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Abstract

The optical properties of the dmit?>~ ion (dmit>~ = 4,5-dimercapto-1,3-dithiol-2-thiolate) have been characterized under a range of
conditions. The oxidatively sensitive anion is highly solvatochromic: A, =504 (H,0), 514 (MeOH), 568 (MeCN), and 632 nm (DMF).
With a shift in absorption maximum of 4000 cm~* (DMF versus H,0), dmit®>~ is possibly the most solvatochromic species known. The
dianion is monoprotonated by NH,* and binds CS, to form athioxanthate (C;Ss- CS,?™ ). **C NMR measurements of **C-enriched dmit®~
demonstrated that C,S,- CS,?~ exchanges with free CS, via an associative pathway involving binding of a second molecule of CS,. Titration
with acid showed that the M,dmit (M =Na, Cs) dissolvesto give the dianion in protic solvents, rather than Hdmit~. The conversion of a-
C,S2™ toits B-isomer (* Steimecke rearrangement’ ) occurs very slowly with purified Na,dmit, in contrast to the literature method. The salt
(NBu,),[Ni(dmit),] isaso highly solvatochromic but its behavior does not follow any simple pattern. Treatment of (NBu,) [ Ni(dmit),]
with 1/3 equiv. of [Ni(NCMe)s] (BF,), gave the dinuclear compound (NBuU,),[ Ni,(dmit)s], the first Ni—dmit>~ complex with a Ni/
dmit®~ ratio that is not 1:2. The binuclear salt crystallizes as the CH,Cl, solvate as dark purple prisms. The planar Ni(dmit),?~ isbridged to

Ni (dmit) viatwo sulfur atoms; the anion features a short Ni—Ni distance of 2.71 A.

©2000 Elsevier Science Ltd All rights reserved.
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1. Introduction

The inorganic heterocycle 4,5-dimercapto-1,3-dithiole-2-
thione, with formula C;S;~ referred to here as dmit?—, is
the basis for a substantial amount of research. The anion is
of interest primarily asaprecursor to electronic and photonic
materials. This extensive research has been facilitated con-
siderably by the efficient synthesis of dmit?~ by the alkali
metal reduction of carbon disulfide [ 1-3]. Inthispreparation,
a mixture of carbon disulfide and dimethylformamide is
treated with sodium to give an eguimolar mixture of the
dmit?~ and trithiocarbonate ions. Separation of the two ani-
onsisreadily achieved by treating the mixture with an aque-
ous solution of Zn?*, which selectively complexes to the
dmit?>~ (Scheme1l).

The chemistry of dmit?~ can beroughly divided into three
branches:

1. Organic derivatives, which are commonly related to the
preparation of tetrathiafulvalenes [4], but have been

extended to Langmuir-Blodgett films [5].
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2. Binary carbon sulfides, illustrated by our recent synthesis
of [CeSsln [6,7].
3. Coordination compounds, illustrated by [Ni(dmit),]?~
and organometallic derivatives, e.g. Cp,Ti(dmit) [8-10].
The third area, coordination complexes of dmit*>~, espe-
cially those of nickel, has recently been particularly active.
Since 1990, over 200 publications have appeared on deriva-
tivesof [Ni(dmit),]"~ (0<n<2). Thisexplosion of inter-
est is attributable to the discovery that certain salts of
[Ni(dmit),]"~ are metallic. A representative investiga-
tion in this area is the recent electrocrystallization of
[Ni(dmit),]%3~ with Li(15-crown-5) * as the counterion.
The resulting material was found to be both an electrical and
alithium-ion conductor; such materialsaresought for cathode
materias in lithium-ion batteries [11]. In addition to dis-
playing metallic conductivity, eight [M(dmit),]"~ sats
(M =Ni, Pd) are superconductors; they are the only transi-
tion-metal coordination compounds that have been found to
display thisproperty [ 12]. These remarkable electrical prop-
erties are attributed to the sulfur-rich exterior of these com-
plexes that results in relatively strong intra- and inter-stack
interactions. Recent work has shown that [Ni(dmit),]%~
exhibitsalargethird-order optical non linearity; hence appli-
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Scheme 1. Synthesis and reactions of [Zn(dmit),]%~ and [Ni(dmit),]?".

cations of these materials can be envisioned in the area of
photonics [ 13].

