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respectively, the extinction coefficients of the phenoxyl radical, 
ferricyanide and ferrocyanide (all determined in separate ex
periments), and by OD, the measured optical densities, we obtain 
the relationship between Figure 1 and the experimental quantities: 

EXfy = (OD - OtCQtn + (1 - a)c0(«Fe(III) " 4Fe(II))VO - OC)C0 

The difference between the raw spectra and those in Figure 1 
decreases with decreasing wavelength, being <30% below 400 nm. 
Spectra a and b are almost identical and do not change when 
oxygen instead of ferrocyanide is the oxidant. This confirms that 
the species are cyclohexadienones and that they are in the same 
protonation state betwen pH 6 and 8.3. 

The sole detected4 trihydroxy benzoate was 3-OH DHBA, 
making up but 50% of initial OH* adducts. We believe that, about 
50% 5-OH DHBA may have formed but has been further oxi
dized. Absence of 6-OH DHBA (which should be stable), rules 
out 6 addition. Ascribing spectrum d to species 3, we assign the 
short and long wavelength components in spectra a and b to species 
2 and 1, respectively. Since protons apparently suppress the 
absorbance around 360 nm, spectrum c should belong to species 
1, present with a fraction of 0.5. Thus we estimate the extinction 
coefficient of 1 at its peak maximum to be 6500 M"1 cm"1. We 
note that both spectral size and shape of 1 are in good agreement 
with that of the difference spectrum between intermediate II and 
III.2'14 Unlike species 1 intermediate II displays a spectral shift14 

with a pA:a around 8, similar to the ptfa = 7.815 of the Tyr20116 

in the enzyme. It could be that loss of a hydrogen bond between 
Tyr201 and 1 causes the spectrum of the latter to red-shift. 

(14) Wessiak, A.; Schopfer, L. M.: 
12556. 

Massey, V. J. Biol. Chem. 1984, 259, 

(15) Van Berkel, W. J. H.; Mueller, F. Eur. J. Biochem. 1989, 179, 307. 
(16) Entsch, B.; Palfey, B. A.; Ballou, D. P.; Massey, V. In Flavins and 

Flavoproteins; Curti, B., Ronchi, S., Zanetti, G., Eds.; Walter de Gruyter: 
Berlin, 1991; pp 219-230. 

Further speculation must await knowledge of the protonation 
characteristics of 1. 
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With the exception of nitrogenase, all molybdenum enzymes 
are believed to contain the pterin cofactor designated Moco.1 The 
lack of this cofactor or its improper function is linked to human 
disorders including gout, sulfite allergy, and the often fatal oxidase 
deficiency.2 It is generally accepted that Moco is a C(6)-sub-
stituted pterin with a four-carbon side chain to which molybdenum 
is bound via a 1,2-ene dithiolate linkage.3 We seek to prepare 

(1) (a) Nason, A.; Antoine, A. D.; Ketchum, P. A.; Frazier, W. A.; Lee, 
D. K. Proc. Natl. Acad. Sci. U.S.A. 1970, 65, 137. (b) Ketchum, P. A.; 
Cambier, H. Y.; Frazier, W. A.; Madansky, C. H.; Nason, A. Proc. Natl. 
Acad. Sci. U.S.A. 1970, 66, 1016. (c) Nason, A.; Lee, K.-Y.; Pan, S.-S.; 
Ketchum, P. A.; Lamberti, A.; DeVries, J. Proc. Natl. Acad. Sci. US.A. 1971, 
68, 3242. (d) Davis, R. H.; DeSerres, F. J. Methods Enzymol. 1979, 17A, 
19. 

(2) (a) Johnson, J. L.; Wadman, S. K. Metabolic Basis of Inherited Dis
ease; McGraw Hill: New York, NY, 1989, Chapter 56, p 1463. (b) Johnson, 
J. L.; Waud, W. R.; Rajagopalan, K. V.; Duran, M.; Beener, F. A.; Wadman, 
S. K. Proc. Natl. Acad. Sci. US.A. 1980, 77, 3715. (c) Johnson, J. L.; 
Rajogopalan, K. V. J. Clin. Invest. 1976, 58, 551. 

(3) (a) Karrasch, M.; Borner, G.; Thauer, R. K. FEBS 1990, 274, 48. (b) 
Johnson, J. L.; Bastian, N. R.; Rajagopalan, K. V. Proc. Natl. Acad. Sci. 
US.A. 1990, 87, 3190. (c) Kramer, S. P.; Johnson, J. L.; Ribeiro, A. A.; 
Millington, D. S.; Rajagopalan, K. V. /. Biol. Chem. 1987, 262, 16357. (d) 
Johnson, J. L.; Hainline, B. E.; Rajagopalan, K. V.; Arison, B. H. J. Biol. 
Chem. 1984, 259, 5414. (e) Johnson, J. L.; Rajagopalan, K. V. Proc. Natl. 
Acad. Sci. U.S.A. 1982, 79, 6856. (f) While the structure shown contains a 
tetrahydropterin, evidence for a dihydropterin has been presented: Gardlik, 
S.; Rajagopalan, K. V. J. Biol. Chem. 1991, 266, 4889. 
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metal complexes that accurately mimic the metal-pterin linkage 
in these enzymes and to develop a strategy for the total synthesis 
of biochemically active Moco. 

