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Sec t l on  V I  -  Top i cs  i n  Chemls t r y  and  D rug  Des ign

Ed i t o r :  R i cha rd  c .  A l l en ,  Hoechs t -Rousse l  pha rmaceu t i ca l s  r nc . ,
Somerv l1 l e ,  New Je rsey  08876

Chapter  26.  Enzynic  l ' le thods in  Organic  Synthes is

Mark  A .  F lnde i s  and  Geo rge  M .  Wh l tes ides ,  Depa r tmen t  o f  Che rn i s t r y ,
Ha rva rd  un i ve rs i t y ,  canb r i dge ,  Massachuse t t s  02 I3g

Int roduct ion -  Enzyne-bqsgd synthet ic  chemlst ry  has cont inued to  grow
rap id l y  i n  r ecen t  y " " t r . l - 6  Techn i ca l  p rob lems ,wh i ch  have  i nh ib l t ed  t he
wldespread use of  enz)4 les as cata lys ts ,  have been much reduced by the
ln t roduc t i on  o f  new  p rocedu res  f o r  enzyme  funnob i l i za t i on  and  s tab i l i za -
t i on  and  f o r  l n  s i t u  co fac to r  r ecyc l i ng .  A  w ldesp read  i n te res t  i n  asym-
oe t r i c  syn thes i s  has  f ocussed  a t t en t l on  on  t he  demons t ra ted  u t i l i t y  o f
enzyu i c  ca ta l ys l s  l n  p roduc ing  ch i ra l  f r agmen ts .  I n  f ac t ,  che  ma jo r
h indrance to  rhe widespread use of  enz l 'n ic  cata lys is  is  the res idual
un fam i l i a r i t y  o f  many  c l ass i ca l l y  t r a i ned  syn the t i c  chem is rs  i n  che
techn lques  o f  enz lme  l so la t i on ,  man ipu la t i on ,  and  assay .  Th i s  l as t
barr ier  is  d isappear ing as b iochero ls t ry  and enzynology become an ac-
cep ted  pa r t  o f  t he  educa t i on  o f  an  o rgan i c  chemis t .

Th i s  rev iew  enphas i zes  p rocedu res  wh i ch  use  pa r t i a l l y  o r  h i gh l y
pu r i f l ed  enzy 'mes  t o  ca ta l yze  o rgan i c  reac t l ons  po ten t i a l l y  use fu l  i n
nedic ina l  chern lsLry .  B lochemlca l  procedures us ing microb lo log ica l
t r ans fo roa t l ons  o r  ce11  cu l t u re  a re  no t  d i scussed .

C,eneral Techniques l ' lore than thro thousand enzymes are known, 7 and
severa l  hundred can be obta ined cornmerc la l ly .  Many other  enzynic  acEiv-
l t les  are ava l lab le  through s t ra lght forward iso la t ions or  smal l -sca le
fernentat lons.  Incr -eas lng at tent lon 1s be ing pa id  to  large-sca le  pro-
duc t l on  o f  enzyues ;o  Ku la  has  deve loped  e f f i c i en t  ne thods  based  on
l1quid- l iqu ld  ext ract lor r r .9- l I  Gi . r " . ,  suf f lc lent  demand,  many enzymes
can be produced ln  quant t ty  by recombinant  DNA techniques.

I{e note that hlghly puri f  ied enz}rme preparatl .ons are not always
necessary  1n synthet ic  appl lcat ions s lnce contaminat lng enz lmes may have
no ef fec t  on the reactants  and products  present  in  the react ion mix-
ture.  I f  an enz)4ne to  be used in  synthes is  has in t r ins ica l ly  low spe-
c l f l c  ac t l v i t y  ( un l t s  o f  ca ta l y t i c  ac t i v i t y  pe r  we lgh t  o f  p ro re in ) ,
crude PreParat lons can cause pract ica l  prob lens by requi r ing large
volumes of  lnmobi l lza t .Lon medium and correspondtng ly  large reactor
vo lumes.  The use of  n lc rob ia l  ce l ls  ln  enzyme-cata lyzed synthes ls
rePresen ts  a  l l n l t l ng  case  l n  pu r i f l ca t l on ;  s i nce  p  pu r i f l ca t i on  i s
lnvo lved,  the i r  manipu la t lon ls  s t ra lght forward.  The act iv l ty  o f  these
PreParat lons rnay be low.  In  favorab le  cases,  however ,  they represent
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t he  s imp les t  bas i s  f o r  enzyme-ca ta l yzed  reac t i ons t  and  seve ra l  success -

