with	  a	  C-‐2	  non-‐participating	  group	  
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oxacarbenium	   ion,	   which	   is	   typically	   an	   irreversible	   act.	   This	   formation	   is	   sometimes	  

speculated	   to	  be	   the	   slowest	   step	  or	   the	   rate-‐determining	   step.	  Next	   is	  a	  nucleophilic	  

attack	  by	  an	  acceptor	  on	  the	  reactive	  species,	  after	  which	  proton	  transfer	  gives	  the	  1,2	  

cis-‐	  or	  trans-‐glycoside	  product	  (Scheme	  1).	   In	  presence	  of	  a	  participating	  group	  like	  an	  

ester,	   the	  nucleophilic	  carboxyl	  oxygen	  can	   form	  a	  reactive	  acyloxonium	   intermediate,	  

which	   typically	   blocks	   the	   α-‐face	   attack	   by	   a	   nucleophile.	   This	   kind	   of	   anchimeric	  

assistance	  results	  in	  a	  1,2	  trans-‐glycoside	  as	  the	  major	  product	  (Scheme	  2).	  

	  

Scheme	  2:	  General	  glycosylation	  mechanism	  with	  a	  C-‐2	  participating	  group	  (anchimeric	  assistance)	  
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4.1.2 Previous	  mechanistic	  studies	  on	  thioglycosides	  and	  limitations	  

In	   the	   case	   of	   thioglycosyl	   donors,	   some	   initial	  mechanistic	   studies	   have	   been	  

done	  mainly	  focusing	  on	  the	  initial	  activation	  step.	  The	  underlying	  theme	  of	  most	  of	  the	  

thioglycoside	   activations	   is	   the	   use	   of	   an	   electrophilic	   reagent	   which	   complexes	   or	  

activates	  the	  anomeric	  sulfur	  group	  and	  then	  assists	  in	  its	  departure	  as	  a	  leaving	  group.	  

For	  e.g.,	  soft	  Lewis	  acid	  metals	  like	  Hg,	  Ag,	  Pb,	  etc.	  usually	  complex	  with	  the	  soft	  sulfur	  

atom,	  or	  halonium	  based	  promoters	  are	  perceived	  to	  do	  a	  electrophilic	  halogen	  addition	  

to	   the	   sulfur	   group,	   and	   sulfonium	   or	   selenium	   based	   promoters	   are	   argued	   to	   form	  

disulfides	   or	   stable	   selenyl–sulfides	   respectively	   with	   the	   thio-‐alkyl	   or	   aryl	   moiety	  

[Scheme	  3	  (adapted	  from	  review7a)].	  All	  these	  processes	  then	  help	  in	  the	  removal	  of	  the	  

reactive	  anomeric	  group	  to	  form	  an	  oxacarbenium	  intermediate.	  	  

Schuerch	   et	   al.	   were	   among	   the	   first	   groups	   to	   report	   in	   situ	   generation	   of	  

glycosyl	  sulfoniums	  while	   investigating	  generation	  of	  α-‐glycosides.8	  Since	  then,	  various	  

research	  groups	  have	  proposed	  sulfonium	  intermediates	  as	  a	  route	  for	  stereocontrolled	  

glycosylations.9	   Recently	  Mydock	  et	   al.	   reported	   the	   formation	   and	   isolation	  of	   stable	  

glycosyl	  sulfonium	  salts	  while	   investigating	  thioethylglycoside	  activation	  using	  MeOTf10	  

and	   also	   found	   ethylmethyl	   sulfide	   (EtSMe)	   as	   one	   of	   the	   major	   by-‐products.	  

Surprisingly,	   disulfide	   compounds	   have	   been	   observed	   as	   a	   common	   by-‐product	  with	  

different	   classes	   of	   promoters.	   Crich	   and	   co-‐workers	   reported	   disulfides	   with	   several	  

promoters	   like	   PhSOTf11	   and	   p-‐Nitrobenzenesulfenyl	   chloride	   (p-‐NO2PhCl)/TMSOTf,12	  

while	  Huang	  found	  the	  presence	  of	  p-‐tolyl	  disulfide	  with	  p-‐ToSCl/AgOTf	  as	  a	  promoter.13	  
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Presence	   of	   PhSSPh	  was	   also	   observed	   by	  mass	   spectrometry	   and	   HPLC	   by	   the	   Sinay	  

group	  while	  using	  electrochemical	  oxidation	  to	  activate	  phenylthioglycosides.14	  	  

	  

Scheme	  3:	  Common	  thioglycoside	  activation	  intermediates	  
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Scheme	  4:	  Proposed	  thioglycoside	  activation	  
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NIS/NBS,	  p-‐TolSCl/AgOTf,	  etc.	   	  have	  always	  been	  presumed	  to	   form	  a	   transient	  sulfur-‐

halide	   or	   sulfur-‐sulfur	   intermediate	   species.	   Interestingly,	   Verma	   and	   Wang	   recently	  

reported16	   mechanistic	   studies	   with	   deoxy	   thio-‐donors,	   which	   imply	   that	   the	  

thioglycoside	  activation	  does	  not	  proceed	  via	   these	   sulfonium	   intermediates	  but	   via	  a	  

glycosyl	  halide	  donor	  (Scheme	  4b).	  Using	  the	  same	  promoter	  in	  more	  common	  sugars,	  

Huang	   group	   observed	   the	   glycosyl	   triflate	   and	   bridging	   dioxalenium	   ions	   to	   be	   the	  

major	   reactive	   intermediates	   in	   a	   thioglycoside	   pre-‐activation	   strategy	   (Scheme	   4a).17	  

Therefore,	  it	  is	  evident	  that	  more	  detailed	  mechanistic	  studies	  are	  required	  to	  decipher	  

the	   complicated	   glycosylation	   pathways	   and	   which	   will	   possibly	   provide	   insights	   to	  

improve	  current	  methodologies.	  

4.1.3 Approach	  of	  our	  work	  

We	   recently	   developed	   a	   unique	   method	   for	   activation	   of	   thiopropylglycosyl	  

donors	   for	   coupling	   to	   various	   acceptors	   utilizing	   bismuth	   chemistry.18	   Very	   good	   to	  

excellent	  yields	  were	  obtained	  without	  using	  additional	  co-‐promoters/additives	  and	  the	  

strategy	  was	  applied	   to	  a	  wide	  variety	  of	  carbohydrates	   tolerating	  different	   functional	  

groups,	   even	  alkenes	   and	  alkynes.	   Surprisingly,	   the	  methodology	   could	  be	   carried	  out	  

uniquely	  with	  a	  bismuth(V)	  [and	  not	  with	  the	  more	  common	  Bi(III)]	  containing	  promoter	  

and	  is	  one	  of	  the	  first	  demonstrations	  of	  its	  kind	  in	  carbohydrate	  chemistry.	  Additionally,	  

unlike	   most	   current	   methods	   in	   thioglycoside	   activation,	   we	   observed	   that	   our	  

technique	   could	  be	  not	  only	   carried	  out	  with	   less	   than	   stoichiometric	   amounts	  of	   the	  

promoter	  but	  also	  be	  performed	  at	  room	  temperatures.	  These	  exciting	  observations	  led	  
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us	   to	   study	   this	   interesting	   activation	   and	   possibly	   shed	   light	   into	   its	   mechanistic	  

pathways.	   One	   of	   the	   primary	   goals	   of	   our	   work	   was	   to	   perform	   a	   comprehensive	  

analysis	   of	   this	   reaction	   utilizing	   various	   spectroscopic	   techniques	   and	   sophisticated	  

computation	  modeling	  in	  parallel	  with	  benchtop	  experiments.	  However,	   it	  needs	  to	  be	  

mentioned	   here	   that	   these	   types	   of	   extensive	   studies	   are	   a	   rare	   sight	   in	   the	   field	   of	  

bismuth	  catalysis/reactivity.	  Specifically,	  computational	  analysis	  on	  bismuth	  chemistry19	  

is	  not	  as	  prevalent	  as	  studies	  on	  other	   transition	  metals	  or	   lighter	  main	  group	  metals.	  

With	  more	  insight	  into	  the	  mechanism,	  we	  envision	  to	  further	  improve	  our	  existing	  Bi(V)	  

promoter	   or	   discover	   superior	   alternatives,	   which	   in	   turn	   could	   increase	   the	  

glycosylation	  rate	  and	  possibly	  induce	  higher	  stereoselectivity	  in	  products.	  We	  imagine	  

that	  these	  types	  of	  investigations	  will	  open	  doors	  for	  exploration	  of	  new	  features	  of	  this	  

non-‐toxic,	  cheap	  metal	  and	  its	  continued	  use	  in	  organic	  synthesis.	  

4.2	   RESULTS	  AND	  DISCUSSION	  

4.2.1	   GCMS	  studies	  

One	  of	  the	  most	  useful	  insights	  for	  studying	  a	  reaction	  mechanism	  is	  a	  possible	  

balanced	   equation	   for	   the	   reaction.	   In	   our	   glycosylation	   containing	   a	   thioether	  

activation,	  some	  probable	  by-‐products	  containing	  sulfur	  can	  be	  anticipated,	  for	  e.g.	  the	  

obvious	  free	  thiol	  (PrSH),	  oxidation	  of	  thiol	  to	  a	  disulfide	  (PrSSPr),	  or	  a	  mixed	  thioether	  

(PhSPr)	   formed	  most	   likely	   by	   a	   phenyl	   group	   transfer	   from	   the	   Bi(V)	   promoter.	  We	  

chose	   the	   sensitive	   gas	   chromatography-‐mass	   spectrometry	   (GCMS)	   technique	   to	  

monitor	   the	  presence	  of	   these	   compounds	  during	  and	  after	   a	   thioglycoside	  activation	  
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promoted	  by	  Ph3Bi(OTf)2	   (Scheme	  5).	  We	  selected	  two	  glycosyl	  donors:	  perbenzylated	  

thiopropylgalactoside	  (1a)	  and	  perbenzylated	  thiopropylglucoside	  (2a)	  for	  these	  studies	  

and	  reacted	  them	  with	  acceptor	  allyl	  alcohol	  in	  presence	  of	  our	  promoter:	  Ph3Bi(OTf)2.	  

These	  reactions	  were	  then	  monitored	  by	  GCMS	  at	  different	  stages	  of	  reaction	  progress	  

namely	  in	  the	  beginning	  (t=0),	  around	  halfway∼t=1/2,	  at	  completion	  (t=1).	  
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Scheme	  5:	  Model	  glycosylation	  monitored	  by	  GCMS	  

It	   was	   observed	   that	   out	   of	   proposed	   by-‐products,	   PrSSPr	   was	   the	   only	  

compound	  found	   in	  the	  reaction	  mixture	  and	   it	  was	  detected	  only	  towards	  the	  end	  of	  

the	  reaction	  (See	  supporting	  information).	  In	  addition,	  the	  free	  thiol	  was	  never	  detected	  

during	   the	   course	   of	   the	   reaction.	   This	   led	   to	   our	   conclusion	   that	   the	   formation	   of	  

dipropyl	  disulfide	  was	  perhaps	  not	  by	  the	  oxidation	  of	  two	  free	  thiols	  but	  by	  the	  possible	  

interaction	   of	   bismuth(V)	   with	   the	   thiopropyl	   moiety,	   which	   then	   promotes	   its	  

oxidation.	   This	   experiment	   supported	   our	   initial	   hypothesis	   that	   the	   first	   step	   of	  

activation	  might	  be	   formation	  of	   a	   sulfur-‐bismuth	   complex	   as	   bismuth	  metal	   is	   highly	  

thiophillic.	  However,	  it	  was	  observed	  that	  the	  amounts	  of	  PrSSPr	  detected	  at	  the	  end	  of	  
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the	  activation	  was	  quite	  low	  (∼20%)	  compared	  to	  the	  expected	  amounts,	  if	  all	  of	  the	  SPr	  

moiety	  was	  considered	  to	  be	  converting	  to	  PrSSPr.	  	  	  	  	  	  

