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ABSTRACT	  

Developing	  laboratory	  experiments	  that	  effectively	  engage,	  instruct,	  and	  

assess	  student	  performance	  is	  a	  critical	  challenge	  for	  the	  undergraduate	  organic	  

chemistry	  laboratory.	  	  The	  limitations	  of	  traditional	  “cookbook”	  reactions	  have	  been	  

well	  discussed	  in	  the	  literature	  and	  include	  but	  are	  certainly	  not	  limited	  to:	  

“foolproof	  recipes”,	  limited	  engagement,	  and	  lack	  of	  problem	  solving.	  	  Additionally,	  

given	  the	  breadth	  of	  Internet	  resources	  and	  student	  access	  to	  old	  lab	  reports,	  novel	  

experiments	  are	  needed	  that	  are	  versatile	  enough	  to	  remain	  pedagogically	  relevant.	  	  	  

Major	  approaches	  to	  combat	  this	  nontrivial	  issue	  include	  integration	  of	  

elements	  of	  “discovery”	  or	  problem	  solving,	  student	  driven	  inquiry	  methods,	  and	  

experimental	  unknowns.	  	  	  	  Modern	  analytical	  techniques	  notably	  lacking	  in	  

traditional	  educational	  experiments	  including	  IR	  spectroscopy,	  GC,	  and	  NMR	  

spectroscopy	  are	  employed	  in	  order	  to	  directly	  assess	  student	  performance	  and	  

comprehension.	  	  	  A	  strict	  commitment	  to	  increased	  experimental	  variability	  and	  

unknown	  elements	  has	  been	  employed	  in	  the	  development	  of	  each	  experiment.	  



Increased	  individual	  assessment	  and	  the	  possibility	  of	  multiple	  experimental	  

outcomes	  require	  students	  to	  more	  carefully	  plan	  and	  conduct	  experiments	  and	  

analyze	  their	  own	  data	  rather	  than	  copy	  from	  an	  old	  report.	  	  Careful	  experimental	  

design	  is	  required	  in	  order	  to	  adhere	  to	  the	  3-‐hour	  lab	  period	  employed	  by	  most	  

universities.	  	  Addressing	  this	  issue,	  the	  present	  work	  makes	  use	  of	  time	  saving	  

microwave	  chemistry	  and	  PicoSpin™	  bench-‐top	  NMRs.	  	  	  	  

Several	  educational	  experiments	  will	  be	  highlighted	  that	  have	  been	  

researched,	  developed,	  and	  implemented	  in	  the	  University	  of	  Georgia	  sophomore	  

organic	  chemistry	  laboratory	  program.	  	  A	  newly	  developed	  synthetic	  method	  for	  the	  

decarboxylation	  of	  amino	  acids	  has	  been	  integrated	  into	  an	  educational	  experiment	  

featuring	  use	  of	  both	  microwave	  chemistry	  and	  the	  PicoSpin™	  NMRs.	  	  A	  novel	  

method	  for	  stereoselective	  “tuning”	  allows	  instructors	  to	  vary	  student	  outcomes	  of	  a	  

stereoselective	  Luche	  reduction.	  	  A	  new	  discovery	  experiment	  emphasizing	  critical	  

thinking	  skills	  has	  been	  developed	  wherein	  students	  combine	  their	  experimental	  

data	  to	  discover	  a	  trend	  in	  epoxide	  ring-‐opening	  reactions.	  	  Additionally,	  a	  

microwave	  Fischer	  esterification	  protocol	  has	  also	  been	  outfitted	  for	  inclusion	  of	  

PicoSpin™	  NMR	  analysis.	  	  This	  work	  constitutes	  a	  significant	  contribution	  to	  the	  

organic	  chemistry	  educational	  literature.	  
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CHAPTER	  1	  

INTRODUCTION	  

Developing	  laboratory	  experiments	  that	  effectively	  engage,	  instruct,	  and	  

monitor	  student	  performance	  is	  a	  critical	  challenge	  for	  organic	  chemistry	  laboratory	  

coordinators.1	  	  The	  limitations	  of	  “cookbook”	  reactions	  have	  been	  well	  discussed	  in	  

the	  literature1b,	  2	  and	  include	  but	  are	  certainly	  not	  limited	  to:	  “foolproof	  recipes”,	  

limited	  engagement,	  and	  lack	  of	  problem	  solving.	  	  Not	  only	  can	  these	  types	  of	  

experiments	  be	  accomplished	  with	  limited	  student	  engagement,	  but	  they	  also	  

provide	  the	  instructor	  with	  unreliable	  assessments	  of	  student	  learning	  given	  the	  

outcomes	  are	  already	  known	  by	  virtually	  every	  student.	  	  Consequently	  it	  is	  difficult	  

to	  guide	  students	  through	  meaningful	  instructional	  exercises	  using	  traditional	  

laboratory	  experiments.	  

Several	  major	  approaches	  in	  the	  chemical	  education	  literature	  have	  been	  

described	  to	  address	  this	  nontrivial	  issue	  for	  the	  sophomore	  organic	  chemistry	  

instructional	  laboratory.	  	  	  One	  central	  requirement	  is	  the	  inclusion	  of	  modern	  

analytical	  techniques	  such	  as	  GC,3	  GC/MS,4	  IR	  spectroscopy,5	  and	  NMR	  

spectroscopy5e,	  6	  in	  the	  place	  of	  chemical	  or	  “eyeball”	  tests.	  	  The	  use	  of	  IR	  and	  1H	  

NMR	  are	  particularly	  useful	  for	  rapidly	  acquiring	  information	  of	  molecular	  structure	  

within	  instructional	  laboratory	  time	  constraints.	  	  Additionally,	  a	  movement	  to	  

“discovery”1b,	  6k,	  7	  or	  puzzle-‐based	  experiments	  has	  become	  increasingly	  significant	  

in	  recent	  years.	  “Discovery”	  experiments	  provide	  students	  with	  procedural	  
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information	  and	  sufficient	  background	  yet	  allow	  students	  to	  discover	  the	  answer	  to	  

a	  puzzle	  proposed	  by	  the	  instructor	  or	  to	  discover	  some	  chemical	  trend	  or	  topic	  

before	  its	  presentation	  in	  lecture.	  	  Alternatively	  “open”	  or	  “guided”	  inquiry6k,	  8	  

experiments	  require	  students	  themselves	  to	  design	  all	  or	  part	  of	  the	  experiment.	  

All	  of	  these	  approaches	  have	  their	  merits,	  and	  components	  of	  each	  should	  be	  

incorporated	  into	  any	  complete	  curriculum;	  however,	  in	  order	  to	  ensure	  the	  highest	  

educational	  value,	  the	  ability	  of	  students	  to	  cheat	  on	  lab	  preparation	  and	  

assessments	  must	  be	  actively	  discouraged	  through	  experimental	  design.	  	  While	  

student	  access	  to	  the	  “fraternity	  file”	  of	  old	  lab	  reports	  has	  always	  been	  a	  problem	  at	  

large	  universities,	  the	  advancement	  of	  both	  the	  speed	  and	  breadth	  of	  

communications	  technology	  and	  internet	  resources	  readily	  provides	  any	  student	  

with	  expected	  results	  and	  multiple	  student	  reports	  on	  any	  traditional	  experiment	  

regularly	  performed	  as	  part	  of	  an	  instructional	  curriculum.	  	  Research9	  and	  personal	  

experience	  both	  confirm	  that	  a	  significant	  percentage	  of	  students	  are	  willing	  to	  

falsify	  data	  to	  get	  the	  “right”	  answer	  obviating	  the	  need	  for	  students	  to	  draw	  

conclusions	  from	  their	  own	  experimental	  data.	  	  The	  ease	  of	  data	  fabrication	  is	  only	  

encouraged	  by	  experimental	  protocols	  persisting	  in	  many	  university	  curricula10	  that	  

rely	  upon	  product	  analysis	  via	  unverifiable	  chemical	  tests	  or	  melting	  point	  

identification;1a	  however,	  after	  just	  one	  set	  of	  graded	  reports	  is	  returned	  the	  correct	  

analysis	  of	  even	  an	  NMR	  spectrum	  may	  be	  uploaded	  to	  the	  cloud	  for	  all	  to	  see.	  	  	  

Moreover,	  after	  just	  one	  semester	  a	  tenable	  procedure	  for	  an	  “inquiry”	  lab	  or	  the	  

puzzle	  element	  of	  a	  “discovery”	  lab	  will	  be	  freely	  available	  for	  any	  student	  who	  cares	  

to	  probe.	  	  It	  should	  also	  be	  noted	  that	  experimental	  procedures	  and	  expected	  
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outcomes	  for	  an	  experiment	  performed	  at	  any	  given	  university	  can	  be	  subsequently	  

found	  on	  the	  Internet.	  	  	  

In	  this	  light,	  experiments	  must	  be	  continually	  modified	  for	  the	  undergraduate	  

laboratory	  and	  must	  be	  versatile	  enough	  to	  combat	  the	  problem	  of	  the	  fraternity	  file.	  	  

These	  experiments	  should	  be	  in	  keeping	  with	  the	  other	  reform	  movements	  and	  

incorporate	  modern	  technology	  along	  with	  elements	  of	  discovery	  and/or	  inquiry;	  

additionally,	  the	  inclusion	  of	  experimental	  variations	  or	  experimental	  “unknowns”	  is	  

an	  essential	  component	  necessary	  to	  ensure	  the	  integrity	  of	  student	  results	  from	  

one	  lab	  period	  to	  the	  next	  as	  well	  as	  from	  semester	  to	  semester.	  	  In	  an	  unknowns-‐

based	  approach,	  student	  experiments	  are	  varied	  by	  at	  least	  one	  “unknown”	  element.	  

Each	  unknown	  yields	  a	  unique	  result;	  thereby,	  requiring	  each	  student	  to	  obtain	  and	  

analyze	  his	  or	  her	  own	  data.	  	  The	  use	  of	  modern	  analytical	  methods	  is	  necessary	  to	  

verify	  students’	  abilities	  to	  perform	  the	  reaction,	  workup,	  and	  purification	  on-‐site	  

before	  students	  have	  the	  chance	  to	  alter	  data.	  	  Student	  engagement	  is	  fostered	  by	  

the	  elements	  of	  discovery	  and	  inquiry,	  and	  the	  continued	  efficacy	  of	  these	  

experiments	  is	  ensured	  by	  the	  unknown	  element	  regardless	  of	  whether	  the	  

experimental	  protocol	  is	  cookbook,	  discovery,	  or	  inquiry	  in	  nature.	  	  

A	  quick	  look	  at	  the	  educational	  literature	  shows	  that	  an	  unknowns	  approach	  

is	  not	  unprecedented	  for	  organic	  chemistry	  experiments.	  	  For	  example	  a	  common	  

approach	  in	  the	  organic	  chemistry	  educational	  literature	  is	  to	  identify	  an	  unknown	  

via	  analytical	  spectroscopy.	  	  This	  approach,	  however,	  does	  not	  provide	  the	  

opportunity	  for	  students	  to	  investigate	  chemical	  reactivity.11	  	  The	  primary	  reason	  

for	  the	  study	  of	  organic	  chemistry	  is	  the	  exploration	  of	  various	  reaction	  
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transformations,	  yet	  unknowns-‐based	  experiments	  where	  the	  students	  identify	  

their	  own	  reaction	  products12	  are	  less	  commonly	  reported.	  	  

For	  those	  experiments	  that	  do	  incorporate	  unknowns	  into	  the	  reaction	  

procedure,	  a	  common	  technique	  is	  to	  vary	  the	  primary	  reactant	  thereby	  changing	  

the	  product.	  	  This	  approach	  is	  not	  universally	  possible	  to	  implement	  for	  the	  

following	  reasons:	  different	  organic	  reagents	  often	  have	  easily	  differentiable	  

physical	  properties	  (solid	  vs.	  liquid	  or	  the	  characteristic	  vanilla	  smell	  of	  vanillin,	  

etc);	  they	  may	  have	  differing	  safety	  concerns	  that	  should	  be	  known	  to	  the	  student;	  

they	  often	  require	  significantly	  different	  reaction	  conditions.	  	  The	  combination	  of	  

these	  factors	  can	  undermine	  the	  generality	  of	  a	  planned	  experiment	  and	  inhibit	  

cohesive	  implementation.	  	  In	  order	  to	  incorporate	  unknowns-‐based	  laboratory	  

experiments,	  the	  benefits	  of	  “cookbook”	  experiments	  such	  as	  high	  yields	  and	  

economical	  efficiency	  must	  be	  expanded	  to	  entire	  classes	  of	  reactions,	  ensuring	  that	  

a	  procedure	  that	  works	  for	  one	  unknown	  also	  works	  for	  many	  analogous	  unknown	  

elements	  (an	  exception	  being	  perhaps	  a	  discovery/inquiry	  experiment	  of	  a	  poor	  

yielding	  process	  to	  teach	  yield	  optimization).	  	  Furthermore,	  if	  spectroscopy	  is	  to	  be	  

efficaciously	  included,	  new	  experiments	  must	  be	  time	  efficient	  given	  the	  limitations	  

of	  the	  common	  3-‐hour	  lab	  period	  adopted	  by	  most	  universities.	  	  

The	  present	  work	  utilizes	  several	  strategies	  for	  the	  implementation	  of	  novel	  

unknowns-‐based	  experiments	  in	  the	  sophomore	  organic	  undergraduate	  laboratory	  

curriculum.	  	  	  These	  experiments	  have	  been	  designed	  to	  accomplish	  one	  or	  more	  of	  

the	  following:	  	  

1. to	  fill	  a	  gap	  in	  the	  literature	  for	  a	  particular	  class	  of	  reaction;	  
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2. 	  to	  incorporate	  unknowns	  or	  an	  element	  of	  discovery	  to	  an	  existing	  or	  

similar	  experiment;	  

3. to	  increase	  the	  versatility	  and	  thus	  longevity	  of	  the	  educational	  impact	  

of	  a	  novel	  or	  existing	  experiment	  combatting	  the	  problem	  of	  the	  

“fraternity	  file”;	  

4. to	  incorporate	  an	  element	  of	  spectroscopy	  in	  an	  experiment	  not	  

previously	  described	  or	  available	  in	  large	  laboratory	  programs.	  

A	  list	  of	  newly	  developed	  and	  implemented	  experiments	  may	  be	  viewed	  in	  Table	  1	  

with	  unknown	  elements	  and	  integrated	  analytical	  techniques	  highlighted.	  	  Unknown	  

elements	  invoked	  by	  these	  experiments	  include	  the	  reagents	  used,	  catalyst	  

concentration,	  acidic	  vs.	  basic	  conditions,	  reaction	  solvent,	  or	  analyte	  concentration.	  	  

Two	  of	  these	  experiments	  are	  made	  possible	  via	  the	  use	  of	  microwave	  chemistry,	  a	  

valuable	  tool	  for	  making	  the	  reaction	  occur	  more	  quickly	  and	  more	  uniformly	  within	  

the	  constraints	  of	  the	  3-‐hour	  lab	  period.	  Three	  experiments	  make	  use	  of	  NMR	  

spectroscopy	  including	  the	  incorporation	  of	  new	  economical	  PicoSpin™	  bench-‐top	  

45	  MHz	  instruments.	  	  Others	  incorporate	  the	  use	  of	  GC	  or	  polarimetry	  to	  determine	  

the	  variable	  outcome	  of	  each	  experiment.	  	  Learning	  outcomes	  include	  the	  

introduction	  of	  synthetic	  and	  analytical	  techniques,	  reaction	  breadth,	  key	  lecture	  

concepts	  such	  as	  stereochemistry,	  and	  critical	  thinking	  skills	  such	  as	  data	  

organization	  and	  trend	  recognition.	  

A	  Note	  on	  Microwave	  Synthesis	  in	  the	  Sophomore	  Organic	  Laboratory	  

Since	  its	  first	  uses	  in	  the	  mid	  1980s,	  microwave	  chemistry	  has	  become	  

commonplace	  in	  organic	  synthesis13	  for	  the	  acceleration	  of	  chemical	  reactions.	  
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Table	  1.	  Novel	  unknowns-‐based	  sophomore	  organic	  chemistry	  experiments	  
	  

Experiment	   Unknown	  Element	   Analytical	  
Techniques	  

Description	  

	   	   	   	  
Microwave	  	  
Amino	  Acid	  
Decarboxylation	  

Reactant	  	   PicoSpin™	  1H	  
NMR	  

Students	  identify	  product	  
amine	  hydrochloride	  salts	  
via	  NMR	  analysis	  

	   	   	   	  
Stereoselective	  
Tuning	  of	  the	  
Luche	  Reduction	  
of	  Menthone	  

Catalyst	  
Concentration	  

TLC	  
IR	  
GC	  
Polarimetry	  
1H	  NMR	  

Students	  determine	  
stereochemical	  outcome	  
of	  a	  reduction	  procedure	  

	   	   	   	  
Acidic	  and	  Basic	  
Epoxide	  Ring	  
Opening	  

Reagent/	  
Solvent	  

GC	  
IR	  

Students	  determine	  a	  
trend	  in	  regioselectivity	  
by	  pooling	  class	  data.	  

	   	   	   	  
PicoSpin™	  
Microwave	  
Fischer	  
Esterification	  

Reactant	   	  PicoSpin™	  	  
1H	  NMR	  
IR	  

Students	  identify	  product	  
esters	  given	  unknown	  
alcohol	  and/or	  acid	  
reagents	  

	   	   	   	  
	  

Reviews	  of	  the	  use	  of	  microwave-‐assisted	  procedures	  have	  been	  published	  in	  many	  

areas	  with	  recent	  research	  focusing	  on	  the	  scale-‐up	  of	  the	  procedures	  to	  industrial	  

scale14.	  	  Recent	  work15	  concludes	  that	  the	  specific	  effects	  of	  microwave	  heating	  are	  

the	  ability	  to	  carefully	  control	  reactions	  under	  solvent	  superheated	  conditions,	  

selective	  heating	  of	  strongly	  microwave	  absorbing	  species	  in	  a	  microwave	  

transparent	  medium,	  the	  formation	  of	  microscopic	  molecular	  “hotspots”	  within	  the	  

bulk	  medium,	  and	  the	  ability	  to	  heat	  from	  the	  “inside	  out”	  eliminating	  the	  need	  to	  

wait	  for	  thermal	  equilibrium	  to	  be	  reached	  with	  the	  surroundings.	  	  The	  so-‐called	  

“nonthermal”	  or	  photochemical	  effect	  arising	  from	  the	  direct	  absorption	  of	  the	  

radiation	  has	  been	  largely	  dismissed	  in	  recent	  work.15	  
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With	  the	  growing	  popularity	  of	  microwave	  chemistry	  several	  commercial	  

instruments	  have	  become	  available	  making	  the	  technique	  safe	  and	  effective	  for	  use	  

in	  the	  instructional	  laboratory.	  	  Modern	  instruments	  allow	  for	  the	  precise	  control	  of	  

temperature	  over	  time	  via	  user-‐specified	  programs.	  	  Educational	  instruments	  come	  

in	  two	  varieties,	  so-‐called	  “mono”	  and	  “multi”	  mode	  instruments.	  	  The	  mono-‐mode	  

instruments	  run	  a	  single	  reaction	  that	  is	  monitored	  for	  temperature	  control;	  

whereas,	  multi-‐mode	  instruments	  run	  several	  vessels	  (as	  few	  as	  2	  to	  more	  than	  20)	  

simultaneously.	  	  Multi-‐mode	  instruments	  are	  highly	  preferable	  for	  running	  student	  

reactions	  in	  an	  instructional	  lab,	  but	  the	  method	  of	  temperature	  control	  is	  important	  

when	  running	  a	  library	  of	  non-‐identical	  reactions.	  	  Some	  commercially	  available	  

multi-‐mode	  instruments	  monitor	  a	  single	  reaction	  vessel	  via	  a	  fiber	  optic	  

temperature	  probe.	  	  While	  this	  method	  most	  accurately	  measures	  the	  internal	  

temperature	  through	  immersion,	  hot	  and	  cold	  spots	  in	  other	  vessels	  not	  directly	  

monitored	  have	  been	  reported16	  	  in	  the	  use	  of	  these	  instruments	  yielding	  

inconsistent	  reaction	  completion	  times	  among	  identical	  student	  reactions.	  	  The	  

Milestone	  START™	  system	  (Figure	  1)	  used	  in	  this	  work	  employs	  a	  fixed	  infrared	  eye	  

located	  on	  the	  wall	  of	  the	  oven	  that	  monitors	  all	  vessels	  in	  the	  rotor	  as	  they	  pass.	  	  	  As	  

seen	  in	  Figure	  2,	  the	  instrument	  attempts	  to	  reach	  and	  maintain	  the	  average	  

temperature	  (bold	  red	  line)	  on	  the	  set	  temperature	  time	  line	  (T1	  faded	  red	  line)	  

maintaining	  all	  vessels	  within	  a	  certain	  deviation	  from	  the	  mean.	  	  A	  black	  line	  

represents	  the	  wattage	  of	  the	  instrument	  in	  real	  time	  controlled	  by	  the	  temperature	  

feedback	  mechanism.	  	  No	  issues	  with	  hot	  and	  cold	  spots	  have	  been	  encountered	  

using	  the	  START™	  system.	  	  	  
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Figure	  1.	  The	  Milestone	  START™	  multi-‐mode	  microwave	  synthesizer	  

	  

	  

Figure	  2.	  Control	  screen	  of	  the	  START™	  synthesizer	  

	  

Two	  major	  pedagogical	  advantages	  make	  the	  use	  of	  microwave	  reflux	  a	  

valuable	  tool	  in	  the	  educational	  laboratory.	  	  Microwave	  reflux	  gives	  instructors	  the	  

ability	  to	  incorporate	  reactions	  into	  the	  curriculum	  that	  would	  otherwise	  be	  
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inaccessible	  due	  to	  time	  constraints.	  	  Perhaps	  more	  importantly,	  microwave	  reflux	  

gives	  the	  ability	  to	  more	  expediently	  accomplish	  reactions	  so	  that	  the	  majority	  of	  lab	  

time	  may	  be	  devoted	  to	  product	  analysis.	  	  Many	  recent	  examples	  in	  the	  literature	  

emphasize	  these	  advantages.7c,	  13d,	  16-‐17	  The	  present	  work	  makes	  use	  of	  both	  of	  these	  

advantages.	  

	  PicoSpin™	  45	  MHz	  1H	  NMR	  Spectrometers	  in	  the	  Undergraduate	  Laboratory	  

In	  the	  past	  the	  major	  limiting	  factors	  for	  the	  use	  of	  1H	  NMR	  analysis	  in	  the	  

instructional	  laboratory	  have	  been	  expense	  and	  time	  considerations.	  	  The	  difficulty	  

of	  inserting	  spectral	  analyses	  into	  the	  3-‐hour	  lab	  period	  has	  been	  aided	  by	  the	  

amenability	  of	  many	  reactions	  to	  microwave	  reflux;	  however,	  laboratory	  

coordinators	  of	  large	  enrollment	  courses	  are	  unable	  to	  run	  hundreds	  of	  1H	  NMR	  

samples	  using	  departmental	  instruments	  that	  are	  devoted	  mainly	  to	  research.	  	  Also,	  

placing	  traditional	  low	  field	  permanent	  magnet	  instruments	  in	  every	  instructional	  

laboratory	  has	  been	  prohibitively	  expensive.	  	  	  

The	  present	  work	  illustrates	  the	  use	  of	  45	  MHz	  PicoSpin™	  1H	  NMR	  (Figure	  3)	  

analysis	  as	  a	  method	  of	  placing	  high	  throughput	  bench-‐top	  instruments	  in	  every	  

laboratory	  section.	  	  The	  instruments	  pictured	  in	  Figure	  3	  are	  lunchbox-‐sized	  due	  to	  

the	  reduction	  in	  magnet	  size	  enabled	  by	  patented	  microsampling	  technology.	  	  

