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Complexes of the type ZREMEDA), ZnS(PMDETA), and Zn¥(MesTACN) react with electrophilic alkenes

to give dithiolene complexes ZaS;R,(amine). The MgTACN complex is the most reactive, while the more
conveniently prepared PMDETA complex also undergoes this reaction at useful rates. The following alkenes
were successfully tested: ,l,(CO,Me), (cis and trans isomers),,83(CO,Me), CH3(CN), 1,2-GH,Me(CN),
C,H3(CHO), and 1,2-GH,(CN)(Ph). Crystallographic analysis shows that the highly reactive complexMe$

TACN) is structurally similar to Zn§PMDETA), including the presence of an elongated-&hy bond. Model

studies indicate that the reaction of alkenes witlZiS, proceeds via the reversible formation of a dipolar
intermediate, as indicated by the ability of the polysulfido complexes to catalyze the isomerizatisCgl,(CO,-

Me),. It is proposed that such dipolar species undergoes ring closure to give alkanedithiolato intermediates, e.g.,
Zn[S;CH(CO:Me),](PMDETA). The dithiolato complexes ZnjS;H,(CO,Me),](PMDETA) and Zn[SCoH(CO,-
Me),]J(TMEDA) were prepared from ZnMg the di- and triamines, and the dithiolese(HS),C,H>(COMe),.

These dithiolates undergoes dehydrogenation upon treatment gtihg&e the dithiolene Zn[£,(COMe),]L

at a rate that is independent of the ancillary ligand L. The dithiolene ligands can be removed from the Zn center
by treatment with [COG]3 and CpTiCly; in this way Zn[SC,H(CN)](PMDETA) was converted to OGS,H(CN)

and CpTiS,C,H(CN).

Introduction are available with a wider range of substituents than alkynes.

L L . ) The metal sulfide-promoted conversion of an alkene to a
Metal dithiolenes are receiving increasing attention because yithiolene formally requires two steps, the initial addition of

of their role in biological and materials chemistry. For example, o equivalent of £~ across the double bond to give an

all known Mo- and W-containing enzymes, except the nitro- 5 anedithiolate followed by dehydrogenation (eq 1).
genases, feature the molybdopterin cofactor, an alkenedithiolate

(dithiolene) linked to a nucleotide.Bis(dithiolene) metal H

complexes have been of interest in the materials scienceRr H LMS R S\ ‘w, R S\
community because of their utility as laser dyes and their high I —_ M — | M (1)
electrical conductivity. Research on metal dithiolenes has been R H R s/ R S/

further invigorated by the discovery of large nonlinear optical
responses in nickel dithiolerfeand the luminescent properties

of platinum dithiolenes: o We have found that zinc polysulfido complexes, especially
The intense research on metal c_jlthlolenes has spawngd manyhose bearing triamine coligands, effect this dehydrogenative
syntheses of such complexes. Virtually all routes begin with conversion of alkenes to dithiolenes. The new methodology is

alkynes or their equivalent, such ashydroxyketoneso-ha- of additional interest because it is employs inexpensive reagents
loketones’ and unsaturated dithiocarbonaféEhe synthesis of  and, once prepared, the resulting dithiolene ligands can be

dithiolenes from alkenes would be advantageous because alkenegmoved from the host metal.

H

(1) Kisker, C.; Schindelin, H.; Rees, D. ®@nnu. Re. Biochem.1997, Results and Discussion
66, 233-267. : - -
(2) Cassoux, P. Valade, L.; Kobayashi, H.; Kobayashi, A.; Clark, R. A; Synthesis of Dithiolenes from AlkenesAcetonitrile solu-
Underhill, A. E.Coord. Chem. Re 1991, 110, 115-160. tions of Zng(PMDETA) (1, PMDETA = N,N,N,N,N"-
3) gﬂgéggafitd |A-1:0(738ﬂ%%t$, N.; Lacroix, P. G.; Lepetit, Chem. Mater. pentamethyldiethylenetriamine) react with the dimethyl maleate
@) 1(:;6n(1)mir{gs, S. D.; Eisenberg, R.Am. Chem. S02996 118 1949 ?hned Sda'lnr;eetgﬂl;“;;f‘vtve;‘é%rutchte chgiggz GZ;S{;WSE?;;) give
(5) Cummings, S. D.; Eisenberg, Ruorg. Chim. Actal99§ 242, 225- (3a). This complex had been previously prepared from dimethyl
©) ﬁiilv'var S.P.: Hsu, J. K.: Liable-Sands, L. M.: Rheingold, A. L.: Pilato acetylenedicarboxylate (DMAD) arid'® Dimethyl maleate also
R. S.Inorg. Chem1997 36, 4234-4240. o " reacts slowly with Zn§TMEDA) (2) to give the dithiolene Zn-
(7) Kaiwar, S. P.; Vodacek, A.; Blough, N. V.; Pilato, R.5Am. Chem. [S2Co(COMe)J(TMEDA) (48). While the dehydrogenative
. aoc-ljgglz_lBla 3311|__331gJ Kaiwar S. P B M- Feti route to3ais slower than the direct reaction of DMAD with
®) J.Sgi; I.Dila"to,oFg?g?r?Olpg?’Cher'lztlggéag& ;17;,;3_3%%51’. -V PEHINGET, it g virtually quantitative. In terms of mass balance, the reaction
(9) Collison, D.; Garner, C. D.; Joule, J. &hem. Soc. Re 1996 25,
25-32. (10) Pafford, R. J.; Rauchfuss, T. Biorg. Chem.1998 37, 1974-1980.
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Table 1. Reaction Conditions for Synthesis of Dithiolenes from
Alkenes

olefin reaction product yield (%)
conditions
s COsMe
COMe 54 equiv olefin /
— reflux MeCN Lszr\ | 89
MeO,C 16h S
CO;Me
s COgMe
30 equiv olefin
MeOZUOZMe reflux. MeCN L32r< | 86
16 h S
COoMe
30 v olei s CO,Me
equiv olefin
COMe " ofiix MeCN Lng< | 90
16 h
S
- S CN
CN 30 equiv olefin
/ reflux MeCN L32r< I 95
16 h 3
§—_ CHO
HO 6 equiv olefin
—/ reflux MeCN LaZ | ~30
40 h S
CN
S
N neat olefin / 75
j— LSZI'\
110°C s
40 h

of 1 and 10 equiv of dimethyl maleate consumed ca. 3.4 equiv
of the alkene. Another2 equiv are assumed to react with the
H,S byproduct?!

