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Abstract: The coupling of 2-iodoquinoxaline to 4-(2,2-dimethyl-1,3-dioxolan-4-yl)-5-(tri-n-

butyistannyl)-1,3-dithioi-2-one 5 gave 4-(2,2-dimethyi-1,3-dioxolan-4-yi)-5-(quinoxalin-2-y1)-1,3-dithiol-

2-one 4. © 1998 Elsevier Science Ltd. All rights reserved.

Early degradative and spectroscopic work on the structure of the cofactors of the oxomolybdoenzymes by
Rajagopalan et al.! concluded that they involve a reduced pterin carrying at C-6 a four-carbon side-chain having
two sulfur atoms which ligate a molybdenum atom. Largely because the intrinsic instability of the cofactor once
released from the enzyme precluded the isolation of the cofactor itself, further clarification had to wait for X-ray
crystallographic determinations of whole enzymes. Since 1995, the X-ray determined crystal structures of three

molybdenum- and one tungsten-containing enzyme have been published. The structures of aldehyde oxidase
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dehydrogenase from Escherichia coli’ and the hypertherm ingsten enzyme
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oxidoreductase from Pyrococcus furiosus,” have clarified the structure of th
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tricyclic pyrano-pteridine nucleus in common — this substituted tricycie is termed moiybdopterin. The structural
evidence presently available is summarised in 1; thus, the metal is chelated by an ene-1,2-dithiolate (dithiolene)
which is attached at C-6 to a reduced pteridine ring, as originally proposed by Rajagopalm].i However,
unsuspected from the degradative and spectroscopic examinations, all of the protein crystallographic studies have
revealed the presence of a tetrahydropyran ring which can be viewed as resulting from cyclisation of a side-chain
hydroxyl group to C-7 of a 5,6-dihydropteridine.
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the synthesis of simple quinoxalin-2-yl and pieridin-6-yl dithiolen
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proligands and their conversion into cobait and molybdenum complexes, cuiminating in a synthesis®¢ of the
proligand 3, a quinoxalin-2-yl 1,3-dithiole-2-thione which has a four-carbon side-chain, a dithiolene masked as a
1,3-dithiole-2-thione, and two hydroxyl groups (masked as a 1,3-dioxolane) located on the distal two carbons of
the side-chain, as are the oxygens on the side-chain of the cofactor. This was produced via a linear sequence
which started with the long known’ and readily synthesised tetrol 2, but which was not very efficient especially
in the last step. We also developed a practicable bynthﬁ:blb of the pterin a.nalogue of 2,

In the light of ambitions to synthesise ultimately not only molybdopterin itself, and complexes there
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then serve for pteridine systems, and this extrapolation is described in a sequel. The essential step in the
successful route, the evolution of which is described in this paper, is a metal-catalysed coupling between a 2-
haloquinoxaline and a stannylated derivative of the 'right-hand' portion, i.e. a four-carbon unit having both a
masked dithiolene and a masked vicinal diol. Because other work® had made us aware that hydrolytic release of
a dithiolene from a 1,3-dithiole-2-thione such as 3, is considerably more difficult than hydrolytic release from a
1,3-dithi01-2-ane our target was 4 which we envisaged as being available from a 'right-hand’ unit such as §.
However, since 1,3-dithiole-2-thiones can be readily transformed with Hg(OAc); into 1,3-dithiol-2-ones, ? and

our earlier work had involved the thiones, it was with these that we began this present study.
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1,3-Dithiole-2-thione 6a was lithiated then quenched with tri-n-butyltin chloride and the resulting
stannane 6b coupled with 2-chloroquinoxaline using Pd(PPh3)4 in refluxing toluene affording 7a, previously
prepared(’b in four steps from quinoxaline. Encouraged by this result, we sought to produce a more elaborated
1,3-dithiole-3-thione, again via lithiation of 6a. Thus, the lithiated intermediate was reacted with ethanal, as a

model for the uitimately required dihydroxylated two-carbon extension, and produced the alcohol 6¢ in 80%
yield. Sequential treatment of 6a with one mol equivalent of n-BuL.i, then ethanal and then without isolation, a
second mol equivalent of n-BuLi and finally n-Bu3SnCl produced the alcohol-stannane 6d.'’ Attempts to couple
this stannane with 2-chloroquinoxaline were unsuccessful, possibly due to intramolecular protodestannylation.
Therefore, the alcohol was protected giving 6e which was then converted into stannane 6f; however, this too

could not be induced to couple with 2-chloroquinoxaline.
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hydroxylation of a 4-ethenyi-1i,3-dithiole (bcneme i). Attempted dehydration of 6¢ was unsuccessful so we
turned to ring synthesis, following a precedent in which the preparation of 4-cthenyl-1,3-dithiole-2-thione was
described. We found that, although this substance could be prepared as described, yields were inferior to those
reported, the thione was rather unstable and most importantly, we were unable to obtain derivatives via lithiation.
Accordingly we modified the route to allow production 4-ethenyl-1,3-dithiol-2-one 9a, which we found to be
formed much more cleanly and in satisfactory yield, and to be more stable.

