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The reaction of CpMoMn(u-S;)(CO)s, 1, with 1,4-benzoquinone in the presence of irradiation with visible light
yielded the quinonedithiolato complex CpMoMn(CO)s(u-S,CsH205), 2. The new complex CpMoMn(CO)s(u-S,Cs-
Cl,0,) (4) was synthesized similarly from 1 and 2,3-dichloro-1,4-benzoquinone. Compounds 2 and 4 were reduced
with hydrogen to yield the hydroquinone complexes CpMoMn(CO)s[x-S;CsHo(OH).], 3, and CpMoMn(CO)s[u-S,Cs-
Cly(OH),], 5. UV-vis irradiation of solutions of Fex(CO)s(u-S2) and 1,4-benzoquinone yielded the hydroquinone
complex Fe,(CO)s[ut-S2CeH(OH).], 6. Compound 6 was oxidized to the quinone complex Fez(CO)s(u-S,CeH202),
7, by using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone. Substitution of the CO ligands on 6 by PPh; yielded the
derivatives Fex(CO)s(PPhs)[u-S2CsHa(OH)2], 8, and Fex(CO)4(PPhs),[u-S,CeH(OH),], 9. The electrochemical properties
of 3, 5, 6, 8, and 9 were measured by cyclic voltammetry. The molecular structure of each of the new compounds
2-9 was established by single-crystal X-ray diffraction analyses.

Introduction (COX(u-S), 1* and have studied the insertion of metal groups
and unsaturated molecules ranging from CO and olefins to
dienes and evengginto its S-S bond, eq 1and eq 2:° It
has been shown that the insertion of unsaturated molecules
into the S-S bond of the disulfido ligand in these dimetal
complexes is promoted by UWis irradiation3?-3/6.” Mecha-
nistic studies are consistent with a “concerted” addition
process, which is similar to that of the classict+PZ
cycloaddition reaction of organic compounds which is
thermally symmetry forbidden but photochemically allovied.
*To whom correspondence should be addressed. E-mail: adams@ Quinones are eﬁe(_:tlve bridging ligands and.ha\./e been
mail.chem.sc.edu. _ used to form extensive supramolecular coordination net-
@ g‘ggM(%';”g';i n? Q’."h?ﬁi°§§§?'séhfﬁffé 9'2"7“8; gce)hf”(‘cz)ogéi :3&, works? Quinones are also very important bioactive molecules
H.; Holm, R. H.; Munck, E Sciencel997, 277, 653. (d) Holm, R. H. that contain G-C double bond. Quinone derivatives play
Adv. Inorg. Chem1992 38, 1. (e) Shibahara, TCoord. Chem. Re important roles in biological processes such as cellular

1993 123 73. (f) Coucouvanis, DAcc. Chem. Red.991 24, 1. (g) e 10 . .
Lindahl, P. A: Kovacs, J. Al. Cluster Sci1990 1, 29. (h) Burgess, respirationt® photosynthesid and blood coagulatiot. Their

Metal complexes containing disulfido ligands have been
attracting considerable attention because of their involvement
in important biological processé®isulfido ligands engage
in a wide variety of bridging coordination geometrieln
dinuclear metal complexes disulfido and diselenido ligands
are known to react with unsaturated organic molecules by
insertion into the S S and Se-Se bonds.We have recently
synthesized the mixed-metal disulfido complex, CpMoMn-

B. K. Chem. Re. 199Q 90, 1377. biological action is often linked to their electron-transfer rates
(2) (a) Muler, A.; Jaegermann, W.; Enemark, J. Boord. Chem Re
1982 46, 245. (b) Matsumoto, K.; Koyama, T.; Furuhashi, ACS (4) Adams, R. D.; Captian, B.; Kwon, O.; Miao, Biorg. Chem.2003
Sym. Ser1996 653 251. 42, 3356.
(3) (a) King, R. B.; Bitterwolf, T. ECoord. Chem. Re 200Q 206—207, (5) Adams, R. D.; Miao, SOrganometallic2003 22, 2492.

563. (b) Whitmire, K. H. InComprehensie Organometallic Chemistry (6) Adams, R. D.; Miao, S.; Smith, M. @Drganometallic2004 23, 3327.
II; Wilkinson, G., Stone, F. G. A, Abel, E., Eds.; Pergamon Press: (7) Kramer, A.; Lorenz, |.-PJ. Organomet. Chen199Q 388 187.
New York, 1995; Vol. 7, Chapter 1, Section 1.11.2.2, p 62, and (8) Woodward, R. B.; Hoffmann, RThe Conseration of Orbital

references therein. (c) Mathur, Rdv. Organomet. Chenil997 41, SymmetryVerlag Chemie, Weinheim, Germany, 1989.
243. (d) Kramer, A.; Lingnau, R.; Lorenz, |.-P.; Mayer, H. @hem. (9) Oh, M.; Carpenter, G. B.; Sweigart, D. Acc. Chem. Ref004 37,
Ber.199Q 123 1821. (e) Messelhsser, J.; Gutensohn, K. U.; Lorenz, 1.
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Derivatives of Sulfur-Containing Quinones and Hydroquinones
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CO, DMAD, Cg, dienes thermal ellipsoid probability.

and redox potential$. In organic synthesis, quinones are atoms in the place of the disulfido ligand ih. The
valuable reagents for the dehydrogenation of polycyclic manganese atom and molybdenum atom are joined by a
hydroaromatic compound$alcohols!s cyclic ketones and ~ Metat-metal single bond. The MaMo bond distance 2,
nitrogen heterocycle€.Quinone/hydroguinone redox couples  2:7050(6) A, is shorter than that found 1n2.8421(10) A!
have been widely used in electrochemical studies becauselhe S(1)-+S(2) distance, 3.042 (3) A, is nonbonding, and is
they are readily available and exhibit “well behaved” €ven longer than the-SS distance, 2.959(4) A, found in
electrochemistry. the related ethanedithiolate compound CpMoMn(§®)

We have now prepared some metal carbonyl derivatives SCHCH:S)* The C-O bond lengths in the quinone group
of sulfur-containing quinones and hydroguinones by the are typical of C-O double bonds, 1.221(4) A and 1.218(5)
photopromoted reaction of quinones withand Fe(CO)- A Two of C—C bonds in the six-membered ring, C(30)
(u-S;) and have investigated their structures and electro- C(31) = 1.338(5) A and C(33)C(34) = 1.316(6) A, are
chemical properties. These results are reported here. Ashort and double in character as expected. These are not

preliminary report of this work has been publisHéd. significantly different from those found in 1,4-benzoquinone
itself, 1.334(3) A8 The other G-C bonds are much longer
Results and Discussion and single in character, 1.474¢4).476(5) A.

Two of the hydrogen atoms on the 1,4-benzoquinone
molecule were replaced with the sulfur atomslab form
the 2,3-dithiolato-1,4-benzoquinone ligand. In the process
the S-S bond inl was cleaved. The yield ¢f is increased
in the presence of an excess of 1,4-quinone and 1,4-
hydroquinone is a coproduct. It is proposed that the reaction

The reaction ofl with 1,4-benzoquinone in the presence
of irradiation from a tungsten lamp afforded the quinone
derivative, CpMoMn(COYu-S;CeH205), 2, in 67% vyield.
The reaction does not proceed in the absence of figihe
infrared spectrum of exhibits four absorptions between
2035 and 1931 cnt that can be attributed to terminal ' : .
carbonyl ligands and one peak at 1651-&mhich can be proceeds first by an |n.sert|on. of one of the-C double
assigned to ketone groups of 1,4-benzoquinone grouping. Thebono.IS of the benzoguinone _|nto the_—S bond of1, as
H NMR spectrum of shows two singlets at 6.62 and 5.98 prgwo_usly observed for olefirfsand is followed by an
ppm that can be assigned to the olefinic and Cp ring protons,ox'dat'vﬁ cleavage gf the two hé/drog_en Iatoms% f;_OE’]bthOSG
respectively. Details of molecular structure af were two carbon atoms by a second equivalent of 1,4-benzo-
established by a single-crystal X-ray diffraction analysis, and quinone, Scheme 1.

