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Abstract-In Gihherella ficpkurol cultures, ent-[3/?-3H,17-14C]kaurene is converted to gibberellic acid 
with retention of the tritium label at the 3cc-position. This evidence for the stereochemistry of 3- 
hydroxylation also permits the stereochemistry of the ‘proton-inmated’ cyclization step in gibberellic 
acid biosynthesis to be deduced. 

INTRODUCTION 

The biosynthesis of GA (4a) m Gzbberella jiljzkurol 
(Scheme 1) [1,2] has separate steps for the cych- 
zation of the polyene precursor (geranylgeranyl 
pyrophosphate) and for the mtroduction of the 
3-hydroxyl group According to biogenetic theory 
[3], in the cyclization step a hydrogen from the 
btological medium is introduced at the 3-position 
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Scheme 1 Intermedlates m the blosynthetlc pathway to glb- 
berelhc acid 

of copalyl pyrophosphate (2) [and ultimately of 
ent-kaurene (3a)] whereas the other 3-hydrogen 
derives from the 4-pro-R hydrogen of mevalonic 
acid [4]. Hanson and White [.5] have observed 
that GA derived from 4R[4-3H,2-14C] meva- 
lomc acid in G. fuJikuroi has 3H labels at the 5- 
and the 9-positions but not at the 3-position 
(or the 13-position) whereas ent-7a-hydroxy- 
kaurenoic acid 194 6 lactone and ent-7a,l%di- 
hydroxykaurenoic acid 1946 lactone have the 
full complement of 3H labels (four) to be antict- 
pated from cychzation without loss of label. This 
shows that the conversion of twt-kaurene into GA 
involves loss of the label at the 3-position but the 
stereochemistry of the cyclization and hydroxy- 
lation steps remain unidentified. 

In this paper we are able to define the stereo- 
chemistry of these steps from our observations 
usmg ent-[3/&3H,17-‘4C] kaurene as a precursor 
of GA. 

DISCUSSION 

ent-[3P-3H]Kaurene (3b) was prepared by an 
unexceptional route m which the stereospectfic 
labelhng was introduced through LiAlH, reduc- 
tion of the 3H-tosylate (6~). The labelled tosylate 
was obtained from the previously-described ace- 
tonide derivative [6] ent-3j,16/$17-trihydroxy- 
kaurane (5a) by oxidation to the ketone (7) fol- 
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retentton of configuration at the substituted car- 
bon [12, 13a] and apparent exceptions to this rule 
m the elaboration of the allyhc alcohol grouping 
of lycorme [14] and in the introduction of the 
14-hydroxyl group of cardenohdes [lS] may in- 
volve different mechanisms. The above evidence 
for retention of configuratron in forming GA is 
thus in accord with the suggested biosynthetic 
pathway; furthermore this evidence excludes the 
possibility of intervention of 3-keto intermediates 
and related species which would lead to loss of 
the 3H label from the enr-[3~-3H,17-‘4C]kaurene 
precursor. 

The evidence for retention of configuration in 
the hydroxylatton also permits an assrgnment for 
the stereochemrstry of the cyclizatron of geranyl- 
geranyl pyrophosphate leading to copalyl pyro- 
phosphate (2) and ent-kaurene (3). Because the H 
derived from the 4- pro R position of mevalonic 
acid is lost m the conversion of ent-kaurene mto 
GA [5], it follows that this H adopts the 3p-pos- 
ition m 2 and 3. Furthermore, it is known that 
C-18 of GA derives from C-2 of mevalonic acid 
[16] and the best interpretation of the available 
evidence is that it is this C atom which is the 
source of the nuns-Me group of the terminal ISO- 
propyhdene group of polyene rsoprenoid inter- 
mediates [13b]. Consequently, the cychzatron of 
geranylgeranyl pyrophosphate in this pathway 
must result from antiplanar addition to the termi- 
nal double bond with the polyene in an incipient 
chair conformatton for the A-ring (Scheme 2). 
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Scheme 2 A-rmg stereochemtstry m the cychzatron of ger- 
anylgeranyl pyrophosphate dertved from [4R-3H]mevalonlc 

acrd 

Proton-inmated cyclizations are postulated for 
the biosynthesrs of a wide range of other ter- 
penoids [17] and the theory of these cyclizations 
[lS] predicts antiplanar addition pathways but 
evidence for the stereochemistry of these conver- 
sions has been lackmg until this trme. 