While the organic and coordination chemistries of dmit®~
have been examined extensively [14], little attention has
been paid to the properties of the dianion itself, as well as
some fundamental aspects of its coordination chemistry. The
UV-Vis spectrum of dmit>~ has been reported previously
[15,16], but it appearsthat both of these reported spectraare
not of actual dmit®>~, but rather the product of air oxidation.
A separatereport will describetheredox propertiesof dmit?~
and related thioanions [ 17].

In this paper, the spectroscopic properties of dmit?>~ are
examined, and conclusionsabout the chemistry of thisspecies
are drawn from these properties. As indicated above, the
[Ni(dmit),]"~ system has been heavily examined for vari-
ous oxidation states of nickel; this paper reports the first
homoleptic Ni—dmit complex in which the dmit/Ni?* ratio
is other than 2:1 and illustrates a new bridging mode for the
dmit®~ ligand [18-22].

2. Resultsand discussion
2.1. Acid-base properties of dmit?~

One of the surprising properties of dmit?~ that has not
been systematically investigated is its apparent solvatochro-
mism (vide infra). Prior to investigating this property, we
needed to determine whether the wide variety of absorption
maxima exhibited by dmit®>~ in various solvents is due to
actual solvatochromism or to protonation of dmit?~ in protic
solvents. DMF solutions of Na,dmit and Cs,dmit (the Cssalt
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crystallizeswell and isless hygroscopic than the sodium salt
[23]) aredeep blue, having a,, at 632 nm (¢=5510M ~*
cm~1). A DMF solution of Cs,dmit turns red immediately
on treatment with an excess of NH,Br, with an absorption
maximum (510 nm) close to that of amethanolic solution of
Na,dmit (514 nm), as shown in Fig. 1. We assign the red
color in DMF to the monoprotonated species dmitH ™~ (Eq.
1), rather than the diprotonated species, because H,dmit,
which is deep yellow in solution, decomposes, eliminating
H,Sto form CgSg, an insoluble solid [ 25].

~( ===

Based on the similarity of the optical propertiesof dmitH ~
in DMF and dmit?~ in methanol, we originally concluded
that dmit?~ is so basic (pK,> 15) that it actually exists as
dmitH ™ in water and methanol. Subsequent investigations
established, however, that dmit?~ indeed exists as a dianion
inwater and methanol [24]. A solution of Cs,dmitinoxygen-
free water (Ao =504 nm) has similar spectroscopic prop-
erties to those of amethanolic solution of Na,dmit. No color
change was observed after treatment with a large excess of
NaOH; this observation alone would mean that either dmit?~
exists as such in water, or that dmit®>~ isextremely basic (i.e.
Hdmit ™~ is not deprotonated by NaOH).

Todistinguishthese possibilities, an agueous Cs,dmit solu-
tion was titrated (anaerobically) with HCI, monitoring by
UV-Vis spectroscopy (Fig. 2). Isobestic behavior was
observed at <1 equiv. of HCI; the solution was yellow and
homogeneous at that point. Only upon addition of > 1 equiv.
of HCI did a precipitate form; this precipateis either H,C;Ss
or its decomposition product CsSg [25]. Based on the data
from the titration of dmit?>~ with HCI, we conclude that
dmit®~ existsasthedianionin both protic (water, methanol )
and aprotic solvents (DMF). The conclusion that dmit®~
existsasthe dianionin both protic and aprotic sol ventsmeans
that the variation of color in different solventsisactualy due
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Fig. 1. Comparison of UV—-Vis spectra of Na,dmit in MeOH solution and

NaHdmit in DMF solution, and UV—-Vis spectrum of Na,dmit in DMF

solution.
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Fig. 2. UV-Vis spectrafor the titration of aqueous Cs,dmit with HCI.

to solvatochromism, and it is only coincidence that dmitH ~
in DMF and dmit?~ in water/ methanol have similar absorp-
tion maxima.

2.2. Optical properties of dmit®~

The free anion, dmit?~, can be made soluble in water and
non-protic solvents, and is oxygen sensitive in al of them.
The color of dmit?~ in solution is dependent on the solvent,
ranging from red in water and methanol to bluein DMF. The
most convenient preparation of the free anion involves the
addition of excess NaOM e to a methanolic suspension of the
thioester, C;Ss[C(O)Ph], [26], giving Na,dmit as a red
solution (Eq. 2) (Amax=514 mm, £=5710 M~ * cm™1),
having an absorption maximum at 514 nm.

