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INlRODUCTlOh 

Sulfurcontalnlng natural products occur In virtually all lwng organlrms One group consists of 

the pnmaq metabolltn that arc tsxntlal to MC Example of compounds fallmg Into this category 

mcludc the ammo actd cysttlnc (t) and the enzyme cofactors btotm (2). lrpo~ actd (3). and thlammc 

(4) (Fig I) The wxond group of natural sulfur compounds contains the soxallad secondary 
mctabohte. which arc bhtved to h non~scntIrI to the producing organisms Rcptesenta~lve 

examples of compounds of thrs typt Include the antrbtotlc lu>pcnlctllln N (5). Ihe mustard 011 

glucoslde smlgrrn (6). and z-tcnhlenyl (7). which IS Isolated from mangolds Many addltlonal 

Illustrwtlons can be found m recent rcv~cws " 

It IS apparent that naturally occumng sulfur compounds exhibit cnonnous structural vancty 

Invcstlgallons of the btosynthc-sls of this nch p;rnoply of substances can therefore bc cxpcctcd to 
reveal a cornspondmg nchna In the undcrlylng blochcmlcA pathways leading to these com- 

pounds Ncvcnhtkss. one might cxpacr that a ltmllcd number of mcchanrsms would be ut~hud 

by Nature to Introduce sulfur Into these dlvcrsc arbon skeletons This rtvlew 1s a somewhat 

pcrsonah=d account of the current state of knowledge rcgardmg the mechanism of C-S bond 
fonnatlon In the btosynthtsls of brotm. hpac acid. and asparaguslc acid In addltlon. the ftnaf 

section of the review contains a bncf dlscusslon of the mcchamrm of C-S bond formatIon 
daompar)ylng the blosynthcsls of the pcnlcllllns 

The vttirmtn blotIn (2) was finr twloted from egg yoke by Kogl and Tonnes In 1936 ’ Elucldatlon 

of the structure of the compound by du Vtgncrud f~ 01 rqulred an addrttonal seven years.’ ’ and 

over a daadc elapsed btfort the role played by bloim as a carbon dloxrdc earner In carboxylatton 

reactions &amc clear * ‘I The mahanlsrlc and structural rspats of blotIn contalnlng cnzymcs 

aflt still the obJcct of cxtcnstvc srutmy ” 
Clues to the blosynthests of blo!ln were first obutncd from early okrvattons by Muclkr” ” 

and du Vlgncaud ” Mueller found that ptmthc rcld (8) served as a growth factor for Cnry. 
&acr~rwn drphhtrlar. while du Vtgnmud showad thrt this rqulrrment could bc satlsftcd by very 
low conccntratlons of blotm du Vlgncaud also dtscovcred’* that dcthloblotm (13) was as ttrCCtlve 

as blotm In supportmg the growth of Saccaromycr~ cc~~u~~v Thc~ mttlal clues were eventually 
followad up by a numhr of mvtrtrgrton who utA#zcd tadtottaar metho& and mutants to 
clucrdrtc the major steps In the blosynlhcsls of bot~n “The studles wrth E colr mutanti culmlnatcd 
In the pathway for blotln blosynthnts outllncd In !5chcmc I m This route pr&s by condcnsallon 
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of L-alaninc (9) with pimcloyl CoA (10) to give 7-oxo-8-ammopclargonic acid (11) Trans- 

amination then leads from 1 I to 7,Sdiaminopelargonic acid (12). The latter substance subsequently 
reacts with carbon dioxide in the presence of ATP to generate dethiobiotin (13). Finally, sulfur 

IS introduced into dcthiobiotin to yteld biotin. On the other hand, tracer studies with Achro- 

mohucrer led to the hypothesis” that biotin is biosynthcsrzcd from L-cystelnc (1) and pimcloyl CoA 
according to Scheme 2. This apparent dichotomy in the pathways to blotIn has recently been 

resolved by Marquct who ruxamincd*’ the biosynthesis of blotin in Achrmohacrer. Precursor 
incorpration experiments with I3-“C,“S)-f,cyrtcinc faild to yield radioacttvc blotin Howcvcr. 

the Same organism converted [2,3-‘H. 9-“C]-( + )-dcthlobiotm into biotin without change in the 

tntlum to carbn-14 ratio. It therefore appears that the biosynthesis of biotin in Achromobucw 
follows the same pathway as observed in other microorganrsms (ride in@). 

The most unusual sttp In the biosynthesis of blotin IS undoubtedly the cqnvtrsion of dcthlohiotin 

into blotm. At the present time, there arc two major unsolved problems connected with the 
transformation. One problem is the nature of the sulfur donor. Three groups have rnvcstlgated the 

ability of various compounds to act as sources of sulfur m biotm biosynthesis. Nirmura.:’ utihzlng 
sulfur-starved cells of S. ctr&.ke. found the followmg decreasing order of cfktlvcncss: 

mcthtoninc sulfoxldc. methionine. Na,S. YaHSO,. Na.SO,. homocystcinc. S-adcnosylmcthtoninc. 

and methyl mercaptan. Cystmc. cystcinc, methlonmc sulfonc. S-methylthioadenosint, choline 
sulfate. and glutathione were inactive as sulfur donors. Addltlon of “S-methioninc to the cells gave 

radlolabcltd biotm.““’ A similar experiment with radtolabclcd mcthtoninc was carned out by 

ShImada using Aqwrgilfu niger and gave the same result. Wright” found that hpo~c acid and 

two IIPOIC acid derivative sltimulated biotm production in A. niger. but administration of “S-lipolc 

acid gave relatively low levels of incorporat)on Into blotIn. This result suggests that the stimulating 

effect of hpoatc is due to other factors than the donatton of sulfur. 
The second problem associated with the conversion of dcthlohlotln into blotm concerns the 

mwhantsm of the sulfur Introduction press. Pionccrtng cxpcrtmcnts to solve this probtem were 
carried out by Li QI al.= Thcsc rnvatigators adminlstcred a mlxturc of [9- or IO-“C)-dethtobrotin 
and randomly tritiatcd dethiobiotin to cuiturcs of A. nrgvr and isolated radroactlvc biotln sulfone 

From the decrease in the ‘H/Y ratio. It was suggested that approximately four hydrogen atoms 
might bc lost dunng the sulfur introductron process. Thus loss could be acxommodatcd by the 
involvement of at least two unsaturatlon steps. 

The unccrtaintles resulting from the use of randomly tritrated dethiobiotm in these double label 

expenments prompted us to reinvestigate the degree of hydrogen loss using specifically tritiatcd 
forms of dcthiokotin. Published syntheses of ( ;f )-dcthlobiotinP ‘! proved unsatisfactory when 
applied to the problem of synthesizing 13 labeled spcc~hcally with tritlum. Conscqucntly, a new 

stereospeck synthesis of ( f )-dcthlobiotm that was useful for labeling purposes was dcvelopcd.” 