Reaction of 1-chlorobut-2-yn-4-ol'? with isopropyl xanthate gave 8, acid-catalysed ring closure of

multlgr quantities could be prepared satisfactorily. OsO4-Catalysed hydroxylation with N-methylmorpholine
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1 as an acetal 9c. Attemnpts at
sequential lithiation of 9¢ then trapping with a variety of electrophiles, including n-Bu3SnCl, always led to the
formation of polar sulfurous materials which could not be characterised. We believe that these failures, which
contrast with successful lithiations of the thione 6a are associated with nucleophilic attack by the lithiating agent
at the carbonyl group of the ring. However, an in situ trapping protocol13 did permit the conversion of 9¢ into
the target stannane S. The hydroxylation of 9a, then protection and conversion to a stannane were repeated to
produce homochiral materials, R-9b, R-9¢, and R-5 respectively, by carrying out the dihydroxylation with AD
mix-a.'* Chiral GC analysis of the acetonide R-9¢ showed R-9b 10 have been formed in 94.4% ee.
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Scheme 1

Reagents: i, i-PrOC(S)SK, THF, 40 °C; ii, TFA, 4 °C; iii, 0sO4, NMO, Me2CO, H;0, <40 °C; iv, +-BuOH,
H>0, AD mix-q, 0 °C; v, MerC(OMe),, TsOH, rt; vi, n-BuzSnCl, THF, -70 °C, then LDA; vii, Me3SiCl, THF,
-70 °C, then LDA; viii, Ip, CH2Cl, 0 °C; 1x, 2-ICeH4NO,, CuTC, rt; x, ZnCls, -70 °C, then t-Buli, then I».

For the study of coupling reactions it was convenient to compare results obtained with the elaborated 5
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aithough the in sifu trapping regime aiso aiiowed the synthesis of siiane 9, it failed compieteiy in an attempt to
convert 9d into the corresponding boronic acid, starting material being recovered after exposure of a mixture of
9d and trimethyl (or tri-i-propyl) borate to LDA.

It was very disappointing to find that all attempts to achieve a cross-coupling between 2-
chloroquinoxaline and either the simple stannane 9e or the elaborated stannane 5 using palladium(0) catalysis
failed — various combinations of catalyst and ligand were examined including Pd(OAc)7/PPh3, Pd(PPh3)4,

Pd(PPh1),Cl,, Pdy(dba)sz/AsPha(Pfura), with variations in solvent (PhMe, DMF, MeCN, THF, EtzN, N-

methylnyrrolidinone (NMP)) and promotor (Cul, AgNO;). No coupled product was detected in any case. An
attempt to couple iodobenzene with stannane 9e (Pd(OAc),/Pfur3/NMP/100 °C) gave none of the desired
product

In an attempt to generate a zinc derivative of a 1,3-dithiol-Z-one, and knowing that simple lithiation (as a
prelude to exchange with ZnCl;) was not possible (see above), we attempted in situ generation of a zinc
derivative. Treatment of a THF solution of ZnCly with LDA generated heat; addition of 9d to the mixture
followed by TMEDA, and after one hour d4-acetic acid, resulted in a good recovery of 9d with a significant
(50%) incorporation (MS and !H NMR) of deuterium on the ring. Addition of -BuLi to a mixture of 9¢ and
ZnCl, then quenching with I gave the iodide 9g. Thus, it was apparently possible to generate significant
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quantities of zinc derivatives using this approach which follows Eaton's protocol in the cubane field. ” With this
avidence far the faormatinn nf the aroannzine intermediate we attemntad a connlineg with indnhenzans neino
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sequence to generate the zinc derivative of 9d, followed by addition of chloroquinoxaline and Pd(PPh3)4 gave
principally unreacted starting materials, together with a trace (1.7% yield) of the desired coupled product 7b, but
this yield could not be improved upon.

Treatment of the stannane 9e with Iy produced the iodide 9h. Having two iodo-1,3-dithiol-2-ones in
hand we attempted their conversion into the corresponding zinc species. It was encouraging that exposure of 9h
to activated zinc then water gave the de-iodinated material 9d in good yield, indicating formation of an organo-
zinc intermediate however, when we attempted to capitalise on this by adding 2-chloroquinoxaline and

Pd(PPh)2Cl5 to the solutio

anozing intermediate from 9h, no cou

Having synthesised iodides 9g and $h, aitempis were made to carry out cross-couplings via the
generation of a 2-zincio quinoxaline, but again no coupled products were obtained. Reaction of 2-
chloroquinoxaline with Riecke zinc'’ was exothermic but addition of iodobenzene and palladium catalyst gave no
coupled products and indeed simple addition of water after the exotherm with zinc produced no quinoxaline,
casting doubt on the formation of a quinoxalin-2-ylzinc species. In passing, we noted that addition of ZnEt, to
2-chloroquinoxaline in the presence of Pd(PPh3);Cly, with the intention of generating a 2-zincio quinox'cllinc:,18

resulted in an exothermic reaction then, after the addition of water, not quinoxaline, but 2-ethylquinoxaline in

94% vield. No reaction occurred in the ahsence of the catalyst — this result merits further study.

No reaction occurred when ZnEt;, Pd(PPh3),Cly and iodide 9h were mixed. This result can be taken to
wadinnta thhnt tha smumnnaman ~AF ti0ma orshotitiznantos ~Am tha Firvra smarmbharad sino natande lhhath tha rata Af Avidativae
HUicalC tdl tHIC prodSTiic UL EWo SUUSLILUTIILS ULl UL LVOSHHUINULICU THILE TUtalud gutll tIv Ldiv Ul UALdatve
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stannane or zincio-derivative.
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bskind's report ” of the use of copper thiophene-2-
carboxylate (CuTC) in cross-coupling processes. When we attempted the coupling of the simpler stannane 9e
with 2-chloroquinoxaline using this methodology, although no cross-coupled product was produced, a homo-
coupled product 10 was obtained from the stannane in 50% yield. This clearly indicated that reaction had taken
place between the CuTC and the stannane. This encouraging result prompted examination of the interaction
between 9e and 2-iodonitrobenzene, a substrate successfully utilised by Liebskind, and here, at last, an
acceptable yield of product 9i was obtained in which an aromatic partner had been linked to a 1,3-dithiol-2-one,

though 9i was accompanied by the homocoupled product 10,

10

It seemed that the use of an aryl iodide might provide the means to link a 1,3-dithiole to a quinoxaline. 2-
Chloroquinoxaline was converted into the corresponding iodide, " by heating with Nal and acid. To our delight,
the iodide reacted with stannanes 5 and 9e using the CuTC coupling conditions, and the cross-coupled products
4 and 7b were obtained in yields of 45% and 44% respectively, with formation of no homo-coupled product 10.

