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I.  IrmoDucTloN

In the past 20 years the general increase in the illicit
use  of  marijuana,  the  steady  lowering  of  the  age  at which
young people  first  experiment  with  the  substance,  and  the
increasing  number  of  high  school  students  who  use  it  on  a
daily basis,  have given cause for  grave  concern to  society.
Thus marijuana has  become  the subject of  intense  socio--politi-
cal  Controversy.    However,  the  recent  use  of  marijuana  and  its
active constituent,  tetrahydrocannibinol,  for  the  treatment of
glaucoma  and  as  an  antinauseant  in  petients  undergoing  cancer
chemotherapy,   has  revived  ptolic  interest  in  its  therapeutic
potential.

The  present  article    gives  an    overview  of    the  Synthesis
of  (-)-delta-1-3,4-±r_a_ns-tetrahydrocannabinol  (HIC)  and  its
metabolites  in  man  and  the  known  SAR  in cannabinoids.

The  term  'cannabinoids'  is  used  for  the  typical  C2i-groups
of  compounds  present  in  Cannabis  Sativa  I..   (family  Moraceae)
and   includes   their   analogs   and   transf ormation   products
(10,11,18) .

As  shown  in  Figure i,  two different numbering systems,
dibenzopyran  and  monoterpenoid,   are  generally  used  f or  canna-
binoids.     In  the  present  article  the  in.onoterpenoid  numbering
eystem  is  used.

(-) -3,4-Trans-delta-i-THC,  cO  the main charmacologically
active constituent of marijuana,  is a  resin which  is optically
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FIGURE  i.    Numbering  eystens  used  in  cannabinoids.

active  and  is  generally  referred to as  delta-I-THC.    It  is
also  known  as  delta-9-TIIC  based  on  the  dibenzonyran  numbering
eystem.     The  other  rkysiologically  active  isomer  is  delta-6-
THC  (2;.   alterrrate  name  delta-8-THC)  and  is  found  only  in  a  f ew
varieties  of  the  plant.    The  isomers  with  a 3,4-gis ring  junc-
tion  are Gis-delta-.I.-"C  Q)  and  (gis-delta-6-"C  ®,  both  of
which  have  been  eynthesized,   but  only i has  been found  in the
plant so far.    On theoretical grounds the trams compounds  (i
and 2)  are expected to be more thermodyamically stable com-
pared  to  the  cis  compounds i  and 4.     In  the  trans  series,
delta-6-THC  (2)  is more stable than delta-I-THC (i) ,  since i
is  easily  isomerized to  (2)  on  treatment  with  acidEL    The  main
interest  rharmacologiaally,  therefore,  centers  on the  thermor
dynamically  less  stable ±Eans-delta-I-"C  un  and  its  various
derivatives and metabolites.   This has posed many synthetic
problems,  because during chemical  reactions  the  more  stable
derivatives  of ±]:ass-delta-6-"C  ca  are  mostly  found.

11.  syunFsls

With  this  background  let  us  now  examine  the  various  Syn-
theses  for  (-)-delta-i-and  delta-6-"Cs  tl and 2).   The  vari-
ous  approaches  to  sterospecific  syntheses  are  clown  in-+ Fig.  2.

Since  the  structure  of  delta-I-"IC is not  complex,  the
basic strategy can be envisioned as joining of the aromatic
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and the  alicyclic parts  of  the molecule  by  condensation of
olivetol  with  an  optically  active  monoterpene.    Mainly,  it  is
the  selection  of  the  monoterpene  and  the  reaction  conditions
which dictate or  control the position of  the double bond in
the  delta-i-  or  delta-6-position  in  the f inal  product.

A.     From verbenol

In 1967,  Mechoulam,  et al.,  described a synthesis of  (-)-
delta-6-THC  (2)  f ron verbenol,  a pinane  derivative,   and oliver
tol in the presence of acid catalysts  (12).    They visualized
that  the  attack  by  olivetol  will  be  favored f rom  the  side
opposite  the  bulky  dimethyl-methylene  bridge  in  verbenol  and
will thus provide stereochemical control of the reaction to
give  mainly  trams  products.   The  f inal  conversion  of  delta-6-
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FIGJRE  2.  Various  stereospecif ic  ayntheses  of  delta-I-HIC.
Reagents  used with  olivetol:  a.  BF3:Et20;    b.  FTSA;  C.   Znc12.