This synthcsts IS outlmed in Scheme 3. Roscmund reductton of S-cthoxycarbonyl-n-pcntanoyl 
chloridcY followed by Immcdlatc acctahzation with p-toluencsulfontc actd and ethylene glycol gave 
the acctal ester 14. Treatment of 14 with lithium aluminum hydride afforded the acctal alcohol IS 

whtch was converted by triphcnylphosphinc and carbon tctrabromldt into the btomoacetal 16. 
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19 a, x= NJ 01 NHC02Et 

Y=NHCc)$t 01 N, 

ZJ, X=NJ~NHCOZEt;V=NHCOpEtaN3 

~.X=Nk$orNHC~Et,Y=NHC~Et oWH2 

Scheme 3 

Alkylatton of propyne with 16 tn liquid ammonia produced the acttylcntc acetal If. Sodium- 

ammonia rcductton of 17 then led to the rrohs-acetal olcfin 18. The frqnr olefin 18 was next 

subjcctcd to the condttrons of a stereospecific aundmc synthcsts devtsed by Hassner.“ Sequential 
treatment of 18 wtth iodine artde. tricthylphosphtte. and lithtum alummum hydride afforted the 

rranr-substituted aarrtdinc 19 Ring-opcnrng of the arirtdinc with sodrum a7.dc in actdtc. aqueous 
alcohol” followed by acylatron wtth ethyl chloroformatc ytclded a mixture of two tsomeric 

azido-urethane 20. Otonolysls” of the mtxturc 20 at -78.’ tn methanol produced a mixture of 

two tsomeric cthylcne glycol cstcrs (21). Catalytic reduction of the ester mixture gave a mtxture 

of two tsomeric ammo esters (22) whtch was treated with so&urn cthoxtdc In ethanol to prcxiuce 

the ethyl ester of ( f )-dcthrobtotin Actdtc hydrolyses of this ester then yielded crystallmc 

( f )_dcthrobiottn (13). 
Since the Introduction ofsulfur Into dcthtobtottn might tnvolvc the removal of hydrogen from any of 

five postttonsof the molcculc (C- I to C-5). the synthcsisJust described was modtfted to allow the rntro- 
ducttonoftritiumatcachofthcscsitcs ” “These modtficattonsare outlmcd in Scheme 4. Alkylatton of 

the tctrahydropyranyl tthcr of propargyl alcohol“‘wtth the bromoacctal l6ytcldcd the acetylcnrc acc- 
tal23 (Scheme 4) Dcprotcctton of 23 with aqueous BCC~IC acid contatnrng ethylene glycol yielded the 
propargyl alcohol U Colhns oxrdatron of U folloucd by reductton of the resulting propargyl al- 
dchydc with I’H]-potassium borohydndc gave the [ I -‘HI-propargyltc alcohol 25 Treatment of 25 wtth 
mcsyl chlorldc and tricthylammc In THF gcncrattd the primary mcsylate whrch was not Isolated but 
tmmcdiatcly reduced at - 78’ wtth lithium alumtnum hydride to the [ 1 -‘HI-acctylcntcacrtal26. Rcduc- 
tion of 26 with sodturn In hyutd ammonia proceeded without loss of label to ylcld the frclns olcfin 27 
bcanngatntrum Iabclat C-l. 27wasthcnconvcrtcd tnto[l -‘HI-( t )-dcthtobtotm by thestepsoutltncd 
in Scheme 3 

Rcductlon of the propargyl alcohol U with lithium aluminum hydride In THF (Scheme 4b) gave 
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the antlcipated”~” MCW allyhc alcohol 28. When the reduction of 24 was camed out with unlabeled 
lithium aluminum hydride and the reaction quenched with tntiatcd water. the [3-‘HI-allylic alcohol 
29 was obtained. as expectod.4’ It was also expected that reduction of 24 with [‘H)-hthlum 
aluminum hydride followed by workup with unlabeled water would give the [2-‘HI-allylic alcohol 
30. but the labeling pattern in 30 proved to be much kss spccitic than in alcohol 29. The labeled 

* - “O* - 
78,X=Y=H 
a,x=bl. Y=T 

z,X=T, Y =H 

~.X=T,Y=H 

Scheme Yb) 



alcohols 2!I and 30 were converted to the corresponding labeled acctal olcfins 31 and 32 by 
gencratlon of the mcsylatts and reduction at low temperature with hthlum aluminum hydride. The 

precise distnbution of the tritium label betwan C-2 and C-3 m 31 and 32 was dctermmed by 
oronolys~s of the labeled olefins to g~vc acttaldchydc and the cthylcnc glycol ester of 

6-fonnyl-n-hexanorc acid. The two labeled aldehydes obtamcd from each olcfin were denvatlzed 

as thioscmicarbazoncs and recrystallrzcd to constant specific actrvlty. In this way, II was estabhshed 

that the latxlcd alkcnc 31 carned I?,, of the tntlum label at C-2 and 83”, at C-3. while the alkenc 

32 carned St(O; of IIS ttitlum at C-2 and 42?; at C-3 The labeling pattcm in 31 and 32 havmg betn 

dcfincd, each of the labeled olefins was converted into the corrcspondmg labeled form of 

( 2 )-dcthiobiotin by the steps of Scheme 3 

The synthcsls of [4(RS}-‘HI-( 2 )-dcthloblotm began with oxidation of the acetal alcohol 15 to the 
aldchydc 33 using Colhns’ reagent (Scheme 4c). Reduction of 33 wrth [‘H]-borohydrlde then yleldcd 

t hc [I -‘HI-acctal alcohol 3J. This alcohol was convcrtd into the [ I -‘H ]-bromoacetal 35 which was 

ultimately transformed into (qRS)-‘HI-( + )- dcthiobiotin using known chemistry. 
Finally, IS( RS)-‘HI-( f )-dethloblotln was prepared from the [ I( RS)-‘HJ-alcohol 36 (Scheme 4d) 

which was available from 4tthoxycarbonyl-n-butanoyl chlondc by the methods used to prepare 

alcohol 34. Alcohol 36 was converted”) to the corresponding mesylate and the mcsylatc treated with 

aqueous potassium cyanide to produce the nitrile 37. Basic hydrolysis of 37 followed by hthrum 

aluminum hydride reduction of the resulting acid generated the [2( RS)- ‘HI-alcohol 38. This labeled 

alcohol was then transformed Into [5(RS)-‘HI-( f )-dtthloblotln In the usual manner 
The samples of tntiatcd ( 2 )-dethlobiorin prepared as descnbcd wcrc each mixed with 

[IO-“Cl-( + )-dethloblotln” and the doubly laMed precursors were then adminlstcred to cultures 

of A. nr~t~ (ATCC 1004) using the mcthc& of LI QI UI n The precursors ucrc not resolved since 
only ( + )-dethioblotin appears to serve as a biotin prccursor.& After an incubation pcnod of !X 

days. the biotrn produced from each doubly labclcd precursor was isolated as (+ )-blotIn sulfonc.a 
and converted to blotIn sulfonc methyl tstcr The methyl esters were purrficd by chromatography 

