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Talk	
  Overview	
  

•  Linking	
  Chemistry,	
  Green	
  Chemistry	
  and	
  
Toxicology	
  

•  Role	
  of	
  the	
  Toxicologist	
  in	
  Safer	
  Chemical	
  
Design	
  

•  Opportuni8es	
  to	
  Incorporate	
  Toxicology	
  into	
  
the	
  Chemistry	
  Curriculum	
  

•  Examples	
  
•  Resources	
  and	
  Next	
  Steps	
  



Green	
  Chemistry	
  Research	
  and	
  	
  
Tools	
  Development	
  @	
  ORD	
  

•  Hub	
  @	
  Na8onal	
  Risk	
  Management	
  Research	
  Lab,	
  Cincinna8	
  
(Green	
  Chemistry/Engineering)	
  

•  Research—intramural	
  and	
  extramural	
  
•  In-­‐house	
  GC	
  Research	
  focused	
  on	
  3	
  areas	
  for	
  the	
  chemical	
  

and	
  fuels	
  industry	
  
–  Catalysis	
  
–  Green	
  Synthesis	
  
–  Process	
  Intensifica8on	
  



Tools	
  Development	
  
•  Analy8cal	
  Tools	
  (Computer-­‐based)	
  

Ø  	
  Chemical	
  toxicity	
  es8ma8on,	
  process	
  design	
  and	
  sustainability	
  evalua8on	
  and	
  
solvent	
  replacement	
  

Ø  	
  TRACI	
  (for	
  Impact	
  Assessment),	
  TEST	
  (toxicity	
  es8ma8on),	
  PARIS	
  (solvent	
  
replacement)	
  and	
  GREENSCOPE	
  (sustainability	
  evalua8on)	
  

•  Process	
  Tools	
  (“Recipes”)	
  
Ø  e.g.	
  remedia8on	
  using	
  nano-­‐catalysts	
  

•  Tools	
  to	
  Speed	
  Reac8ons/Process	
  Intensifica8on	
  
Ø  Con8nuous	
  flow	
  approaches	
  (e.g.	
  tube-­‐in-­‐tube	
  reactor)	
  

•  EPA	
  tools	
  development	
  are	
  public	
  domain	
  



NRMRL	
  Impact	
  
•  Our	
  Green	
  Chemists	
  and	
  Engineers	
  has	
  disseminated	
  their	
  research	
  results	
  to	
  the	
  

scien8fic	
  community	
  and	
  the	
  public	
  via	
  some	
  	
  
–  400+	
  peer-­‐reviewed	
  manuscripts	
  
–  625+	
  presenta8ons	
  (domes8c	
  and	
  interna8onal)	
  
–  Plus	
  many	
  other	
  non	
  peer-­‐reviewed	
  ar8cles.	
  	
  	
  
–  Acceptance	
  of	
  this	
  group	
  as	
  global	
  experts,	
  205	
  of	
  625	
  presenta8ons	
  have	
  been	
  invited	
  presenta8ons	
  

to	
  interna8onal	
  conferences	
  and	
  ins8tu8ons	
  

•  To	
  date,	
  this	
  program	
  has	
  entered	
  into:	
  
–  33	
  collabora8ve	
  research	
  and	
  development	
  agreements	
  (CRADAs)	
  
–  Leading	
  to	
  gran8ng	
  of	
  23	
  patents	
  
–  Genera8on	
  of	
  4	
  commercializa8on-­‐licensing	
  agreements	
  and	
  
–  Forma8on	
  of	
  3	
  companies	
  
–  Use	
  of	
  innova8on	
  for	
  economic	
  development	
  and	
  growth	
  has	
  resulted	
  in	
  the	
  crea8on	
  of	
  38	
  jobs	
  (that	
  

we	
  are	
  aware	
  of)	
  domes8cally	
  



The	
  Origins	
  of	
  Green	
  Chemistry	
  

•  Synthe8c	
  organic	
  chemists	
  developed	
  the	
  
principles	
  of	
  green	
  chemistry	
  

•  Origins	
  in	
  the	
  Alterna8ve	
  Synthe8c	
  Pathways	
  
for	
  Pollu8on	
  Preven8on	
  (OPPT	
  1991)	
  

•  Majority	
  of	
  the	
  refereed	
  publica8ons	
  focus	
  on	
  
solvent	
  subs8tu8on	
  without	
  much	
  discussion	
  
of	
  toxicity	
  
– e.g.,	
  Ionic	
  Liquids,	
  MeCl2,	
  TCE	
  



Enter	
  the	
  Toxicologist	
  

•  Without	
  applying	
  the	
  principles	
  of	
  toxicology,	
  
designing	
  safer	
  	
  chemicals	
  is	
  inefficient	
  at	
  best	
  

•  Toxicology,	
  in	
  all	
  its	
  applica8ons,	
  informs	
  
chemical	
  design	
  

•  Toxicologists,	
  and	
  allied	
  health	
  and	
  
environmental	
  scien8sts,	
  must	
  be	
  part	
  of	
  the	
  
molecular	
  design	
  team	
  ab	
  ini?o	
  	
  