We shall utilise proligands 4 and 7b in our further research to develop chemical analogues of the catalytic
centres of the oxomolybdoenzymes.

EXPERIMENTAL
General

Organic extracts were dried with anhydrous MgSQy4 then filtered before evaporation. Chromatography refers to
‘flash’ chromatography on silica gel.

4-Tri-n-butylstannyl-1,3-dithiole-2-thione 6b

1,3-Dithiole-2-thione (0.54 g, 4.02 mmol), dried by azeotropic removal of residual water (2xbenzene, 10 ml)
was dissolved in dry THF (6 ml) under nitrogen. The solution was cooled in a dry ice/MezCO bath and LDA
(3.2 ml, 1.5 M in hexanes, 4.8 mmol) was added dropwise by syringe with efficient stirring. After 1 h, tri-

1uUl} 15C 15 i15. .

1, 4 8 mmol) was added by syringe, with sti

diluted with hexane (20 ml), separated and the aq. phase re-extracted with hexane (20 ml). The combined organic
phases were washed with brine (15 ml), dried and the solvent evaporated in vacuo giving a brown oil which was
further purified by chromatography, eluting with petroleum ether (40/60):EtOAc, 96:4 to give 4-tri-n-
butylstannyl-1,3-dithiole-2-thione 6b as a yellow oil (1.35 g, 80%); g (300 MHz, CDCl3) 7.03 (1H, s, HCS),
1.65-0.90 (27H, Sn(C4Hg)3); m/z (EI) 424 (M*, 35%), 367 (40), 291 (90), 177 (100); found M+ 424.0378;
C5H»8535n requires M 424.0371.
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basis of recovered chloroquinoxaline) which was identical with previously prepared material
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o 1,3-dithiole-2-thione 6a (0.348 g, 2.6 mmol) in THF (3 mi), under nitrogen at dry ice/Me,CO bath
temperature was added LDA (2.07 ml, 1.5 M in hexanes, 3.1 mmol) dropwise by syringe, with efficient stirring,
and the solution was allowed to stand for 1 h. Ethanal (0.19 ml freshly distilled from NaHCQ3, 3.4 mmol) was
added with stirring, the mixture allowed to warm to rt over 20 min then quenched by addition of sat. aq. NH4Cl
(10 ml). The aq. phase was separated and extracted with EtOAc (15 ml). The combined organic phases were
washed with brine (15 ml), dried and the solvent evaporated in vacuo to give a yellow oil which was purified by
chromatography when CH»Cly:MeOH, 97:3 eluted 4-(/-hydroxyethyl)-1,3-dithiole-2-thione 6c¢ as a vellow oil
(0.372 g, 81%), 8y (200 MHz, CDCl3) 6.89 (1H, s, HCS), 4.85 (1H, m, MeCHOH), 2.55 (1H, bs, OH), 1.54

D 22 gy Opy W&V SYIIRL, AAZXy aiiy aVAVN AANSAR) \ALay US, oD,

(3H, d, I 6.4, CH3); m/z (CI) 179 (MH*, 100%); found M* 177.9586, CsHeOS3 requires M 177.95808.

ithinle_ 2 _thinne 6a (204 mo 1 82 mmal) in drv THE (4 ml) nindar nitracan at dru ica/Mea(" () hat
,3-dithicle-2-thione éa (204 mg, 1.52 mmol) in dry THF (4 ml) under nitrogen at dry ice/Me;CO bath
temperature LDA (1.06 ml, 1.5 M in cyclohexane, 1.6 mmol) was added dropwise by syringe with efficient

stirring. After 30 min freshly disuiled ethanal (90ui, 1.6 mmoi) was added by coid syringe, foliowed after a
further 30 mun by LDA (1.06 ml, 1.6 mmol). The oily solution was stirred for 15 min then warmed to dry
ice/MeCN bath temperature, and after 40 min tri-n-butyltin chloride (0.43 ml, 1.6 mmol) was added by syringe.
The solution was warmed to -3 °C over 40 min then quenched with sat. aq. NH4Cl1 (15 ml). The organic phase
was diluted with EtOAc (15 ml), separated and the aq. phase re-extracted with ELtOAc (15 ml). The organic
phases were washed with brine (15 ml), dried and evaporated in vacuo to yield a red oil which was purified by
chromatography, eluting with EtOAc:petroleum ether (40/60), 1: 9. After elution of an unidentified byproduct, 4-

l
(1-hydroxyethyl)-5-tri-» n-butvistannyl-1,3-dithiole-2-thione 6d (285 mg, 40%) was obtained as
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.8 mmol), dried