;Ind by rccrystalh7ation to constant activity and constant tntium to carbon- 14 ratto The results 

oft hesc cxpcnmcnts arc summanzcd m Table 1, expts. no I - 5 
A number of conclusions can be drawn from the data In Table I. Expenmcnts l-3 clearly 

demonstrate that the mtroductlon of sulfur at C-I and C-4 of ( + )-dethlobrotm takes plaa without 
the loss of hydrogen from C-2, C-3 or C-5. It thcreforc seems unhkcly that unsaturatlon IS 
Introduced at any of these sites durmg the biosynthcsrs of ( +)-blotln from (+ )-dcthlobiotm; 

however, the psslhrllty of cnrymatrc removal of hydrogen from C-2. C-3 or C-5 followed by 
rcplacemcnt of the hydrogen wIthout exchange cannot be excluded Expcrimcnt 4 shows that the 
Incorporation of [I -‘HI-( 2 )-derhioblotln mto biotin proceeds wtth about JO”, tntlum loss. The 

nature of the rcactlon assouatcd with the oxidation of the methyl group of (+ )-dethloblotin IS 
unknown. but the tntium loss observed in experiment 4 IS conslstcnt wrth the removal of one 
hydrogen atom from the methyl group by a press that cxhlblts httlc or no isotope effect. 
Experiment 5 reveals that [4(RS)-‘HI-( f)-dethrobiotln 1s convcrtcd tnto ( + )-biotln with about 
47”, tntlum loss. This figure IS withln expenmental error of that expected (SO”,) for the 
stcreosmific removal of one hydrogen atom from C-4 of dethroblotin dunng the formatton of’ 
hiottn Thus. II appears that two 
ol- rts conversion to (+ )-blot in 

hydrogen a toms arc removed from hloblotln ( + )&I as the result 
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Table I lncorponuon of spedidly rnt~accd dcrhokotm mlo brotm by A NUO 
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Espt k. Prvcurror ‘w”C for Prtcur-wr 
h”C for Itotin 

Sulfom ‘why1 I%ttr s 44 Ct~t~on 

I (2,3-3M.10- “C]-!:,-ly 6 OS !I.?4 95 0 

2 (3-3n,\0-“C)-(:)-1Jb 7 89 3(w 105 0 

3 [5-3”.lo-‘4c]-c*~-~ 5 12 5.3f 93.2 

4 [1-'".10-"c]-(!1-~~ 6.158 4 81 69 9 

5 ['(R~).3".10-"C1-~rl-13 S.88 3.10 52.7 

6 [4(R)-3".10-'4C)-(,)-~ 3 3? 3.01 91.1 

? ('(s)-3".~0-'4c1-(1~-1_1 6.00 0 42 7.0 

4 PrtCumor twrd 58~ ‘M at C-2. 421 rt C-3. 

b Precursor )uO \?I ‘H at C-2. 83% dt C-3. 

c 3 14 n! C rrtio mtaturwl on biotln wlfont. 

The txpcnments just dexnbcd utilize the eucatyotic organism Asprgillw ntgtr. Biotrn IS also 
known to be synthesized from dethtobiotin by a number of procaryotcs.” Marquct has rtportcd 
the mults of expcrimcnt.Pd with E. coli that suggest the dcthiobiotin to biotin convcnion follows 
the same route m procatyotic organisms. The N,N’diacctylimidazolonc 39 (Scheme Sa) was 
reduced with rH]-triethylsilanc m trifluoroacctic acid and the product saponified to yield 
I2.3-‘HI-( t )-dcthtobiotm (8S”~, of label at C-2, 15% at C-3). Sim’larly, [2.3-‘H] ( f )-dethiobtotin 
was obtained by reduction wtth [‘H)-triethylsilanc and TFA. [S-‘HJ-( f )-Dcthiobiotin was 
synthcstti according to Scheme 5b. The ester alcohol Y) was convcrtcd to its tntyl ether and then 
red& wrth lithtum alummum deutcride to the dideutcno alcohol 41. The chloride 42 obtained 
from 41 by the action of triphcnylphosphine and carbon tetrachloride was coupled to the allyhc 
bromtdc 43 m the prescna of cuprous bromide to give the dcthiobiotln derivative 44. Reductton 
of 44 in the usual way followed by deprotbction gave lab&d dcthiobiotinol (U) from which 
[ 5-‘Hz]-( + )dcthiobiotin was prepared by oxidation with Hcyn’s catalyst. [I -‘H,]_( f )-Dcthiobiotm 
was also synthesized. Each of the labeled forms of dcthlobiobn was administered to an auxotrophic 
mutant of E co/r (C124) whox biosynthctrc pathway to biotin is blocked before dethiobtotin. The 
results of the experiments are summarized in Table 2. 

Admimstratton of [2,3-‘HI-( f )-dcthtobtotin m conjunction with [9-“Cl-( i )-dethiobiotin gave 
radioacttvc btotm that had retained all of the tritium label (cxpt. I)* This result parallels that 
observed earlier in A. nrgfr. The possibility of hydrogen mlgtation from C-2 and/or C-3 was ntlcd 
out by admlmstration of [2,3-‘HI-( f )dcthiobiotin to the E, coli auxotroph followed by mass 
spectral analysis of the rcsultrng btotin (cxpt* 2). In the same way, an incorporation expcnment 

X=D 

X=T 
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Table 2 Immporrt~on of labeled dcthloblotm Into blotIn b) I.’ roll 
-_--- 

1 (9.“C,z.3-‘~]-(:I-~ 85% % 4t c.2 $4,” c l a 3. 

‘W/“C l a ? I51 In rt c-3 131% 44 retention 

7 (?.I-*“)-(*)-~ 85s (2-2.,] 09s (Z-2”, ] 

15% [3-y] III [A,) 

1 65s [L’n,] 

?5t [ 1 -‘HI) 161 [ L2’,] 

with (S-‘H:]-( & )-dcthjoblotin showed that both deutenum atoms In the precursor arc rctamcd at 
C-S In resulting biotin (expt. 3). This finding is also consistent with a related experiment carned 
out using A. n@r. Finally. admmistratlon of [I-‘HI)-( f )-dcthroblotln to E coli Cl24 gave brotin 
labeled with two deuterium atoms at C-l (expt. 4) This observation agrees with our Interpretation 
of the change in tntlum to carbon-14 ratlo accompanyng the incorporation [I-‘H, 
IO-“Cl-( + )-dcthloblotin into biotin by A. nqcr (t*i& supro). 