an ORTEP diagram of its molecular structure is shown in Trgdat;net:Qt szdWithd hydrogljen I(? It\;eMpresencecoLlight
Figure 1. Selected bond distances and angles are listed ifProviaed the re Ouce_ complex CpMoMn(GR)-S,Cet-
Table 1. (OH),], 3, in 86% vyield, Scheme 1. Compourl was

The structure of is similar to that ofl except that there characterized by a combination of If{ NMR and single-

is a 1,4-quinone-2,3-dithiolato ligand that bridges two metal crystal X-ray d_|ffract|on analysis. The infrared spectrum of
3 is very similar to that of2, but the lower frequency

(11) Steinberg-Yfrach, G.; Liddell, P. A.; Hung, S.-C.; Moore, A. L.; Gust, absorptions of the €0 functions of the qumone group are
D.; Moore, T. A.Nature 1997, 385, 239. no longer present. Thid NMR spectrum of3 shows three

(12) Cross, J. V.; Deak, J. C.; Rich, E. A,; Qian, Y.; Lewis, M.; Parrott, L. ; ; ;
A Mochida, K.: Gustafson, D.. Vande Pol, S.; Templeton, DJ.J. singlets at 6.22, 5.68, a_nd 4.8? ppm Whlch.are assigned to
Biol. Chem.1999 274, 31150. protons on the hydroquinone ring, the Cp ring and the OH
(13) Voet, D.; Voet, J. B.; Pratt, C. Wrundamentals of Biochemistry groups, respectively. The molecular structure dfwas

Wiley: New York, 1999. . . . : .
(14) ,:L',eg_ p_.ev,\_ﬂareéy R. Gchem. Re. 1978 78, 317. established by a single-crystal X-ray diffraction analysis, and

(15) Csjernyik, G.; Ell, A. H.; Fadini, L.; Pugin, B.; Bavall, J.-E.,J. an ORTEP diagram of its molecular structure is shown in

Org. Chem 2002 67, 1657. ; ; ; ;
(16) Be%ken H.-D.. Tumer. A. B. InThe Chemistry of Quinonoid Figure 2. Selected bond distances and angles are listed in

CompoundsPatai, S., Rappoport, Z., Eds.; Wiley: New York, 1988;

Vol. 2, Chapter 23, pp 13511384. (18) Van Bolhuis, F.; Kiers, C. TActa Crystallogr. B: Struct. Crystallogr.
(17) Adams, R. D.; Miao, SJ. Am. Chem. So2004 126, 5056. Cryst. Chem1978 34, 1015.
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Table 1. Selected Intramolecular Bond Distances and Anglefor

(a) Distances

distance distance
atom atom A atom atom A)

Mo(1) S(1) 2.4931(9) 0O(35) C(35) 1.218(5)

Mo(1) S(2) 2.5096(9) C(30) C(31) 1.338(5)

Mo(1) Mn(1) 2.7050(6) C(30) C(35) 1.474(4)

Mn(1) S(1) 2.3557(9) C(31) C(32) 1.474(5)

Mn(1) S(2) 2.3582(11) C(32) C(33) 1.474(5)

S(1) C(30) 1.776(3) C(33) C(34) 1.316(6)

S(2) C(31) 1.781(3) C(34) C(35) 1.476(5)

0(32) C(32) 1.221(4) C e} 1.140(4) (av)

S(1) S(2) 3.042(3)
(b) Angles
angle angle

atom atom atom (deg) atom atom atom (deg)
S(1) Mo(1) S(2) 74.90(3) C(31) S(2) Mo(1) 98.86(11)
S(1) Mo(1) Mn(1) 53.71(2) Mn(1) S(1) Mo(1) 67.75(3)
S(2) Mo(1) Mn(1) 53.61(2) C(31) C(30) C(35) 121.5(3)
S(1) Mn(1) S(2) 80.38(3) C(31) C(30) S(1) 118.9(2)
S(1) Mn(1) Mo(1) 58.54(2) Mn(1) S(2) Mo(1) 67.43(3)
S(2) Mn(1) Mo(1) 58.95(2) C(35) C(30) S(1) 119.6(3)
C(30) S(1) Mn(1) 101.40(11) C(30) C(31) C(32) 121.7(3)
C(30) S(1) Mo(1) 99.11(11) C(30) C(31) S(2) 118.4(2)
C(31) S(2) Mn(1) 101.33(12) C(32) C(31) S(2) 119.9(3)

aEstimated standard deviations in the least significant figure are given in parentheses.

Scheme 1 oxygen atoms, O(32) and O(35). The-O bond distance,
Q 1.363(2) A and 1.366(2) A, is typical of-€0 single bonds.
O O HO OH .
— +H2 In the solid state the molecules of the complex are arranged
Cp\M//\}A _ 0 _cp, //\\ _ — .~ //\\ in zigzag chains that run parallel to theaxis and are linked
~1° [ Mo . [CpoFellPFg] Mo i by hydrogen bonds between the hydroxyl groups of the
! \I\nsertlon / 2 3 hydroquinone functions and to a molecule of diethyl ether
hv 2H

that cocrystallized with the complex, see Figure 3.

o o Compound 3 was reoxidized to2 in 84% vyield by
treatment with ferrocenium hexafluorophosphate. The elec-

Cp., / /\\ - trochemical properties & were measured by cyclic volta-
Ao mmetry (CV) in acetonitrile by using the tetrabutylammo-
nium hexafluorophosphate as the supporting electrolyte. The

k? cyclic voltammograms o8 are shown in Figure 4. Two

redox couples were observed-a0.34,—1.0 V versus Ag/
(}:§H35 AgCIl. These redox couples are quasi-reversible.

035 The reaction of CoMoMn(CQju-S;) with 2,3-dichloro-

3 1,4-benzoquinone afforded the new compound, CpMoMn-
so S1 (COB(u-SCsCl0z), 4, in 38% vyield, Scheme 2. The
@) molecular structure oft was determined by single-crystal
012 X-ray diffraction analysis, and an ORTEP diagram of its
Mo1
(o}

032 C).

H32 &

molecular structure is shown in Figure 5. Selected bond
distances and angles are listed in Table 3. The molecular
0 structure of4 is similar to that of2 except for a 2,3-
020 dichlorobenzoquinone group in the place of the 1,4-benzo-
Figure 2. ORTEP diagram of the molecular structure3pshowing 40% quinone group. The MeMn bond distance, 2.7288(6) A
thermal ellipsoid probability. [2.7186(6) A], is slightly longer than that &) but still shorter
Table 2. The structure & is similar to that o2 except that ~ than that inl. The bond distances in 2,3-dichlorobenzo-
the benzoquinone group has been reduced to a hydroquinonéluinone group are as expected for this quinone group.
group. The Ma-Mo bond distance, 2.7418(3) A, is longer Reduction of compoundt by hydrogen provided the
than that in2, but still shorter than that ih. The sulfur atoms ~ compound, CpMoMn(CO}u-S,CeClo(OH),] in 83% yield.
are not mutually bonded i8, S+-S = 2.989(3) A. The ¢ Details of molecular structure & were established by a
ring appears to be fully delocalized. The-C distances in  single-crystal X-ray diffraction analysis, and an ORTEP
the ring span the narrow range: 1.375(2)396(3) A. As diagram of its molecular structure is shown in Figure 6.
expected, one hydrogen atom was observed on each of th&Selected bond distances and angles are listed in Table 4. Its
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Table 2. Selected Intramolecular Bond Distances and Angles3for

(a) Distances

distance distance

atom atom A atom atom A)

Mo(1) S(1) 2.4824(5) 0O(35) C(35) 1.366(2)

Mo(1) S(2) 2.4851(5) C(30) C(31) 1.390(2)

Mo(1) Mn(1) 2.7418(3) C(30) C(35) 1.375(2)

Mn(1) S(1) 2.3236(5) C(31) C(32) 1.385(2)

Mn(1) S(2) 2.3341(5) C(32) C(33) 1.393(3)

S(1) C(30) 1.7866(17) C(33) C(34) 1.377(3)

S(2) C(31) 1.7826(17) C(34) C(35) 1.396(3)

0(32) C(32) 1.363(2) C e} 1.141(3) (av)

S(1) S(2) 2.989(3)
(b) Angles
angle angle

atom atom atom (deg) atom atom atom (deg)
S(1) Mo(1) S(2) 73.998(15) C(31) S(2) Mo(1) 100.35(6)
S(1) Mo(1) Mn(1) 52.532(13) Mn(1) S(1) Mo(1) 69.480(15)
S(2) Mo(1) Mn(1) 52.767(13) C(35) C(30) C(31) 120.77(16)
S(1) Mn(1) S(2) 79.856(18) C(35) C(30) S(1) 122.45(13)
S(1) Mn(1) Mo(1) 57.988(14) Mn(1) S(2) Mo(1) 69.272(14)
S(2) Mn(1) Mo(1) 57.961(14) C(31) C(30) S(1) 116.78(13)
C(30) S(1) Mn(1) 102.69(6) C(32) C(31) C(30) 120.66(16)
C(30) S(1) Mo(1) 100.33(6) C(32) C(31) S(2) 122.88(13)
C(31) S(2) Mn(1) 102.80(6) C(30) C(31) S(2) 116.46(12)

aEstimated standard deviations in the least significant figure are given in parentheses.