4.2.2	   Reaction	  monitoring	  kinetic	  studies	  	  

Moving	  forward,	  we	  decided	  to	  investigate	  the	  rate	  law	  equation	  governing	  the	  

activation.	  As	  mentioned	  before,	   kinetic	   rate	  order	   studies	  are	   limited	  not	  only	   in	   the	  

area	   of	   thioglycoside	   activation	   but	   generally	   in	   chemical	   glycosylation.	   Wallace	   and	  

Schroeder	  were	  among	  the	  first	  to	  perform	  kinetic	  rate	  studies	  with	  Koenigs-‐Knorr	  type	  

glycosylation	   by	   using	   polarimetry	   and	   quantitative	   Gas	   Liquid	   Chromatography.20	  

Huang	   et	   al	   also	   tried	   to	   calculate	   relative	   rate	   orders	   in	   thioglycosides	   along	   with	  

various	   substituents	   effects	   by	   using	   HPLC	   experiments.15	   Though	   low-‐temperature	  

NMR	   spectroscopy	   has	   been	   extensively	   used	   to	   study	   reactive	   intermediates	   in	  

glycosylation,	  NMR	  in	  general,	  is	  not	  the	  preferred	  method	  for	  kinetic	  rate	  order	  studies,	  

owing	   to	   the	   complexity	   of	   overlapping	   signals	   in	   a	   carbohydrate	   mixture	   NMR	  

spectrum.	  Nevertheless,	  we	  decided	   to	  use	   this	  powerful	   technique	   to	   investigate	   the	  

rate	  order	  equation	  of	  our	  activation.	  	  

The	  armed	  benzylated	  β-‐thiopropyl	  galactoside	  was	  selected	   to	  be	  donor	   (β-‐D)	  

and	   for	   sake	  of	   simplicity,	  methanol	   (MeOH)	  was	  chosen	  as	   the	  acceptor	   (A)	  with	   the	  

promoter	  (P)	  being	  Ph3Bi(OTf)2	  (Scheme	  6).	  Although	  the	  activations	  are	  usually	  carried	  

out	   in	   CH2Cl2,	   the	   kinetics	   studies	   were	   carried	   in	   solvent	   CDCl3,	   as	   it	   does	   not	   have	  

overlapping	   signals	  with	   the	   sugar-‐ring	   protons,	   thiopropyl,	   or	   the	  Bi(V)	   compound.	  A	  

number	  of	  kinetics	  experiments	  were	  performed	  at	  various	  temperatures	  and	  313	  K	  (40	  
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°C)	   was	   found	   to	   be	   the	   optimum	   temperature	   to	   carry	   the	   remaining	   studies,	  

considering	  the	  required	  reaction	  time	  of	  a	  single	  experiment	  on	  the	  NMR	  machine.	  

CH3OH+ Ph3Bi(OTf)2

CDCl3, 40 °C
(A)

(P)O
S

BnO

BnO
OBn

(β-D)

OBn

O
BnO

BnO
OBn

OBn

OCH3

+

O
BnO

BnO
BnO

OBn

OCH3

(β-Pdt)

(α-Pdt)

	  

Scheme	  6:	  Model	  glycosylation	  with	  β-‐donor	  for	  kinetic	  rate-‐order	  studies	  

Figure	  1	  shows	  a	  full	  1HNMR	  kinetics	  spectrum	  (FIDs	  shown	  after	  every	  10	  min)	  

of	  the	  model	  reaction	  (Scheme	  6),	  where	  equimolar	  amounts	  of	  all	  the	  reactants	  were	  

taken.	  Within	   an	   hour	   reaction	   time,	   the	   activation	   was	   complete	   and	   several	   peaks	  

appeared/disappeared,	   grew/shrunk	   and	   even	   shifted	   during	   the	   progress	   of	   the	  

reaction.	  	  

To	  monitor	   the	  progress	  of	   the	  reaction,	   the	  disappearance	  and	  appearance	  of	  

the	  methoxy	   peak	   (OMe)	   in	   the	   reactant	   (A)	   and	   β-‐product	   (β-‐Pdt)	   were	   quantified.	  

These	  peaks	  were	  selected	  as	   these	  did	  not	  overlap	  with	  the	  sugar	   ring,	  benzyl	  or	   the	  

phenyl	  protons	  on	  the	  promoter.	  Hence,	  these	  could	  be	  integrated	  separately	  as	  shown	  

in	  figure	  2.	  On	  plotting	  these	  peak	  concentrations	  against	  time	  of	  the	  reaction,	  a	  gradual	  

decrease	  of	  the	  OMe	  peak	  of	  A	  correlating	  with	  increase	  of	  the	  OMe	  peak	  of	  the	  β-‐Pdt	  	  
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Figure	  1:	  Full	  kinetics	  spectrum	  of	  model	  glycosylation	  of	  β-‐donor	  (Scheme	  2)	  

could	  be	  noticed.	  Interestingly,	  it	  could	  be	  noticed	  that	  after	  an	  initial	  decay	  of	  A	  (or	  vice	  

versa	   increase	   of	   Pdt),	   there	   was	   a	   sudden	   drop	   (or	   rise	   in	   Pdt)	   in	   the	   peak	  

concentration.	  This	  non-‐linear	  behavior	  of	  the	  kinetics	  curve	  is	  a	  clear	  indication	  of	  the	  

complicated	  nature	  of	  the	  reaction.	  The	  initial	  lag	  phase	  is	  suggestive	  of	  existence	  of	  an	  

induction	  period	  for	  the	  Bi(V)	  promoter	  to	  form	  sort	  of	  an	  “active	  species”.	  This	  kind	  of	  

sigmoidal	   curve	   is	   fairly	   uncommon	   in	   synthetic	   organic	   chemistry	   and	   additional	  

experiments	  were	  required	  to	  understand	  the	  complexity	  of	  the	  activation.	  
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Figure	  2:	  (a)	  Expanded	  kinetics	  spectrum	  of	  model	  glycosylation	  (Scheme	  6)	  showing	  the	  peaks	  of	  interest	  

(b)	   Product	   and	   acceptor	   concentration	   vs.	   time	   model	   glycosylation.	   Reaction	   conditions:	  

Donor:Promoter:Acceptor::1:1:1	  equiv.,	  40	  °C,	  CDCl3.	  

Figure	  3:	  Comparison	  of	  various	  kinetics	  experiments	  with	  varying	  concentration	  of	  reactants.	  Legend	  
entry:	  D:P:A::x:y:z	  	  	  	  	  x:y:z=	  ratio	  of	  concentrations	  of	  reactants	  (mM)	  
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4.2.2.1 Rate-‐order	   studies	   of	   reactants:	   Pseudo-‐first	   order	   kinetics	   &	   Initial	   rate	  

studies	  

To	   investigate	   the	   dependence	   of	   reactants	   on	   the	   rate	   of	   the	   reaction,	   we	  

designed	  a	  number	  of	  kinetics	  experiments	  varying	  the	  concentrations	  of	  the	  reactants	  

and	  compared	  them	  to	  each	  other	  (Figure	  3).	  	  

Investigating	  the	  effect	  of	  different	  stoichiometry	  of	  reactants	  on	  the	  reaction	  kinetics,	  

we	  observe	  that	  changes	  in	  concentrations	  of	  all	  the	  reactants,	  i.e.,	  donor	  (D),	  promoter	  

(P)	   as	  well	   as	   acceptor	   (A)	   have	   an	   impact	   on	   reaction	   kinetics.	   To	   understand	   these	  

trends	  better,	  some	  pseudo-‐first	  order	  kinetics	  experiments	  were	  designed.	  Pseudo-‐first	  

order	   rate	   studies	   are	   fairly	   commonly	   done	   to	   analyze	   second–	   or	   higher–	   order	  

reactions,	  catalytic	  reactions,	  etc.,	  where	  simultaneous	  monitoring	  of	  all	  the	  reactants	  is	  

not	   feasible.	   In	   addition,	   to	   estimate	   rate	   order	   of	   each	   reactant,	   initial	   rate	   kinetics	  

method	  was	  used,	  which	  has	   several	   advantages.	  Because	   the	   initial	   rate	   is	  measured	  

under	  nearly	  pseudo-‐zero-‐order	  conditions,	  the	  determination	  of	  slope	  is	  easier	  as	  the	  

change	  in	  concentration	  with	  time	  is	  effectively	  linear.	  Finally,	  as	  the	  reaction	  of	  interest	  

progresses	   competing	   reactions	   may	   develop,	   complicating	   the	   kinetics—using	   the	  

initial	   rate	  eliminates	   these	  complications.	  The	  sigmoid	  nature	  of	   the	  kinetics	  curve	  of	  

the	   activation	   makes	   the	   calculation	   of	   slope	   quite	   tricky.	   However,	   this	   method	  

sometimes	  suffers	  from	  the	  limitation	  that	  there	  may	  be	  insufficient	  time	  for	  completely	  

mixing	   of	   the	   reactants.	   Also,	   since	   we	   have	   a	   sigmoidal	   curve	   here	   and	   a	   possible	  
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induction	   period,	   it	   needs	   to	   stated	   here	   that	   the	   initial	   rate	  method	  was	   utilized	   to	  

study	  the	  rates	  of	  the	  induction	  phase	  and	  not	  the	  entire	  reaction.	  

4.2.2.1.1 Role	  of	  donor	  (D)	  

	  	   The	   donor	   concentration	  was	   varied	   in	   the	  model	   glycosylation	   and	   compared	  

with	  each	  other	   [Figure	  3	   (a)].	   It	  was	  observed	  that	   the	  reaction	  accelerated	  as	  donor	  

amounts	   increased.	   Applying	   the	   initial-‐rate	   kinetics	  method	   [Figure	   3	   (b)],	   it	   can	   be	  

seen	  that	  doubling	  the	  donor	  concentration,	  the	  induction	  period	  rate	  halves	  and	  with	  

excess	  donor,	  the	  reaction	  becomes	  extremely	  fast.	  This	  kind	  of	  response	  is	  suggestive	  

of	  first-‐order	  kinetics	  and	  a	  possible	  role	  in	  the	  rate-‐limiting	  step.	  	  
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Figure	  4:	  Kinetics	  data	  for	  different	  donor	  concentrations	  

	  

4.2.2.1.2. Role	  of	  promoter	  (P)	  

Figure	   5	   (a)	   demonstrates	   the	   comparison	  of	   kinetics	   runs	   for	  different	  

concentrations	   of	   promoter	   (P)	   in	   the	  model	   thioglycosidation.	   From	   this	   data,	   it	  was	  

observed	   that	   the	   reaction	   rate	   increased	   on	   doubling	   the	   promoter	   concentration	  

(D:P:A::1:2:1).	  Unlike	  the	  case	  of	  donor	  kinetics,	  taking	  the	  promoter	  in	  excess	  amounts	  	  

(D:P:A::1:10:1)	  initially	  accelerates	  reaction	  rate,	  but	  surprisingly	  the	  total	  reaction	  time	  

is	  longer	  than	  the	  entry	  D:P:A::1:2:1.	  Figure	  5	  (b)	  shows	  the	  induction	  rate	  comparison	  

of	   the	  above	  entries	  and	  as	  discussed	  above,	   the	   initial	   rate	   increases	  by	  a	   factor	  of	  3	  

when	   donor	   concentration	   was	   doubled	   and	   by	   ∼7	   when	   used	   in	   excess.	   All	   the	  
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observations	  clearly	   indicate	   that	   the	   rate	  order	  of	   the	  promoter	   is	  probably	  different	  

from	  the	  donor,	  and	  is	  more	  complicated.	  