THC  (2)  to  delta-I-THC  (i)  was  achieved  by  the  addition  of
gaseous  hydrochloric  acid  to  the  detole  bond  of 2 followed by
dehydrochlorination  with  sodium  hydride  in  TIIF.     A mixture  of
i and 2 was  thus  obtained which was  separated ky caref ul chro-
matography.    Following  the  same  sequence  of  reactions  the
urmatural  (+)-delta-6- and  (+)-delta-i-"C were  similarly pre-
pared  from   (+)-verbenol.

8.    From chrycanthenol

It is apparent that the mechanism  of  the verbenol  route  is
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likely to involve a common allylic  cation,  since  both £±s- and
:±-verbenols give the  same products.   However,  on mechanis-
tic  grounds Razdan,  et  al.,   reasoned  that  by  virtue  of  the
position  of  the  double  bond,  verbenol  can  lead  only  to  delta-
6-THC  since  the  double  hand has  to  migrate  into  that  position
during  the  ring  opening  of  the  eyclobutane  ring  (19).     On  the
other hand,  on the basis of  similar  arguments,  they thought
chrysenthenol  should  lead  directly  to  delta-I-THC.     This  was
indeed  f ound  to  be  the  case  albeit  the  yield  was  moderate
(19) .

C.     From  prifenthadienol

A facile entry into cannabinoids  utilizing  (+)-pmenthadi-
enol was  demonstrated by Petrzilka,  et al.,  in 1967  (15).    By
condensing the  olivetol  in the  presence  of  weak  and  strong
acids  they  obtained  (-)-cannabidiol and  (-)-delta-6-THC  (2)
respectively.    Presumably 2 was  being f ormed ]zia  the  interme-
diates  cannabidiol  >  delta-I-THC  > delta-6-THC,  since both
cannabidiol  and  delta-i-"C  are  known  to  give  delta-6-"C  in
nearly  quantitative  yields  on  treatment  with p-TSA.     The
delta-6-THC obtained by this  procedure was accompanied  by  many
by-products  typical  of  all  THC  syntheses,  and  was  purif led  by
very  careful  column  chromatography.     It  was  converted  to
delta-i-TIIC ky  the  usual  procedure  of  addition and elimination
of  Hcl  but  these  authors  improved  the  yield  (claimed  100%)   of
delta-I-THC  in  the  dehydrochlorimtion  step.

Because of  the commercial  availability  of  the  starting
terpene,   (+) -£is/±rans-pmethadienol,  this route was further
developed  ky  Razdan  and  ccrworkers  (20)  for  the  preparation  of
kilogram  quantities  of  i  and 2  at  Arthur  D.   Little,   Inc.,
Cambridge,   MA,   f or  the  National  Institute  of  Mental  Health  .
They  reported  that  the  dehydrochlorination  procedure  was  very
sensitive  to  reaction  conditions  and  showed   (glc)   that  under
the  best  conditions  a  mixture  of  95%  i   and  5%  (-)ndelta-1-"C
(7)  was  always  obtained.     This  new  THC  was  completely  charac-
terized  ky  isolation  from  this  mixture  ky  chromatograrthy  on
silver nitratersilica  gel(2l).

Razdan,  et al.,  developed a modification of  Petrzilka's
caLnrrabinoid eynthesis  utilizing BF3-Et20/CH2CLfr L&±tsheprpor=:=

:::eta|M£Sc°4(i;Softhveef#L9rgft:Bgtiacgaeintpu(r2ft.ywasformedina
simple  one-step  synthesis  in  50%  yield  (glc)  and  was  isolated
in 31% yield after a simple and quick  column  chromatography
(22).     The  purity  of  delta-i-THC was  >  96%  by  glc and,   in  con-
trast  to  Petrzilka's  process,  no  delta-6-THC  a)  is  formed
under  the  new  a)nditionsL    Furthermore,  by  a  slight  change  in
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the reaction conditions of the new process,  (-)-cannabidiol
was  obtained on a preparative  scale.

D.    Fran carene oxides

In  1970,  Razdan  and Handrick  reported an  entry  into  canna-
binoids  from  carene  derivatives  (23).    Treatment  of  (+)-_trans-
2-carene  oxide  and  olivetol  in  the  presence  of  acids  gave
mainly  a mixture  of  (-)-trans-  (i)  and  (-)-£±s-delta-1-THC
(3),  from  which  the  former  was  isolated by preparative gas
chromatography.   As expected,  other  transf ormation  products
such  as jsLo-THCs  were  also  formed  during  this  reaction but  ro
canrmbidiol  was  detected.     These  results  were  interpreted  as
suggesting  that  the mechanism  is  different  f ron  the Fmentha-
dienol route and that I_r±aLnLs-  and gig-delta-i-THCs are f irst
formed  which  are  then  converted  into their  transformation
products.