Scheme 2
a
9 o a,.
@ o} 0 . HOQOH
S—S +
N
C cl S S h S S
P\Mé/\}dn/ (6] Cpo //\\ _ ‘—V‘— Cp. /y\\ _
-7 I~ by /I\;[o Nlln\ DDQ /I\//Io—l\/lln\
1
cH cl2
Figure 3. Packing diagram of the structure 8fshowing intermolecular
hydrogen bonding between the hydroquinone groups and also with the
cocrystallized diethyl ether.
+12
+4 - =
g ol | Figure 5. ORTEP diagram of the molecular structuredohowing 40%
E thermal ellipsoid probability.
G _ L
5 2. . NMR spectrum at 5.41 ppm. A CV trace Bfis shown in
o _ L Figure 7. The CVs of basic solutions®fn acetonitrile show
20 . two quasi-reversible one-electron redox processes: one at
i I E;, = —0.11 V and a second at approximat&y, = —0.9
- V. Compared to CV trace of CpMoMn(C-S,CeHo-
T T . . . .
+la " ede w7 a2 oo e 4 (OH),] in basic solution, the CV ob shows that4 is a

Potential, ¥ vs AgiAgCl stronger oxidant tha@ as expected because of the presence
Figure 4. CV trace of3 (1.0 mM) in CHCN (10 mL) with 1.5 mM of of the two chlorine atoms on the quinone ring.
[Bu"sN]JOH and 0.1 M of [NBU4]PFs at scan rate 100 mV/Second. The reaction of F;Q{CO)G(‘M-SZ) with 1,4—benzoquinone
molecular structure is similar to that dfexcept the @ring under UV~vis irradiation yielded the hydroquinone deriva-
is fully delocalized. One hydrogen atom is found on each of tive Fe(CO)[u-S,CsH2(OH),], 6, in 53% yield, eq 3. The
oxygen atoms, O(32) and O(35) and these appear ifthe  mechanism of formation d§ is not known, and it is possible

Inorganic Chemistry, Vol. 43, No. 26, 2004 8417
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Table 3. Selected Intramolecular Bond Distances and Anglegifor

(a) Distances

distance distance
atom atom A atom atom A
Mo(1) S(1) 2.4943(9) Mo(2) S(3) 2.4935(10)
Mo(1) S(2) 2.5043(10) Mo(2) S(4) 2.4991(10)
Mo(1) Mn(1) 2.7288(6) Mo(2) Mn(2) 2.7186(6)
Mn(1) S(2) 2.3482(11) Mn(2) S(4) 2.3451(11)
Mn(1) S(1) 2.3491(11) Mn(2) S(3) 2.3585(11)
S(1) C(30) 1.777(4) S(3) C(70) 1.765(4)
S(2) C(31) 1.777(3) S(4) C(71) 1.776(3)
Cl(1) C(33) 1.702(4) CI(3) C(73) 1.711(4)
CI(2) C(34) 1.711(4) CI(4) C(74) 1.712(4)
0(32) C(32) 1.228(4) 0O(72) C(72) 1.213(5)
0(35) C(35) 1.219(4) 0(75) C(75) 1.223(4)
C(30) C(31) 1.337(5) C(70) c(71) 1.336(5)
C(30) C(35) 1.472(5) C(70) C(75) 1.477(5)
C(31) C(32) 1.460(5) C(71) C(72) 1.470(5)
C(32) C(33) 1.492(5) c(72) c(73) 1.479(5)
C(33) C(34) 1.330(6) C(73) C(74) 1.338(5)
C(34) C(35) 1.487(5) C(74) C(75) 1.486(5)
C o} 1.142(5)(av) S(1) S(2) 3.045(5)
S(3) S(4) 3.038(5)
(b) Angles
angle angle
atom atom atom (deg) atom atom atom (deg)
S(1) Mo(1) S(2) 75.05(3) S(3) Mo(2) S(4) 74.95(3)
S(1) Mo(1) Mn(1) 53.23(2) S(3) Mo(2) Mn(2) 53.60(3)
S(2) Mo(1) Mn(1) 53.11(2) S(4) Mo(2) Mn(2) 53.21(3)
S(2) Mn(1) S(1) 80.81(4) S(4) Mn(2) S(3) 80.46(4)
S(2) Mn(1) Mo(1) 58.54(3) S(4) Mn(2) Mo(2) 58.59(3)
S(1) Mn(1) Mo(1) 58.27(3) S(3) Mn(2) Mo(2) 58.32(3)
C(30) S(1) Mn(1) 100.31(12) C(70) S(3) Mn(2) 99.74(12)
C(30) S(1) Mo(1) 99.07(12) C(70) S(3) Mo(2) 99.88(12)
Mn(1) S(1) Mo(1) 68.51(3) Mn(2) S(3) Mo(2) 68.09(3)
C(31) S(2) Mn(1) 99.83(12) c(71) S(4) Mn(2) 99.77(12)
C(31) S(2) Mo(1) 99.45(12) c(71) S(4) Mo(2) 100.34(12)
Mn(1) S(2) Mo(1) 68.35(3) Mn(2) S(4) Mo(2) 68.19(3)
C(31) C(30) C(35) 122.2(3) c(71) C(70) C(75) 121.3(3)
C(31) C(30) S(1) 118.7(3) C(71) C(70) S(3) 119.3(3)
C(35) C(30) S(1) 119.1(3) C(75) C(70) S(3) 119.4(3)
C(30) C(31) C(32) 121.9(3) C(70) c(71) c(72) 122.7(3)
C(30) C(31) S(2) 118.7(3) C(70) c(71) S(4) 118.1(3)
C(32) C(31) S(2) 119.4(3) C(72) C(71) S(4) 119.0(3)

aEstimated standard deviations in the least significant figure are given in parentheses.

ci cl2 spectrum of6 is similar to that of FgCO)(u-S,) except
that all absorptions are shifted to lower frequencies. Details
C33 C34 of molecular structure 06 were established by a single-

crystal X-ray diffraction analysis, and an ORTEP diagram

035 . . -
032 g)' yf?? of its molecular structure is shown in Figure 8. Selected bond
C31 (=€) C30 distances and angles are listed in Table 5.
o122 0 HO OH
S—S
Mn1 ) 4 benzene
Mo1 - //\\ o e S\S\ 3)
8) /7e Fe\\ hv \F// Vel
[$] e~
U010 71 \
Cgom 6
Figure 6. ORTEP diagram of the molecular structureSoshowing 40% The structure of6 is similar to that of FﬁCO)G(,u-Sg)

thermal ellipsoid probability. . _ . .
psoiap i except that a hydroquinone-2,3-dithiolato ligand bridges two

that the reduction of the ketone groups was accomplished;rsn atoms instead of the disulfido ligand. The-Fee bond

simply by intramolecular shift of the two hydrogen atoms yisiance, 2.4815(4) A, is slightly shorter than that found in

from the carbon atoms that were added to the sulfur atoms,:ez(co)sw_sz) 2.552(2) A1 The S(1)--S(2) distance, 2.928
to the two ketone oxygen atoms from an initial insertion

adduct similar to that shown in Scheme 1. The infrared (19) Wei, C. H.; Dahl, L. Flnorg. Chem.1965 4, 1.
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Table 4. Selected Intramolecular Bond Distances and Anglesfor