fu l  i ndus t r i a l  P rocesses  have  been  deve loped  us lng  l nnob l l i zed  who le

c e l l s .  l 2

Lnzyrne hnsrob i l iza t ion Enzynes used ln  syntheEic  appl icat ions are

comnonly  i rnnobl l ized in  or  on inso lub le  mater ia ls  because immobi l izaCion

enhances  Ehe i r  s t ab i l i t y  and  a l l ows  t he i r  r ecove ry  and  reuse '  Wh i l e

bench-sca le  exper lEents  are most  convenlent ly  car r led Out  as batch

p rocesses ,  i ndus t r l a l  P rocesses  o f t en  depend  on  l ong - l i ved  i nnob i l i zed

enzymes ln  conr inuous Processes '

Many innobi l lza t ion methods have been developed '12-14 on ly  a  few

of  these techniques deserve exp l lc l t  comment '  Glu tara ldehyde 
, is  :n"

r0ost  connonly  used b i funct iona l  reaSent  in  innobi l lza t lon ' ' -  tormlng

covalent  l inkages of  s t i l l  lncomplete ly  def ined nature between an ino

groups.  I t  is  used tO b lnd enz)4res to  so l ld  suPPor ts  or  cross- l ink

enzy-rDes adsorbed on a supPor t  r  and to  cross- l lnk  enzynes wi th  car r ier

proEeins or  wl th  themselves to  form lnso lub le  aggregates '  Inmobl l iza-

t ion procedures for  indust r ia l  app l lcat lons based on funct ionaLLzed

cerami .cs  cross- l lnked wi th  enzyme v la  g tu tara ldehyde have been devel -
- - - u - i i ; 1 i -  

wooa  e r  a1 .  have  d_eve loped  an  imob i l i za t l on  p rocedu re  us ing

polyurethane-based membrane" . l6  Whi tes ldes et  a1 '  have developed an

imrnobi l iza t ion nethod based on po lyacryLanide-co-N-acry loxysuccLnin ide

cross- l inked wi th  t r ie thy lene te t ramine in  the presence of  
" " "y t " '17

This  rneEhod is  par t lcu lar ly  usefu l  w l th  the re la t lve ly  de l icate  enzymes

usefu l  ln  organic  synthes ls .  KuIa e t  a ] '  have used membrane reacfors

containing soluble 
"rr"y."".18 

The-enlfres are not lnmobll lzed '  but

reac to r  pe r fo rmance  has 'been  good '

Enznne  S tab i l i za t i on  -  Enzyme  s tab i l i za t i on  1s  a  conce rn  be fo re '  du r l ng '

and af  ter  1mob111zat1-o^n. -  -  Innobl l lza t lon o f  ten Sreat ly  increases the

s tab i l i t y  o f  enzpes  . L9 -22  Reasons  f o r  t h l s  s tab i l i za t l on  a re  no t

c lear ly  unders tood.  Enzyroe deact lvat ion dur lng the lmnobl l lza t lon pro-

cess is  o f ten t roublesome.  Addl t lon o f  subst ra tes or  lnh ib l tors  o f  the

enz)rme dur lng lmnobi l lza t lon he lps to  occupy and ProEect  the act ive

s l t e ,  and  i nc reases  y l e l ds  on  lmob l l l za t i on ' I /  A  number  o f  s t r a teg ies

are usefu l  |n  na in ta in lng act lv i ty  |n  so lub le  and lmobl l lzed enzymes