Recently,   Montero  has  reported  in  a  thesis  that  (+)-3-
carene  oxide  and  olivetol  give  delta-6-THC  &)  and  the  corre-
sponding  diadduct,   on  ref luring  in  benzene  with FTSA  (13).

E.    From pifenth-2-ene-i,8-diol

Handrick,   et  al.,   (Fig.   2)   have  recently  used  another
readily available monoterpene  p-menth-2-ene-l,8-diol  (4)  in
the  synthesis  of  (-)-delta-i-TIIC  (i)   (7).    This  synthon was
selected to facilitate  the  ring  f ormation at  C-8  by  the  pres-
ence  of  a hydroryl group rather  than a  double bond as in p-
menthadienol.    A variety of  catalysts were  studied and the
best yield of i with  the least amount of by-products was f ound

The  material  was  purif ied
gs¥rewp±aTafL#¥dhrh::azpnrce]s2s/uCF2C±2.quidchromatography(HPLc).
Although the quality of i was excellent the isolated yield
provided no  advantage  over  the pmethadienol  route.

Or  all  the  procedures  described  above,   as  stated  earlier,
Petrzilka's  process  as  developed  by  Razdan  and  co-workers  (20)
is  presently  used  in  the  large  scale  preperation  of  delta-i-
THC.     Modification  of  Petrzilka's process
Razdan,   et  al.,   (22)  has  also  been  developed

(B(E34.)Ett2o°/Frgosd°u43eb¥

50 9 lot of i of very high purity.    The purif ication is sim-
plif ied  ky  using  preparative  HELC,   thus  avoiding  large  scale
column  chromatography.     At  present,   this  method  is  being
scaled up ty  the National  Cancer  Institute.
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Ill.     MillABCLITEs  oF  TETRAIyrmocANNABINCELs

69

Extensive  literature  (i,10,11,28)  has appeared in rea±nt
years  describing  the  various  metabolites  of   T[IC  isomers
isolated    from ±B ]zi¥Q  or   ±± ]z±±±Q  studies.      These  have  been
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FIGURE  3.     Sites  of  metabolism  and  the  known  metabolites
of  delta-i-"C in man.
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carried out on a wide variety of animal species and in some
cases  different  animal  organ  homogemtes  have  been  utilized.
Important  sites of  metabolism  of  delta-I- and  delta-6-"C and
the  metabolites  of  delta-i-"C  so  far  identif ied  in  man  (27)
are shown in Figure 3.    The hydrorylation at the 7-position
appears  to  be  the  major  initial  point  of  attack  in nearly
every  species  tested,   including  marl    This  metabolite,   7-hy-
droxy-delta-i-THC,  is pharmacologically equiactive with delta-
l-"C,  and still  others are active to different degreesi    This
has complicated the understanding of  marijuana activity in
man.    The  problems  associated  with  the  synthesis  of  these
metabolites in the delta-i-series are somewhat   similar to
those encountered in the synthesis of  delta-1-TIIC itself as
has  already  been  discussed in  the  introductiorL    Thus  a  number
of  synthetic  procedures  which  work  satisfactorily  in  the
delta-6 series prove to be inadequate in the delta-i series.
For  the purpose  of  this  review  only  the  Synthesis  of  delta-l-
THC metabolites  identif led in man  are  discussed.

For the synthesis of 7-hydroxy-delta-i-"C G), Pitt,  et
al.,   (16)  have  developed a regioselective route utilizing a
base-induced epoxide-allylic alcohol rearrangement f ollowed by
SN'  displacement  (Figure  4).    Delta-i-THC acetate  was  con-

t
Al-THC  ACETATE

12      a     R=Br                                    13

b      R=C1

FIGURE  4.    fynthesis  of  7-hydroxp-delta-I-THC.
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verted to  the  known  alrha-epoxide 9 which was  isomerized  to  a
mixture  of |fl and || containing mainly |fl.    Treatment with  5%
HBr/Acon f ormed |2a which  on acetolysis with  tetramethylammo-
nium  acetate  in  acetone  followed by  reduction with  LiAIH4
aff orded  the  desired  metabolite i  in  20%  yield.    Alterna-
tively,  treatment  of  delta-I-THC acetate  with  sulf uryl  chlor-
ide  (17)  gave  a  mixture  containing |2b,  which  with  silver
acetate  in  acetic  acid  followed  by  hydrolysis  with  base,
formedE,  albeit in poor yield  (5%).    Another metabolite  6-
beta-hydroxy-delta-i-THC  (£b)  was  also  isolated  (14%)  from
this eynthesis.