(a) Distances

distance distance
atom atom A) atom atom A
Mo(1) S(1) 2.4801(6) 0(32) C(32) 1.354(3)
Mo(1) S(2) 2.4859(6) O(35) C(35) 1.350(3)
Mo(1) Mn(1) 2.7405(4) C(30) C(35) 1.383(3)
Mn(1) S(2) 2.3263(7) C(30) C(31) 1.389(3)
Mn(1) S(1) 2.3354(6) C(31) C(32) 1.377(3)
S(1) C(30) 1.783(2) C(32) C(33) 1.397(3)
S(2) C(31) 1.787(2) C(33) C(34) 1.378(3)
CI(1) C(33) 1.722(2) C(34) C(35) 1.401(3)
CI(2) C(34) 1.725(2) c o 1.140(3) (av)
S(1) S(2) 2.994(3)
(b) Angles
angle angle
atom atom atom (deg) atom atom atom (deg)
S(1) Mo(1) S(2) 74.158(18) Mn(1) S(2) Mo(1) 69.339(17)
S(1) Mo(1) Mn(1) 52.860(15) C(35) C(30) C(31) 120.7(2)
S(2) Mo(1) Mn(1) 52.584(16) C(35) C(30) S(1) 122.69(16)
S(2) Mn(1) S(1) 79.92(2) C(31) C(30) S(1) 116.59(16)
S(2) Mn(1) Mo(1) 58.077(16) C(32) C(31) S(2) 121.54(17)
S(1) Mn(1) Mo(1) 57.840(16) C(30) C(31) S(2) 116.82(16)
C(30) S(1) Mn(1) 102.64(7) C(34) C(33) Cl(1) 121.38(17)
C(30) S(1) Mo(1) 100.35(7) c(32) C(33) CI(1) 117.99(18)
Mn(1) S(1) Mo(1) 69.300(17) c(33) C(34) cl(2) 120.12(17)
C(31) S(2) Mn(1) 102.26(7) C(35) C(34) Cl(2) 118.54(18)
C(31) S(2) Mo(1) 100.48(7)
aEstimated standard deviations in the least significant figure are given in parentheses.
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Figure 7. CV trace of5 (1.0 mM) in CHCN (10 mL) with 1.5 mM of
[NBu"yJOH and 0.1 M [NBU4]PFs at scan rate 60 mV/s.

(3) A, is nonbonding, and is longer than that found in the
related compound RECO)%S[C(Phy=C(Ph)], 2.861(7) A
[2.871(7) A]® The G ring is fully delocalized, and all EC
bond distances lie in the range, 1.3743)392(3) A. In the

solid state the molecules of the complex are arranged in

Figure 8. ORTEP diagram of the molecular structureéoghowing 40%
thermal ellipsoid probability.

Fe(CO)(u-SCeH205), 7, in 87% yield, eq 4. The molecular
structure of7 was characterized by a single-crystal X-ray
diffraction analysis, and an ORTEP diagram of its molecular
structure is shown in Figure 11. Selected bond distances and
angles are listed in Table 6.

zigzag chains that are linked by hydrogen bonds betweenHoQ o

the hydroxyl groups of the hydroquinone functions, see

Figure 9. The electrochemical propertieaflere measured
by cyclic voltammetry, and a typical CV trace is shown in
Figure 10. The redox couples were observee-@t149 V,

—0.80 V versus Ag/AgCl. The redox couples are quasi-

reversible.
Oxidation of compound by 2,3-dichloro-5,6-dicyano-

_— “
jf'?[ > /\\Fe

7

Fe\

< /\\
/

The Fe-Fe bond distance if, 2.4687(12) A, is shorter
than that in6. The GH,O, portion of 7 is quinone-like; the

1,4-benzoquinone yielded the quinonedithiolato complex C—O distances are short, C(:2p(12) = 1.213(7) A and

(20) Weber, H. P.; Bryan, R. B. Chem. Soc. A967, 182.

C(15-0(15)= 1.212(7) A and two of the ring €C bonds
are double, C(16YC(11) = 1.334(8) A, C(13)-C(14) =
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Table 5. Selected Intramolecular Bond Distances and Angles for 6

(a) Distances

distance distance

atom atom A) atom atom A)

Fe(1) S(1) 2.2586(5) 0O(15) C(15) 1.378(2)

Fe(1) S(2) 2.2712(5) C(10) C(11) 1.392(2)

Fe(1) Fe(2) 2.4815(4) C(10) C(15) 1.377(2)

Fe(2) S(2) 2.2666(5) C(11) C(12) 1.376(2)

Fe(2) S(1) 2.2667(5) C(12) C(13) 1.392(3)

S(1) C(10) 1.7802(17) C(13) C(14) 1.371(3)

S(2) C(11) 1.7773(18) C(14) C(15) 1.392(3)

0(12) C(12) 1.371(2) C e} 1.130(3) (av)

S(1) S(2) 2.928(3)
(b) Angles
angle angle

Atom atom atom (deg) atom atom atom (deg)
S(1) Fe(1) S(2) 80.525(18) C(11) S(2) Fe(2) 101.38(6)
S(1) Fe(1) Fe(2) 56.901(15) C(11) S(2) Fe(1) 101.33(6)
S(2) Fe(1) Fe(2) 56.759(14) Fe(2) S(2) Fe(1) 66.302(15)
S(2) Fe(2) S(1) 80.453(18) C(11) C(10) C(15) 120.67(16)
S(2) Fe(2) Fe(1) 56.939(15) C(15) C(10) S(1) 124.25(14)
S(1) Fe(2) Fe(1) 56.590(14) C(11) C(10) S(1) 115.06(13)
C(10) S(1) Fe(1) 101.49(6) C(10) C(11) C(12) 120.67(16)
C(10) S(1) Fe(2) 102.12(6) C(10) C(11) S(2) 116.06(13)
Fe(1) S(1) Fe(2) 66.509(16) C(12) C(11) S(2) 123.21(14)

aEstimated standard deviations in the least significant figure are given in parentheses.
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Figure 10. CV trace of6 (1.5 mM) in CHCN (10 mL) with 1.5 mM of
[Bu"sN]JOH and 0.1 M [BU4N]PFs at scan rate 60 mV/s.

C14 (
Figure 9. Packing diagram of the structure 6fshowing intermolecular
hydrogen bonding between the hydroquinone groups. }3012

1.304(10). The nonbonding-SS distance, 2.968 (8) A, is c10( {
slightly longer than that is. Compound” is readily reduced
to 6 as suggested by formation 6fin the original reaction.
When7 was treated with hydrogen at room temperature in
the presence of light, it was reduceddo 95% yield within
12 h.

The monosubstituted PRterivative of6, Fe(CO)(PPh)-
[u-S,CeH2(OH),], 8, was obtained in 55% yield from the 02 01
reaction of6é with PPh in the presence of a stoichiometric
amount of MgNO decarbonylation agent, Scheme 3. Com- Figure 11. ORTEP diagram of the molecular structure7ashowing 40%

. . thermal ellipsoid probability.

pound8 was characterized by a combination of HR,NMR
and a single-crystal X-ray diffraction analysis. Compo8nd diagram of the molecular structure 8fis shown in Figure
contains two independent molecules in the asymmetric crystal12. Selected bond distances and angles are listed in Table 7.
unit. Both molecules are structurally similar and an ORTEP The molecular structure &is similar to that of compound

8420 Inorganic Chemistry, Vol. 43, No. 26, 2004



Derivatives of Sulfur-Containing Quinones and Hydroquinones

Table 6. Selected Intramolecular Bond Distances and Angles for 7

(a) Distances

distance distance

atom atom A) atom atom A)

Fe(1) S(2) 2.2766(17) 0O(15) C(15) 1.212(7)

Fe(1) S(1) 2.3000(18) C(10) C(11) 1.334(8)

Fe(1) Fe(2) 2.4687(12) C(10) C(15) 1.478(8)

Fe(2) S(1) 2.2742(18) C(11) C(12) 1.479(8)

Fe(2) S(2) 2.2832(17) C(12) C(13) 1.466(9)

S(1) C(10) 1.783(6) C(13) C(14) 1.304(10)

S(2) C(11) 1.781(6) C(14) C(15) 1.473(9)

0(12) C(12) 1.213(7) C e} 1.131(7) (av)