Hierarchy	
  of	
  Toxicological	
  informa8on	
  
for	
  Molecular	
  Design	
  

•  Mechanism/Mode	
  of	
  Ac8on	
  
•  QSAR	
  
•  Kine8cs	
  and	
  dynamics	
  
•  Availability	
  



Incorpora8ng	
  Toxicology	
  into	
  the	
  
Chemistry	
  Curriculum	
  

•  A	
  stand-­‐alone	
  course	
  
•  Embedded	
  into	
  exis8ng	
  course	
  
•  Seminar	
  or	
  readings	
  offering	
  	
  



Independent	
  Course	
  
•  Current	
  exis8ng	
  capability	
  within	
  the	
  ins8tu8on	
  

–  Coordinate	
  w/pharmacology	
  or	
  toxicology	
  department	
  
•  Hire	
  Adjunct	
  faculty	
  

–  Principles	
  of	
  Toxicology	
  
•  Dose-­‐response	
  
•  ADME	
  
•  Potency	
  and	
  Efficacy	
  
•  Organ	
  system	
  toxicity	
  
•  Non-­‐organ	
  directed	
  
•  Chemodynamics	
  
•  Special	
  topics	
  

•  Reciprocal	
  agreement	
  with	
  another	
  ins8tu8on	
  



Embedded	
  into	
  Exis8ng	
  Courses	
  
•  Concept	
  alignment	
  
–  Covalent	
  bonding:	
  inhibi?on	
  of	
  acetylcholinesterase	
  
–  Electrophiles:	
  binding	
  with	
  biomolecules	
  
(DNA,	
  ,proteins)	
  

–  Entropy	
  and	
  free	
  energy:	
  membrane	
  disrup?on	
  by	
  
anesthe?cs	
  

–  Electromagne7c	
  radia7on:	
  ozone	
  deple?on;	
  DNA	
  
damage	
  

– Gas	
  Laws:	
  influence	
  on	
  inhala?on	
  exposure	
  and	
  global	
  
transport	
  (e.g.,	
  Henry’s	
  Law)	
  

–  Ester	
  hydrolysis:	
  designing	
  for	
  biodegradability	
  



Seminar/Readings/Special	
  Topics	
  

•  Completely	
  open	
  and	
  flexible	
  
•  Can	
  focus	
  on	
  a	
  PRN	
  (per	
  re	
  nota)	
  basis	
  



The	
  Hazard-­‐Structure	
  Rela8onship	
  

•  Without	
  understanding	
  the	
  rela8onship	
  
between	
  structure	
  and	
  hazard	
  (e.g.,	
  toxicity),	
  
it	
  is	
  impossible	
  to	
  design	
  a	
  less	
  hazardous	
  
chemical	
  

•  Hazard	
  is	
  a	
  fundamental	
  molecular	
  property	
  
•  Design	
  is	
  inten8onal	
  requiring	
  informa8on	
  
– Design	
  rules	
  must	
  be	
  developed	
  
– Green	
  chemistry	
  can	
  be	
  achieved	
  serendipitously,	
  
but	
  it	
  is	
  not	
  recommended	
  as	
  a	
  preferred	
  strategy	
  



Avoid	
  Toxicophores:	
  Structural	
  
Features	
  Known	
  to	
  Bestow	
  Toxicity	
  



Toxicophores	
  



Ethylene	
  Glycol	
  Ethers	
  
cause	
  reproduc7ve	
  and	
  
developmental	
  toxicity	
  

Mechanism	
  of	
  toxicity	
  of	
  ethylene	
  glycol	
  ethers	
  is	
  due	
  to	
  bioac8va8on	
  to	
  
alkoxy	
  ace8c	
  acid	
  metabolites.	
  	
  (ALDH	
  =	
  alcohol	
  dehydrogenase).	
  
	
  



Toxicity	
  of	
  Ethylene	
  Glycol	
  Ethers	
  can	
  be	
  
Greatly	
  Reduced	
  with	
  a	
  Slight	
  Structural	
  

Modifica7on	
  

Inclusion	
  of	
  an	
  alkyl	
  moiety	
  on	
  alcohol	
  carbon	
  provides	
  1-­‐(alkoxy)-­‐2-­‐
propranol	
  (a	
  secondary	
  alcohol):	
  

• 	
  	
  	
  	
  can’t	
  be	
  metabolized	
  to	
  a	
  carboxylic	
  acid.	
  
