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Abstract: Various approaches to the synthesis of menaquinones have been studied in which the aromatic component is acti- 
vated to encourage nucleophilic attack upon a receptive prenyl fragment. Thus alkylation of the potassium salt of 2-methyl- 
1,4-naphthoquinol or 4-methoxy-3-methyl-1 -naphthol with geranyl bromide gave menaquinone-2 in 20 and 45% yield, re- 
spectively, following oxidation to the quinone. Hydrogenolysis of the dimethyl ether of 1'-oxymenaquinol-2 (from 2-lithio-3- 
methyl- 1,4-dimethoxynaphthaIene and citral) with lithium aluminum hydride-aluminum chloride mixtures gave the desired 
dimethyl ether of menaquinol-2, but contaminated with its A1 (isomenaquinol) isomer. Argentic oxide demethylation and ar- 
gentation chromatography achieved separate isolation of menaquinone-2 and isomenaquinone-2. Coupling of geranyl bro- 
mide and either the 2-magnesio or 2-cupro-3-methyl-l,4-dimethoxynaphthalene occurred in >90% yield, and menaquinone- 
2 was obtained after oxidative demethylation in 80% overall yield with 97% trans stereochemistry. Similarly, all-trans-mena- 
quinone-9 was obtained from solanesyl bromide in 73% yield. A general resolution of A2-cis- and trans- menaquinones was 
achieved with medium pressure liquid chromatography. 

Introduction of a n  isoprenoid functionality into a n  aro-  
mat ic  nucleus is a general problem in the  synthesis of many 
natural  products where in most cases the  locus of function- 
alization and the  degree of control over the  stereochemical 
fa te  of the  introduced moiety a r e  of paramont  importance. 
Exemplary of these considerations is the  synthesis of a class 
of naturally occurring quinones known commonly as  mena-  
quinones [MK-n, l b ,  and  phylloquinone ( l ~ ) ] ] , ~  in which 
the  polyprenyl side chain a t  C-3 possesses a n  all-trans ge- 
  me try.^ Introduction of this side chain into the  naphtha-  
lene nucleus efficiently and with maintenance of t rans  con- 
figuration has presented a continuing challenge for over 
three decades. The  requisite side chains a r e  obtained either 
naturally4 from geraniol (CIO),  farnesol (CIS),  phytol ( C ~ O ,  
A6,10-14 saturated) ,  or solanesol (C~S) ,  or via demanding 
synthetic  route^.^ In either case, the prenyl component rep- 
resents the  more valuable moiety and thus the one  for which 
the  yield should be maximized. In these respects, ( a )  overall 
efficiency based upon the prenyl component and  (b)  main- 
tenance of existing t rans  stereochemistry, all procedures for 
menaquinone synthesis have been to some degree, less than  
successful. 

C l a s ~ i c a l l y , ~  menaquinones have been prepared by con- 
densation of 2-methyl-l,4-naphthoquinol (2) with a n  ap-  
propriate allylic alcohol in the presence of a n  acid catalyst, 
the  most efficient being boron trifluoride etherate .  T h e  re- 
sulting menaquinol can  then be converted by mild oxidation 
( 0 2 ,  Fe+3, 4 3 2 0 )  t o  the  quinone. Overall, these conditions 
usually avoid side-chain isomerizations and chromanol cy- 
clization and also have been optimized to avoid 2-alkyla- 
tion' but remain fundamentally limited by the inherent in- 
stability* of the allylic alcohol component to the acidic con- 
ditions employed. As a result optimal yields for phylloqui- 
none synthesis rarely exceed 40% and menaquinone exam- 
ples a r e  reported in less than 20% yield based upon the 
prenyl component.  Preservation of a t rans  configuration a t  
the A2 position in the product is obtained, and under certain 
conditions a cis geometry a t  this position also can  be main- 
tained.6d Another approach in which the  prenyl component 
is activated as  a n  electrophile not by acid complexing but as  
a n  N -  sulfinylamine ester has been observed to proceed with 
similar stereospecificity but only in low yield9 (phylloqui- 
none in 7% yield from phytol). 

More  recently,1° activation of the side-chain component 
as  a nucleophile via the  r-allyl-Ni complex has  been uti- 

lized to achieve direct addition to  a quinone o r  coupling 
with a protected 2-methyl-3-bromonaphthoquinol with sub- 
sequent oxidation to the corresponding prenylated quinone. 
Coupling on the  bromoquinol in particular has been shown 
to be applicable to  a multiprenyl example (e.g., menaqui- 
none-9 in 37% yield from solanesyl bromide) a l though re- 
tention of t rans  stereochemistry a t  t h e  A2 position is incom- 
plete (70:30, t ransxis) .  l o b  

A n  approach which is lacking from the literature involves 
activation of the  naphthalenic portion to function as  a nu- 
cleophile relative to a n  appropriately functionalized side- 
chain. Such  a n  approach would avoid entirely acidic condi- 
tions which destroy or isomerize the prenyl component and 
would allow some degree of control over the  actual  loci of 
coupling in both the aryl and prenyl component.  T h e  latter 
consideration could be of importance in the  synthesis of 
other  prenylated aromatic  compounds in which the  multi- 
plicity of coupling permutations is greater  than  that  en- 
countered in menaquinone synthesis. Also a n  activated aro-  
mat ic  nucleophile can potentially yield a more stereospecif- 
ic coupling product than achievable when disruption of the 
entire allylic system occurs as  in the case with Lewis acid 
catalysts or P complexes. For these reasons we have investi- 
gated this type of coupling reaction as  a route to menaqui- 
none synthesis, and our results a r e  discussed below. 

Activation of a n  aromatic  nucleus as  a nucleophile can be 
achieved in several ways, one of the simplest being, in the  
case of a naphthoquinol, removal of a proton and utilization 
of the  resulting ambident anion in a Claisen alkylation with 
a n  appropriately functionalized side chain.  In  fact, one of 
the first syntheses of phylloquinone employed this approach 
by condensing the monosodium salt of 2-methyl- 1,4- 
naphthoquinol (2) with phytyl bromide in refluxing ben- 
zene." , 'L Since the exact conditions and yield were never 
reported and since more recent work suggested appropriate  
modifications,13-15 we initiated our  investigations into me- 
naquinone synthesis with a reevaluation of this old ap-  
proach. 

As is well known, C- vs. 0-alkylat ion of a n  ambident  
anion such as  the naphthoquinol salt 14 (Scheme I )  is pro- 
foundly influenced by solvent. In general either nonpolar 
hydrocarbon solvents13 or protic  solvent^'^ a re  required for 
preferential C-alkylation while most polar aprot ic  solvents" 
enable exclusive 0-alkylat ion.  In our case a hydrocarbon 
solvent appeared preferable in that  the  higher molecular 
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Table I. Coupling Reactions Leading to Menaquinone-2 and -9 (la,b) 

Overall yield, % (retention of 
Prenyl stereochemistry at A2, % ) c  

Expt no. Naphthalene component, equiv component” Intermediate products (yield, % ) b  MK-2 M K - 9  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

14 (1 . 0) uiu KH 

15 (1  . O )  
20a (1 . O )  
20a (1 .O) 
20a (1 . O )  
20b ( 1  .O) 
20c ( 1  .O)  
20c (1 .O) 
20c (1 .1 )  
20c (1 .  I )  
20c (1.25) 
20d (1 .O) 

14 (1 .O) cia KOCHy 
16 
16 
16 
21 
23 
16 
16 
23 
16 
16 

~ i s - 1 6 ~  
22 
16 

17 (n.d.)d 
17 (n.d.) 
18 (n.d.) 

25 (10) 
25 (65) 
25 (74) 
25 (69) 
25 (84) + 19 (7) 
25 (92) + 19 (8) 

cis-25 (62) + 19 (5) 
26 (95) + 19 (8) 
25 (82) + 19 (7) 

24 (92); 25 + 27 (80) 

17 (97) 
23 (97) 
45 (97) 
32 (62) 

73 (98) 
8C (98) 
54 (88) 

71 (98) 
73 (99) 

~~ ~ ~ ~ ~ ~ 

a 3 9 9 %  trans stereochemistr) at lz unless otherwise indicated. * Values are isolated yields, based upon the prenyl component. trans 
(cis) menaquinonei :< trans (CIS) prenql component X 100. Not determined = n.d E Derived from 97 cis-nerol. 