; ; ;d- ;  
" .1 I -zo 

-  
i t  ror  reagenrs  (  d i th torhre lco l  ,  pnercaptoethanol  ,

l  r  3-d i th lopropan -Z-oL)  mainta ln  the reduced Etate  o f  cata ly t ica l ly

essent ia l  th lo l8  in  the enzyme.-  Chela t lng agents  lnh lb l t  meta l  lon

cata1yzed ox ldat lons o f  enz1m"" .2 /  Th"  s tab l l l ty  o f  so lub le  enz) tmes can

be enhanced by fhe addi t lon-  o{po lyo lsr  sa l ts ,  and cer ta in  po lyrners '  and

by chemlcar  nodl f ica t lon.  
23r2g-32 Theroarry  lnact lvated imobi l lzed

enz\mes have been reactivated by thiol reagents and reverslble heat

a r " . a t " r r t . 33

cofactor  Regenerat lon About  7O"A of  enz lmes u6e nucreos ide r r iphos-

phaces ,  n l co t l nan lde  de r l va t l ves  INAD(P) (H )1 ,  o t  coA  as  co fac to rs '

These enz)mes inc lude many of  those of  greatest  in terest  ln  the syn-

thes is  o f  f lne chenica ls .  S lnce these cofactors  are too exPenslve to  be

used s fo ich i .ometr ica l ly ,  i t  has been necesEary to  develop recyc l ing

systems for  then.  The prob len of  recyc l lng the nuc leos ide t r lphosPhates
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i s  essen t i a l l y  so l ved  a t  t he  l eve l  o f  l abo ra to ry - sca le  syn thes l s r34 -38
and that  o f  recyc l lng NAD der lvat lves 1s wel l -advanced toward so lu-
t l on .39 -46  None  o f  t hese  schemes  has  been  tes ted  on  a  p roducc lon  sca le ,
a l t hough  they  wo rk  sa t i s f ac to r l l y  f o r  syn theses  o f  seve ra l  mo les  o f  p ro -
ducts .  Recyc l ing o f  ATP f rom ADP or  AMP rests  on the development  o f
P rac t i ca l  syn theses  o f  t he  phospha te  dono rs  ace t y l  phospha t "3T  *d  phos -
phoenolpyruv" te35 to  be used wi th  the enz)rmes acetate  k inase and pyru-
va te  k l nase ,  r esPec t i ve l y .  Ace ta te  k l nase  1s  a l so  app l l cab le  t o  recyc -
l l ng  o f  GTPr^ ,UTpr  CTP and  the  co r respond ing  2 ' - deoxy -nuc leos ide  t r i -
phospha tes . l t 34  Regene ra t l on  o f  t hese  epec les  f r om nuc leos ide  mono -
phospha tes  l s  no t  t r u l y  p rac t i ca l  s i nce  adeny la te  k l nase  1s  spec l f i c  f o r
A l . {P '  but  re la t lve ly  f  ew react lons generate  nuc leos ide monophosphate.
CoA recyc l ing has not  been exp lored.  Recyc l lng o f  S-adenosy l -L- re th i -
on ine ,  a  co fac to r  l n  enz lme-ca ta l yzed  t r ansme thy la t t ons ,  i s  cu r ren t l y
d i f f i cu l t . 4T  The  conve rs lon  o f  r educed  n i co t i nan lde  co fac to rs  INAD(p )H ]
to  the ox ld lzed forn [NAD(p)  ] ,  deveroped by Jones er  4 .  ,  ls  the mosr
wide ly  used procedure for  t .h is  t ransforuat ion,  but  suf fers  f rom the need
fo r  l a rge  anoun ts  o f  f l av l n  and  f r om s low  reac t l on  , . a " r . 39  ox ida t i ve
regenerat l 'on based on the convers ton of  a-ketog lu tarate  to  g lu tan ic  ac id
works wel l  and does not  requi re  the presence of  o*yg"r r .36 The best
system for  red,u^ct ive,  regenerat ion o f  NADH f rm NAD is  based on formare
dehyd rogenase . l 6 ' 40 ' 46  Th i s  p rocedu re  wo rks  ve ry  we l l ,  a l t hough  the
enzFe does not  accePt  NADP as a subst ra te  and is  re la t ive ly  expen-
s ive.  The most  pract lca l  procedure for  regenerat lon o f  NADPH uses
glucose-6-phosphate dehydrogenas e.4  /