Transition-metal di- and polysulfide complexes have been found 
to react with substituted alkynes to yield metallo-l,2-enedithiolate 
complexes.4 Here we report that this reaction extends to alkyne 
C(6)-substituted pterins and to alkyne C(2)-substituted quinox
alines allowing us to approach synthetically a number of the key 
features of the active sites of molybdopterin-containing enzymes. 
Moreover, two unprecedented "trithiolate" complexes have been 
prepared for the first time. 

In previous work,5 alkyne-substituted pterins were prepared by 
the palladium-catalyzed coupling of C(6) chloro-substituted pterins 
with terminal alkynes and this has now been extended to C(2) 
chloro-substituted quinoxalines. Quinoxalines were chosen to 
facilitate product crystallization while retaining the pyrazine redox 
site of the pterin. 

The reaction of either alkyne C(6)-substituted pterin 1 or the 
alkyne C(2)-substituted quinoxaline 26 with Cp2MoS4

7 results in 
the formation of complexes 3 (62%) and 4 (36%), respectively. 
These compounds have a new sulfur-containing ligand, formulated 
as an ene-l-perthiolate-2-thiolate (henceforth trithiolate) as shown 
in Scheme I. Addition of 1 equiv of PPh3 to either complex 3 
or 4 results in sulfur abstraction, elimination of SPPh3, and 
formation of the desired molybdenum-l,2-enedithiolate complexes 
5 and 6, both in >95% yield. 

Crystallographic8 and spectroscopic data for complex 4 both 
implicate a single trithiolate isomer with the S2 linkage bound 

(4) (a) Bolinger, C. M.; Rauchfuss, T. B. lnorg. Chem. 1982, 21, 3947. 
(b) Bollinger, C. M.; Rauchfuss, T. B.; Rheingold, A. L. Organometallics 
1982, /, 1551. (c) Giolando, D. M.; Rauchfuss, T. B.; Rheingold, A. L.; 
Wilson, S. R. Organometallics 1987, 6, 667. (d) Coucouvanis, D.; Toupa-
dakis, A.; Koo, S.-M.; Hadjikyriacou, A. Polyhedron 1989, 8, 1705. (e) 
Halbert, T. R.; Pan, W.-H.; Stiefel, E. I. J. Am. Chem. Soc. 1983,105, 5476. 
(f) Coucouvanis, D.; Hadjikyriacou, A.; Toupadakis, A.; Koo, S.-M.; Ilep-
eruma, 0.; Draganjac, M.; Salifoglou, A. Inorg. Chem. 1991, 30, 754. (g) 
Coucouvanis, D.; Toupadakis, A.; Lane, J. D.; Koo, S.-M.; Kim, C. G.; 
Hadjikyriacou, A. J. Am. Chem. Soc. 1991,113, 5271. (h) Draganjac, M.; 
Coucouvanis, D. J. Am. Chem. Soc. 1983,105, 139. (i) Rakowski DuBois, 
M.; DuBois, D. L.; VanDerveer, M. C; Haltiwanger, R. C. Inorg. Chem. 
1981, 20, 3064. O) McKenna, M.; Wright, L. L.; Miller, D. J.; Tanner, L.; 
Haltiwanger, R. C; Rakowski DuBois, M. J. Am. Chem. Soc. 1983, 105, 
5329. (k) Rajan, O. A.; McKenna, M.; Noordik, J.; Haltiwanger, R. C; 
Rakowski DuBois, M. Organometallics 1984, 3, 831. (1) Seyferth, D.; Hen
derson, R. S. J. Organomet. Chem. 1979,182, C39. (m) Weberg, R.; Hal
tiwanger, R. C; Rakowski DuBois, M. Organometallics 1985, 4, 1315. (n) 
Rauchfuss, T. B.; Rodgers, D. P. S.; Wilson, S. R. J. Am. Chem. Soc. 1986, 
108, 3114. (o) Miller, E. J.; Laudon, S. J.; Brill, T. B. Organometallics 1985, 
4, 533. (p) Boyde, S.; Garner, C. D.; Joule, J. A.; Rowe, D. J. J. Chem. Soc., 
Chem. Commun. 1987, 800. 