S(1) S(2) 2.968(8)
(b) Angles
angle angle

atom atom atom (deg) atom atom atom (deg)
S(2) Fe(1) S(1) 80.86(6) C(11) S(2) Fe(1) 98.93(19)
S(2) Fe(1) Fe(2) 57.35(5) C(11) S(2) Fe(2) 101.19(18)
S(1) Fe(1) Fe(2) 56.84(5) Fe(1) S(2) Fe(2) 65.56(5)
S(1) Fe(2) S(2) 81.27(6) C(11) C(10) C(15) 120.8(5)
S(1) Fe(2) Fe(1) 57.84(5) C(11) C(10) S(1) 116.8(5)
S(2) Fe(2) Fe(1) 57.09(5) C(15) C(10) S(1) 122.4(4)
C(10) S(1) Fe(2) 101.19(19) C(10) C(11) C(12) 122.4(5)
C(10) S(1) Fe(1) 99.3(2) C(10) C(11) S(2) 117.8(4)
Fe(2) S(1) Fe(1) 65.32(5) C(12) C(11) S(2) 119.7(4)

aEstimated standard deviations in the least significant figure are given in parentheses.
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Figure 12. ORTEP diagram of the molecular structureBshowing 40%

thermal ellipsoid probability.
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iron atom, which is consistent with tHeél NMR spectrum
that shows only a singlet at 5.85 ppm for the two protons
on the aromatic ring. The Feg~e bond distance, 2.4983(12)
A [2.4991(12) A], is longer than that i, probably due to
the coordination of the PRHigand on one of iron atoms.
The Fe-P bond distance, 2.2484(18) A [2.2524(18) A], is
similar to that observed in E8,(CO)(CsHsCHs)(PPh),
2.252(2) A

The bis-PPhsubstituted derivative &, F&(COu(PPh).-
[u-SCsH2(OH),], 9, was obtained from the reaction ®fvith
PPh in the presence of an excess amount ogN{@ in 56%
yield, Scheme 3tH NMR spectrum oB exhibits one singlet
for the protons on aromatic ring at 5.48 pp#P NMR
spectrum o® shows a single peak at 57.94 ppm. Details of
the molecular structure & were established by a single-
crystal X-ray diffraction analysis, and an ORTEP diagram
of its molecular structure is shown in Figure 13. Selected
bond distances and angles are listed in Table 8. The
molecular structure 09 is also similar to that o6 except
that two CO ligands, one CO ligand on each iron atom, have
been replaced by two PPhgands. As expected, both PPh
ligands occupy the less crowded axial positions on each iron
atom. The Fe-Fe bond distance, 2.5102(6) A, is even longer
than that ir8, but shorter than that in H&,Co(SMe))(CO)-
(PPhy),, 2.525(2) A22 The Fe-P distances, 2.2546(9) A and
2.2579(9) A, are longer than those B1 As expected,
compound9 could be obtained fron8 by treatment with
Me;NO in the presence of PBhsee Scheme 3.

The electrochemical properties ®and9 were measured
by cyclic voltammetry in acetonitrile solvent by using

6 except that one of the terminal CO ligands on one of the (21) Hasan, M. M.; Hursthouse, M. B.; Kabir, S. E.; Abdul Malik, K. M.

iron atoms has been replaced by a PRfand. The bulky
PPh ligand prefers the less crowded axial position on the

Polyhedron2001, 20, 97.
(22) Touchard, D.; Fillaut, J.-L.; Dixneuf, P.; Mealli, C.; Sabat, M.; Toupet,
L. Organometallics1985 4, 1684.
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Table 7. Selected Intramolecular Bond Distances and Angles3for

(a) Distances

distance distance
atom atom A atom atom A
Fe(1) P(1) 2.2484(18) Fe(3) P(2) 2.2524(18)
Fe(1) S(2) 2.2734(16) Fe(3) S(4) 2.2716(17)
Fe(1) S(1) 2.2757(16) Fe(3) S(3) 2.2758(17)
Fe(1) Fe(2) 2.4983(12) Fe(3) Fe(4) 2.4991(12)
Fe(2) S(1) 2.2695(18) Fe(4) S(4) 2.2667(18)
Fe(2) S(2) 2.2735(18) Fe(4) S(3) 2.2825(18)
S(1) C(10) 1.771(6) S(3) C(50) 1.790(6)
S(2) c(11) 1.766(5) S(4) C(51) 1.777(6)
0(12) C(12) 1.356(8) 0(52) C(52) 1.406(8)
0(15) C(15) 1.361(8) 0O(55) C(55) 1.375(8)
C(10) c(11) 1.384(8) C(50) C(55) 1.343(9)
C(10) C(15) 1.406(9) C(50) c(51) 1.416(8)
C(11) C(12) 1.402(9) C(51) C(52) 1.358(9)
C(12) C(13) 1.395(9) C(52) C(53) 1.396(10)
C(13) C(14) 1.393(10) C(53) C(54) 1.346(11)
C(14) C(15) 1.392(10) C(54) C(55) 1.421(11)
C (0] 1.150(9)(av) S(1) S(2) 2.931(11)
S(3) S(4) 2.934(11)
(b) Angles
angle angle
atom atom atom (deg) atom atom atom (deg)
P(1) Fe(1) S(2) 106.13(6) P(2) Fe(3) S(4) 106.39(7)
P(1) Fe(1) S(1) 101.72(6) P(2) Fe(3) S(3) 100.79(6)
S(2) Fe(1) S(1) 80.23(6) S(4) Fe(3) S(3) 80.37(6)
P(1) Fe(1) Fe(2) 152.13(6) P(2) Fe(3) Fe(4) 151.72(6)
S(2) Fe(1) Fe(2) 56.67(5) S(4) Fe(3) Fe(4) 56.49(5)
S(1) Fe(1) Fe(2) 56.54(5) S(3) Fe(3) Fe(4) 56.88(5)
S(1) Fe(2) S(2) 80.36(6) S(4) Fe(4) S(3) 80.33(6)
S(1) Fe(2) Fe(1) 56.78(5) S(4) Fe(4) Fe(3) 56.68(5)
S(2) Fe(2) Fe(1) 56.67(5) S(3) Fe(4) Fe(3) 56.62(5)
C(10) S(1) Fe(2) 100.4(2) C(50) S(3) Fe(3) 102.66(18)
C(10) S(1) Fe(1) 102.09(19) C(50) S(3) Fe(4) 100.4(2)
Fe(2) S(1) Fe(1) 66.69(5) Fe(3) S(3) Fe(4) 66.49(5)
C(11) S(2) Fe(1) 102.65(19) C(51) S(4) Fe(4) 100.6(2)
c(11) S(2) Fe(2) 100.0(2) C(51) S(4) Fe(3) 103.7(2)
Fe(1) S(2) Fe(2) 66.66(5) Fe(4) S(4) Fe(3) 66.83(5)

aEstimated standard deviations in the least significant figure are given in parentheses.

o ;J turn makes it more difficult to put additional electrons onto
C13c)c14 the complex electrochemically.

Like that addition of olefins td, all quinone additions to
1 and Fg(CO)(u-S;) require irradiation. Interestingly, the
quinone addition to F£CO)(u-S;) requires UV irradiation
and does not occur under similar conditions by using
irradiation from a tungsten source. The quinone additions
to 1 proceed with irradiation with visible light. This
difference in frequencies suggests that it is the metal complex
that requires the activation by irradiation and not the quinone
molecule which is the same (1,4-benzoquinone) for both
reactions and also that the activation process fe(G@)s-
(u-S) occurs at higher energy than that forAccordingly,
we recorded the UV vis absorption spectra of {€O0)s(u-
tetrabutylammonium hexafluorophosphate as the supportingS,), 1, 2, 3, 6, and7 in toluene solvent. The absorptions and
electrolyte. CV traces o8 and9 are shown in Figures 14  their extinction coefficients are listed in Table 9. Indeed, the
and 15, respectively. The redox couples &and 9 were absorptions ofl do occur at longer wavelengths, 342 and
observed at-0.289—1.10 V and—0.449,—1.20 V versus 403 nm than that in RECO)(u-S;), 338 nm. Interestingly,
Ag/AgCl, respectively. These redox couples are quasi- the absorptions of the benzoquinone derivati®€¢338 nm)
reversible. The more negative potentials f8rand 9 and7 (325 nm) lie at shorter wavelengths than those of their
compared to6 can be attributed to effects from the BRPh corresponding hydroquinone forn3s(351 nm) andb (331
ligands which are better electron donors to the metal atoms,and 398 nm). This indicates that the more reducing hydro-
i.e., they add more electron density to the complex which in quinone group is able to lower the energy of the transitions