THF (3 mi) under nitrogen at ri was reacted with LIDA {0.59 mi, i.5M in hexanes, 0.9 mmoi), followed after 3
min by MEM chioride (110 pl, 0.96 mmol). After 21 h at rt the solution was diluted with EtOAc (15 ml), washed
with sat. aq. NH4Cl then with brine (15 ml) dried and the solvent removed in vacuo to give a tan oil which was
purified by chromatography, eluting with CH>Cl; to give 4-(1-([2-methoxyethoxy]methoxy)ethyl)-1,3-dithiole-
2-thione 6e as a pale yellow oil (55 mg, 26%), g (200MHz, CDCl3) 6.88 (1H, s, HCS), 4.79 (1H, m, partially
obscured by overlapping adjacent singlet, CH), 4.75 (2H, s, CH»), 3.82-3.52 (4H, overlapping ms, 2xCH?),

3.40 (3H, s, CHa), 1.52 (3H, d, J 6.2 Hz, CH3CHO); m/z (CI) 284 (MNH4*, 20%), 267 (MH*, 100), 161
(15), 146 (15); found M+ 266.01009, CgH 140353 requires M 266.0105.

o N O S L A S LN E AL 1O 8

4-(1-([2-Methoxyethoxylmethoxy)ethyl)-5-tri-n-butylstannyl-1,3-dithiole-2-thione 6f
4

To 4-(1-([2-methoxyethoxylmethoxy)ethyl)-1,3-dithiole-2-thione 6e (90 mg, 0.34 mmol) in THF (2 ml) under
nitragan and at Argy ica/Masa('0)Y hath tamnaratnra wae addad TDA (DA ml 1S M in h anes. 05 mmaol)
DITegen anGg arv Gry I8/ Va2 v Gaul LHIPTiadic wWas atGll L/ A \v.o5 g, o vz 1IN ancs, V.o mmne:l
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to warm to rt over 2 h. Sat. aq. NH4Cl (15 ml) was added, the organic phase was diluted with EtOAc (20 ml),
separated, and the the aq. phase re-extracted with EtOAc. The combined organic phases were washed once with
brine, dried and the solvent evaporated in vacuo to give a brown oil. This was purified by chromatography,
eluting with EtOAc:petroleum ether (40/60) 1:9. The first major eluting component was 4-(I-({2-
methoxyethoxy Jmethoxy)ethyl)-5-tri-n-butylstannyl-1,3-dithiole-2-thione 6f (88 mg, 47%) as an oil, 6y
(200MHz, CDCl3) 4.69 (2H, s, CHj), 4.64 (1H, partially obscured by overlapping singlets, q, J 6.5,
OCHCH3), 3.83-3.51(4H, overlapping ms, 2xCH?>), 3.37 (3H, s, OCH3), 1.7-0.8 (30H, overlapping ms,
(C4Hg)38n, CH3); m/z (EI) 555 (M+, 5%), 499 (25), 469 (10)
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499.0451, C19H3103535n requires [M-Bu] 499.0456.
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(29.5 g, 0.153 mol) portionwise over 10 min with efficient stirring. A slow exothermic reaction occurred over
the following 30 min, the temperature of the mixture reaching 40 °C. The mixture was stirred for 90 min then
washed with sat. aq. NH4CI (70 ml). The aq. phase was separated and re-extracted with Et;O (2x50 ml); the
combined organic phases were washed with brine (2x20 ml), dried and evaporated in vacuo to give i-propyl ([4-
hydroxybut-2-yn-1-ylsulfanyl)methanethioate 8 (27.87 g, 98%) as a pale yellow oil, which was of sufficient
purity for direct use in the next reaction, dy (300 MHz, CDCIl3) 5.80 (1H, m, CH), 4.33 (2H, t, J 2.2, CH>),
3.93 (2H, t, J 2.2, CH3), 1.70 (1H, bs, OH), 1.46 (6H, 4, J 6.1, CH(CH?3)7); m/z (CI) 222 (MNH4*, 50%),
205 (MH*, 100); found M+ 204.0282, CgH|207S7 requires M 204.0279.

4-Ethenyl-1,3-dithiol-2-one 9a
Isopropyl ([4-hydroxybut-2-yn-1-ylJsulfanyl)methanethioate 8 (5.52 g, 27 mmol) in CH>Cl» (15 ml) was added
dropwise over 1.5 h to CF3CO2H (25 ml) cooled in an ice-bath under nitrogen and with efficient stirring. The

mixture was maintained at 4 °C for 48 h, then the trifluroacetic acid evaporated in vacuo and traces of acid

removed by azeotroping twice with EtpO. The resultant oil was absorbed onto silica and further purified by
el VYT Y 2t S AN ~ ra ‘! 1 -~ n s~

chromatography, elution with CHCly:petroleum ether (40/60), 1:3 giving 4-ethenyi-1,3-dithiol-2-one 9a (2.0 g,

51%) as a colourless oil, 8y (300 MHz, CDCl3) 6.64 (1H, d, J 0.5, HCS), 6.53 (IH, ddd, J 0.7, 10.8, 17.2,
CH), 5.39 (1H, dd, J 0.4, 10.7, one of CH?2), 5.32 (1H, dd, J 0.5, 17.2, one of CH»); m/z (CI) 162 (MNH4*,
30%), 145 (MH*, 100), 116 (30); found M* 143.9708, CsH4S,0 requires M 143.9704.