	  

	  

Figure	  5:	  Kinetics	  data	  for	  different	  promoter	  concentrations	  
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4.2.2.1.3. Role	  of	  acceptor	  

Next,	  we	  looked	  at	  the	  effects	  of	  changing	  concentrations	  of	  acceptor	  (A)	  in	  the	  

model	  glycosylation.	  Unexpectedly,	  as	  the	  amounts	  of	  the	  acceptor	  were	  increased,	  the	  

activation	   progressively	   slowed	   down.	   Interestingly,	   the	   initial	   rate	   measurements	  

showed	   that	   when	   doubling	   the	   acceptor	   concentration,	   the	   induction	   period	   rate	  

decreased	  by	  a	  factor	  of	  0.7,	  but	  the	  total	  reaction	  time	  increased	  from	  80	  min	  (1.3	  h,	  

D:P:A::1:1:1)	   to	   286	   min	   (∼5	   h,	   D:P:A::1:1:2).	   In	   fact,	   using	   excess	   acceptor	  

(D:P:A::1:1:10),	   the	   initial	   rate	   as	  well	   as	   the	   total	   reaction	   time	   is	   comparable	   to	   the	  

D:P:A::1:1:2.	  	  

Previously,	  Huang	  et	  al.	   in	   their	  mechanistic	   studies	  of	   thioglycoside	   activation	  

with	  N-‐iodosuccinamide	   (NIS)/triflic	   acid	   as	   promoter,	   suggested	   that	   the	   first	   step	  of	  

electrophilic	  addition	  of	  the	  promoter	  to	  the	  donor	  is	  the	  fast	  step,	  and	  the	  next	  step	  of	  

addition	   of	   the	   acceptor	   to	   the	   reactive	   intermediate	   is	   the	   rate	   limiting	   step.	   In	   our	  

case,	  increase	  in	  both	  donor	  and	  promoter	  accelerated	  the	  reaction	  kinetics	  and	  excess	  

acceptor	  unusually	  retarded	  the	  reaction	  rate.	  	  	  
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Figure	  6:	  Kinetics	  data	  for	  different	  acceptor	  concentrations	  
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As	  referred	  before,	  pseudo-‐first	  order	  rate	  studies	  can	  be	  crucial	  in	  solving	  rate	  

kinetics	  of	  complex	  reaction	  mechanisms.	  We	  decided	  to	  make	  use	  of	  this	  technique	  to	  

	  

Figure	  7:	  Comparison	  of	  kinetics	  data	  with	  pseudo-‐first	  order	  kinetics	  in	  donor	  
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look	   into	   the	   complicated	   roles	   played	   by	   the	   acceptor	   and	   promoter.	   Several	  

experiments	   comprising	  different	   reactant	   concentrations	  were	  done	  by	   taking	  excess	  

amounts	   of	   donor	   (pseudo-‐first	   order)	   compared	   to	   promoter	   and	   acceptor	   amounts	  

(Figure	   7).	   Surprisingly,	   increasing	   promoter	   amounts	   in	   these	   experiments	   did	   not	  

accelerate	   the	   reaction	   rate,	   in	   fact	   the	   initial	   rate	   slowed	   down	   slightly.	   However,	  

increasing	   acceptor	   amounts	   significantly	   retarded	   the	   overall	   reaction	   rate,	   although	  

not	  much	  change	  was	  observed	   in	   the	   initial	   rate.	  Additional	  experiments	  were	  hence	  

required	  to	  understand	  the	  unorthodox	  behavior	  of	  the	  reactants.	  

4.2.2.3. Probing	   the	   function	   of	   acceptor:	   control	   experiments	   &	   glycosyl	   acceptor	  

kinetics	  studies	  

CH3OH+ CDCl3, 40 °C

(A)

O
S

BnO

BnO
OBn

(β-D)

OBn

Ph3Bi(OTf)2

(P)

CH3OH+ CDCl3, 40 °C

(A)

(1HNMR kinetic
monitoring)

(1HNMR kinetic
monitoring)

	  

Scheme	  7:	  Control	  experiments	  with	  donor,	  promoter	  and	  acceptor	  

The	  control	  experiment	  (Scheme	  7)	  showed	  that	  the	  donor	  and	  acceptor	  did	  not	  

react	  with	  each	  other	  in	  absence	  of	  the	  promoter	  as	  no	  changes	  were	  observed	  in	  the	  

1HNMR	   kinetics	   studies.	   However,	   when	   the	   acceptor	   with	   the	   promoter	   alone	   was	  

reacted,	  some	  changes	  though	  minimal	  could	  still	  be	  seen.	   It	  appeared	  that	  these	  two	  
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reactants	   together	   formed	   some	   complexes/side-‐products	   after	   a	   certain	   time	   (>4h,	  

longer	  than	  usual	  reaction	  time).	  BiV	  complexes	  have	  been	  tested	  to	  facilitate	  oxidation	  

of	   secondary	   alcohol	   to	   ketones.	   Consequently,	   it	   was	   observed	   that	   if	   the	   promoter	  

was	   added	   to	   the	   acceptor	   first	   and	   then	   reacted	   with	   the	   donor,	   the	   reaction	   rate	  

slightly	   slowed	   down	   compared	   to	  when	   the	   promoter	  was	   first	  mixed	  with	   acceptor	  

and	  then	  added	  to	  the	  donor.	  However,	  since	  bismuth	  is	  perhaps	  more	  thiophilic21	  than	  

oxophilic,	   the	   reaction	   of	   promoter	   with	   the	   donor	   is	   more	   favorable	   than	   with	   the	  

acceptor,	   because	   of	   which	   lowering	   of	   reaction	   yields	   was	   not	   observed	   but	   only	  

increase	  in	  total	  reaction	  time	  was	  seen.	  

To	   study	   if	   the	  effects	  of	   the	  acceptor,	  MeOH	  are	  general	   to	  other	  alcohols	  as	  

well,	   a	   glycosyl	   acceptor	   (Glu-‐OH,	   Scheme	   8)	   was	   selected	   and	   few	   kinetics	   studies	  

(Figure	  8)	  were	  done.	  
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Scheme	  8:	  1HNMR	  kinetics	  experiment	  of	  a	  glycosylation	  with	  a	  glycosyl	  acceptor	  
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Figure	  8:	  Comparative	  kinetics	  data	  for	  glycosyl	  acceptor	  concentrations	  

Plotting	   the	   product	   concentration	   against	   the	   time	   of	   reaction,	   similar	   trends	  

were	  observed	   in	   the	  1HNMR	  kinetics	  studies	  conducted	  with	   the	  glycosylation	  of	  β-‐D	  

with	   Glu-‐OH.	   After	   an	   initial	   slow	   increase,	   there	   was	   a	   sudden	   increase	   in	   product	  

formation,	   as	   seen	   with	   MeOH.	   When	   the	   amount	   of	   the	   Glu-‐OH	   was	   doubled,	   the	  
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reaction	  rate	  decreased,	  i.e.,	  the	  reaction	  time	  lengthened	  from	  59	  min	  to	  151	  min.	  The	  

initial	  rate	  measurements	  also	  showed	  decrease	  in	  reaction	  rate	  by	  a	  factor	  of	  ∼0.5	  as	  

we	  went	  from	  D:P:Glu-‐OH::1:1:1	  to	  D:P:Glu-‐OH::1:1:2.	  This	  decrease	  however	  was	   less	  

pronounced	  than	  the	  case	  of	  using	  MeOH	  as	  an	  acceptor.	  Taking	  these	  observations	  into	  

account,	   we	   concluded	   that	   excess	   acceptor	   does	   retard	   the	   reaction	   rate,	   possibly	  

interacting	  with	  the	  Bi(V)	  reagent.	  Fortunately,	  the	  overall	  reaction	  yield	  remains	  same	  

in	  both	   cases,	  which	   suggests	   that	   the	   interaction	  probably	   is	   a	   reversible	  equilibrium	  

step,	  hence	  the	  promoter	  is	  not	  blocked	  from	  interacting	  with	  the	  donor.	  Interestingly,	  

the	  product	  concentration	  starts	  going	  down	  once	  it	  has	  reached	  its	  maximum	  indicating	  

that	   the	   glycosidic	   bond	   between	   the	   two	   saccharides	   is	   prone	   to	   anomerization	   or	  

hydrolysis	  when	  the	  reaction	  is	  left	  running	  for	  long.	  

4.2.2.4. Further	  discussion	  and	  summary	  of	  kinetics	  studies	  

In	  light	  of	  all	  of	  the	  above	  1HNMR	  kinetics	  studies,	  it	  can	  be	  concluded	  that	  the	  

BiV-‐mediated	   thioglycoside	   activation	   does	   not	   follow	   a	   straightforward	   kinetics	  

pathway	   and	   the	   kinetics	  modeling	   has	   proved	   to	   be	   quite	   tricky.	  More	   importantly,	  

these	  studies	  have	  helped	  us	  to	  better	  understand	  the	  impact	  of	  the	  various	  reactants	  in	  

the	   initial	   induction	   phase.	   In	   addition,	   it	   was	   noticed	   that	   the	   order	   of	   addition	   of	  

reactants	   into	   the	   reaction	   mixture	   plays	   a	   crucial	   role	   in	   the	   rate	   of	   the	   reaction.	  

Although	  we	  have	  progressed	   in	  our	  understanding,	   the	  unique	   sigmoidal	  behavior	  of	  

the	   kinetics	   curve	   showcased	   by	   the	   Bi(V)	   glycosylation	   needs	   more	   investigation.	  

Interestingly,	   comparable	   nonlinear	   behavior	   of	   the	   curve	   has	   been	   observed	   earlier	  
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with	  autocatalytic	  systems.22	  The	  initial	  slow	  increase	  of	  the	  product	  is	  considered	  to	  be	  

the	   induction	  or	   resting	  period	   for	   the	   catalyst,	   followed	  by	   the	   sharp	   increase	  as	   the	  

autocatalysis	   starts	   playing	   a	   part.	   In	   some	   of	   the	   preliminary	   investigation	   to	   study	  

autocatalysis,	  we	  have	  observed	  a	  consistent	  rate	  shift	  at	  around	  20%	  conversion.	  (We	  

thank	   Prof.	   Jason	   Hein,	   UC	   Merced	   for	   his	   valuable	   help	   here).	   In	   future,	   detailed	  

kinetics	  experiments	  need	  to	  be	  investigated	  to	  confirm	  these	  initial	  observations.	  	  

4.2.3. 1D	  &	  2D	  NMR	  Studies:	  new	  direction	  to	  the	  mechanistic	  studies	  

So	  far,	  with	  the	  GC-‐MS	  and	  various	  kinetics	  experiments,	  we	  have	  been	  able	  to	  

make	   quite	   a	   few	  discoveries	   regarding	   our	   reaction	  mechanism:	   specifically	  with	   the	  

interaction	  of	  reactants	  with	  each	  other,	  rate	  order	  calculations	  and	  rate	  law	  equations.	  

NMR	   spectroscopy	   had	   proved	   to	   be	   a	   very	   effective	   tool	   in	   analyzing	   these	  

observations.	  So,	  going	  back	  to	  the	  initial	  1HNMR-‐kinetics	  spectrum,	  we	  observed	  a	  few	  

other	   interesting	   features,	   apart	   from	   the	   disappearance	   and	   appearance	   of	   the	  

methoxy	   peak	   (Figure	   1).	   Particularly,	   a	   peak	   in	   the	   chemical	   shift	   range	   of	  δ	   5.5–5.6	  

ppm	  (d,	   J	  =	  4.8–5.2	  Hz,	  1H)	  was	  seen	  to	  grow	  (Figure	  9)	  during	  the	  course	  of	   reaction	  

and	   disappear	   as	   soon	   as	   all	   of	   the	   reactant	   got	   consumed	   (OMe	   of	   MeOH).	   Also,	  

multiplets	   at	   δ 2.7	   and	   1.6	   ppm	   seemed	   to	   be	   split	   into	   two	   sets	   (Figure	   9)	   as	   the	  

reaction	   proceeded	   and	   similarly	   this	   trend	   disappeared	   at	   the	   end	   of	   the	   reaction.	  

These	   interesting	   observations	   led	   us	   to	   believe	   that	   perhaps,	   the	   formation	   and	  

disappearance	  of	   a	   reactive	   intermediate	  was	  being	  detected	   in	   the	  NMR	   instrument.	  