In order to gain some additional rnslght into the mechamsm of sulfur rntroductlon dunng biotln 
blosynthcsls. we decided to elucidate the stereochcmlstry of the introductron of sulfur at C-4 of 



Blolynrhcvr of some sulfuroontrmlng nrtunl products 1223 

dethioblotm. This was aocomplishcd by means of pruursor incorporation cxpcnmtnts with 
[4(R)-‘HI-d th’ b e IO lotin (54) and [4(S)-‘Hldethiobiotin (SS).* The synthesis of thest two chirally 

labeled forms of dcthiobiotin is summanztd in Schemes 6 and 7. The aced ester 14 was reduced 

with lithium aluminum deutetide and the resulting I, I -didcuterio alcohol oxidized to the deuterated 

aldehydc 46 with pyridmium chlorochromate (Scheme 6). The dtuteratcd aldehyde was then 
reduced with the adduct of ( + )-a -pincnc (ca 8 1% optical putity) and 9-borabicyclononanc. W The 

alcohol 47 produced in this reduction was expected to have the S configuration.@ This was 
confirmed by dcrivatlzation of 47 with (-)samphanoyl chloride and examination of the NMR 

spectrum of the camphanate ester rn the prexncc of Eu(dpm),. the diastcrcotoplc hydrogen atom 
at C-l of the camphanate ester of 47 resonated at higher field as prtdictcd.” Similarly, rcductlon 

of aldehyde 46 with the adduct of ( - )-z-pmcne (759, optical purity) and 9-BBN yielded the R 
alcohol 48. As an addItIonal check of the chlrahty of 48, it was degraded& to [(I R)-‘H, ]-hexanol 

whose chlrallty was verified by the c;imphanate method The chorally tntlatcd alcohols SO and 51 

were then prepared using Ihe same technique (Schcmc 7). Rcductlon of the aldchydc 33 with 
[‘HJ-potassium borohydride and oxldatlon of the rcsultmg labeled alcohol with pyndlnium 

4.l. H, =D.H,=H 

9. b= H. H,= 0 
Schcmc b 

SH,=H. H,= T 

3.3. H, =f, H,=H 

Schcm 7 



chlorochromatc gave the tntlatcd aldchyde 49. Rcductlon of 49 wrth the adduct of 
9-borobrcyclononanc and ( + ) or ( - )-z-pinenc yrclded the Sand R alcohols SO and 51, rcspcct~vcly. 

Each of these chorally tntlated alcohols was converted to its tosytatc and the tosylates were treated 
with the hthlo derivative of the THP ether of propargyl alcohol aocordlng to the method of Corey.” 

On the basis of the assumption that this reactton proceeds with inversion of configuration. the 

products of the alkylatron art the [l(R)-‘H] and 1 I(S)-‘HI-acctylemc acctals 52 and 53, rcspectlvcly 

Thcsc chrrally tritlatcd acetylenes were transformed Into [4(R)-‘H] and (4(S)-‘HI-( f )-dethiobiotln 

(54. 55) using the methods of Schemes 3 and 4 

The samples of chlrally tntlated ( + )-dcthlobiotm wcrc each mixed with 

(IO-“Cl-( + )-dcthioblotin and the doubly labeled precursors admimstcrcd to A. nlg~r. The 
( + )-blotin sulfonc Isolated In these expcnmcnts was purified as Its methyl ester to constant specific 

activity and constant ratio. The results of the incor-poratlon cxpcnmcnts arc shown in Table I 
(expts. no. 6. 7) The tntlum to carbon-l4 ratios of the blotin sulfonc methyl ester Isolated in these 

cxpcnments clearly demonstrate that sulfur IS introduced at C-4 of dcthioblotin with loss of the 

4 pro-S hydrogen atom. Since the absolute configuration of ( t )-biotm at C-4 IS known” to be S. 
It follows that sulfur IS introduced at C-4 of dethiobiotln with relc*nlion of configuration. 

The stcrcochemistry observed m the mtrductlon of sulfur at C-4 of dcthioblotin suggests that 

the functionall7ation mechamsm may be a smglc step process. An alternatIve possibiltty, such as 
hydroxylatlon. activation of the hydroxyl group, and displaccmcnt by a sulfur nuclcophrlc would 

presumably result in overall inc*crJron of configuration smcc btological hydroxylations of saturated 
carbon atoms usually proceed with retention of ConfiguratIon )r AddItIonal cvldcnce against the 
mtenncdlacy of hydroxylatcd forms of dethiobiotin has been provided by Marquet ‘> The known” 

imidalolonc 56 (Scheme ga) was acctylated and then reduced to glvc the N,N’-d~cetyl derivative 
57, Borohydndc reduction of 57 was followed by sapomflcatlon to produce the two eplmers of 

4-hydroxydcthloblotln 58 and 59. Imldarolonc 56 was next converted to the aldehydc 60 by the 
method of Zav’yalnov.M The aldehyde was transformed into the N.N’-dlacetyl dcrlvatlvc and the 

latter compound reduced catalytically to the acetylatcd aldehyde 61. Treatment of 61 with 
borohydndc and sapomficatron of the rcductlon product then yielded I-hydroxydethlobrotrn 62 

(Qhcme Sb) 

The three forms of hydroxydethlohlotm utre evaluated as precursors of brotln In E co/r mutant 

Cl24. hnc of the compounds tested supported the growth of this orgamsm. Transport studies 

showed that all three compounds can enter the cells and so the ahxncc of growth could not be 
at tnbutcd to pcnncahtlrty problems. The dlhydroxydethloblotln denvativc 63” was also evaluated 

as a precursor and it did not induce growth It therefore seems unlikely that hydroxylation takes 

place at C-l or C-4 of dethioblotln dunng the formation of hiotin. However, one cannot rule out 
Involvement of hydroxylated lntenncdiatcs that are tightly bound to the enzyme(s) catalyzmg the 

Introduction of sulfur. 

In addltlon to these studies. Marquet has reported the lsolatron of an intcnncdiate (“X”) that 
apparently lres on the pathway bctwccn dcthtobiotm and biotrn.” lntcrmediatc X uas Isolated 



from the mcubation medium of resting alls of E. coli mutant Cl 24. The compound appears to 
contain sulfur and tt promotes the growth of E. coil Cl24 and of several E. coli mutants blocked 
bctwccn dethloblotm and biotin. The conversion of X mto btotm by growing alls of E. co/i Cl 24 
was also establishal. Unfortunately. the structure of mtermcdiate X is unknown at present, and 
sina it IS unstable and only available m minute quantities, elucidation of the structure may prove 
to bc a formidable problem. 

I.W’OIC ACID 
z-( + )-Lipotc acrd (b.&thiocttc acid) (3) was mdepcndcntly dtscovercd by scvcral groups in the 

late 1940s as a growth factor and a requirement for pyruvate oxrdatton In vanous macro- 
organisms. W ” The substana was lirst obtained in crystalline form by Reed er ui.. who processed 
enormous quantlttcs of the water insoluble restdues of beef liver.““’ The isolation was raprdly 
followed by structural “@ and synthetic investigations”.” culminating in the formulation of lipolc 
acid as the 1.2dtthiolanc denvative 3. The absolute configuratton of Itporc acid was determmed@ 
by MISIOW m 1956. 