4-(1,2-Dihydroxyethyl)-1,3-dithiol-2-one 9b

4-Ethenyl-1,3-dithiol-2-one 9a (2 g, 13.8 mmol) was dissolved in MepCO:H0, 1:1 (20 ml) and to this was
added N-methylmorpholine N-oxide (1.95 g, 16.6 mmol) and OsO4 (64 mg, 0.25 mmol). The mixture was
stirred for 5.5 h at rt, evaporated in vacuo below 40 °C and the resultant oil purified by chromatography eluting
with CH»Clp:MeOH, 92:8 to give 4-(1,2-dihydroxyethyl)-1,3-dithiol-2-one 9b as a colourless oil (2.05 g, 83%),
dy (300 MHz, CD30OD) 6.92 (1H, s, CHS), 4.63 (1H, t, ] 5.5, CHOH), 3.30 (2H, d, I 5.7, CH»); m/z (Cl)

MH*, 20); found M* 177.9759 uires M 177.9758.

)
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CDClis) 6.61 (iH, d, J 0.8, HCS), 4.89 (iH, t, J 6.2, OCH), 4.19 (iH, dd, J 6.5, 8.8, CH>7), 3.85 (iH, dd, J
8.8, 6.0, CHy), 1.42 (3H, s, CH3), 1.34 (3H, s, CH3); m/z (CI) 236 (MNHg*, 40%), 219 (MH*, 30), 178
(70), 161 (100); found M+ 218.0070, CgH 100357 requires M 218.0071.

4-(2,2-Dimethyi-1,3-dioxolan-4-yi)-5-tri-n-butyistannyi-1,3-dithiol-2-one 5

To 4-(2,2-dimethyl-1,3-dioxolan-4-y1)-1,3-dithiol-2-one 9¢ (281 mg, 1.29 mmol) and tri-n-butylstannyl chloride
(0.42 ml, 1.55 mmol) in dry THF (2 ml) under nitrogen at liquid nitrogen/EtOAc bath temperature, LDA (1.03
ml, 1.5M in hexanes, 1.55 mmol) was added dropwisc over two minutes and the resultant solution allowed to
warm to -8 °C during 1 h. Sat. aq. NH4Cl (15 ml) was added, the organic phase was diluted with EtOAc (20
ml), separated and the aq. phase re-extracted with EtOAc (2x15 ml). The combined organic extracts were dried

95), 432 (10), 3 ( , 308 (100); found [M Bu]t451.0421, C16H275203Sn requires [M-Bu] 451 0422

4-(1R-1,2-Dihydroxyethyl)-1,3-dithiol-2-one R-9b

4-Ethenyi-1,3-dithioi-2-one 9a (3.125 g, 21.7 mmol) was added to a well stirred mixture of 7-butanol (108 mi)
and water (108 ml) containing AD mix-a (30.4 g) and precooled to ice-bath temperature. Stirring at 4 °C was
continued for 17 h, after which Na2SO3 (30 g) was added and stirring continued for 15 min. The mixture was
filtered through celite washed through with EtOAc:¢-butanol, 1:1 (2x50 ml). The combined filtrate and washings
were separated, and the resultant aq. phase re-extracted with EtOAc:fert-butanol, 1:1 (20 ml). The combined
organic phases were washed with brine (2x20 ml), dried and the solvents evaporated in vacuo to give an oil
identified as 4-(IR-1,2-dihydroxyethyl)-1,3-dithiol-2-one R-9b (3.65 g, 96%), [a]p23 +6.8 (¢ 3.4, MeOH),
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0 4-(1R-1,2-dihydroxyethyl)-1,3-diihioi-2-one R-9b (3.65 g, 20.7 mmol) pre-dried by azeoiroping (2x
acetonitrile) was added dimethoxypropane (10 mi) and toluene-para-suifonic acid (50 mg) added. An oily
suspension was formed, which during 16 h stirring did not disperse. However, removal of excess
dimethoxypropane irn vacuo, absorption of the oily product onto silica and purification by chromatography
yielded a colourless oil, 4-(4R-2,2-dimethyl-1,3-dioxolan-4-yl)-1,3-dithiol-2-one R-9¢ (2.8 g, 62%), |a]p?3
+15.5 {c 2.4, CHCl3) which was spectroscopically identical to the racemic material, 9¢. Chiral GC analysis of
the material showed the ratio of enantiomers to be 97.2:2.8 (CP-Chirasil-DEX-CB) and hence the

enantioselectivity of the dihvdroxvylation was determined to be 94 4%,

4-(4R-2,2-Dimethyl-1,3-dioxolan-4-yl)-5-tri-n-butylstannyl-1,3-dithiol-2-one R-5
4-(4R-2,2-Dimethvl-1,3-dioxolan-4-yl)-1,3-dithiol-2-one R-9¢ (2.75 g, 12.6 mmol), dried by azeotroping
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portionwise over 5 min by syringe and with efficient stirring. The solution was allowed to warm to -10 °C over
30 min then quenched by addition of sat. aq NH4Cl (20 ml) and after 5 min vigorous stirring, the organic phase
was diluted with EtOAc (20 ml), separated and the aq. phase re-extracted with EtOAc (2x30 ml). The combined
organic phases were dried and evaporated in vacuo to give a yellow oil which was purified by chromatography,
eluting’ with CHCly:petroleum ether (40/60), 1:1 to give 4-(4R-2,2-dimethyl-1,3-dioxolan-4-yl)-5-tri-n-
butylstannyl-1,3-dithiol-2-one R-5 (6.2 g, 97%), [a]p?3 +7.3 (¢ 1.7, CHCl3), identical by spectroscopic
analyses to the racemic material 5.