Other common electrophilic alkenes react withto give
dithiolenes, including methyl acrylate, acrylonitrile, and cinna-
monitrile (PhCH=CHCN). Typically, the reactions were con-
ducted in refluxing MeCN solution using an excess of the alkene
(Table 1). The reaction involvingansPhCH=CHCN was slow
and was therefore conducted in neat alkene to give ZBIS
(Ph)(CN)](PMDETA) @d). The products were isolated as
analytically pure off-white solids, which were further character-
ized byH NMR and IR spectroscopies. The IR spectra show
loss ofvssand appearance @t andvcy bands for the ester-
and nitrile-containing products, respectively.

Pafford et al.

vco and veny bands for the acrolein and nitrile derivatives,
respectively. The acrolein reaction is complicated, we suspect,
due to the competing formation of the acrolein dirfer.
Acrylamide and styrene do not appear to react Witbr 2.
Synthesis of Alkanedithiolates Alkanedithiolates are likely
intermediates in the pathway leading to dithiolenes from alkenes.
To test this idea we examined the reactivity of complexes of
dimethylmesedimercaptosuccinafé;4a chelating alkanedithi-
ol formally derived by the formal addition of HSSH across
the G=C bond in dimethyl maleate. Complexes of this dithiolate
were prepared by treatment of ZnplEMEDA) and ZnMe-
(PMDETA) with the dithiol (eq 2).

H H
Me HS COMe CHa S CO,Me
LZr< + |_z< (2)
Me HS COzMe S CO,Me
H
L = PMDETA (5)
L = TMEDA (6)

The complexes Zn[E,H,(COMe),](PMDETA) (5) and Zn-
[S2CoH(COMe),](TMEDA) (6) were obtained as colorless
solids, which exhibited good solubility in polar organic solvents.
The NMR data shows th&texists as a single isomer. lonization
of the a-CH would be expected to give thil-isomer of the
dithiolate, but we observed no evidence for this, even in the
presence of EN. In fact, were thea-CH bonds moderately
acidic, we would expect some deprotonation in the synthesis
of 6 by the dimethylzinc. ThéH NMR properties are temper-
ature dependent reflecting the fluxional character of this family
of complexes. For example, at room temperature the four methyl
(NMey) groups in5 appear equivalent. This averaging could
arise if the dithiolate ligand rotates or if an amine group
dissociates. At lower temperatures more complex spectra
emerge, consistent with th€s and eventualC; symmetry
expected for this complex (Figure 1). Compléxexhibits
similiar behavior (Figure 2).

Dehydrogenation of ZnSC,H,(CO,Me), Complexes.Treat-
ment of5 with 4 equiv of S immediately resulted in the rapid
formation of 1. The fate of the dithiolate ligand is uncertain,
but several unidentifiedH NMR signals are observed in the
—CO;Me region ¢ 3.6—3.8). Upon heating at 93C, this
solution afforded3a in ~85% yield (eq 3). The addition of
dimethyl maleate did not affect the rate or the efficiency of the
transformation. Thus the alkene does not serve as the hydrogen
acceptor in the dehydrogenation process.

COgMe
(PMDETA)ZV< (PMDETA)Z I
S CO,Me

®) (3a)

OoMe
+8

(3)
COoMe ~H2S

Treatment of6 with Sg resulted in the formation of hexa-
sulfide 2, together with smaller (equilibrium) quantities of the

Other alkenes that are less electrophilic than those discussedorresponding ZnsSand Zn§ derivatives'® As in the case of

above react withl to give dithiolenes, e.g., 2-pentenenitrile,
2-butenenitrile (crotononitrile), and acrolein (GHCHCHO).

The success of these attempts was indicated by the upfield shift

of the IH NMR signals at~92.3 for the methyl groups of
PMDETA. The IR spectra show loss ofs and appearance of

(11) Newton, L. W. Union Carbide & Carbon Corporation. Thiopolycar-
boxylic acid esters. U.S. Patent 2,603,616, 1951.

5, the dithiolate is oxidatively removed from the Zn center,
presumably concomitant with the formation of an organo-

(12) Jenner, G.; Rimmelin, J.; Libs, S.; Antoni, Fetrahedron1976 32,
1107-1111.

(13) Gerecke, M.; Friedheim, E. A. H.; Brossi, Helv. Chim. Actal961,
44, 955-960.