This	  was	  a	  very	  exciting	  discovery	  since	  observing	  a	  reactive	  intermediate	  in	  an	  ongoing	  
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reaction	   on	   the	   NMR	   time-‐scale	   (especially	   without	   low	   temperature)	   is	   rare,	   not	   to	  

mention	   that	   these	   kinds	   of	   thioglycoside	   based	   intermediates	   are	   uncommon	   in	  

glycosylation	  literature.	  	  

	  

Figure	  9:	  Expanded	  regions	  of	  the	  NMR	  spectrum	  focusing	  on	  the	  transient	  peaks	  

Another	  unique	  feature	  we	  noticed	  with	  the	  growing	  doublet	  peak	  around	  δ	  5.5	  

ppm,	  which	  was	  assumed	  to	  be	  a	  beta	   (β)-‐anomeric	  H-‐1	  peak	  (usually	  δ	  4.5-‐6.5	  ppm),	  

was	   that	   it	   shifted	   around	   0.2	   ppm	  during	   the	   course	   of	   the	   reaction.	  Moreover,	   the	  

peak	   initially	   seemed	   to	   have	   a	   coupling	   constant	   of	   4.8	   Hz,	   which	   later	   slightly	  

increased	   to	   around	   5.5	   Hz.	   This	   was	   very	   intriguing	   as	   well	   as	   baffling	   to	   us	   as	   we	  

suspected	  a	  β-‐anomeric	  H-‐1	  peak	  of	  a	  glycosyl	  sulfonium	  intermediate	  to	  have	  a	  more	  

deshielded	  chemical	  shift	  than	  δ	  5.5	  ppm	  as	  well	  as	  the	  coupling	  constant	  to	  be	  in	  the	  

range	  of	  9-‐11	  Hz.	   In	   fact,	   the	  observed	  shifts/coupling	  constants	  were	   indicative	  of	  an	  

alpha	   (α)-‐anomeric	   H-‐1	   peak	   of	   a	   glycosyl	   compound.	   Hence,	   a	   number	   of	   1D	   &	   2D	  

correlation	  NMR	  studies	  were	  done	  to	  investigate	  this	  mysterious	  intermediate.	  At	  first,	  
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a	   kinetics	   experiment	  was	  monitored	   reacting	  only	   the	  β-‐D	   and	   the	  Ph3Bi(OTf)2	  (P)	   at	  

various	   temperatures	   [0	   °C,	  RT(∼25	   °C),	  40	   °C].	   Similar	   trends	  were	  observed	  with	   the	  

proton	  peaks	  (as	  mentioned	  before)	  and	  the	  unknown	  intermediate	  still	  could	  be	  seen	  

to	  be	  forming/disappearing	   in	  the	  absence	  of	  the	  acceptor	  [See	  experimental	  section].	  

This	   result	   confirmed	   our	   initial	   hypothesis	   that	   the	   detected	   intermediate	   is	   a	  

glycoside-‐based	   compound.	   To	   investigate	   more,	   another	   experiment	   was	   set	   up	   by	  

reacting	  only	  donor	  (β-‐D)	  and	  promoter	  (P)	  at	  room	  temperature	  (∼25	  °C)	  in	  absence	  of	  

an	  acceptor	  (A)	  to	  analyze	  the	  intermediate	  (Scheme	  9).	  	  
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Scheme	  9:	  Activation	  of	  β-‐donor	  with	  promoter	  in	  absence	  of	  acceptor	  

As	   soon	   as	   the	   reactive	   intermediate	  was	   building	   up,	   the	   kinetics	   experiment	  

was	   halted	   and	   1D	  &	   2D	   NMRs	  were	   taken.	   The	   benzylated	  α-‐thiopropyl	   galactoside	  

donor	  was	  synthesized	  following	  literature	  methods	  and	  its	  NMRs	  were	  then	  compared	  

to	  the	  intermediate’s	  NMRs.	  Correlating	  1H	  (Figure	  10),	  13C	  as	  well	  as	  phase-‐edit	  HSQC	  

spectra	  (Figure	  11),	  we	  noticed	  that	  this	  intermediate	  was	  in	  fact	  the	  α-‐donor!	  In	  other	  

words,	   the	   β-‐thioglycosyl	   donor	   underwent	   anomerization	   to	   the	   α-‐donor	   before	  

getting	  activated	  to	  the	  desired	  product.	  This	  finding	  was	  a	  revelation	  in	  our	  mechanism	  

as	  this	  kind	  of	  β	  to	  α anomerization	  of	  a	  glycosyl	  donor	   is	  a	  rare	  sight	   in	  carbohydrate	  

literature.	  	  	  
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Figure	  10:	  Expanded	  1HNMR	  comparison	  of	  the	  reaction	  mixture	  and	  the	  α-‐donor	  
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Figure	  11:	  HSQC	  (Phase-‐edited)	  of	  the	  reaction	  mixture	  and	  compared	  to	  the	  α-‐donor	  
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4.2.3.1. Alpha	  (α)-‐	  donor	  kinetics	  

To	   further	  authenticate	  our	   results,	  another	   1HNMR	  kinetics	  experiment	  of	   the	  

same	  model	  glycosylation	  was	  done	  using	  the	  alpha-‐donor	   instead	  (Scheme	  10).	   If	  our	  

assumption	  was	  correct,	  we	  suspected	  to	  observe	  no	  isomerization,	  i.e.,	  decrease	  of	  the	  

H-‐1	  of	  the	  alpha-‐donor	  and	  overall	  faster	  kinetics.	  	  
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Scheme	  10:	  Model	  glycosylation	  with	  α-‐donor	  for	  kinetics	  rate-‐order	  study	  

Confirming	   our	   predictions,	   the	   kinetics	   spectrum	   of	   alpha-‐donor	   (Figure	   12)	  

shows	  no	   increase	  but	   rather	   decrease	  of	   the	  H-‐1	   peak	   at	   δ	   5.5	   ppm,	   supporting	   our	  

hypothesis	  that	  the	  reactive	  intermediate,	  which	  formed	  in	  Figure	  1,	  was	  in	  fact	  the	  α-‐

isomer.	   Moreover,	   the	   mulitplets	   at	   δ	   2.7	   &	   1.6	   ppm	   can	   no	   longer	   be	   seen	   to	   be	  

splitting	   with	   reaction	   progress.	   Instead,	   the	   cleaved	   off	   methylene	   protons	   of	   the	  

thiopropyl	   containing	   by-‐product	   can	   be	   seen	   growing.	   As	   expected,	   the	   α-‐donor	  

activation	  was	  indeed	  faster	  than	  the	  β-‐donor.	  Figure	  13	  shows	  the	  comparative	  kinetics	  
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spectrum	  of	  the	  activation	  done	  with	  both	  the	  beta	  and	  the	  alpha	  donor.	  By	  initial-‐rate	  

kinetics	  method,	  the	  increase	  in	  rate	  is	  evident	  between	  the	  two	  trials.	  	  

Apart	   from	   the	   improved	   reaction	   time,	   it	   was	   noticed	   that	   the	  

diastereoselectivity	  of	  the	  obtained	  products	  also	  enhanced	  from	  a	  lower	  1:1	  to	  higher	  

4:7	  ratio.	  This	  discovery	  can	  be	  counted	  as	  an	  advantage	  to	  our	  developed	  methodology	  

as	   our	   current	   protocol	   has	   not	   yet	   induced	   high	   stereoselectivity	   in	   products	   and	  

followed	   general	   trends.	  We	   envision	   that	   this	   strategy	   will	   be	   explored	  more	   in	   the	  

future,	  to	  set	  tougher	  stereoselectivity	  and	  difficult	   linkages	  with	  different	  thioglycosyl	  

donors.	  

Figure	  12:	  (a)	  Full	  kinetics	  spectrum	  of	  model	  glycosylation	  of	  α-‐donor	  (b)	  Expanded	  kinetics	  spectrum	  

showing	  regions	  of	  δ	  2.4-‐2.8	  ppm	  and	  δ	  5.3-‐5.8	  ppm	  
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Figure	  13:	  Comparison	  between	  kinetics	  data	  of	  α	  vs.	  β-‐donor	  

4.2.4. Probing	  reactive	  intermediates	  1D	  &	  2D	  correlation	  studies:	  trials	  and	  successes	  	  

This	  interesting	  discovery	  of	  unusual	  β→α	  anomerization	  led	  us	  to	  speculate	  the	  

reason	   behind	   this	   event	   and	   in	   what	   ways	   it	   contributes	   towards	   the	   thioglycoside	  

activation.	   As	  mentioned	   earlier,	   our	  methodology	  was	   based	   on	   the	   hypothesis	   that	  
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bismuth	   is	   inherently	   thiophilic	   and	   can	   possibly	   attach	   to	   the	   sulfur	   atom	   on	   the	  

glycoside	   to	   form	   reactive	   sulfonium	   species,	   which	   then	   help	   in	   its	   cleavage.	   The	  

aforementioned	  GC-‐MS	  studies	  also	  suggested	  that	  the	  formation	  of	  by-‐product,	  PrSSPr	  

was	  probably	  due	   to	   this	   bismuth-‐sulfonium	   species.	   To	   investigate	   further,	  we	   chose	  

the	   informative	   NMR	   spectroscopy.	   Although,	   correlations	   of	   protons	   in	   a	   reactive	  

intermediate	  are	  difficult	  to	  detect	  on	  the	  NMR	  machine	  as	  the	  dynamic	  motion	  of	  an	  

intermediate	   is	   generally	   faster	   than	   the	   NMR	   time-‐scale,	   especially	   at	   room	  

temperature.	  	  

4.2.4.1.	   Through–bond	  NMR	  	  &	  other	  methods	  

A	   number	   of	   NMR	   experiments	   were	   explored	   to	   probe	   the	   reactive	  

intermediate	  formed	  in	  situ	  during	  the	  thioglycoside	  activation.	  At	  first,	  diffusion	  based	  

spectroscopy	  (DOSY)	  was	  utilized	  with	  the	  intention	  of	  separating	  the	  constituents	  in	  the	  

NMR	   mixture	   relative	   to	   their	   diffusion	   coefficient.	   But	   this	   technique	   failed	   to	  

distinguish	  the	  mixture	  and	  overlapping	  peaks	  were	  observed.	  The	  rationale	  behind	  this	  

observation	  is	  probably	  the	  similarity	  in	  size	  and	  shape	  of	  the	  reactants/intermediates,	  

which	  is	  not	  uncommon	  in	  DOSY	  spectrum	  of	  high-‐molecular	  weight	  species.	  	  

Next,	   a	   variety	  of	   1D-‐selective	  &	  2D	   through-‐bond	  based	   (COSY,	  HMBC,	  HSQC,	  

TOCSY,	  etc.)	  methods	  were	  employed	  to	  chase	  the	  reactive	  intermediate.	  A	  multi	  1H-‐13C	  

HMBC	   experiment	   was	   done	   where	   spectra	   was	   recorded	   for	   the	   β-‐donor	   activation	  

(Scheme	  9)	  at	  various	  stages	  of	  the	  reaction	  (Figure	  14).	  	  From	  the	  figure,	  correlations	  of	  

the	   reactant	   donor	   protons	   with	   sugar	   ring	   carbons	   and	   the	   promoter	   protons	   with	  
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phenyl	  ring	  carbon	  could	  be	  seen	  throughout	  the	  reaction,	  but	  correlations	  between	  the	  

donor	  and	  promoter	  were	  not	  detected.	  The	  HMBC	  at	  the	  end	  of	  the	  reaction	  also	  failed	  

to	  show	  any	  promising	  peaks	  of	  the	  by-‐products	  formed.	  	  
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Figure	  14:	  1H-‐13C	  HMBC	  of	  β-‐donor	  activation	  at	  various	  reaction	  times:	  a)	  start;	  b)	  after	  30	  min;	  c)	  end	  

Some	   similar	   experiments	   comprising	   1H-‐13C	   HMBC	   and	   1D-‐selective	   TOCSYs	  

were	  done	  starting	  with	  the	  α-‐donor	  (Figure	  15).	  Of	  these	  experiments,	  particularly	  an	  

HMBC	   taken	   towards	   the	   end	   of	   the	   activation	   was	   particularly	   interesting	   since	   it	  

showed	  correlations	  of	  the	  cleaved	  off	  SCH2	  of	  the	  thiopropyl	  group	  to	  the	  phenyl	  ring	  

protons	  on	  the	  Bi-‐promoter.	  This	  suggested	  that	  other	  than	  PrSSPr,	  some	  other	  PhBi-‐S	  
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containing	  by-‐products	  forms	  during	  the	  course	  of	  the	  reaction.	  This	  also	  explained	  the	  

detection	  of	  lower	  than	  expected	  amounts	  of	  disulfide	  at	  the	  reaction	  end.	  