EXPERIMENTAL 

General procedures have been descrrbed Cl931 Ir spectra 
were measured m CS, solns 

ent-I 68,17-lsopropylldmedloxy-3&tosyloxykawanr 
Tosvl chloride (2 9) was added to em-168.17-tsonropyhdene- 
dtoxykauran-3$oc(5a. 766 mg) m C,H,N (12 ml)’ After 22 hr, 
tee was added and the mixture worked up m the usual way 
to grve the tosylate (6a, I.01 g) whtch crystalhzed from petrol 
as needles; mp 148~148~5” (d) [x]u -369” (Found: C.. 69 4, 
H, 8 4, S. 6 3 C,,H,,SO, requnes C, 69.7, H. 8 6. S, 6 2%) 
PMR (6). s at 078 (6H). 100 (3H). 1 34 (6H). 2.42 (3H); AB 
q at 3 86. 401 (J 9 Hz), hr t at 4 18 (1H) 

LIAIH, rcductlon of ent-16B,17-lsonronvlldr,zedrowv-3/1-tosvl- 
oxykaur&e (6a) The tosylate (6a, 75kg) was red-u&d with 
LtAIH, m refluxmg solvent (10ml) m the vartous ways sum- 
martzed m the following table 

y0 Yield 
Molar ratio Tune 

Solvent (LlAlH, . 6a) (hr) ‘Hydrocarbon’ 6a 5a 

Dtoxan 5 1 18 69 - 12 
I.1 35 63 30 1 

THF 20 1 66 28 - 48 
51 42 34 23 20 
1 1 84 45 44 5 

The product was separated by chromatography on Al,O, 
mto a ‘hydrocarbon’ fractton, ent-16P,l7-tsopropyhdenedroxy- 
kauran-3J-ol(5a) and (m some cases) unreduced material The 
‘hydrocarbon’ fractron from reactrons wtth THF solvent was 
a mtxture of the saturated and unsaturated acetomdes (8a) 
and (9a) which ranged m proportton from very httle of 8a 
with the equtmolar quantity of LtAlH, up to ca 2 3 wtth 
the 4-fold excess of LtAlH, (NMR, TLC) Several addtttondl 
substances were present m the ‘hydrocarbon’ fracbon from 
the reacttons m dtoxan solvent 

ent-16fi.17-lsopropyl~dmed~oxykauu-2-ene (9a) Phosphorous 
oxychlortde (1 ml) was added carefully to a cooled soln of 
ent-168,17-rsopropyhdenedtoxykauran-3fi-ol (5a, 920 mg) m 
CsHsN (18 ml) After 16 hr at room temp. the soln was heated 
wtth steam for 1 hr then cooled and poured onto tee After 
the usual workup the recovered maternal was chromato- 
graphed on A1203 to give em-16P,17-lsopropyhdenedtoxy- 
kaur-2-ene (9a, 601 mg) which crystallized from MeOH as 
needles, mp 131-2”. [r]u - 61 8” (Found C, 79 9, H, 103 
C,,H,,O, reqmres’ C. 80 2, H 10 5114) PMR (6). s at 0 89 
(3H), 096 (3H), 1 05 (3I-I). 1 39 (6H): AB y at 3 94, 4.08 (J 
9 Hz), hr 5 42 (2H. W, 3 5 Hz) 

ent-16fi,17-lsopropyhdenedtoxykauranr (8a) em-16/?.17-Iso- 
propyhdenedroxykaur-2-ene (9a, 289 mg) m HOAc (25 ml) was 
hydrogenated over Adam’s catalyst for 3 days After filtration 
and evaporatton of the solvent, the residue was filtered 
through Al,O, m petrol The product. ent-16P,17-rsopropylr- 
drnediosykauranr (Sa, 285 mg) crystalhzed from MeOH as nee- 
dles, mp 125 6’. [l]u -403” (Found C. 794, H. 110 
C23H3802 reqmres. C, 797, H, 11 1%) PMR (6) s at 080 
(3H), 0 84 (3H) 101 (3H), 136 (6H). AB 4 at 3 88 404 (J 
9 Hz). 