(14) Singh, J.; Powell, A. K.; Clarke, S. E. M.; Blower, P.1J.Chem.
Soc., Chem. Commu991, 1115-1116.
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Figure 1. 500 MHzH NMR spectra of Zn[gC;H,(CO,Me),](PMDETA) (5) (CD.Cl; solvent) recorded at various temperatures. Labels @fer
to signal assignments for the room temperature spectrum.
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Figure 2. 500 MHz'H NMR spectra of Zn[8C,H,(CO.Me),](TMEDA) (6) (CD.Cl, solvent) recorded at various temperatures. Labeld eefer
to signal assignments for the room temperature spectrum.

polysulfidel® Further heating of this solution gave the dithiolene solution,6 decomposes over the course of several hours to give

4a at a rate very similar to that for the conversionofo 3a dimethyl fumarate and the dithiolede, both in ca. 20% yield,
(Figure 3). Solutions of the dithiolen8a and4aare unreactive together with insoluble material, which we assume is ZnS (eq
toward S. 4). 1t is probable that these species arise via the initial

We were interested to find th&tand6 are thermally unstable, ~ fragmentation o6 into ZnS, S, and alkene. The elemental sulfur
because this is not typical for zinc thiolates. In refluxing MeCN thus formed promotes the dehydrogenatiob tf 4a, as detailed

(15) Coucouvanis, D.; Patil, P. R.; Kanatzidis, M. G.; Detering, B.; (16) Osakada, K.; Yamamoto, Thorg. Chem.1991, 30, 2328-2332.
Baenziger, N. Clnorg. Chem.1985 24, 24—31. (17) Cheon, J.; Zink, J. U. Am. Chem. S0d.997 119, 3838-3839.
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Figure 3. Time course of the formation &aand4afrom the reaction
of 5and6 (1.4 x 1072 M) with Sg (0.5 equiv) in MeCNel; (95 °C).

above. In no case do we observe free alkene in the reactions of

5 or 6 with sulfur (eg., eq 3).

COgMe COoMe  MeO;
( Ln < :[
COoMe

COzMe

The decomposition of zinc thiolates into ZnS has been
previously demonstrated, but usually under more vigorous
conditions!6-17

Metal Sulfide-Catalyzed Alkene Isomerization.The reac-
tions of 1 and dimethyl maleate and crotononitrile were
accompanied by significant isomerization of the alkene. In the
synthesis oBafrom dimethyl maleate, alkene isomerization is
~3 times faster than dithiolene formation (Figure 4).

Compared td, dithiolene3ais a~100x poorer catalyst for

COMe

+ 2ZnS +HyS (4)

the isomerization of dimethyl maleate. The decreased nucleo-
philicity of 3a does not arise for steric reasons, because the

corresponding alkane dithiolat®, which has similar steric
properties tda, is a relatively efficient isomerization catalyst.
The ability of these complexes to catalyze the isomerization of
dimethyl maleate follows the order ZHEMDETA) > ZnSs-
(TMEDA) > Zn[S;Cy(COMe),](PMDETA).

Studies on Zng(MesTACN). In an effort to gain further

insights into the new dehydrogenative route to dithiolenes, we N(3)—Zn(1)—N(1)

examined a new analogue bfZnS(MesTACN), where Me-
TACN is N,N,N"-trimethyl-1,4,7-triazacyclononard&This new
complex was prepared in good yield by reaction of the triamine
with 2 (eq 5).

ZnS(TMEDA) + Me;TACN —
)
ZnS,(Me,TACN) + TMEDA + 2 S (5)
)
Variable-temperaturéH NMR spectra show that is stere-

ochemically nonrigid, with a time-averag€x, structure even
— 85 °C. The triamine does not dissociate from Zn because

the two protons on the methylene groups remain diastereotopic.

In solution7 exists exclusively as the tetrasulfido complex; in
contrastl exists in equilibrium with a higher (probably penta-)
polysulfide°

The results of a single-crystal X-ray diffraction study (Table
2) show that the Zn is pentacoordinate, likeThe zinc center

(18) Chaudhuri, P.; Wieghardt, Krog. Inorg. Chem1988 35, 329~
436.
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Figure 4. Time course of the components in the reactiorl ¢7.2 x
1073 M) and dimethyl maleate (10 equiv) in MeCt#-(95 °C).
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Figure 5. Structure of Zng§MesTACN) (7) with thermal ellipsoids
set at the 50% (hydrogen atoms omitted for clarity).

Table 2. Bond Lengths (A) and Angles) for 7

Zn(1)-N(2) 2.143(2)  Zn(1)}N(3) 2.183(2)
Zn(1)-N(1) 2.359(2)  Zn(1)¥S(1) 2.4580(6)
Zn(1)-S(4) 2.3316(6) S(BS(2) 2.0589(9)
S(2)-S(3) 2.0513(10) S(3)S(4) 2.0523(9)
N@2)-Zn(1)-N@3) 83.43(7)  N(2Zn(1)-N(1) 80.24(7)
78.23(7)  N(2yZn(1)-S(4) 117.78(5)
N(3)-Zn(1)-S(4) 152.52(5)  S(4)Zn(1)-N(1) 87.94(5)
N(2)-zn(1)-S(1) 100.95(5)  N(3}Zn(1)-S(1) 93.81(5)
S(4y-zZn(1)-S(1) 98.52(2)  N(1)}zn(1)-S(1) 171.81(5)
S(2-S(1-zn(l) 98.50(3)  S(3yS(2)-S(1)  103.58(4)
S(2)-S(3)-S(4)  104.14(4)  S(3)S(4y-zn(1) 103.66(3)

can be described as a distorted trigonal bipyramidal species with
one amine and one sulfur atom occupying the axial positions
(Figure 5). In1, the N—Zn linkage approximately trans (196

to S is elongated (2.31 A) vs the other two-ZN bonds (2.17

and 2.19 A). A similar elongation is seen T(Arz,—n ~ 0.2

A), which was unexpected because the cyclic triamines is more
highly constrained. One difference betwekand?7 is that the
latter adopts a more square pyramidal structure with the base
of the square being defined by two sulfur and two nitrogen
atoms. By virtue of the distortion, the polysulfido chelaterin

is more exposed than ib (Figure 6).