Ph3Bi(OTf)2

CDCl3, 40 °C
(P)O

BnO

BnO

(α-D)

OBn

SBnO
NMR studies

	  

Figure	  15:	  1H-‐13C	  HMBC	  of	  α-‐donor	  activation	  after	  30	  min	  

Other	   1D	   and	   2D	   through-‐bond	   based	   NMR	   techniques	   like	   COSY,	   HSQC,	   etc.	  

were	  also	  done	   for	  both	  α	   and	  β-‐donor	  activation.	  Unfortunately,	   these	  also	   failed	   to	  

give	   much	   structural	   insights	   of	   the	   reactive	   complex.	   The	   presence	   of	   various	   spin	  

systems	   on	   the	   same	   molecule	   along	   with	   the	   distance	   between	   the	   “interested”	  
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protons	  of	   the	   large	  bismuth-‐sulfonium	  species	  possibly	  posed	  as	   the	  main	   limitations	  

for	  the	  through	  bond	  approaches.	  	  	  

4.2.4.2. Through-‐space	  NMR	  methods	  

Luckily,	  the	  selective	  through	  space	  approach;	  nuclear	  Overhauser	  effect	  (NOE)23	  

experiments	   (NOESY,	   ROESY,	   etc.)	   helped	   us	   to	   identify	   the	   possible	   intermediate.	   At	  

first,	   we	   tested	   various	   1D	   and	   2D	   NOESY	   and	   ROESY	   experiments	   with	   the	   β-‐donor	  

activation	   (Scheme	   9).	   The	   comparative	   stacked	   spectra	   [Figure	   16	   (b),	   (c),	   (d),	   (e)]	  

shows	  the	  1-‐D	  selective	  NOESY’s	  of	  the	  different	  pulsed	  peaks	  selected	  from	  the	  1HNMR	  

of	  the	  in-‐situ	  reactive	  intermediate	  [Figure	  16	  (a)].	  

These	   studies	   in	   figure	   16	   showed:	   (b)	   when	   phenyl	   protons	   present	   on	   the	  

bismuth	  promoter	  (9.2	  ppm)	  were	  selectively	  pulsed,	  they	  correlated	  with	  peaks	  on	  the	  

glycoside,	  specifically	  the	  methyl	  (CH3)	  on	  thiopropyl	  group;	  (c)	  when	  transient	  H-‐1	  peak	  

on	  the	  thioglycoside	  was	  pulsed	  (5.5	  ppm),	  it	  correlated	  with	  the	  phenyl	  protons	  on	  the	  

promoter	  as	  well	  as	  other	  sugar	  ring	  protons;	  (d)	  CH2	  on	  the	  thiopropyl	  group	  (2.6	  ppm)	  

on	   pulsing	   surprisingly	   showed	   strong	   correlation	   signals	   with	   the	   phenyl	   protons,	  

whereas	  showed	  weak	  signals	  with	  the	  rest	  of	  the	  thiopropyl	  protons;	  (e)	  when	  CH3	  (1.0	  

ppm)	  of	  the	  thiopropyl	  group	  was	  pulsed,	  it	  again	  correlated	  with	  the	  phenyl	  protons	  on	  

the	   bismuth	   promoter.	   To	   explain	   these	   correlations,	   we	   came	   up	   with	   a	   possible	  

intermediate	  structure	  (Figure	  16).	  The	  structure	  shows	  that	  the	  phenyl	  protons	  on	  the	  

bismuth	  core	  are	  probably	  closer	  to	  CH3	  of	  the	  thiopropyl	  group	  (as	  this	  part	  can	  rotate	  

freely	  and	  can	  be	  in	  the	  proximity	  of	  the	  phenyl	  ring),	  which	  may	  also	  be	  the	  reason	  of	  	  



www.manaraa.com

	   123	  

	  

Figure	  16:	  a)	  1HNMR	  of	  the	  reactive	  intermediate;	  1D	  selective	  NOESY	  of	  peaks	  at	  chemical	  shifts	  δ	  (b)	  9.2	  

ppm	  (c)	  5.5	  ppm	  (d)	  2.6	  ppm	  (e)	  1.0	  ppm	  showing	  correlation	  with	  other	  peaks.	  

seeing	   correlations	   through	   space	   and	   not	   through	   bonds.	   Most	   importantly,	   the	  

correlations	  of	  the	  anomeric	  proton	  present	  on	  the	  glycosyl	  ring	  to	  the	  rest	  of	  the	  ring	  

protons	   and	   especially	   to	   the	   phenyl	   protons	   on	   the	   bismuth	   core	   provide	   strong	  

evidence	   for	   existence	   of	   the	   bismuth-‐sulfonium	   species.	   To	   support	   the	   existence	   of	  
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this	   sulfonium	   intermediate,	   the	   behavior	   of	   the	   H-‐1	   of	   the	   alpha-‐donor	   during	   the	  

kinetics	  experiment	  can	  be	  considered.	  Close	  examination	  of	  Figure	   12	   (b)	   shows	  that	  

the	  particular	   proton	  peak	   shifts	   by	   0.05	  ppm	  on	   the	  NMR	   scale	  during	   glycosylation,	  

while	   the	   coupling	   constant	   changes	   from	   4.8–5.5	   Hz.	   These	   features	   along	   with	   the	  

peak	  shape	  change	  from	  a	  distinct	  doublet	  to	  a	  broad	  singlet	  before	  getting	  consumed	  

are	  definite	  indications	  of	  a	  complex	  formation.	  

4.2.5.	   Superarmed	  donor	  kinetics	  rate	  studies	  

Anchimeric	   assistance	  or	  neighboring	   group	  participation	   (NGP)	   is	   one	  of	  most	  

crucial	   strategy	   that	   is	   utilized	   in	   oligosaccharide	   synthesis	   to	   construct	   1,2-‐trans	  

linkages.	  Usually,	  the	  2-‐OH	  of	  the	  glycosyl	  donor	  is	  protected	  with	  a	  participating	  ester	  

group	   like	  acetates	   (OAc)	  or	  benzoates	   (OBz),	  which	   in	  general	  blocks	  any	  attack	   from	  

one	  of	  the	  faces,	  giving	  typically	  one	  product	  diastereoisomer.	  	  

Since	   the	   discovery	   of	   the	   atypical	   β→α	   anomerization	   in	   our	   thioglycoside	  

activation,	  we	  wanted	  to	  investigate	  if	  this	  phenomenon	  will	  still	  occur	  with	  an	  acetate	  

group	  present	  on	  the	  2-‐OH	  of	  the	  thioglycosyl	  donor.	  For	  this	  purpose,	  we	  synthesized	  a	  

thiopropyl	  galactoside	  donor	  (β-‐SD)	  and	  performed	  NMR	  reaction	  kinetics	  (Scheme	  11).	  

This	  particular	  class	  of	  donors	  which	  has	  benzyl	  ethers	  on	  3,	  4,	  6-‐OH	  and	  a	  participating	  

group	  like	  OAc	  or	  OBz	  on	  a	  2-‐OH	  are	  called	  superarmed	  donors,24	  as	  glycosylation	  with	  

these	  donors	  are	  extremely	  fast.	  As	  expected,	  we	  found	  a	  similar	  trend	  with	  the	  kinetics	  

experiment,	   wherein	   the	   rate	   of	   the	   β-‐superarmed	   donor	   (β-‐SD)	   activation	   was	   way	  

faster	  than	  the	  previous	  β-‐donor	  (1a,	  β-‐D).	  	  	  
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Scheme	  11:	  Glycosylation	  of	  the	  superarmed	  donor	  for	  kinetics	  studies	  

Because	   the	  activation	  was	   fast,	   the	  appearance/growing	  of	  peaks	  were	  not	  as	  

distinct	   as	   with	   the	   other	   β-‐donor.	   However,	   on	   closer	   look	   at	   the	   1HNMR	   kinetics	  

spectrum,	  we	   noticed	   that	   a	  mixture	   of	   two	   isomers	  was	   formed	   as	   seen	   in	   previous	  

studies	   	   (Figure	  9).	  For	  accurate	  analysis,	  we	  synthesized	  the	  α-‐superarmed	  donor	   (α-‐

SD)	  and	  compared	  the	  kinetics	  spectrum	  (Figure	  17).	  

As	  evident	   from	  the	  Figure	  18,	   the	  1HNMR	  taken	  during	  the	  ongoing	  activation	  

(Figure	   17)	   contains	   the	   peaks	   for	   the	  α-‐donor,	   in	   addition	   to	   the	  β-‐donor	   and	   other	  

products.	   This	   implies	   that	   the	   β-‐donor	   interconverts	   to	   the	   α-‐donor	   during	   the	  

activation!	  This	  finding	  is	  very	  surprising	  as	  the	  presence	  of	  NGP	  on	  2-‐OH	  of	  a	  galactosyl	  

donor	   blocks	   off	   the	   α-‐	   face	   and	   so,	   formation	   of	   the	   α-‐donor	   was	   unprecedented.	  

Hence,	  it	  can	  be	  concluded	  that	  the	  β→α	  anomerization	  is	  quite	  favorable	  with	  the	  BiV	  

activation	  even	  in	  the	  presence	  of	  anchimeric	  assistance.	  	  
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Figure	  17:	  1HNMR	  comparison	  of	  the	  activation;	  a)	  pure β-‐superarmed	  donor	  (β -‐SD);	  b)	  reaction	  mixture	  

of	  activation	  of	  β-‐donor	  (scheme	  shown	  in	  figure)	  after	  10	  min;	  c)	  pure	  α-‐superarmed	  donor	  (α -‐SD)	  
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4.2.6.	   Probing	  single	  electron	  transfer	  (SET)	  pathway	  

The	  activation	  of	  thioglycosides	  is	  commonly	  done	  via	  the	  formation	  of	  a	  reactive	  

sulfonium	   intermediate	   through	   a	   two-‐electron	   process.	   Another	   common	   way	   to	  

generate	   a	   carbenium	   center	   is	   through	   an	   electron	   transfer	   activation	   of	   the	   sulfide	  

group	   to	  give	  a	   reactive	   radical	   cation,	  which	  was	  exploited	  with	  Amatore	  and	  Sinay14	  

and	  recently	  by	  Bowers	  and	  co-‐workers.25	  To	  probe	  if	  our	  developed	  methodology	  also	  

8follows	   a	   radical	   pathway,	   we	   designed	   a	   few	   kinetics	   experiments	   with	   a	   radical	  

scavenger,	  galvinoxyl.	  The	  approach	  was	  that	   if	   the	  mechanism	  is	  undergoing	  a	  single-‐

electron	   radical	  pathway,	   including	  a	   radical	   scavenger	   in	   the	   reaction	  mixture	   should	  

quench	   or	   inhibit	   the	   activation.	   Galvinoxyl	   is	   a	   long-‐lived	   free	   radical	   and	   is	   highly	  

efficient	   in	   scavenging	   short-‐lived	   free	   radicals.	   It	   has	   been	   previously	   used	   as	   a	  

mechanistic	   probe	   for	   radical	   chain	   processes	   and	   also	   as	   an	   inhibitor	   to	   prevent	  

undesired	   competitive	   radical	   reactions.26	   A	   few	   1HNMR-‐kinetics	   experiments	   were	  

done	   with	   the	   β-‐galactosyl	   donor	   in	   presence	   of	   galvinoxyl	   (Scheme	   12)	   to	   gain	  

mechanistic	  insights.	  	  
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Scheme	  12:	  Kinetics	  studies	  of	  model	  glycosylation	  with	  galvinoxyl	  

From	   the	   kinetics	   spectrum	  of	   the	  activation	   [Scheme	   12	   (a)],	   it	  was	  observed	  

that	  the	  donor	  was	  activated	  in	  spite	  of	  the	  presence	  of	  the	  scavenger	  [see	  experimental	  



www.manaraa.com

	   128	  

section].	   A	   control	   kinetics	   experiment	   was	   also	   done	   with	   just	   the	   donor	   and	   the	  

galvinoxyl	   radical,	   so	   as	   to	   rule	   out	   any	   activation	   by	   the	   radical	   itself.	   	   This	   study	  

showed	  that	  galvinoxyl,	  by	  itself	  has	  no	  affect	  on	  the	  thioglycoside	  donor.	  Hence,	  with	  

these	   studies,	   it	   can	   be	   concluded	   that	   Ph3Bi(OTf)2-‐mediated	   activation	   of	  

thiopropylglycosides	  do	  not	  follow	  a	  single-‐electron	  radical	  mechanistic	  pathway.	  