ent-[3~-3H]-16P,17-IsopropylidvnetlloxykaIlran~ (Se) c3H]- 
NaBH, (19mg, 5mCt) was added to a drl soln of 
NaBH, rn dtglyme (2 mM, 2 ml) An ahquot (1 ml) of thrs 
soln was added to em-16/I17-tsopropyhdenedloxykauran-3- 
one (7, 41 mg), the soln stood for 1 hr at room temp and 
then heated for 1 hr at loo” To ensure complete reduction. 
0 1 M NaBH, m dtglyme (0 6 ml) was then added and heatmg 
contmued for 1 hr at 100” Excess NaBH, was destroyed by 
the addition of H,O and HOAc and the reactton mixture 
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then diluted with H20 and extracted ?x with Et,O. Com- 
bined Et,0 extracts were washed with dil NaHCO, soln. 
dried and-evaporated to give a residue (2.52 x IO’ dpmjwhich 
showed one radioactive spot corresponding ivith at-lh/j.17- 
isopropylidencdioxykauran-3/$ol (5a) on TLC‘. This matcrlal 
was diluted with the unlabelled alcohol (5a. 75 mg) and con- 
verted to the toscfatc (6~) as for the nnlahcllcd substance 
(ahove) The product was chromatographcd on AllO, and 
crystallircd to give pure ~~t-[3r-‘Hj-Ih/~. I %sopropylidcne- 
diox,-3/~-tosvlox\kauI-ane (6~. 147 me. 2.1 v, IO” dpm). The 
laheile~ tos;latc.uas then reduced \bith LIAIH, (>6mg) in 
refluxing THF (7 ml) for 5; days. The product was chromato- 
graphed on Al,O, and a mixture of the lnhellcd saturated 
and unsaturated acetonidcs (Xc. 9b; 3.1 x IO’dpm) recovered 
hq clution with petrol: l’urthcr elution with Et,0 yIelded the 
labelled alcohol (SC) and a small amount of the lahclled tos>- 
late (6~). The Ft,O fraction was treated with tosql chlorldc 
to regenerate the tosylatc which was again reduced with 
LiAlH, in THF. This cycle was repeated selcral time\ to give 
a combined ‘hydl-ocarbon’ fraction (8~. 9b: I.3 x 10” dpm) and 
a residual alcohol fraction (SC. 4.1 x IO* dpm). The ‘hydrocar- 
bon’ fraction was dissolved In THF and treated with eutcr- 
nail!-generated diborane for I hr. H,O \~a\ thou cautiously 
added followed hy 1 M NaOH and 30”,, H201. ‘The mixture 
was stirl-cd for 2 hr at room temp. and then bvorkcd up in 
the usual \nay and the product chromatogrophcd on 21,0,. 

action elutcd with petrol was identified as ~jrr-[3/j-.‘H J- I G/j.1 7- 
isopropylidenedioxykaurane (SC. 35 mg. 3.6 x IO’ dpmi from 
the PMR spectrum and TLC‘ comparison (Si gel 4gN0,). No 
unsaturated compound (9h) rcmamcd. Elution of the column 
with Et,0 gate a mixed alcohol fraction (69 mg_ X.7 x 
IV dpni). 

Pr(lj~ur~irio!~ of ~lt~r~tuurc~l rorrt/~~~~d\. c~rf- 16/i. 17-lsopropyli- 
dencdioxykauran-3-one (7. 235 mg) was reduced aith [‘H]- 
LiAIH, (90 mg) in rcfluxing Et,0 (8 ml) for 2 hr. The crude 
product (139mg) was converted to the loxllatc (hh. 329mg) 
as foi- the unlabelled material: this compound \\a:, identified 
by the TLC and PMR. It was then rcduccd with LiAIH, 
and the mixture of products separated as for the “H-lahcllcd 
compound to give VU-[3/i-‘H]- 16/I. 17-isoproPyliderledioa)- 
kaurane (Ilh. 53 mg). I’ O,d\ 2145 cm- ’ (equatorial C-‘tl strctcht. 
r~lr- Ih/~.17-Isoprop~lidencdiox~-?/~-tos~lox~ka~~ranr: (6a. 337 
mg) was similarlq converted 17) reaction with [“I-1]-LiAIH, 
into erlt-[3r-‘HI- l6/(. 17-isopropqlidenedioxykaurunc (3-eplmcr 
of 8h. 44mg). i’,,,,_ 2115 cm ’ (axial C-‘H stretch). 

cnt-[7/~-JH]-l 7-Nork~r1r,cu7-1 h-o/~ (10). ~,,~r-[.~~i-‘H]-l6/i,l7- 
Isopropylidenedio~~k~ltlrane (SC. 17,5 mg. 1.X x IO’dpm) from 
the above prcparatu.m uas dissolved in Me,0 (10 ml) and 
oxidi7cd with Jones reagent (0.5 ml) for 2 hr. C’hromato~~ra~~h~ 