We expected tha?, with three highly constrained amine
donors, would be more nucleophilic th&nConsistent with its
high nucleophilicity, solid samples @f which is bright yellow,
readily (minutes) air-oxidize to the colorless thiosulfato deriva-
tive ZnS03(MesTACN).1 This behavior is similar to but much
faster than the previously prepared 20PMDETA). Solu-
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Figure 6. Space-filling models of ZngPMDETA) (1, top) and
ZnS(MesTACN) (7, bottom) highlighting the more exposed l§and
in the MgTACN complex.

tions of 7 are significantly more reactive toward alkenes than
arel and2: in refluxing MeCN,7 converts dimethyl maleate
to the dithiolene8a at a rate that is~3 times that forl.
Qualitatively,7 is also better thafh as a catalyst isomerization
of dimethyl maleate to dimethyl fumarate.

Removal of Dithiolenes from Zn Centers.Given that the
new dithiolene synthesis enjoys significant scope, we wante

Inorganic Chemistry, Vol. 38, No. 17, 1998783

Discussion

The chemistry of zinc thiolato complexes is a topical théfne,
with particular recent interest focusing on the nucleophilic
character of the thiolato ligand%:24 As we have shown in this
and the previous papétpne can prepare polysulfido complexes
which are quite analogous to the known thiolato species but
are promising reagents for the preparation of organosulfur
compounds.

This and a previous pap€rsummarize our studies on the
pentacoordinate zinc polysulfido centers, which are more
nucleophilic than the corresponding tetracoordinated derivatives.
The nucleophilic character of Zg®MDETA)?is demonstrated
by its competition with Zn§TMEDA) for the electrophilic
alkyne dimethylacetylene dicarboxylate (DMAD)eq 7).

CO,Me

S
k
ZnSyL LZ ‘
MeO,C——CO,Me s COMe

k(PMDETA) / k(TMEDA) ~ 100 (25 °C), see ref 10
k(MesTACN) / k(PMDETA) ~ 5 (25 °C)

@)

The enhanced nucleophilicity of the pentacoordinate zinc
polysulfido complexes led us to investigate electrophilic alkenes
as substrates. A revealing finding was that the reactiod of
with cis and trans alkenes (dimethyl maleate and dimethyl
fumarate) produced the same product. The explanation for this
initially surprising finding is that these reactions afford dithi-
olenes, thus the stereochemistry of the alkene is inconsequential.
Further experiments showed that the reaction enjoys some
generality in the case of electrophilic alkenes, which are
otherwise known to be reactive toward sulfur nucleoptifes.

The conversion of dimethyl maleate (and dimethyl fumarate)
to dithiolenes, while mechanistically informative, is not im-
mediately useful because these dithiolenes can be prepared from
DMAD, which is readily available. Similarly, the dithiolene
S,CH(CO:Me)?~ is more readily obtained from the correspond-
ing alkyne?® The cyano-substituted dithiolenes Zg{SR(CN)]-
(PMEDTA) (R = H, Me, Et, Ph) are, however, of preparative
interest.

We propose that the first step in the conversion of the alkene
to a dithiolene involves the reversible formation of a dipolar

g intermediate, as indicated by the observation that the dithiolene

to demonstrate that the organosulfur ligand could be removed Synthesis is accompanied by significant isomerization of di-

from the zinc center. The zinc PMDETA dithiolengs—d were

methyl maleate to dimethyl fumarate (Scheme 1). Nucleophiles

shown spectroscopically to react readily with the phosgene such as PPjare known to catalyze alketfdsomerization but

trimer in MeCN<ds to form their corresponding dithiocarbonates

the use of metal sulfido complexes is apparently né¥&i.the

in quantitative yields. The transformations are signaled by the diPolar species, rotation about the-C bond is subject to only

bleaching of the pale yellow color of the dithiolene. A
preparative scale reaction &c and (COC}); produced the
desired dithiocarbonate in 90% yield (eq 6).

CN CN
ECl /S
(PMDETA)Z ] E\ \ ©)
- ZnClo(PMDETA)
s S
(3¢) (E = CO, Cp2Ti)

In a similar manner3c was found to react with G@iCl, in
MeCN solution to give CgliS,C,(CN)H, obtained as green
crystals in 84% vyield. Using this methodology, Zp(%-
(CHO)H](PMDETA), which we could only obtain in impure
form, was converted to OGS(CN)H, which was readily
purified.

a small barrier.

(19) Corwin, D. T., Jr.; Koch, S. Alnorg. Chem.1988 27, 493-496.

(20) Wilker, J. J.; Lippard, S. Jnorg. Chem.1997, 36, 969-978.

(21) Burth, R.; Vahrenkamp, Hnorg. Chim. Actal998 282 193-199.

(22) Brand, U.; Rombach, M.; Vahrenkamp, Bhem. Commun1998
2717-2718.

(23) Burth, R.; Stange, A.; Schaefer, M.; VahrenkampBdr. J. Inorg.
Chem.1998 1759-1764.

(24) Brand, U.; Burth, R.; Vahrenkamp, khorg. Chem1996 35, 1083-
1086.

(25) Verma, A. K.; Rauchfuss, T. B.; Wilson, S. Rorg. Chem.1995
34, 3072-3078.

(26) March, JAdvanced Organic Chemistryiley: New York, 1992.

(27) Patai, S.; Rappoport, Z. [fhe Chemistry of AlkengPatai, S., Ed.;
Wiley: London, 1964; pp 565584.