Student	  samples	  are	  injected	  through	  an	  HPLC	  type	  capillary	  tube	  that	  runs	  through	  

the	  bore	  of	  the	  miniature	  magnet	  (Figure	  4).	  	  The	  uniformity	  of	  the	  magnetic	  field	  is	  

improved	  by	  this	  small	  sample	  region	  in	  addition	  to	  control	  of	  the	  Celsius	  

temperature	  to	  the	  fourth	  decimal	  place.	  	  The	  instrument	  is	  operated	  via	  Firefox®	  

browser	  control	  so	  any	  computer	  need	  only	  an	  internet	  connection,	  the	  IP	  address,	  
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and	  MAC	  address	  of	  the	  instrument	  in	  order	  to	  operate	  the	  pulse	  program	  of	  the	  

PicoSpin™.	  	  	  	  	  

	  

Figure	  3.	  	  PicoSpin™	  45	  MHz	  NMR	  Spectrometer	  

	  

	  

	  

Figure	  4.	  Syringe	  injection	  into	  capillary	  sampling	  region	  

	  

The	  instrument	  itself	  can	  be	  placed	  anywhere	  with	  a	  wired	  Internet	  connection	  or	  

be	  adapted	  with	  a	  wireless	  adapter.	  	  	  The	  syringe	  injection	  port	  makes	  changing	  
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between	  student	  samples	  simple.	  	  A	  flush	  with	  deuterated	  solvent,	  followed	  by	  

injection	  pushes	  the	  sample	  into	  the	  capillary	  region.	  	  The	  pulse	  program	  is	  readily	  

initiated,	  and	  the	  data	  are	  saved	  to	  the	  instrument	  memory.	  	  A	  quick	  flush	  of	  clean	  

solvent	  removes	  the	  sample	  into	  the	  waste	  catcher,	  and	  the	  next	  sample	  may	  be	  run.	  	  

Total	  run	  times	  are	  less	  than	  2	  minutes	  for	  samples	  of	  sufficient	  concentration.	  	  	  	  For	  

non-‐viscous	  liquids,	  samples	  may	  be	  run	  neat	  for	  maximum	  concentration.	  	  	  

PicoSpin™	  instruments	  do	  not	  require	  a	  dedicated	  NMR	  technician,	  high	  voltage	  

connection,	  or	  compressed	  air	  supply	  making	  them	  ultraportable	  and	  ultra	  

convenient	  for	  any	  instructional	  laboratory.	  	  	  

Summary	  

	   In	  summary,	  this	  dissertation	  highlights	  several	  novel	  experiments	  that	  have	  

been	  researched,	  developed,	  and	  implemented	  in	  the	  University	  of	  Georgia	  

sophomore	  organic	  chemistry	  instructional	  laboratory	  program.	  	  The	  methods	  and	  

experiments	  described	  here	  incorporate	  modern	  analytical	  techniques,	  foster	  

engagement	  through	  elements	  of	  discovery,	  and	  discourage	  cheating	  via	  the	  

unknown	  elements	  of	  the	  experiments	  and	  versatility	  in	  implementation.	  	  Newly	  

developed	  synthetic	  methods	  such	  as	  the	  “Microwave	  Amino	  Acid	  

Decarboxylation”18	  and	  the	  “Stereoselective	  Tuning	  of	  the	  Luche	  Reduction”	  are	  

discussed	  in	  separate	  chapters	  from	  their	  respective	  educational	  laboratory	  

experiments	  to	  highlight	  their	  broader	  methodological	  impact.	  	  The	  educational	  

experiments	  “Acidic	  and	  Basic	  Epoxide	  Ring	  Opening”	  and	  the	  implementation	  of	  

PicoSpin™	  NMR	  analysis	  to	  the	  “Microwave	  Fischer	  Esterification”	  are	  also	  

addressed	  in	  detail	  in	  separate	  chapters.	  	  Supporting	  information	  for	  each	  chapter	  
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including	  additional	  spectra	  and	  student	  handouts	  accompanying	  each	  experiment	  

are	  included	  for	  reference	  in	  the	  Appendices.	  	  In	  total,	  a	  significant	  contribution	  is	  

made	  to	  the	  educational	  literature	  describing	  versatile	  methods	  for	  the	  effective	  

teaching	  of	  aspects	  of	  sophomore	  organic	  chemistry	  laboratory	  techniques	  and	  

principles	  of	  chemical	  reactivity.	  	  	  
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CHAPTER	  2	  

RAPID	  CONVENTIONAL	  AND	  MICROWAVE-‐ASSISTED	  DECARBOXYLATION	  OF	  L-‐

HISTIDINE	  AND	  OTHER	  AMINO	  ACIDS	  VIA	  ORGANOCATALYSIS	  WITH	  R-‐CARVONE	  

UNDER	  SUPERHEATED	  CONDITIONS	  

The	  decarboxylation	  of	  amino	  acids	  is	  an	  important	  synthetic	  route	  to	  

biogenic	  amines.	  	  Traditional	  methods	  of	  amino	  acid	  decarboxylation	  are	  time	  

consuming,	  taking	  up	  to	  several	  days	  in	  the	  case	  of	  L-‐histidine,	  narrow	  in	  scope,	  and	  

make	  use	  of	  toxic	  catalysts.	  	  This	  research	  reports	  a	  new	  methodology	  

(US20140275569	  A1	  patent	  pending)	  taking	  advantage	  of	  superheated	  chemistry	  

using	  either	  microwave	  or	  conventional	  heating	  for	  the	  facile	  decarboxylation	  of	  

many	  amino	  acids.	  	  Decarboxylations	  of	  amino	  acids	  including	  L-‐histidine	  occur	  in	  

just	  minutes	  using	  the	  food	  additive	  R-‐carvone	  as	  a	  recoverable	  organocatalyst.	  

Yields	  are	  comparable	  to	  previous	  methods,	  and	  purification	  of	  product	  ammonium	  

chloride	  salts	  is	  aided	  by	  an	  isomerization	  reaction	  of	  residual	  catalyst	  to	  phenolic	  

carvacrol.	  	  The	  method	  has	  also	  shown	  to	  be	  effective	  for	  the	  decarboxylations	  of	  

synthetic	  and	  protected	  amino	  acids.	  	  

Importance	  of	  Biogenic	  Amines	  

	   Biogenic	  amines	  are	  ubiquitous	  in	  the	  body	  regulating	  a	  variety	  of	  functions	  

ranging	  from	  neurotransmission	  to	  cellular	  signaling	  to	  various	  physiological	  

responses.19	  Many	  of	  these	  amines	  are	  derived	  from	  their	  respective	  α-‐amino	  acids	  

via	  a	  variety	  of	  decarboxylase	  enzymes.	  For	  example	  as	  shown	  in	  Scheme	  1,	  
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histamine	  is	  formed	  from	  the	  enzymatic	  decarboxylation	  of	  L-‐histidine	  by	  histidine	  

decarboxylase	  (HDC).20	  	  	  

	  

	  

Scheme	  1.	  Enzymatic	  decarboxylation	  of	  L-‐histidine	  to	  histamine	  

	  

L-‐aromatic	  amino	  acid	  decarboxylase	  (AADC)21,	  originally	  called	  L-‐DOPA	  

decarboxylase	  (DDC)	  upon	  its	  discovery	  in	  193922,	  catalyzes	  the	  conversion	  of	  L-‐

DOPA,	  tryptophan,	  tyrosine,	  phenylalanine,	  and	  other	  aromatic	  amino	  acids	  to	  their	  

respective	  amines.	  	  An	  overview	  of	  important	  biogenic	  amines	  (structures	  shown	  in	  

Figure	  5)	  derived	  from	  decarboxylase-‐catalyzed	  processes	  is	  shown	  in	  Table	  2.	  

	  

	  

Figure	  5.	  The	  structures	  of	  some	  important	  biogenic	  amines	  derived	  directly	  from	  

enzymatic	  decarboxylation	  of	  amino	  acid	  precursors.	  

NH2HN

N
O

OH

L-histidine

HDC

CO2

NH2
HN

N

histamine

NH2

HN
N

histamine

H2N N
H

NH2

NH

agmatine

NH2HO

HO

dopamine

NH2

phenethylamine

NH2

HN

tryptamine

NH2

HN

HO 5-hydroxytryptamine
(5-HT or seratonin)



	   15	  

Table	  2.	  Some	  Important	  Biogenic	  Amines,	  Their	  Amino	  Acid	  Precursor,	  

Decarboxylase	  Enzyme,	  and	  Biological	  Function	  

Biogenic	  Amine	   Amino	  Acid	  
Precursor	  

Decarboxylase	  
Enzyme	  

Biological	  
Function	  

agmatine23	   arginine	   arginine	  
decarboxylase	  

mediator	  in	  
synthesis	  of	  
polyamines,	  
possible	  
neurotransmitter	  

	   	   	   	  
dopamine21-‐22	   L-‐DOPA	   AADC	   neurotransmitter	  
	   	   	   	  
histamine24	   histidine	   HDC	   allergic	  response,	  

immune	  response,	  
gastric	  acid	  
secretion,	  
neurotransmitter	  

	   	   	   	  
phenethylamine21b,	  25	   phenylalanine	   AADC	   neurotransmitter	  
	   	   	   	  
	   	   	   	  
seratonin21b,	  26	   5-‐

hydroxytrypto
phan	  

AADC	   neurotransmitter	  

	   	   	   	  
tryptamine21b	   tryptophan	   AADC	   neurotransmitter	  
	   	   	   	  
tyramine21b,	  27	   tyrosine	   AADC	   neurotransmitter,	  

vasoconstrictor	  
	  

	  

Given	  the	  physiological	  sensitivity	  to	  biogenic	  amines,	  the	  ability	  to	  synthesize	  these	  

compounds	  or	  unnatural	  derivatives	  for	  pharmaceutical	  purposes	  is	  attractive.	  	  In	  

fact	  therapeutic	  uses	  for	  several	  biogenic	  amines	  have	  been	  reported	  including	  the	  

use	  of	  increased	  dopamine	  levels	  to	  treat	  Parkinson’s	  disease28.	  	  The	  dopamine	  

therapy	  is	  delivered	  as	  L-‐DOPA	  in	  order	  to	  successfully	  permeate	  the	  blood-‐brain	  
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barrier	  (BBB);	  however,	  new	  developments	  in	  the	  area	  of	  drug	  delivery29,	  may	  allow	  

for	  drug	  targets	  once	  cast	  aside	  due	  to	  poor	  BBB	  permeability	  such	  as	  biogenic	  

amine	  or	  amino	  acid	  derivatives	  to	  be	  reevaluated.	  	  Amines	  that	  are	  active	  in	  other	  

areas	  of	  the	  body	  such	  as	  histamine	  may	  be	  delivered	  directly	  in	  amine	  form.30	  

Strategies	  for	  laboratory	  synthesis	  of	  biogenic	  amines	  generally	  mimic	  

nature	  and	  invoke	  the	  decarboxylation	  of	  amino	  acids	  obtained	  from	  the	  chiral	  pool.	  	  

Early	  methods	  for	  the	  decarboxylation	  of	  amino	  acids	  rely	  on	  either	  fermentation	  

with	  a	  decarboxylase	  enzyme31	  or	  via	  high	  temperature	  reflux	  with	  an	  appropriate	  

small	  molecule	  catalyst.32	  	  These	  methods	  are	  plagued	  with	  lack	  of	  generality,	  long	  

reaction	  times,	  high	  boiling	  solvents,	  toxic	  catalysts	  and	  complicated	  workup	  

procedures.	  	  An	  improved	  decarboxylation	  procedure	  is	  desirable	  for	  synthesis	  of	  

pharmaceutically	  pure	  amines.	  

Importance	  of	  Histamine	  

Of	  the	  biogenic	  amines,	  histamine	  is	  one	  of	  the	  most	  widely	  dispersed	  in	  the	  

body	  and	  is	  known	  for	  its	  importance	  in	  the	  regulation	  of	  many	  bodily	  processes.33	  	  

The	  first	  study34	  of	  histamine	  function	  in	  the	  bodies	  of	  several	  animals	  was	  

published	  in	  1910	  noting	  significant	  effects	  to	  respiration,	  cardiac	  function,	  and	  

muscle	  contraction.	  	  Over	  the	  years	  it	  has	  been	  determined	  that	  histamine’s	  action	  is	  

caused	  by	  interaction	  with	  four	  G-‐protein-‐coupled	  receptors.	  	  The	  H1	  receptor	  has	  

been	  shown	  to	  regulate	  the	  acute	  inflammatory	  response24b	  associated	  with	  allergic	  

reactions.	  	  The	  H2	  receptor	  regulates	  gastric	  acid	  receptors24a	  and	  may	  be	  inhibited	  

in	  the	  treatment	  of	  acid	  reflux	  disease.	  	  The	  H3	  receptor	  inhibits	  histamine	  release	  in	  

the	  neurons,24c	  and	  the	  other	  potential	  roles	  for	  these	  receptors	  and	  the	  role	  of	  the	  
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H4	  receptor	  represent	  an	  area	  of	  intense	  research24d-‐f.	  	  In	  fact	  Scifinder	  Scholar™	  

search	  for	  “histamine	  receptors”	  accounts	  for	  435	  total	  hits	  from	  2013-‐2014	  and	  

1256	  since	  2010.	  	  

Evidence	  is	  mounting	  that	  in	  certain	  situations	  histamine	  may	  be	  used	  as	  a	  

pharmaceutical	  agent.	  	  Study	  of	  L-‐histidine	  decarboxylase	  knockout	  (HDC	  KO)	  mice	  

has	  given	  much	  insight	  into	  the	  effects	  of	  histamine	  in	  the	  body.33,	  35	  These	  mice	  lack	  

the	  ability	  to	  produce	  histamine	  since	  their	  HDC	  encoding	  gene	  has	  been	  “knocked	  

out”	  or	  removed	  during	  the	  mouse	  cloning	  process.	  	  Studies	  involving	  both	  HDC	  KO	  

mice	  and	  H4	  receptor	  KO	  mice	  show	  that	  deficiencies	  in	  natural	  killer	  T	  cell	  

production	  were	  restored	  by	  restoration	  of	  histamine	  to	  normal	  levels.36	  	  Moreover,	  

wound	  healing	  rates	  in	  HDC	  KO	  mice	  were	  not	  only	  restored	  to	  normal	  levels	  after	  

administration	  of	  therapeutic	  histamine	  but	  could	  even	  be	  accelerated	  if	  additional	  

doses	  of	  histamine	  were	  administered.30	  	  Other	  pharmaceutical	  uses	  of	  histamine	  

related	  to	  the	  activation	  of	  dendritic	  cells	  via	  the	  H4	  receptor	  and	  subsequent	  

immune	  response37	  have	  been	  reported	  as	  well	  as	  uses	  involving	  the	  activation	  or	  

deactivation	  of	  the	  other	  histamine	  receptors38	  making	  it	  clear	  that	  an	  efficient	  

production	  of	  high	  purity	  histamine	  is	  immediately	  important.	  	  	  

Review	  of	  Current	  Decarboxylation	  Procedures	  

Current	  methods	  for	  histamine	  production	  rely	  on	  the	  decarboxylation	  of	  L-‐

histidine	  via	  either	  fermentation	  with	  L-‐histamine	  decarboxylase	  enzyme	  or	  via	  high	  

temperature	  reflux	  with	  a	  small	  molecule	  ketone	  catalyst.	  Enzymatic	  

decarboxylation	  of	  amino	  acids	  occurs	  in	  many	  organisms	  and	  has	  long	  been	  

reported	  as	  a	  synthetic	  option	  for	  the	  decarboxylation	  of	  the	  amino	  acid	  L-‐histidine.	  
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In	  the	  first	  high	  yielding	  synthesis	  of	  histamine,	  Ackerman31a	  fermented	  L-‐histidine	  

with	  B.	  coli	  putrefaction	  organisms	  whose	  decarboxylase	  enzyme	  effected	  the	  

conversion.	  	  Histamine	  was	  isolated	  from	  the	  reaction	  mixture	  as	  its	  dipicrate	  salt.	  	  

Galat	  and	  Friedman31b	  published	  an	  improved	  method	  of	  isolation	  as	  the	  disulfonate	  

salt	  with	  o-‐dichloro-‐benzenesulfonic	  acid	  requiring	  much	  less	  solvent	  and	  effecting	  

more	  facile	  conversion	  to	  other	  forms	  such	  as	  the	  dihydrochloride	  salt	  and	  freebase.	  

Methods	  for	  decarboxylation	  of	  histidine	  via	  reflux	  with	  a	  ketone	  catalyst	  

have	  also	  been	  reported	  eliminating	  the	  need	  to	  prepare	  cultures	  of	  decarboxylating	  

organisms.	  	  In	  1957	  Dose	  reported	  the	  decarboxylation	  of	  several	  amino	  acids	  via	  

reflux	  in	  nitrobenzene	  in	  the	  presence	  of	  4-‐(dimethylamino)benzaldehyde	  reporting	  

evolution	  of	  CO2	  from	  the	  histidine	  reaction	  mixture	  from	  195-‐205	  oC.	  Isolation	  of	  

the	  amines	  was	  not	  achieved	  from	  these	  mixtures,	  and	  amine	  content	  was	  inferred	  

via	  photometric	  comparison	  to	  standards.	  	  	  

In	  1986	  Hashimoto	  et	  al.	  reported	  a	  procedure	  for	  the	  decarboxylation	  of	  

amino	  acids	  including	  histidine	  by	  refluxing	  the	  amino	  acid	  in	  cyclohexanol	  (b.p.	  160	  

oC)	  in	  the	  presence	  of	  0.1-‐1	  mol	  %	  cyclohex-‐2-‐en-‐1-‐one.	  	  Decarboxylation	  of	  

histidine	  is	  reported	  to	  require	  26	  hours	  with	  95%	  yield	  of	  the	  histamine	  

dihydrochloride	  salt.	  	  The	  authors	  noted	  that	  increased	  catalytic	  load	  contributed	  to	  

decreased	  yield	  of	  histamine.	  	  Efforts	  to	  reproduce	  the	  Hashimoto	  procedure	  have	  

failed	  due	  to	  lack	  of	  conversion	  at	  low	  mol	  %	  of	  catalyst	  and	  the	  presence	  of	  

overwhelming	  impurities	  from	  competing	  processes	  at	  higher	  catalyst	  load	  (up	  to	  2	  

mol	  equivalents).39	  	  
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In	  a	  modification	  of	  the	  Hashimoto	  procedure,	  Yeh	  et	  al.	  (2002)39	  have	  

described	  a	  similar	  decarboxylation	  method	  using	  20	  mol	  %	  acetophenone	  in	  

cyclohexanol	  as	  catalyst.	  	  Optimized	  conditions	  accomplish	  the	  decarboxylation	  in	  

54	  hours	  and	  yield	  histamine	  dihydrochloride	  salt	  at	  94%	  purity.	  	  In	  all	  variations	  2	  

major	  unidentified	  impurities	  required	  a	  multiday	  purification	  process	  including	  

suspensions	  in	  various	  solvents	  followed	  by	  3-‐5	  recrystallizations	  and	  washes	  of	  the	  

filter	  cake	  to	  improve	  the	  purity	  to	  pharmaceutical	  grade	  (<2%	  impurity).	  	  	  

In	  the	  last	  6	  years	  two	  processes	  for	  the	  removal	  of	  product	  free	  amines	  by	  

distillation	  from	  a	  high	  boiling	  solvent	  such	  as	  polyethylene	  glycol	  have	  been	  

reported	  in	  the	  patent	  literature.40	  	  	  Both	  reported	  the	  use	  of	  1	  equivalent	  of	  

cyclohex-‐2-‐en-‐1-‐one	  as	  catalyst.	  	  These	  methods	  assist	  with	  the	  problem	  of	  solvent	  

removal	  for	  lower	  boiling	  amines;	  however,	  the	  reaction	  times	  were	  still	  quite	  long	  

(~72	  hrs)	  and	  the	  success	  of	  difficult	  decarboxylations	  such	  as	  histidine	  are	  

unsubstantiated	  and	  cannot	  be	  presently	  reproduced	  despite	  the	  broad	  claims	  of	  the	  

authors.	  	  Especially	  for	  free	  amines	  that	  exhibit	  high	  boiling	  points,	  an	  alternative	  

method	  of	  isolation	  is	  needed	  to	  prevent	  thermal	  degradation.	  

Solvent	  Optimization	  

Addressing	  the	  problem	  of	  long	  reaction	  times	  in	  the	  decarboxylations	  of	  

many	  amino	  acids	  such	  as	  histidine,	  it	  was	  envisioned	  that	  chemistry	  at	  

temperatures	  above	  the	  reflux	  temperature	  of	  cyclohexanol	  (~160	  oC)	  may	  provide	  

a	  solution.	  	  However,	  as	  previously	  noted,	  a	  significant	  amount	  of	  effort	  must	  be	  

devoted	  to	  the	  removal	  of	  high	  boiling	  solvents	  at	  the	  expense	  of	  yield	  and	  

efficiency.	  	  One	  advantage	  to	  using	  cylcohexanol	  or	  polyethylene	  glycol	  reported	  by	  
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all	  previous	  researchers	  was	  the	  solubility	  of	  the	  amine	  product	  and	  insolubility	  of	  

amino	  acids	  allowing	  visual	  determination	  of	  reaction	  completion.	  	  	  

Rather	  than	  employing	  an	  even	  higher	  boiling	  solvent	  system,	  which	  would	  

involve	  the	  same	  difficulties	  as	  previous	  methods,	  the	  possibility	  of	  a	  pressurized	  

reaction	  system	  using	  a	  solvent	  with	  a	  lower	  normal	  boiling	  point	  was	  investigated.	  	  

Both	  microwave	  promoted	  and	  hot	  oil	  bath	  systems	  were	  employed	  using	  a	  sealed	  

15	  bar	  maximum	  pressure	  reaction	  vessel.	  	  While	  many	  solvents	  satisfy	  the	  criterion	  

of	  greater	  volatility,	  the	  search	  was	  narrowed	  to	  a	  series	  of	  short	  chain	  alcohol	  

solvents	  in	  order	  to	  promote	  microwave	  absorption.	  	  Among	  the	  short	  chain	  alcohol	  

solvents	  n-‐butanol,	  n-‐pentanol,	  and	  isopropanol	  proved	  to	  absorb	  microwaves	  

insufficiently	  while	  ethanol,	  methanol,	  and	  water	  dissolve	  the	  reactant	  amino	  acid	  at	  

the	  optimum	  reaction	  temperatures	  of	  	  >	  185	  oC	  hindering	  visual	  determination	  of	  

reaction	  completion	  and	  failing	  to	  facilitate	  decarboxylation	  of	  histidine.	  	  n-‐Propanol	  

was	  determined	  to	  be	  the	  optimum	  solvent	  for	  visual	  inspection	  of	  reaction	  

completion	  that	  could	  reach	  the	  maximum	  safe	  temperature	  and	  be	  easily	  removed	  

after	  reaction	  completion.	  This	  solvent	  achieves	  a	  maximum	  temperature	  in	  the	  

instrument	  (1200W)	  of	  190	  oC	  (calibrated	  ±2	  oC)	  with	  a	  vapor	  pressure	  of	  15	  bar	  as	  

determined	  by	  the	  Clausius-‐Claperyon	  equation.	  	  It	  should	  also	  be	  noted	  that	  

reactions	  performed	  neat	  resulted	  in	  poor	  to	  no	  yield	  and	  aprotic	  solvents	  failed	  to	  

promote	  decarboxylation	  even	  upon	  heating	  to	  190oC	  in	  an	  oil	  bath.	  

Catalyst	  Optimization	  

Another	  factor	  affecting	  the	  reaction	  rate	  and	  overall	  ease	  of	  purification	  of	  

the	  product	  mixture	  is	  the	  identity	  and	  load	  of	  the	  catalyst.	  	  Previously	  1%	  v/v	  of	  
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cyclohex-‐2-‐en-‐1-‐one	  has	  been	  reported	  for	  histidine	  decarboxylation.41	  	  Significant	  

amounts	  of	  impurities	  were	  observed	  in	  the	  resulting	  reaction	  mixture	  in	  attempts	  

to	  reproduce	  the	  experiments.	  	  Alternatively,	  it	  was	  reported	  that	  when	  

acetophenone	  was	  used	  at	  20	  mol	  %	  for	  decarboxylation	  of	  histidine,	  modest	  

success	  was	  observed	  after	  >54	  hrs.	  	  In	  catalyst	  optimization	  experiments,	  cyclohex-‐

2-‐en-‐1-‐one	  proved	  to	  provide	  a	  greater	  catalytic	  effect	  at	  20	  mol	  %	  than	  

acetophenone.	  	  It	  was	  postulated	  that	  the	  enone	  functionality	  of	  cyclohex-‐2-‐en-‐1-‐

one	  provides	  some	  advantage	  over	  the	  benzyl	  ketone.	  	  	  