C,Ss[C(0)Ph],+ 2NaOMe— Na,C,S; + 2MeOC(0)Ph
(2)

Fig. 3 showsthe UV-Visspectrum of Na,dmitin methanol
before and after exposureto air for afew seconds. Theyellow
coloration for dmit?>~ solutions (A= 438 nm) indicates
oxidation. The red color of authentic Na,dmit in methanol
(Amax =514 nm) has been described by Svenstrup, Matsu-
bayashi and others [4,27], and these results were confirmed
by us. The absorption maximum of Na,dmit in ethanol has
however been listed by Reuter and Gattow to be 412 nm
[15], which may actualy be this yellow oxidized species.
Removing the solvent from a methanolic Na,dmit solution
and adding dry, oxygen-free acetonitrile results in a purple
solution (A, =568 nm). As shown in Fig. 4, this solution
aso turns yellow within seconds on exposure to air
(Amax =472 nm). Singh and Singh [16] recently listed the
absorption of Na,dmit in acetonitrile to be 475 nm; again,
based on the similarities of thelisted absorption maxima, the
compound they examined appears to have been an oxidized
derivative of dmit?~.

Because the energy of the absorption maximum increases
with increasing solvent polarity, the effect is characterized as
hypsochromism. The difference between the absorption max-
ima for dmit>~ in water and in DMF corresponds to 4020
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Fig. 3. UV-Vis spectra of Na,dmit in MeOH solution before (solid) and

after (dotted) oxidation with air.
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Fig. 4. UV—-Vis spectra of Na,dmit in MeCN solution before (solid) and
after (dotted) oxidation with air.

cm™%; this response to solvent polarity is comparable to (or
exceeds) the most solvatochromic compounds known. One
such compound isamerocyanine dye [ 28] with adifference
in absorbance maxima of 9500 cm™?, but this is between
toluene and water, which is a greater range of polarity than
is available for dmit?~ due to solubility constraints.

2.3. The dmit>” —CS, system

In the most widely used synthetic route to dmit>~, CS, is
reduced with sodium metal in DMF solution. The dmit?~
anionisnotisolated directly; instead, itisusually coordinated
to Zn** and isolated as the salt, (R,N),[Zn(C,Ss),]. Prior
to the addition of zinc, however, thedmit®~ solutionisbright
red. Such a solution should be anhydrous and highly basic,
considering the presence of the Na,CS; byproduct and the
excess Na. It is therefore inconceivable that such a solution
would contain asignificant amount of the protonated species,
dmitH ™. Another explanation is required to explain the red
color of the reaction mixture, rather than the blue color
(Amax =632 nm) observed for M,dmit in DMF (M = Na,
Cs).

StyleTag -- Journal: POLY (Polyhedron)  Article: 3452



1286

We initiated a series of experiments based on the hypo-
thesis that the red coloration of the crude (but anhydrous)
reaction solutions is due to adducts of CS, and dmit®>~. CS,
is known to form adducts with a variety of nucleophiles,
including thiolates [29-31], and CS; is usualy used in a
large excessin the synthesis of dmit?~. Furthermore, the CS,
adduct of B-C,S2~ (an isomer of dmit?>~, see Scheme 1)
has been crystallographically characterized [ 32]. We found
that the addition of CS, toaDMF solution of Cs,dmit effected
an immediate color change from blue to the red color of the
synthesis solution (A4 =490 nm).

Wefurther investigated the nature of the CS,—dmit?~ reac-
tion through **C NMR studies using **C-enriched dmit®~.
Dueto the high cost of 23CS,, we first modified the synthesis
of dmit?>~ sothat it uses CS, more efficiently. Fig. 5 showsa
13C NMR spectrum of a DMF-d, solution of **C-enriched
dmit?~. 3C NMR resonances are observed at 6 209 and 144,
which are assigned to the thiocarbonyl and the alkenyl cen-
ters, respectively. Upon treatment of this solution with an
excess of unlabeled CS, (6 193), anew specieswas formed,
having signals at 6 214 (C=S) and broad signals at 6 172
and 122. The latter two peaks are assigned to the now-
inequivalent alkenyl carbon centers of the CS, monoadduct
of dmit>~ (Eq. 3).