[70]. Oxidation of a second batch of 10 yielded furthe! 
labelled nor-ketone (4 mg. 6.5 x IO- dpmi. The radiochemical 
homogencit> of this material was demonstrated I>! dilution 
of an nliquot (1.5 x IO” dpm) with unlabcllcd nor-ketone 
(109 mg). The sp act uas csscntially unchanged after 1 cr!ktal- 
li/ations from aq. M&H. 

ent-[3/i-‘II. I ~-“C]K~IIW I fw~w (I 7-1JC‘-ltri~~~//c~~/3h). The “H- 
lahellcd nor-ketone (IO. 2 3 x IO8 dpm) in dl-1 Izt20 (20 ml) 
was added under bJ to a stlrrcd Et?0 soln (15 ml) of trl- 
phen~lmeth~lencphosphoranc (prepared from 360 mg of meth- 
yltriphenylphorphonium iodide and 0.3 ml of 2.6 M hut!,Ilith- 
mm in pcntanc). After 21 hr at room temp. the Iproduct wa> 
Isolated and purified by column chrnmatographq and prcpara- 
tive TLC. The ~,,,r-[?P-ZH)kar~~-- 1 h-ax! (3h. 7 mg. ?.2 x 
IO-dpml thtlh obtained U;IS idcntrlicd by TLC and PMR. 
spectral comparison :\dmlxtnrc of ttii, matcrlal M ith c,iii-jl 7- 

L”C]kaur- I &we gaw the dou hly-lahclled compound l17-“C- 
Iahcll~d 30. 27 mp. ‘H = I.0 x IO dpm mp. lJC = 6.7 x 
1O”dpm:mg. ‘H:“C = 15.0). This sh&ed -onI! a single 
radioactive spot corl-espondinrr M Lth 3a on T1.C (Si nsl~ 
A&NO,: pctrdl-CHCI,. 2: I). An aliquot was heated in C,H, 
under rcRux with a few crystals of 1: for Si hr. After cooling. 
the soln was diluted with tt,O. washed with aq. Na,S,O, 
and H,O. dried and evaporated. The product showed 2 
radioactive spot\ correspondinr to uit-kaur- 1 h-cne and u?f- 
kaur-15.cnc tlsing the same TLI’ s! stem as above. The matu- 
ial extracted from the 2 radioactlvc ,oncs had ‘H: ‘&C ratios 
of 15-3 and 15.6 rcspzctivel). 

,~Z~~tu/~o/i.~~~~ of cnt-[.3/i-“H.1 7-l ‘C]liuur- 16+~ (3b). Half of 
the sample of ~~r~t-[?/~-“H.17-14CJk~~~~r-16-cne (13.5 mg) was 
added in FtOH (I ml) to a fermentatton of C;. fitjikwoi which 
had exhausted the inorganic nitrogen. After 43 days. the acidic 
fractron \\l;ts rccovcrcci lrom the tiltrate of the culture and sub- 
lccted to meth>lation ((‘H,N!). (‘hromatograph~ on AlzOz 
then pave mctll! I / .3-/- ‘H. 17-“C‘] G,4. (I 7-“%Y lahelled methyl 
cbtu 01 41). Ii mg. IH := 2.0 * 10” dpm mg, ’ ‘C = I .4 x 
I05dpm.mg, ‘t-l: “<’ = l-1, 6) which was idcntiiied I>> TLC 
and NMR comparison. Aftel- dilution rvlth unlahciled m&q1 
GA (101 mg) the sp act and isotope ratios WZTL essentially 
unchanged during 3 cr)stalli/ations from EtOAc-petrol 
(‘H = I.51 ): 105dpm~mg.‘iC =- I.1 )I 103dpm’mg.“H:‘“C = 
14.1). 

O\idurion of f/a, r~~~~~~holrr~~ rm~rl~~~l ~‘.trer. The 3 x cr!stallbed 
Mc ester (3Omg) from the above metabolism was sttrred and 
heated under I-CRLIT with MrtOL (215 mg) in CHCI, (12 ml) 
fol- 20 hr [?!I]. The product was puritied bq preparative TLC 
(Si gel. C‘HC‘I: petrol-C,H,, HO.Qc. 10:4:3:1). The 3-keto 
compound (I 1. I1 mgl thus obt;lincd was diluted with the un- 
lahellcd bubstancc (65 mg) and cr>stallizcd from EtOAc 
petrol. it constant sp act and isotope ratio was reached 
after 1 crystalllration (“f-1 = 51 dpm mg. ‘+c‘ = 118 cpm,:mg. 
‘H: “C = 0431. 
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