Pitt,  et al.,  also  eynthesized the carboxy  metabolite I by
selective acetylation of  the  Finenolic kydroxyl  group i,  oxida-tri°##:%§:q:Fe¥l:n:°natpF±:n::¥=:hfi¥:'ndea:;=t¥ha¥d.:,i?:ii6i.::::r:i:

oxidized  the  exoeyclic  double  bond  of  (-)-delta-1-THC  (7)  ace-
tate  (4)  with  ±B-chloroperbenzoic  acid  to  the  epoxide |5 which
was hydrolyzed  (basic conditions were used to avoid f orming
the  delta-6-dehydration  products)   with  0.3N  roH/DMSO  to  f orm
the  triol |fa    Af ter acetylation,  the  diacetate alcohol |Z was

(-)-Al(7)-THC  _

(i)i-TSA

(ii)Hydrolysis

FIGURE  5.    fynthesis  of  7-hydroxp-delta-l-HIC.
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::e:::!rwiTacse¥:2:¥iioa:ivfi:in:::=eewoefrethseei::a::dFb¥lE:::
and  then  hydrolyzed  with  base  to  yield  7-kydroxy-delta-i-TIIC
te).     The  overall  yield  of  i  from  delta-I(7)-THC  was  13%.
Altermtively |Z was obtained  from |4 by hydroxylation of  the

:::gcLicefgLneth¥s=ds#:Fe8e¥JeL:npeedthbeerc:3::°¥¥Ltbay_La;)t_yia;
became available  in large quantities from the kilogram  aynther
sis  of  delta-i-THC  (20,21).    The  intermediate H  also  provided
a  facile  route  to the 7-hydrory-delta-6-"C |9  (14).    This was
achieved by  treatment with FTSA followed  by  hydrolysis  (over-
all yi.eld'  75%).

seoH    +    OqoH  _S

FIGURE 6.    Synthesis  of  7-substituted delta-i-"Cs.
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Uliss,  et al.,  have recently reported a versatile  route  to
7-stostituted delta-l-"C f ron  the  novel  eynthons 2la and 2lb
(26).   This  scheme   (Figure  6)   is  based  on  the  principal  of
reversal  of   reactivity  of  carbonyl  compounds  when  masked  as
dithicacetals  (i.eL,   umpolung).     Interestingly,   this  route  has
resulted  in the  eynthesis of  delta-I  derivatives  specif ically,
since,  by  introduction  of  the  dithiane moiety  into  the  THC
structure,  isomerization of the normally labile delta-I-unsat-
uration to the delta-6  isomer is effectively inhibited.  The
Synthons 2|a and 2|J2 can be readily synthesized.    Treatment
with  olivetol  inthe  presence    of p-TSA    gave  amixture  of
delta-i-compounds 22 and 2i which was  separated.    The dithiane

i##¥t¥o¥i¥o:L##=¥a:Sfi:i§iL#::?L¥dato:rkyi:H:¥me£¥ELt:2::Lti°+i:_#

the  metabolite  (+/-)-2  (3).

The  Seoi  oxidation  of  delta-i-THC acetate  followed  bveresdeu°ct±::±fla:j°gnav°ef5de±:t:=i-Thpocoracye±tei:e(f£)LL(°2Y.edby

e  6-alpha-  and  6-beta-hydroxy-delta-i-"Cs  (&a and &b)
LiAIEfi

are the two other metabolites which have been identif ied in
man     The  latter,  fi]2  was  directly  prepared  (Figure  7)  by  bro-

A]   -THC  acetate                        25   (R  =  Br  or  C1)

8a

_-,---/

26

FIGURE 7.    fynthesis  of  6-beta-kydroxp-delta-I-THC.
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mirration  of  delta-I-THC  acetate  with  NIbromosuccinimide   (16)
or  sulfuryl  chloride  (17)   followed  ty  acetolysis  and hydroly-
sisi     The  6-alFha-metabolite  fia  was  prepared  (16)   from fib  by
selective acetylation of the thenolic group Ftd±¥n:2t°exr±egt:£:
:8 #tfe°Ld:¥efib#a:±£±k4 :%g:icnte±d°nkyt°sg; oxidation of delta-
l-"C acetate.