S” cs, S”
Uy SN
S S” S S S”

The broadness of these alkenyl peaks is attributed to an
exchange of the trithiocarbonate and thiolate functions.

The excess CS, was then removed from the DMF solution
by distillation under reduced pressure. The *3C NMR spec-
trum of the resulting purplish solution shows the absence of
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free CS, and resonances corresponding to both dmit>~ and

C:Ss-CS2.
2.4. Comments on the Steimecke rearrangement
It is well known that a mixture of sodium and carbon

disulfidein DMF, when heated to 120°C, produces an isomer
of dmit?~, which we previously termed [ 25] B-C;Ss?~ (EQ.

4).
o

a-C3Sg2" (dmit?)

B-CaSe2 (dmt?) (4

It was of interest to know whether thisisomerization mech-
anismisintramol ecular or whether other speciesareinvolved.
UV—Vis spectroscopy would be suitable for monitoring this
isomerization because of the different optical properties of
the two isomers: the A, of dmit>~ in DMFis632 nm (blue
color, as stated above), while the A of B-C3Ss>~ in DMF
is530 nm (red color). A DMF solution of Na,dmit remained
unchanged after 24 h at 120°C, based on UV-Vis measure-
ments. Thisinitial experiment was conducted at a concentra-
tion (6x107° M) appropriate for UV—-Vis spectroscopy.
Recognizing the possibility that the rearrangement might be
bimolecular, the experiment was repeated at a concentration
(0.8 M) closer to that typically used in a reaction mixture
[25]; however, the characteristic color change required
approximately 15 days at 120°C. Evidently acatalyst, which
wehavenot identified, ispresent in thereaction mixturewhen
the Steimecke rearrangement is carried out.

PN S S |

) I S T |

PR | IR GRS R I S TR T |

220 200 180

160

140 120 § 100

Fig. 5. 125 MHz *C NMR spectra (DMF-d,) of Cs,dmit (bottom), Cs,dmit with excess CS, added (middle), and with most of the CS, removed (top).

Tuesday Jun 20 09:58 AM

StyleTag -- Journal: POLY (Polyhedron)  Article: 3452



J.G. Breitzer, T.B. Rauchfuss/ Polyhedron 19 (2000) 1283-1291 1287

2.5. Comments on the optical properties of [ Ni(dmit),]2~

Webegan thisaspect of thework by examining thesolution
properties of [ Ni(dmit),]2~, the precursor to many conduc-
tive materials [33,34]. Spectrophotometrlc measurements
show that (NBu,),[Ni(dmit),] is highly solvatochromic.
The position of its absorption maximum does not, however,
correlate with the E+(30) or the E;" solvent index of Rei-
chardt and Harbusch-Goernert [35] of the solvent. THF
(EsN=0.207) solutions are blue, with a A, of 596 nm.
DMF (E:N=0.386) solutions are green, with a Az Of
626 nm. This would seem to indicate that the compound is
bathochromic; however, the trend reverses for acetonitrile
(E:N index = 0.46, A, =596 nm, blue solution) and meth-
anol (E{N index=0.762, A =554 nm, purple solution).
Theremay be other factorsaffecting theabsorption maximum
besides solvatochromism, such as dimerization or ligation of
asolvent.

2.6. Synthesis and structure of [ Ni(dmit)5] %~

Whilethe [ Ni(dmit),]"~ system hasbeeninvestigatedfor
many values of n, variationsin x, the Ni/dmit ratio, have not
been reported. Treatment of an acetonitrile solution of
(NBuU,),[ Ni(dmit),] with 1/3 equiv. of [Ni(MeCN)4]>"
gaveared solution containing thesalt (NBu,) ,[ Ni,(dmit) 5]

(Eq. 5).
3 Ni(dmit) oJ>* S'if
+ — S, /S
AN
SN S >
S='<s | . /N\SI:

(rni-ni = 2.7145(8) A)

Ni(MeCN)g]%*

()

In contrast to [Ni(dmit),]2~, solutions of the dinickel
compound are sensitive to oxygen. Thisfinding is somewhat
counterintuitive because the negative charge is delocalized
over alarger molecule. A major product of air oxidation of
this compound was characterized crystallographically to be
(NBu,) [Ni(dmit),], which iswell known [36-38].