0 

R 
0 

la, n = 2 
b. n=9 

OR 
I 

OR’ 

2, R, R’= H 
3, R, R’ = CH:, 
4, R = CH,; R’ = H 
5, R = H, R = CH, 
6, R. R’ = COCH, 
7. R =  COCH,; R’= H 

8, R = H ;  R’=COCH3 
9. R = COCH,; R’ = CH, 

10, R = CH,; R = COCH, 
ll, R = COCH,; R’ = CH,C,H, 
12, R = H; R’ = CH,C6H, 
13. R =  CH,; R = CH2C6H, 

weight multiprenyl components have limited solubility in 
methanol-water and could be consumed by competing sol- 
volysis. Also, heterogeneous alkylation in a hydrocarbon 
solvent has  appeared to be the more efficacious reac- 
tion. I3a. I5 

For model studies geranyl bromide was chosen as  the 
prenyl component and was derived from 99% trans- gerani- 
ol by t reatment  with phosphorous tribromide-pyridine, con- 
ditions which have been shown to proceed with complete re- 
tention of double-bond stereochemistry.I6 T h e  Clo unit was 
chosen as  the simplest example of significance to menaqui- 
none synthesis. No t  only does the two-prenyl unit allow cis/ 
t rans  stereochemistry a t  A 2  in the product quinone but it 

,also provides’ a model for cyclizations and other reactions 
which might involve a conjunction of the two ( A 2  and A6) 
double bonds. In these respects, studies which utilize a C j  
unit or the Cro unit derived from phytol can be misleading. 
The  choice of leaving group for the allylic functionality also 
involved consideration of various factors such a s  yield, sta- 
bility, and  reactivity. Thus  activated esters such as  sulfo- 
natel’ and phosphate’* were rejected because they can only 
be prepared in low yield and must  be used immediately 
while the  allylic halides (C1 or Br) a r e  much more stable 
and  easily available. Purified geranyl bromide could be 

Scheme I. Reactions Leading to Menaquinone-2 ( la)  via 2-Methyl- 
1,4-naphthoquinol (2) and 4-Methoxy-3-methyl-I-naphthol (4) 

or or KOCH KH C,H,CH, C H O H  * @  
OK 

14. R = H 
15, R =  CH, 

J 

la + R = H . . W  % 
R = CH, Fe’ 

H 
OH 
17, R = H  
18, R = CH, 

stored for months a t  OD without appreciable decomposition. 
The  enhanced reactivity of the allylic bromide compared to 
the corresponding chloro compound made  it the  derivative 
of choice. 

2-Methyl-l,4-naphthoquinol was converted to its mono- 
potassium salt19 (14) with potassium hydride in toluene or 
by the addition of a n  equivalent of potassium methoxide in 
methanol followed by solvent removal. In both cases, reac- 
tion with geranyl bromide a t  room temperature  in toluene 
was complete within 24 hr  although upon oxidation mena- 
quinone-2 ( la)  was obtained in only 20% yield (Table  I). 
T h e  by-products were not identified but clearly one possibil- 
ity would be 2-alkylation to yield a ketone as  was obtained 
in the Friedel-Crafts alkylation.20 In order to avoid these 
complications and to achieve better solubility characteris- 
tics utilization of 4-methoxy-3-methyl-I-naphthol (4) as  
the naphthalenic component was investigated. 

The  efficient preparation of monomethyl ether 4 proved 
to be more complex than initially assumed. This compound 
has been prepared by methylation of 2-methyl-] ,4-naphtho- 
quinol 4-acetate  (8) followed by hydrolysis;” however, mo- 
noacetate 8 is obtained inefficiently via selective acetyla- 
tion of 222 so that  the  overall process, 2 -.+ 8 - 10 -. 4, is 
accomplished in less than 10% yield. 
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W e  first examined the  possibility of synthesizing 4 
through either selective methylation or demethylation pro- 
cesses. As has  been recently noted23 the  task of achieving 
monoalkylation of a hydroquinone is difficult without im- 
posing the additional restriction of selectivity. W e  found 
this to be the case, in tha t  methylation of 2 with a limiting 
amount  of methyl iodide yielded principally dimethylation. 
The  monomethyl fraction tha t  was isolated contained a pre- 
ponderance of the  undesired 4-methoxy-2-methyl- 1 -naph-  
thol (5), the  product also obtained by direct etherification 
with methanolic HC1.24a Similarly, selectivity in demethyl- 
ation of various aryl  methyl ethers has  been reported with 
t h i ~ e t h o x i d e ; ~ ~  however, when either this nucleophile or io- 
dideZh was applied to  dimethyl e ther  3, a mixture of mono- 
ethers 4 and 5 was obtained with a n  unfavorable (4-5, 1:4) 
distribution. 

As a result of these failures, a direct though lengthy ap- 
proach to 4 was employed utilizing as  a s tar t ing material 
2-methyl- 1,4-naphthoquinol 1 -acetate  (7) which is easily 
available by selective hydrolysis of diacetate  6.*’ After  the 4 
position was masked as  a benzyl e ther ,  ester hydrolysis, 
methylation of the C-1 phenol, and hydrogenolysis of t h e  
benzyl ether yielded monomethyl e ther  4 cleanly and in 
62% yield from 7. T h e  only by-product detected in the  se- 
quence was some (ca.  10%) te t rahydro reduction of the  
benzenoid ring of 4. Spectral  characteristics of monomethyl 
e ther  4 a r e  quite similar to those obtained for 5 and  the two 
compounds were significantly differentiated only chromato- 
graphically with 4 ( R  f 0.37, benzene) being somewhat more 
polar than 5 ( R f  0.57), most probably reflecting the  unhin- 
dered vs. hindered phenolic function. 

Sa l t  formation was accomplished conveniently and clean- 
ly with potassium hydride in toluene a t  80’ in contrast to 
sodium hydride which reacted only sluggishly a t  110’. Con-  
sumption of an equivalent of geranyl bromide was complete 
within a n  hour a t  room temperature  and the  crude product 
possessed properties expected for coupled product 18, with 
only a t race of s tar t ing 4 and no 0-alkylated material de- 
tectable. However, 18 could not be isolated pure, decompos- 
ing upon chromatography to yield in par t  menaquinone-2 
( 1  6% yield) probably arising via aerial oxidation. O n  the  
other hand,  if  the  crude reaction mixture was t reated imme- 
diately with ferric chloride, menaquinone-2 could be real- 
ized in 45% yield. Thus,  the  Claisen alkylation is somewhat 
superior to the  classical Friedel-Crafts alkylation in effi- 
ciency based upon the  prenyl component,  al though this 
must be balanced by the  manipulations necessary to obtain 
the  naphthalene component.  

Another  method of localizing a negative charge on a n  a r -  
omatic  nucleus is through the intermediacy of a n  appro- 
priately substituted metallo derivative, one example of 
which is 2-lithio-3-methyl- 1,4-dimethoxynaphthaIene (20a, 
Scheme I t ) ,  a n  intermediate in the  synthesis of chlorobium- 
quinone (31).5a In  this approach 20a was condensed with ci- 
tral to yield allylic alcohol 24 (92%). If the 1’-oxy function 
of  24 could be hydrogenolyzed to give the  1’-methylene, 
then an efficient menaquinone synthesis would result since 
argent ic  oxide ( A g o )  oxidative demethylation to quinone is 

Obviously catalytic hydrogenolysis of the 1’-oxy function 
of 24  is incompatible with the  olefinic side chain; however, 
lithium aluminum hydride (LAH)-a luminum chloride is 
reported29 to hydrogenolyze benzylic-allylic alcohols with- 
out  concomitant double-bond reduction, which frequently 
occurs with L A H  alone. Indeed, when trans-alcohol 24 was 
t reated with L A H  a t  room temperature  significant 2’,3’- 
dihydro-24 (29)  was obtained. However, when the  L A H  
suspension was pretreated with an AIC13 solution, smooth 

hydrogenolysis occurred to yield the  desired dimethyl e ther  
of menaquinol-2 (25) and the  AI’ by-product 27 as  an in- 
separable mixture in a ratio of 7 to 3. The  presence of 27 
was deduced from the  nmr  spectrum which showed a new 
set of complex vinyl absorptions (6 6.0-6.6) and a saturated 
methyl signal a t  6 1.15 ( J  = 6 H z ) .  Both the yield and  
product distribution was a function of the  LAH-AIC13 
composition so that  with a 10% molar excess of L A H  opti- 
mal yield was obtained with a 25 to 27 ratio of 2.4 to 1. In 
this manner  the presence of vinyl naphthyl ether (27) could 
only be minimized and not avoided. 