(28) Alkene isomerization by solid metal sulfides: Gosselink, INATO
ASI Ser1998 60, 311—355. Al-Ekabi, H.; de Mayo, Rl. Phys. Chem.
1985 89, 5815-5821.
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Scheme 1
R R
o
H
S St
\S +R202H2 S
LhZ —= Lz |
S -RaCaHz S/s
"dipolar intermediate"
l-zs
H
S R S R
1/8
S R "HeS S R
H

The relative rates of alkene isomerization vs dithiolene
formation is a measure of the relative efficiencies of &
scission vs ring closure to the alkanedithiolate for the dipolar
intermediate. While the catalytic efficiency for isomerization
differs for 1, 2, and7, the values okison/Kdithiolene @re similar
for the three complexes, being about 10. Ring closure of the
dipolar intermediate, and elimination of elemental sulfur, would
produce an alkanedithiolato complex. Such species were,
however, not observed in any reaction involving alkene and the

Pafford et al.
L
/Z)r<1
S 7 ~——| nucleophilic S
x—s dehydrogenation-active (electrophilic) S

The electrophilic (noncoordinated) S atoms are poised to capture
the incipient carbanion to give the alkanedithiolato complex
(Scheme 1). In a formal sense, this same pool of noncoordinated
S atoms is responsible for the oxidative dehydrogenation in the
subsequent step. Of course, the pool of coordinated and
uncoordinated sulfur atoms are subject to rapid exchange.

This conversion of dithiolates into dithiolene, e ginto 3a,
involves oxidation of a thiolate to an enethiolate. As such the
dehydrogenation of the ZnS;H;R; ring is reminiscent of the
dehydrogenation of the ZnOGR moiety by liver alcohol
dehydrogenase (LADHP 32 In LADH, the pyridinium cation
NAPD" serves as the hydride acceptor whereas in the reactions
described in this paper, elemental sulfur serves the role as
hydride acceptor. The dehydrogenation activity of sulfur is well-
known 3334 although its use in the dehydrogenation of metal
complexes appears to be unprecedented.

Experimental Section

Synthetic operations were performed under a dinitrogen atmosphere

polysulfido complexes. We showed that such alkenedithiolato ysing standard Schienk-line techniques, unless mentioned otherwise.
complexes, which were independently prepared, react with S All chemicals were purchased from Aldrich and used without further
to produce dithiolenes. Furthermore the reactivity of the purification. Zn§(PMDETA)* dimercaptosuccinic acid dimethyl ester

alkanedithiolates such as Znp[SH,(COMe),](PMDETA) is
fully consistent with theinonobsewpability. Thus the alkanediti-
olato complexes react with sulfur to give dithiolenes faster than
the polysulfido complexes convert to dithiolenes.

The detailed pathway for the reaction of Svith the
alkanedithiolate to give the dithiolene remains unclear. The
addition of S initially displaces the organosulfur ligand from
the zinc forming Zn§PMDETA). It is already known that other
thiolato complexes react withgSo give polysulfido com-
plexes!® By implication, sulfidation of the dithiolato complex

(DMSADME),*®* N,N,N"-trimethyl-1,4,7-triazacyclononane (Me
TACN),*835and ZnMe(TMEDA)3¢ were prepared by literature meth-
ods.

The following instruments were employed: Mattson Galaxy Series
3000 FTIR spectrometer and a Rigaku D-Max powder X-ray diffrac-
tometer with Cu target (X-ray diffraction). Solution NMR spectra were
recorded with Varian NMR U400 and U500 spectrometers operating
at 400 and 500 MHz, respectively. Chemical shifts are reported in ppm
vs TMS (0 scale). Microanalyses were performed by the School of
Chemical Sciences Microanalytical Laboratory.

Zn[S,C,(CO;Me),](PMDETA) (3a). A solution of 0.250 g (0.681

releases &;H>(CO:Me),. This species undergoes dehydroge- mmol) of ZnS(PMDETA) in 50 mL of MeCN was treated with 2.95
nation, perhaps without involvement of the metal, to give a g (20.4 mmol) of dimethyl fumarate or dimethyl maleate. The reaction
species that then reattaches to Zn to give the final dithiolene solution was refluxed for 16 h. Upon cooling to room temperature, the
products. The noninvolvement of the metal in the dehydroge- solution was filtered. The filtrate was concentrated to 10 mL and then
nation step is consistent with the finding that the rate of diluted with 50 mL of E£O to give an off-white powder. Yield: 0.261
conversion of the alkanedithiolates to the dithiolene is inde- 9 (86%). The product was identified by spectroscopic comparison with
pendent of the coligands on zinc (TMEDA vs PMDETA). samples prepared previously from DMAD and Z(FVIDETA).®
Whereas sulfidation of ZnfE,H,(CO,Me),J(PMDETA) Zn[SZCZ(H)COzMe](PMDETA) (3b). A solution of 0.261 g_(0.711
produces Zn§PMDETA), the corresponding dithiolene Zn- mmol) of Zn§(PMDETA) in 50 mL of MeCN was tregted Wlth_ 3.20
[S:CA(CO:Me)](PMDETA) is unreactive toward § This mL (3.08 g, 21.3 mmol) of methyl acrylate. The reaction solution was

- L . S refluxed for 16 h. Upon cooling to room temperature, the solution was
contrasting reactivity suggests that the S atoms in the dlthIOI(:"m':‘filtered, and the filtrate was concentrated to 10 mL and then diluted

are less basic. This decreased basicity is also consistent withyth 50 mL of E4O to give an off-white powder. Yield: 0.248 g (90%).
the diminished ability of the dithiolenes to catalyze the—cis

trans isomerization of alkenes. It is likely that the rates of alkene
isomerization could prove useful in assessing the nucleophilicity
of other metal sulfido complexes.