	
  



Mechanism	
  of	
  Toxicity	
  of	
  
Organonitriles	
  



Acute	
  lethality	
  depends	
  on	
  how	
  much	
  Cyto.	
  P450	
  metabolism	
  occurs	
  
at	
  alpha	
  carbon	
  rela8ve	
  to	
  other	
  carbon	
  atoms	
  in	
  nitrile:	
  

	
  

Nitriles	
  that	
  form	
  a	
  more	
  stable	
  radical	
  at	
  the	
  α-­‐carbon	
  tend	
  to	
  be	
  more	
  
lethal:	
  	
  
• 	
  	
  they	
  form	
  the	
  cyanohydrin	
  intermediate	
  more	
  readily.	
  
	
  



Nitriles	
  that	
  form	
  30	
  or	
  benzylic	
  radicals	
  at	
  α-carbon	
  are	
  more	
  
toxic	
  than	
  those	
  that	
  form	
  20	
  or	
  10	
  radicals:	
  



DESIGN	
  RULES	
  
A	
  chemist’s	
  roadmap	
  to	
  design	
  for	
  hazard	
  reduc8on	
  



What	
  are	
  “Design	
  Rules”?	
  

•  Science-­‐based	
  
•  Empirically	
  derived	
  or	
  
•  Modelled	
  using	
  robust	
  data	
  sets	
  
•  “connec8ng	
  the	
  dots”	
  between	
  structure	
  and	
  
hazard	
  
–  If	
  this	
  then	
  that…	
  	
  

•  QSAR;	
  professional	
  judgment	
  



Design	
  Rule	
  Examples:	
  Safer	
  Nitriles	
  

•  The	
  rules	
  were	
  developed	
  from	
  a	
  thorough	
  
review	
  of	
  the	
  exis8ng	
  structure	
  ac8vity	
  
rela8onships	
  across	
  species	
  and	
  endpoints	
  

•  Mechanism	
  defined:	
  rate	
  of	
  abstrac8on	
  of	
  alpha	
  
hydrogen	
  is	
  associated	
  with	
  acute	
  toxicity	
  

•  “Rules”	
  are	
  essen8ally	
  heuris8c	
  guidelines	
  
–  For	
  nitriles-­‐	
  

•  Steric	
  hindrance	
  at	
  α-­‐carbon	
  
•  Add	
  groups	
  that	
  reduce	
  α	
  radical	
  stability	
  
•  Avoid	
  hetero	
  atom-­‐containing	
  groups	
  on	
  α	
  carbon	
  



More	
  opportuni8es	
  to	
  link	
  toxicology	
  
and	
  fundamental	
  chemistry	
  

•  pH	
  
•  Oxida8on	
  
•  Alkyla8on	
  

•  Isomeriza8on	
  
•  π-­‐stacking 	
  	
  
	
  
•  Bioisosteres	
  
•  Oxida8on/Reduc8on	
  

•  Absorp8on	
  
•  Bioac8va8on	
  of	
  PAHs	
  
•  Alkyla8on	
  of	
  DNA/RNA/	
  

Proteins	
  
•  Thalidomide,	
  PCBs,	
  

Quinine	
  
•  Disrup8on	
  of	
  DNA	
  
•  Used	
  in	
  pharmaceu8cals	
  

•  Nitrate/nitrite	
  toxicity;	
  
Chromium	
  +3/+6	
  



Resources	
  
•  Fundamental	
  

–  Casarer	
  and	
  Doull’s	
  Toxicology;	
  The	
  Basis	
  Science	
  of	
  Poisons	
  
–  E.	
  Hodgson;	
  A	
  Textbook	
  of	
  Modern	
  Toxicology	
  
–  U.	
  Boelsterli:	
  Mechanis8c	
  Toxicology:	
  The	
  Molecular	
  Basis	
  of	
  How	
  Chemicals	
  

Disrupt	
  Biological	
  Targets,	
  Second	
  Edi8on	
  
•  Web-­‐based	
  

–  NLM	
  	
  
•  hrp://toxnet.nlm.nih.gov/	
  	
  

•  USEPA	
  
–  ORD;	
  	
  

•  hrp://actor.epa.gov/actor/faces/ACToRHome.jsp	
  	
  
•  hrp://epa.gov/ncct/toxcast/	
  	
  
•  hrp://actor.epa.gov/dashboard/	
  	
  

–  OCSPP	
  
•  hrp://epa.gov/dfe/pubs/projects/formulat/saferproductlabeling.htm	
  	
  



Summary	
  	
  

•  Examples	
  of	
  adop8ng	
  toxicology	
  and	
  overall	
  
hazard	
  evalua8on	
  into	
  	
  the	
  chemistry	
  
curriculum	
  already	
  exist	
  

•  There	
  are	
  op8ons;	
  flexibility	
  is	
  key	
  
•  Chemists	
  need	
  not	
  be	
  DABTs	
  
•  Understanding	
  the	
  principles	
  of	
  toxicology,	
  
and	
  all	
  hazards,	
  is	
  mandatory	
  for	
  all	
  chemists,	
  
especially	
  those	
  making	
  molecules;	
  novel	
  or	
  
redesign	
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