(5) (a) Taylor, E. C; Ray, P. S. J. Org. Chem. 1987, 52, 3997. (b) Taylor, 
E. C.; Ray, P. S.; Darwish, I. S.; Johnson, J. L.; Rajagopalan, K. V. / . Am. 
Chem. Soc. 1989, / / / , 7664. (c) Taylor, E. C; Ray, P. S. / . Org. Chem. 1991, 
56, 1812. (d) Taylor, E. C; Dotzer, R. / . Org. Chem. 1991, 56, 1816. 

(6) Preparations of 1 and 2 will be published at a later date. 
(7) Kopf, H. Angew. Chem., Int. Ed. Engl. 1969, 9, 375. 
(8) Crystal data 4: C22Hi8N2MoOS3'acetone, monoclinic, PlJc, a = 

11.776 (3) A, b = 20.313 (5) k,c = 10.518 (3) A, /3 = 97.38 (2)°, V = 2495 
(1) A3, Dalc = 1.535 g/cm3, M(MO Ka) = 7.68 cnr'. RF = 4.95%, R'M = 
6.1 \% for 3112 absorption corrected reflections 293 K, 4 < 16 < 52°, F0 > 
Sa(F0). Nicolet diffractometer, Mo Ka. 

Figure 1. An ORTEP drawing of Cp2MoS3C2(2-quinoxaline)(C(0)Me), 
4, with the thermal ellipsoids drawn at 35% probability and a listing of 
selected bond lengths (A) and angles (deg): Mo-S(I), 2.510 (2); Mo-
S(2), 2.451 (2); Mo-S(3), 3.704 (2); S(I)-C(19), 1.746 (5); S(3)-C(20), 
1.757 (6); C(19)-C(20), 1.364 (8); Mo-CNT(I), 1.994 (3); Mo-CNT-
(2), 1.993 (3); Mo-S(I)-C(19), 116.4 (2); Mo-S(2)-S(3), 109.6 (1); 
S(2)-S(3)-C(20), 103.5 (2); S(l)-C(19)-C(20), 126.8 (4); S(3)-C-
(20)-C(19), 119.8 (4);S(1)-C(19)-C(11), 111.6 (4); S(3)-C(20)-C-
(21), 118.4 (4); C(19)-C(l 1)-N(2), 118.6 (5); CNT(I)-Mo-CNT(2), 
135.1 (2). 

Figure 2. An ORTEP drawing of Cp2MoS2C2(2-quinoxaline)(C(0)Me), 
6, with the thermal ellipsoids drawn at 35% probability and a listing of 
selected bond lengths (A) and angles (deg): Mo-S(I), 2.436 (2); Mo-
S(2), 2.438 (2); S(l)-C(13), 1.7566 (8); S(2)-C(14), 1.768 (6); C-
(13)-C(14), 1.338 (12); Mo-CNT(I), 2.002 (4); Mo-CNT(2), 1.990 
(4); Mo-S(I)-C(13), 106.8 (3); Mo-S(2)-C(14), 107.2 (3); S(I)-C-
(13)-C(14), 122.6 (5); S(2)-C(14)-C(13), 120.9 (6); CNT(I)-Mo-C-
NT(2), 132.5 (3). 

to the alkyne carbon flanked by the carbonyl group, Figure 1. An 
interesting feature is the single four-atom plane formed by S(I), 
S(3), C(19) and C(20), which is flat within the estimated standard 
deviations for the atomic positions. The Mo-S(I) bond length 
at 2.510 (2) A is rather long but the Mo-S(2) bond length at 2.451 
(2) A is not unlike the Mo-S distances found in molybdenum-
1,2-enedithiolate and di- or polysulfide complexes.40''1'9'10 The 
S(2)-S(3) bond length at 2.074 (2) A is best described as a S-S 
single bond, and S(3) is not within bonding distance of the metal 
center (Mo-S(3) 3.704(2) A). 

The dithiolate complex, 6, was also crystallographically 
characterized," Figure 2. The five-membered metallocycle 
formed by Mo, S(I), S(2), C(13), and C(14) is essentially planar 

(9) (a) Brown, G. F.; Stiefel, E. I. Chem. Commun. 1970, 728. (b) Boyde, 
S.; Garner, C. D.; Enemark, J. H.; Ortega, R. B. / . Chem. Soc., Dalton Trans. 
1987, 297. 

(10) (a) Block, H. D.; Allmann, R. Cryst. Struct. Comm. 1975, 4, 53. (b) 
Pan, W.-H.; Halbert, T. R.; Hutchings, L. L.; Stiefel, E. I. J. Chem. Soc., 
Chem. Commun. 1985, 927. 