Figure 13. ORTEP diagram of the molecular structureSafhowing 40%
thermal ellipsoid probability.
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Table 8. Selected Intramolecular Bond Distances and Angles for 9

(a) Distances

distance distance

atom atom A) atom atom A)

Fe(1) P(1) 2.2546(9) 0(12) c(12) 1.366(4)

Fe(1) S(2) 2.2888(8) 0O(15) C(15) 1.368(4)

Fe(1) S(1) 2.2914(9) C(10) C(11) 1.399(4)

Fe(1) Fe(2) 2.5102(6) C(10) c(15) 1.377(4)

Fe(2) P(2) 2.2579(9) c(11) c(12) 1.377(4)

Fe(2) S(2) 2.2867(8) C(12) C(13) 1.387(5)

Fe(2) S(1) 2.2878(9) C(13) C(14) 1.362(5)

S(1) C(10) 1.797(3) c(14) c(15) 1.391(5)

S(2) c(11) 1.784(3) c o} 1.144(4) (av)

S(1) S(2) 2.931(5)
(b) Angles
angle angle

atom atom atom (deg) atom atom atom (deg)
P(1) Fe(1) S(2) 108.66(3) C(10) S(1) Fe(2) 102.45(11)
P(1) Fe(1) S(1) 103.69(3) C(10) S(1) Fe(1) 101.45(10)
S(2) Fe(1) S(1) 79.57(3) Fe(2) S(1) Fe(1) 66.48(3)
P(1) Fe(1) Fe(2) 155.40(3) c(11) S(2) Fe(2) 103.22(10)
S(2) Fe(1) Fe(2) 56.69(2) c(11) S(2) Fe(1) 101.85(10)
S(1) Fe(1) Fe(2) 56.69(2) Fe(2) S(2) Fe(1) 66.54(2)
P(2) Fe(2) S(2) 112.25(3) C(15) C(10) C(11) 120.0(3)
P(2) Fe(2) S(1) 99.91(3) c(15) c(10) S(1) 124.4(3)
S(2) Fe(2) S(1) 79.69(3) c(11) C(10) S(1) 115.5(2)
P(2) Fe(2) Fe(1) 154.21(3) C(12) C(11) C(10) 120.5(3)
S(2) Fe(2) Fe(1) 56.77(2) c(12) c(11) S(2) 124.3(3)
S(1) Fe(2) Fe(1) 56.83(2) c(10) c(11) S(2) 115.1(2)

aEstimated standard deviations in the least significant figure are given in parentheses.
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Figure 14. CV trace of8 (1.5 mM) in CHCN (10 mL) with 1.5 mM of Potential, ¥ vs Ag/AgCl
[NBu"4JOH and 0.1 M [Bu4N]PFs at scan rate 100 mV/s. Figure 15. CV trace of9 (1.5 mM) in CHCN (10 mL) with 1.5 mM of

[Bu'sN]JOH and 0.1 M of [BUi4N]PFs at scan rate 100 mV/s.

in the metal complexes slightly compared to that of the more ) )
Table 9. UV—Vis Absorption Data for F€CO)(u-S,), 1, 2, 3, 6, and

oxidizing quinone group. 7a
The redox chemistry of quinones is complex but well
d t d?’ lmax(nm)

unders 0(_) T ) compd (absorption coefficients{ M~ cm™1))
Reductlpns involve a series of t\(vo, .one—t.electron trangfers Fe(COR-S) 338 (15594)

coupled with proton additions culminating with the formation 1 342 (5465), 403 (2530)

of the hydroquinones. The cyclic voltammograms3ef9 2 338 (5666)

are consistent with the established redox properties of 2 ggi Egg?gg 398 (4421)

quinones. These results are summarized in Table 10. All of 7 325 (2921)
compounds show a one electron redox event in the range
—0.45- —0.11 V vs Ag/AgCl. This is assigned to the

quinone to quinoné redox couple. A second redox couple that lies in the range-0.80- —1.20 V vs Ag/AgCl is of
poor quality and is irreversible, probably due to the involve-

a2 Recorded in toluene solvent.

(23) ((?) Egginig%gflhgnz- )Cgmmk;J_r;l%QSlZBG?. éb)learkeSr, Yé Dghem-D ment of protonation steps. It can be attributed to quinéne
ommun . (C empiring, . b.; Colpran, o. b.; Cralg, D. . 2 e
C. J. Chem. Soc., Dalton Trand999 1543. (d) Storrier, G. D.: to qunione: redox event. These are similar tp those opserved
Colbran, S. B.; Craig, D. Cl. Chem. Soc., Dalton Tran£99§ 1351. for free quinones, but occur at more negative potentials due
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Table 10. Electrochemical Data fo8, 5, 6, 8, and9? 2. IR vco (cm™1 in CH,Clp) 2035(vs), 1994(m), 1959(m), 1931-
compd first redox wave second redox wave (m), 1651(m).*H NMR (9 in CDCl) 6.62 (s, 2H), 5.98 (s, SH).
13C NMR (0 in CD.Cl,) 235.22, 180.88, 169.07, 136.70, 96.27.
3 o 5 MS (ES)mz 528 (M*). Anal. Calc. for GeH;MNMoO:S;: C(%),
6 —0.149 —0.80 36.52; H(%), 1.34. Found C, 36.44; H, 1.50.
8 —0.289 —-1.10 Reduction of 2 to CpMoMn(CO)s[u-S,CsH2(OH)2], 3, by
9 —0.449 —-1.20 Hydrogen. A solution of 2 (15 mg, 0.028 mmol) in CkCl, (30
aEy, (V) vs Ag/AgC. mL) was purged with hydrogen for 10 min. The solution was stirred

at room temperature under a hydrogen atmosphere in room light
to the electron donating properties of the metal groupings for 12 h. The solvent was removed in vacuo and the residue was
to the quinone rings. The redox potentials Hfre more separated by TLC by using G8I, solvent as eluant. A total of 13
. . - 0, i -
positive than those & because two chlorine atoms on the M9 f CPMOMN(CO}u-S,CeHo(OH).], 3 (85% yield), was ob

uinone ring are more electron withdrawing than the 2n€d- Spectral data fd: IR veo (em™* in CH,Clz) 2030(vs),
q 9 9 1989(m), 1954(m), 1923(mJH NMR (4 in CDCL) 6.2 (s, 2H),

hydrogen atoms oB. The potentials 98 and9 are more 5.68 (s, 5H), 4.82 (s, 2HYC NMR (0 in CD,Cl,) 235.12, 148.94,
negative tharﬁ because the phosphlne ligands are more 13385 116.34, 95.82. MS (ES)z 530 (M*). Anal. Calc. for
electron donating than the CO ligandstthat they replaced. ¢, ;H;MnM00;S,-O(C,Hs)»: C(%), 39.88; H(%), 3.18. Found C,
To summarize, we have now synthesized the first mixed- 40.42; H, 3.49.
metal benzoquinonedithiolate compounds,and 4, by Oxidation of 3 to 2. Ferrocenium hexafluorophosphate (47 mg,
reactions ofl with the appropriate benzoquinones under 0.14 mmol) was added to a solution®{15 mg, 0.028 mmol) in
irradiation with visible light. 1,4-Benzoquinone and 2, CH,Cl, (30 mL). The solution was stirred at room temperature for
3-dichloro-1,4-benzoquinone were inserted inteSSbond 12 h. The solvent was then removed in vacuo and the residue was
of CpMoMN(CO}(u-S,) to form 2 and 4, respectively. separated by TLC by using GBI, solvent for elution: A total of
Compounds2 and4 were reduced by hydrogen to provide 1§'5. mg of CpMoMN(CO{u-$,CeH;0;), 2 (84% yield), was
the hydroquinone derivativesand5. Fe(CO)(u-S;) also © tSameh. is of CoMoMn(CO CCLO,). 4. 2.3-Dichl
reacts with quinones, but the product obtained was the ynthesis of CoMOMN(COK(u-S,CeClz02), 4. 2,3-Dichloro-