Lipoic acid is widely distributed in living systems where It functions as the cocnayme m those 
multtenzyme complexes that catalyze the oxtdative daarbxylatton of z-kcto acids? ” The first 
information conammg the biosynthests of l1p01c acid was obtained by Recdm” m 1964. In 
unpublished cxpcnmcnts. he showed that octanorc acid (ti) serves as a specific precursor of hpo~c 
acid In E. co/r (Scheme 9). Thus IS an mtngurng observation which suggested to us that the dtthiolanc 
nng of hpoic acid might be generated by a mahantsm related to the formatton of the thiophanc 
nng of biotin. &fore addrcsstng ourselves to that possrbility, it was necessary to vcnfy that 
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octanotc acid is spcc~fkally incorporated into lrpoic acid by E COIL Accordmgly. 
sodlum[ I-“Cjoctanoatc was admimstercd to shake cultures of E. co11 (Crookcs strain, ATCC 8739) 

and the CXIIS harvested by antrifiguratron after 16 hr at 32-34’. The alls were sonicated. 
radioinactive lipotc acid was added as carrier. and the mixture was then autoclaval in 6N sulfuric 

acid at 120 for 2 hr IO libtratc protem-bound lipoic acid The crude lip&c acid recovered by 

benzene extraction of the auroclaved mixture was dcrivatized by reduction with so&urn m hquld 
ammoma followed by treatment with pphcnylbenzyl chloride to give the bts(p-phcnylbenzyl) 

denvative 65 (Scheme 9). Thus dcnvativc was recrystallized to constant radioactivity to give an 
mcorporation figure of O.l7’/,. The purified dcnvativc 65 was converted to the forresponding 
methyl ester which was recrystallized and then desulfunzed with Rancy nickel to yield methyl 

octanoate (Scheme 9). Hydrolysis of the methyl octanoatc and Schmidt degradation of the resultmg 
octanoic acid then gave carbon dioxide, trapped as barium carbonate. and n-htptylamine. which 

U.n=r 

S.n=a 

QD.n= 5 

W.n= 6 

z - J---Jo - [7(RS)-%I]-64 
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was derlvatlrtd with phenyl rsocyanatc. The results of thus degradation (Table 3, cxpt. I) prove 
that octanolc acid IS a specific precursor of lipotc acid in E. co/i.” 

The role of octanotc acrd as a hpoate precursor havrng been established, samples of octanotc 

actd specifically tntiated at C-5, C-6, C-7 and C-8 were synthesized from the homologous xncs 
of tntiattd alcohols 34. 36. 66 and 67 (Scheme IOa,b)? The labeled alcohols 3J. 36. and 64 were 

converted to the corresponding tosylates (6&70) and each of the tosylates was trattd wtth the 

approprrate hthlum dralkylcupratc to ylcld” the tritiatcd mtanal derivatives 72-74. The tnttated 
octanal derrvative 75 was prepared from the labeled alcohol 67 by conversion of 67 to the bromide 

71 (Ph,P, CBr,) followed by reductron of 71 with Itthrum triethylborohydride+ The tntiatcd acetals 
72-7s were then transformed into specifically trittated forms of sodium octanoatt by ozonolysrs” 

followed by alkaline hydrolyses of the resulting ethylene glycol esters+ Each of the samples of 
tritrated sodium octanoatc was mrxed with sodium [I-“Cl-octanoatc and the tntrum to “C ratios 

mcasurcd directly and by denvattratton of a portron of each mixture with p-bromophenacyl 

bromide. The four samples of doubly labeled octanoate were then admintstered to E. co/i and liporc 
actd isolated In the manner already descrrbed. The hpo~c acid obtamcd from each cxpenmcnt was 

dcrivatrzed with pphenylbenzyl chlortdc and the denvattvcs recrystallized to constant radioactivtty 

and constant tritium to”C ratio* The results of thex experiments are shown m Table 3 (expts 2-5). 

The following conclusions can be derived from the data In Table 3. Expcnments 2 and 3 show 
that the introduction of sulfur at C-6 and C-8 of octanolc acid occurs without hydrogen loss from 

C-5 or C-7 Thrs result is similar to that obtained when dethiobiotin labeled at C-2, C-3 or C-5 
IS transfonncd Into brotm and II presumably rules out the mtroductron of unsaturatron at C-5 or 

C-7 of octanoatc durrng the COUKC of sulfur introductton Experiment 4 shows that the 
lncorporatron of sodrum [%‘H]-mtanoate Into hpoate proceeds wlthout tntrum loss, within 

cxpenmcntal error. This mult IS probably the conxquence of a substantial ttitium isotope effect 

auoclated with the removal of a hydrogen atom from C-8. It will be recalled that the mcorporatron 
of [ 1 -‘HI-dcthrobrotrn Into brotm appears to prooccd with I~ttlt or no ~sotopc effect. Smcc the nature 
of the reactron assocratcd with the oxidation of the methyl groups in octanoic acid and 

dethioblotln IS unknown, the reasons for this dtffercnce are prcxntly unclear. Expenment 5 reveals 
that sodrum (6(RS)-‘HI- octanoatc IS mcorporated into lipoic acrd vvlth about 500/, tntium loss. This 

ftgure IS precrxly that expted for the stcrcospccrfic removal of one hydrogen atom from C-6 of 
octanorc acid as a consequence of sulfur introductton. and it parallels the results obtained when 
[4(RS)-‘HI-dethloblotln IS transformed mto brotin. 

The expcnmcnts gust outhncJ suggest that the mecharusm(s) of sulfur jntroductron asscmated 
with blotm hrosynthcsls and 11po1c acid blosynthesls may k closely related Thus possibility was 
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further Investigated by cnamimng the stereochemistry of sulfur introduction at C-6 of octanoic 

acid*” The synthesis of [(6R}-‘H]- and [(6S)_‘H]-sodium octanoate was accomplished by the route 
summarized in Scheme I I The chirally tntiated alcohols 50 and 51 (Scheme 7) were converted to 

the corresponding tosylates and the latter compounds reacted with lithium dicthylcopper. Since the 
reaction of dialkylcupratcs with tosylates prcxzceds with inversion of configuration at the sulfonate 

bcanng carbon atom? this reactton scqucncc transforms the S-alcohol 50 into the S-acetal76 and 
the R alcohol 51 mto the R acetal 7,“ O-tonolysis of the chirally tntiated acctals and baxcata- 

lyred hydrolysis of the resulting ethylene glycol esters then gencratcd sodium [(6S)-‘HI- and 

[(bR)-‘HI-octanoate (78. 79. respectively) The two chorally labeled compounds were administered 
to E. coir after mixing wth sodium [l-“Cl-octanoate and radioactive hpo~c acid isolated as the 

S.S’-hts@ -phcnylbcnzyl) derivative. After extensive purrficatton. the derivatives from each 
expctimtnt gave the tntium to carbon-14 ratios shown In Table 3, cxpts. 6 and 7. 

The tntium to “C ratios shown in Table 3 clearly prove that sulfur IS Introduced at C-6 of 

octanoic acid with loss of the 6 pro-R hydrogen atom Since the absolute configuration of hporc 

acid at C-6 IS known to be R. sl) it follows that sulfur is mtroduccd at C-6 of octanolc acrd with 
im~rsrorr of configuration. Thus result IS somewhat surprismg tn VICW of the fact that sulfur IS 

rntroduccd at C-4 of dethiobiotin with rm-wion of configuratlon (L.& supra). At the present time, 

it is not clear whether the introduction of sulfur in biotin biosynthesis prmcds by a mcchamsm 
that is fundamentally diffcrcnt from that involved in hpoatc biosynthesis, or whcthcr the 

mechamsm is the same in both cases with the stereochemical outcome being dictated by other 
factors. r( 

The results from our investigations of lipoic acid brosynthcsis have httn fully corroborated by 

White using deutcnum Iabcled prccursorsm.@ Initially, he examined the mcorporation of deutcnum 

into C,?, C,, and C,, saturated fatty acids by E co11 B grown in a medium containing [2-1H,J-acetate. 