4.2.7.	   Miscellaneous	  studies	  	  

4.2.7.1.	   By-‐product	  analysis	  

	   Although	   PrSSPr	   was	   found	   to	   be	   one	   of	   the	   sulfur	   by-‐products	   in	   the	  

reaction	  of	  study,	  we	  still	  did	  not	  have	  much	  knowledge	  of	  the	  other	  bismuth-‐	  or	  sulfur-‐

containing	   by-‐products.	   By-‐product	   studies	   are	   very	   important	   in	   understanding	   of	   a	  

reaction	   and	   sometimes	  prove	   to	   critical,	   especially	   in	   catalytic	   systems.	   Previously,	   it	  

had	   been	   reported	   that	   in	   reactions	   involving	   phenyl-‐containing	   Bi(V)	   reagents,	   the	  

major	   by-‐product	   is	   Ph3Bi.	   To	   test	   this	   hypothesis,	   we	   went	   back	   to	   our	   activation	  

analysis	   by	   NMR	   spectroscopy.	   Since	  we	   already	   had	   Ph3Bi	   in	   hand,	   we	   thought	   that	  

adding	   this	   reagent	  at	   the	  end	  of	  an	  activation	  would	  either	   increase	  or	  create	  newer	  

peaks	   in	   the	  NMR	  spectrum,	  depending	  on	  whether	   it	   is	  a	  by-‐product	  or	  not	   (Scheme	  

13).	  	  	  
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Scheme	  13:	  By-‐product	  analysis	  

By	  NMR	  analysis,	  we	  found	  that	  there	  was	  no	  increase	  in	  intensity	  of	  the	  residual	  peaks	  

of	   the	   phenyl	   protons	   of	   bismuth	   promoter	   present	   at	   the	   end	   of	   the	   reaction	   (see	  

experimental	   section).	   In	   fact,	   new	   peaks	   emerged	   in	   the	   spectrum,	  which	   confirmed	  

that	  the	  Ph3Bi	  is	  not	  a	  by-‐product	  of	  the	  activation.	  These	  studies	  along	  with	  the	  earlier	  

HMBC	   experiment	   (Figure	   16)	   suggest	   the	   formation	   of	   a	   phenylbismuth-‐sulfur	  

containing	  by-‐product.	  	  

4.2.7.2.	   Chloride	  vs.	  triflate	  promoter	  study	  

	   In	  our	  earlier	  work,18	  we	  found	  that	  the	  activation	  protocol	  is	  uniquely	  related	  to	  

pentavalent	   bismuth	   chemistry.	   To	   further	   investigate	   if	   this	   observation	   was	   more	  

general,	  we	  tried	  a	  bench-‐top	  and	  a	  kinetics	  experiment	  of	   the	  model	  glycosylation	  of	  

the	  β-‐donor	  with	  a	  new	  promoter	  triphenylbismuth	  dichloride	  (Ph3BiCl2)27	  [Scheme	  14].	  

Surprisingly,	  no	  change	  was	  observed	  by	  TLC	  analysis	  or	  even	  by	  1HNMR	  kinetics	  study	  

over	  a	  span	  of	  3	  h.	  	  
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Scheme	  14:	  Activation	  trials	  with	  Ph3BiCl2	  

4.2.8.	   Plausible	  mechanistic	  pathway	  

Putting	   all	   our	   observations/estimations	   together,	   a	   plausible	   mechanistic	  

pathway	   can	   be	   proposed	   (Scheme	   15).	   The	   β-‐donor	   in	   presence	   of	   Ph3Bi(OTf)2	  	  

anomerizes	   to	   the	   α-‐donor.	   This	   α-‐donor	   then	   possibly	   forms	   a	   bismuth-‐sulfonium	  

species,	  which	  in	  all	  probability	  is	  in	  equilibrium	  with	  the	  β-‐sulfonium	  species.	  Once	  this	  

reactive	  intermediate	  forms,	  it	  can	  disintegrate	  to	  form	  an	  oxacarbenium	  species,	  which	  

has	  been	  suggested	  by	  earlier	  mechanistic	  studies	  with	  different	  glycosyl	  donors.	  In	  this	  

process,	   the	   Bi-‐S	   portion	   breaks	   off	   to	   form	   some	   by-‐products	   which	   are	   yet	   to	   be	  

determined.	  Some	  of	  the	  PrS-‐	  fragments	  can	  possibly	  come	  together	  to	  form	  a	  disulfide	  

(PrSSPr)	  by	  a	  possible	  aerobic	  oxidation	  (or	  some	  other	  process)	  that	  has	  been	  detected	  

in	  our	  studies.	  The	  reactive	  intermediate	  can	  readily	  be	  then	  attacked	  by	  the	  incoming	  

nucleophile	  via	  an	  SN1-‐like	  mechanism	  to	  give	  the	  desired	  products	  (Path	  A)	  in	  1:1	  ratio.	  	  
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Scheme	  15:	  Proposed	  mechanistic	  pathway	  

However,	   another	   pathway	   is	   also	   plausible,	   especially	   when	   the	   activation	   is	  

done	  with	   the	  α-‐donor.	   Since	   the	  α-‐donor	  does	  not	  undergo	  anomerization	   to	   the	  β-‐
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donor,	   the	   in	   situ	   formed	   bismuth-‐sulfonium	   species	   is	   probably	   enriched	   in	  more	  α-‐

form	  than	  the	  β-‐form.	  Experimental	  evidence	  also	  shows	  that	  the	  diastereoselectivity	  of	  

product	   obtained	   with	   α-‐donor	   activation	   is	   slightly	   enhanced.	   Hence,	   we	   can	   see	  

envision	   an	   SN2-‐like	   pathway	   to	   give	   beta	   product	   preferentially	   over	   alpha	   product.	  

However,	   mention	   need	   to	   made	   that	   the	   product	   selectivity	   might	   also	   result	   from	  

other	  effects	  as	  a	  SN2	  attack	  on	  the	  sulfonium	  with	  the	  bulky	  bismuth	  and	  phenyl	  ligands	  

present	  on	  the	  molecule	  seems	  a	  bit	  far-‐fetched.	  Nevertheless,	  with	  our	  studies	  we	  have	  

managed	   to	   come	   up	   with	   a	   possible	   mechanistic	   pathway	   for	   this	   extraordinary	  

activation.	  

4.3. CONCLUSION	  

In	   summary,	   we	   investigated	   a	   bismuth(V)	   mediated	   thiopropylglycosides	  

activation	  with	  various	  bench-‐top	  experiments	  and	  analytical	  methods.	  The	  kinetics	  rate	  

order	  studies	  gave	  insight	  into	  the	  effect	  of	  each	  reactant	  on	  the	  rate	  of	  the	  concerned	  

glycosylation.	   Uniquely,	   these	   NMR	   kinetics	   studies	   showed	   that	   the	   beta	   anomer	  

preferred	  to	  isomerize	  to	  the	  alpha	  anomer	  during	  the	  course	  of	  the	  reaction.	  On	  closer	  

observation	  with	  a	  variety	  of	  1D	  and	  2D	  NMR	  studies,	  formation	  of	  an	  in-‐situ	  bismuth-‐

sulfonium	  reactive	  intermediate	  could	  be	  detected.	  Once	  this	  reactive	  species	  formed,	  it	  

reacted	  quickly	  with	   the	   incoming	  nucleophile	   to	   form	   the	  desired	  O-‐glycoside.	  Other	  

mechanistic	   pathways	   like:	   oxidation	   of	   the	   S-‐glycoside	   to	   form	   sulfoxides,	   single-‐

electron	  thioglycoside	  radical	  formation,	  phenyl	  group	  transfer	  on	  the	  S-‐glycoside,	  etc.,	  

were	   also	   examined	   but	   were	   disregarded	   as	   they	   failed	   to	   give	   any	   evidence	   of	  
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occurrence.	  These	  in-‐depth	  mechanistic	  studies,	  notably	  rate-‐order	  kinetics,	  are	  one	  of	  

the	  first	  of	   its	  kind	   in	  thioglycoside	  activation	  as	  well	  as	   in	  chemical	  glycosylation.	  This	  

kind	   of	   detained	  mechanistic	   examination	   is	   also	   extremely	   rare	   in	   bismuth-‐mediated	  

functional	   group	   transformations.	   In	   future,	   we	   hope	   this	   report	   will	   spur	   additional	  

work	   on	   the	   unique	   bismuth	   metal	   chemistry	   and	   the	   quintessential	   chemical	  

glycosylation.	  	  	  

4.4. EXPERIMENTAL	  SECTION	  

4.4.1.	   General	  methods	  

All	   moisture-‐sensitive	   manipulations	   were	   carried	   out	   with	   standard	   Schlenk	  

techniques	  under	  argon.	  Commercially	  available	  compounds	  were	  used	  without	  further	  

purification	   unless	   otherwise	   stated.	   Commercial	   solvent/reagents	   used	   in	   GC-‐MS,	  

kinetics	  measurements,	  NMR	  studies	  specifically	  MeOH,	  CH2Cl2,	  CDCl3,	  AllOH	  were	  dried	  

and	   distilled	   before	   use.	   All	   saccharides	   were	   pre-‐treated	   by	   azeotropic	   removal	   of	  

water	  using	  toluene.	  These	  saccharides	  along	  with	  the	  promoter	  [PhBi3(OTf)2]	  were	  kept	  

in	   vacuum	   desiccator	   containing	   P2O5	   overnight	   before	   use.	   Flash	   silica	   gel	   column	  

chromatography	  was	   performed	   employing	   Silica	   Gel	   60	   Sorbent	   (40-‐63	   μm,	   230-‐400	  

mesh).	   Thin–layer	   chromatography	   (analytical)	   was	   performed	   using	   glass	   plates	   pre-‐

coated	  to	  a	  depth	  of	  0.25	  mm	  detected	  under	  UV	  light	  and	  by	  spraying	  the	  plates	  with	  a	  

0.02	  M	  solution	  of	  resorcinol	  in	  20%	  ethanolic	  H2SO4	  solution	  followed	  by	  heating.	   	  
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4.4.2.	   Instrumentation	  

GC-‐MS	  analyses	  were	  done	  on	  a	  GCT	  GCMS	  is	  an	  orthogonal	  time-‐of-‐flight	  mass	  

spectrometer	  from	  Waters	  Inc.,	  Milford,	  MA.	  	  The	  system	  also	  includes	  a	  model	  6890	  GC	  

from	  Agilent,	  Santa	  Clara,	  CA,	  which	   is	  equipped	  with	  a	  model	  7683	  Autoinjector	  from	  

Agilent.	  1HNMR	  kinetics	  measurements	  were	  done	  on	  a	  Bruker	  AVII	  600	  MHz	  and	  Bruker	  

DRX	  400	  MHz	  spectrometer.	  Proton	  (1H)	  NMR,	  carbon	  (13C)	  NMR,	  etc.	  were	  recorded	  on	  

a	   600	   MHz	   and	   125	   MHz	   instrument	   respectively	   using	   the	   residual	   signals	   from	  

chloroform	   (CDCl3),	   7.26	   ppm	   and	   77.0	   ppm,	   as	   internal	   references	   for	   1H	   and	   13C	  

chemical	  shifts	  (δ)	  respectively.	  All	  1D-‐selective	  and	  2D	  NMR	  experiment	  was	  done	  on	  a	  

Bruker	   AVII	   600	   spectrometer.	   The	  DOSY	   experiment	  was	   done	   on	   a	   Bruker	   DRX	   400	  

MHz	   spectrometer.	  ESI-‐HRMS	  mass	   spectrometry	  was	   carried	  out	  on	  an	  Agilent	  6540-‐

QTOF.	  