The structure of (NBu,),[Ni,(dmit);] was established
by single crystal X-ray diffraction (Fig. 6). The anion is bi-
nuclear with two bridging dmit ligands such that the complex
hasidealized C, symmetry. Bond lengthsand anglesarelisted
in Table 1. The noteworthy feature is the Ni—Ni distance of
2.7145(8) A. An example of a compound with an unsup-
ported Ni—Ni bond is [N|(C10H14N8)]2 [39], with a Ni—Ni
bond distanceof 2.788(2) A. Thisestablishesthat thenickel—
nickel distance observed in this work is close enough to be
characterized as a bond. The ethanedithiolate derivative
[Ni»(S,C,H,) 31?2~ [40] hasawider average Ni-S-Ni angle
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Fig. 6. The molecular structure of the anion, [ Ni,(dmit) ;]2 , with thermal
ellipsoids at the 50% probability level.

Tablel
Selected bond lengths (A) and angles (°) for the anion in (BuyN),-
[Niz(C355)3] ’CHZC|2

Ni(1)-Ni(2)  2.7145(8) S(4)—-C(4) 1.745(5)
Ni(1)=S(7) 2.1699(13)  S(11)-C(1) 1.734(5)
Ni(1)-S(4) 21696(13)  S(12)-C(2) 1.745(5)
Ni(1)-S(6) 21803(14)  C(4)-C(5) 1.349(6)
Ni(1)-S(5) 21839(14)  C(2)-C(1) 1.354(6)
Ni(2)-S(12)  21699(14)  C(7)-C(8) 1.353(6)
Ni(2)-S(11)  2.1794(13)
Ni(2)-S(4) 2.2367(14)  Ni(1)-S(4)-Ni(2) 76.04(4)
Ni(2)-S(6) 2.2449(13)  Ni(1)-S(6)—Ni(2) 75.66(4)
S(6)-C(7) 1.747(5) S(7)-Ni(1)-S(4) 171.96(6)
S(5)—-C(5) 1.735(5) S(6)-Ni(1)-S(5) 173.40(5)
S(7)-C(8) 1.730(5) S(4)-Ni(1)-S(5) 94.29(5)
S(4)-Ni(2)-S(6) 77.63(5)

(83.4°%) than that observed here (75. 8°) and a correspond-
ingly longer Ni—Ni distance (2.914(1) A)

auyalts S s/_\ -

AV AN @

RAZAAN I [:\ ¢ )

\/ (- <N N’N'\N =N
Ni{Ni(NH;CH2CH,S))012* ' [Niz(edt)a]*
[(r:ﬁ.N(i = 22.2472, 2.723;2,4')\?] ([::«'1(31::1;g§)l]\§ ("nini = 2.914 A)

Although not completely analogousin structure, an exam-
ple of a short Ni—-Ni bond distance bridged by a thiolate is
the cation [Ni{Ni(NH,CH,CH,S),)},]?" [41]. Here, the
two nickel-nickel distancesare 2.733 and 2.647 A, therange
of these distances indicates the * softness’ of the Ni—Ni inter-
action. An explanationisrequired for an apparently attractive
interactioninvolving apair of filled 3d.» orbitals. Under [ower
symmetry, the 3d.> orbitals mix with empty 4p, orbitals. This
mixing lowers the energies of the 3d.- orbitals, resultingin a
weak bonding interaction overall. The idealized symmetry
environment around the nickel atomsin [Ni(dmit)5]% is
Cs, which would also alow for mixing of the 3d.» and 4p,
orbitals on the nickel centers.
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Although no compound hasbeen structurally characterized
in which dmit?~ bridges two metal centersin an analogous
fashion to [Ni,(dmit);]%~, there are other examples of
bridging dmit®>~ ligands, such as in the CpfFe* sat of
[Fe(dmit),],2~ [20].

//%:E:?==S
92:85/ Fes SIS

[Fe(dmit),],>

Inthisanionic dimer, theiron atomsarein asguarepyramidal
environment. Only onethiolate sulfur from thedmit®~ ligand
functions as a bridging ligand. The Fe-S bond lengths, both
within and between [Fe(dmit),]~ units, are all 2.24+
0.01A.