It	  was	  envisioned	  that	  the	  enone	  R-‐carvone,	  the	  natural	  product	  spearmint	  

oil,	  may	  retain	  the	  catalytic	  advantage	  over	  acetophenone	  while	  providing	  an	  

alternative	  method	  of	  removal	  of	  the	  catalyst	  based	  on	  the	  known	  isomerization	  

reaction	  to	  phenolic	  carvacrol42	  (Scheme	  2).	  	  	  

	  

	  

Scheme	  2.	  Isomerization	  of	  R-‐carvone	  to	  phenolic	  carvacrol.	  

	  

R-‐carvone	  provides	  the	  added	  advantage	  of	  replacing	  cyclohex-‐2-‐en-‐1-‐one,	  a	  

relatively	  expensive	  catalyst	  having	  acute	  human	  toxicity.43	  	  It	  was	  observed	  during	  

preliminary	  experiments	  that	  the	  rate	  of	  reaction	  significantly	  increased	  at	  higher	  

catalyst	  load	  than	  the	  1	  mol	  %	  load	  previously	  reported	  by	  Hashimoto.	  	  As	  a	  general	  

rule,	  the	  catalytic	  effect	  becomes	  appreciable	  at	  about	  0.1	  mole	  equivalents	  for	  both	  
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cyclohex-‐2-‐en-‐1-‐one	  and	  R-‐carvone	  and	  peaks	  at	  about	  2	  mole	  equivalents	  for	  the	  

amino	  acids	  decarboxylation	  in	  this	  study.	  The	  reaction	  times	  in	  minutes	  of	  a	  series	  

of	  microwave-‐assisted	  decarboxylations	  of	  phenylalanine	  in	  n-‐propanol	  at	  190	  oC	  

with	  varying	  load	  of	  R-‐carvone	  are	  given	  in	  Figure	  6.	  	  	  

	  

	  

Figure	  6.	  Decarboxylation	  times	  of	  phenylalanine	  with	  variable	  R-‐carvone	  load.	  

	  

Decarboxylations	  of	  a	  series	  of	  amino	  acids	  were	  performed	  at	  the	  2	  equivalent	  

catalyst	  load	  comparing	  the	  catalytic	  abilities	  of	  cyclohex-‐2-‐en-‐1-‐one,	  acetophenone,	  

both	  carvone	  enantiomers,	  and	  the	  simple	  ketone	  acetone	  under	  solvent	  optimized	  

conditions.	  	  Five	  minutes	  were	  allowed	  for	  the	  microwave	  to	  achieve	  maximum	  

reaction	  temperature	  of	  195	  oC.	  	  Additional	  reflux	  time	  at	  the	  maximum	  

temperature	  was	  allowed	  if	  necessary.	  	  Reaction	  completion	  was	  determined	  by	  the	  

transformation	  of	  amino	  acid	  slurry	  to	  clear	  solution	  as	  shown	  in	  Figure	  7.	  	  	  A	  

summary	  of	  catalyst	  optimization	  experiments	  may	  be	  viewed	  in	  Table	  3.	  	  	  
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Figure	  6.	  Generic	  decarboxylation	  for	  determination	  of	  catalytic	  effect.	  

	  

Table	  3.	  Summary	  of	  Catalyst	  Optimization.	  Reaction	  Times	  Given	  in	  Minutes	  

Amino	  

Acid	  

	  

	  

	  

	  

R-‐carvone	  

	  

S-‐carvone	  

	  

	  

	  

	   	   	   	   	   	  
Phe	   5	   5	   5	   7	   5	  

His	   25	   25	   25	   50	   [a]	  

Trp	   5	   5	   5	   5	   7	  

Tyr	   10	   6	   20	   16	   40	  

[a]	  completed	  in	  ~72	  hrs	  in	  an	  oil	  bath	  with	  decomposition	  of	  products

NH2

R
O

OH NH2R

amineamino acid

2 equiv. catalyst

n-PrOH, MW
0-195 oC 5min
195 oC 0-20 min
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In	  these	  reactions	  R-‐carvone	  showed	  similar	  reactivity	  to	  previous	  catalysts.	  

Decarboxylations	  with	  S-‐carvone	  as	  catalyst	  were	  also	  effective	  though	  

decarboxylation	  of	  L-‐histamine	  required	  50	  min	  reflux	  as	  opposed	  to	  25	  min.	  	  Given	  

these	  results,	  decarboxylations	  of	  D-‐amino	  acids	  with	  R-‐carvone	  as	  catalyst	  may	  

also	  be	  performed	  as	  desired.	  	  With	  catalytic	  effect	  confirmed	  it	  remained	  to	  be	  

seen	  whether	  the	  decarboxylations	  occur	  cleanly	  with	  minimal	  byproducts.	  	  

Isolation	  of	  products	  using	  the	  other	  catalysts	  under	  the	  higher	  temperature	  

conditions	  and	  catalyst	  load	  proved	  impossible	  due	  to	  decomposition	  of	  products.	  

Catalyst	  Removal	  and	  Purification	  

Given	  that	  the	  reaction	  is	  thought	  to	  occur	  through	  an	  imine	  intermediate32a,	  

32c	  and	  the	  observed	  rise	  in	  impurities	  as	  a	  result	  of	  increasing	  the	  catalyst	  load	  

following	  the	  Hashimoto	  procedure,	  it	  became	  apparent	  that	  the	  fate	  of	  the	  

decarboxylated	  imine	  should	  be	  investigated.	  	  GC-‐MS	  analysis	  of	  the	  product	  

mixture	  after	  the	  decarboxylation	  of	  phenylalanine	  shows	  all	  decarboxylated	  imine,	  

no	  free	  amine,	  and	  minimal	  volatile	  impurities.	  	  The	  reaction	  mixture	  was	  then	  

diluted	  with	  aqueous	  hydrochloric	  acid,	  excess	  R-‐carvone	  was	  removed	  via	  ether	  

wash,	  and	  then	  the	  free-‐based	  product	  was	  partitioned	  to	  the	  organic	  phase	  via	  

aqueous	  sodium	  hydroxide	  wash.	  	  A	  significant	  degree	  of	  hydrolysis	  was	  expected,	  

however,	  in	  GC/MS	  analysis	  of	  the	  organic	  extract	  the	  imine	  of	  the	  decarboxylated	  

product	  is	  quite	  stable	  and	  persists	  as	  shown	  by	  the	  chromatogram	  and	  mass	  

spectrum	  in	  Figure	  7.	  
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Figure	  7.	  	  GC/MS	  analysis	  of	  product	  mixture	  after	  acidic	  workup	  followed	  by	  free-‐

basing	  

	  

It	  was	  observed	  that	  the	  desired	  imine	  hydrolysis	  occurs	  readily	  only	  after	  

heating	  in	  aqueous	  acid	  at	  >50	  oC.	  	  Even	  after	  treatment	  of	  the	  reaction	  mixture	  

with	  many	  times	  the	  reaction	  volume	  of	  2.0	  M	  HCl,	  it	  proved	  difficult	  to	  adequately	  

remove	  all	  traces	  of	  the	  imine	  at	  system	  equilibrium.	  	  However,	  a	  5	  min	  reflux	  at	  

190	  oC	  in	  2	  M	  HCl	  accomplished	  both	  hydrolysis	  of	  the	  imine	  and	  isomerization	  of	  

R-‐carvone	  to	  carvacrol.	  	  Carvacrol	  is	  then	  easily	  removed	  via	  ether	  extraction.	  	  It	  

should	  be	  noted	  that	  gentle	  reflux	  at	  80	  oC	  allows	  the	  imine	  to	  hydrolyze	  in	  
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equilibrium	  and	  ~80%	  of	  R-‐carvone	  may	  be	  recovered	  via	  three	  sequential	  refluxes	  

and	  extractions	  with	  ether	  or	  via	  soxhlet	  extraction	  with	  warm	  toluene.	  	  If	  R-‐

carvone	  is	  recovered	  via	  the	  three	  quick	  extractions,	  a	  final	  high	  temperature	  reflux	  

should	  be	  performed	  to	  isomerize	  residual	  R-‐carvone	  to	  carvacrol.	  	  All	  methods	  of	  

amino	  acid	  decarboxylation	  in	  the	  literature	  fails	  to	  account	  for	  the	  quantity	  and	  

reactivity	  of	  imine	  that	  may	  remain	  thus	  lowering	  the	  yield	  and	  purity	  of	  the	  crude	  

product	  and	  necessitating	  further	  purification.	  	  Product	  amines	  are	  isolated	  as	  

hydrochloride	  salts	  by	  rotary	  evaporation	  of	  water	  under	  reduced	  pressure	  and	  

further	  drying	  overnight	  in	  a	  vacuum	  oven.	  

Results	  and	  Scope	  

A	  summary	  of	  both	  microwave	  and	  conventional	  procedures	  is	  highlighted	  

in	  Scheme	  3.	  	  	  

	  

	  

Scheme	  3.	  Summary	  of	  microwave	  (a)	  and	  conventional	  heating	  (b)	  one-‐pot	  

decarboxylation	  procedures	  	  
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The	  reaction	  times	  for	  the	  decarboxylation	  of	  selected	  amino	  acids	  of	  interest	  are	  

reported	  in	  Table	  4	  for	  both	  microwave	  and	  conventional	  heating.	  	  Isolated	  yields	  

of	  the	  amine	  hydrochloride	  or	  dihydrochloride	  salts	  are	  also	  given	  in	  Table	  4	  for	  the	  

optimized	  reaction	  conditions	  highlighted	  in	  reaction	  Scheme	  3.	  Decarboxylation	  

using	  this	  procedure	  was	  ineffective	  for	  the	  natural	  amino	  acids	  Arg,	  Asp,	  L-‐DOPA,	  

Glu,	  Ser,	  Asn,	  Gln,	  Cys,	  and	  Met.	  

	  

Table	  4.	  Optimized	  decarboxylations	  of	  natural	  amino	  acids	  
Amino	  
Acid	  

MW	   Reaction	  
Time	  (min)[a]	  

%	  
Yield	  

	   Oil	  Bath	   Reaction	  
Time	  (min)	  

%	  
Yield	  

	   	   	   	   	   	   	   	  
Ala	   	   5	   60	   	   	   38	   74	  
	   	   	   	   	   	   	   	  

Gly	   	   13	   86	   	   	   40	   59	  
	   	   	   	   	   	   	   	  

His	   	   25	   87	   	   	   12	   92	  
	   	   	   	   	   	   	   	  
Ile	   	   9	   69	   	   	   12	   76	  
	   	   	   	   	   	   	   	  

Leu	   	   5	   72	   	   	   5	   69	  
	   	   	   	   	   	   	   	  

Lys	   	   12	   73	   	   	   17	   93	  
	   	   	   	   	   	   	   	  

Phe	   	   5	   76	   	   	   5	   78	  
	   	   	   	   	   	   	   	  

Pro	   	   5	   80	   	   	   5	   48	  
	   	   	   	   	   	   	   	  

Thr[b]	   	   5	   59	   	   	   12	   41	  
	   	   	   	   	   	   	   	  

Trp	   	   20	   53	   	   	   9	   72	  
	   	   	   	   	   	   	   	  

Tyr	   	   20	   53	   	   	   40	   67	  
	   	   	   	   	   	   	   	  

Val	   	   5	   79	   	   	   9	   55	  
	   	   	   	   	   	   	   	  

[a]	  reaction	  times	  represent	  total	  programmed	  time	  including	  5	  min	  temperature	  
initial	  heating	  period	  
[b]	  requires	  80	  oC	  hydrolysis	  with	  soxhlet	  extraction	  
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The	  slight	  differences	  in	  the	  overall	  reaction	  times	  reported	  between	  MW	  heating	  

and	  oil	  bath	  heating	  are	  the	  result	  of	  the	  necessary	  differences	  in	  experimental	  

protocols.	  	  In	  the	  microwave	  reactor	  initial	  heating	  occurs	  over	  a	  5	  min	  period	  and	  

temperature	  is	  computer	  controlled	  by	  an	  infrared	  thermometer	  in	  a	  continuous	  

feedback	  system	  to	  ±2	  oC.	  	  Conventional	  heating	  was	  performed	  in	  a	  preheated	  bath	  

with	  observed	  temperature	  oscillations	  of	  no	  more	  than	  ±5	  oC.	  

Figure	  8	  shows	  a	  representative	  1H	  NMR	  for	  the	  product	  amine	  

hydrochloride	  salts	  in	  D2O.	  	  The	  solvent	  peak	  arising	  from	  acidic	  proton	  exchange	  

was	  suppressed.	  	  Note	  that	  no	  organic	  impurities	  are	  observed	  in	  1H	  NMR	  of	  the	  

hydrochloride	  salts	  using	  DMSO-‐d6	  as	  solvent.	  

	  

Figure	  8.	  1H	  NMR	  of	  histamine	  dihydrochloride	  with	  solvent	  D2O	  suppressed	  
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HN

N
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Further	  decarboxylations	  were	  investigated	  with	  unnatural	  amino	  acids	  and	  

protected	  amino	  acids.	  	  Results	  are	  summarized	  in	  Table	  5.	  	  Note	  that	  the	  

procedure	  allows	  for	  the	  simultaneous	  decarboxylation	  and	  deprotection	  of	  the	  

protected	  amino	  acids	  investigated.	  	  Decarboxylated	  imines	  with	  protecting	  groups	  

are	  present	  in	  GC/MS	  chromatograms	  after	  the	  initial	  step.	  

	  

Table	  5.	  MW	  decarboxylations	  of	  selected	  unnatural	  amino	  acids	  

Amino	  Acid	   Reaction	  Time	  (min)[a]	   %	  Yield	  
	   	   	  

4-‐amino-‐Phe	   8	   99	  
	   	   	  

4-‐bromo-‐Phe	   5	   47	  
	   	   	  

4-‐methyl-‐Phe	   5	   99	  
	   	   	  

4-‐nitro-‐Phe	   5	   74	  
	   	   	  

3,5-‐dibromo-‐Tyr	   5	   41	  
	   	   	  

3-‐iodo-‐Tyr	   5	   77	  
	   	   	  

cycloleucine	   16	   40	  
	   	   	  

N-‐trityl-‐His[a]	   5	   86	  
	   	   	  

N-‐formyl-‐Trp[b]	   5	   74	  
	   	   	  

O-‐t-‐butyl-‐Tyr[c]	   5	   81	  
	   	   	  

O-‐acetyl-‐Tyr[c]	   5	   76	  
	   	   	  

O-‐2,6-‐diclorobenzyl-‐Tyr[c]	   5	   64	  
	   	   	  

[a]	  isolated	  product	  is	  histamine	  dihydrochloride	  
[b]	  isolated	  product	  is	  tryptamine	  hydrochloride	  
[c]	  isolated	  product	  is	  tyramine	  hydrochloride	  
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Summary	  

Decarboxylation	  of	  L-‐histidine	  and	  other	  L-‐amino	  acids	  has	  been	  

accomplished	  via	  organocatalysis	  with	  R-‐carvone	  and	  subsequent	  one-‐pot	  

hydrolysis	  under	  solvent	  superheated	  conditions	  using	  both	  conventional	  heating	  

and	  microwave	  irradiation.	  	  Decarboxylation	  is	  more	  rapid	  than	  previous	  methods	  

as	  the	  vessels	  are	  heated	  to	  190	  oC	  over	  5	  min.	  	  Approximately	  80%	  of	  the	  R-‐

carvone	  catalyst	  can	  be	  recovered	  via	  extraction	  with	  diethyl	  ether	  if	  the	  hydrolysis	  

is	  conducted	  at	  80	  oC;	  however,	  to	  obtain	  highest	  purity	  it	  is	  necessary	  to	  conduct	  a	  

high	  temperature	  hydrolysis	  to	  isomerize	  residual	  R-‐carvone	  to	  carvacrol.	  	  Isolated	  

yields	  of	  amine	  hydrochloride	  salts	  are	  comparable	  or	  improved	  over	  previous	  

methods	  ranging	  from	  60-‐90%	  with	  purity	  of	  hydrochloride	  salts	  estimated	  to	  be	  

>99	  %	  by	  1H	  NMR.	  	  This	  process	  promises	  to	  provide	  a	  more	  versatile	  and	  efficient	  

option	  in	  the	  synthesis	  of	  biologically	  active	  amines	  from	  amino	  acids	  given	  the	  

demonstrated	  versatility	  with	  not	  only	  natural	  amino	  acids	  but	  protected	  and	  

synthetic	  derivatives	  as	  well.	  	  

Experimental	  

5	  mmol	  scale	  microwave	  experiments	  were	  performed	  in	  Milestone	  25	  mL	  

15	  bar	  glass	  pressure	  reactors	  inside	  the	  Milestone	  StartSYNTH™	  microwave	  

reactor	  with	  external	  infrared	  temperature	  control.	  	  	  	  Conventional	  heating	  

experiments	  were	  performed	  in	  silicone	  oil	  in	  identical	  reaction	  vessels.	  Solvents	  

and	  reagents	  were	  purchased	  from	  Sigma-‐Aldrich	  or	  Chem-‐Impex	  International	  and	  

used	  without	  additional	  purification.	  	  FT	  NMR	  experiments	  were	  recorded	  at	  400	  

MHz	  in	  D2O	  	  solvent.	  
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General	  decarboxylation	  procedure	  

	  	  A	  magnetic	  stir	  bar,	  3	  mL	  of	  n-‐PrOH,	  10	  mmol	  of	  R-‐carvone,	  and	  5	  mmol	  of	  

amino	  acid	  were	  charged	  to	  a	  pressure	  vessel.	  	  The	  vessel	  was	  heated	  from	  room	  

temperature	  to	  190	  oC	  over	  5	  min	  with	  stirring.	  	  If	  necessary	  the	  reaction	  vessel	  

was	  maintained	  at	  190	  oC	  for	  additional	  time	  until	  the	  slurry	  became	  clear.	  	  The	  

vessel	  was	  allowed	  to	  cool	  to	  below	  the	  solvent	  boiling	  point,	  carefully	  vented	  to	  

release	  evolved	  CO2,	  and	  analyzed	  via	  HP	  5970	  GC/MS	  to	  verify	  the	  presence	  of	  

decarboxylated	  imine.	  	  10	  mL	  of	  2M	  HCl	  was	  then	  added	  in	  “one-‐pot”	  fashion,	  and,	  

in	  all	  cases	  but	  threonine,	  the	  reaction	  vessel	  was	  heated	  to	  190	  oC	  over	  5	  min	  with	  

stirring	  and	  allowed	  to	  cool.	  	  In	  the	  case	  of	  the	  temperature	  sensitive	  threonine,	  

soxhlet	  extraction	  with	  toluene	  was	  performed	  at	  80	  oC	  to	  remove	  R-‐carvone	  from	  

the	  reaction	  mixture.	  	  The	  aqueous	  reaction	  mixture	  was	  washed	  three	  times	  with	  

25	  mL	  of	  ether,	  and	  then	  water	  solvent	  was	  distilled	  off	  from	  the	  hydrochloride	  salt.	  	  

The	  hydrochloride	  salt	  was	  transferred	  to	  a	  vacuum	  oven	  and	  dried	  overnight	  at	  

150	  oC	  and	  10	  Torr.	  	  The	  hydrochloride	  salt	  was	  then	  weighed	  and	  analyzed	  via	  

NMR.	  	  Additional	  spectra	  and	  experimental	  data	  may	  be	  viewed	  in	  Appendix	  A.	  
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CHAPTER	  3	  

ORGANOCATALYZED	  MICROWAVE	  DECARBOXYLATION	  OF	  ALPHA	  AMINO	  ACIDS:	  

AN	  UNKNOWNS–BASED	  SOPHOMORE	  ORGANIC	  CHEMISTRY	  EXPERIMENT	  WITH	  

PICOSPIN™	  NMR	  ANALYSIS	  

A	  sophomore	  organic	  chemistry	  experiment	  is	  reported	  here	  taking	  

advantage	  of	  a	  new	  methodology	  using	  microwave	  heating	  for	  the	  facile	  

decarboxylation	  of	  many	  amino	  acids.	  	  Traditional	  methods	  of	  amino	  acid	  

decarboxylation	  are	  unsuitable	  for	  the	  undergraduate	  laboratory	  in	  that	  they	  are	  

time	  consuming,	  taking	  up	  to	  several	  days	  in	  the	  case	  of	  L-‐histidine,	  narrow	  in	  

scope,	  and	  make	  use	  of	  toxic	  catalysts.	  Under	  microwave	  conditions	  

decarboxylations	  of	  amino	  acids	  including	  L-‐histidine	  occur	  in	  just	  minutes	  using	  

the	  food	  additive	  R-‐carvone	  as	  a	  recoverable	  organocatalyst.	  Yields	  are	  comparable	  

to	  previous	  methods,	  and	  purification	  of	  product	  ammonium	  chloride	  salts	  is	  aided	  

by	  an	  isomerization	  reaction	  of	  residual	  catalyst	  to	  phenolic	  carvacrol.	  Applications	  

to	  the	  sophomore	  organic	  educational	  laboratory	  have	  been	  demonstrated	  and	  

highlight	  instructional	  use	  of	  Milestone	  START™	  microwave	  synthesizers	  and	  45	  

MHz	  	  PicoSpin™	  bench-‐top	  NMR	  spectrometers.	  

Undergraduate	  Experiment	  Overview	  

When	  developing	  the	  improved	  decarboxylation	  procedure	  for	  α-‐amino	  

acids	  (Scheme	  3),	  it	  became	  evident	  that	  the	  same	  features	  of	  the	  process	  that	  are	  

attractive	  for	  research	  or	  industrial	  synthesis	  of	  bioactive	  amines	  are	  attractive	  for	  
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use	  in	  instructional	  labs.	  	  	  The	  process	  replaces	  the	  toxic	  catalyst	  cyclohex-‐2-‐en-‐1-‐

one	  with	  spearmint	  oil,	  R-‐carvone,	  giving	  an	  entry	  into	  a	  discussion	  of	  green	  

chemistry.	  	  The	  reaction	  times	  are	  reduced	  from	  very	  prohibitive	  to	  at	  most	  20	  min	  

not	  only	  allowing	  for	  the	  reaction	  to	  be	  performed	  but	  also	  ample	  time	  for	  spectral	  

analysis	  within	  the	  3-‐hour	  lab	  period.	  	  Additionally,	  the	  product	  HCl	  salts	  are	  easily	  

dissolved	  in	  D2O	  for	  NMR	  analysis	  yielding	  clear	  1H	  NMR	  spectra	  suitable	  for	  

students	  learning	  introductory	  NMR	  analysis.	  	  	  

An	  experiment,	  which	  mimics	  the	  ubiquitous	  processes	  by	  which	  amino	  

acids	  are	  decarboxylated	  in	  the	  body	  to	  form	  biogenic	  amines,	  is	  both	  interesting	  

and	  pedagogically	  important	  for	  students	  of	  organic	  chemistry.	  	  	  A	  search	  of	  the	  

chemical	  education	  literature	  yields	  only	  2	  experiments44	  dealing	  with	  the	  

synthetic	  topic	  of	  decarboxylation;	  one44a	  addressing	  kinetic	  isotope	  effects	  in	  the	  

3rd	  year	  organic	  chemistry	  course,	  the	  other44b	  investigating	  the	  decarboxylation	  of	  

an	  intermediate	  involving	  the	  synthesis	  of	  a	  triazole	  compound	  with	  no	  comment	  

on	  the	  generality	  of	  the	  process	  or	  incorporation	  of	  an	  unknown	  element.	  	  	  