. 1,4-benzoquinone (19 mg, 0.11 mmol) was added to a solution of
hydroquinone comples. Compounds however, could be 1 (15 mg, 0.0357 mmol) in benzene (30 mL). The solution was

oxidized to the quinone complekwhich was also isolated  gtirred at room temperature for 12 h in the presence of irradiation

and structurally characterized. from a 150 W tungsten lamp (12 in. from the flask). The solvent
) ) was then removed in vacuo and the residue was separated by TLC
Experimental Section using hexane/CkCl, (1/1, v/v) solvent mixture as eluant. A total

of 8.0 mg of4 (38% yield) was obtained. Spectral data forIR
rkco (cm™! in CH,Cly) 2037(vs), 1996(m), 1961(m), 1934(m),
1668(m).™H NMR (0 in CDCly) 6.025 (s, 5H). Anal. Calc. for

General Data. All reactions were performed under a nitrogen
atmosphere using Schlenk techniques. Reagent grade solvents we
dried by the standard procedures and were freshly distilled prior to
use. Infrared spectra were recorded on a Thermo-Nicolet Avatar C1eHsMnM0oO;S,Clo:CH,Clz: C(%), 30.02; H(%), 1.04. Found C,
360 FTIR spectrophotometéid NMR spectra were recorded on a 30.55; H, _1'22'

Varian Inova 300 spectrometer operating at 300 MHR. NMR Reduction of 4 to CpMoMn(CO)s[u-S,CeCl5(OH)2], 5, by
spectra were recorded on a Varian Inova 400 spectrometer operating1ydregen. A solution of4 (15 mg, 0.025 mmol) in benzene was
at 161.955 MHz. Elemental analyses were performed by Desert Stirred at room temperature under a hydrogen atmosphere in the
Analytics (Tucson, AZ). Mass spectra were recorded on a VG70SQ Presence of_room light for 12 h. The solvent was removed in vacuo
mass spectrometer. Uwis absorption spectra were measured in and the residue was separated by TLC using@isolvent as
toluene solutions by using a JASCO V-530 UV/visible spectro- €luant. A total of 12.5 mg of CpMoMn(C[k-S,CeCl(OH)z], 5
photometer. 1,4-Benzoquinone, 2,3-dichloro-1,4-benzoquinone, fer- (83% yield), was obtained. Spectral data %or IR vco (cm™* In
rocenium hexafluorophosphate, 2,3-dichloro-5,6-dicyano-1,4-ben- CHzClz) 2031(vs), 1990(m), 1956(m), 1923(nfH NMR (6 in
zoquinone were purchased from Aldrich Co. PRtas obtained ~ CPCh) 5.73 (s, 5H), 5.41 (s, 2H). Anal. Calc. for;&i,Clz-
from Columbia Organic Chemicals Co. Inc. and was used without MNM0O7S;: C(%), 32.18; H(%), 1.18. Found C, 32.27; H, 1.47.
further purification. MgNO-2H,0 was purchased from Aldrich Co. Oxidation of 5 to 4. To a solution of5 (15 mg, 0.025 mmol) in
and dehydrated before use. CpMoMn(G@)S,)* and Fe(CO)- CH,CI, was added 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (18
(1-S,)?* were prepared according to the published procedures. All M9, 0.079 mmol). Then the solution was stirred at room temperature
product separations were performed by TLC in air on Analtech for 2 h. The solvent was removed in vacuo and the residue was
0.25 and 0.5 mm silica gel 60 s glass plates. separated by TLC using hexane/gH, (1/1, v/v) solvent mixture

Synthesis of CpMoMn(CO)(u-S,CsH20>), 2. 1,4-Benzoqui- as eluant to yield 12 mg of (80%).
none (62 mg, 0.57 mmol) was added to a solution of CpMoMn-  Synthesis of F(CO)e[u-S,CeH2(OH),], 6. A 100 mg (0.291
(COX(u-S2) (30 mg, 0.071 mmol) in benzene (40 mL). The solution mmol) amount of F€CO)(u-S,) was dissolved in 100 mL benzene
was stirred at room temperature for 24 h in the presence of in a 200 mL rb flask. The solution was purged with nitrogen for
irradiation from a 150 W tungsten lamp (12 in.). The solvent was 20 min. To this solution was added 95 mg (0.88 mmol) of 1,4-
then removed in vacuo and the residue was separated by TLC bybenzoquinone. The resulting solution was irradiated for 2.5 h at
using CHCl, solvent as eluant. A total of 25 mg of CpMoMn- ~ F00m temperature by placing a 125 WPI UV-lamp 12 in. from the

(COX(u-S:CeH202), 2 (67% vield), was obtained. Spectral data for ~ flask. The volatiles were removed in vacuo and the residue was
separated by column over silica gel by using CH solvent as

(24) Brandt, P. F.: Lesch, D. A.; Stafford, P. R.: Rauchfuss, T. B.; Kolis, €luant. A total of 70 mg o6 (53% yield) was obtained. Similar
J. W.; Roof, L. C.Inorg. Synth.1997, 31, 112. yields were also obtained when the reaction was performed in the
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Derivatives of Sulfur-Containing Quinones and Hydroquinones

Table 11. Crystallographic Data for Compoun@s-9

param 2 3 4 5
empirical formula GGH7MnMOO782 Cj_eHgMI"IMOO7SQ'O(C2H5)2 C16H5C|2MI'1MOO7SQ'CH2C|2 C16H7C|2MnMoO7SQ-O(C2H5)2
formula weight 526.22 602.35 680.03 671.24
crystal system orthorhombic monoclinic orthorhombic monoclinic
space group Pbca P2i/c Pna2; P2,/c
a(h) 13.1057(7) 8.7934(4) 16.9605(7) 9.5384(4)

b (A) 16.3648(8) 21.9625(9) 11.0807(4) 14.5266(6)

c(A) 16.8605(8) 12.7233(6) 24.0844(9) 17.6895(7)

o (deg) 90 90 90 90

f (deg) 90 97.4970(10) 90 91.3470(10)

y (deg) 90 90 90 90

V (A3) 3616.1(3) 2436.18(19) 4526.3(3) 2450.39(17)

z 8 4 4 4

temperature (K) 296(2) 296(2) 296(2) 296(2)

pealc (g/cn®) 1.933 1.642 0.998 1.819

« (Mo Ka) (mm1) 1.659 1.246 0.903 1.459

no. observations 3772 5353 9667 5103

(> 20(1))

no. parameters 272 327 617 375

goodness of fit 0.952 1.025 1.018 1.038

max shift in final cycle 0.000 0.001 0.001 0.005

residuals: R1, wR2 0.0394, 0.1017 0.0267, 0.0637 0.0335; 0.0723 0.0309; 0.0701

absc;rption corrn, SADABS, 1.000/0.847 SADABS, 1.000/0.817 SADABS, 1.000/0.832 SADABS, 1.000/0.925

max/min

largest peak in diff 0.740 0.605 0.692 0.538

map (e/A3)

param 6 7 8 9

empirical formula @2H4F€20332 C12H2F6203SQ C29H19F9207P&'O(C2H5)2 C46H34F8206P282'H20
formula weight 451.97 449.96 760.35 938.51
crystal system monoclinic monoclinic tetragonal _ triclinic
space group P2,/c P2i/c P4, P1
a(h) 11.8389(9) 17.4569(1) 14.0285(3) 9.4928(3)
b (A) 10.8791(8) 6.3853(4) 14.0285(3) 12.9430(5)
c(A) 12.8949(10) 15.5109(5) 38.4236(7) 18.3092(9)
o (deg) 90 90 90 110.392(2)
f (deg) 107.068(2) 114.1030(10) 90 95.320(3)
y (deg) 90 90 90 93.468(3)
V (A3) 1587.7(2) 1578.22(11) 7561.7(3) 2089.10(15)
z 4 4 8 2
temperature (K) 296(2) 296(2) 296(2) 296(2)
pealc (Q/cn¥) 1.891 1.894 1.336 1.492
u (Mo Ko) (mm™2) 2.128 2.140 0.964 0.923
no. observations 3492 2292 10684 6991
(1> 20(1))
no. parameters 233 225 776 676
goodness of fit 1.051 1.005 1.055 1.047
max shift in final cycle 0.001 0.000 0.001 0.001

residuals: R1, wR2
absorption corrn,
max/min

largest peak in diff
map (e/A3)

0.0293; 0.0696

SADABS, 1.000/0.863

0.439

0.0638; 0.1291
SADABS, 1.000/0.859

0.0548; 0.1559
SADABS, 1.000/0.821

0.0506; 0.1039
SADABS, 1.000/0.913
0.549

0.852 0.552

aGOF= [thI(W(|Fobsz| - |Fcalc2‘))2/(ndata_ nvari)]llz- bRy = Z(||Fobd —IFcaicl)/ZFobd. WR: = {Z[W(“:obsz - Fcalcz|)2/2[W(Fob52)2]} V2w = 1/(72(F0bsz)-

solvents: toluene, thf, Cil, and acetone. Spectral data f@r

IR vco (cm~1 in hexane). 2082 (m), 2049(vs), 2012 (s), 2009 (s).
IH NMR (0 in CDCl), 6.22(s, 2H); 4.78(s,2H). Anal. Calc. for
CoH4Fe05S;: C(%), 31.89; H(%), 0.89; Found C, 31.80; H, 0.89.