Upon oxidative demethylation the  resulting quinone mix- 
ture  (la-28) could be separated by argentation chromatog- 
raphy into its allyl and vinyl components.  T h e  novel vinyl 
quinone 28 (isomenaquinone-2) was completely character-  
ized and assigned a t rans  geometry in analogy with other  
vinyl quinones.24 T h e  trans- vinyl protons apparently be- 
cause of their close chemical shifts appear  as  a non-first- 
order  doublet centered a t  6 6.35 while the  saturated methyl 
doublet a t  6 1.13 ( J  = 7 H z )  is outstanding. T h e  uv chro- 
mophore,  Amax 250 nm ( e  20,500), 330 (3000), and 370 
(2300), is also consistent with the  assigned structure.24 At  
one t ime vinyl quinones were proposed as  intermediates in 
oxidative p h o s p h ~ r y l a t i o n ~ ~ ~  although such an involvement 
is now known to be inconsistent with isotope studies.30b T h e  
above method offers another  synthetic entry into this seri- 
e ~ . ~ ~ ~  

Somewhat  puzzling was the  apparent  discrepancy be- 
tween the  hydrogenolysis above, which appears  to proceed 
through a mesomeric cation intermediate,29 and  the  analo- 
gous L A H  reduction of monoacetate 30 which is reported to 
yield af ter  oxidation menaquinone- 1 with exclusive hydride 
displacement a t  C-l’.31 However, in our hands, 1’-oxome- 
naquinone-2 (32), l’-oxymenaquinone-2 (33), and the rear- 
ranged quinone 34 were subjected to L A H  reduction-aerial 
oxidation and in all three cases menaquinone-2 was isolated 
in low yield but completely free of vinyl isomer 28. 

Returning to the problem a t  hand, any possibility re- 
maining for achieving allylic reduction without concomitant 
rearrangement  required a n  activated leaving group such 
that  a milder, SN2-like hydride displacement could be used. 
However, functionalization of the  C-1’ position with a halo- 
gen (35 or 36) or activated ester (mesylate, 37) could not be 
achieved and only chloride displacement gave a product sta- 
ble enough to be isolated. Thus upon t reatment  of 24  with 
carbon tetrachloride-tri-n- butylphosphine rearranged 
chloride 38 was the first formed product by nmr  although 
additional characterization was not possible since on s tand-  
ing or  chromatography 38 eliminated HCI  to give t h i m e  39. 

Further  t reatment  of the  tertiary chloride with either 
L A H  or lithium t r i e t h y l b ~ r o h y d r i d e ~ ~  gave only the famil- 
iar  mixture of 25 and 27, now contaminated in addition 
with a n  equal amount  of triene 39. Further  efforts toward 
menaquinone synthesis via aldehyde coupling were aban-  
doned and coupling efforts focused upon utilization of the  
sidechain functionalized a t  the alcohol oxidation state 
thereby obviating the  need for a reduction step. 

Ample  analogy for aryl-allyl coupling of the  type we de- 
sired exists in the  recent literature. For example, phenylli- 
thium and l-chloro-3-methyl-2-butene couple with exclu- 
sive a a t tack  in 80% yield33 while phenylmagnesium bro- 
mide and geranyldiphenyl phosphate form geranylbenzene 
in 69% yield.Isb In addition, various non-aryl organometal-  
lic species have been used to form new carbon-carbon 
bonds by displacement upon isoprenoid esters and halides.34 
Rarely, however, have multifunctional organometallic 
species been used in coupling reactions. T h e  series of 2-me- 
tallo-3-methyl- I ,4-dimethoxynaphthalenes 20a-d thus 
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Scheme 11. Reactions Leading to Menaquinone-2 and -9 (la,b) via 2-Metallo-3-methyl-I ,4-dimethoxynaphthalene (20a-d) 

OCH; OCH, OCH, 

*Br CH30 - *M OCH, = CH,O H(D) 

19 20a, M = Li 3 
b, M = (CuLi) 
c, M = MgBr 
d, M =  Cu 

OCH, OCH, 

CH,O OH % OCH3 H 

24 25, n = 2  

Ago H A  
26, n=9 / LAH .4ICl, 

la and lb 
1 

OCH, 

25 + + ---+ Ago H+ la 

OCHJ 
27 

OCH, OCOCH? 

& &  \ CH,O OH OH 0 
29 30 

34 

OCH, 
I 

28 

3L n =6: R, R = = O  
32 n = 2 ; R R = = O  
33. n = 2; R= H. OH 

OCHJ 

o+.q/vy OCH 

35, x=c1 
36. X = B r  
37. X=OSO,CH 
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seemed particularly attractive for investigation since a wide 
variety of organometallic functionalities was encompassed, 
most of which have been useful in achieving coupling with 
allylic halides. Furthermore,  known side reactions such as  
transmetalation, a- and 6-proton abstraction, and decompo- 
sition of the organometallic species can be minimized by ju- 
dicious choice of naphthalene and prenyl components.  

To initiate the  study, the various organometallic species 
20a-d were prepared by s tandard techniques. T h e  prepara- 
tion of lithio derivative 20a by transmetalation of butyllith- 
ium and 2-bromo-3-methyl-1,4-dimethoxynaphthalene (19) 
has been described previously5" and quenching with D 2 0  
led quantitatively to 2-methyl-l,4-dimethoxynaphthalene 
(3) with >99% deuter ium incorporation a t  C-3. Similar  for- 
mation of 20a in THF solution a t  -78O was possible; how- 
ever, upon warming to room temperature  followed by D 2 0  
quenching significant (25%) protium incorporation was ob- 
served a t  C-3  in addition to transmetalation and butyl cou- 
pling products. Conversely, Grignard reagent 20c could 
only be prepared in THF solution using freshly prepared 
magnesium filings, and  here again deuter ium quenching led 
to 3 with 97% deuter ium a t  the 3 position. T h e  copper de- 
rivatives 20b and 20d were prepared by t reatment  of 20a 
and 2Oc with 0.5 and 1 equiv of cuprous bromide, respec- 
tively. Both the latter reagents appeared stable a t  room 
temperature ,  the  cuprate  being a brownish precipitate in 
ether suspension while organocopper compound 20d formed 
a nearly colorless solution in THF. 

A summary  of the  various coupling permutations with 
geranyl chloride (23) and bromide (16) is contained in 
Table  I (experiments 5-11 and 13).  In most cases35 com- 
plete consumption of the  prenyl component occurred and  
conversion to coupled product 25 was almost quantitative 
with excess Grignard reagent and  geranyl bromide (experi- 
ment  I O ) .  The  only recognizable side reaction was a small 
amount  of transmetalation between 20c/d and 16 to give 
bromonaphthalene (19) as  a contaminant  which unfortu-  
nately could not be separated from 25. However,  a n  accu- 
ra te  es t imate  of the  19:25 ratio could be determined by in- 
tegration of the  corresponding aromatic  methyl absorptions. 
Although difficult to separate  a t  the  dimethyl ether stage, 
the  final quinone products, menaquinone-2 and 2-bromo-3- 
methyl- 1,4-naphthoquinone, were readily separable chro- 
matographically. 

Optimization of the  A g o  reaction for menaquinone for- 
mation required reduction in the quant i ty  of oxidant from 
tha t  previously reported.28 Thus,  the  yield of M K - 2  from 
this oxidation reached a maximum of 87% with 2.5 equiv of 
Ago and nitric acid while a maximum conversion yield of 
47% (83% direct yield) was obtained with a limiting quanti- 
ty of oxidant (2.2 equiv). Overall,  MK-2  can be realized in 
84% yield from geranyl bromide. T h e  determination of 
stereochemistry introduced a t  A* follows. 