Overall it can be seen that the sulfur atoms in the polysulfido
ligand effect two transformations: nucleophilic addition to the
electrophilic alkene and dehydrogenation of the alkanedithiolate.
These two functions are effected, in a formal sense, by two
different parts of the polysulfido chelate ring as shown below:

This picture is consistent with the finding that the triamine
adducts of the zinc polysulfide are the best olefin isomerization.
These species are the best nucleophiles because the triamin
renders the Zn center especially electropositive which results

(29) Kaptein, B.; Barf, G.; Kellogg, R. M.; Van Bolhuis, §. Org. Chem.
199Q 55, 1890-1901.

(30) Pocker, Y., Sigel, H.; Marcel Dekker: New York, 1989; pp 335
358.

(31) Kimblin, C.; Hascall, T.; Parkin, Gnorg. Chem.1997 36, 5680~
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Chem., Int. Ed. Engl1964 3, 19-28.
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Paquette, L. A., Ed.; J. Wiley and Sons: Chichester, 1995; pp-4682
4683.

&5) Wieghardt, K.; Chaudhuri, P.; Nuber, B.; Weisdnarg. Chem1982
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in enhanced negative charge on the coordinated sulfur atoms(36) Thiele, K.-H.Z. Anorg. Allg. Chem1963 325, 156-168.



Dehydrogenative Route to Metallo Dithiolenes

The!H NMR spectrum of the product was identical to that for samples
prepared previously from methyl propiolate and Z{#3IDETA).X°

Zn[S2Co(H)CN](PMDETA) (3c). A solution of 0.290 g (0.790
mmol) of ZnS(PMDETA) in 50 mL of MeCN was treated with 1.60
mL (1.29 g, 24.3 mmol) of acrylonitrile. The reaction solution was
refluxed for 16 h. Upon cooling to room temperature, the solution was
filtered, and the filtrate was concentrated to 10 mL and then diluted
with 50 mL of EtO to give a tan powder. Yield: 0.238 g (85%M
NMR (CDsCN): 6 7.35 (bs, 1H, ®), 2.77 (m, 2H, G,), 2.66 (m,
4H, CHy), 2.56 (m, 2H, ;) 2.34 (s, 15H, N@3). IR (KBr): 2187
cm (ve=n). Anal. Caled for GoH24N4S:Zn: C, 40.73; H, 6.84; N,
15.83; S, 18.12; Zn, 18.48. Found: C, 40.85; H, 6.76; N, 15.71; S,
17.78; Zn, 18.56.

Zn[S,C,(Ph)CN](PMDETA) (3d). A solution of 0.256 g (0.698
mmol) of Zn§(PMDETA) in 10.0 mL (10.3 g, 79.6 mmol) dfans-
cinnamonitrile was refluxed for 72 h. Upon cooling to room temper-
ature, the solution was diluted with 75 mL of,Etto give a pale orange
powder. Yield: 0.225 g (75%)H NMR (CDsCN): 6 7.38 (m, 2H,
CH), 7.26 (m, 2H, &), 7.20 (m, 1H, &), 2.78 (m, 2H, &i,), 2.68
(m, 4H, Hy), 2.58 (m, 2H, &1,), 2.42 (s, 12H, NEl3), 2.37 (s, 3H,
NCHa). IR (KBr): 2184 cmt (ve=n). Anal. Calcd for GgHzeN4S:Zn:

C, 50.28; H, 6.56; N, 13.03; S, 14.92; Zn, 15.21. Found: C, 50.68; H,
6.53; N, 12.63.

Zn[S,C,(Me)CN](PMDETA) (3e). A solution of 0.248 g (0.676
mmol) of ZnS(PMDETA) in 10.0 mL (8.24 g, 123 mmol) of
crotononitrile was refluxed for 72 h. Upon cooling to room temperature,
the solution was diluted with 75 mL of gD to give a dark brown
solid. The crude product was extracted with 30 mL of MeCN. The
solution volume was reduced to 5 mL and then diluted with 60 mL of
Et,O to give a light brown powder. Yield: 0.150 g~60%). This
species was not isolated in analytical purity, but was characterized on
the basis of spectroscopic datel NMR (CDsCN): 6 2.77 (m, 2H,
CHy), 2.66 (M, 4H, ®ly), 2.56 (M, 2H, Gl,), 2.42 (s, 12H, NEi3),
2.36 (s, 3H, NCl3), 2.25 (s, 3H, El3). IR (KBr): 2178 cnT?! (ve=n).

Zn[S,C,(H)CHO](PMDETA) (3f). A solution of 0.240 g (0.654
mmol) of ZnS(PMDETA) in 50 mL of MeCN was treated with 450
uL (378 mg, 6.73 mmol) of acrolein. The reaction solution was refluxed
for 48 h. Upon cooling to room temperature, the solution was filtered,
and the filtrate was concentrated to 5 mL and then diluted with 50 mL
of Et,O to give a light brown powder. Yield: 0.238 g (85%). This
species was not isolated in analytical purity, but was characterized on
the basis of spectroscopic data as well as its conversion to the
dithiocarbonate OGE,(CHO)H (see below)*H NMR (CDsCN): ¢
9.23 (s, 1H, ©l0), 7.88 (bs, 1H, @), 2.77 (m, 2H, E1,), 2.66 (M,
4H, CHy), 2.55 (m, 2H, E&i,), 2.40 (s, 3H, NEl3), 2.34 (s, 12H, NEly).

IR (KBr): 1626 cnv* (vc=o).