4.4.3.	   General	  procedures	  

4.4.3.1.	   GC-‐MS	  analyses	  

Materials:	  PrSH	  was	  commercially	  bought	   from	  Sigma	  Aldrich	  and	  distilled	  before	  use.	  

PrSSPr	   and	   PhSPr	   were	   synthesized	   following	   literature	   methods	   and	   distilled	   before	  

use.	  	  

Separation	  of	  analytes	  procedure:	  To	   find	   the	   retention	   times	  of	   the	  analytes,	   a	   stock	  

solution	  was	  prepared	  by	  mixing	  1	  µL	  of	  each	  of	  the	  analyte,	  namely	  PrSH,	  PrSSPr,	  PhSPr	  

and	   an	   internal	   standard	   (dodecane)	   in	   100	   mL	   CH2Cl2	   and	   analyzed	   on	   the	   GC-‐MS	  
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instrument.	  The	  retention	  times	  were	  recorded	  and	  the	  relative	  response	  factors	  (RRF)	  

were	  then	  calculated.	  All	  the	  analytes	  were	  separated	  on	  the	  chromatogram	  and	  could	  

be	  monitored.	  

Analyte	   Formula	   MW	   RT	  (min)	  
Peak	  

height	  

Peak	  

Area	  
Density	  

Stock	  

Conc.	  
RRf	  

PrSH	   C3H8S	   76	   2.124	   870	   21.54	   0.84	   42	   3.375	  

PrSSPr	   C6H14S2	   150	   8.166	   1680	   34.37	   0.96	   48	   4.471	  

Dodecane	   C12H26	   170	   9.092	   271	   5.69	   0.75	   37.45	   1.000	  

PhSPr	   C9H12S	   152	   9.575	   2449	   54.06	   0.99	   50	   7.116	  

General	  procedure	  of	  reaction	  monitoring	  by	  GC-‐MS:	  	  
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The	   glycosyl	   donor	   (1	   equiv.,	   0.033	  mmol,	   0.020	   g)	   and	   allyl	   alcohol	   (1	   equiv.,	   0.033	  

mmol,	   2.46	  µL)	  were	   taken	   a	   in	   a	   tightly	   sealed	  oven	  dried	   flask	  under	   argon.	   To	   it	   a	  

solution	  of	  promoter	  (1	  equiv.,	  0.033	  mmol,	  0.025	  g)	  in	  CH2Cl2	  was	  added	  and	  reaction	  
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left	  to	  stir	  under	  argon.	  Aliquots	  (1	  µL)	  from	  the	  reaction	  mixture	  at	  various	  times	  were	  

then	  taken	  out,	  mixed	  with	  dodecane	  to	  make	  50	  mL	  stock	  solutions	  in	  CH2Cl2	  and	  then	  

immediately	  analyzed	  by	  GC-‐MS.	  	  The	  donor	  consumption	  was	  also	  monitored	  by	  TLC.	  

4.4.3.2	   NMR	  kinetics	  studies	  

All	   these	   experiments	   were	   done	   on	   the	   Bruker	   DRX	   400	   spectrometer.	   Various	  

temperatures	  were	  tried	  for	  monitoring	  the	  kinetics	  and	  out	  of	  these	  40	  °C	  (313	  K)	  was	  

found	  to	  be	  the	  optimum	  temperature,	  considering	  the	  total	  reaction	  time.	  NMR	  tubes	  

were	  oven-‐dried	  before	  use.	  	  

Typical	  procedure:	  The	  glycosyl	  donor	  and	  promoter	  were	  weighed	  in	  a	  septum-‐capped	  

oven	  dried	  1-‐dram	  vial,	  purged	  with	  argon,	  and	  then	  taken	  to	  the	  NMR	  instrument.	  The	  

thermostat	   of	   the	   NMR	   instrument	   was	   allowed	   to	   stabilize	   at	   313	   K.	   Then,	   the	  

instrument	  was	  locked	  and	  shimmed	  using	  an	  NMR	  tube	  containing	  only	  CDCl3.	  A	  stock	  

solution	   of	   the	   acceptor	   in	   deuterated	   CDCl3	   was	   prepared	   and	   then	   the	   required	  

amount	   was	   added	   to	   the	   vial	   via	   a	   syringe.	   The	   vial	   was	   shaken	   until	   homogenous	  

(generally	  ∼5-‐7	  sec),	  transferred	  to	  another	  NMR	  tube	  and	  immediately	  taken	  into	  the	  

NMR	  machine	  for	  data	  acquisition.	  This	  was	  taken	  as	  time	  zero	  and	  automatic	  spectra,	  

of	   4	   scans	   with	   a	   24	   s	   acquisition	   delay	   (D1)	   between	   scans,	   were	   registered	  

automatically	  every	  120	  seconds	   for	   the	   first	  69	  FIDs,	  after	  which	  scans	  were	  taken	  at	  

the	  intervals	  of	  300	  seconds.	  	  

The	   spectra	   obtained	  were	  processed	  manually	   in	  mestrenova	   software	   to	  obtain	   the	  

concentration	  of	  reactant	  and	  product	  species	  during	  the	  reaction.	  	  
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(i)	   A	   typical	   kinetics	   spectrum	   of	   the	   model	   glycosylation	   (D:P:A::1:1:1)	   looked	   as	  

follows:	  
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(ii)	   A	   typical	   kinetics	   spectrum	   of	   glycosylation	   with	   a	   glycosyl	   acceptor	   (D:P:Glu-‐

OH:1:1:1)	  

Ph3Bi(OTf)2 (P)

CDCl3, 40 °C
O

HO

OMe

BnO
BnOO

S

BnO

BnO
OBn

(β-D)

OBn

BnO

O
BnO

BnO
OBn

OBn

O
O

OMe

BnO
BnO

BnO(Glu-OH)

+
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(iii)	  Kinetics	  spectrum	  of	  reaction	  between	  donor	  and	  promoter:	  

Ph3Bi(OTf)2

CDCl3, RT

(P)
O

S

BnO

BnO
OBn

(β-D)

OBn
1HNMR Kinetic

monitoring
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Synthesis	  of	  donor:	  

n-‐Propyl-‐2-‐O-‐acetyl-‐3,4,6-‐tetra-‐O-‐benzyl-‐1-‐thio-‐β-‐D-‐galactopyranoside	  (β-‐SD)	  

PrSH, BF3•OEt2, 
CH2Cl2O

OBn

OAc

OBn

BnO
OAc

O
OBn

SPr

OBn

BnO
OAc0-5 °C, 0.5 h,

65%

C32H38O6S
550.24

β-SD

	  

A	   0.50	   M	   solution	   of	   glycosyl	   acetate	   donor28	   (1.50	   g,	   2.81	   mmol)	   and	   propanethiol	  

(PrSH,	  0.256	  g,	  3.37	  mmol)	  was	  stirred	  for	  0.5	  h	  in	  anhydrous	  dichloromethane	  at	  0	  °C.	  

Then,	  boron	  trifluoride	  dietherate	  (BF3⋅OEt2,	  1.19	  g,	  8.42	  mmol)	  was	  added	  dropwise	  to	  

the	  reaction	  mixture	  and	   it	  was	  stirred	  over	  an	   ice	  bath	   (0–5	  °C)	  until	   consumption	  of	  

the	   starting	   donor	   was	   seen	   by	   TLC.	   The	   reaction	   was	   quenched	   with	   excess	  

triethylamine,	  diluted	  with	  CH2Cl2,	  filtered,	  and	  washed	  sequentially	  with	  2	  M	  aqueous	  

HCl,	   saturated	  aqueous	  NaHCO3,	   and	  water.	   The	  organic	   layer	  was	  dried	  over	  MgSO4,	  

concentrated	  under	  reduced	  pressure	  at	  40	  °C,	  and	  the	  resulting	  residue	  was	  purified	  by	  

silica	   gel	   column	   chromatography	   by	   a	   solvent	   system	   (Ethyl	   acetate:hexanes,	   1:7),	  

which	  yielded	  β-‐SD	   as	  a	  white	   solid	   (0.99	  g,	  65%);	  Rf	  0.62	   (Ethyl	  acetate:hexanes	  1:5);	  

[α]D	  +	  67.3	  cm
3	  g-‐1dm-‐1	  (c	  0.12	  g	  cm-‐3,	  CHCl3;	  

1H	  NMR	  (600	  MHz,	  [D-‐1]	  CDCl3,	  25	  oC,	  TMS)	  

1H	  NMR	  (600	  MHz,	  CDCl3)	  δ	  7.31	  (m,	  15	  H)	  5.41	  (t,	  J	  =	  9.7	  Hz,	  1H),	  4.95	  (d,	  J	  =	  11.7	  Hz,	  

1H),	  4.68	  (d,	  J	  =	  12.2	  Hz,	  1H),	  4.58-‐4.55	  (2	  d,	  J	  =	  11.9	  Hz,	  2H),	  4.48	  –	  4.39	  (m,	  2H),	  4.32	  (d,	  

J	  =	  9.9	  Hz,	  1H),	  3.99	  (dd,	  J	  =	  2.8,	  0.9	  Hz,	  1H),	  3.62	  –	  3.57	  (m,	  3H),	  3.54	  (dd,	  J	  =	  9.7,	  2.8	  Hz,	  

1H),	  2.64	  (ddd,	  J	  =	  12.4,	  8.3,	  6.5	  Hz,	  2H),	  1.64	  –	  1.56	  (m,	  2H),	  0.94	  (t,	  J	  =	  7.4	  Hz,	  3H);	  13C	  
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NMR	   (151	   MHz,	   CDCl3)	   δ	   169.76,	   138.72,	   138.13,	   137.95,	   128.55,	   128.53,	   128.29,	  

128.06,	  128.04,	  127.95,	  127.85,	  127.57,	  127.55,	  83.94,	  81.61,	  77.59,	  77.37,	  77.16,	  76.95,	  

74.50,	   73.68,	   73.03,	   72.07,	   69.85,	   68.68,	   31.66,	   23.24,	   21.19,	   13.63;	  HRMS	   (ESI-‐QTOF)	  

m/z	  calc.	  for	  C32H38O6SNa+	  573.2286	  found	  573.2291.	  