Although cis,/trans-phylloquinones can be separated 
chromatographically3 and  analyzed quantitatively by inte- 
gration of the corresponding 3'-methyl absorptions (nmr) ,  
(,is- and trans- menaquinone-2 share  neither of these featu- 
res.hd T h e  diagnostic 3'-methyl absorption of cis- MK-2  
overlaps the  terminal 7'-transoid methyl signal thus pre- 
cluding quant i ta t ion.  For this reason we turned to medium 
pressure liquid chromatography employing a uv monitor. 
Using a solvent system adequate  for thin-layer chromatog- 
raphy of MK-2  (3% ether  in isooctane, Rf 0.35) and a 
spherical, 20 h-silica gel absorbent, complete resolution of 
the cis- and trans- quinones was obtained. 

Assuming equal extinctions for the two isomers, the cis- 
t rans  distribution of the various MK-2  products obtained 
from the above model studies was determined (Table  I )  and 

virtually quantitative retention of t rans  stereochemistry was 
obtained in all synthetic approaches we have developed ex- 
cept in the  quinone derived from experiment 4. In this case 
the  intervention of allylic rearrangement  under hydrogenol- 
ysis conditions would ensure disruption of the initial stereo- 
chemistry. In a more rigorous test of the stereospecificity of 
the Grignard coupling reaction, neryl bromide (97% 
was utilized a s  a substrate and al though coupling proceeded 
in diminished yield most of the  original stereochemistry was 
maintained36 and 85% cis- MK-2 was obtained. Also, since 
three reactions a r e  involved the  loss in stereospecificity can- 
not be uniquely assigned and may be associated with any or  
all of the processes. 

Synthesis of Menaquinone-9. Having optimized the  con- 
ditions necessary for efficient and  stereospecific multiprenyl 
quinone synthesis, the  elaboration of menaquinone-9 was 
then accomplished. S o l a n e s 0 1 ~ ~  was converted to solanesyl 
bromide (22) by t reatment  with phosphorous tribromide 
and pyridine3* and purified by short-path chromatography 
to yield crystalline bromide (85%). Coupling with 125 mol 
% of Grignard reagent 20c led to dimethyl e ther  26 in 95% 
yield, which was further oxidized to menaquinone-9 with 
excess (3 .0  equiv) Ago in 77% yield.39 Thus,  menaquinone- 
9 has been realized in 73% overall yield from solanesyl bro- 
mide, with 98% trans-A2' geometry as  determined by liquid 
chromatography.  

Clearly applicable to the  synthesis of other  menaqui- 
nones, Grignard coupling with allylic halides followed by 
mild oxidative deprotection of reactive functional groups 
could well provide a general synthesis of ubiquinones, plas- 
toquinones, and many of the  other  numerous natural  prod- 
ucts bearing a prenylated aromatic  nucleus. T h e  conjunc- 
tion of regio- and stereoselectivity as  demonstrated here 
makes this a n  ideal sequence for such syntheses. 
Experimental Section40 

2-Methyl-1,4-naphthoquinol (2). 2-Methyl-l,4-naphthoquinone 
(1.72 g, I0 mmol) was suspended in ether (100 ml) and shaken 
with aqueous NazS204 solution (10%) until complete discharge of 
color. After drying by extraction with saturated NaCl solution the 
ether phase was evaporated and the residue sublimed ( 1  10'. 10 g) 
to yield crystalline hydroquinone 2 (1.57 g, 90%): mp 166' dec 
(lit.4' mp 181'). 

Geranyl Bromide (trans -16). Geranyl bromide was prepared 
from 99% trans- geraniol4* as reported.43 The crude product was 
purified by short path distillation (70°, 1 mm) to yield the purified 
bromide (80%): gc (injector T = 145', column T = 90') retention 
time 29 min plus dehydrohalogenation peaks in variable ratios a t  
retention time 2.7-5.3 min: nnir 6 1.60 (s, cisoid=C(CH3)2), 1.67 
(s, transoid =C(CH3)2), 1.72 (d, J = 1 Hz, =CCH3), 2.03 (br. 
-CH?CH?-), 3.95 (d, J = 7 Hz, BrCH2), 5.03 [br, 
CH=C(CH3)2], 5.47 (t,  J = 7 Hz, BrCH2CH=). 

Geranyl Chloride (trans-23).44 A solution of 99% trans- geraniol 
(1.54 g, 10 mmol) in carbon tetrachloride (distilled from P ~ O S ,  20 
ml) was treated dropwise with tri-n- butylphosphine (3.31 g. 16.4 
mmol). The reaction mixture was then diluted with petroleum 
(pet) ether and the solvent phase was decanted from the viscous 
tri-n- butylphosphine oxide. After solvent removal the residue was 
purified by short-path distillation (70°, 1 nini) to yield pure rrans- 
23 (1.02 g, 60"o) as a mobile oil: gc (injector 7 = 145'. column T 
= 95') retention time 17.5 min, (geraniol. retention time 26.5 
min): nmr b 1.60 (s, cisoid=C(CH3)2), 1.67 (s, trans- 
oid=C(CH?)l), 1.71 (d. ./ = I Hz, =CCH3). 2.03 (br, 

ClCH2), 5.05 (br, CH=C(CH3)2), 5.40 (t ,  J = 7 
Hz. CICH2CH=): uv 210 nm ( e  9860). 

Neryl Bromide (cis-16). Neryl bromide was prepared from 97% 
cis-nero14* as geranyl bromide above: nmr 6 1.60 (s, cis- 
oid=C(CH3)2), I .67 (s, transoid=C(CH3)?), 1.76 (d, J = I Hz, 
=CCH3), 2.12 (br, -CH2CH2-), 3.97 (d, J = 8 Hz, 
BrCH2CH=), 5.12 (br ,  CH=C(CH3)2), 5.53 (t, J = 8 Hz, 
BrCH>CH=). 

-CH>CH>-). 4.05 (d. J = 7 Hz,  CICH2) 4.05 (d, J = 7 Hz, 
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Solanesyl Bromide (22). Crude solanesyl bromide was prepared 
on a I-mmol scale from solanesol as described.38 The viscous oil 
obtained (683 mg) was chromatographed (5% ether-petroleum 
ether) on a short-path column (ca. 1 cm) to yield pure solanesyl 
bromide as  a waxy white solid (589 mg. 85%): mp 41.5-43' (lit.38 
oil); nmr 6 1.63 (s, cisoid=CCH3), 1.68 (s, transoid=C(CH&), 
1.73 (d, J = 1 Hz, BrCH2CH=CCH3), 2.03 (br, CHzCHz), 4.02 
(d, J = 9 Hz, BrCHz), 5.13 (br, CH=), 5.53 (t, J = 9 Hz, 
BrCH2CH=). 

Menaquinone-2 (la) via Alkylation of 2-Methyl-1,4-naphthoqui- 
no1 Monopotassium Salt (14) with Geranyl Bromide (trans-16). 
With Potassium Hydride. Naphthoquinol 2 (87 mg, 0.50 mmol) 
was placed in a 2-ml round-bottom vessel under a nitrogen atmo- 
sphere, potassium hydride (20.0 mg, 0.50 mmol) was added and 
the vessel sealed with a serum stopper. Toluene (distilled from so- 
dium, 2.0 ml) was added by syringe and the reaction was stirred at  
110' until hydrogen evolution ceased (24 hr). After cooling to 
room temperature, geranyl bromide (96 p l ,  109 mg, 0.50 mmol) 
was added and the reaction was stirred magnetically for 18 hr after 
which time gc analysis indicated geranyl bromide (40%) remain- 
ing. After 3 days an identical percentage of 16 starting material re- 
mained so the reaction was then decomposed with 1 N HCI (0.5 
ml) and extracted with ether ( I O  ml). The resulting organic phase 
was washed with saturated NaCl and oxidized with excess silver 
(I)  oxide to obtain crude quinone, which was chromatographed 
(5% ether-petroleum ether) to yield 2-methyl-1,4-naphthoquinone 
(40 mg, 47%) and menaquinone-2 ( la)  (26 mg, 17%. 96% trans):4s 
mp 52-53' (lit.6d 51-53'); nmr 6 1.57 (s, cisoid=C(CH3)2), 1.62 
(s, transoid=C(CH&), 1.78 (s, =CCHs), 2.03 (br, -CH2CH2-), 
2.17 (s, ArCH3), 3.37 (d, J = 7 Hz, ArCH2), 5.05 (br t, J = 7 Hz, 
CH=), 7.6-8.2 (m, ArH). 