Equi l ib r lum Manipu la t lon Enzynes are cata lys ts  and therefore serve
only  to  acce lerate  a t ta lnment  o f  equ i l lb r ium.  In  many lns tances the
equi l ib r iun constant  for  a  g lven react lon ln  water  does not  adequate ly
favor  the des l red product  or  r ra ter  acts  as an undes i red reactant .  Some-
t imes product  can be favored us lng excess Btar t ing mater ia l r  or  by
react lng the product  ln  an l r revers lb le  rann"r .49 Occas lonal ly  prec ip i -
t a t l on  o f  p roduc t  w l l l  d r i ve  an  un favo rab le  reac t l on ,  bu t  p rec lp l t a t i on
can fou l  lnnobi l lzed enz) 'nes.  K lnet lc  cont ro l  o f  a  react lon can some-
t lmes be used to  maxlmlze y ie lds.49 In  cases where less po lar  mater ia ls
are be ing nanipu la ted,  L ta ter  n lsc lb le  organlc  coso lvents  have been used,
but  th ls  technlque can reduce enz) lme act lv i ty .50-53 Carefu l  se lect ion
of  coso lvent  can,  

.however ,  malnta l .n  enz)rme act lv iEy and dramat lca l ly
sh i f t  equ l l lb r lum.Je A more genera l  approach for  work lng wl th  less
polar  conpounds is  the use of  a  two-phase system lncorporat ing a  water -
lnn isc ib le  organic  so lvent .  Tb lq  approach has been d iscussed extens ive-
ly  by Mar t lnek and coworkers .55-59 

"

Enzrme Mediated processes

- These are enzytres requirLng no added
cofactors ,  and whlch cata lyze hydro lyses,  lsomer izat lons,  some conden-
6at1on6,  and re la ted react tons.  Such enzynes are ar long the s lnp lest  to
u6e and are the most  wlde ly  used ln  lndust ry  (Table  l ) .  A va luable
ln t roduct lon to  Processes us lng these enz)mes has been publ ished.12
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Tab re  I .  se lec ted  rn -dus t r l a l  App l i ca t i ons  o f  Enzynes .

penic l l l in -G - - -+  6-arn inopenic i l lan lc  ac id
funar ic  ac ld  - -+  L-aspar t ic  ac id
fumar ic  ac id  _+ L_ra i tc  ac ld
starch _-+ g lucose
glucose - - -+  f  ruc tose
N-acety l -DrL-amlno ac ids - - - -+  L-amino ac ids
L-arg in ine - - *  L-c i t ru l l ine

r e f .

1 2  ,  6 0 ,  6 1
1 2 , 6 2
1 2 , 6 3
3 0 ,  6 4
3 0 , 6 5 , 6 6
L 2
T Z

An idases  Acy lase  i s  used  i n  con t l nuous  p roduc t i on  o f  L -an ino
ac ids.TZ r t  has been used ro  resorve D,L- ; ; " ; ;1" ; . ; t ; ;67-" "a-" - r ; ; ; i -
t - acy l -D rL - l ys i nu .68  Pen i c i l l i n s  have  been  syn thes i zed  f r om 6 -an ino -

pen i c i l l an i c  ac id  w l t h  pen i c t1 l i r , " " " . 69

Es te rases  -  Es te rases  f r om seve ra l  sou rces  have  been  used  i n  s te reose -
l ec t l ve  and  reg lose lec t i ve  hyd ro l ys l s  o f  es te r s  l n  t he  p repa ra t i on  o f
ch l ra l  es te r s ,  ac lds ,  and  a l coho l s .  S ih  and  coworke rs  have  deve loped  a
va luab le  t heo re t l ca l  t r ea tmen t  f o r  quan t i t a t l ve  ana l ys l s  o f  such
b iochemica l  k l ne t l c  r eso lu t l ons  re l a t i ng  t he  ex ten t  o f  conve rs ion  ( c )  o f
racem ic  subs t ra te ,  t he  op t l ca l  pu r i t y  ( ee )  o f  t he  s ta r t l ng  ma te r l a l  and
Produc ts ,  and  t he  enan t i omer i c  se lec t i v i t y  o f  t he  u r , "p "  I 70  Recyc l i ng
o f  enan t l omer i ca l l y  en r l ched  subs t ra te  can  g rea t l y  i nc rease  ee .  Racemlc
th reo  es te r  I  was  hyd ro l yzed  w i t h  p l g  l i ve r  es re rase  (pLE)  ro  ( - ) - ac id  2
(64 "1  ee ) .  i Zes te r i f  l ca t l on  and  l ncuba t i on  t o  807 .  c  r esu l t ed  i n  2  w i rh
>907"  €€.  Ery thro ester  3  was t reated wi th  Gl ioc lad iun roseum to  t rydro-
lyze the 2 l r ls  isomer .  Aa 7012 c  the remarr in f f ia  95"1 ee.