	  

(iii)	  Galvinoxyl	  kinetics	  

+

Ph3Bi(OTf)2

CDCl3, 40 °C

(P)

O
S

BnO

BnO
OBn

(β-D)

OBn

O O

(G)

1HNMR kinetic
monitoring

CH3OH (A), 
CDCl3, 40 °C(a)

(b)
	  

The	  general	  kinetics	  experiment	  procedure	  was	  followed	  here	  too,	  except	  the	  galvinoxyl	  

was	   also	  weighed	   in	   the	   dark	   in	   the	   vial	   along	  with	   the	   donor	   and	   promoter	   (all	   are	  

1:1:1).	  The	  vial	  was	  wrapped	  in	  aluminum	  foil	  to	  avoid	  light	  exposure	  when	  taken	  to	  the	  

NMR	  instrument.	  
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(iv)	  By-‐product	  studies	  and	  the	  1HNMR	  comparison	  

Ph3Bi(OTf)2

CDCl3, 40 °C

(P)O
S

BnO

BnO
OBn

(β-D)

OBn

O
BnO

BnO
OBn

OBn

OH

(Pdt)
+ Ph3Bi

+ Bi, S-byproducts

 1HNMR analysis 	  
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CHAPTER	  5:	  CONCLUSIONS	  AND	  FUTURE	  DIRECTIONS	  

Oligosaccharide	   synthesis	   has	   been	   a	   challenging	   task	   for	   carbohydrate	   chemists	   and	  

they	   have	   made	   continuous	   efforts	   to	   improve	   current	   synthetic	   strategies.	   This	  

dissertation	  describes	  the	  development	  of	  an	  efficient	  and	  straightforward	  protocol	  that	  

can	   be	   used	   to	   couple	   thioglycosyl	   donors	   to	   a	   wide	   variety	   of	   simple	   and	   complex	  

acceptors	   to	   form	   highly	   functionalized	  monosaccharide	   as	  well	   as	   disaccharides.	   The	  

activation	  methodology	  utilizes	  bismuth(V)	  chemistry,	  and	  is	  one	  of	  the	  first	  reports	  of	  

its	   type	   in	   carbohydrate	   chemistry.	   The	   method	   offers	   distinct	   advantages:	   no	  

requirement	   of	   excess	   promoter,	   low	   temperatures	   or	   additional	   additives/co-‐

promoters	  and	  can	  be	  used	  with	  various	  functional	  groups,	  even	  alkenes.	  	  

This	  strategy	  was	   further	  extended	  to	  alkynes	  and	  was	  successfully	  used	  to	  synthesize	  

an	   alkynyl	  mannose	   analogue.	   This	  mannose	   alkyne	  was	   then	   attached	   to	   a	   series	   of	  

pentablock	  copolymers.	  These	  copolymers,	  developed	  by	   the	  Mallapragada	  group,	  are	  

thermo-‐sensitive	  in	  nature	  and	  have	  the	  ability	  to	  polyplex	  with	  RNA.	  Cell-‐based	  studies	  

are	   underway	   in	  Mallapragada	   lab,	   in	   association	  with	   the	   Carpenter	   group,	   on	   these	  

decorated	  particles	  as	  potential	  vaccine	  adjuvants	  against	  the	  influenza	  virus.	  	  	  

In	   our	   studies,	   it	   was	   observed	   that	   the	   bismuth-‐mediated	   activation	   protocol	   was	  

uniquely	  related	  to	  less	  common	  Bi(V),	  rather	  than	  the	  more	  explored	  Bi(III),	  chemistry.	  

To	   gain	   mechanistic	   insights	   into	   this	   extraordinary	   activation,	   a	   detailed	   analytical	  

investigation	  of	   the	   reaction	  was	  carried	  out.	   Interestingly,	  kinetics	   studies	  showed	  an	  

uncommon	   non-‐linear	   growth	   curve	   in	   concentration	   vs.	   time	   plots.	   This	   kind	   of	  
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behavior	  is	  suggestive	  of	  a	  resting	  “induction”	  phase	  of	  the	  promoter/catalyst.	  Once	  this	  

phase	  is	  passed,	  the	  rate	  suddenly	  escalates	  to	  reach	  reaction	  completion	  and	  this	  trend	  

is	  generally	  seen	  with	  autocatalytic	  systems.	   In	  the	  future,	  theoretical	  modeling	  of	  the	  

kinetics	   data	   could	   perhaps	   shed	  more	   light	   on	   this	  mysterious	  mechanistic	   pathway.	  

These	   studies	   can	  also	   suggest	  ways	   to	  make	   the	  activation	   catalytic,	  which	  would	  be	  

desirable	  in	  iterative	  automated	  oligosaccharide	  synthesis.	  	  	  

Another	  aspect,	  which	  was	  discovered	  with	  this	  work,	  was	  an	  unexpected	  beta	  to	  alpha	  

isomerization	  during	   the	  activation	  of	   the	  β-‐donor.	  This	   finding	  was	   further	  utilized	   to	  

improve	   reaction	   times	   and	   enhance	   stereoselectivity.	   Also,	   an	   in	   situ	   sulfonium	  

intermediate	   could	   be	   probed	   with	   various	   NMR	   techniques.	   To	   have	   deeper	  

understanding	   of	   these	   exciting	   mechanistic	   pathways,	   a	   collaboration	   was	   initiated	  

with	   the	   Baik	   Lab	   (with	   graduate	   student	   Daniel	   Ashley,	   Indiana	   University),	   who	   are	  

experts	   in	   the	   field	  of	   computational	  modeling.	  They	  are	   in	   the	  process	  of	  attempting	  

numerous	   methods	   to	   accurately	   compute	   the	   energetics	   of	   the	   thioglycosides,	   the	  

bismuth	  promoter	  and	  their	   interactions.	   Initial	  results	  have	  shown	  that	  the	  alpha	  and	  

beta	   perbenzylated	   thiopropylglycosides	   are	   in	   fact	   quite	   close	   in	   energies	   and	   an	  

isomerization	   is	   indeed	   feasible.	   These	   theoretical	   studies	   promise	   to	   help	   in	  

deciphering	  the	  role	  of	  the	  bismuth	  promoter	  in	  the	  glycosyl	  activation	  and	  will	  open	  up	  

possibilities	  to	  improve	  its	  efficiency.	  
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APPENDIX	  A.	  CHAPTER	  2	  1D	  &	  2D	  NMR	  SPECTRA,	  XRD	  SPECTRA	  
	  
	  
Triphenyl	  bismuth	  ditriflate	  (5)	  

1H	  NMR	  (600	  MHz,	  CDCl3)	  
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13C	  NMR	  (151	  MHz,	  CDCl3)	  
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19F	  NMR	  (565	  MHz,	  CDCl3)	  
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n-‐Propyl-‐2,3,4,6-‐tetra-‐O-‐acetyl-‐1-‐thio-‐β-‐D-‐galactopyranoside	  (1a)	  

	  

	  
1H	  NMR	  (600	  MHz,	  CDCl3)	  
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13C	  NMR	  (151	  MHz,	  CDCl3)	  
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n-‐Propyl-‐2,3,4,6-‐tetra-‐O-‐acetyl-‐1-‐thio-‐β-‐D-‐glucopyranoside	  (2a)	  

	  
1H	  NMR	  (600	  MHz,	  CDCl3)	  
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13C	  NMR	  (151	  MHz,	  CDCl3)	  
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n-‐Propyl-‐2,3,4-‐tri-‐O-‐benzyl-‐1-‐thio-‐a-‐L-‐fucopyranoside	  (3a)	  

	  
1H	  NMR	  (600	  MHz,	  CD3CN)	  
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13C	  NMR	  (151	  MHz,	  CD3CN)	  
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n-‐Propyl-‐2,3,4,6-‐tetra-‐O-‐benzyl-‐1-‐thio-‐β-‐D-‐galactopyranoside	  (1b)	  

	  

	  

1H	  NMR	  (600	  MHz,	  CDCl3)	  
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13C	  NMR	  (151	  MHz,	  CDCl3)	  
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n-‐Propyl-‐2,3,4,6-‐tetra-‐O-‐benzyl-‐1-‐thio-‐β-‐D-‐glucopyranoside	  (2b)	  

	  
1H	  NMR	  (600	  MHz,	  CD3CN)	  
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13C	  NMR	  (151	  MHz,	  CD3CN)	  
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Allyl-‐(2',3',4',6'-‐tetra-‐O-‐benzyl-‐D-‐galactopyranosyl)(1à4)-‐3,6-‐di-‐O-‐benzyl-‐2-‐deoxy-‐2-‐

N-‐phthalimido-‐D-‐glucopyranoside	  (1b6d)	  

	  
1H	  NMR	  (600	  MHz,	  CD3CN)	  
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13C	  NMR	  (DEPT)	  (151	  MHz,	  CD3CN)	  
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HSQC	  (151	  MHz,	  CD3CN)	  
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Allyl-‐(2',3',4'-‐tri-‐O-‐benzyl-‐L-‐fucopyranosyl)(1à4)-‐3,6-‐di-‐O-‐benzyl-‐2-‐deoxy-‐2-‐N-‐

phthalimido-‐D-‐glucopyranoside	  (3a6d)	  

	  
1H	  NMR	  (600	  MHz,	  CD3CN)	  
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13C	  NMR	  (150	  MHz,	  CD3CN)	  
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HSQC	  (151	  MHz,	  CD3CN)	  
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APPENDIX	  B.	  CHAPTER	  3	  1D	  &	  2D	  NMR	  SPECTRA	  
	  
n-‐Propyl-‐2,3,4,6-‐tetra-‐O-‐acetyl-‐1-‐thio-‐α-‐D-‐mannopyranoside	  (2)	  
	  

	  
	  

(1HNMR,	  600MHz,	  CDCl3)	  
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(13CNMR,	  151	  MHz,	  CDCl3)	  
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(13CNMR-‐DEPT,	  151	  MHz,	  CDCl3)	  
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(1H-‐13C	  HSQC-‐Phase	  edit,	  600	  MHz,	  CDCl3)	  
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2-‐Propynyl-‐2,3,4,6-‐tetra-‐O-‐acetyl-‐1-‐O-‐α-‐D-‐mannopyranoside	  (3)	  

	  
	  

(1HNMR,	  600	  MHz,	  CDCl3)	  
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(13CNMR-‐DEPT,	  151	  MHz,	  CDCl3)	  
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1H	  NMR	  comparison	  of	  the	  PDEAEM	  pentablock	  copolymer	  before/after	  coupling	  to	  
mannose	  
	  

	  
(1HNMR,	  600	  MHz,	  CDCl3)	  
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APPENDIX	  C.	  CHAPTER	  4	  1D	  &	  2D	  NMR	  SPECTRA,	  KINETICS	  RATE	  GRAPHS,	  GC-‐MS	  
SPECTRA	  

	  
GC-‐MS	  of	  mixture	  of	  analyte	  	  
	  

	  
	  
Reaction	  monitoring	  
	  
At	  T=0	  
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At	  T=1/2	  (∼40	  min)	  

	  
At	  T=1	  (∼1	  h)	  
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Full	  kinetics	  spectra	  
FID	  #	   Time	  

(min)	  
FID	  #	   Time	  

(min)	  
FID	  #	   Time	  

(min)	  
FID	  #	   Time	  

(min)	  
FID	  #	   Time	  

(min)	  
1	   1	   17	   33	   33	   65	   49	   136	   65	   216	  
2	   3	   18	   35	   34	   67	   50	   141	   66	   221	  
3	   5	   19	   37	   35	   69	   51	   146	   67	   226	  
4	   7	   20	   39	   36	   71	   52	   151	   68	   231	  
5	   9	   21	   41	   37	   76	   53	   156	   69	   236	  
6	   11	   22	   43	   38	   81	   54	   161	   70	   241	  
7	   13	   23	   45	   39	   86	   55	   166	   71	   246	  
8	   15	   24	   47	   40	   91	   56	   171	   72	   251	  
9	   17	   25	   49	   41	   96	   57	   176	   73	   256	  

10	   19	   26	   51	   42	   101	   58	   181	   74	   261	  
11	   21	   27	   53	   43	   106	   59	   186	   75	   266	  
12	   23	   28	   55	   44	   111	   60	   191	   76	   271	  
13	   25	   29	   57	   45	   116	   61	   196	   77	   276	  
14	   27	   30	   59	   46	   121	   62	   201	   78	   281	  
15	   29	   31	   61	   47	   126	   63	   206	   79	   286	  
16	   31	   32	   63	   48	   131	   64	   211	   80	   290	  
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n-‐Propyl-‐2-‐O-‐acetyl-‐3,4,6-‐tetra-‐O-‐benzyl-‐1-‐thio-‐β-‐D-‐galactopyranoside	  (β-‐SD)	  

1HNMR	  (CDCl3,	  600	  MHz)	  
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	   13CNMR	  (CDCl3,	  151	  MHz)	  
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HSQC	  (CDCl3,	  600	  MHz)	  
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