The isotope distnbution observed by mass spectral analysis could be accounted for by the prcscncc 
of three distinct populations of deuterium The most enriched of these populations conslstcd of 

the terminal methyl group in which 8F/; of each fatty acid continued a methyl group with three 
deutcrlum atoms This deutcrium population was derived directly from the acetate methyl group 

without cxchangc. The second population, which was 45”, deuterated. consisted of one lab&d 

hydrogen for each even numbered carbon atom. This second population was presumably dcnvcd 
from acztatc via malonyl-CoA. The third population (l9:, deuteratlon), which carned one labeled 

hydrogen atom on each odd numbered carbon atom, was formed indirectly from acetate via labeled 

NADPH Dcsaturation of the deutcratcd C,, saturated fatty acid using the Cm,-nt+ocwtwn 

diphrhtviue dtsaturation system” produced palmitoleic acid. Chemical and mass spectral analyses 

of derivatives of this acid showed that the ?GADPH-derived hydrogen on C-9 had been lost, while 

the acetate-denvcd hydrogen at C-IO had been retained. In addition. White showed that 
[2,2’.lO(S)-‘H,]-palmitic acid was converted to palmitolelc acid wtth retention of three deutenum 

Scheme II 
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atoms He therefore concluded that the hydrogen incorporated from acetate at C-IO occupied the 

pro-S positlon. whrle the hydrogen at C-9 dcnved from NADPH occuplcd the pro-R position. 

These expenments were extended to an examination of the incorporatIon of [2-‘H,]-acetate Into 

hpo~c acrd by E. colr B, The lipoic acid produced from this precursor was Isolated as 6.8.bls 
(ben/ylthlo)octanoatc and analyzed for dcutcrium content by GC-MS. The lrpoate derlvatlvc was 

found to contain up to eight dcutetium atoms. a labeling pattern that IS consrstent with the 
blosynthesls of hpolc acid from a saturated fatty acid. Confirmation of this was obtained by 
admrnlstration of [U-*H,,J-octanoate to E co/r. GC-MS analysis of the Isolated 11po1c acid 

derivatlvc showed that 90% of the sample had ban blosynthesized from the labeled octanoatc and. 
further, that the labeled lipoic acid contained thirteen deuterium atoms. This result not only 

demonstrates that octanoic acid IS a precursor of lipotc acid In E colt, but II also clearly shows 

thal the sulfur atoms arc Inserted Into octanolc acid with the loss of only two hydrogen atoms 
FInally, It wa$ dctennmed from the dcuterium incorporation data that the deutenum prcscnr rlt 
C-6 of octanolc acid blosynthctlcally dcnved from labeled aatatc IS strll present after ConversIon 

to II~OIC acid Sina It had already been ‘shown that the acetate-derived hydrogen on C-IO of 
palmltlc acrd IS Incorporated Into the pro-S position, it follows that sulfur IS rntroduad at C-6 of 

octanolc acid with invcnlon of ConfiguratIon. 
The stere~htmlstry of sulfur mtroductlon at C-C, of octanoic acid suggests that sulfur might bc 

mtroduccd by hydroxylatlon with retention of configuratlon”’ followed by &2 dlsplaccmcnt of the 
activated hydroxyl group with a sulfur nucleophilc. White” has tested this possibihty by precursor 

incorporation enpetimenl5 with hydroxylated forms of octanolc acid. [6(RS)_‘H,]-6 
Hydroxyoctanolc acid (83) was syntheslred by the methods outlmed In Schcmc l2a. 

I-Morphohno-I-cyclopentenc (80) was acylated wth propionyl chlonde and the resulting adduct 
hydrolyzed to 2-propionyl-l-cyclopentanonc (81). Treatment of 8t with alkali yicldcd 
6-oxooctanolc acid (82) which was reduced with sodium borodeuttnde to 83. The corrcspondlng 

mercaplo acid 84 was also prepared by treatment of 83 with thiourea and hydrolodic acid folIoNed 

by alkaline hydrolysis of the intermedlatc thiuronium salt. [8-‘HJ-8-Hydroxyoctanolc acid (%7, 
Scheme l2b) was synthesilrd from suberic acid monomethyl ester (8s) by convcrslon to the acid 

chlondc 86 and rcductlon with sodium borodtutcndt in monoglymc. [8-‘H,]-8-Mercaptooctanolc 
acid (88) was in Iurn obtained from 87 wa the thluronrum salt. Fmally, 1%‘H,]-( t )-6.8- 

Jlhydroxyoctanolc acid (93) (Scheme 12~) was prepared from 2-carbcthoxymethylcyclohexanone 
(89) by reduction of the protected ester 90 with lithium aluminum dcuttride. aatylatlon of the 

resultmg alcohol, and dcprotectlon to produce the aatoxyketonc 91. Baeyer-Vllliger oxldatlon of 

91 with peraatic acid generated the lactone 92 that was hydrolyzed to the rtquislte octanolc acid 

dcrlvatlvc 93 
Each of the deuterated acids 83, 84, 87, 88 and 93 was administered to E. cnlr and Ilpo~c acid 

Isolated as b,S-bls(benzylthio)octanoate. GC-MS analysrs of the hpolc acid denvatives gave the 
data prescnrcd In Table 4. From this incorporatlon data. it is clear that the thlooctanolc aclde arc 

much more eficlcntly Incorporated mto hpo~c acid than arc the hydroxyoctanolc acrds. Smce rhc 
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Scheme 12(b) 

@iI 91 

Scheme 12(c) 

Table 4 kmpon~on of dculcrrlal precurron Into Lptc md by & rdr 

2 16(RS)-'nl)-6-~dril~OCt,nO(C rcld c 0.2 

1 [e- 2 ~2]-e-Thloact4nOlC act0 
4 

;s 

b 
15.8 ‘p of pvcur~o~ added to culture. 

8 
30.0 q of prtiursor rddtd to culturt. 

lack of Incorporation of the hydroxyoctanoic acids could be due to transport problems, a stable 
isotope dilution analysis was developed to dtttrmrnc the distribution of [8-‘HJ-8-hydroxyoctanoic 
acid at the end of incorporation experiment no. 1, The results of the analysis showed that almost 
all of the deuttrated hydroxy acid (35.0 f 0. I mg) was present in the me&urn. The ails. however, 
did contain 24.5 pg of [8-‘HJ-8-hydroxyoctanolc acid per gram weight of cells, of which co 90”; 

was present in noncstcrifkd form. This represenls only a small amount of the compound 
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admmisttrcd to the culture, but if only IT4 of it had &n converted into lipoic acid by the alls. 

then CO 199/o of the lip&c acid in the alls would have bctn denvcd from the labeled hydroxy acid. 