(*)  . l  ,  R= CHa
CO.R  H? ,  R=H 

v

.,H oH
PLE was used in  the enant io top lca l ly  se lect ive hydro lys is  o f  d lerhy l -p-
ne thy lg l u ta ra te  4  t o  t he  ha l f - es te r : .  Redug j l on ,  de r i va t l zaE lon  and
reso lu t lon ra lsed the ee of  6  f ron 692 to  gLL. tu

h **oAJ'Y*r^d)ROzC

{,R=Ef; o/o 
€€)

+cozcH3 
(+) 3

6 (9f o/o ee)
Subst l tuent  e f fec ts  have been s tud led ln  PLE-cataLyzed.  hydro lys ls  o f  a
range of  synnet r lca l  d lcarboxy l lc  ac lds and a model  has been developed
to  de te rm lne  abso lu te  con f l gu ra t i on  l n  Ehe  monoes te r  p roduca " .T l

Esterases have successf  
" | ly  

reso lved compounds r I  l .  Imldazolone
7 was conver ted to  (+) -b io t l r - . tz  Dtueth1 l -2r4-d lnerht lg lurarates 8  and
9 were reso lved wl th  PLE and G.  roseum. /J  Dlnethy l -p-an inoglu tarate  l0
was used as Etar t lng rnater la l . for  syntheses of  R-  and S:4- [ (nethoxycar-
bony l )nerhy l l -Z-azet ld inonesr /4  usefu l  nuc le l  r l r  

" " .T"p"n"r  
p- lacran

ant lb lo t ic  synthes ls .  R-Esters  o f  3-hydroxy-3-oethy la lkanolc  ac lds l l

OH
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were prepared for  tes t lng as inhtb i tors  o f  3-hy-d_roxy-3roethy lg lu tary lCoA
reduc tase  and  l n  compac t l n  ana logue  syn the " " r . / 5  S "h r r " i de r  and  cowork -
ers  have used PLE-cataLyzed hydro lyses in  asyrnmetr lc  syntheses of  ( lA ,
3R) - ch rysan them ic  . ! ! ,  Pe rme th r i n l c  l 3  and  ca ron i c  ac ld  l 1  de r l va t i ves r%
and  i n  syn theses  o f  d i subs t l t u ted  rn l noa l ky l  ma lonaa" "7 f . r , d  l rZ - cyc loa l -
kane  d i ca rboxy la te  monomethy l  es te r s .  / o

T*'
-r

MeO.C COIMe
to

Enzymic  Me fhods F l n d e l s ,  W h l t e s l d e s  2 6 7

o
ph^NAN^ph

H++H
nPrOaC CO.nPr

7

MeO.C CQMc
8

MeO.C CO.Me

Me OH

,X-co.n
t l

9

R ' r  1 2 ,
t+= 13,

6o.n 14,

R. H,  R ' r  CH-CMea

R.  H ,  R ' .  CH .CC la

R 'Me ,  R ' .  COaH

o
l l

- ( - ) -n  ch i ro l  es te r

Canbou  and  K l i banovT9  have  used  t r anses te r i f i ca t i ons  ca ta ryzed  by
PLE  and  yeas t  l i . pase  t o  reso l ve  a  va r i e t y  o f  a l coho l s  w i t h  g rea t  e f f ec -
t l veness .  The i r  nove l  app roach  enp loyed  a  b iphas i c  sys tem o f  aqueous
enz lme  so lu t l on  abso rbed  Ln  a  po rous  so l i d  phase  p laced  i n  a  m lx tu re  o fr fma t  r i x  es te r t t  ( r ne thy l  p rop iona te  o r  t  r l bu t y r l n )  and  racem ic  a l coho t
( S c h e n e  I ) .