13C NMR measurements were conducted on solutions of
[Ni(dmit)5]2~ in order to establish its solution structure.
Due to the lack of nOe effects and limited solubility, these
measurements were carried out using a 10 mm sample tube
and dmit?~ that was ~ 16% *3C. The **C NMR spectrum of
(NBu,) o[ Ni(dmit),] featuresresonancesat 216.5and 137.9
[42].

On the basis of the crystallographic results, one would
expect five resonances for [Ni,(dmit);]2~: three for the
ethylenic carbon atoms and two for the thiocarbon atoms.
The *C NMR spectrum is shown in Fig. 7. Due to the **C
enrichment, **C-3C coupling is evident as satellites around
two of the peaks. The assignments for the peaks are as
follows:

5137.9
82165 l s 2
S S
3219.6 —~
S >
=\ -—5 138
52197 / v/5121 155

SIS

The peaks at § 121 and 155 can be assigned to the alkenyl
carbons in the Ni(dmit), moiety because the satellites indi-
cate coupling to a carbon in a different environment. The
peak at & 138 has no satellites, so it can be assigned to the
other alkenyl carbons. The thione carbons are in such sim-
ilar environments that their chemical shifts differ by only
0.1 ppm.
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Fig. 7. 125 MHz **C NMR spectra (CD,Cl,) of (Bu,N),[Ni,(dmit)3]. The
peaks labeled with asterisks are assigned to a higher nuclearity impurity
discussed in Section 2.7.

2.7. Higher oligomers of Ni—dmit?~

Inspection of the **C NMR spectrum of [Ni,(dmit)z]2~
reveals two additional peaks at 6 162 and 163. We attribute
theseto thealkenyl carbon atomsin ahigher-nuclearity deriv-
ative of Ni(dmit),?~. Two possible structures of thisimpu-

rity are shown below.

LIS
NS

N
. VaERVANVANVAN

s\(s sr STS

S S
A B

Both of these structures would have two types of ethylenic
carbons. The ethanedithiolate analog of B is known [43].
However, A appearsto bethe more plausiblein this case due
to the lack of **C—*°C coupling in its NMR spectrum. The
13C NMR spectrum of (Bu,N),[ Niy(dmit),] in acetone-dg
shows no evidence for this higher-nuclearity impurity.

Combining MeCN solutions of Ni(dmit),>~ and
[Ni(MeCN)g] (BF,), in a 1:1 ratio produced a greenish
solid, which analyzed as (Bu,N) ,[ Ni,s(dmit) ;5]. A similar
study was carried out on the nickel complex of the -C,S.2 ™.
Treatment of (Bu,N),[Ni(B-C5Ss),] with [Ni(MeCN)g]-
(BF,), resulted only in aninsoluble product; no intermediate
products were detected. The black solid analyzed asNiC;Ss,
and preliminary electrical measurements on a pressed pellet
of this solid showed it to be insulating.

3. Summary

The following are the principal conclusions of this study.
1. The dmit®>~ ion is strongly solvatochromic, having an
absorption that shifts to higher energy with increasing
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solvent polarity. Its color in solution ranges from red
in water and methanol to bluein DMF.

2. Aqueousand a coholic solutionsof dmit?~ indeed con-
sist of thedianion, not the monoprotonated monoanion,
Hdmit ™. Theextreme solvatochromism combinedwith
the oxygen sensitivity has been the source of previous
confusionin this area.

3. CS, reversibly binds dmit?~ to give the thioxanthate
(C3Ss- CS,?7). This adduct exchanges with free CS,.

4. DMF solutions of pure dmit?>~ undergo the Steimecke
rearrangement much more slowly than in the reaction
mixture used for B-C,S;?~ synthesis.

5. The well known anion [Ni(dmit),]?~ reacts with a
source of Ni?* to form [Ni,(dmit);]*~, which fea-
turesashort Ni—Ni distance (~2.71 A).

4. Experimental
4.1. Materials and methods

13CS, was obtai ned from Cambridge | sotopes (Cambridge,
OH, USA). [Ni(MeCN)g] (BF,), was prepared from Ni
metal and NOBF, [44]. The C;S;(COPh), was prepared
from the treatment of (Bu,N),[Zn(C;Ss),] [2] with ben-
zoyl chloride [1]. Unless otherwise noted, reactions and
work-upswere conducted under nitrogen using degassed sol -
vents. Electronic spectra were collected using an HP8452
diode-array spectrophotometer. A 1 cm path length cell was
used.