4-Methyl-5-tri-n- butylstannyl -1,3-dithiol-2-one 9e
4-Methyl-1,3-dithiol-2-one 9d’ (1.177 g, 8.92 mmol) and tri-n-butylstannyl chloride (2.9 ml, 10.7 mmol) in dry
THF (10 ml) under argon were cooled to dry ice/Et70 bath temperature and LDA (6.5 ml, 1.5M in hexanes, 9.8

mmaol) was added dronwise over 3 min then the mixture allowed to stand
ture allowed (o stand

riiaxzlra; LIV v < iiRxii ACA1 il ddaALW

temperature and after a further 10 min quenched with sat. aq. NH4Cl (20 ml). The organic phase was diluted
with EtOAc, separated and the aq. phase re-extracted with Etp0 (2x15 ml). The combined organic phases were
washed with brine, dried and the solvents evaporated in vacuo to give a tan oil. This was purified by
chromatography, eluting with EtOAc:petroleum ether (40/60), 3:97 to give 4-methyl-5-tri-n-butylstannyl-1,3-
dithiol-2-one 9e (3.33 g, 89%), 8y (300 MHz, CDCl3) 2.24 (3H, s, CH3), 1.7-0.9 (27H, m, Sn(C4Hy));, m/z

(CI) 423 (MH*, 100%), 308 (20); found M* 422.0758, C16H30S20S8n requires M 422.0759.

4-Methyl-5-trimethylsilyl-1,3-dithiol-2-one 9f

A mixture of 4-methyl-1,3-dithiol-2-one 9d (0.544 g, 4.12 mmol) and trimethylsilyl chloride (freshly distilled
from CaHj; 0.78 ml, 6.2 mmol) in dry THF (5 ml) under argon was cooled to dry ice/EtoO bath temperature,
LDA (3.3 ml, 4.9 mmol) was added dropwise by syringe over two min and the solution was allowed to warm to
0 °C over 2 h. Sat. aq. NH4Cl was added, the organic phase was diluted with EtOAc (20 ml), separated and the

4C1 was aaded, the organic phas
aqa. nhase re-extracted with FtOQAc (15 ml). The co ined oroanic nhases were wached with brine. dried and the
ag. phase re-extracted with BtOAC (10 mi). 1he combined organic phases were washed with brine, dried and the
enlvante ara avannratard s v tn oiva a rad A1l whicrh wag nnrs 1Ffiad hyu ~rherAamatagranhy alniting th
DULYLUIILD Wuio bVﬂ.PUlaL u tre VLLLMU w 51 U oA IvuU Ukl WIHIILH wAd Pullllbu U_y blllUlllﬂlUélalJlly’ Clulllls witii

EtOAc:petroleum ether (40/60), 3:97 to give 4-methyl-5-trimethylsilyl-1,3-dithiol-2-one 9f (541 mg, 64%) as a
colourless oil which crystallised on standing. An analytical sample was recrystailised (95% EtOH) to mp 31-34
°C, found C, 40.66; H, 5.79; S, 31.37%; M+ 204.0098. C7H 252081 requires C, 41.14; H, 5.92; S, 31.37%;
M 204.0088; 8y (300 MHz, CDCIl3) 2.25 (3H, s, CH3), 0.2 (9H, s, Si(CH3)3); m/z (CI) 222 (MNH4t, 25%),
205 (MH*, 100%).
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iicl-2-one 9g

4-(2,2-Dimethyl-1,3-dioxolan-4-yl)-1,3-dithiol-2-one (0.205 g, 0.94 mmol) and ZnCl; (0.52 ml, 1M in Et;0,
0.52 mmol) were dissolved in dry THF (2.5 ml) under argon. The solution was cooled to dry ice/Me,CO bath
temperature and r-BuLi (0.82 ml, 1.5M in hexanes, 1.22 mmol) was added dropwise over 1.5 minutes by
syringe. The solution was stirred for 15 min, warmed to rt over 5 min and then I (285 mg, 1.1 mmol) was
added, under a positive pressure of argon. After five min stirring, sat. aq. NH4Cl (15 ml) was added, the
organic phase was diluted with EtOAc (15 ml), separated and the aq. phase re-extracted with EtOAc (15 ml).
The combined organic phases were washed with aq. NapS204 (1M, 20 ml), once with brine (20 ml), then dried

and the solvents evaporated in vacuo to give a tan oil which was purified by chromatography, eluting with
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4-lIodo-5-methyl-1,3-dithiol-2-one 9%h
To 4-methyl-5-tri-n-butylstannyl-1,3-dithiol-2-one 9e (3.33 g, 7.9 mmol) in CH,Cl, (24 ml) at ice-bath

“

temperature, Iy (2.09 g, 7.9 mmol) was added with efficient stirring. After 30 min, 1M aq. Na3S203 (20 ml)

wae addad and the mivimira ctirrad nntil ~alanrlac Tha an nhaga urag canaratad nnd avtrantad writh LI
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{(2x15 mi). The combined organic phases weie wasihied with brine (15 mi), dried and the solvent evaporated in

vacuo 10 give a yeiiow oil which crystaiiised siowly on standing. Recrystaliiisation from petroleum ether (40/60)
gave 4-iodo-5-methyl-1,3-dithiol-2-one 9h as pale yellow crystals (1.158 g). The mother liquors were
concentrated in vacuo and purified by chromatography, eluting with EtOAc:petroleum ether (40/60); 3:97, to give
a further quantity of product (0.52 g, combined yield 1.678 g, 83%), mp (95% EtOH) 41-42 °C; 8y (200 MHz,
CDCl3) 2.29 (s, CH3); m/z (Cl) 276 (MNH4t, 40%), 258 (MH*, 100), 234 (20), 230 (20), 120 (30); found C,
18.94; H, 1.22; S, 25.01%, C4H3S,0I requires C, 18.61; H, 1.17; S, 24.84%.

