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Phenyl radicals are thought to be involved in the aerobic re-
actions of trans-NH=NPh,? and we have strong evidence, from
displacements of 2 from 1 in the presence of radical traps, that
they are also important in the anaerobic reaction chemistry of
2. For example, when 2 is generated and allowed to react in
benzene-dg, biphenyl-ds is produced in about 11% yield based on
1 (eq 6); similarly o-, m-, and p-tolylbenzene isomers are produced

o ;
N=? -N o,m,p-CHjy
H = Ph : -10% / m
BrCCly
-70% )-Br ®

(10% total yield) when the displacement is effected in toluene (eq
7).10 1In the presence of excess BrCCl;, 2 reacts to afford bro-
mobenzene in a higher (70%) yield (eq 8).!! The products in
eq 6-8 are typical ones of cage-escaped phenyl radicals, and we
feel that they are also involved in the reactions of 2 with alkynes
(eq 4 and 5) because of the following reasons: (1) The regio-
chemistries of the products are consistent with a Kharasch-type
addition of Ph* to the alkyne terminus to give a vinyl radical
intermediate that subsequently abstracts H" to give the olefin.!2
The observation that 1-hexyne reacts with ND=NPh (2-d, > 95%
d)) to give (E)-1-phenylhexene that is only partially deuterated
(~350% d,) supports such an H* abstraction mechanism (not
simple H-transfer) for the reaction in eq 4 (similar label loss occurs
in the reaction of 2-d with PhnC=CH). (2) Isomerization of the
stilbenyl radical is fast, and the observed ratio of cis:trans-stilbene
formed in the reduction of phenylethyne by 2 (eq 5) is in accord
with the known partition of ¢is- and trans-stilbene formed from
stilbenyl radicals prepared by other means (eq 9)."* (3) The
overall yields of olefinic products in eq 4 and 5 are similar to the
yields of Ph* trapped products in eq 6 and 7 (corresponding to
~10-15% radical cage escape).
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In summary, the results reported herein provide insight into
the mode of reaction of cis-NH=NPh with terminal alkynes. In
contrast to reductions of alkynes involving NH=NH, where
reduction proceeds in a highly stereoselective (cis) fashion, the
reactions of cis-NH=NPh with terminal alkynes appear to be
radical processes involving Ph® transfer, and the stereoselectivities
of the reductions are consequently sensitive to the nature of the
substrate.
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Artificial CO, fixation has been widely conducted in the
viewpoints of the utilization of the ultimate oxidation product of
organic molecules and mimicking biological carbon assimilation.
Highly reduced species such as CH,? and CH;OH? have been
obtained in some CO, reductions though most of the products in
those reductions are CO and/or HCOOH.#7 On the other hand,
four CO, molecules are fixed in one complete turn of the reductive
carboxylic acid cycle in photosynthetic bacteria.’*2! Two of them
are incorporated at the carbonyl carbon of CH;C(O)SCoA and
HOOCCH,CH,C(0)SCoA (CoASH = coenzyme A) to form
a-keto acids, pyruvate, and a-ketoglutarate (eq 1), where reduced

RC(O)SCoA + CO, + 2¢” —

RC(O)RCOO' + CoAS- 1)
( = CH3, CH2CH2COOH)

(1) Wilner, I.; Maidan, R.; Mandler, D.; Durr, H.; Dorr, G.; Zengerle, K.
J. Am. Chem. Soc. 1987, 109, 6080-6086.

(2) Thampi, K. R.; Kiwi, J.; Gratzel, M. Nature 1987, 327, 506-508.

(3) Ogura, K.; Takamagari, K. J. Chem. Soc., Dalton. Trans. 1986,
1519-1523.

(4) Collin, J.-P.; Jouaiti, A.; Sauvage, J.-P. Inorg. Chem. 1988, 27,
1986-1990.

(5) Bolinger, C. M.; Story, N.; Sullivan, B. P.; Meyer, T. J. Inorg. Chem.
1988, 27, 4582-4587,

(6) Kaska, W. C.; Nemeh, S.; Shirazi, A.; Potuznik, S. Organometallics
1988, 7, 13-15.

(7) Bruce, M. R. M.; Megehee, E.; Sullivan, B. P.; Thorp, H.; O'Toole,
T. R.; Downard, A.; Meyer, T. J. Organometallics 1988, 7, 238-240.

(8) Ishida, H.; Tanaka, K.; Tanaka, T. Organometallics 1987, 6, 181-186.

(9) DuBois, D. L.; Miedaner, A. J. Am. Chem. Soc. 1987, 109, 113-117.

(10) Mandler, D.; Willner, 1. J. Am. Chem. Soc. 1987, 109, 7884-7885.

(11) Grant, J. L.; Goswami, K.; Spreer, L. O.; Otvos, J. W.; Calvin, M.,
J. Chem. Soc., Dalton. Trans. 1987, 2105-2109.

(12) Reller, A.; Padeste, C.; Hug, P. Nature 1987, 329, 527-529.