4.2. Synthesis

4.2.1. Preparation of **C-enriched (Bu,N),[ Zn(C5S.),]

The usual methods for the preparation of dmit®>~ [2,45]
were revised so as to make the most efficient use of **CS,,
which is expensive. The *CS, was diluted with five portions
of isotopically norma CS,. An alloy was prepared from
potassium metal (0.94 g, 0.0233 mol) and sodium metal
(0.5159,0.0224 mol ), and waschilledto 0°C. Distilled DMF
(10 ml) was added, followed by *3*C-enriched CS,, prepared
as above (2.41 ml, 0.0401 mol). The mixture took on a
yellow color immediately, which progressed through orange
toadeep red within 15 min. Thereaction mixturewasallowed
to warm to room temperature over the course of 24 h, after
which the mixture became a purplish-blue, porous semisolid.
Residual alkali metal was oxidized withisopropanol (20ml),
followed by afew milliliters of ethanol. After 0.5 h, most of
the al cohols were removed by evaporation. The purple DMF
solution was treated with a solution of ZnSO,- 7H,0 (1.44
0, 5.01 mmol) in water (50 ml), chilled to 0°C, and treated
with asolution of Bu,NBr (3.24 g, 10.1 mmol) inwater (50
ml). A fine red powder formed, which was collected. This
wasrecrystallized by dissolutionin ~ 20 ml of acetone, dilut-
ing with a similar volume of methanol, and successively
concentrating and diluting with methanol until red crystals
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formed, which were washed with ether. Yield: 2.32 g, 49%
based on CS,.

4.2.2. Preparation and characterization of dmit?~

Cs,C5Ss- 1.5H,0 was prepared from C;S;(COPh), and
CsOH - H,0 according to the method of Gasiorowski et al.
[24]. The *C NMR spectrum was collected of a solution of
the *C-enriched Cs,C,S; (0.06 g, 0.12 mmol in ~ 0.8 ml of
DMF-d;). UV—Vis spectroscopic characterization was car-
ried out by charging a sealed cuvette with a DMF solution
(10ml, 0.12mM) of Cs,C5Ss- 1.5H,0O inaninert atmosphere
chamber. *C NMR (DMF-d,): 6 209, 145. UV-ViS, Ama
nm (g, M~ tcm™1): 628 (5500). The solution used for the
UV—Vismeasurement (4ml, 1.2 X 10~ *M) wastreated with
0.02 g (0.2 mmoal) of NH,Br, which did not fully dissolve.
UV-VIS, Apae MM (&, M~ 1ecm™1): 510 (7430).

4.2.3. *C NMR monitoring of the dmit?~ + CS, reaction

The solution of 0.06 g (0.12 mmol) of *3C-enriched
Cs,dmit used for the **C NM R spectroscopic characteri zation
(see above) was treated with 0.08 ml of isotopically normal
CS, (1.3 mmal), causing the color to turn from blue to
orange-red immediately. **C NMR (DMF-d,): & 213, 193
(CS,), 171 (br), 122 (br). Most of the CS, was then
removed by subjecting the red solution briefly to a dynamic
vacuum, causing the color to turn from orange—red to purple.
13C NMR (DMF-d,): § 213, 171, 122. SeeFig. 5.

4.2.4. (BusN),[Nin(CsSy)4] - CHLCL,

The *°C-labeled nickel coordination compound,
(BUN) 5[ Ni(*C3Ss),] (*C=16% **C), was prepared from
(BuyN),[Zn(*C5Ss),] according to literature procedures
[1]. A solution of 0.1790 g (0.1910 mmol) of
(BuyN),[Ni(*C;S5),] in acetonitrile (20 ml) was treated
with a solution of [Ni(NCCH;)s] (BF,), (0.0321 g, 0.064
mmol) in CH;CN (0.5 ml). Within seconds, the color of the
solution changed from green to red. TheMeCN wasremoved
by evaporation, and the residue extracted into CH,CI, in
~0.5ml. Dilutionwith diethyl ether ( ~1ml) produced dark
purple crystals. Yield: 0.1454 g, 96%. Anal. Calc. for
C.oH7uNLCIoNILSs: C, 39.52; H, 5.84; N, 2.19. Found: C,
39.54; H, 6.03; N, 2.07%. *C NMR (CD,Cl,): § 121 (s,
16% d, Jo_c=0.6 Hz), 138 (s), 155 (s, 16% d, Jc -=0.6
Hz), 162 (s), 163 (s), 219.6 (s), 219.7 (s). *C NMR
(acetone-dg): 6 121 (s, 16%d, Jo_ -=0.6 Hz), 138 (s), 156
(s, 16%d, Jo c=0.6 Hz), 220 (s).