Scherne I.

rnot r ix
e s l e r

O M e  +  H O - ( t ) - R
r o cemjc

o l c  o h  o l

es te rose +
_-+ HO_(+)_ R

+
Me OH

c h i r o l  o l c o h o l

The  l ow  wa te r  con ten t  o f  t h i s  sys tem s lmp l l f i ed  subsequen t  pu r l f i ca t i on
and  e f f ec t l ve l y  supp ressed  es te r  hyd ro l ys l s .  L i pases  have  a l so  been
app l i ed  t o  reso lu t i ons  o f  ch lo rog l yce ro l  de r t va t l ves rS0 rS l  3 -ace t y l t h i o -
cyc lohep tene ,82  and  2 -ch lo rone rhy l - l - p ropy r  p rop iona re .83  

"d ; i ; ; " ; ; " r -

ases  have  been  used  Eo  reso l ve  D rL -ca rn l t l ne .84

Pro teases  P ro teases  have  been  app l i ed  t o  seve ra l  syn the t i c  pu rposes
the most  lmpor tant  o f  which are pept lde bond synthes ls  and prote ln
sen l syn thes i s .  Recen t  ex tens l ve  rev lews  cove r  t h i s  a rea .85 r86  p ro te -
ases  have  been  used  1n  esEe r  syn thes l sST  and  reso lu t i o r r . 38  Semisyn -
thes ls  o f  human lnsu l in  has been ach leved by enzynic  removal  and
rep lacemen t  o f  one  am lno  ac ld  i n  po rc i ne  l nsu l i n .89 r90  A l l  pep t i de
bonds in  the N- termlna l  oc tapept ide o f  dynorph in  [H-Tyr-Gly-G1y-phe-Leu-
A rg -A rg - r1e -oH ]  have  been  fo rned  us ing  p ro tease " .9 l  A  p recu rso r  o f
asPar tame has been made by thermolys ln-cata lyzed condensat ion o f
benzy loxycarbony l -L-aspar ! lc  ac ld  and L-pheny la lan ine methy l  es ter .92

Aldo lases -  A ldo lases cata lyze revers lb le  a ldo l  condensat ions of  su-
St* f f t -A wel l -s tud led enz)4t re  ls  f ruc tose- l  r6-d lphosphate a ldo lase f rom
rabbi t  musc le .  Th is  enz lme exh ib l ts  a  h lgh spec l f lc l ty  for  d ihydroxy-
acetone phosphate aE the nuc l f l lph l le ,  but  to lera tes a  range of  a ldehydes
as  e lec t roph l l es  (Schene  I I ) . v4  Tb i s  b road  spec i f i c l t y  a l l ows  syn rhes l s
o f  suga rs  such  as  6 -deoxy f ruc tose95  and  l so top i ca l l y  l abe red  g lucose
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d e r i v a t i ' o e s . 9 4  O t h e r  a l d o l a s e s

l t i e s  f o r  p o s s l b l e  a p p l l c a t i o n

Scheme I I .

e x i s t  w l t h  d i f f e r e n t  s u b s t r a t e  s p e c i f i c -
t o  p repa ra t i ve  suga r  syn thes i s .

HoO
I  u  A ldo lose  HOt l l -n

s4s + Ho--A.-opoi 
Aldolose- t?Nllilopos-

Othe r  Fa rnesy lpy rophospha te  syn the tase  has  been  used  i n  aspmec r i c
syn thes i s  o f  l sop reno lds .Yo  Po ta to  ac ld  phospha tase  has  been  app l i ed  Eo
n i l d  hyd ro l ys i s  o f  po l yp reny l  py rophospha tes .9T  Su l f a tase -ca ta l yzed
hydro lys is  o^ f -  p-nap_t -ho l  su l fa te  has been used Eo separate  a-  and
p -nap tho l " . 98  NAD99  and  f l av i n  aden ine  d inuc leo t i de l00  have  been  made
by enzynic  coupl ing reac l lons.