The	  present	  experiment	  tasks	  the	  student	  to	  identify	  the	  product	  amine	  and	  

thus	  starting	  unknown	  amino	  acid	  in	  a	  microwave	  decarboxylation	  procedure.	  	  

Learning	  outcomes	  of	  the	  experiment	  include:	  

1. the	  mechanism	  of	  decarboxylation	  catalytic	  cycle,	  which	  addresses	  

equilibrium	  and	  imine	  chemistry	  

2. acid-‐base	  extraction	  and	  the	  isolation	  of	  amines	  as	  HCl	  salts	  

3. 	  Simple	  1H	  NMR	  analysis	  including	  chemical	  shift,	  integration,	  and	  

multiplicity	  	  
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Given	  that	  the	  amino	  acid	  is	  unknown,	  it	  is	  essential	  that	  the	  students	  obtain	  clean	  

reaction	  products	  and	  properly	  analyze	  the	  1H	  NMR	  as	  each	  unknown	  sample	  is	  

uniquely	  labeled	  for	  each	  student.	  

Detailed	  Experimental	  Procedure	  

Students	  measured	  0.900	  grams	  of	  assigned	  unknown	  amino	  acid	  into	  a	  

microwave	  vessel.	  	  2.75	  grams	  of	  (R)-‐carvone	  was	  added	  to	  the	  vessel	  along	  with	  5	  

mL	  of	  n-‐propyl	  alcohol.	  	  This	  catalyst	  load	  was	  selected	  to	  ensure	  that	  at	  least	  2	  

equivalents	  of	  R-‐carvone	  are	  used	  regardless	  of	  unknown	  amino	  acid	  identity.	  Only	  

10	  minutes	  were	  allowed	  by	  the	  instructor	  for	  reaction	  preparation	  to	  encourage	  

efficiency.	  	  Note	  that	  the	  scale	  of	  the	  experiment	  was	  chosen	  so	  that	  as	  few	  as	  3	  

vessels	  could	  be	  run	  in	  the	  multi-‐mode	  microwave	  instrument	  and	  still	  meet	  the	  

minimum	  15	  mL	  microwave	  absorbent	  solvent	  required	  for	  proper	  instrument	  

operation.	  	  Experiment	  scale	  may	  be	  reduced	  at	  the	  discretion	  of	  the	  instructor	  if	  

more	  vessels	  are	  loaded	  in	  the	  carousel.	  	  	  

The	  microwave	  vessels	  were	  sealed	  and	  loaded	  into	  the	  carousel.	  The	  

reaction	  vessels	  were	  heated	  in	  the	  microwave	  oven	  to	  190	  OC	  over	  a	  period	  of	  five	  

minutes	  and	  held	  at	  190	  OC	  for	  an	  additional	  15	  minutes	  with	  continuous	  stirring.	  	  

Reaction	  completion	  is	  determined	  as	  the	  cloudy	  slurries	  become	  clear	  (Figure	  6).	  	  

This	  clearing	  will	  occur	  at	  different	  times	  for	  different	  amino	  acids;	  however,	  no	  

adverse	  effect	  was	  observed	  for	  the	  faster	  decarboxylations	  subject	  to	  additional	  

heating	  time.	  	  	  The	  instructor	  allowed	  time	  for	  the	  vessels	  to	  cool	  below	  60	  oC	  and	  

returned	  the	  vessels	  to	  the	  students.	  	  Students	  opened	  the	  vessels	  carefully	  as	  the	  

vessels	  are	  slightly	  pressurized	  and	  added	  10	  mL	  of	  2M	  HCl	  to	  the	  mixture.	  	  The	  
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vessels	  were	  resealed	  and	  returned	  to	  the	  carousel	  for	  another	  reflux	  from	  room	  

temperature	  to	  190	  OC	  over	  5	  minutes	  with	  stirring.	  	  During	  this	  time	  the	  imine	  

formed	  between	  the	  product	  amines	  and	  R-‐carvone	  is	  hydrolyzed	  and	  the	  R-‐

carvone	  is	  isomerized	  to	  carvacrol	  as	  shown	  in	  Figure	  9.	  	  	  

	  

	  

	  	   	   	   	   	   	   	  

Figure	  9.	  	  Isomerization	  reaction	  of	  R-‐carvone	  to	  carvacrol	  	  

	  

The	  vessels	  were	  returned	  to	  the	  students	  after	  cooling	  and	  reopened.	  	  The	  

students	  washed	  the	  aqueous	  reaction	  mixture	  twice	  with	  25	  mL	  portions	  of	  diethyl	  

ether	  to	  remove	  organic	  impurities.	  	  Water	  was	  removed	  from	  the	  aqueous	  

solutions	  by	  heating	  to	  dryness	  on	  a	  hot	  plate	  under	  snorkel	  ventilation	  (Figure	  10).	  	  

Care	  was	  taken	  not	  to	  burn	  the	  product	  as	  the	  solution	  dried.	  	  Product	  weights	  were	  

obtained	  along	  with	  IR	  spectra.	  	  	  The	  remaining	  product	  was	  dissolved	  in	  a	  minimal	  

amount	  of	  D2O	  and	  1H	  NMR	  spectra	  were	  obtained	  on	  the	  PicoSpin™	  instruments.	  	  	  
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Exceptional	  care	  was	  taken	  to	  ensure	  the	  entire	  sample	  was	  dissolved,	  as	  any	  

particulate	  can	  clog	  the	  internal	  NMR	  capillary.	  	  	  

	  

	  	   	   	   	  

	  

Figure	  10.	  Isolation	  of	  hydrochloride	  salt	  and	  PicoSpin™	  analysis	  

	  

Hazards	  

	   Care	  should	  be	  taken	  by	  students	  and	  instructors	  when	  handling	  contents	  

under	  pressure.	  	  Only	  microwave	  instruments	  rated	  for	  chemical	  use	  have	  the	  

proper	  safety	  features	  for	  performing	  this	  experiment.	  	  Vessels	  should	  never	  be	  

moved	  from	  microwave	  until	  temperature	  reading	  drops	  well	  below	  the	  boiling	  



	   37	  

point	  of	  the	  reaction	  mixture.	  	  As	  an	  extra	  precaution,	  vessels	  should	  be	  opened	  

only	  in	  a	  fume	  hood.	  	  Note	  that	  evaporation	  of	  the	  aqueous	  layer	  will	  result	  in	  the	  

evolution	  of	  a	  small	  amount	  of	  HCl(g).	  	  This	  evaporation	  should	  be	  performed	  under	  

ventilation.	  

Results	  and	  Discussion	  

	   The	  experiment	  was	  completed	  by	  50	  lab	  groups	  in	  the	  honors/chemistry	  

majors	  course	  spanning	  6	  lab	  sections	  over	  two	  days.	  	  An	  FT	  IR	  and	  45	  MHz	  

PicoSpin™	  1H	  NMR	  spectrum	  were	  obtained	  by	  all	  lab	  groups	  within	  the	  3	  hr	  lab	  

period	  with	  minimal	  teaching	  assistant	  input.	  	  Student	  FT	  IR	  spectra	  may	  be	  viewed	  

in	  Appendix	  B.	  	  Each	  shows	  a	  broad	  signal	  from	  about	  3200-‐2500	  cm-‐1	  

representative	  of	  the	  protonated	  amine,	  but	  the	  FT	  IR	  spectra	  were	  not	  very	  

discriminating	  of	  student	  unknowns	  in	  the	  functional	  group	  region.	  	  Student	  

analyses	  relied	  predominantly	  upon	  the	  NMR	  spectra.	  	  Figure	  11	  shows	  a	  student	  

45	  MHz	  PicoSpin™	  proton	  spectrum	  of	  the	  decarboxylation	  product	  of	  the	  amino	  

acid	  valine	  sampled	  and	  obtained	  by	  a	  student	  during	  the	  lab	  period	  along	  with	  a	  

400	  MHz	  proton	  NMR	  spectrum	  obtained	  by	  the	  TA	  of	  the	  very	  same	  student	  

sample.	  	  	  The	  samples	  were	  very	  pure,	  and	  resolution	  at	  45	  MHz	  was	  sufficient	  for	  

student	  analysis.	  	  Students	  did	  NOT	  receive	  400	  MHz	  spectra.	  	  Note	  that	  the	  

presence	  of	  the	  observed	  water	  peak	  is	  expected,	  as	  the	  purity	  of	  the	  D2O	  solvent	  

was	  only	  99.9	  atomic	  percent	  deuterium	  and	  the	  rapid	  acidic	  proton	  exchange	  of	  

the	  hydrochloride	  salts.	  Additional	  spectra	  for	  comparison	  may	  be	  viewed	  in	  

Appendix	  B.	  
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Figure	  11.	  	  1H	  NMR	  comparison	  of	  2-‐methylpropan-‐1-‐amine	  hydrochloride	  
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Student	  unknown	  identification	  results	  were	  obtained	  from	  student	  lab	  

reports	  by	  the	  three	  course	  teaching	  assistants.	  	  The	  results	  are	  summarized	  in	  

Table	  6.	  	  	  The	  teaching	  assistants	  were	  asked	  to	  comment	  on	  whether	  the	  spectra	  

were	  “solvable”	  based	  on	  spectral	  quality	  and	  to	  tabulate	  the	  number	  of	  correct	  

assignments.	  	  Impressively,	  the	  PicoSpin™	  instruments	  yielded	  a	  100%	  solvable	  

spectrum	  rate.	  	  The	  students	  achieved	  an	  84%	  composite	  identification	  rate	  given	  6	  

amino	  acid	  possibilities:	  the	  three	  unknowns,	  valine,	  isoleucine,	  and	  phenylalanine	  

and	  distracters	  leucine,	  tyrosine,	  and	  proline.	  	  	  

	  

Table	  6.	  Summary	  of	  Student	  Results	  
Day	   Unknown	   #	  Students	   #	  Solvable	  

IR/HNMR?	  
#	  Correct	  
ID	  

%	  	  

Tuesday	   Val	   6	   6	   6	   100	  

	   Ile	   5	   5	   4	   80	  

	   Phe	   6	   6	   6	   100	  

	   	   	   	   Composite	   94	  

Thursday	   Val	   16	   16	   15	   94	  

	   Ile	   7	   7	   4	   57	  

	   Phe	   10	   10	   7	   70	  

	   	   	   	   Composite	   79	  

	  

	  

The	  isoleucine	  decarboxylation	  product	  yielded	  the	  lowest	  identification	  rate	  due	  

to	  misidentification	  with	  valine.	  	  The	  spectra	  have	  similar	  splitting	  patterns	  in	  the	  
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low	  field	  instrument	  with	  overlapping	  signals	  in	  isoleucine,	  and	  the	  necessary	  

integration	  analysis	  for	  correct	  identification	  resulted	  in	  slightly	  higher	  difficulty.	  	  	  

There	  was	  no	  observable	  improvement	  in	  unknown	  identification	  for	  lab	  sections	  

meeting	  later	  in	  the	  week	  indicating	  that	  any	  communication	  between	  students	  

from	  day	  to	  day	  was	  ineffective	  in	  aggregate.	  	  Ideally	  this	  trend	  will	  hold	  from	  

semester	  to	  semester	  as	  the	  set	  of	  amino	  acids	  issued	  to	  the	  students	  can	  be	  cycled.	  	  

Summary	  and	  Outlook	  

	   The	  microwave	  decarboxylation	  of	  amino	  acids	  experiment	  has	  been	  

effectively	  implemented	  in	  the	  second	  semester	  sophomore	  organic	  chemistry	  

laboratory.	  	  The	  increased	  reaction	  rate	  provided	  by	  the	  organocatalytic	  microwave	  

procedure	  allows	  for	  student	  spectral	  analysis	  within	  the	  3-‐hour	  lab	  period.	  	  Use	  of	  

the	  new	  bench-‐top	  PicoSpin™	  45	  MHz	  1H	  NMR	  instruments	  allows	  for	  students	  to	  

perform	  NMR	  analysis	  rapidly	  with	  minimal	  teaching	  assistant	  input.	  	  The	  

generality	  of	  the	  experiment	  allows	  facile	  incorporation	  of	  unknowns,	  which	  allows	  

the	  instructor	  to	  accurately	  assess	  student	  laboratory	  technique	  as	  well	  as	  student	  

ability	  to	  analyze	  spectra.	  	  	  Future	  modifications	  of	  this	  experiment	  will	  be	  to	  

incorporate	  even	  more	  unknowns	  and	  include	  13C	  NMR	  analysis	  using	  PicoSpin™	  90	  

MHz	  instruments	  thereby	  eliminating	  the	  need	  for	  unknown	  “options”	  to	  be	  given	  

to	  the	  student	  for	  positive	  identification.	  	  	  Identification	  of	  the	  intermediate	  imine	  

via	  NMR	  and	  GC/MS	  analysis	  are	  also	  possible	  variations	  of	  the	  experiment.	  	  

Additionally,	  an	  inquiry	  experiment	  where	  students	  optimize	  the	  reaction	  catalyst	  

load	  using	  combined	  class	  data	  has	  also	  been	  considered	  given	  the	  large	  number	  of	  	  
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possible	  ketone	  catalysts.	  	  	  It	  is	  clear	  that	  this	  experiment	  and	  its	  variations	  have	  

the	  versatility	  to	  remain	  a	  pedagogically	  relevant	  part	  of	  the	  instructional	  

laboratory	  curriculum.	  	  Supporting	  Information	  for	  this	  experiment	  may	  be	  viewed	  

in	  Appendix	  B.	  
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CHAPTER	  4	  

STEREOSELECTIVE	  TUNING:	  THE	  LUCHE	  REDUCTION	  OF	  (-‐)-‐MENTHONE	  AS	  A	  

MODEL	  FOR	  CONTINOUSLY	  VARIABLE	  STEREOSELECTIVITY	  	  

This	  work	  details	  a	  novel	  protocol	  for	  the	  stereoselective	  “tuning”	  of	  the	  

Luche	  reduction	  allowing	  for	  the	  variable	  selectivity	  of	  product	  diastereomer	  

alcohols	  between	  two	  extremes.	  The	  product	  ratio	  of	  (-‐)-‐menthol	  to	  (+)-‐

neomenthol	  in	  the	  Luche	  reduction	  of	  (-‐)-‐menthone	  has	  been	  shown	  to	  be	  

continuously	  dependent	  on	  the	  concentration	  of	  lanthanide	  catalyst	  CeCl3∙7H2O	  in	  

methanol	  reaction	  solvent.	  	  The	  two	  diastereomeric	  products	  varied	  in	  

concentration	  from	  a	  48:52	  (-‐)-‐menthol:(+)-‐neomenthol	  mixture	  when	  no	  catalyst	  

was	  added	  to	  a	  ratio	  of	  75:25	  (-‐)-‐menthol:(+)-‐neomenthol	  when	  the	  concentration	  

of	  catalyst	  approaches	  60.0	  mM.	  	  The	  desired	  product	  ratio	  may	  be	  accurately	  

predicted	  to	  within	  ±2%	  as	  determined	  by	  1H	  NMR	  and	  GC.	  	  	  

Characteristics	  of	  the	  Luche	  Reduction	  

The	  Luche	  reduction45	  is	  a	  variant	  of	  the	  common	  sodium	  borohydride	  

reduction	  that	  is	  historically	  used	  for	  regioselective	  1,2	  reduction	  of	  α,β-‐

unsaturated	  ketones	  and	  aldehydes	  to	  the	  corresponding	  unsaturated	  alcohols	  

(Scheme	  4).	  The	  mechanism	  of	  the	  Luche	  reduction	  is	  believed	  to	  involve	  “solvent	  

activation”	  via	  catalytic	  methanolysis	  of	  the	  reducing	  agent	  by	  a	  lanthanide	  catalyst,	  

most	  commonly	  CeCl3∙7H2O,	  converting	  the	  “soft”	  borohydride	  reducing	  agent	  to	  a	  
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Scheme	  4.	  	  Regioselective	  Luche	  reduction	  of	  α,β-‐unsaturated	  ketones	  and	  

aldehydes	  	  

	  

much	  “harder”	  alkoxy	  borohydride	  Luche	  reagent	  in	  situ	  (Scheme	  5).	  	  The	  Luche	  

reagent	  donates	  hydride	  directly	  to	  the	  carbonyl	  with	  1,2	  regioselectivity	  in	  high	  

yield.	  

	  

	  

Scheme	  5.	  Catalytic	  methanolysis	  of	  borohydride	  in	  forming	  the	  Luche	  reagent	  	  

	  

The	  mild	  conditions	  and	  near	  neutral	  pH	  of	  the	  Luche	  reduction	  make	  it	  an	  

excellent	  alternative	  to	  analogous	  regioselective	  LiAlH4	  reduction	  in	  many	  synthetic	  

endeavors.	  	  The	  Luche	  reduction	  is	  also	  much	  safer	  by	  avoiding	  the	  pyrophoric	  

LiAlH4.	  

Perhaps	  most	  interestingly,	  it	  has	  been	  reported	  in	  the	  literature	  that	  the	  

Luche	  reduction	  is	  inherently	  stereoselective	  as	  well.45a	  	  Reduction	  of	  chiral	  

carbonyl	  compounds	  quite	  often	  yields	  significantly	  different	  stereoselectivity	  

under	  Luche	  conditions	  compared	  to	  standard	  sodium	  borohydride	  reductions.	  	  
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This	  differential	  stereoselectivity,	  observed	  but	  not	  emphasized	  in	  the	  original	  

paper,	  has	  been	  exploited	  in	  recent	  work.46	  	  Mechanistically,	  selectivity	  may	  be	  

influenced	  by	  the	  bulkiness	  of	  the	  Luche	  reagent	  as	  well	  as	  possible	  complexation	  

of	  the	  lanthanide	  Lewis	  acid	  to	  the	  carbonyl.46b,	  46c	  	  

	  It	  was	  envisioned	  that	  the	  selectivity	  of	  one	  reduction	  process	  may	  be	  

emphasized	  at	  the	  expense	  of	  the	  other,	  effectively	  allowing	  selection	  of	  a	  desired	  

product	  ratio	  between	  two	  extremes:	  borohydride	  reduction	  selectivity	  vs.	  Luche	  

reduction	  selectivity.	  	  The	  rate	  of	  formation	  and	  reaction	  of	  the	  Luche	  reagent	  is	  

quite	  rapid	  relative	  to	  the	  rate	  of	  reaction	  of	  sodium	  borohydride	  with	  carbonyls;45a	  

therefore,	  when	  adding	  a	  reasonable	  amount	  of	  sodium	  borohydride	  under	  Luche	  

conditions	  (400	  mM	  Ce3+)	  the	  sodium	  borohydride	  will	  rapidly	  convert	  to	  Luche	  

reagent	  as	  evidenced	  by	  rapid	  hydrogen	  gas	  evolution.	  	  The	  effective	  approach	  for	  

selecting	  the	  desired	  product	  ratio	  proved	  to	  be	  lowering	  the	  concentration	  of	  

catalyst,	  thus	  systematically	  lowering	  the	  rate	  of	  the	  Luche	  reduction	  until	  the	  

sodium	  borohydride	  reduction	  becomes	  competitive	  and	  eventually	  dominant.	  	  

Results	  and	  Discussion	  

Scheme	  6	  illustrates	  the	  conversion	  of	  (-‐)-‐menthone	  to	  product	  

diastereomers	  via	  sodium	  borohydride	  reduction	  and	  the	  Luche	  reduction.	  	  The	  

ratio	  of	  (-‐)-‐menthol	  to	  (+)-‐neomenthol	  is	  48:52	  via	  sodium	  borohydride	  reduction	  

and	  75:25	  via	  Luche	  reduction	  at	  400	  mM	  catalyst	  load.	  	  Preliminary	  reactions	  were	  

run	  to	  elucidate	  the	  nature	  of	  the	  variability	  of	  the	  product	  percentages	  as	  the	  

concentration	  of	  CeCl3∙7H2O	  in	  MeOH	  is	  varied.	  	  A	  1H	  NMR	  of	  the	  product	  mixture	  of	  

both	  diastereomers	  is	  shown	  in	  Figure	  12.	  	  	  
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Scheme	  6.	  	  Comparison	  of	  (-‐)-‐menthone	  reductions	  

	  

	  

	  

	  

Figure	  12.	  400	  MHz	  1H	  NMR	  of	  a	  typical	  reduction	  product	  mixture	  
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Product	  percentages	  are	  determined	  by	  the	  relative	  integration	  of	  the	  resolved	  

deshielded	  signals	  corresponding	  to	  the	  single	  proton	  of	  the	  secondary	  alcohol	  

carbon	  of	  each	  isomer.	  	  The	  product	  percentages	  of	  (-‐)-‐menthol	  as	  determined	  by	  

1H	  NMR	  are	  plotted	  in	  Figure	  13	  with	  the	  stereoselectivity	  of	  the	  Luche	  reduction	  

maximizing	  at	  about	  60.0	  mM	  catalyst	  concentration.	  	  	  

	  

	  

Figure	  13.	  Product	  %	  of	  (-‐)-‐menthol	  as	  determined	  by	  1H	  NMR	  is	  plotted	  vs.	  catalyst	  

concentration.	  	  

	  

Each	  plotted	  point	  represents	  the	  average	  calculated	  (-‐)-‐menthol	  concentration	  of	  

triplicate	  experiments.	  	  All	  product	  percentages	  of	  each	  set	  of	  triplicate	  

experiments	  lie	  within	  ±2%	  of	  the	  average	  value.	  	  	  Solutions	  were	  prepared	  by	  

dissolving	  a	  mass	  of	  at	  least	  0.100	  g	  of	  catalyst	  in	  an	  appropriate	  volumetric	  flask	  

(rated	  ±0.1	  %).	  	  Further	  dilutions	  when	  necessary	  were	  accomplished	  by	  transfer	  of	  
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the	  appropriate	  volume	  of	  concentrated	  solution	  to	  a	  new	  volumetric	  flask	  using	  a	  

calibrated	  pipet	  (rated	  ±0.2	  %).	  	  

Summary	  and	  Outlook	  

	   An	  effective	  strategy	  for	  tuning	  the	  stereochemical	  outcome	  of	  the	  Luche	  

reduction	  has	  been	  developed	  based	  on	  the	  control	  of	  CeCl3∙7H2O	  catalyst	  

concentration.	  	  A	  tunable	  stereochemical	  outcome	  is	  convenient	  when	  a	  particular	  

ratio	  of	  diastereomers	  or	  a	  variety	  of	  stereochemical	  mixtures	  is	  desired.	  	  (-‐)-‐

Menthone	  has	  proven	  to	  be	  an	  ideal	  candidate	  for	  demonstration	  of	  this	  tuning	  

process	  with	  a	  dynamic	  range	  of	  27%.	  	  Currently	  the	  range	  of	  possible	  ratios	  is	  

limited	  by	  the	  inherent	  stereochemical	  outcomes	  of	  the	  sodium	  borohydride	  

reduction	  and	  the	  Luche	  reduction.	  	  Given	  that	  the	  basis	  of	  control	  is	  the	  competing	  

rates	  of	  two	  separate	  chemical	  processes,	  it	  is	  conceivable	  that	  similar	  tuning	  may	  

be	  possible	  with	  other	  processes	  as	  well.	  	  One	  could	  conceive	  controlling	  the	  ratio	  

of	  enantiomeric	  chiral	  catalysts	  to	  control	  the	  ratio	  of	  a	  reaction	  product.	  	  Using	  

these	  catalysts	  ranges	  of	  97%	  enantiomeric	  excess	  have	  been	  reported47	  for	  similar	  

borohydride	  type	  reductions	  of	  prochiral	  ketones.	  
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CHAPTER	  5	  

THE	  LUCHE	  REDUCTION	  OF	  (-‐)-‐MENTHONE:	  A	  SOPHOMORE	  ORGANIC	  

CHEMISTRY	  EXPERIMENT	  WITH	  CONTINOUSLY	  VARIABLE	  STEREOSELECTIVITY	  

A	  novel	  unknowns-‐based	  sophomore	  organic	  chemistry	  laboratory	  protocol	  

has	  been	  developed	  addressing	  stereoisomerism,	  optical	  activity,	  reaction	  

monitoring,	  and	  introductory	  instrumental	  analysis.	  	  The	  product	  ratio	  of	  (-‐)-‐

menthol	  to	  (+)-‐neomenthol	  in	  the	  Luche	  reduction	  of	  (-‐)-‐menthone	  has	  been	  shown	  

to	  be	  continuously	  dependent	  on	  the	  concentration	  of	  lanthanide	  catalyst	  

CeCl3∙7H2O	  in	  methanol	  reaction	  solvent.	  The	  ability	  of	  the	  instructor	  to	  select	  a	  

desired	  product	  ratio,	  ±2%	  by	  1H	  NMR,	  is	  exploited	  by	  providing	  students	  with	  

solvent	  samples	  containing	  varying	  catalyst	  concentrations	  with	  which	  to	  run	  the	  

reaction.	  	  	  Reaction	  completion	  was	  readily	  determined	  by	  IR	  spectroscopy	  and	  GC	  

Student	  product	  ratio	  determination	  was	  accomplished	  by	  polarimetry,	  GC,	  or	  1H	  

NMR	  analysis	  of	  the	  resulting	  optically	  active	  diastereomeric	  mixture.	  	  