With Potassium Methoxide. A 1.00 M solution of potassium 
methoxide in methanol was prepared by adding potassium to abso- 
lute methanol under nitrogen and degassed by freezing and thaw- 
ing under vacuum. Naphthoquinol 2 (87 mg, 0.50 mmol) was 
placed in a 2-ml vessel under nitrogen atmosphere and the vessel 
was sealed with a serum stopper. The potassium methoxide solu- 
tion was added by syringe (0.50 ml, 0.50 mmol) and the methanol 
then removed. The dry toluene (2.0 ml) was added followed by 
geranyl bromide (96 p l ,  109 mg, 0.50 mmol) and the reaction was 
stirred magnetically at room temperature for 24 hr. Gc  analysis ( T  
= 90') indicated complete consumption of geranyl bromide; the 
reaction product was isolated, oxidized, and purified as above to 
yield 2-methyl-l,4-naphthoquinone (26 mg, 30%) and l a  (35 mg, 
23%). 

Selective Demethylation of 2-Methyl-l,4-dimethoxynaphthalene 
(3) .  With Lithium Iodide. Anhydrous lithium iodide (670 mg, 5 
mmol) was heated at 160' under vacuum for 1 hr. After cooling, 
2-methyl-l,4-dimethoxynaphthalene (3) (202 mg, 1 .OO mmol) and 
DMF (distilled from and stored over 4A molecular sieves, 2.5 ml) 
were added. The reaction was refluxed for 24 hr, then quenched 
with water and extracted once with ether (50 ml). The ether layer 
was washed with water, dried over saturated NaCl, and evaporated 
to yield crude product. Chromatography (benzene) gave a mixture 
of 4-methoxy-3-methyl-l -naphthol (4) and 4-methoxy-2-methyl-l- 
naphthol ( 5 )  (94 mg, 50%) which was resolved by further chroma- 
tography into 4 ( 1  9 mg, 10%) and 5, (57 mg, 30%) as impure crys- 
talline material. Both could be further purified by recrystallization 
from benzene-petroleum ether. (4): mp 145-147' (lit.21 mp 150- 
152'); tlc (benzene) Rf 0.37; nmr 6 2.36 (s, ArCH3), 3.85 (s, 
ArOCH3),6.53 (s, 3-ArH), 7.2-8.2 (m, ArH). 

Anal. Calcd for C12H1202: C, 76.6; H,  6.4. Found: C, 76.8; H,  
6.3. 

Monoether 5 proved identical with a sample prepared previously 
in our laboratories:24a mp 101-103°; tlc (benzene) Rf 0.57; nmr 6 
2.36 (s, ArCH3), 3.92 (s, ArOCH3), 6.54 (s, 3-ArH), 7.2-8.2 (m, 
ArH). 

With Mercaptide. A solution of ethanethiol (2.22 ml, 1.86 g, 30 
mmol) in ether (to 50 ml) was prepared. An aliquot (10.0 ml, 6 
mmol) was added to a 25-ml flask containing dimethyl ether (3) 
(202 mg, 1.00 mmol). Butyllithium (5.00 mmol) was then added 
dropwise with stirring and cooling. After complete addition, sol- 
vents and excess ethanethiol were removed by nitrogen sweep fol- 
lowed by a brief evacuation. Then dry D M F  (2.5 ml) was added 
and the mixture was refluxed for 15 min. After cooling 2 N HCI 

(3 ml) was added and the reaction mixture was extracted once 
with ether. The ether extract was washed, dried over saturated 
NaCI, and evaporated to yield a crude product which was chroma- 
tographed (5-20% ether-benzene) to yield a mixture of monoeth- 
ers 4 and 5 (122 mg, 65%) in a 4 to 5 ratio of 1 to 3, as estimated 

Selective Methylation of 2-Methyl-l,4-naphthoquinol (2). Hy- 
droquinone 2 (I74 mg, 1 .OO mmol) and anhydrous potassium car- 
bonate (276 mg, 2 mmol) were dried together a t  100' for 1 hr 
under vacuum. Then acetone (stored over 4A molecular sieves, 2 
ml) and methyl iodide (62 p l ,  142 mg, 1.00 mmol) were added to 
the serum stoppered vessel. After heating at  56' for 20 hr, the 
reaction was added dropwise to 1 N HC1 ( 1  .O ml) and the resulting 
solution was extracted with ether (1 5 ml). The crude product ob- 
tained from evaporation of the ether phase was chromatographed 
to yield dimethyl ether (3) (48 mg, 24%) and a 1:3 mixture of 
monoethers 4 and 5 (88 mg, 47%). 

2-Methyl-4-benzyloxy-1-naphthyl Acetate (11). To 2-methyl- 
1.4-naphthoquinol 1-acetate (7) (1.30 g, 6.00 mmol) and potassi- 
um carbonate (1.66 g, 12.0 mmol), dry acetone ( 1  8 ml) and benzyl 
bromide (0.89 ml, 1.28 g, 7.5 mmol) were added and the reaction 
was refluxed for 24 hr. The salts were removed by filtration and 
the residue obtained after solvent evaporation was triturated with 
petroleum ether ( I O  ml) to obtain crystalline 11 (1.81 g, 98%): mp 
105-107'; tlc (20% ether-petroleum ether) Rf0.38;  nmr 6 2.28 (s, 
ArCH3), 2.43 (s, OAc), 5.19 (s, -CH2-), 6.67 (s, 3-ArH), 7.2-8.4 
(m, ArH). 

Anal. Calcd for C2oH1803: C, 78.4; H ,  5.9. Found: C,  78.0; H,  
5.9. 
2-Methyl-4-benzoxy-I-naphthol (12). To naphthyl ether ester 11 

(1.76 g, 5.75 mmol) and absolute ethanol (10 ml) was added aque- 
ous potassium hydroxide solution (2.0 N,  I O  ml) and the reaction 
was heated briefly a t  100' until complete solution was achieved. 
After cooling and neutralizing with aqueous HCI (1.0 N ,  20 ml) 
the resulting fluffy precipitate of 12 was obtained by filtration. 
Crude yield: 1.43 g (90%). An analytical sample was obtained by 
recrystallization from benzene: mp 80' dec; tlc (benzene) Rf 0.33; 
nmr 6 2.38 (s, ArCH3), 5.15 (s, -CH2-), 6.64 (s, 3-ArH), 7.2-8.4 
(m,  ArH). 

Anal. Calcd for C18H1602: C, 81.8; H,  6.1. Found: C, 81.5; H, 
6.0. 

l-Methoxy-2-methyl-4-benzyloxynaphthalene (13). Naphthyl 
benzyl ether (12) (1.38 g, 5.23 mmol), anhydrous potassium car- 
bonate (1.45 g, 10.5 mmol), and dry acetone ( 1  6 ml) were mixed. 
Methyl iodide (0.655 ml, 1.49 g, 10.5 mmol) was added and the 
reaction was refluxed ( I 4  hr). Petroleum ether (950 ml) was then 
added, the salts were removed by filtration, the filtrate was evapo- 
rated, and the residue was dissolved in 1 ml of benzene followed by 
petroleum ether (20 ml). Crystallization occurred at  4' to yield 13 
(1.23 g, 85%); mp 106-108'; tlc (benzene) Rf 0.69; nmr 6 2.38 (s, 
ArCH3), 3.82 (s, OCH3), 5.15 (s, -CH*-), 6.61 (s, 3-ArH), 7.2- 
8.4 (m, ArH). 

Anal. Calcd for C19H1802: C, 82.0; H,  6.5. Found: C. 81.9; H,  
H,  6.7. 