Zn[S2Co(COMe),](TMEDA) (4a) from Dimethyl Fumarate. A
suspension of 0.245 g (0.655 mmol) of ZGBMEDA) in 50 mL of
MeCN was treated with 2.82 g (19.6 mmol) of dimethyl fumarate. The
reaction solution was refluxed for 40 h. Upon cooling to room
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Table 3. Crystal Data and Structure Refinement for

empirical formula GH21N3S4Zn
formula wt 364.90
temp 198(2) K
wavelength 0.71073 A

monoclin@2/c
a=27.7112(2)p = 7.83480(10);
c=15.276
a=1y =90 =116.0470(10)

cryst syst, space group
unit cell dimens (A)

(5747 reflns with

4=0=28)
vol, Z 2979.71(4) &, 8
density (calcd) 1.627 Mg/in
abs coeff 2.192 mmt
cryst size 0.19< 0.16 x 0.09 mm
cryst color/morph yellow/prism
O range for data 1.64 to 28.28
collection

—36<h=<28,-10=< k =< 10,
-20=<1=<19
0.2Z5w scans for 0.25 min/scan
9455, = 0.0336]

index ranges

collection method
reflns collected

indep refins 3587 [3022 obst> 2 o(1)]

abs cor 1 scan

max and min 0.996 and 0.838
transmission

refinement full-matrix least-squares of?
(shift/err=0.000)

data/restraints/ 3583/0/154
parameters

GOF onF? 1.125

final Rindices R; = 0.0308, wR = 0.0648
(obsd daté)

Rindices (all dated R; = 0.0428, wR = 0.0730
largest diff peak and hole 0.355 an®.390 e A3

aw = 1/[0%(F? + (0.021P)? + 5.056 ] whereP = (F + 2F:2)/
3.

(KBF): 1745 (’V(;:o), 1714 cn? (’V(;:o). Anal. Calcd for G5H31N304SZ'
Zn: C, 40.31; H, 6.99; N, 9.40. Found: C, 39.53; H, 6.65; N, 9.23.

Thermolysis of Zn[S,C,(CO,Me),H2|(PMDETA) to 3a. A solution
of 5.7 mg (1.3x 1072 mmol) of 5in 1 mL of MeCN-d; was treated
with 1.0 mg (6.2x 1072 mmol) of methyl 4-cyanobenzoate as an
internal standard. The reaction solution was refluxed for Z8IINMR
data showed a 15% conversion 5fto 3a and 10% formation of
dimethyl fumarate.

Zn[S,C,(COMe)H,(TMEDA) (6). A solution of 0.867 g (4.09
mmol) of ZnMe(TMEDA) in 60 mL of CH,Cl, was treated dropwise
with a solution of 0.863 g (4.10 mmol) of (H&)(CO.Me).H, in 40
mL of CH.Cl,. The rate of addition was-1 drop/s over 3 h. Upon
completion, a small amount of precipitate was filtered off, and the
solution volume was reduced te56 mL. The solution was then diluted
with 50 mL of EtO to give a white powder. Yield: 1.39 g (87%H

temperature, the solution was filtered, and the filtrate was concentratedNMR (CD,Cl,): o 3.75 (s, 2H, CH), 3.56 (s, 6H, OGH 2.77 (s, 4H,

to 10 mL and then diluted with 50 mL of E to give a light yellow
powder. Yield: 0.208 g (82%). The product was identified by
comparison of itsH NMR spectrum with that for samples prepared
previously?®

Zn[S2Co(H)CN](TMEDA) (4b). A suspension of 0.256 g (0.698
mmol) of Zn$(TMEDA) in 10.0 mL (10.3 g, 79.6 mmol) of
acrylonitrile was refluxed for 40 h. Upon cooling to room temperature,
the solution was diluted with 70 mL of ED to give a light orange
powder. Yield: 0.225 g (75%)H NMR (CDsCN): ¢ 7.31 (s, 1H,
CH), 2.83 (s, 4H, Ch), 2.52 (s, 12H, NCH). IR (KBr): 2192 cn1?
(ve=n). Anal. Calcd for GH17/N3SZn: C, 36.42; H, 5.77; N, 14.46.
Found: C, 36.31; H, 5.41; N, 13.80.

Zn[S,C,(CO,Me),H,(PMDETA) (5). A solution of 0.502 g (1.29
mmol) of 6 in 50 mL of CHCl, was treated with 27xL (0.228 g,
1.32 mmol) of PMDETA. The reaction was stirred for 15 min, and
then the solution volume was reduced to 5 mL. The solution was then
diluted with 60 mL of E4O to give a pale-yellow powder. Yield: 0.533
g (92%).'H NMR (CDsCN): ¢ 3.69 (s, 2H, CH), 3.51 (s, 6H, OGN
2.62 (bs, 8H, CH), 2.47 (s, 12H, NCh), 2.29 (s, 3H, NCH). IR

CHy), 2.54 (s, 12H, NCH). IR (KBr): 1733 (rc=0), 1712 cnm! (vc-
0)- Anal. Calcd for GoH24N20.S,Zn: C, 36.76; H, 6.19; N, 6.96.
Found: C, 36.97; H, 6.21; N, 7.19.

Thermolysis of Zn[S,C2(COzMe).Hz(TMEDA) to 4a. A solution
of 5.0 mg (1.3x 1072 mmol) of 6 in 1 mL of MeCN-d; was treated
with 1.0 mg (6.2x 10~ mmol) of methyl 4-cyanobenzoate as an
internal standard. The reaction solution was refluxed for Z8INMR
data showed a 20% conversion 6fto 4a and 15% formation of
dimethyl fumarate.

Isomerization of Dimethyl Maleate by 1 and 2.In a typical
experiment, a solution of 7.2 1072 mmol of 1 or 2in 1 mL MeCN-
d; was treated with 9.L (10 mg, 7.2x 1072 mmol) of dimethyl
maleate. Approximately, 0.5 mg (8 10-2 mmol) of methyl 4-cy-

anobenzoate was added as an internal standard. The solution was

refluxed for various times, and thél NMR spectra were obtained.
The mole fractions of olefin isomers and dithiolenes are presented in
Figure 4.