Experiment	  Overview	  

Equipped	  with	  a	  reliable	  methodology	  for	  controlling	  or	  “tuning”	  the	  

stereochemical	  outcome	  of	  the	  Luche	  reduction	  of	  (-‐)-‐menthone	  vs.	  the	  traditional	  

reduction48,	  work	  was	  focused	  on	  the	  development	  of	  an	  unknowns-‐based	  

sophomore	  organic	  chemistry	  experiment	  addressing	  stereoisomerism,	  optical	  

activity,	  reaction	  monitoring,	  and	  introductory	  instrumental	  analysis.	  	  The	  majority	  

of	  current	  experiments	  investigating	  stereoselective	  reactions6j,	  48-‐49	  result	  in	  a	  set	  
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outcome	  in	  the	  optically	  active	  product	  mixture.	  	  This	  novel	  experiment	  asks	  the	  

students	  to	  determine	  the	  stereochemical	  outcome	  of	  the	  highly	  variable	  “tuned”	  

Luche	  reduction	  via	  one	  of	  several	  analytical	  techniques.	  	  Stereoselective	  tuning	  by	  

the	  instructor	  prevents	  students	  from	  knowing	  the	  outcome	  of	  the	  experiment	  even	  

after	  several	  iterations	  of	  the	  experiment	  from	  semester	  to	  semester.	  	  The	  

variability	  was	  achieved	  by	  providing	  students	  with	  coded	  vials	  containing	  a	  

solvent	  of	  specific	  catalyst	  concentration	  that	  is	  unknown	  to	  the	  student.	  	  Vials	  

were	  coded	  more	  carefully	  than	  “unknowns	  A,B,	  C,	  and	  D”	  but	  rather	  with	  unique	  

numeric	  strings	  as	  shown	  in	  Figure	  14.	  	  

	  

	  

	  	  	  	  	  	   	  

	  

Figure	  14.	  Unknown	  reaction	  solvent	  samples.	  	  Example	  vial	  codes	  for	  “Thursday,	  

3:30	  pm	  lab,	  sample	  number	  9”.	  
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Typically	  3	  or	  4	  unique	  solvent	  concentrations	  were	  prepared.	  	  	  For	  each	  unknown	  

batch,	  three	  sample	  reactions	  were	  run	  to	  calibrate	  the	  unknown	  stock	  solutions	  to	  

a	  particular	  product	  ratio	  as	  determined	  by	  1H	  NMR.	  	  This	  calibrated	  value	  is	  

considered	  the	  correct	  value	  for	  the	  “unknown”	  concentration.	  	  In	  all	  cases	  the	  

standard	  reactions	  gave	  product	  ratios	  within	  ±2%	  of	  the	  average	  as	  demonstrated	  

in	  Table	  7.	  

	  

Table	  7.	  Standardization	  of	  stock	  CeCl3∙7H2O	  solutions	  (%	  (-‐)-‐menthol	  shown)	  

[CeCl3∙7H2O]	  
mM	  

Trial	  1	  
%	  

Trial	  2	  
%	  

Trial	  3	  
%	  

Avg	  
%	  

St.	  Dev.	  

	   	   	   	   	   	  
0	   48.0	   50.4	   48.1	   48.8	   1.36	  

	   	   	   	   	   	  
5	   60.4	   57.9	   57.7	   58.7	   1.50	  
	   	   	   	   	   	  
10	   64.3	   64.5	   63.2	   64.0	   0.70	  
	   	   	   	   	   	  
50	   75.3	   74.8	   75.1	   75.1	   0.25	  
	   	   	   	   	   	  

	  

	  

After	  assignment	  of	  solvent	  solutions,	  students	  then	  performed	  the	  

experiment	  given	  a	  simple	  procedure.	  	  Students	  confirmed	  reaction	  completion	  

using	  TLC,	  IR,	  or	  GC,	  and	  then	  were	  able	  to	  determine	  the	  stereochemical	  outcome	  

by	  polarimetry,	  1H	  NMR,	  and/or	  GC.	  	  Note	  the	  products	  are	  diastereomers	  and	  do	  

not	  require	  chiral	  chromatography	  for	  separation.	  	  There	  is	  a	  high	  diversity	  of	  

possible	  outcomes	  and	  methods	  by	  which	  the	  reaction	  may	  be	  performed.	  	  This	  
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highly	  discourages	  the	  recycling	  of	  lab	  reports	  and	  necessitating	  students	  to	  

carefully	  plan	  their	  experiment	  and	  analyze	  their	  experimental	  results.	  	  

Detailed	  Experimental	  Procedure	  

Students	  were	  individually	  provided	  20	  mL	  of	  a	  coded	  unknown	  solvent	  

stock	  solution.	  	  	  Students	  then	  dissolved	  1g	  of	  (-‐)	  -‐	  menthone	  in	  the	  sample	  solution	  

and	  placed	  the	  solution	  in	  a	  room	  temperature	  water	  bath	  with	  magnetic	  stirring.	  	  

To	  this	  solution	  1.5	  mol	  equivalents	  of	  NaBH4	  were	  carefully	  added	  in	  portions	  over	  

a	  30	  second	  period.	  	  After	  10	  minutes,	  in	  all	  variations,	  the	  reaction	  was	  completed	  

and	  the	  students	  were	  asked	  to	  show	  this	  by	  TLC,	  IR	  or	  GC.	  	  The	  reaction	  mixture	  

was	  diluted	  with	  25	  mL	  of	  distilled	  water	  and	  extracted	  with	  2	  x	  25	  mL	  portions	  of	  

diethyl	  ether.	  	  The	  ether	  layers	  were	  combined	  and	  washed	  with	  25	  mL	  of	  distilled	  

water	  and	  25	  mL	  of	  brine.	  	  	  The	  ethereal	  solution	  was	  further	  dried	  over	  MgSO4(s).	  	  

After	  decanting,	  the	  ether	  was	  removed	  by	  rotary	  evaporation	  at	  50	  °C	  and	  ~60	  

Torr.	  	  	  

Results	  

Typical	  student	  yields	  of	  pure	  samples	  ranged	  from	  60-‐90	  %	  (literature	  

97%)	  depending	  on	  the	  level	  of	  care	  taken	  during	  workup.	  	  Well-‐prepared	  students	  

completed	  the	  reduction	  and	  workup	  within	  1	  hr,	  leaving	  ample	  time	  for	  analytical	  

determination	  of	  product	  ratios	  by	  polarimetry,	  GC,	  and/or	  1H	  NMR.	  	  	  	  In	  the	  

standard	  sections	  (24	  students/section),	  IR	  and	  polarimetry	  data	  were	  obtained.	  	  In	  

the	  honors	  sections	  (14	  students/section)	  where	  more	  instrumentation	  was	  

available	  IR,	  polarimetry,	  and	  either	  1H	  NMR	  or	  GC	  data	  were	  obtained.	  	  Student	  1H	  
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NMR,	  GC,	  and	  IR	  data	  were	  recorded	  electronically	  and	  associated	  with	  each	  

student	  by	  the	  instructor	  at	  the	  time	  of	  acquisition.	  

Student	  product	  ratios	  as	  determined	  by	  1H	  NMR	  and	  GC	  were	  generally	  

within	  ±2%	  of	  the	  calibrated	  value	  regardless	  of	  the	  quality	  of	  student	  samples	  as	  

evidenced	  by	  impurities	  present	  in	  the	  student	  1H	  NMR.	  	  For	  polarimetry	  analysis,	  

properly	  purified	  student	  samples	  yielded	  a	  product	  ratio	  within	  ±5%	  of	  the	  

calibrated	  value;	  however,	  impure	  samples	  vary	  more	  widely	  from	  this	  value.	  

Reaction	  Monitoring	  via	  IR	  

	   All	  IR	  spectra	  for	  reaction	  monitoring	  were	  taken	  on	  computer	  integrated	  

FT-‐IR	  instruments	  with	  one	  dedicated	  instrument	  per	  section.	  	  Student	  IR	  spectra	  

clearly	  showed	  the	  disappearance	  of	  the	  carbonyl	  stretch	  of	  menthone	  at	  ~1710	  

cm-‐1	  in	  favor	  of	  the	  OH	  stretch	  of	  the	  product	  alcohols	  at	  ~3380	  cm-‐1	  as	  shown	  in	  

Figure	  15.	  	  

Reaction	  Monitoring	  via	  TLC	  

5	  cm	  silica	  bonded	  TLC	  plates	  from	  Fischer	  Scientific	  in	  homemade	  glass	  jar	  

TLC	  chambers	  were	  developed	  with	  a	  solvent	  of	  3:2	  hexane:ethyl	  acetate.	  	  	  UV	  

lamps,	  iodine	  chambers,	  and	  a	  homemade	  dye	  of	  phosphomolybdic	  acid	  (1	  g	  per	  10	  

mL	  ethanol)	  were	  used	  for	  spot	  visualization.	  	  Menthone	  is	  identifiable	  via	  all	  3	  

methods;	  however,	  the	  product	  alcohols	  are	  only	  visible	  after	  dipping	  in	  

phosphomolybic	  acid	  dye	  with	  subsequent	  heating	  on	  a	  hotplate.	  	  Average	  Rf’s	  for	  

menthone,	  (-‐)-‐menthol,	  and	  (+)-‐neomenthol	  were	  0.70,	  0.58,	  and	  0.82	  respectively.	  	  	  
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Figure	  15.	  	  IR	  spectra	  of	  (-‐)-‐menthone	  (top)	  and	  a	  student	  reduction	  product	  

mixture	  (bottom)	  are	  shown.	  
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Reaction	  Monitoring	  and	  Product	  Analysis	  via	  GC	  

	   	  GC	  analysis	  for	  reaction	  monitoring	  and	  product	  ratio	  determination	  was	  

performed	  on	  a	  computer	  integrated	  capillary	  column	  gas	  chromatograph.	  	  Before	  

workup,	  students	  obtained	  a	  GC	  chromatogram	  for	  1	  µL	  of	  reaction	  mixture.	  	  The	  

splitless	  injector	  and	  FID	  detector	  were	  maintained	  at	  230	  ˚C.	  	  Column	  temperature	  

was	  held	  constant	  at	  45	  °C	  with	  a	  He	  carrier	  gas	  flow	  rate	  of	  50	  mL/min.	  	  A	  sample	  

student	  chromatogram	  can	  be	  seen	  in	  Figure	  16.	  	  Chromatograms	  were	  analyzed	  

against	  a	  standard	  spectrum	  of	  (-‐)-‐menthone	  for	  qualitative	  determination	  of	  

reaction	  completion.	  	  A	  new	  Restek	  RTX-‐5	  (15m	  x	  0.55mm	  x	  0.25µm)	  column	  

yielded	  complete,	  fully	  resolved	  chromatograms	  in	  fewer	  than	  5	  min.	  	  It	  has	  been	  

previously	  shown50	  that	  these	  diastereomeric	  terpenes	  respond	  similarly	  to	  flame	  

ionization	  detection	  and	  thermal	  conductivity	  detection;	  therefore,	  peaks	  were	  

integrated	  and	  product	  ratios	  were	  determined	  using	  standard	  GC	  software	  with	  no	  

further	  calibration.	  	  	  

Product	  Analysis	  via	  1H	  NMR	  

Student	  product	  percentages	  as	  determined	  by	  1H	  NMR	  were	  within	  ±2%	  of	  

the	  calibrated	  unknown	  values	  regardless	  of	  the	  quality	  of	  student	  sample.	  	  Figure	  

17	  displays	  1H	  NMR	  spectra	  of	  a	  high	  quality	  student	  spectrum	  along	  with	  a	  student	  

spectrum	  with	  diethyl	  ether	  present.	  	  The	  single	  protons	  on	  the	  alcohol	  carbons	  of	  

(-‐)-‐menthol	  (3.4	  ppm)	  and	  (+)-‐neomenthol	  (4.1	  ppm)	  are	  well	  resolved	  in	  chemical	  

shift	  as	  shown	  in	  Figure	  17	  and	  may	  be	  readily	  integrated.	  	  Relative	  integration	  of	  

the	  two	  gave	  the	  product	  ratio.	  	  Students	  prepared	  1H	  NMR	  samples	  by	  dissolving	  a	  

few	  mg	  of	  their	  sample	  in	  chloroform-‐d.	  	  The	  instructor	  then	  performed	  the	  
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experiments	  on	  a	  400	  MHz	  FT	  NMR	  instrument	  after	  the	  lab	  period	  and	  provided	  

the	  students	  with	  the	  data	  electronically.	  	  	  

	  

Figure	  16.	  Student	  gas	  chromatograph	  of	  reduction	  product	  mixture	  is	  shown.	  	  

Retention	  times	  for	  (-‐)-‐menthol	  and	  (+)-‐neomenthol	  are	  2.6	  min	  and	  2.9	  min	  

respectively,	  and	  calculated	  product	  ratio	  is	  65:35	  where	  the	  expected	  1H	  NMR	  

calibrated	  value	  is	  64:36.	  	  

	  

Product	  Analysis	  via	  Polarimetry	  

	   Polarimetric	  determination	  of	  the	  product	  ratios	  was	  employed	  for	  all	  

laboratory	  sections	  since	  it	  is	  inexpensive,	  requires	  little	  instrument	  time,	  and	  

pedagogically	  relevant	  for	  demonstrating	  the	  relationship	  between	  

stereoisomerism	  and	  optical	  activity.	  	  After	  all	  other	  analyses	  were	  performed	  

students	  weighed	  accurately	  their	  remaining	  sample	  and	  dissolved	  it	  in	  an	  

appropriate	  amount	  of	  denatured	  ethanol	  (195	  proof	  with	  isopropanol).	  	  Typically	  

at	  least	  15	  mg/mL	  concentration	  was	  required	  for	  an	  accurate	  reading.	  	  Knowing	  

the	  path	  length,	  l,	  in	  dm	  and	  the	  sample	  concentration,	  c,	  in	  g/mL,	  students	  

2.0	   2.5	   3.0	   3.5	  

Retention	  Time	  (minutes)	  

(-‐)-‐menthol	  

(+)-‐neomenthol 



	   56	  

measured	  the	  rotation	  of	  the	  unknown	  sample	  and	  calculated	  the	  sample’s	  

standard	  rotation,	  [α]!"! ,	  using	  equation	  “a”	  in	  Figure	  18.	  

a. 	  

b. 	  

	  

Figure	  17.	  	  A	  high	  quality	  student	  1H	  NMR	  of	  purified	  product	  mixture	  is	  shown	  (a)	  

and	  the	  analogous	  region	  of	  a	  spectrum	  of	  an	  impure	  student	  sample	  (b)	  with	  

diethyl	  ether	  present	  are	  shown	  along	  with	  the	  experimental	  product	  ratios.	  The	  

expected	  ratio	  of	  (-‐)-‐menthol	  :	  (+)-‐neomenthol	  for	  spectrum	  (a)	  is	  64:36	  ±2%	  and	  

for	  spectrum	  (b)	  is	  48:52	  ±2%	  based	  on	  standardization	  results.	  



	   57	  

Given	  the	  standard	  rotation	  of	  (-‐)-‐menthol	  (-‐50˚)	  and	  (+)-‐neomenthol	  (+20.7˚)	  

students	  solved	  for	  the	  percent	  contribution	  of	  each	  isomer	  to	  the	  total	  rotation	  

using	  equation	  “b”	  of	  Figure	  18.	  	  	  

	  

a.	  	   𝛼!!" =
!
!  !  !

	  

	  

b.	   100 ∗   𝛼!"#$%&'  !"#$%&'! = 𝑥 𝛼!"#!!!"! + (100− 𝑥)(𝛼!"#$"!%!!"! )	  

	  

Figure	  18.	  Equations	  for	  calculation	  of	  standard	  rotation	  (a)	  and	  product	  

percentages	  (b)	  

	  

Polarimetry	  data	  is	  highly	  dependent	  on	  the	  quality	  of	  student	  sample	  as	  students	  

will	  tend	  to	  significantly	  underestimate	  the	  percentage	  of	  menthol	  if	  they	  do	  not	  

adequately	  remove	  extraction	  solvents.	  Measurements	  were	  made	  at	  589	  nm	  at	  20	  

˚C.	  	  	  

Hazards	  

Upon	  the	  addition	  of	  NaBH4	  to	  the	  reaction	  mixture	  flammable	  H2	  gas	  is	  

evolved	  from	  the	  Luche	  pathway	  accompanying	  the	  methanolysis	  of	  borohydride	  to	  

the	  Luche	  reagent.	  	  The	  more	  concentrated	  the	  catalyst,	  the	  more	  vigorous	  this	  gas	  

evolution	  will	  be.	  	  Keep	  the	  vessel	  open	  to	  the	  air	  and	  away	  from	  sources	  of	  ignition.	  	  

Students	  are	  reminded	  that	  (-‐)-‐menthol	  and	  (+)-‐neomenthol	  are	  irritants	  and	  cause	  

a	  burning	  sensation	  if	  contacted	  with	  the	  skin	  or	  eyes.	  
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Summary	  

	   The	  stereoselctively	  tuned	  Luche	  reduction	  has	  been	  an	  effective	  recent	  

addition	  to	  our	  laboratory	  program	  with	  over	  1000	  students	  having	  performed	  the	  

experiment.	  	  The	  protocol	  replaces	  a	  standard	  cookbook	  experiment	  with	  an	  

unknowns-‐based	  experiment	  highlighting	  a	  central	  problem	  for	  the	  students	  to	  

solve.	  	  Polarimetry	  has	  proven	  to	  be	  a	  most	  effective	  technique	  for	  gauging	  student	  

performance	  because	  shoddy	  work-‐up	  practices	  skew	  the	  results	  more	  

dramatically.	  	  In	  our	  classes,	  15%	  of	  students	  fall	  within	  ±5%	  of	  the	  expected	  value,	  

35%	  of	  students	  within	  ±10%,	  and	  50%	  of	  students	  obtain	  values	  slightly	  outside	  

the	  ±10%	  range.	  	  If	  other	  methods	  are	  used,	  instructors	  should	  obtain	  digitally	  

tagged	  copies	  of	  student	  spectra	  to	  be	  investigated	  for	  impurities.	  	  We	  have	  found	  it	  

most	  efficient	  for	  our	  large	  lecture	  program	  to	  utilize	  polarimetry	  and	  IR	  as	  the	  

techniques	  of	  choice	  given	  the	  volume	  of	  instrument	  time	  required	  for	  400	  MHz	  1H	  

NMR.	  	  GC	  analysis	  is	  accomplished	  quickly	  and	  can	  be	  used	  as	  desired	  in	  

conjunction	  with	  polarimetry	  and	  IR	  in	  larger	  lab	  sections.	  	  Our	  honors	  course	  has	  

made	  use	  of	  all	  the	  techniques	  in	  a	  single	  lab	  period	  (1H	  NMR	  were	  run	  overnight	  

and	  emailed	  to	  the	  students).	  	  Supporting	  Information	  for	  this	  experiment	  may	  be	  

viewed	  in	  Appendix	  C.	  

	   	  



	   59	  

	  

	  

CHAPTER	  6	  

“DISCOVERY”	  OF	  AN	  UNEXPECTED	  TREND	  IN	  EPOXIDE	  RING-‐OPENING	  

REACTIONS:	  AN	  UNKNOWNS-‐BASED	  SOPHOMORE	  ORGANIC	  CHEMISTRY	  

EXPERIMENT	  

A	  sophomore	  organic	  chemistry	  experiment	  is	  presented	  here	  for	  the	  

“discovery”	  of	  a	  trend	  in	  regioselectivity	  for	  a	  series	  of	  nucleophilic	  ring-‐opening	  

reactions	  of	  the	  epoxide	  1,2-‐epoxyhexane.	  	  Student	  lab	  partners	  are	  each	  assigned	  

an	  alcohol	  nucleophile	  and	  analogous	  alkoxide	  nucleophile	  and	  perform	  the	  

epoxide	  opening	  reaction	  under	  both	  acidic	  and	  basic	  conditions.	  Students	  pool	  

product	  distribution	  data	  as	  determined	  by	  GC	  to	  discover	  a	  trend	  in	  

regioselectivity	  of	  nucleophilic	  epoxide	  ring-‐opening	  reactions	  before	  the	  topic’s	  

presentation	  in	  lecture.	  	  Students	  are	  further	  challenged	  to	  analyze	  the	  meaning	  of	  

their	  collective	  data	  when	  the	  results	  do	  not	  necessarily	  obey	  the	  rule	  readily	  

available	  to	  them	  in	  their	  textbook	  and	  online	  resources.	  

Introduction	  

The	  reactions	  of	  epoxides	  are	  a	  pedagogically	  important	  class	  of	  reactions	  

for	  illustrating	  the	  interplay	  of	  sterics	  and	  transition	  state	  stability	  in	  reaction	  

mechanisms.	  	  With	  a	  few	  notable	  exceptions,51	  many	  textbooks52	  commonly	  teach	  

that	  nucleophiles	  add	  to	  the	  least	  hindered	  carbon	  under	  basic/kinetic	  conditions	  

as	  addition	  to	  this	  position	  has	  the	  lowest	  energy	  transition	  state.	  	  For	  acidic	  

conditions,	  textbooks	  commonly	  indicate	  that	  the	  added	  charge	  build	  up	  of	  the	  
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transition	  state	  of	  the	  more	  substituted	  carbon	  of	  the	  epoxide	  lowers	  the	  energy	  of	  

the	  transition	  state	  enough	  to	  where	  a	  Markovnikov	  type	  addition	  is	  preferred.	  	  	  

These	  textbook	  rules	  are	  summarized	  in	  Figure	  19.	  

	  

	  

	  

Figure	  19.	  Summary	  of	  Epoxide	  Regioselectivity	  Presented	  in	  Many	  Textbooks	  

	  

Surprisingly,	  the	  reactions	  of	  epoxides	  are	  notably	  underrepresented	  in	  the	  

educational	  laboratory	  literature.53	  	  A	  new	  “discovery”54	  experiment	  is	  presented	  

here	  that	  allows	  students	  to	  probe	  this	  class	  of	  reactions	  and	  discover	  this	  interplay	  

of	  transition	  state	  effects	  before	  presentation	  of	  epoxides	  in	  lecture.	  	  	  Students	  as	  a	  

whole	  perform	  a	  series	  of	  experiments	  with	  differing	  conditions	  and	  nucleophiles,	  

determine	  product	  constitutional	  isomer	  ratios	  via	  gas	  chromatography	  (GC),	  and	  

pool	  the	  data	  for	  analysis.	  As	  will	  be	  seen,	  the	  trend	  students	  expect	  may	  not	  

necessarily	  be	  the	  trend	  represented	  by	  the	  data.	  
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Detailed	  Experimental	  Procedure	  

Partnered-‐students	  were	  assigned	  one	  of	  four	  alcohol/alkoxide	  nucleophile	  

pairs	  (MeOH/MeO-‐,	  EtOH/EtO-‐,	  n-‐PrOH/PrO-‐,	  t-‐BuOH/t-‐BuO-‐)	  as	  nucleophiles	  for	  

the	  epoxide	  ring-‐opening	  reaction.	  	  Students	  then	  simultaneously	  perform	  the	  

experiment	  under	  acidic	  and	  basic	  conditions,	  isolate	  the	  product	  mixture,	  and	  

determine	  the	  product	  ratios	  via	  GC.	  It	  should	  be	  noted	  that	  students	  using	  the	  

higher	  boiling	  solvents	  PrOH	  and	  t-‐BuOH	  had	  greater	  difficulty	  removing	  solvent	  

from	  the	  reaction	  mixture,	  leading	  to	  yields	  of	  greater	  than	  100%.	  	  These	  overages	  

in	  reported	  yields	  were	  inconsequential	  as	  the	  analysis	  of	  the	  GC	  data	  does	  not	  

require	  absolute	  purity	  of	  product.	  