4-Methoxy-3-methyl-I-naphthol (4). Methyl benzyl ether (13) 
(925 mg, 3.33 mmol), with 1096 Pd/carbon (286 mg) in ethyl ace- 
tate (20 ml), was hydrogenated at atmospheric pressure for 38 hr. 
Catalyst was removed by centrifugation and the crude product ob- 
tained by solvent evaporation was determined to contain ca. 10% 
of a methyl ether impurity [nmr 6 2.16 (s, ArCH3), 3.67 (s, 
ArOCH3), 6.40 (s, 3 ArH) and tlc (10% ether-benzene) R f  0.771 
presumed to be the tetrahydroderivative of 4. Crystallization from 
benzene-petroleum ether gave pure 4 as a greyish solid (473 mg, 
75%), as characterized above. 

Menaquinone-2 via Alkylation of the Potassium Salt of 4 (15) 
with trans 16. Methyl ether 4 (83 mg, 0.45 mmol) and potassium 
hydride (17.6 mg, 0.45 mmol) under nitrogen and in 1.6 ml of tolu- 
ene were stirred at  110' until hydrogen evolution ceased ( I  hr). 
After cooling to room temperature geranyl bromide (trans- 16. 77 
PI ,  87 mg, 0.40 mmol) was added and the reaction was stirred for 
24 hr. The reaction was diluted with petroleum ether (ca. 5 ml)  
and the salts were removed by centrifugation. The solvents were 
then evaporated and, under nitrogen, ether (1.0 ml), 95% ethanol 
( 1  .O ml), and aqueous ferric chloride (1.0 M ,  1 .O ml, 1 .O mmol) 
were added sequentially. The resulting heterogeneous reaction was 

by t k  (C6Hs). 
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stirred for 15 min. and then partitioned between petroleum ether 
and water. The organic phase was evaporated and the crude prod- 
uct chromatographed ( 5 %  ether/pet ether) to yield pure MK-2 (55 
mg, 45%, 96% trans). 
2-Metallo-3-methyl-1,4-dimethoxynaphthalenes (2Oa-d). 2- 

Lithio-3-methyl- 1,4-dimethoxynaphthaIene (20a) was prepared as 
previously d e s ~ r i b e d . ~ ~  A 0.5-mmol preparation was quenched 
with deuterium oxide (0.5 ml) and the crude product was obtained 
by extraction with petroleum ether. Nmr integration of the 3-aro- 
matic proton vs. the 5,6,7,8 protons indicated 99% deuterium at 
the 3 position. 

Lithium di(3-methyl-1,4-dimethoxy-2-naphthyl)cuprate (20b) 
was prepared by adding cuprous bromide (MCB, 36 mg, 0.25 
mmol) to a preparation of 20a (0.50 mmol, 0.5 M ) .  After vigorous 
stirring for 15 min a brownish precipitate of cuprate 2Ob formed. 
This was utilized without further purification or characterization. 

3- Methyl- 1,4-dimethoxynaphthyl-2-magnesium bromide (20c) 
was prepared by the action of freshly prepared magnesium filings 
( 12.0 mg, 0.50 mmol) on 2-bromo-3-methyl-l,4-dimethoxyna- 
~ h t h a l e n e ~ ~  (141 mg, 0.50 mmol) in dry THF (1.0 ml). A clear so- 
lution was obtained after 3 hr stirring at room temperature. This 
preparation was quenched with deuterium oxide (0.5 ml) and the 
2-methyl-l,4-dimethoxynaphthalene so obtained was determined 
by nmr integration as above to contain 97% deuterium at the 3 po- 
sition. Further efforts to reduce the moisture content of the system 
failed to raise this percentage incorporation so it was assumed that 
proton abstraction from some other position in the molecule was 
occurring. 

The above prepared Grignard reagent (0.50 mmol) was treated 
with cuprous bromide (72 mg, 0.50 mmol) and after brief stirring 
a gelatinous precipitate formed which upon further stirring gave a 
homogeneous clear solution of 2-cupro-3-methyl- 1,4-dimethoxyna- 
phthalene (20d). The reagent was not further characterized. 

trans -2-Methyl-3-( 1 -oxy-3,7-dimethyl-2,6-octadienyl)- 1,4-di- 
methoxynaphthalene (24). trans -24 was prepared from 99% trans- 
citral and 2Oa as previously described for cis-/trans- citraLSa The 
compound so prepared proved indistinguishable (tlc and nmr) from 
the cis-trans mixture of 24. 

Hydrogenolysis of 24. With Lithium Aluminum Hydride. A sus- 
pension of lithium aluminum hydride (38 mg, 1.0 mmol) in dry 
ether (2.5 ml) was prepared and trans-24 (177 mg, 0.5 mmol) was 
added in ether solution (2.5 ml). The reaction was stirred for 1 hr 
and the product was isolated by addition to wet ether. The ether 
solution was washed with 2 N sulfuric acid and water and then 
dried over magnesium sulfate. Crude product obtained upon sol- 
vent evaporation was chromatographed (30% ether/pet ether) to 
recover 24 ( 1  59 mg, 90%) containing by nmr 25% trans- 2-methyl- 
3-( l-oxy-3,7-dimethyl-6-octenyl)-1,4-dimethoxynaphthalene (29, 
saturated absorptions, 6 0.7-1.4); 29 and 24 were inseparable chro- 
matographically. 

With Lithium Aluminum Hydride-Aluminum Chloride. A sus- 
pension of lithium aluminum hydride (38 mg, 1.0 mmol) in dry 
ether (2.5 ml) was treated with a solution of aluminum chloride 
(121 mg, 0.91 mmol) in ether (4.5 ml). trans-24 (177 mg, 0.5 
mmol) was then added in ether (2.5 ml) and the reaction vessel 
was sealed with a serum stopper and heated at  40' for 16 hr. Isola- 
tion as before gave crude product which was chromatographed (5% 
ether-petroleum ether) to yield a mixture of trans- 2-methyl-3- 
(3,7-dimethyl-2,6-octadienyl)- 1,4-dimethoxynaphthaIene (25) and 
trans- 2-methyl-(3,7-dimethyl- 1,6-octadienyl)- 1,4-dimethoxyna- 
phthalene (27) as a colorless oil (134 mg, 80%): tlc (5% ether-pe- 
troleum ether) R f  0.58; nmr (CC14) 25 6 1.57, 1.63 (s, 
=C(CHj)2), i.80 ( s ,  =CCH3), 2.00 (m, -CH*CH2-), 2.31 (s, 
ArCH3). 3.53 (d, J = 6 Hz, ArCHZ), 3.85 (s, ArOCH3), 5.05 (m, 
CH=), 7.2-8.2 (m, ArH), and 27 6 1.15 (d, J = 7 Hz, 
-CH(CH3)-), 2.35 (s, ArCH,), 6.1-6.6 (m, -CH=CH-). The 
mixture was estimated to contain 70% of 25 by interation of aro- 
matic methyl absorptions, 

trans -2-Methyl-3-(3-chloro-3,7-dimethyl-l,~octad~enyl~l,4- 
dimethoxynaphthalene (38). trans-24 (106 mg, 0.3 mmol) in dry 
CCl4 ( 1  ml, distilled from phosphorous pentoxide) was treated 
w i t h  tri-n- butylphosphine (78 jd, 64 mg, 0.315 mmol). Immediate- 
ly a slight opalescence developed and after an hour the reaction 
was partitioned between petroleum ether and water. Crude product 
was obtained as a colorless oil by evaporation of the petroleum 

ether phase: nmr 6 1.80 (s, -C(CH3)CI-), 2.38 (s, ArCH3), 3.75, 
3.80 (s, ArOCHj), 5.10 (br, CH=), 6.40, 6.70 (d, J = 16 Hz, 
-CH=CH-), 7.2-8.2 (m, ArH). Chromatography (5% ether-pe- 
troleum ether) gave triene mixture 39 (89 mg, 88%) again as a col- 
orless oil: tlc (5% ether-petroleum ether) R f  0.58; nmr 6 1.67, 1.71 

ArCH3), 2.9 (m, -CH2-), 3.71, 3.78 (s, ArOCH3), 4.9-6.7 (m, 
CH=), 7.0-8.0 (m, ArH); mass spectrum m/e 336 (M+, 5%), 334 
(5), 270 (40), 239 (loo), 230 (50), 215 (40). Chloride 38 was also 
converted to triene 39 upon standing ( t  lz = 12 hr). 