The results of White’s experiments with hydroxylated forms of octanoic acid are similar to those 

obtained by Marquet m her evaluation of hydroxylated forms of dcthloblotln as biotin precursors 

(pi& supro). The evidence amassed by both these investigators strongly suggests that hydroxylated 
compounds are probably not intermediates in the sulfur mtroductlon processes. On the other hand, 

White’s cxpcnmtnts with deuterated bmtrcaptooctanolc acid (84) and 8-mercaptooctanolc acid 

(8LI) (Table 4, cxpts 3.4) provide support for the notion that 8-mercaptooctanoic acid 11~s on the 
pathway to lpxc acid. If 88 actually IS an mtcrmtdlatc In hpoate blosynthcsis, however. It is 

probably tightly enzyme bound. We have rcpcatedly farled lo detect labeled 8-mcrcaptooctanolc 
acid by Isotope dllutlon In E colr after admmtstratlon of [I -“C]-octanorc acid, even when strongly 

hydrolytic workup conditions were used to fret any bound mercapto acid.” 

A’PARAGUSIC ACID 

Asparagusic acid (95) (Scheme 13) IS a naturally occurnng l.2-dlth~olant that has been Isolated 

from both the roots and edible portions of Asparu~ur ~fi~al~s L M Lb The substance IS a plant 

growth inhIbItor exerting activity comparable to ahscwc acid.* I5 and It also possesses potent 
nematlcldal actlvtty 16 Since the I .2dithlolane lrpolc acid (3, Scheme 9) IS derived from octanolc acid. 

one might expect that asparaguslc acid would bc denvcd from lsobutyrrc acid (W) Precursor 

mcorporatlon expcnments m our laboratory have shown this to be the case ” Admlnlstratlon of 

commcrclally avallahle [ I -‘4C]-sodlum isobutyratc to young A qgic-rnul~ plants by the cotton work 
method gave radloactive asparaguslc acid after four days. The asparaguslc acid was isolated by 

dilution with synthetic asparagusat? and It was dcrlvatlrcd as the bls @-phcnylbcnzyl) thiocthtr % 

(Scheme 13). Purlficatlon of 96 by chromatography and repeated rccrystalh7atlon gave the incorpo- 

ration figure shown In Table 5, expt. I. Degradation of the thlocthcr 96 was accomplished by 
converwon to the anrltdc denvatlve 97 with DCC and aniline followed by Raney nlckcl dc- 

sulfurization to the amhdc of lsobutync acid (98). The anrlidc 98 was then hydrolyzed and the 
resulting isobutyrlc acid subject to Schmidt degradation to ytcld lsopropylammc Finally. the 

lsopropylammc was converted to Its crystallmc bcnramldc dtrlvatlve 99 for purposes of final 
purification. The amide 99 proved to bc devoid of radloacttvtty (Table 4, expt. I) thereby showing 
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that lsohutync acid had been specifically incorporated Into asparagusic acid. Expcnmcnts with 
trittated forms of isobutync acid were then carried out to obtain clues to the mcchamsm of sulfur 
introduction. [3+‘H]-Sodium isobutyrate was synthcsrrcd as outlined in Scheme 14a. Treatment of 
n-butyl proptonatc” with LDA in THF-HMPA followed by alkylatlon wtth [‘HI-methyl iodtde 
yielded [3.4-‘HI-n-butyl isobutyratc (100). Basic hydrolysis of 100 followed by aadificatton. steam 
disttllation. and titration wtth alkali yielded the desired 13.4’HI-sodturn tsobutyratc [2-‘HI-Sodium 
isobutyrate was synthesizd in srmllar fashion (Scheme I4b). The anion formed from n-butyl 
propionatc and LDA was quenched with [‘HI-tnfluoroacetic acid to generate [2-‘HJ-n-butyl pro- 
ptonate (101). Dcprotonation of 101 with LDA was then followed by alkylation with unlabeled 
methyl iodide to produce [2-‘HI-n-butyl isobutyrate tI02). The labclcd ester IO2 was fmallyconvcrtcd 
into [2-‘HI-sodium isobutyrate by hydrolysis, steam distillatton, and titration. Each of the samples 
ofsptctfically tnttatcd sdtum isobutyratc was mlxed wtth [I -“Cl-sodturn lsobutyratc and the tritium 
to carbon-14 ratios checked dtrcctly and by derivatizatton of a portion of each mixture as the 
corresponding anilide The two samples of doubly labeled sodium lsobutyrate wcrc then admmis- 
tcrcd to Asparagus and aspargustc acid isolated and derivatized as already described.. The results of 
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these expcnmcnls appear in Table 5 (txpts. 2, 3). The incorporation of [3+‘H]-&lum lsobutyratc 

into asparagusic acid proceeded without tritium loss. within experimental error. The high dcgrec of 

tntlum retcntlon observed in this experiment is presumably the consequence of a substantial tntium 

isotope effect assoclatcd wth the removal of a hydrogen atom from each of the methyl groups of 

lsobutyratc. It will be recalled that a similar degree of tritium retention accompamcs the convcrslon 

of [[l-‘HI-octanoic acid into lipolc acid (t-i& supro). On the other hand, the incorporation of 
[2-‘HI-sodium isobutyratc Into asparagusate resulted In the loss of virtually all of the tntlum label 

This result stands m complete contrast to the bchavlor observed during lipoic acid blosynthtsis. In 

the case of the latter I .2-dlthlolane, no tntlum is lost from carbon atoms adjacent to the sites of sulfur 

mtroductlon (IV& rupra). It therefore appcan that Nature has at least two ways to create the 

1.2-dithlolane nng system A plausible cxplanatlon for the loss of tntium from I2-‘HI-s&lum 

lsobutyratc would lnvolvc dehydrogcnation to methacrylrc acid (103) (Scheme 15), a process that IS 
reported to occur in ammals and in mlcroorganlsms.OO.vl Consequently, [ I-“C]-so&urn methacrylatc 

was synthcsrrcd by carboxylatlon of lsopropcnyl magnesium bromide with [“C]-carbon dloxldc and 

admimstcrcd to Asporugur plants. After four days radloactivc asparagusic acid was obtained (Table 
4. cxpt. 4) and degradation m the usual manner (Scheme 13) proved that the incorporatlon was 

SpcclfiC 

The results of the aforementioned cxpcriments suggest the biosynthetic pathway for asparaguslc 

acid outlined m Scheme 15. Dchydrogcnatlon of lsobutyric acrd (94) (or lsobutyryl CoA) to 

mcthacrylic acid (103) could bc followed by a Mlchacl-type addltlon of an unknown sulfur nuclco- 

philc* A second dehydrogcnation step would then lead to an unsaturated acid that could undergo 

addIllon of a mend mole of the sulfur nuclcophllc to ultlmatcly yield asparaguslc acid. AdditIonal 
mcorporation cxpcnmcnts’? will now be outhned that completely support this pathway. 