The  two  dihydrory  metabolites fa and fb have  been  identi-
f led  in  humans   (27)  and  were  eynthesized  from  the  epoxide  of
delta-6-TIIC  acetate   (16).     The  sequence  required  epoxide-
allylic alcohol  rearrangement  (BULi) ,  diacetylation,  oxidation
With  OsO4,   acetylation  of  the  primary  7-hydroxy  group,   dehy-
drati°:ets°octLh2:r¥:tgbnoeL)i::Sf:::LLmyansah¥vn:f±e::i:Fservedby
different  workers  but  as yet  none  of  them  have  been  f ully
cinaracterized.

Recent  work  f rom  our  laboratory  has  been  directed  to
enlarge   the   scope  of   the  versatile   thioacetal   route  we
reported  (26)  to  7-substituted  delta-I-"Cs  f ron  the  snythons
2la and 2lb  (Figure  8).    A practical  synthesis  of  (+/-)-2'-
and  -3'-acetory  olivetols  was  developed  (5)  and  these  were
then converted to the corresponding metabolites  (+/-)-2",7-
dihydroxy-delta-i-"C,  2Z  (6)  and  (+/-) -3",7ndihydroxy-delta-
l-"C,   2&   (8),   respectively,   following   essentially   the
sequence  as  shown  in  Figure  6.    Until  now,  the  metabolites
with  a  f unctionalization  both  in  the  terpene  portion  and  the
aromatic  side  chain have  not  been  synthesized.    Thus  they
represent  the first  examples  of  such  metabolites  belonging  to
this  class.

We have also found  (Figure 8)  that treatment of cannabi-
diol  as  its  diacetate with  NLbromosuccinimide  gave  the  regicr
specif ically  bromirrated  compeund  29  in  >80%  yield.     Reaction
with  base  including  bicarbormte  f ormed  the  novel  delta-1-THC
cannabinoid 3fl  (9).    The  lo-bromo-cannabidiol  diacetate  (29)
is  a  key  intermediate  which  has  led  to  the  synthesis  of
several  lo-amino  analogs  of  cannabidiol.

IV.     SAR  IN  cANNABnrolDs

Based  on  Chs  Fharmacological  prof iles    in  laboratory  ani-
mals the overall Structure-Activity  Relationships  (SAR)  are
summarized below :

I.   Essentially  a  benzopyran    structure    with  an  aromatic
kydroryl  group at 2'-pesition and an alkyl  or  alkoryl  group on
the  4'-position are a  rquirement  for  activity.

2.   The  position  and  the  environment  around  the  aromatic
hydro3ryl  group  are  very  important  for  activity,  viz.:
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a.  the  CH   at  position C-2'  is    in  itself  necessary  f or
CNS  activity.

h  esterif ication of  the chenol  retains whereas etheri-
fication  eliminates  activity.  Replacement  of  theoH

c. m¥t#yi ::t:s±tn±St#eh::: SgteE±¥±E:etsh:=ir:§¥.ii c r ing
can  significantly  inf luence  the  CNS  activity.

3.   Substitution  in  the    aromatic  ring  ky  electronegative
groups,   such  as  COCII  or  acetyl,   elimirrates  activity,   whereas
alkyl  and  Cil  retain activity.

4.  A  minimum    length  of  the    aromatic  side  chain  is  a
requirement  f or  activity.     Branching  of  the   side   chain,
incr eases poteney.

R  =  various  amino  groups

FIGTIRE  8.     fynthesis  of  various  THC  derivatives.     In  last
structure,  R =  various  anino  groups.
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5.  The gem-dimethyl   group in the pyran-ring is optimum
for  activity.    Replacement  of  pyran  0  ky  N  and  ring  expansion
ky one  carbon  can  retain activity.

6.  In the alieyclic ring the position of  the double bond
in delta-I-,  -6-,  or -3-"C retains activity.    A 3,4-±±±Lns
junction  increases and a gis junction decreases activity.    The
rratural  "Cs  are active  in  the 3R,4R series only.    A methyl  at
C-I  increases  activity  but  metabolism  to  the  7-kydroxymethyl
is not a  pre-requisite  for  THC activity.

7.   The  alieylic    ring  can  be  substituted   ky  a variety  Qf
nitrogen  and  sulf ur-containing  rings  without  loss  of  CNS
activity.    With  the  nitrogen  and  sulfur  analogs,   the  optimum
CNS activity is obtained when  the hetercatom  is  in a  chenethyl
orientation,   i.e.,   inserted  in  place  ty  C-i  or  C-5.

8.  Planarity of  the  alicyclic    ring  is  not a  necessary
criterion  for  activity.

9.     In  both  carboeyclic  and  heteroeyclic  analogs,   opening
the pyran  ring  generally  decreases  activity.
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