Cofactor  Requi r ing Enzynes

Phosphory la t lon Enzymlc phosphory la t ion wi th  coupled in  s i ru  ATP
regeneratlon has been used co prepare gluc^ose-6-phosph.t"Jl l-*--g1y-
cero l -3-phosphatg r  

l02 creat ine-phosphate r  
l03 and 5-phosphor ibosy l - I -

py rophosph . t "  .  I  o4

Chi ra l  Redox Chern is t ry  -  N lcot inamide cofactor  dependent  ox idoreductases
have  been  app l i ed  l n  ch l ra l  syn thes i s .  Enan t l ose lec t i v l t y  1s  o f t en  on l y
mode ra te ,  bu t  l n  ce r ta i n  cases  exce l l en t  r esu l t s  have  been  ob ta ined .
Horse l iver  a lcohol  dehydrogenase (HLADH) is  the most  wlde ly  exp lored
enz)me for  these purposes wi th  most  o f  the work  in  th is  area hav ing been
done by Jones and cowor(ers . l05 HLADH has been s tud ied suf f ic lent ly
t ho rough l y  t o  a l 1ow  node l i ng  o f  t he  ac r l ve  

"1 r " . 106  ! 1 " -3 - (2 -hyd roxy -
ethy l )cyc lopentanol  l5  was ox id lzed by HLADH to  (+)31-(2-hydroxyerhy l )

cyc lopentanone 16 wi th  977 ee;  che renaln lng d io l  had 702 ee. ru /

ot6 r5

OH
2-Subst i tu ted te t rahydropyran-4-ones were reduced to  ( - )gg"r  a lcohols
wi th  l00Z 

" " .108 
Reroain ing (* )ketones had 5L-862 €€.  HlADH-cata lyzed

ox idat lon o f  nonocyc l ic  mesodlo ls  l7  proceeds to  b lcyc l ic  lac tones 18 ln

oH F) t5
I

-4. HLADH_

anot

ffoHt7 \A.ox
HLADH.-+ 18 (  lO0% ee)

o
h lgh  y i e l d  w l t h  comp le te  E te reocop i c  se lec t l v i t y . 109  Essen t i a l l y  no
se lec t l v i t y  l s  6een  l n  ox ida t i on  o f  t he  t r ans  d lo l s .  C i s -deca l i n -2 r7 -
d ione  l 9  l s  t g i " g?g  spec i f l ca l l y  t o  ( - ) ( 79 ,9 t , 10 I ) -7 -hyd roxy -c i s -dec -

a l ln-2 i i .  zo l l0r l l l  wh lch can be conver ted ;  1gan- twis tanone 2 l  tn
5I7"  y le ld  f rom the d lone.  D-  and L- lac t lc  dehydrogenases reduce
chloropyruv ic  ac id  22 to  D-  and L-ch loro lact lc  ac ids 23;  these can be
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ooH
cl - '(cqH "*clJco^H

22623c

conve r ted  t o  epoxyac ry l i c  ac ids  24 .LLz

--{> hcoaH () 91o/o ee)
?4

Proges te rone  has  been  reduced  to
20- E-hydroxy-pregn-4-ene-3-one with 20- P-hydroxysteroid dehydrogenase
us ing,  r "eversed rn tce l les  in  organlc  so lvent  and H2 as u l t imate reduc-
tant .  r  r  J  Ft ic rob ia l  reduct tons have been used ln  ln ter -nedla te  s teDs in
syntheses of  naturar  breferd in-A,  I  l4  (+)compact in l  I  5  and L-carn i -
t i r r " . l l6  L- leuc ine dehydrogenase has been used in  the rerduct ive
aminat ion o f  a-keto lsocaproate to  L- leuc lne lS in  a  nembrane reactor .
NAD was covalent ly  nodi f ied by a t tachnent  o f  po lyethy lene g lyco l  to  make
i t  unable  to  cross the nernbrane.