Oxidation of 6 to Fey,(CO)g(u-S,CeH20,), 7. To a solution of
6 (20 mg, 0.044 mmol) in CECl, (30 mL) was added 35 mg of

Reduction of 7 to 6.The solution of7 (8.0 mg, 0.018 mmol) in
benzene (15 mL) was stirred at room temperature under a hydrogen
atmosphere in the presence of room light for 12 h. The solvent
was then removed in vacuo and the residue was separated by TLC
using CHCI, solvent as eluant. A total of 7.6 mg of KEO)s[u-
S,CsH2(OH),], 6 (95% vyield), was obtained.

Synthesis of Fg(CO)s(PPhg)[1-S,CsH2(OH),], 8. MesNO (3.0

2,3-dichloro-5,6-dicyano-1,4-benzoquinone. The solution was then mg, 0.040 mmol) was added to a solutiorq20 mg, 0.044 mmol)
stirred at room temperature for 12 h. The solvent was removed in gng ppp (58 mg, 0.22 mmol) in THF (20 mL). The solution was
vacuo and the residue was separated by TLC by using hexane/stirred at room temperature for 12 h. The solvent was then removed

CH,CI; (1/1, v/v) solvent mixture as eluant. A total of 17 mg7of
(87% yield) was obtained. Spectral data #r IR vco (cm™ in
hexane) 2086(m), 2051(vs), 2015(vs), 1669(#). NMR (6 in
CDCl) 6.58 (s, 2H). Anal. Calc. for GH.Fe0gS,: C(%), 32.03;

H(%), 0.45. Found C, 31.77; H, 0.54.

in vacuo and the residue was separated by TLC using hexase/CH
Cl, (1:2, viv) solvent mixture as eluant. A total of 17 mg&f55%
yield) was obtained. Spectral data & IR vco (cm™1in hexane)
2057(vs), 2002(vs), 1989(s), 1949(iH NMR (0 in CDCls) 7.54—
7.47 (m, 6H), 7.427.37 (m, 9H), 5.85(s, 2H), 4.40(s, 2HP
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NMR (6 in CDCl;) 61.18. Anal. Calc. for gH;oFe0/PS: C(%), using the program SADABS. Crystal data, data collection param-
50.75; H(%), 2.79. Found C, 51.15; H, 2.91. eters, and results of the analyses for compoue8 are listed in

Synthesis of F&(CO)4(PPhg)2[u-S,CeH2(OH)2], 9. MesNO (7.0 Table 11. All structures were solved by a combination of direct
mg, 0.093 mmol) was added to a solution®f{8.0 mg, 0.0177 methods and difference Fourier syntheses. All nonhydrogen atoms
mmol) and PPh (24 mg, 0.092) in THF solvent (20 mL). The  were refined with anisotropic thermal parameters. Refinements were
solution was stirred at room temperature for 12 h. The solvent was carried out on Fby the method of full-matrix least squares by
then removed in vacuo and the residue was separated by TLC byusing the SHELXTL program library with neutral atom scattering
using a hexane/Ci€l, (1:1, v/v) solvent mixture as eluant. A total ~ factors?®
of 9.2 mg of9 (56% vyield) was obtained. Spectral data rIR Compound crystallized in the orthorhombic crystal system. The
vco (cm~tin hexane) 2009(vs), 1966(m), 1952(iHil NMR (d in space groupPbca was identified uniquely on the basis of the
CDCl) 7.49-7.44 (m, 12H), 7.3%#7.29 (m, 18H), 5.48(s, 2H), systematic absences observed in the data.

4.00(s, 2H) 3P NMR (6 in CDCl3) 57.94. Anal. Calc. for GgHz4- Compounds3, 5, 6, and7 crystallized in the monoclinic crystal
Fe0sP.S*H,0: C(%), 58.87; H(%), 3.87. Found C, 58.49; H, 3.92. system. The space gro#2,/c was identified uniquely on the basis

Formation of 9 from 8. To the solution of8 (20 mg, 0.029 of the systematic absences observed in the data. One molecule of
mmol) and PPh(16 mg, 0.061 mmol) in THF (20 mL) was added ethyl ether was found cocrystallized in the lattice of compougids
MesNO (4.0 mg, 0.053 mmol) at C. The solution was stirred at ~ and5. It was included in the both calculations and was satisfactorily
0 °C for 12 h. The workup gave 10 mg (37% yield) @f refined.

Electrochemical MeasurementsCyclic voltammetric experi- Compound crystallized in the orthorhombic crystal system. The
ments were conducted by using a CV-50W voltammetric analyzer systematic absences in the data were consistent with either of the
purchased from Bioanalytical Systems, West Lafayette, IN. The SPace group®na2; or Pnma The noncentric space grolma2;
experiments were done under a nitrogen atmosphere at roomwas selected and confirmed by the successful solution and refine-
temperature in 10 mL of CHN solution by using 1.0 mM ment of the structure. Compoundl contains two independent
solutions of compound3, 5, 6, 8, or 9 with 1.5 mM of BU,NOH molecules in the asymmetric crystal unit. One equivalent 0f-CH
with 0.1 mol/L tetrabutylammonium hexafluorophosphate as the Cl from the crystallization solvent was found cocrystallized with
supporting electrolyte. Cyclic voltammograms (CVs) were obtained the complex. It was included in the calculations and was satisfac-
by using a three-electrode system consisting of a platinum working torily refined.
electrode, a platinum counter and an Ag/AgCl reference electrode. Compoundg crystallized in the tetragonal crystal system. The
Half-wave potentialsHy;) were calculated as the mean potential Systematic absences in the data were consistent with space groups

between the peak potential by use of the equaign= (Eya + P4, or P4;. The chiral space grou4; was tested first and
Ep/2, whereEp,is the anodic peak potential afg is the cathodic confirmed by the guccessful solution and refinemgnt of the structure.
peak potential. CompoundB contains two independent molecules in the asymmetric
Crystallographic Analyses.Green single crystals of compounds crystal unit. One equivalent of diethyl ether from crystallization
2 and4, brown single crystals of, and red single crystals f solvent was found cocrystallized with the compound. The Flack
were grown by slow evaporation of solvent from solutions of the Parameter for refinement in the space gré¥f was 0.0577. The
complex in hexane/methylene chloride solvent mixtures &€4 Flack parameter for refinement in the space grédp was very

Orange single crystals & suitable for diffraction analysis were close to 1.0, suggesting that the correct space group was the initially
grown by slow evaporation of solvent from a toluene solution at 4 chosen oné4,.

°C. Orange single crystals @fand red single crystals & and8 Compoundg_crystallized in the triclinic crystal system. The
suitable for diffraction analysis were grown by slow evaporation Centrosymmetric space groii was assumed and confirmed by
of solvent from solutions in ethyl ether solvent a0 °C. The the successful solution and refinement of the structure. One

data crystal of each compound was mounted by gluing onto the equivalent of water was found in the lattice cocrystallized with
end of a thin glass fiber. X-ray intensity data were measured by cor_npou_noB. It was included in the calculations and was satisfac-
using a Bruker SMART APEX CCD-based diffractometer by using torily refined.

Mo Ka radiation ¢ = 0.71073 A). All unit cells were initially Acknowledgment. This research was supported by a
determined based on reflections selected from a set of three Scanﬁrant from the National Science Foundation, Grant
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