Z-Eihyiquinoxaiine

2-Chloroquinoxaline (95 mg, 0.58 mmol) and Pd(PPh3),Cl; (12 mg, 0.017 mmol) were dissolved in dry THF
(3 ml) at rt with stirring and under argon. Diethylzinc (1.16 ml, 1M in hexanes, 1.16 mmol) was added causing
an immediate cxothermic reaction and darkening, then iodobenzene (100 ul, 0.89 mmol) was added, hoping for a
coupling process. After a further 115 min stirring (when TLC analysis had shown complete consumption of 2-
chloroquinoxaline), sat. aq. NH4ClI (15 ml) was added, the organic phase was diluted with EtOAc, separatﬁd and
washed with ag. 5% TMEDA (15 ml), the biphasic mixture filtered through celite to break up an emulsion, the

re-gxtracted with EtQAc (15 m The extracts were washed with brine (15 n"\]\ driad

L0 1 o i2m u 1 na wuav ¥V 10 STV STV axavaa

L)y
and evaporated in vacuo to give an oil, which was purified by chromatography when CH;Cl;:MeOH, 98.5:1.5

gave 2-ethylquinoxaline as a (.OIOUHCbb 01 (83 mg, $4%), ihe 'H NMR and other spectroscopic properties of

which were identical to those reported.
4-Methyl-5-(2-nitrophenyl)-1,3-dithiol-2-one 9i and bis-(5-methyl-1,3-dithiol-2-on-4-yl) 10

To 4-methyl-5-tri-n-butylstannyl-1,3-dithiol-2-one 9e (183 mg, 0.43 mmol) and 2-iodonitrobenzene (108 m
0.43 mmol) in NMP (3 mD wags added Cu Tr' 124 ma 6.5 mrpgl)

nd vieonrong ctirrino
2 MNe) 1IN NV (2 I was geagunl +mg, 0.0 My ang vigourous siiring unueg 1o
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mixture filtered through celite to remove solid material, the aq. phase separated and extracted with EtOAc (2x15
ml) and the combined organic phases washed with brine (15 ml), dried and the solvent evaporated ir vacuo to
give a yellow oil. This was subjected to chromatography, eluting initially with EtOAc:petroleum ether (40/60),
1:9, then 15:85 then 1:4. Both products were contaminated by tin compound residues, as judged by 1H NMR
spectroscopic analysis. The first eluted was bis-(5-methyl-1,3-dithiol-2-on-4-yl) 10, (45 mg, 40%) an analytical
sample of which was obtained by recrystallisation (95% EtOH); mp 130-132 °C; &4 (200 MHz, CDCl3) 2.25 (s,
CH3); m/z (CI) 279 (MNH4*, 20%), 263 (MH*, 100), 165 (40); found C, 36.62; H, 2.36: S, 48.20%:;
CgHgO2S4 requires C, 36.62; H, 2.31; S, 48.88%. The sccond eluted was 4-methyl-5-(2-nitrophenyl)-1,3-

Al D ;e O3
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2 (3H, s, CH3) (an impurity was present
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which gave a number of minor 51gnd19 n the aromatic reglon), m/z (EI) 253 (M, 25%), 223 (20) 198 (30), 5
(100); found M+ 252.9868, C1gH7NQO3S requires M 252.9867.
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4-(2,2-Dimethyl-1,3-dioxolan-4-yl)-5-(quinoxalin-2-yl)-1,3-dithiol-2-one 4
To (‘_t)~4—(2,2-dimeu‘1y1—1,3 dioxolan-4-yl)-5-tri-n-butylistannyl-1,3-dithiol-2-one 5 (250 mg, 0.49 mmoi) and 2-

xodoqumoxalme ( 152 mg, 0.59 mmol) in NMP (3 ml) under argon at ice bath temperature, CuTC (141 mg,
0.74 mmol) was added under a positive pressure of argon. After vigorous stirring for 35 min, the mixture was
diluted with CH2Cl; and filtered through a plug of alumina washed through with CH,Cl:MeOH, 92:8 and the
resultant filtrate and washings were concentrated in vacuo to give an oil which partially crystallised on standing.
This was purified by chromatography when CH2Cl2:MeOH, 98:2 gave a mobile oil which contained a
substantial quantity of tin compound residues, judging by the appearance. Crystallisation from EtOAc gave 4-
(2,2-dimethyl-1,3-dioxolan-4-yl)-5-(quinoxalin-2-yl)-1,3-dithiol-2-one 4 (76 mg, 45%), mp 150-152 °C; 8y

(300 MHz, CDCIl3) 8.83 (1H, s, quinoxalin-2-yl-H), 8.10-7.96 (2H, m, ArH), 7.8-7.74 (2H, m, ArH), 5.67
(IH, t, 1 6, CH(Q) ), 4.68 (1H, dd, J 6.8, 8.9, one of CH?), 4.05 (1H, dd, J 5.9, 8.9, one of CH?), 1.50

(3H, s, CH3), 1.37 (3H, s, CH3); m/z (CI) 347 (MH*, 100%); f H N, 8.01; S, 18.47%:
C16H14N28203 requires C, 55.47; H, 4.07; N, 8.09; S, 18.51%

~ wl £ (i reszstsecrerals = 1Y | | T e 2 W
4-Methyl-5-(quinoxalin-2-yl)-1,3-dithiol-2-one 7b