Mul t i -Enzyne Cofactor  Requi r ing Processes A more complex 1evel  o f
appl ied enzynology is  reached in  the use of  rou l t i -enzFe schemes to
synthes ize complex molecu les.  Exanples o f  such syntheses inc lude r ibu-
l ose - l r 5 -d iphospha te rJo  l nnpg r tan t  l n  t he  s tudy  o f  r i bu lose -d iphospha re
ca rboxy lase ;  l ac tosan fu . r l l T  f r om the  f i r s t  use  o f  t he  Le lo i r  pa thway
enz)4nes ln  synthes is ;  and S-adenosy l -L-oeth ion lne.4T

O<idat lons -  Enz lmes which funct lonaLize inact ivated carbon are o f ten
d i f f icu l t  to  obta ln  and handle .  ! {any examples ex ls t  o f  ox idat lons us ing
m ic rob ia l  f e rnen ta t l ons r l lS  €ogo  fo r  s te ro lds ,  and  recen t l y  i n  o l e f i n
ox ldat lor r . l l9  such preparat lve t ransformat lons have not  been ach ieved
wi th  pur i f ied enz)mes and are un l ike ly  to  be amenable to  large-sca1e in
v l t ro  approaches because of  lns tab i l i ty  and conplex l ty  o f  the enz) 'me
systems.  K l i .banov and coworkers ,  however ,  have developed systems wi th
ho rse rad i sh  pe rox idase l20 ,  l 2 l  and  xan th lne  ox idase l22  f o r  ox ida t l on  o f
aromat ic  a lcohols  and amlnes,  for  use ln  syntheses and waste nater
t reatment .  Hydroxypheny l  conpounds can be ox id ized co d ihydroxy der iva-
t lves.  L-DOPA has been made f rom L- tyros ine ln  th is  r "nn"r . l23 Cyc lo-
hexanone was ox id lzed to  e-capro lactone wl th  a  bacter la l  oxyg"r r r " " . l24

The Future -  Enzynlc  synthet ic  methods wi l l  eee lncreased use in  re-
search and lndust ry .  Numerous examples ex is t  o f  preparat lons o f  usefu l
quant i t les  o f  ch l ra l  compounds for  use ln  synthes ls ,  and the use of
hydro ly t lc  enzynes for  s lnp le  synthes16.  Hore lnpor tant ly ,  enz) rme8 wi l l
a l low the fac i le  synthes is  o f  cmplex molecu les lmpor tant  ln  b lo log lca l
research.  Imunology,  neurob lo logy,  endocr ino logy,  molecu lar  genet lcs ,
nembrane blology, and plant and lnsect biology are areas becoming rnore
molecu lar  ln  scoPe.  Research ln  such f le lds  r , " I11 lncreas lng ly  depend on
bio log lca l ly  act lve compounds not  readl ly  access lb le  by more convent ion-
a1 chenis t ry .  D lo lecu les that  are water  eo lub ler  or  h lgh ly  funct iona l -
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i zed  such  as  ca rbohyd ra tes ,  nuc le i c  ac ids ,  I i p i ds ,  and  p ro te ins  may

p rove  ava i l ab le  by  enzyn i c  syn the t l c  me thods .  Enzy rno logy  w i l l  be  use fu l

i n  mod i f i ca t i ons  o f  po l y -  and  o l i gosaccha r i des  and  p ro te ins .  Enzy rnes

w i l l  a l so  see  g row th  l n  app l i ca t i ons  i n  r oed i ca l  d i agnos t i cs  and  t r ea t -

m e n t ,  a n d  i n  f o o d  c h e m i s t . y . 1 2 5

Recombinant  DNA and RNA methods re ly  on enzymes,  and as these

ne thods  a re  deve loped ,  t he^pppp r tun i t y  f o r  enzy rDe  eng inee r i ng  o f  syn the -

t i c  ca ta l ys t s  w i l l  g row .  L / ' o ,  L t  t  Enzy rne -based  syn the t l c  me thods  w i l l  be

an  impo r tan t  pa r t  o f  f u tu re  o rgan i c  syn thes i s ,  espec la l l y  i n  syn thes i s

of  new pharmaceut ica l  products .
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