Scheme 15 suggests that 3-mercaptolsobutync acid (104. R = H) may he on the pathway from 

Isobutyric acid to asparagusic acid* Thrs posslbllity was evaluated by incorporatlon expcnments 

with doubly labeled form of 1W (R = H). [ I-“C]-!!iodlum 3-mcrcaptolsobutyrate (105) was 

synthcssrtid from (l-‘4C]-mcthacryl~c acid by treatment with thlolacctlc acid followed by alkahne 
hydrolysrs (Schcmc Iba)* Similarly. [Z-‘HI-sodium 3-mcrcaptolsobutyratc (106) was prepared by 

Michael addltlon of thlolacetlc acid to methacrylic acid in tritlatcd water with substqucnt alkahne 
hydrolyses (Scheme lbb). [“S]-3-Mercaptoisobutync (107) acid was obtained In two steps from 
methacryhc acid. Reaction of methacryhc acid with hydrogen bromide gave 3-bromolsobutyrlc acid 
which was then treated with [“S]-sodbum sulfide to yield 107 (Scheme Iti)* Fmally. 
[ 3( RS)-‘HI- so d lum 3-mcrcaptorsobutyratc (10%) was produced from [(Z)-2-‘HI-methacrylrc acid” 
by thlolacctlc acid addition and alkahnc hydrolysis (Scheme Iti). The labeled acids IO!! and 106 

were mlxcd to g~vc [I-“C,Z-‘HI-( i )-3-mercaptoisobutyratt and the labeled acids 107 and 108 were 
mixed to produce [“S,3(RS)-‘HI-( ,+ )-3-mercaplolsobutyrate The ratios of each doubly labeled 

precursor were measured directly and by derivatlzation of a portron of each mixture with 

p-bromophcnacyl bromldc The two doubly labeled precursors were then admlnrstcrcd to 
Alrpltragw plants to yield the results contamtd In Table 5 (txpts 5.6) 
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7%~ conclusions can be drawn from the data obtained in these experiments. First, it is clear 
that 3-mcrcaptolsobutync acid IS a spcclfic precursor of asparaguslc acid. Second. the incov 
ration of 3-mcrcaproisobutyric acid into asparagusic acid proceeds with the introductron of 
unsaturation btwccn C-2 and C-4. Finally. asparagusic acid is formed from 3-mcrcaptolsobutyrate 
with complete retention of the sulfur atom present in the latter compound. This last conclusion 
rules out the possibihty that 3-mcrcaptoisobutytate IS mcorporated into asparagustc by rcvcrsion 
to mcthacrylic acid. 

The incorporation experiments with 3-mcrcaptoisobutyratc suggest that sulfide may bc the sulfur 
donor In asparagusate brosynthestr. However, an alternative possibilrty 1s that cystemc is the 
immediate sulfur donor. Thus possibility anscs from the fact that S-(Bcar~xy-n.propyl)-1, qstcine 

(IOJ. R = - CH,CH(NHI)COOH. Scheme 151 has been qorted to occur in both omen and garlic 
plants.” M Both of these plants are Al/km sptcics and they are therefore members of the Ldiuceoe. 

Smut the genus AsparuRw is also a member of the Liliuceae, it Ectmed probable that S+?-carboxy- 
n-propyl)-lcysttjne might also occur in A oficrnofrr. This was shown to bc the tax by 

admimstration of [l-“C’j-~sobutyratc to Aspurugus plants and imlation of radioactive S-@-carboxy- 

n-propyl)-t-cystclnc (109. Schcmc I7a) after four days (Table 5. cxpt. 7). Degradation of 109 via 
a Schmidt reaction to the dlamino acid 110 proved that the Incorporation was spcc~fic. Shortly after 
this experiment had been performed, the isolation of S-@-carboxy-n-propyl)_L-cystcinc from A. 
o#iciAti was rqmrtcd by Kasai et 01. “ The presence of this amlno acid in Aspuragus having been 
established, experiments wtre carncd out to cvaluatc the compound as a precursor of asparagusic 
acid. For this purpose, I”S]- and (‘Hj-labeled forms of S-(P~arboxy-n-propyl)-L-cystclne (I 11. 112) 
were synthesized as shown in Scheme l7b.c. The two labeled ammo acids were then mlxcd to obtain 
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[“S. 3(RSb)H]-2(RS)-S-(B-carbxy-n-propyl)-t_qstcine which was administered to hparogw 
plants. The results of this experiment (Tabk 5, txpt. 8) rtvcal that the amino acid is specifically 
mcorporated into asparagusic acid with retention of the sulfur atom derived from cysteine. 

The combined data from experiments >8 (Table 5) can be interpreted in two- ways. One 
interpretation is that both S-(Bcarbxy-n-propyl)Lcysteine and 3-mcrcaptoisobutyrate lie on the 
pathway to asparagusic acid. with the former compound most likely f&ceding the latter. An 
alternative interpretation is that the two thio compounds are interconvertible m oit*o (Scheme 18). 
If this is the case. then only one of the two sulfur compounds n& lie on the pathway tn order 
to explain the results. The intcrconvcrston Mwccn the two thio compounds could presumably be 
mcdiattd by pyridoxal phosphate. 

PENIClLLlNS 

The mechanism of carbon-sulfur bond formation in penicillin biosynthesis appears to bear a 
close rtlatronship to the sulfur introduction steps in blotin and lipoic acid biosynthesis. The 
brosynthesis of the pcnrcillins has been the subject of intensive scrutiny and all but the most current 
developments are summariztd in rcc+nt revtews. W* Tht biosynthetic picture that has emerged from 
these numerous investigations is illustrated in Scheme 19. It is now ml1 establishal that 
L-a-aminoadipic acid (I II), t-cyst&e (I), and t-vahne (113) arc first linkaf to form 
d-(L-Q-aminoudipyl)-Lcystcinyl-o-valinc (119, which is also known as ACV or the tt.D-tripcptrde, 
TIM tripcptidc next undergoes ring-closure to form isopcnicillin N( 116). The latter compound then 
serves as the precursor of all other penicillin derivntivcs and is also rta~anged to yield the 
ocphalosponns (117). The faturc of penicillin biosynthesis that is of especial interest in the context 
of this review is the ringclosure of the triptptide 115 to tsopeninllin N (116). Tbe mechanism of 
this transformation which leads to tbc creation of a ntw carbon-sulfur bnd, has &n subjected 
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to a number of expcnmental probes. The key obseervations resulting from these investigations arc 
as follows. 

First, incorporation experiments with methyl deuterated valrncs have shown that all six 
dcutcrons are retained in the bicyclic products. In addition, 6-(L-z-aminoadipyl)t. cystcinyl- 
u-[ 2-‘Hj-valinc IS converted to isopcnicil lin N with retention of at k.ast part of the valrne 3 -proton. 
These results have recently been confirmed by conversion of b-(t-a -aminoadipyl)-t-cystcinyl- 
D-I2-?H,Me!-‘H~-vallne into isopenicillin I% by a all-free system from Cephalosporum 
rt-monrwn lo0 

uc- 

Second. incorporation cxpenmcnts with chiral forms of valinc in which one or the other of the 
drastereotopic methyl groups (C4, C-S) is labeled with deutenum or carbon- I3 established that 
the introduction of sulfur at C-3 of valinc occurs with overall w/enbon of configuration. Since the 
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