4.2.5. Titration of Cs,C,;S; with HCI

Cs,C5Ss (32.0mg, 69.2 pmol ) wasdissolvedindeionized,
oxygen-free water (12.46 ml) to make a 5.56 mM *stock’
solution. This solution was treated with 1 equiv. of HCI in
steps of 0.1 equiv. After each step, a UV—-Vis spectrum was
collected by diluting a small aliquot of the reaction mixture
to about 0.06 mM in a1 cm path length cuvette fitted with a
valveto excludeair. In calculating the equivalents added, the
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total amount of Cs,C;S; was adjusted for the aliquots used
for the measurements.

4.2.6. Attempted Steimecke rearrangement of Na,dmit

Sodium metal (0.0247 g, 1.07 mmol) wasallowed to react
with 8 ml of MeOH. To this solution was added the thioester
C5S5(COPh),. This yellow slurry was alowed to react for
30 min at ambient temperature, then the methanol was
removed by evaporation. The pink residue was washed with
ether (415 ml) to remove the methyl benzoate byproduct.
AnhydrousDMF (7.5ml) wasadded to theresidue, resulting
in a blue solution of the dmit>~ salt and solid NaOH. An
aiquot (15 ml) of the solution was decanted from the NaOH
and added to DMF (7.5ml) inal cm path length cell (conc.
5.9x 10> M). No change, either in appearance or UV-Vis
spectroscopic properties, wasobserved after 3.8 hat 100.5°C.
0.8 M solution of Na, ~dmit ( ~1ml), prepared in asimilar
manner, wasthen flame-seal edin aPyrex tubeand maintained
at 12 °C. No color change was observed after 21 h. After 15
days, the color was deep brown.

4.2.7. Crystallographic analysis of (Bu,N),[ Ni»(C5S)4] -
CH,Cl,

A CH,CI, solution of (Bu,N),[Ni,(C5Ss)3] - CH,Cl,was
layered with diethyl ether. A black, prismatic crystal of
approximate dimensions0.14 % 0.14 X 0.18 mm was sel ected
for analysis and mounted on a glass fiber with Paratone-E
(Exxon). Intensity data were collected at 198(2) K using a
Siemens CCD area detector utilizing Mo Ka radiation
(A=0.71073 A). The completeness of data collectionin the
range26= 3.22t056.56° was 96.5%. Thedatawerecorrected
for absorption using the empirical method with maximum
and minimum transmission factors of 0.9901 and 0.8546,
respectively. The data merged to form a set of 14320 inde-
pendent reflections with R=0.0734. The space group,
P2,/n (no. 14), was selected on the basis of systematic con-
ditionsand was verified by subsequent refinement. The struc-
ture was solved by direct methods and refined by full-matrix
| east-squares methods on F2. Hydrogen atom positions were
calculated using a riding model. All non-hydrogen atoms
were refined anisotropically. The SOF for one of the butyl
groups was refined between two positions. The largest peak
and holein the difference map was0.529 and —0.509 e A ~ 3,
respectively. Additional crystal data: a=17.7947(5), b=
14.4605(4), c=23.7863(6) A; p=102.38"; V=5978.9(3)
A3 Z=4; p(calc) =1.418 Mgm ™3, w=1.274mm™ *; index
ranges —18<h=<23, —19<k<19, —31<|<14; number
of dataand parameters 14320 and 595, respectively; final R,/
WR, (1 >20(1)) 0.0665/0.1032; GoF = 1.077.

Supplementary data
Supplementary data are available from the Cambridge

Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK (fax: +44-1223-336033; e-mail: deposit@
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ccde.cam.ac.uk) on request, quoting the deposition number
CCDC 133733.
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