Acidic	  Conditions	  	  

0.5	  g	  of	  1,2-‐epoxyhexane	  was	  placed	  into	  a	  10	  mL	  round	  bottom	  flask.	  	  The	  

epoxide	  was	  dissolved	  in	  5	  mL	  of	  alcohol	  with	  stirring.	  	  1	  drop	  of	  concentrated	  

sulfuric	  acid	  was	  added	  to	  this	  solution	  and	  allowed	  to	  stir	  for	  30	  min.	  	  In	  a	  

separatory	  funnel,	  the	  reaction	  mixture	  was	  washed	  with	  5	  mL	  of	  saturated	  sodium	  

bicarbonate	  solution	  (no	  layers	  will	  form).	  	  Then	  the	  products	  were	  extracted	  from	  

this	  wash	  with	  2	  x	  10	  mL	  portions	  of	  diethyl	  ether.	  	  The	  ether	  layer	  was	  dried	  with	  

magnesium	  sulfate	  and	  decanted.	  	  The	  organic	  extract	  was	  removed	  by	  rotary	  

evaporation	  in	  room	  temperature	  water	  until	  no	  change	  in	  mass	  was	  observed.	  	  The	  

final	  mass	  of	  the	  product	  oil	  was	  recorded.	  

Basic	  Conditions	  

	  1.20	  mol	  equivalents	  of	  sodium	  alkoxide	  powder	  was	  placed	  into	  a	  10	  mL	  

round	  bottom	  flask	  along	  with	  5	  mL	  of	  alcohol	  and	  a	  spin	  vane.	  To	  this	  slurry	  0.5	  g	  
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of	  1,2-‐epoxyhexane	  was	  added.	  	  The	  reaction	  mixture	  was	  refluxed	  for	  30	  min.	  	  In	  a	  

separatory	  funnel,	  the	  reaction	  mixture	  was	  washed	  with	  5	  mL	  of	  saturated	  

ammonium	  chloride	  solution.	  	  The	  product	  was	  extracted	  from	  this	  wash	  with	  2	  x	  

10	  mL	  portions	  of	  diethyl	  ether.	  	  The	  ether	  layer	  was	  dried	  with	  magnesium	  sulfate	  

and	  decanted.	  	  The	  organic	  extract	  was	  removed	  by	  rotary	  evaporation	  in	  room	  

temperature	  water	  until	  no	  change	  in	  mass	  was	  observed.	  The	  final	  mass	  of	  the	  

product	  oil	  was	  recorded.	  

GC	  Analysis	  

	  One	  drop	  (~0.01g)	  of	  product	  oil	  was	  dissolved	  in	  ~2	  mL	  of	  methanol	  

solvent.	  	  The	  chromatogram	  was	  recorded	  after	  injection	  of	  1	  μL	  of	  solution.	  	  A	  new	  

Restek	  RTX-‐5	  (15m	  x	  0.55mm	  x	  0.25µm)	  column	  yielded	  complete,	  fully	  resolved	  

chromatograms	  in	  fewer	  than	  5	  min	  with	  injector	  and	  detector	  set	  at	  250	  oC	  and	  the	  

column	  maintained	  at	  a	  constant	  50	  oC.	  	  The	  students	  saved	  the	  chromatogram	  on	  

the	  lab	  computer	  and	  recorded	  peak	  retention	  times	  and	  areas	  on	  a	  community	  log	  

sheet.	  	  A	  teaching	  assistant	  converted	  the	  log	  sheet	  into	  electronic	  form	  and	  posted	  

the	  unorganized	  raw	  data	  on	  the	  course	  webpage.	  

Results	  

A	  student	  chromatogram	  is	  shown	  in	  Figure	  20	  for	  the	  acidic	  reaction	  in	  

methanol.	  All	  other	  chromatograms	  are	  similar	  in	  nature	  having	  2	  product	  peaks	  of	  

varying	  retention	  times	  that	  increase	  with	  increasing	  molecular	  weight	  of	  the	  

products.	  	  Product	  peaks	  will	  be	  referred	  to	  as	  retention	  times,	  Rt1	  or	  Rt2,	  to	  indicate	  

whether	  they	  are	  the	  first	  or	  second	  peak	  in	  the	  chromatogram.	  	  All	  reagents	  and	  

solvents	  elute	  together	  early	  in	  the	  chromatogram,	  thus	  purity	  of	  final	  product	  
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mixture	  is	  not	  inferred	  from	  collected	  data	  nor	  is	  it	  pertinent	  to	  the	  goals	  of	  the	  

experiment.	  	  It	  was	  noted	  that	  a	  number	  of	  students	  assigned	  the	  higher	  boiling	  

solvents	  n-‐propanol	  and	  t-‐butanol	  report	  yields	  greater	  than	  100%.	  	  A	  yield	  of	  

~80%	  was	  achieved	  for	  students	  using	  the	  more	  volatile	  solvents	  methanol	  and	  

ethanol.	  	  	  
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Figure	  20.	  A	  student	  chromatogram	  for	  the	  reaction	  of	  1,2-‐epoxyhexane	  in	  acidic	  

methanol	  is	  shown.	  	  All	  other	  chromatograms	  are	  similar.	  	  	  

	  

Table	  8	  shows	  the	  composite	  results	  of	  64	  students	  organized	  by	  reaction	  type	  

(acidic	  or	  basic)	  and	  nucleophile.	  	  The	  percentages	  of	  the	  product	  giving	  rise	  to	  the	  

peaks	  at	  Rt1	  and	  Rt2	  are	  averaged	  for	  each	  of	  the	  possible	  reaction	  variations.	  

Discussion	  

Students	  were	  tasked	  in	  the	  lab	  handout	  and	  prelab	  lecture	  to	  make	  sense	  of	  

the	  raw	  pooled	  data	  of	  the	  class	  of	  64	  students.	  	  It	  was	  expected	  that	  the	  students	  
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have	  some	  familiarity	  with	  using	  an	  electronic	  spreadsheet	  for	  formation	  of	  charts	  

and	  execution	  of	  calculations	  pertinent	  to	  data	  analysis.	  	  This	  material	  was	  

reviewed	  in	  the	  prelab	  lecture.	  

	  

Table	  8.	  Composite	  Student	  Reaction	  Results	  

Conditions	   #	   Nucleophile	   Rt1	  
(min)	  

Rt2	  
(min)	  

%	  Rt1	   %	  Rt1	   St.	  Dev.	  

	   	   	   	   	   	   	   	  
Acidic	   9	   MeOH	   0.58	   0.71	   52.2	   47.8	   2.8	  

	   8	   EtOH	   0.92	   1.01	   50.6	   49.4	   4.5	  

	   9	   n-‐PrOH	   1.78	   1.92	   54.5	   45.5	   3.1	  

	   7	  

	  

t-‐BuOH	   1.83	   1.92	   75.8	   24.2	   1.8	  

Basic	   8	   MeO-‐	   0.6	   0.74	   99.5	   0.46	   1.4	  

	   8	   EtO-‐	   0.92	   -‐	   100	   0	   0	  

	   9	   n-‐PrO-‐	   1.78	   -‐	   100	   0	   0	  

	   6	   t-‐BuO-‐	   1.86	   -‐	   100	   0	   0	  

	  

Upon	  collection	  of	  the	  lab	  reports	  it	  was	  interesting	  to	  note	  the	  conclusions	  

drawn	  by	  the	  students	  regarding	  the	  data	  represented	  in	  Table	  8.	  	  In	  grading	  and	  

analyzing	  student	  “results	  and	  discussion”	  sections	  a	  series	  of	  metrics	  was	  devised	  

that	  would	  ideally	  be	  included	  in	  an	  excellent	  analysis	  of	  the	  data:	  

1. Did	  the	  student	  make	  a	  table	  similar	  if	  not	  identical	  to	  Table	  8?	  
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2. Did	  the	  student	  recognize	  there	  was	  a	  significant	  difference	  in	  

regioselectivity	  of	  the	  ring-‐opening	  reaction	  under	  acidic	  and	  basic	  

conditions?	  

3. Did	  the	  student	  research	  the	  topic	  to	  find	  that	  under	  basic	  conditions	  the	  

regioselectivity	  favors	  addition	  to	  the	  least	  substituted	  carbon	  of	  the	  

epoxide	  and	  correctly	  identify	  the	  peak	  which	  corresponds	  to	  each	  

product	  (Scheme	  7)?	  Note	  in	  Table	  8	  the	  product	  giving	  rise	  to	  Rt1	  is	  

clearly	  the	  primary	  product	  of	  all	  basic	  reactions.	  

	  

	  

Scheme	  7.	  Many	  students	  recognize	  that	  the	  major	  or	  exclusive	  product	  of	  the	  basic	  

reactions	  results	  from	  addition	  to	  the	  less	  substituted	  position	  of	  the	  epoxide.	  	  This	  

product	  gives	  rise	  to	  Rt1	  in	  each	  chromatogram.	  	  	  

	  

4. Did	  the	  student	  notice	  that	  the	  trend	  is	  affected	  by	  steric	  bulk	  of	  the	  

nucleophile	  significantly	  favoring	  the	  attack	  of	  the	  more	  accessible	  

carbon	  for	  addition	  of	  t-‐BuOH	  in	  acidic	  conditions?	  

5. Did	  the	  student	  notice	  that	  under	  acidic	  conditions	  the	  reaction	  does	  

NOT	  favor	  addition	  to	  the	  more	  substituted	  product,	  or	  did	  they	  parrot	  a	  

rule	  found	  in	  many	  textbooks	  that	  attack	  at	  the	  more	  substituted	  carbon	  
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is	  favored	  in	  acidic	  conditions	  or	  did	  they	  notice	  that	  the	  trend	  in	  acid	  

promoted	  opening	  in	  their	  data	  does	  not	  follow	  this	  rule	  especially	  for	  

the	  attack	  of	  the	  bulky	  t-‐BuOH?	  	  

A	  summary	  of	  student	  responses	  is	  given	  in	  Table	  9	  as	  the	  percentages	  of	  

students	  meeting	  the	  grading	  criteria	  rounded	  to	  the	  nearest	  ±5%.	  	  It	  is	  interesting	  

to	  note	  that	  while	  not	  every	  student	  organized	  the	  data	  into	  an	  efficient	  table,	  all	  

students	  noticed	  there	  were	  distinctly	  different	  trends	  for	  the	  acidic	  and	  basic	  

epoxide	  opening	  reactions.	  	  60%	  noticed	  that	  steric	  bulk	  played	  a	  part	  in	  the	  

regioselectivity	  but	  only	  about	  half	  of	  the	  students	  correctly	  matched	  the	  identities	  

of	  the	  products	  to	  the	  GC	  signals.	  	  Perhaps	  the	  most	  telling	  statistic	  of	  all	  is	  that	  20%	  

of	  the	  students	  (all	  of	  which	  made	  a	  table	  similar	  to	  Table	  8)	  stated	  in	  their	  

conclusions	  section	  that	  the	  acid	  promoted	  reaction	  strongly	  favors	  addition	  at	  the	  

more	  substituted	  carbon	  even	  in	  the	  face	  of	  the	  data	  which	  indicated	  otherwise.	  	  

	  

Table	  9.	  Summary	  of	  Student	  Responses	  

Response	  Metrics	   %	  Student	  Responses	  

	   	  
Made	  Similar	  Table	   90	  

Recognized	  Acid/Base	  Trend	   100	  

Matched	  Isomers	  to	  GC	  Rt	  ‘s	   50	  

Recognized	  Steric	  Trend	   60	  

Parroted	  Book	  Trend	   20	  
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Hazards	  

	   1,2-‐epoxyhexane	  is	  flammable	  liquid	  with	  a	  mildly	  unpleasant	  odor	  that	  is	  

harmful	  if	  ingested.	  	  The	  solvents	  used	  in	  this	  experiment	  are	  also	  flammable	  and	  

toxic	  if	  ingested.	  	  Perform	  the	  experiment	  in	  a	  well-‐ventilated	  room	  or	  hood	  away	  

from	  sources	  of	  ignition.	  	  Gloves	  should	  be	  worn	  especially	  when	  handling	  the	  

alcoxide	  salts	  and	  sulfuric	  acid.	  	  

Summary	  

This	  discovery	  experiment	  of	  the	  epoxide	  ring-‐opening	  reactions	  of	  1,2-‐

epoxyhexane	  is	  a	  valuable	  component	  of	  the	  University	  of	  Georgia	  organic	  

chemistry	  laboratory	  curriculum.	  	  It	  is	  important	  to	  note	  that	  the	  lab	  is	  performed	  

prior	  to	  the	  presentation	  of	  epoxide	  ring-‐openings	  in	  lecture.	  	  As	  a	  result,	  students	  

have	  the	  opportunity	  to	  discover	  the	  trends	  in	  regioselectivity.	  	  The	  reactions	  

themselves	  are	  reliable	  and	  quick	  allowing	  facile	  variation	  of	  the	  experiment	  and	  

inclusion	  of	  many	  experimental	  combinations	  in	  one	  class	  of	  20-‐25	  students.	  	  

Reagents	  are	  inexpensive,	  the	  reaction	  is	  performed	  on	  a	  microscale,	  and	  

chromatograph	  collection	  is	  rapid	  requiring	  only	  1	  instrument	  per	  20	  student	  lab	  

section	  (2.5	  min	  x	  20	  samples	  =	  50	  min).	  	  Given	  the	  summary	  of	  student	  responses	  

in	  Table	  9,	  this	  experiment	  clearly	  identifies	  students	  who	  were	  able	  to	  organize	  the	  

data,	  recognize	  trends,	  and	  summarize	  their	  findings	  accordingly	  as	  well	  as	  those	  

who	  were	  not.	  	  Minor	  variations	  of	  this	  experiment	  such	  as	  varying	  the	  epoxide	  

electrophile	  will	  present	  different	  data	  perhaps	  necessitating	  different	  conclusions.	  	  

This	  experiment	  readily	  identifies	  students	  using	  old	  reports	  and	  allows	  instructors	  
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to	  stay	  one	  step	  ahead	  of	  the	  “fraternity	  file”.	  Supporting	  Information	  for	  this	  

experiment	  may	  be	  viewed	  in	  Appendix	  D.	  
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CHAPTER	  7	  

PICOSPIN™	  1H	  NMR	  ANALYSIS	  AND	  MICROWAVE	  REFLUX	  IN	  THE	  FISCHER	  

ESTERIFICATION	  SOPHOMORE	  ORGANIC	  CHEMISTRY	  EXPERIMENT	  

	   An	  unknowns-‐based	  sophomore	  organic	  chemistry	  experiment	  has	  been	  

developed	  for	  the	  Fischer	  Esterification	  incorporating	  the	  use	  of	  microwave	  reflux	  

and	  bench-‐top	  PicoSpin™	  1H	  NMR	  analysis.	  	  Students	  are	  charged	  with	  identifying	  

the	  product	  ester	  of	  the	  reaction	  of	  an	  unknown	  carboxylic	  acid	  and	  an	  unknown	  

alcohol.	  	  Microwave	  reflux	  accelerates	  the	  esterification	  process	  allowing	  for	  

additional	  analysis	  time	  by	  the	  students.	  	  Students	  perform	  IR	  and	  1H	  NMR	  analyses	  

using	  bench-‐top	  instruments	  gaining	  experience	  in	  sample	  prep,	  instrument	  

operation,	  and	  digital	  spectra	  manipulation.	  Equipped	  with	  the	  spectral	  data	  

students	  identify	  the	  unknown	  ester	  products.	  

Introduction	  

	   The	  Fischer	  esterification	  is	  an	  important	  reaction	  in	  organic	  chemistry	  and	  

has	  long	  been	  incorporated	  into	  the	  organic	  chemistry	  laboratory	  curriculum.	  	  	  

Pedagogical	  elements	  introduced	  by	  the	  Fischer	  esterification	  include	  the	  concept	  

of	  chemical	  equilibrium,	  reactivity	  of	  carboxylic	  acids,	  and	  acid	  catalysis	  with	  many	  

published	  variations.7c,	  55	  Early	  experiments	  have	  relied	  upon	  boiling	  point	  analysis	  

of	  the	  product	  mixtures	  to	  identify	  the	  product	  esters.	  	  Experience	  has	  shown	  that	  

unknown	  identification	  by	  boiling	  point	  analysis	  yields	  poor	  accuracy	  in	  many	  

student	  experiments.	  	  One	  problem	  includes	  the	  similarity	  of	  the	  boiling	  points	  of	  
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many	  esters.	  	  Another	  problem	  is	  the	  difficulty	  of	  achieving	  thermal	  equilibrium	  

with	  the	  thermometer	  before	  exhausting	  the	  product	  ester	  when	  running	  the	  

experiment	  in	  the	  microscale.	  	  	  

Because	  of	  these	  difficulties,	  1H	  NMR	  analysis	  was	  introduced	  in	  order	  to	  

more	  accurately	  verify	  reaction	  products.	  	  Simple	  esters	  yield	  ideal	  1H	  NMR	  spectra	  

even	  on	  low	  field	  instruments	  allowing	  for	  simple	  analysis	  of	  integration,	  chemical	  

shift,	  and	  multiplicity.	  	  In	  the	  past	  the	  major	  limiting	  factors	  for	  the	  use	  of	  1H	  NMR	  

analysis	  in	  the	  undergraduate	  laboratory	  have	  been	  expense	  and	  time	  

considerations.	  	  The	  difficulty	  of	  squeezing	  spectroscopy	  into	  the	  3-‐hour	  lab	  period	  

has	  been	  aided	  by	  the	  amenability	  of	  the	  Fischer	  esterification	  to	  microwave	  reflux.	  	  

Unknowns	  and	  even	  microwave	  chemistry	  have	  been	  previously7c,	  16	  introduced	  in	  

Fischer	  esterification	  undergraduate	  experiments	  due	  to	  the	  uniformity	  of	  the	  

process	  where	  many	  acids	  and	  alcohols	  may	  be	  reacted	  to	  form	  esters	  using	  the	  

same	  experimental	  protocol.	  	  It	  is	  clearly	  noted	  in	  these	  reports	  that	  students	  were	  

NOT	  able	  to	  perform	  the	  NMR	  experiments	  themselves	  and	  relied	  on	  TA	  provided	  

spectra	  of	  their	  samples.	  	  The	  present	  work	  illustrates	  the	  use	  of	  45	  MHz	  PicoSpin™	  

1H	  NMR	  analysis	  as	  a	  method	  of	  placing	  high	  throughput	  bench-‐top	  instruments	  in	  

every	  lab	  section	  thus	  allowing	  students	  to	  perform	  their	  own	  1H	  NMR	  experiments	  

within	  the	  3-‐hour	  lab	  period.	  

Detailed	  Experimental	  Procedure	  

Students	  obtained	  5	  mL	  of	  unknown	  carboxylic	  acid	  (acetic,	  propionic,	  or	  

butyric)	  and	  4	  mL	  of	  an	  unknown	  alcohol	  (n-‐PrOH,	  n-‐BuOH,	  or	  isopentanol)	  and	  

added	  these	  to	  a	  microwave	  vessel	  along	  with	  a	  small	  Teflon	  coated	  stir	  bar.	  	  These	  
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reagent	  choices	  were	  known	  to	  the	  students	  via	  the	  table	  of	  reagents	  in	  the	  student	  

handout.	  	  At	  least	  15-‐20	  mL	  total	  of	  microwave	  absorbing	  solvent	  are	  necessary	  to	  

prevent	  heating	  of	  internal	  microwave	  components	  and	  damage	  to	  the	  magnetron.	  	  

Students	  carefully	  added	  1	  mL	  of	  concentrated	  sulfuric	  acid	  under	  ventilation,	  then	  

sealed	  the	  MW	  vessels.	  	  The	  students	  recorded	  their	  vessel	  number	  and	  placed	  their	  

vessel	  in	  the	  MW	  carousel	  of	  the	  Milestone	  START®	  system.	  	  The	  reaction	  was	  

carried	  out	  over	  10	  min	  at	  125	  oC	  compared	  to	  1	  hr	  by	  conventional	  reflux.	  

The	  vessels	  were	  allowed	  to	  cool,	  and	  the	  contents	  were	  poured	  into	  a	  

separatory	  funnel	  along	  with	  10	  mL	  of	  water	  for	  removal	  of	  acidic	  reagents.	  	  The	  

product	  esters	  partitioned	  from	  the	  aqueous	  layer.	  	  The	  aqueous	  wash	  was	  

duplicated	  followed	  by	  a	  wash	  with	  10	  mL	  portions	  of	  5%	  sodium	  bicarbonate	  to	  

neutralize	  any	  residual	  acid.	  	  Neutralization	  was	  confirmed	  with	  a	  pH	  indicator	  

strip.	  Finally,	  the	  ester	  was	  washed	  with	  5	  mL	  of	  brine	  solution	  to	  remove	  residual	  

water.	  	  The	  ester	  was	  weighed	  and	  transferred	  neat	  into	  a	  vial	  for	  PicoSpin™	  

analysis.	  	  Students	  determined	  the	  identity	  of	  the	  product	  esters	  and	  unknown	  

reagent	  alcohols	  via	  1H	  NMR	  analysis.	  	  	  

Hazards	  

Only	  microwave	  instruments	  rated	  for	  chemical	  use	  have	  the	  proper	  safety	  

features	  for	  performing	  this	  experiment.	  	  Care	  should	  be	  taken	  by	  students	  and	  

instructors	  when	  handling	  contents	  under	  pressure.	  	  Vessels	  should	  never	  be	  

moved	  from	  the	  microwave	  until	  temperature	  reading	  drops	  well	  below	  the	  boiling	  

point	  of	  the	  reaction	  mixture.	  	  As	  an	  extra	  precaution,	  vessels	  should	  be	  opened	  

only	  in	  a	  fume	  hood.	  CO2	  gas	  forms	  during	  neutralization	  so	  care	  must	  be	  taken	  to	  
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avoid	  excess	  pressure	  buildup	  within	  the	  separatory	  funnel.	  	  The	  procedure	  makes	  

use	  of	  concentrated	  acids	  emitting	  irritating	  fumes.	  	  Gloves,	  goggles	  and	  ventilation	  

are	  essential.	  

Results	  and	  Discussion	  

	   Experiments	  were	  performed	  in	  18	  lab	  sections	  spanning	  three	  days	  with	  10	  

different	  teaching	  assistants	  who	  were	  not	  involved	  with	  experimental	  

development.	  	  Each	  TA	  received	  brief	  training	  in	  using	  the	  MW	  and	  NMR	  

instruments	  before	  conducting	  the	  laboratory.	  	  The	  experiment	  was	  performed	  in	  

three	  different	  lab	  rooms	  each	  equipped	  with	  a	  unique	  PicoSpin™	  instrument.	  	  TA’s	  

were	  asked	  to	  review	  student	  reports	  and	  tabulate	  the	  number	  of	  correctly	  

identified	  ester	  products	  by	  unknown	  alcohol	  identity,	  lab	  date,	  and	  time.	  	  Initially,	  

experiments	  were	  limited	  to	  only	  acetic	  acid	  as	  the	  unknown	  carboxylic	  acid.	  	  Table	  

10	  organizes	  student	  results	  by	  unknown	  identity,	  lab	  day,	  and	  lab	  time	  of	  day.	  	  