Hydrogenolysis of 38. With Lithium Aluminum Hydride. Benzyl- 
ic allylic chloride (38) was prepared on a 0.5-mmol scale as .above 
and added in ether solution ( 2  ml) to a suspension of lithium alu- 
minum hydride (30 mg, 0.8 mmol) in ether (2 ml). After stirring 
for 1 hr the reaction mixture was partitioned between wet ether-2 
N sulfuric acid. Crude product obtained from the ether extract 
was chromatographed (5% ether-petroleum ether) to yield a puri- 
fied oil (116 mg, 70%) containing 25:27:39 in a 40:32:28 ratio as 
determined by nmr integration of the corresponding aromatic 
methyl absorptions. 

With Lithium Triethylborohydride. Lithium hydride (1 19 mg, 15 
mmol) and dry tetrahydrofuran (distilled from lithium aluminum 
hydride, 19 ml) were mixed and triethylborane in hexane (Texas 
Alkyls, 0.79 g/ml, 16.8% TEB, 1 1.1 ml, 15 mmol) was added. The 
reagent was stirred overnight and the titer of the resulting solution 
of lithium triethylborohydride was assumed (0.50 M). Chloride 
38, prepared on a 0.5-mmol scale, was dissolved in petroleum ether 
(1 .O ml) and treated with the lithium triethylborohydride solution 
(3 ml, 1.5 mmol). After stirring for 2 hr the reaction was parti- 
tioned between petroleum ether and water and the crude product 
obtained from evaporation of the petroleum ether phase was chro- 
matographed (5% ether-petroleum ether) to yield a nonpolar frac- 
tion (120 mg, 71%) containing 25:27:39 in a 38:28:34 ratio. 

Attempted Preparation of 2-Methyl-3-(1-bromo-3,7-dimethyl- 
2,6-octadienyl)-1,4-dimethoxynaphthalene (36). Allylic alcohol 24 
(177 mg, 0.50 mmol) and pyridine (53 mg, 0.67 mmol) were dis- 
solved in petroleum ether (1.0 ml) and phosphorous tribromide (61 
mg, 0.23 mmol) in petroleum ether (1 .O ml) was added dropwise 
by syringe to the cooled (-loo) mixture. After 1 hr the reaction 
was partitioned between petroleum ether and water and the crude 
product was obtained from the petroleum ether phase (131 mg). 
By nmr this contained only triene mixture 39. 

Allylic alcohol 24 (106 mg, 0.30 "01) and tri-n-butylphos- 
phine (61 mg, 0.30 mmol) were mixed in 1 ml of dry acetonitrile 
and CBr4 (105 mg, 0.32 mmol) was added. After an hour the reac- 
tion mixture was partitioned between petroleum ether and water. 
The crude petroleum ether soluble product was obtained and again 
by nmr contained only triene 39. 

Attempted Preparation of 2-Methyl-3-( l-methylsulfonyloxy- 
3,7-dimethyl-2,6-octadienyl)-1,4-dimetboxynaphthalene (37). Al- 
lylic alcohol 24 ( I  77 mg, 0.5 mmol) was dissolved in petroleum 
ether (3.0 ml) and mesyl chloride (39 ~ 1 ,  57 mg, 0.50 mmol) was 
added. The reaction was cooled to 0' and triethylamine (69 ~ l ,  51 
mg, 0.50 mmol) was added dropwise with stirring over 10 min. A 
white precipitate of the amine hydrochloride formed. The reaction 
mixture was partitioned between petroleum ether and water and 
crude product was obtained from the petroleum ether phase. By 
nmr it contained only triene 39. 

cis-/trans -Menaquinone-2 (cis-/trans -la) and trans- 2-Methyl- 
3-(3,7-dimethyl-1,6-octadienyl)-1,4-naphthoquinone (28). Di- 
methoxynaphthalene mixture 25/27 (56 mg, 0.166 mmol) ob- 
tained from the lithium aluminum hydride-aluminum chloride hy- 
drogenolysis of trans- 24 above and argentic oxide (51.5 mg, 0.415 
mmole) were mixed in dioxane (1.7 ml)/water (0.17 mi) and nitric 
acid (6.2 N ,  70 MI ,  0.43 mmol) was added. After complete solution 
the reaction mixture was partitioned between petroleum ether and 
water, and crude product was obtained from the petroleum ether 
phase. This was chromatographed on kieselgel impregnated with 
silver nitrate (20%) and Rhodamine-6G (0.1%) (4% ether in 1:l 
toluene-cyclohexane) to yield cis-/trans- la  as a yellow oil (25 mg, 
44%. 62% trans): tlc (5% ether in 1:l toluene-cyclohexane, silver 
nitrate impregnated kieselgel) R f  0.37; uv 243 nm (e  17,8501, 248 
(19,150), 260 (17,500), 270 (17,050), 326 (3020); nmr as repor- 
ted.6c trans- 28 was also obtained from the same chromatography 
as a yellow oil: tlc (5% ether in 1 : 1 toluene-cyclohexane, silver ni- 

( s ,  =C(CH3)z), 1.93, 1.98 (d, J = 1.5 Hz, =C(CH3)), 2.39 (s, 
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trate impregnated kieselgel) R f  0.50; uv 250 nm (20,500), 282 
(7160), 330 (3000), 370 (2300); nmr 6 1.13 (d, J = 7 Hz, 
CH(CH3)) ,  1.63, 1.70, (s, =C(CH&), 2.27 (s, ArCHd,  5.13 
(br, CH=), 6.37 (d, J = 4 Hz, -CH= 
CH-), 7.5-8.2 (m, ArH). 

Anal. Calcd for CzlH2402: C, 81.8; H, 7.8. Found: C, 81.7; H, 
7.5. 

Menaquinone-2 (la) from 1'-Oxomenaquinone-2 (32), 1'-Oxy- 
menaquinone-2 (33), and 2-Methyl-3-(3'-oxy-3',7'-dimethyl-1',6'- 
octadienyl)-1,4-naphthoquinone (34). cis-/trans - 1 '-oxomenaqui- 
n 0 n e - 2 ~ ~  (179 mg, 0.56 mmol) dissolved in dry tetrahydrofuran 
( 1  .O ml) was added dropwise to a refluxing solution of lithium alu- 
minum hydride (60 mg, 1.5 mmol) in tetrahydrofuran (5 ml). 
After an additional hour of reflux the reaction was cooled and 
added to wet ether-2 N sulfuric acid. Oxygen was bubbled into the 
ether solution to obtain the crude quinone which was chromato- 
graphed (8% ether-petroleum ether) to obtain cis-/trans- MK-2 
( la )  as a yellow oil (25 mg, 15%, stereochemistry not determined). 

The above procedure was repeated with quinone allylic alcohols 
33 and 34,5a and product l a  was obtained in 12 and 14% yield, re- 
spectively (stereochemistry not determined). 

Menaquinone-2 (la) via Coupling of 2-Metallo-3-methyl-1,4-di- 
methoxynaphthalene (20a-d) with Ceranyl Chloride (trans- 23j, 
Geranyl Bromide (trans- 16), and Neryl Bromide (cis- 16). Experi- 
ment 5 (Table I). Lithio reagent 20a was prepared on a 0.5-mmol 
scale, geranyl chloride (106 pl, 86 mg, 0.50 mmol) was added, and 
the reaction vessel was sealed in vacuo. The reaction was heated at  
50" for 68 hr after which the vessel was opened and the geranyl 
chloride remaining (80%) determined by gc analysis. The reaction 
mixture was diluted with petroleum ether, the salts were removed 
by centrifugation, and crude product was obtained by evaporation 
of solvents. Chromatography (3% ether/pet. ether) gave the di- 
methyl ether of menaquinone-2 (25, 17 mg, 10%) and dimethoxy- 
naphthalene (3) (62, mg, 62%). 

Experiment 7. Lithium dinaphthylcuprate (2Ob) (0.5 mmol) was 
prepared and geranyl bromide added (96 pl, 108 mg, 0.50 mmol). 
After stirring for 17 hr the reaction mixture was partitioned be- 
tween petroleum ether and water and crude product then obtained 
upon evaporation of the organic solvent. This was chromato- 
graphed as above to yield 25 (125 mg, 74%) and 3 (15 mg, 15%). 