Dehydrogenation of Zn[SCx(CO,Me).H;JL, (L = TMEDA,
PMDETA) with Ss. In a typical experiment, a solution of 14 1072
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mmol of 5 or 6 in 1 mL of MeCN-d; was treated with 1.8 mg (5.8 and dried with MgS@ Removal of the solvent gave a yellow solid.
10-2 mmol) of §. Approximately 1 mg (6x 10-3 mmol) of methyl Yield: 0.184 g (90%)*H NMR (CD.Cl,): 6 7.98 (s, 1H, @), 6.08
4-cyanobenzoate was added as an internal standard. The solution wagbs, 10H, &). IR (KBr): 2235 (rc=n), 1638 cm* (vc—o). Anal. Calcd
refluxed for various times, and thHél NMR spectra were obtained.  for CqHNOS;: C, 33.55; H, 0.70; N, 9.78. Found: C, 33.49; H, 0.93;
The mole fractions of dithiolenes are presented in Figure 3. N, 9.57. The corresponding formyl derivative OCZH)CHO®® was
ZnSy(MesTACN) (7). A suspension of 1.92 g (5.13 mmol) &fin prepared analogously and identified By NMR spectroscopy (CE
50 mL of MeCN was treated with 1.10 mL (0.972 g, 5.68 mmol) of CN): 6 9.53 (s, 1H, C®), 8.14 (s, 1H, @l).
MesTACN. Immediately, a white flocculent precipitate (sulfur) is Cp2TiS,Co(H)CN. A solution of 0.275 g (0.777 mmol) ddcin 50
formed. After 15 min stirring, the solution was filtered, and the filtrate mL of MeCN was treated with 0.200 g (0.803 mmol) of LT{Cl>.
was concentrated te-5 mL. A yellow microcrystalline solid was After 3 h, the green solution was concentrated to dryness. An extract
precipitated. Upon dilution of the solution with 50 mL o8t complete of the green residue ir25 mL of CHCI, was filtered through~30

precipitation occurred. Yield: 1.51 g (80%+ NMR (CDsCN): o g of silica gel, and the solvent was evaporated. The green residue was
2.78 (m, 12H, ®1,), 2.59 (s, 9H, El3). IR (KBr): 492 cmt (ved. recrystallized from 5 mL of CkCl, by the addition of 45 mL of
Anal. Calcd for GH21NsSsZn: C, 29.62; H, 5.80; N, 11.51. Found: hexanes. Yield: 0.198 g (84%)H NMR (CD,Cly): 6 7.98 (s, 1 H,
C, 29.76; H, 5.76; N, 11.33. CH), 6.08 (bs, 10 H, E). IR (KBr): 2195 cm?* (vc=n). Anal. Calcd

Zn[S,C,(CO:Me),](MesTACN) (8a). A solution of 0.245 g (0.671 for CiaHuNS,Ti: C, 53.25; H, 3.78; N, 4.75. Found: C, 53.15; H,
mmol) of 7 in 50 mL of MeCN was treated with 2.50 mL (2.88 g, 3.87; N, 4.69.
20.0 mmol) of dimethyl maleate. The reaction solution was refluxed  Crystal Preparation and Structure Refinement Summary for 7.
for 16 h. Upon cooling to room temperature, the solution was filtered. Crystals were grown from layering £2/MeCN. The data crystal, with
The filtrate was concentrated to 5 mL and then diluted with 75 mL of the size 0.19, 0.16, and 0.09 mm, was mounted using Paratone-N
Et,0 to give an off-white powder. Yield: 0.265 g (89%). The same (Exxon) on to a thin glass fiber. The crystal was bound by faces (1,
compound was prepared by treatment of 0.505 g (1.38 mmal)iof 0-1),(=2,0,3),¢1,0,0), (3,0, 0), €1, 1, 0), and £1, -1, 1).
50 mL of MeCN with 200uL (0.231 g, 1.63 mmol) of DMAD. After Distances from the crystal center to those facial boundaries were 0.04,
1 h, the reaction mixture was filtered, and the filtrate was concentrated 0.045, 0.095, 0.095, 0.09, and 0.08 mm, respectively. Systematic
to 10 mL and then diluted with 60 mL of ED to give a pale orange conditions suggested the space grat®c (Table 3). The structure

powder. Yield: 0.548 g (90%). The filtrate was cooled—&0 °C for was solved by Direct Method$ The space group choice was confirmed
1 week. Pale orange single crystals were obtained (used for X-ray by successful convergence of the full-matrix least-squares refinement
crystallographic analysisjH NMR (CDsCN): 6 3.59 (s, 6H, OGls), on F2. The highest peaks in the final difference Fourier map were 0.335

2.75 (m, 12H, €l,), 2.53 (s, 9H, Els). IR (KBr): 1708 and 1677 crm# e/A3: the final map had no other significant features. A final analysis
(ve=0). Anal. Calcd for GsH7/N3O,S:Zn: C, 40.68; H, 6.14; N, 9.49. of variance between observed and calculated structure factors showed
Found: C, 40.39; H, 6.01; N, 9.62. no dependence on amplitude or resolution.

OCS,C,(H)R (R = CN, CHO). In a representative reaction, a
solution of 0.505 g (1.43 mmol) d@c in 50 mL of THF was treated
with 0.145 g (0.489 mmol) of (GCO),LCO. After 18 h, the clear yellow
solution was concentrated to give a yellow residue which was extracte
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