(11) Crystal data 6: C22H18N2MoOS2 monoclinic, PlJc, a = 12.424 (2) 
A, b = 14.335 (3) A, c = 12.533 (3) A, /3 = 115.72 (I)0 , V= 2010.9 (1) A3, 
Dalc = 1.607 g/cm3, M(MO Ka) = 8.50 cm"1. RF = 5.02%, R'wt = 6.15% for 
2200 absorption corrected reflections 293 K, 4 < 16 < 48°, F0 S Sa(F0), 
Nicolet diffractometer, Mo Ka. 
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with a deviation from planarity of only 0.01 A. This plane bisects 
the dihedral angles defined by the cyclopentadienyl rings. The 
bond lengths and angles in complex 6 are similar to other crys-
tallographically characterized 1,2-enedithiolate complexes of 
molybdenum.40*'1'9 The plane of the quinoxaline ring forms a 94.0° 
angle with the S(I), C(19), C(20), S(3) plane in complex 8 and 
a 19.5° angle with the S(I), C(13), C(14), S(2) plane of complex 
6. 

The preparation of complexes 3 and 4 and the conversion of 
these complexes to 5 and 6, respectively, are important to the 
mechanistic understanding of 1,2-enedithiolate synthesis from the 
reaction of metal polysulfides and alkynes. In many instances 
vinyl disulfides are the initial products from the reaction of a metal 
polysulfide complex and an alkyne. The vinyl disulfides are 
isomerized to the 1,2-enedithiolate complexes by exogenous 
sulfur,40"8 and the trithiolate complex is a likely intermediate.4*1 

Here we provide the first definitive examples of such complexes 
and demonstrate that they are indeed readily converted to 1,2-
enedithiolates. 

Complex 5 was >90% enriched in 34S and the natural abun
dance and 34S-enriched samples have been studied by resonance 
Raman spectroscopy. The Mo-S stretch in complex 5 is identified 
as a band at 349 cm"1 which upon 34S enrichment shifts to 341 
cm"1.12 The Moco enzyme DMSO reductase (oxidized) from 
Rhodobacter sphaeroides has a band at 350 cm"1, which upon 
34S enrichment shifts to 341 cm"1.13 

An interesting feature of complexes 3 and 5 is the weak 
fluorescence of the oxidized pterin. This stands in contrast to the 
very strong fluorescence of 1, which emits at 496 nm with ex
citation maxima at 362 nm or 420 nm. At the same concentration 
as compound 1, complexes 3 and 5 show greater than 95% 
quenching of the fluorescence. Since the observed fluorescence 
has the identical excitation profile as compound 1, it is likely that 
complexes 3 and 5 are not fluorescent and that a small impurity 
of compound 1 causes the observed fluorescence. In any case, 
it is clear that metallodithiolates on the C(6) side chain of an 
oxidized pterin quench the fluorescence of the pterin. 

The results presented here show that the reaction of a molyb
denum polysulfide and an alkyne could be an important component 
of the total synthesis of active molybdenum cofactor. Moreover, 
the pterin-dithiolene complexes that have now been produced are 
the closest structural analogues of the molybdenum-dithiolene-
pterin portion of the Moco active site and as such are useful 
spectroscopic and reactivity models for the native center. Work 

(12) The spectra of 5 (natural abundance and 34S labeled) were obtained 
with a backscattering geometry from a KCl pellet mounted on a cold finger 
cooled to 77 K. The spectra were collected with 568.1-nm laser excitation 
from a coherent Kr+ ion laser. Conditions: 80 mw laser output and 4-cirf1 

resolution. The light was dispersed through a Spex 1401 double monochro-
mator equipped with photon-counting electronics. 

(13) Gruber, S.; Kilpatrick, L. T.; Bastian, N. R.; Rajagopalan, K. V.; 
Spiro, T. G. J. Am. Chem. Soc. 1990, 112, 8179. 

on synthetic, spectroscopic, and reactivity aspects of these com
plexes is continuing. 
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Pentacoordinated phosphorus compounds (phosphoranes) have 
attracted attention as models for the intermediate or transition 
state in nonenzymatic and enzymatic phosphoryl transfer reac
tions.1 The stereochemical course and product distribution of 

(1) (a) Westheimer, F. H. Ace. Chem. Res. 1968, /, 70-78. (b) Buchwald, 
S. L.; Pliura, D. H.; Knowles, J. R. J. Am. Chem. Soc. 1984,106,4916-4922. 
(c) Knowles, J. R. Ann. Rev. Biochem. 1980, 49, 877-919. (d) van Ool, P. 
J. J. M.; Buck, H. M. Reel. Trav. CMm. Pays-Bas 1984, 103, 119-122. (e) 
Holmes, R. R. Pentacoordinated Phosphorus; American Chemical Society: 
Washington, DC, 1980; Vol. II, p 87 and references cited therein. 
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