Experiment 10. Grignard reagent 20c (0.55 mmol, 1.1 M )  was 
prepared and geranyl bromide (0.50 mmol) was added. After 17 hr 
the reaction mixture was diluted with petroleum ether, the salts 
were removed by centrifugation, and the solvents were evaporated 
to give the crude product. This was chromatographed to yield an 
inseparable mixture of 25 ( 1  56 mg, 92%) and 2-bromo-3-methyl- 
1,4-dimethoxynaphthalene (19, 11 mg, 8%) in addition to 3 (7 mg, 
7%). The determination of the 25/19 ratio was performed by inte- 
gration of the corresponding aromatic methyl absorptions (6 2.38 
and 2.52, respectively). 

Dimethyl ether mixture 25-19 (84.5 mg, 0.254 mmol) and ar- 
gentic oxide (68.2 mg, 0.55 mmol) were mixed and dioxane (2.5 
ml)/water (0.25 ml) added. Addition of nitric acid (6.2 N ,  92 PI, 
0.57 mmol) accomplished the oxidation. The reaction was then 
partitioned between petroleum ether (19 ml) and water (2  ml); and 
the organic phase was extracted with water (2 X 3 ml) and then 
evaporated. The residue was chromatographed (4% ether-petrole- 
u m  ether) to yield recovered 25-19 (12 mg, 14%) and trans- l a  (60 
mg, 83%, 97% trans). The conversion yield based upon recovered 
starting material was 97%. 

Experiment 11 .  A mixture of cis-25-19 was obtained by cou- 
pling of Grignard reagent 20c with neryl bromide (cis-16) fol- 
lowed by purification as above. cis- 2 5  nmr 6 1.7 (m, =C(CH3)2 
and =C(CHd),  2.2-2.3 (m,  - C H $ X - ) ,  2.38 (s, ArCHj), 3.57 
(d, J = 6 Hz, ArCHz), 3.90 (s, ArOCHj), 5.0-5.3 (br, CH=), 
7.3-8.2 (m, ArH). 

Dimethyl ether mixture cis-25-19 (34 mg, 0.10 mmol) and ar- 
gentic oxide (27 mg, 0.22 mmol) were mixed and dioxane ( I  ml)/ 
water (0.1 ml) was added. With the exclusion of light, nitric acid 
(6.2 N ,  38 pl,  0.23 mmol) was added and the product was obtained 
by isolation and purification as before to yield cis-menaquinone-2 
as a yellow oil (24 mg, 82%, 85% cis). Spectral properties (uv and 
nmr) were coincident with those previously reported.6d 

Experiment 13. Organocopper reagent 20d was prepared (0.5 
mmol) and geranyl bromide (16, 0.50 mmol) was added resulting 

in an immediate precipitate of cuprous bromide. After stirring for 
1 hr the reaction was diluted with petroleum ether and the product 
was isolated as above to yield a 25-19 mixture (25, 138 mg, 82%; 
and 19, 10 mg, 7%) and naphthalene 3 (4 mg, 4%). 

The 25-19 mixture was oxidized as above with argentic oxide 
(2.5 equiv) and nitric acid (2.6 equiv) to yield trans-menaquinone- 
2 (87%, 97% trans). Based upon recovered starting material the 
conversion yield was 92%. 

Experiments 6, 8,  and 9 were performed in an analogous manner 
to those reported above. 

all-trans- 2-Methyl-3-(3,7,11,15,19,23,27,31,35-nonamethyl- 
2,6,10, 14,18,22,26,30,34-hexatriacontanonenyl)-l,4-dimethoxy- 
naphthalene (26). Grignard reagent 20c (0.37 mmol, 0.62 M )  was 
prepared and solanesyl bromide (22, 208 mg, 0.30 mmol) was 
added. After standing for 18 hr the salts were precipitated with pe- 
troleum ether and the residue obtained by solvent evaporation was 
chromatographed to yield the dimethyl ether of menaquinol-9 (26, 
232 mg, 95%) contaminated with bromonaphthalene (19) (7 mg, 
8%). A sample of 26 was obtained as a waxy solid by recrystalliza- 
tion from petroleum ether: mp 58-59.5"; tlc (3 % ether-isooctane) 
Rf0.42;  nmr 6 1.63 (s, =C(CH3)), 1.83 [s, =C(3-CH3)], 2.04 (s, 
-CH2CH2-), 2.38 ( s ,  ArCH3), 3.57 (d, J = 6 Hz, ArCHz), 3.88 
(s, ArOCH3), 4.9-5.3 (br, CH=), 7.3-8.2 (m, ArH). 

Anal. Calcd for C~gH8602: C, 85.4; H, 10.6. Found: C, 85.4; H, 
10.9. 

all-trans- Menaquinone-9 (lb). The dimethyl ethers of menaqui- 
1101-9 (26, 163 mg, 0.20 mmol) and argentic oxide (62 mg, 0.50 
mmol) were mixed in dioxane (3.0 ml) and water (0.20 ml). Nitric 
acid (6.2 N ,  84 pl, 0.52 mmol) was added and the reaction was 
stirred until complete solution. The reaction mixture was then par- 
titioned between petroleum ether (10 ml) and water (2 ml) and the 
organic phase washed with water (2 X 3 ml) and evaporated. The 
residue was chromatographed to yield starting material (26, 35 
mg, 22%) and all-trans- menaquinone-9 (lb, 110 mg, 70%, 98% 
A2-trans, 89% conversion yield): mp 58-59O (lit.6c mp 58-59O); tlc 
(3% ether-isooctane) R f  0.38; nmr 6 1.65 [s, =C(CH3)], 1.82 [s, 
=C(3-CH3)], 2.03 (s, -CHzCHz-), 2.20 (s, ArCH3), 3.40 (d, J = 
7 Hz, ArCH2), 4.9-5.3 (br, CH=), 7.5-8.2 (m, ArH). 

Complete consumption of starting material was observed when 
the above reaction was repeated using oxide (3.0 equiv) and nitric 
acid (3.1 equiv) and quinone l b  was obtained in 77% yield. 
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.4bstract: Previous work in the area of corrin biosynthesis is summarized, and the results of administering regiospecifically 
synthesized versions of [8-’4C]porphobilinogen (PBG) and [ ’‘C]uroporphyrinogen (uro’gens) of types I-IV to resting cells 
of Propionibacterium shermanii are discussed in terms of the distribution of radioactivity in vitamin B12 (cyanocobalamin). 
The development of satisfactory feeding conditions, isolation procedures, and some improvement for the synthesis of inter- 
mediates are described. 

Vitamin B12 (cyanocobalamin, l), one  of nature’s most 
complex nonprotein s t ructures  (C63H8gN14014PCo), has  
presented a formidable challenge a t  every s tage of its inves- 
tigation. The  isolation of the crystalline “antipernicious 
anemia factor” from liver by Folkersl and Smi th2  in 1948 
marks the  beginning of chemical studies3- which culminat-  
ed in 1955 with Hodgkin’s X-ray diffraction a n a l y s k 6  In 
1958, the  coenzyme 2 was characterized by Barker7 and  its 
s t ructure  again deduced by X-ray diffraction (Hodgkin) .B 
T h e  discovery of t h e  cobalt-carbon bond in turn  opened u p  
a whole new area of research on the  remarkable  rearrange-  
ments catalyzed by the coenzyme. T h e  recent achievement9 

of t h e  total  synthesis of vitamin B12 represents t h e  solution 
of yet another outstanding problem posed by the  complex 
functional and stereochemical a r ray  contained in the  corrin 
nucleus. T h e  same  s t ructural  and stereochemical features  of 
1 also constitute a major problem in considering the possi- 
ble mode of biosynthesis of corrins (as  3), for although it  
has  been known for almost 20 years tha t  vitamin Bl2  shares 
the  “early” par t  of heme, chlorophyll and tetrapyrrole bio- 
synthesis in tha t  it is built u p  via t h e  succinate-glycine/ 
6-aminolevulinate sequence,1° the  point a t  which the “CO- 
balt” route divides from the “iron” and  “magnesium” path- 
ways was unknown a t  the  outset of our investigation. From 
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