Table	  11	  organizes	  student	  data	  by	  TA	  as	  well.	  	  A	  typical	  student	  1H	  NMR	  spectrum	  

is	  shown	  in	  Figure	  21.	  	  

	   Student	  spectra	  were	  of	  sufficient	  quality	  for	  analysis	  as	  demonstrated	  by	  

the	  1H	  NMR	  of	  propyl	  ethanoate	  in	  Figure	  21.	  	  It	  was	  apparent	  that	  the	  ester	  

resulting	  from	  the	  reaction	  of	  n-‐butanol	  proved	  slightly	  more	  difficult	  for	  the	  

students	  to	  analyze.	  	  This	  is	  presumably	  due	  to	  the	  need	  for	  a	  careful	  integration	  

analysis	  of	  overlapping	  signals	  arising	  from	  interior	  methylene	  units	  to	  distinguish	  

the	  product	  from	  propyl	  ethanoate.	  The	  doublet	  methyl	  of	  isopentyl	  ethanoate	  was	  

identified	  by	  the	  students	  at	  the	  same	  ~90%	  frequency	  as	  propyl	  ethanoate.	  	  	  
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Table	  10.	  Student	  Results	  by	  Unknown,	  Day,	  and	  Time	  

Unknown	   n	   %	  Correct	   	   Day	   n	   %	  
Correct	  

	   Time	   n	   %	  
Correct	  

	   	   	   	   	   	   	   	   	   	   	  
1-‐propanol	   115	   92	   	   T	   56	   86	   	   8:00	   53	   75	  

	   	   	   	   	   	   	   	   	   	   	  
1-‐butanol	   62	   79	   	   W	   32	   91	   	   12:20	   115	   97	  

	   	   	   	   	   	   	   	   	   	   	  
isopentanol	   83	   94	   	   Th	   172	   91	   	   3:30	   92	   89	  

	   	   	   	   	   	   	   	   	   	   	  
Total	   260	   89	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	   	   	   	   	   	  

	  

	  

Table	  11.	  Student	  results	  by	  time	  and	  teaching	  assistant	  

TA	   Day	   Time	   n	   %	  Correct	   	  
	   	   	   	   	  
A	   T	   3:30	   16	   94	  
	   Th	   3:30	   16	   88	  
B	   T	   3:30	   12	   83	  
C	   T	   3:30	   14	   71*	  
	   Th	   8:00	   17	   59*	  
D	   T	   3:30	   14	   93	  
	   W	   12:20	   16	   88	  
E	   Th	   12:20	   17	   94	  
	   Th	   3:30	   14	   100	  
F	   Th	   8:00	   14	   93	  
	   Th	   12:20	   14	   100	  
G	   Th	   8:00	   9	   78*	  
	   Th	   12:20	   19	   100	  
H	   W	   12:20	   10	   90	  
	   W	   3:30	   6	   100	  
I	   Th	   12:20	   20	   100	  
J	   Th	   8:00	   13	   77*	  
	   Th	   12:20	   19	   100	  

Total	   	   	   260	   90	  
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Figure	  21.	  Typical	  student	  PicoSpin™	  1H	  NMR	  	  
	  
	  

There	  was	  no	  observable	  improvement	  in	  unknown	  identification	  for	  lab	  sections	  

meeting	  later	  in	  the	  week	  or	  later	  in	  the	  day	  indicating	  that	  any	  communication	  

between	  students	  was	  ineffective	  in	  aggregate.	  	  Ideally	  this	  trend	  will	  hold	  from	  

semester	  to	  semester	  as	  the	  unknown	  identities	  can	  be	  cycled.	  

Summary	  and	  Outlook	  

The	  new	  PicoSpin™	  NMR-‐adapted	  microwave	  Fischer	  esterification	  

experiment	  has	  been	  effectively	  implemented	  in	  the	  second	  semester	  sophomore	  

organic	  chemistry	  laboratory.	  	  The	  increased	  reaction	  rate	  provided	  by	  the	  

microwave	  procedure	  combined	  with	  the	  use	  of	  the	  new	  bench-‐top	  PicoSpin™	  45	  
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MHz	  1H	  NMR	  instruments	  allows	  for	  student	  spectral	  analysis	  within	  the	  3-‐hour	  lab	  

period	  with	  minimal	  teaching	  assistant	  input.	  	  The	  generality	  of	  the	  experiment	  

provides	  for	  facile	  incorporation	  of	  unknowns,	  which	  allows	  the	  instructor	  to	  

accurately	  assess	  student	  laboratory	  technique	  as	  well	  as	  student	  ability	  to	  analyze	  

spectra.	  	  	  Future	  modifications	  of	  this	  experiment	  will	  be	  to	  incorporate	  even	  more	  

unknowns	  through	  the	  use	  of	  higher	  field	  PicoSpin™	  90	  MHz	  instruments.	  	  Based	  on	  

the	  increased	  student	  involvement	  in	  spectral	  acquisition	  even	  in	  large	  student	  

sections,	  with	  up	  to	  20	  1H	  NMR	  experiments	  run	  by	  students	  within	  the	  3-‐hour	  lab	  

period,	  it	  is	  clear	  that	  use	  of	  PicoSpin™	  NMR	  analysis	  can	  and	  should	  be	  expanded	  

in	  the	  curriculum.	  	  Supporting	  Information	  for	  this	  experiment	  may	  be	  viewed	  in	  

Appendix	  E.	  
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CHAPTER	  8	  

CONCLUSIONS	  AND	  OUTLOOK	  

	   Successful	  student	  engagement	  and	  effective	  assessment	  of	  student	  learning	  

in	  the	  educational	  laboratory	  are	  evolving	  challenges	  that	  require	  dynamic	  

solutions.	  	  Challenges	  including	  lack	  of	  problem	  solving,	  limited	  experimental	  

variability,	  and	  student	  access	  to	  copious	  Internet	  resources	  have	  been	  addressed.	  	  

The	  educational	  laboratory	  experiments	  presented	  here	  facilitate	  student	  

engagement	  through	  problem	  solving,	  integration	  of	  instrumental	  analysis,	  and	  

inclusion	  of	  unknown	  elements	  while	  also	  allowing	  assessment	  of	  student	  learning.	  

These	  experiments	  are	  in	  stark	  contrast	  to	  traditional	  laboratory	  experiments	  

relying	  upon	  single	  or	  predictable	  outcomes	  that	  all	  but	  assume	  students	  enter	  the	  

laboratory	  with	  no	  prior	  knowledge	  of	  the	  experiment	  and	  are	  intellectually	  

isolated	  when	  performing	  post	  lab	  analysis.	  

	   The	  “Decarboxylation	  of	  Amino	  Acids”	  experiment	  introduces	  a	  new	  class	  of	  

reactions	  underrepresented	  in	  traditional	  experiments.	  	  It	  allows	  the	  instructor	  to	  

introduce	  microwave	  and	  imine	  chemistry,	  chemical	  equilibria,	  and	  the	  common	  

practice	  for	  the	  purification	  of	  amines	  as	  their	  hydrochloride	  salts.	  	  Instructors	  are	  

able	  to	  directly	  assess	  the	  ability	  of	  individual	  students	  to	  properly	  perform	  the	  

reaction	  workup	  and	  purification	  procedures	  via	  the	  inspection	  of	  the	  1H	  NMR	  

spectrum	  for	  impurities.	  	  The	  ability	  of	  students	  to	  operate	  the	  IR	  and	  NMR	  

instruments	  is	  essential	  as	  sharing	  of	  spectra	  is	  made	  impractical	  by	  the	  TA	  log	  
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sheet.	  	  Correct	  student	  1H	  NMR	  interpretation	  is	  assessed	  through	  the	  inclusion	  of	  

unknowns.	  

	   The	  “Luche	  Reduction”	  experiment	  is	  a	  versatile	  experiment	  for	  the	  

instructor	  to	  assess	  a	  variety	  of	  learning	  outcomes.	  	  	  The	  inclusion	  of	  a	  useful	  

synthetic	  reaction	  forming	  stereoisomers	  encourages	  a	  discussion	  of	  chemical	  

reactivity	  in	  stereoisomerism	  over	  traditional	  experiments	  analyzing	  unknown	  

stereoisomer	  mixtures.	  	  Students’	  execution	  of	  the	  experimental	  protocol	  is	  

assessed	  more	  reliably	  given	  that	  incomplete	  removal	  of	  solvent	  under	  reduced	  

pressure	  leads	  to	  poor	  polarimetry	  values	  or	  a	  large	  solvent	  signal	  in	  the	  1H	  NMR.	  	  

The	  highly	  variable	  unknown	  product	  ratio	  of	  (-‐)-‐menthol:(+)-‐neomenthol	  ensures	  

that	  experimental	  procedures	  and	  product	  analysis	  are	  performed	  precisely	  and	  

accurately.	  	  	  The	  versatility	  that	  accompanies	  the	  use	  of	  GC,	  1H	  NMR,	  or	  polarimetry	  

for	  quantitative	  analysis	  of	  product	  ratios	  and	  the	  IR,	  GC,	  or	  TLC	  for	  the	  analysis	  of	  

reaction	  completion	  gives	  the	  instructor	  a	  high	  degree	  of	  variability	  in	  the	  

experimental	  protocol.	  	  Future	  development	  of	  other	  stereoselective	  tuning	  

procedures	  introduces	  the	  potential	  to	  expand	  the	  ability	  of	  instructors	  to	  select	  

multiple	  stereochemical	  outcomes	  in	  many	  other	  experiments.	  

	   The	  “Epoxide	  Ring-‐Opening”	  experiment	  contains	  both	  an	  unknowns-‐based	  

protocol	  and	  an	  element	  of	  discovery.	  	  Students	  are	  given	  an	  unknown	  alcohol	  or	  

alkoxide	  nucleophile	  and	  are	  required	  to	  identify	  reaction	  products	  via	  comparison	  

to	  GC	  standards.	  	  This	  experimental	  approach	  allows	  instructors	  to	  assess	  student	  

ability	  to	  interpret	  chromatograms	  and	  perform	  quantitative	  analysis.	  	  The	  ability	  

of	  students	  to	  organize	  and	  manipulate	  bulk	  data	  using	  a	  spreadsheet	  is	  also	  
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assessed.	  	  The	  log	  sheets	  of	  student	  retention	  times	  and	  corresponding	  peak	  areas	  

are	  uploaded	  to	  the	  course	  webpage	  for	  student	  interpretation.	  	  Furthermore,	  

student	  abilities	  to	  draw	  conclusions	  based	  on	  the	  aggregate	  data	  are	  also	  assessed;	  

however,	  future	  variations	  of	  this	  experiment	  will	  need	  to	  be	  implemented	  to	  

ensure	  that	  the	  trend	  in	  the	  data	  remains	  unknown	  to	  the	  students	  as	  well.	  

	   As	  highlighted	  in	  the	  	  “Decarboxylation”	  and	  “Fischer	  Esterification”	  

experiments,	  the	  use	  of	  microwave	  chemistry	  and	  PicoSpin™	  NMR	  analysis	  has	  also	  

been	  shown	  to	  be	  an	  effective	  combination	  for	  providing	  an	  extensive	  hands-‐on	  

spectroscopy	  experience.	  	  Both	  of	  these	  experiments	  use	  microwave	  chemistry	  to	  

drastically	  shorten	  reflux	  times,	  thereby	  allowing	  for	  spectroscopic	  analysis	  

including	  IR	  and	  1H	  NMR.	  	  Use	  of	  the	  PicoSpin™	  instruments	  allows	  for	  the	  

placement	  of	  a	  bench-‐top	  instrument	  in	  every	  lab	  section	  that	  is	  robust	  enough	  for	  

students	  to	  perform	  their	  own	  1H	  NMR	  spectroscopy	  rather	  than	  the	  disconnected	  

experience	  of	  handing	  over	  the	  sample	  to	  the	  TA.	  	  Operating	  the	  PicoSpin™	  and	  

interface	  only	  differs	  from	  the	  experience	  of	  using	  traditional	  instruments	  in	  the	  

means	  of	  sampling,	  injection	  vs.	  use	  of	  a	  tube	  and	  spinner.	  	  

These	  experiments	  have	  been	  effective	  additions	  to	  the	  University	  of	  Georgia	  

educational	  laboratory	  curriculum	  for	  multiple	  semesters.	  	  Furthermore,	  they	  have	  

not	  been	  developed	  to	  be	  a	  part	  of	  a	  static	  curriculum,	  but	  rather	  to	  add	  to	  the	  

growing	  library	  of	  possible	  experiments	  that	  may	  be	  incorporated	  into	  an	  effective	  

sophomore	  organic	  chemistry	  laboratory	  program.	  	  The	  key	  elements	  of	  unknowns	  

and	  experimental	  variability	  are	  what	  allow	  laboratory	  coordinators	  to	  continually	  

encourage	  critical	  thinking	  and	  engagement	  inside	  the	  laboratory	  rather	  than	  
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promoting	  Internet	  searches	  for	  expected	  laboratory	  results.	  	  Thus,	  ongoing	  work	  

in	  the	  area	  of	  experimental	  development	  is	  a	  necessity	  for	  maintaining	  meaningful	  

and	  engaging	  instruction.	  	  
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APPENDIX	  A	  

SUPPORTING	  INFORMATION:	  CHAPTER	  2	  

Note:	  D2O	  solvent	  signal	  is	  suppressed	  in	  all	  proton	  spectra	  for	  clarity.	  

methylamine	  hydrochloride,	  235-‐237	  oC;	  white	  powder	  from	  PrOH;	  δH	  2.43	  (s);	  δC	  

24.64	  
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ethylamine	  hydrochloride,	  108-‐109	  oC;	  white	  plates	  from	  PrOH;	  δH	  1.07	  (3H	  t	  J=8),	  

2.83	  (2H	  q	  J=8);	  δC	  11.71,	  34.82	  
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2-‐methylpropan-‐1-‐amine	  hydrochloride,	  178-‐182	  oC;	  light	  brown	  powder	  from	  

PrOH;	  δH	  0.83	  (6H	  d	  J=4),	  1.79	  (1H	  m	  J=8),	  2.69	  (2H	  d	  J=8);	  δC	  18.76,	  26.20,	  46.27	  
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pyrrolidine	  hydrochloride,	  δH	  1.83	  (4H	  t	  J=4),	  3.11	  (4H	  t	  J=4);	  δC	  23.56,	  45.44	  
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3-‐methylbutan-‐1-‐amine	  hydrochloride,	  213-‐215	  oC;	  white	  powder	  from	  hexane;	  

δH	  0.76	  (6H	  d	  J=4),	  1.38	  (2H	  q	  J=8),	  1.48	  (1H	  m	  J=8),	  2.85	  (2H	  t	  J=8	  );	  δC	  21.27,	  24.87,	  

35.42,	  37.87	  
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(R)-‐1-‐aminopropan-‐2-‐ol	  hydrochloride,	  75-‐80	  oC;	  white	  powder	  from	  EtOH;	  δH	  

1.08	  (3H	  d	  J=4),	  2.73	  (1H	  dd	  J=8),	  2.95	  (1H	  dd	  J=12),	  3.88	  (1H	  m	  J=4);	  δC	  19.53,	  

45.46,	  63.83	  

	  

	  



	  

	   103	  

histamine	  dihydrochloride,	  239-‐244	  oC;	  white	  powder	  from	  EtOH;	  δH	  3.00	  (2H	  t	  

J=8),	  3.18	  (2H	  t	  J=8),	  7.23	  (1H	  s),	  8.50	  (1H	  s);	  δC	  22.26,	  38.11,	  117.08,	  128.49,	  134.00	  
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tryptamine	  hydrochloride,	  245-‐248	  oC;	  brown	  powder	  from	  EtOH;	  δH	  2.97	  (2H	  t	  

J=9),	  3.13	  (2H	  t	  J=8),	  7.01	  (1H	  t	  J=4),	  7.07-‐7.12	  (2H	  m),	  7.34	  (1H	  d	  J=4),	  7.49	  (1H	  d	  

J=4);	  δC	  22.88,	  40.03,	  108.85,	  112.36,	  117.13,	  118.49,	  121.61,	  123.66,	  126.77,	  135.35	  
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S-‐2-‐methyl-‐1-‐butylamine	  hydrochloride	  163-‐167	  oC;	  light	  brown	  powder	  from	  

hexane;	  δH	  0.71	  (3H	  t	  J=8),	  0.78	  (3H	  d	  J=8),	  1.02	  (1H	  septet	  J=8),	  1.22	  (1H	  septet	  

J=8),	  1.55	  (1H	  o	  J=8),	  2.59-‐2.64	  (1H	  m),	  2.76-‐2.80	  (1H	  m);	  δC	  10.07,	  15.75,	  25.94,	  

32.48,	  44.75	  
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cadaverine	  dihydrochloride	  249-‐256	  oC;	  white	  powder	  from	  PrOH;	  δH	  1.42	  (2H	  p	  

J=8),	  1.69	  (4H	  p	  J=8),	  3.00	  (4H	  t	  J=8);	  δC	  22.75,	  26.32,	  39.33	  	  
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tyramine	  hydrochloride	  270-‐273	  oC;	  white	  powder	  from	  EtOH;	  δH	  2.75	  (2H	  t	  J=8),	  

3.06	  (2H	  t	  J=8),	  6.73	  (2H	  d	  J=8),	  7.04	  (2H	  d	  J=8);	  δC	  31.95,	  40.83,	  115.90,	  128.55,	  

130.32,	  154.65	  
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2-‐phenylethylamine	  hydrochloride	  217-‐220	  oC;	  white	  plates	  from	  PrOH;	  δH	  2.84	  

(2H	  t	  J=8),	  3.12	  (2H	  t	  J=8),	  7.17-‐7.28	  (5H	  m);	  δC	  32.85,	  40.71,	  127.46,	  129.00,	  129.18,	  

136.72	  
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4-‐(2-‐aminoethyl)aniline	  dihydrochloride,	  303-‐306	  oC;	  white	  powder	  from	  EtOH;	  

δH	  2.88	  (2H	  t	  J=8),	  3.12	  (2H	  t	  J=8),	  7.22	  (2H	  d	  J=8),	  7.29	  (2H	  d	  J=8);	  δC	  32.16,	  40.19,	  

123.30,	  128.82,	  130.40,	  137.72	  
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2-‐(4-‐bromophenyl)ethanamine	  hydrochloride,	  δH	  2.81	  (2H	  t	  J=8),	  3.11	  (2H	  t	  

J=8),	  7.08	  (2H	  d	  J=8),	  7.40	  (2H	  d	  J=8);	  δC	  32.10,	  40.21,	  120.43,	  130.65,	  131.78,	  

135.61	  
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2-‐(p-‐tolyl)ethanamine	  hydrochloride,	  219-‐221	  oC;	  white	  plates	  from	  PrOH;	  δH	  

2.15	  (3H,	  s),	  2.78	  (2H	  t	  J=8),	  3.08	  (2H	  t	  J=8),	  7.06	  (4H	  m);	  δC	  19.98,	  32.21,	  40.56,	  

128.76,	  129.52,	  133.40,	  137.35	  	  
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2-‐(4-‐nitrophenyl)ethanamine	  hydrochloride,	  208-‐211	  oC;	  brown	  crystals	  form	  

EtOH;	  δH	  2.98	  (2H	  t	  J=8),	  3.18	  (2H	  t	  J=8),	  7.38	  (2H	  d	  J=8),	  8.07	  (2H	  d	  J=8);	  δC	  32.52,	  

39.81,	  110.08,	  123.96,	  129.80,	  144.61	  
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4-‐(2-‐aminoethyl)-‐2-‐iodophenol	  hydrochloride,	  249-‐253	  oC;	  light	  brown	  powder	  

from	  PrOH;	  δH	  2.99	  (2H	  t	  J=8),	  3.13	  (2H	  t	  J=8),	  7.09	  (1H	  m),	  7.23	  (2H	  m),	  7.51	  (1H	  

m);	  δC	  32.15,	  29.26,	  123.81,	  128.09,	  129.20,	  131.07,	  133.01,	  135.66	  
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4-‐(2-‐aminoethyl)-‐2,6-‐dibromophenol	  hydrochloride,	  206-‐208	  oC;	  tan	  powder	  

from	  MeOH;	  δH	  2.71	  (2H	  t	  J=8),	  3.03	  (2H	  t	  J=8),	  7.29	  (2H	  s);	  δC	  31.54,	  40.55,	  104.98,	  

111.42,	  131.88,	  132.90	  
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cyclopentamine	  hydrochloride,	  198-‐201	  oC;	  brown	  powder	  from	  BuOH;	  δH	  1.53	  

(6H	  m),	  1.89	  (2H	  m),	  3.49	  (1H	  m);	  δC	  23.45,	  30.46,	  52.05	  (estimated	  15%	  impurity)	  
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APPENDIX	  B	  

SUPPORTING	  INFORMATION	  FOR	  CHAPTER	  3	  

Student	  Spectra	  

Infrared	  Spectra	  

	  

	  

	  

(Peaks	  at	  2361	  cm-‐1	  and	  2338	  cm-‐1	  are	  spectral	  artifacts	  from	  instrument)	  

NH3+Cl-

S-2-methylbutan-1-amine
hydrochloride
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NH3+Cl-

2-phenylethan-1-amine
hydrochloride
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45	  MHz	  PicoSpin™	  vs.	  400	  MHz	  1H	  NMR	  	  

	  

	  

1H	  NMR	  comparison	  of	  (S)-‐2-‐methylbutan-‐1-‐amine	  hydrochloride	  
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1H	  NMR	  comparison	  of	  2-‐phenylethan-‐1-‐amine	  hydrochloride	  
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Student	  Handout	  

Introduction	  

It	  is	  commonly	  known	  that	  amino	  acids	  are	  the	  building	  blocks	  of	  protein	  and	  

thus	  life	  as	  we	  know	  it.	  	  A	  lesser-‐known	  fact	  is	  that	  many	  amino	  acids	  are	  the	  

progenitors	  of	  neurotransmitters	  and	  hormones	  that	  regulate	  a	  diverse	  set	  of	  

functions.	  	  Adrenaline	  (epinephrine)	  enabled	  our	  ancestors	  to	  escape	  from	  bears	  

and	  is	  used	  today	  to	  treat	  allergic	  reactions	  and	  cardiac	  arrest.	  	  Norepinephrine	  

gives	  you	  the	  familiar	  butterflies	  in	  the	  stomach	  feeling	  before	  organic	  chemistry	  

exams.	  	  Dopamine	  is	  responsible	  for	  reward-‐motivated	  behavior	  and	  drugs	  such	  as	  

Ritalin®	  (methylphenidate),	  Adderall®	  (amphetamine	  salts),	  and	  cocaine	  function	  

by	  mimicking	  or	  enhancing	  its	  effects.	  	  Serotonin	  regulates	  appetite	  and	  is	  thought	  

to	  be	  responsible	  for	  overall	  happiness	  and	  wellbeing.	  	  All	  of	  these	  

neurotransmitters	  have	  one	  thing	  in	  common:	  they	  are	  biologically	  synthesized	  by	  

the	  decarboxylation	  of	  amino	  acids.	  	  	  

	  

	   In	  this	  lab	  you	  will	  decarboxylate	  an	  unknown	  amino	  acid	  using	  a	  technique	  

newly	  discovered	  by	  the	  Morrison	  lab	  involving	  microwave	  chemistry.	  	  A	  microwave	  

reflux	  enables	  an	  organic	  chemist	  to	  carry	  out	  a	  reaction	  at	  a	  temperature	  much	  

higher	  than	  that	  of	  the	  solvent’s	  boiling	  point.	  	  As	  you	  all	  know	  from	  general	  
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chemistry,	  the	  Arrhenius	  equation	  relates	  rate	  to	  temperature.	  	  As	  a	  general	  rule	  of	  

thumb,	  the	  rate	  doubles	  for	  every	  ten-‐degree	  increase	  in	  temperature.	  