A mixture of 2-iodoquinoxaline (421 mg, .64 mmol) and 4-methyi-5-tri-n- butylstannyl-1,3-dithiol-2-one (760
mg, 1.8 mmol) in NMP (5 ml) under argon, was cooled to ice-bath temperature then CuTC (470 mg, 2.46 mmol)
added and the resultant mixture vigorously stirred for 35 min. The mixture was diluted with CH»Cly (20 ml),
filtered to remove a bulky red brown solid which was then washed thoroughly with CH>Cl;. The combined
filtrate and washings were shaken for 5 min with 5% aq. TMEDA (20 ml). The biphasic mixture was filtered
through a plug of alumina to obtain a coppery solid which retained the product. The solid was thoroughly shaken
twice with ag. TMEDA (5%) and CH,Cly, then organic extract washied with ag. Na2S>0s (1M), a further time

S
~
3
+
i)
J
']
E
-
Lu @

e PR ~1:1
7b as a tan solid (188

mg, 44%); mp (EtOH) 134-136 °C, 8y (300 MHz, CDCl3) 8.96 (1H, s, quinoxalin-3-yl-H), 8.05 (2H, m
ArH), 7.75 (2H, m, ArH), 2.55 (3H, s, CH3); m/z (CI) 261 (MH*, 100%), 203 (20); found M+ 260.0068; C,
55.21; H, 3.00; N, 10.54; S, 24.90%; C|1HgN2S20 requires M 260.0078; C, 55.36; H, 3.10; N, 10.76; S,

24.63%.

ACKNOWLEDGEMENTS

We thank the EPSRC (AD) for its support of our work on the oxomolybdoenzymes.

N
~
~
~J
(SN
o0
\J
\]
[N

91; Rajagopalan, K. V. JBIC, 1997, 2, 786-789.

Romao, M. J.; Archer, M.; Moura, I.; Moura, J. J. G.; LeGall, J.; Engh, E.; Schneider, M.; Hof

Huber, R. Science, 1995, 270, 1170-1176.

3 Schindelin, H.; Kisker, C.; Hilton, J.; Rajagopalan, K. V.; Rees, D. C. Science, 1996, 272, 1615-1621,
Schneider, F.; Lowe, J.; Huber, R.; Schindelin, H.; Kisker, C.; Kniablein, J. J. Mol. Biol., 1996, 263,
53-69; McAlpine, A. S.; McEwan, A. G.; Shaw, A. G.; Bailey, S. JBIC, 1997, 2, 2385.

o]



3302 A. Dinsmore et al. / Tetrahedron 54 (1998) 32913302

A
»
C

‘~<

03
<

l
(

1305-1308.
Chan, M. K.; Mukund, S.; Kletzin, A.; Adams, M. W. W_; Rees, D. C. Science, 1995, 267, 1463-1469.
(a) Rowe, D. 1.; Garner, C. D.; Joule, J. A. J. Chem. Soc., Perkin Trans. 1, 1985, 1907-1910; (b)
Larsen, L.; Gamner, C. D; Joule, J. A. J. Chem. Soc., Perkin Trans. 1, 1989, 2311-2316; (¢) Larsen, L.;
Rowe, D. J.; Garner, C. D,; Joule, J. A. J. Chem. Soc., Perkin Trans. 1, 1989, 2317-2327; (d)
Armstrong, E. M.; Austerberry, M. S.; Beddoes, R. L.; Helliwell, M.; Joule, J. A.; Garner, C. D. Acta
Crystallogr., Sect. C, 1993, 49, 1764-1766; Beddoes, R. L.; Dinsmore, A.; Gamer, C. D_; Joule, J. A.
Acta Crvicml,lna_r Sect. C, 1997 (C53,213-215; (p) Dinsmore, A.; Birks, I. H.; Garner, C. D_; Ioule, I

ety L0742 0, % i 10, .y, DIIAS, & uac

A ~~

smore, A.; D()crat, A Jouie, J'. A wilsoﬁ, C. R.: Garner, C. D. J. Chem. Soc., Dalion Trans.,
Gries, P.; Harrow, G. Chem. Ber., 1887, 30, 281-282.
Russell, J. R.; Garner, C. D.; Joule, J. A. Synlett, 1992, 711-712.
Haley, N. F.; Fitchner, M. W. J. Org. Chem., 1980, 45, 175-1717.

10 None of this material was produced if the order of addition of the electrophiles was reversed.

11 Haley, N. F. Tetrahedron Lett., 1978, 5161-5162.

12 Crombie, L.; Haigh, D.; Jones, R. C. F.; Mat-Zin, Ab. R. J. Chem. Soc., Perkin Trans. 1, 1993, 2050-
2054.
13 g- Lander, P. A.; Hegedus, L. S. J. Am. Chem. Soc., 1994, 116, 8126-8132.

7 1L

i4 Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, K. B. Chem. Rev., 1994, 94, 2483-2547.

15 Eaton, P. E.; Higuchi, H.; Millikan, R. Tetrahedron Lett., 1987, 28, 1055-1058.

16 Farina, V. Pure Appl. Chem., 1996, 68, 83-78.

17 Rieke, R. D.; Li, P. T. J.; Burns, T. P.; Uhm, S. T. J. Org. Chem., 1981, 46, 4323-4324.

18 Stadtmiiller, H.; Lentz, R.; Tucker, C. E.; Stildemann, T.; Dorner, W.; Knockel, P. J. Am. Chem. Soc.,
1993, /15, 7027-7028.

19  Allred, G. D.; Liebskind, L. S. J. Am. Chem. Soc., 1996, 118, 2748-2749.

20 Lont, P. J.; Van der Plas, H. C. Recl. Trav. Chim. Pays-Bas, 1972, 91, 850-860.
21 Battistini, M.; Erba. E.; Pocar, D. J. Chem. Soc., Perkin Trans. 1, 1993, 339-342