	   Once	  isolated,	  you	  will	  use	  IR	  and	  the	  state-‐of-‐the-‐art	  bench-‐top	  PicoSpin	  45	  

MHz	  NMR	  to	  determine	  the	  structure	  of	  your	  decarboxylated	  product	  and	  thus	  your	  

amino	  acid	  starting	  material.	  	  	  

Procedure	  

Measure	  0.905	  grams	  of	  your	  assigned	  unknown	  amino	  acid	  into	  a	  

microwave	  vessel.	  	  Record	  the	  letter	  of	  your	  unknown.	  	  Add	  2.75	  grams	  of	  (R)-‐

carvone	  to	  the	  vessel	  along	  with	  5.5	  mL	  of	  n-‐propyl	  alcohol.	  	  Seal	  the	  microwave	  

vessel	  and	  give	  it	  to	  your	  TA	  for	  microwave	  reflux.	  	  Be	  sure	  to	  record	  the	  symbol	  on	  

the	  top	  of	  the	  screw-‐cap	  for	  identification.	  	  The	  reaction	  vessel	  will	  be	  heated	  in	  the	  

microwave	  oven	  from	  room	  temperature	  to	  190	  OC	  over	  a	  period	  of	  five	  minutes	  and	  

will	  remain	  at	  190	  OC	  for	  an	  additional	  5	  minutes	  with	  continuous	  stirring.	  	  Allow	  

time	  for	  the	  vessel	  to	  cool	  to	  room	  temperature	  then	  open	  the	  vessel	  slowly	  and	  

carefully	  as	  gas	  has	  evolved.	  	  Note	  any	  physical	  changes	  to	  the	  reaction	  mixture.	  	  Add	  

10	  mL	  of	  2M	  HCl	  to	  the	  mixture.	  	  Seal	  the	  vessel	  again	  and	  return	  it	  to	  your	  TA	  for	  

another	  round	  of	  reflux	  to	  190	  OC	  over	  5	  minutes	  with	  stirring.	  	  Allow	  to	  cool	  and	  

open	  carefully.	  Wash	  the	  aqueous	  reaction	  mixture	  three	  times	  with	  a	  25	  mL	  portion	  

of	  diethyl	  ether	  (remember	  densities).	  	  Do	  not	  discard	  any	  layers	  until	  the	  product	  

has	  been	  confirmed.	  	  Heat	  the	  aqueous	  solution	  on	  a	  hot	  plate	  to	  dryness.	  	  If	  

available,	  use	  a	  heat	  gun	  (if	  available)	  to	  dry	  the	  outside	  of	  the	  beaker	  while	  heating.	  	  

Be	  careful	  not	  to	  burn	  the	  product	  as	  the	  solution	  dries.	  	  Weigh	  your	  product	  then	  

obtain	  an	  IR	  spectrum.	  Dissolve	  the	  remaining	  product	  in	  the	  minimal	  amount	  of	  
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D2O	  possible.	  	  Ensure	  that	  the	  entire	  sample	  is	  dissolved,	  as	  any	  particulate	  can	  clog	  

the	  NMR.	  	  Alert	  your	  TA	  before	  using	  the	  Pico	  Spin™	  NMR	  and	  obtain	  your	  spectrum	  

using	  the	  instructions	  handout.	  	  Determine	  the	  percent	  yield	  after	  you	  have	  

analyzed	  your	  spectrum	  and	  identified	  the	  product	  and	  reactant.	  	  Keep	  the	  product	  

in	  a	  sealed	  vessel	  as	  it	  is	  hydroscopic.	  	  	  

List	  of	  Reagents	  

L-‐phenylalanine	  

L-‐tyrosine	  

L-‐valine	  

L-‐leucine	  

(R)-‐carvone	  

n-‐propyl	  alcohol	  

Hydrochloric	  acid	  

Diethyl	  ether	  
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APPENDIX	  C	  

SUPPORTING	  INFORMATION	  FOR	  CHAPTER	  5	  

Student	  Handout	  

Introduction	  

The	  Luche	  reduction	  is	  a	  common	  reaction	  for	  the	  regioselective	  reduction	  of	  

α-‐enones	  (Fig.	  1).	  	  	  	  	  

	  

	  

	  

Using	  a	  Lanthanide	  catalyst	  (most	  commonly	  cerium	  (III)	  chloride	  heptahydrate)	  to	  

activate	  the	  alcohol	  solvent,	  the	  Luche	  Reagent	  is	  rapidly	  formed	  from	  reaction	  of	  

Sodium	  Borohydride	  with	  methanol	  solvent	  (Fig.	  2).	  	  	  The	  alkoxyborohydride	  

reagent	  formed	  favors	  reduction	  in	  1,2	  fashion	  more	  so	  than	  would	  sodium	  

borohydride	  reduction	  (Fig	  1).	  
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An	  additional	  feature	  of	  the	  Luche	  reduction	  is	  the	  stereoselective	  preference	  

for	  the	  formation	  of	  an	  equatorial	  alcohol	  upon	  reduction	  of	  a	  substituted	  cyclic	  

ketone.	  	  The	  Luche	  Reduction	  in	  most	  cases	  can	  be	  used	  to	  increase	  the	  

stereoselectivity	  of	  chiral	  ketone	  reductions	  over	  the	  Sodium	  Borohydride	  

reduction.	  	  This	  selectivity	  has	  been	  shown	  to	  be	  dependent	  on	  the	  concentration	  of	  

catalyst	  (i.e.	  the	  product	  ratio	  varies	  as	  the	  concentration	  of	  catalyst	  is	  varied	  in	  

solution).	  	  	  

	  

	  

	  

In	  this	  experiment	  (-‐)-‐menthone,	  a	  naturally	  occurring	  cyclic	  ketone,	  will	  be	  reduced	  

under	  partial	  or	  full	  Luche	  conditions	  to	  some	  unknown	  percentage	  of	  product	  

alcohols,	  (-‐)-‐menthol	  and	  (+)-‐neomenthol.	  	  The	  complete	  conversion	  of	  (-‐)-‐

menthone	  to	  product	  alcohols	  will	  be	  examined	  by	  IR	  spectroscopy.	  	  The	  product	  

ratio	  will	  be	  determined	  via	  optical	  rotation	  and	  analysis	  of	  the	  1H	  NMR	  spectrum	  of	  

the	  final	  product	  mixture.	  

Product	  Ratio	  Determination	  by	  Polarimetry	  

The	  standard	  rotation,	  𝛼!!"	  or	  α	  ̊,	  of	  a	  given	  substance	  at	  room	  temperature	  and	  the	  

589	  nm	  sodium	  D	  line	  is	  given	  by	  the	  following	  equation:	  

𝛼!!" =
𝛼
𝑙  𝑥  𝑐	  
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Where	  “α”	  is	  the	  observed	  rotation	  in	  degrees,	  is	  the	  length	  of	  the	  sample	  tube	  in	  

decimeters,	  and	  is	  the	  concentration	  of	  the	  solution	  in	  g/mL.	  Once	  the	  standard	  

rotation	  of	  your	  product	  mixture	  is	  determined,	  it	  can	  be	  represented	  as	  a	  linear	  

combination	  of	  the	  values	  of	  (-‐)-‐menthol	  and	  (+)-‐neomenthol.	  The	  unknown	  

product	  percentages	  can	  then	  be	  determined	  by	  the	  following	  equation:	  given	  the	  

standard	  rotations	  of	  menthol	  (-‐50.10)	  and	  neomenthol	  (+20.70)	  in	  95%	  ethanol.	  

	  

100 ∗   𝛼!"#$%&'  !"#$%&'! = 𝑥 𝛼!"#$!!"! + (100− 𝑥)(𝛼!"#$"!%!!"! )	  

	  

Product	  Ratio	  Determination	  by	  1H	  NMR	  

The	  products	  will	  be	  obtained	  as	  a	  mixture	  in	  the	  form	  of	  a	  homogeneous	  oil.	  

Signals	  from	  both	  products	  will	  appear	  in	  the	  1H	  NMR	  spectrum	  obtained	  

experimentally	  with	  their	  relative	  intensities	  dependent	  on	  the	  relative	  percentage	  

of	  each	  in	  the	  sample.	  It	  has	  been	  shown	  that	  the	  protons	  on	  the	  alcohol	  carbons	  of	  

your	  product	  alcohols	  give	  well-‐resolved	  HNMR	  signals;	  therefore,	  the	  relative	  

integration	  of	  these	  signals	  may	  be	  used	  to	  determine	  the	  product	  ratio.	  	  

Hazards	  

Typical	  laboratory	  safety	  procedures	  may	  be	  referenced	  in	  the	  lab	  manual	  

and	  will	  not	  be	  included	  here.	  Please	  reference	  the	  MSDS	  data	  for	  all	  chemicals.	  

Flammable	  gas	  evolution	  occurs	  upon	  addition	  of	  sodium	  borohydride.	  Take	  care	  to	  

avoid	  sources	  of	  ignition.	  
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Luche	  Reduction	  General	  Procedure	  

Obtain	  1.0	  g	  of	  (-‐)-‐menthone	  and	  dissolve	  in	  20	  mL	  of	  unknown	  solvent	  with	  

stirring	  in	  a	  small	  beaker	  or	  flask.	  (Be	  sure	  to	  record	  your	  unknown	  number!)	  Place	  

solution	  in	  a	  room	  temperature	  water	  bath.	  	  Add	  1.5	  mole	  equiv.	  of	  NaBH4	  in	  

portions.	  Note	  H2	  gas	  bubbles	  off.	  A	  white	  precipitate	  may	  form	  a	  suspension	  in	  your	  

beaker	  (this	  is	  a	  byproduct	  and	  not	  the	  desired	  product!).	  Let	  the	  reaction	  mixture	  

stir	  5-‐10	  min	  until	  H2	  evolution	  slows.	  

Dilute	  the	  reaction	  mixture	  with	  25	  mL	  of	  distilled	  water	  and	  extract	  with	  2	  x	  

25	  mL	  portions	  of	  diethyl	  ether.	  Combine	  the	  ether	  layers	  and	  wash	  with	  25	  mL	  of	  

distilled	  water	  and	  25	  mL	  of	  brine.	  Now	  dry	  the	  ethereal	  solution	  over	  MgSO4(s).	  

The	  ether	  may	  then	  be	  removed	  by	  distillation,	  rotary	  evaporation,	  or	  evaporation	  

from	  a	  hot	  plate	  set	  to	  100	  ̊C	  as	  the	  boiling	  points	  of	  the	  diastereomer	  alcohols	  are	  

approximately	  216	  ̊C.	  

Record	  an	  IR	  spectrum	  of	  your	  product	  mixture	  using	  as	  little	  material	  as	  

possible	  (Be	  sure	  to	  also	  obtain	  an	  IR	  spectrum	  of	  the	  starting	  material	  for	  

comparison).	  Weigh	  your	  flask	  one	  final	  time	  and	  determine	  the	  weight	  of	  product	  

remaining	  for	  polarimetry	  analysis.	  Dissolve	  the	  sample	  in	  approximately	  15	  mL	  of	  

95%	  ethanol	  and	  transfer	  this	  solution	  to	  the	  polarimetry	  tube	  and	  fill	  to	  the	  top.	  14	  

mL	  should	  just	  fill	  the	  tube.	  Take	  a	  polarimetry	  reading.	  Note	  the	  degree	  of	  rotation	  

and	  the	  sign	  (dextrorotatory	  or	  levorotatory).	  From	  the	  polarimetry	  data,	  determine	  

the	  product	  ratio	  of	  menthol	  to	  neomenthol.	  

Pour	  your	  polarimetry	  solution	  into	  a	  round	  bottom	  flask	  and	  rotovap	  the	  

solvent	  away.	  Once	  you	  have	  recovered	  your	  product	  oil,	  use	  the	  remaining	  amount	  
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to	  prepare	  an	  1H	  NMR	  sample	  in	  chloroform-‐d	  for	  analysis	  after	  lab.	  You	  will	  receive	  

your	  spectrum	  by	  email	  within	  48	  hrs.	  

Polarimetry	  Notes:	  0.25	  g	  of	  product	  is	  generally	  sufficient	  for	  an	  accurate	  

polarimetry	  reading.	  Length	  of	  Polarimetry	  Tube	  =	  20	  cm	  

Questions:	  

1. Propose	  a	  mechanism	  for	  the	  formation	  of	  the	  Luche	  reagent	  from	  BH4-‐.	  	  

2. Are	  the	  products	  formed	  achiral,	  enantiomers,	  diastereomers,	  or	  meso	  

compounds?	  	  

3. How	  many	  chiral	  centers	  does	  each	  product	  have?	  What	  are	  the	  IUPAC	  

names	  of	  (-‐)-‐menthol	  and	  (+)-‐	  	  neomenthol?	  	  

4. What	  other	  methods	  may	  be	  used	  to	  determine	  the	  product	  ratios	  of	  the	  

alcohols.	  	  
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APPENDIX	  D	  

SUPPORTING	  INFORMATION	  FOR	  CHAPTER	  6	  

Student	  Handout	  

Nucleophilic	  Ring-‐opening	  of	  Epoxides	  

Epoxides	  are	  a	  unique	  functional	  group	  in	  which	  an	  oxygen	  atom	  is	  bonded	  

to	  two	  carbons	  in	  a	  3-‐membered	  ring	  forming	  a	  cyclic	  ether.	  	  	  Due	  to	  the	  high	  strain	  

associated	  with	  small	  rings,	  epoxides	  are	  susceptible	  to	  nucleophilic	  attack	  

undergoing	  facile	  ring-‐opening.	  	  Upon	  proper	  workup	  this	  process	  places	  a	  

nucleophile	  alpha	  (one	  carbon	  over)	  to	  an	  alcohol	  as	  shown	  in	  Figure	  1	  below.	  

	  

	  

Figure	  1	  

	  

Interesting	  results	  are	  seen	  when	  asymmetrical	  epoxides	  are	  subjected	  to	  ring	  

opening	  reactions.	  	  Regioisomers	  are	  formed	  when	  the	  nucleophile	  is	  able	  to	  add	  to	  

either	  carbon	  of	  the	  epoxide	  (Figure	  2).	  	  	  

	  

	  

Figure	  2	  
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Several	  factors	  affect	  the	  regioselectivity	  of	  nucleophilic	  epoxide	  openings	  

including	  the	  nature	  of	  the	  nucleophile	  or	  electrophile	  and	  reaction	  conditions.	  

In	  this	  experiment	  1,2-‐epoxyhexane	  will	  be	  subjected	  to	  a	  nucleophilic	  ring-‐opening	  

reaction	  in	  both	  acidic	  and	  basic	  conditions	  for	  a	  series	  of	  alcohol/alkoxide	  

nucleophiles.	  	  The	  product	  percentages	  of	  each	  process	  will	  then	  be	  determined	  by	  

Gas	  Chromatography.	  	  The	  percentage	  of	  a	  product,	  P,	  can	  be	  calculated	  from	  the	  

following	  equation	  where	  “A”	  represents	  the	  area	  of	  a	  given	  signal	  in	  the	  gas	  

chromatograph.	  

	  

%𝑃! =
𝐴!

𝐴! + 𝐴! +⋯𝐴!
  𝑥  100	  

	  

Hazards	  

Please	  review	  online	  MSDS	  sheets	  of	  all	  chemicals	  including	  products.	  Never	  

seal	  a	  reflux	  apparatus	  air	  tight.	  	  The	  experiment	  will	  be	  performed	  under	  snorkel	  

ventilation.	  	  Gloves	  and	  goggles	  should	  be	  worn	  especially	  when	  handling	  the	  

alkoxide	  salts	  and	  sulfuric	  acid.	  

Procedure	  

This	  lab	  for	  convenience	  will	  be	  performed	  in	  pairs.	  	  Obtain	  an	  

alcohol/alkoxide	  combination	  from	  your	  instructor	  and	  perform	  the	  reaction	  under	  

both	  conditions	  simultaneously.	  	  One	  partner	  will	  use	  the	  acidic	  procedure	  and	  one	  

partner	  will	  use	  the	  basic	  procedure.	  
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Partner	  A:	  Acidic	  Conditions	  

Obtain	  0.5	  g	  of	  1,2-‐epoxyhexane	  and	  place	  into	  a	  microscale	  round	  bottom	  

flask.	  	  Dissolve	  the	  epoxide	  by	  pouring	  in	  5	  mL	  of	  assigned	  alcohol	  and	  stirring	  with	  

a	  spin	  vane.	  	  Add	  1	  drop	  of	  concentrated	  sulfuric	  acid	  to	  this	  solution	  and	  allow	  the	  

solution	  to	  stir	  for	  30	  min.	  

In	  a	  separatory	  funnel,	  wash	  your	  reaction	  mixture	  with	  5	  mL	  of	  saturated	  

sodium	  bicarbonate	  solution	  (no	  layers	  will	  form).	  	  Then	  extract	  your	  product	  from	  

this	  wash	  with	  2	  x	  10	  mL	  portions	  of	  diethyl	  ether.	  	  Dry	  the	  ether	  layer	  with	  

magnesium	  sulfate	  and	  decant.	  	  Rotovap	  your	  organic	  extract	  in	  room	  temperature	  

water	  until	  no	  change	  in	  mass	  is	  observed.	  	  Record	  the	  final	  mass	  of	  your	  product.	  

Partner	  B:	  Basic	  Conditions	  

Obtain	  1.20	  mol	  equivalents	  of	  assigned	  alkoxide	  powder	  and	  place	  into	  a	  

microscale	  round	  bottom	  flask	  along	  with	  5	  mL	  of	  assigned	  alcohol	  and	  a	  spin	  vane	  

(powder	  will	  not	  dissolve).	  	  To	  this	  slurry,	  add	  0.5	  g	  of	  1,2-‐epoxyhexane.	  	  Reflux	  this	  

reaction	  mixture	  for	  30	  min.	  

In	  a	  separatory	  funnel,	  wash	  your	  reaction	  mixture	  with	  5	  mL	  of	  saturated	  

ammonium	  chloride	  solution	  (no	  layers	  will	  form).	  	  Then	  extract	  your	  product	  from	  

this	  wash	  with	  2	  x	  10	  mL	  portions	  of	  diethyl	  ether.	  	  Dry	  the	  ether	  layer	  with	  

magnesium	  sulfate	  and	  decant.	  	  Rotovap	  your	  organic	  extract	  in	  room	  temperature	  

water	  until	  no	  change	  in	  mass	  is	  observed.	  Record	  the	  final	  mass	  of	  your	  product.	  

GC	  Analysis:	  Both	  Partners	  

Obtain	  a	  small	  vial	  from	  your	  instructor	  and	  make	  a	  solution	  of	  one	  drop	  of	  

your	  product	  mixture	  in	  a	  2	  mL’s	  of	  methanol	  or	  acetone.	  	  Run	  the	  GC	  of	  your	  
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product	  mixture	  noting	  the	  retention	  times	  and	  areas	  of	  each	  peak	  on	  the	  log	  sheet.	  	  

Save	  your	  GC	  file	  in	  the	  desktop	  class	  folder.	  	  	  

Post	  Lab	  Analysis	  

Raw	  GC	  data	  from	  the	  log	  sheets	  will	  be	  posted	  on	  the	  course	  webpage.	  	  

Organize	  the	  class	  data	  into	  a	  useful	  table	  in	  your	  lab	  report.	  Compare	  the	  spectra	  to	  

the	  GC	  of	  the	  starting	  material	  and	  using	  what	  you	  know	  about	  epoxide	  openings,	  

and	  identify	  the	  compound	  eluting	  at	  each	  retention	  time.	  	  In	  your	  report	  make	  a	  

statement	  summarizing	  any	  observable	  trends	  in	  this	  class	  of	  epoxide	  opening	  

reactions.	  
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APPENDIX	  E	  

SUPPORTING	  INFORMATION	  FOR	  CHAPTER	  7	  

Student	  Spectra	  
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Student	  Handout	  

Introduction	  

Esters	  are	  carboxylic	  acid	  derivatives	  containing	  an	  alkyl	  chain	  in	  place	  of	  the	  

acidic	  proton	  that	  can	  be	  produced	  on	  the	  industrial	  scale	  via	  a	  process	  known	  as	  

the	  Fischer	  Esterification.	  	  This	  reaction	  is	  an	  equilibrium	  reaction	  between	  a	  

carboxylic	  acid	  and	  an	  alcohol	  in	  the	  presence	  of	  sulfuric	  acid	  catalyst.	  	  A	  generic	  

reaction	  is	  shown	  below	  in	  Figure	  1.	  

	  

	  

Figure	  1	  

	  

Since	  this	  is	  an	  equilibrium	  process,	  LeChatlier’s	  Principle	  must	  be	  used	  to	  

drive	  the	  reaction	  to	  completion.	  	  In	  this	  reaction	  adding	  an	  excess	  of	  acetic	  acid	  

(which	  can	  be	  easily	  removed	  by	  an	  acid	  base	  extraction)	  will	  be	  used	  to	  drive	  the	  

reaction	  to	  completion.	  	  The	  esters	  of	  this	  experiment	  are	  quite	  fragrant	  and	  are	  

actually	  sold	  commercially.	  	  1H	  NMR	  and	  13C	  NMR	  will	  be	  used	  to	  characterize	  the	  

product	  esters.	  

Hazards	  

Alcohols	  and	  esters	  are	  flammable.	  	  Acetic	  acid	  and	  sulfuric	  acid	  cause	  severe	  

burns	  and	  should	  be	  treated	  with	  care.	  	  Pressure	  may	  buildup	  when	  neutralizing	  

sodium	  bicarbonate	  due	  to	  the	  release	  of	  carbon	  dioxide	  gas.	  	  Never	  open	  MW	  
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vessels	  outside	  of	  a	  hood	  or	  before	  the	  temperature	  has	  lowered	  below	  the	  boiling	  

point	  of	  any	  contained	  chemical	  as	  pressure	  can	  build	  up.	  	  	  

Procedure	  

Obtain	  5	  mL	  of	  glacial	  acetic	  acid	  and	  4	  mL	  of	  an	  unknown	  alcohol	  from	  your	  

TA	  and	  add	  these	  to	  a	  microwave	  vessel.	  	  Carefully	  under	  the	  hood	  add	  1	  mL	  of	  

concentrated	  sulfuric	  acid	  and	  a	  small	  round	  stir	  bar	  (not	  a	  spin	  vane).	  	  Seal	  the	  MW	  

vessel,	  write	  the	  vessel	  number	  in	  your	  notebook,	  and	  place	  in	  the	  MW	  carousel.	  	  

The	  reaction	  will	  be	  carried	  out	  over	  10	  min	  (compared	  to	  1	  hr	  by	  standard	  reflux).	  

Once	  the	  vessel	  is	  cool,	  pour	  the	  contents	  into	  a	  separatory	  funnel,	  add	  10	  mL	  of	  

water	  and	  shake	  gently.	  	  The	  ester	  will	  separate	  from	  the	  water.	  	  Remove	  the	  

aqueous	  layer	  and	  wash	  with	  an	  additional	  10	  mL	  of	  water.	  Wash	  the	  ester	  again	  

with	  10	  mL	  portions	  of	  5%	  sodium	  bicarbonate	  until	  the	  resulting	  aqueous	  wash	  is	  

basic	  according	  to	  pH	  paper.	  	  Note:	  CO2	  forms	  during	  this	  step	  so	  be	  careful	  of	  

pressure	  buildup	  in	  the	  separatory	  funnel.	  	  Finally,	  wash	  the	  ester	  with	  5	  mL	  of	  

brine	  solution	  to	  remove	  residual	  water.	  

Weigh	  the	  ester	  and	  transfer	  the	  solution	  neat	  into	  a	  vial	  for	  PicoSpin™	  1H	  

NMR	  analysis.	  	  Obtain	  your	  spectrum	  using	  the	  PicoSpin™	  operation	  instructions.	  	  

You	  must	  determine	  the	  ID	  of	  your	  ester	  and	  unknown	  alcohol.	  	  You	  must	  also	  

assign	  each	  proton	  and	  carbon	  of	  your	  compound	  with	  a	  signal	  from	  the	  2	  NMR’s.	  

Label	  all	  spectra	  as	  you	  are	  shown	  in	  the	  pre	  lab	  lecture.	  
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