(13) Beley, M,; Collin, J.-P.; Ruppert, R.; Sauvage, J.-P. J. Am. Chem.
Soc. 1986, 108, 7461-7467.

(14) Sullivan, B. P; Bolinger, C. M.; Conrad, D.; Vining, W. J.; Meyer,
T. J. J. Chem. Soc., Chem. Commun. 1985, 1414-1415.

(15) Hawecker, J.; Lehn, J.-M.; Ziessel, R. J. Chem. Soc., Chem. Com-
mun. 1984, 328-330.

(16) Hawecker, J.; Lehn, J.-M.; Ziessel, R. J. Chem. Soc., Chem. Com-
mun. 1983, 536-538.

(17) Parkinson, B. A.; Weaver, P. F. Narure 1984, 309, 148-149.

(18) Evans, M. C. W.; Buchanan, B. B. Proc. Natl. Acad. Sci. U.S.A.
1965, 53, 1420~-1425.

(19) Evans, M. C. W.; Buchanan, B. B.; Arnon, D. 1. Biochemistry 1966,
55, 928-934.

(20) Bachofen, R.; Buchanan, B. B.; Arnon, D. 1. Biochemistry 1964, 51,
690-694.

(21) Buchanan, B. B.; Bachofen, R.; Arnon, D. 1. Biochemistry 1964, 52,
839-847.

0002-7863/89/1511-3765801.50/0 © 1989 American Chemical Society



3766 J. Am. Chem. Soc., Vol. 111, No. 10, 1989

E vs SCE(V)

Figure 1. Cyclic voltammograms of [(C,H;)4N];[FesMo,Sg(SC,yHy)s]
in CH;CN (a) and of the mixture of [(C,Hs)4N];[FesMo,Sg(SC,Hj)s]
and CH;C(O)SC,H; in COpsaturated CH;CN (b): sweep rate 5 mV/s.

ferredoxins function as electron donors. The other two CO,
molecules are fixed at the carbons adjacent to the carbonyl group
of pyruvate and a-ketoglutarate to form oxalacetate and isocitrate.
We have recently succeeded in catalytic 8-keto acids formation
by artificial CO, fixation accompanied by cleavaging of a car-
bon-hydrogen band of ketones.?> With respect to nonenzymatic
a-keto acid formation by CO, fixation, Tabushi et al. suggested
the formation of C¢HsCH,C(O)COO- as a precursor of C¢HsC-
H,CH(NH,)COO" (0.3% yield) formed in the reaction of Cg¢-
H;CH,C(O)SCg¢H,; with CO, in the presence of (FeS,C Ph,),,
Na,S,0,, and NaHCO;, followed by treatment with pyridoxamine
and zinc acetate.”* Taking into account the fact that C¢HsC-
H,C(0)COO™ is smoothly converted to C;HsCH,CH(NH,)COO~
under the above reaction conditions,? the yield of C¢gH;CH,C-
(0O)COO" as the CO, fixation product is considered to be very
low. A catalytic formation of a-keto acids by CO, fixation is,
therefore, highly desired in the viewpoints not only of the useful
precursors of amino acids synthesis but also of mimicking CO,
assimilation as the key steps in the reductive carboxylic acid cycle.

The cyclic voltammogram of [(C,H;)4N];[FesM0,S(SCs-
Hs)s]% (19.2 umol) using a glassy carbon disk electrode shows
the (3—/4-) and (4-/5-) redox couple at Elfz =-1.27 and -1.46
V vs SCE, respectively, in CH;CN (8.0 cm?) as shown in Figure
la, which was essentially unchanged by addition of CH;C(O)S-
C,H; (4.7 mmol) to the solution. A strong irreversible cathodic
current, however, flows when CO, was bubbled into the CH;CN
solution containing [FegMo,Sg(SEt)¢]*~ and CH,;C(O)SC,H;
(Figure 1b). The agreement of the threshold potentials of the
strong cathodic current in Figure 1b and of the cathodic process
of the [FegMo0,S5(SC,H)g]+/ redox couple (Figure 1a) suggests
that [FegMo,Ss(SC,Hs)g] " catalyzes the reduction of CO, in the
presence of CH;C(O)SC,H;s. In accordance with this, the con-
trolled potential electrolysis at —=1.55 V (vs SCE)?¢ of CO,-satu-
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Figure 2. Electrochemical reduction of CO, under the controlled po-
tential electrolysis at ~1.55 V vs SCE in CO-saturated CH3;CN (19 cm?)
containing [(C,H;)4N];[FegMo0,Sg(SC,Hs)s] (38.0 pmol), CH,C(O)S-
C,H; (9.4 mmol), (C,H,),NBF, (1.9 mmol), and 3A molecular sieves.

rated dry CH,CN (19 ¢cm?) containing [(C,H;s)4N1;[FegMo,Ss-
(SCzHS)g] (380 [.l.mOl), CH3C(O)SC2H5 (94 mmol), (C4H9)4'
NBF, (1.9 mmol) and 3A molecular sieves (0.5 g) as a desiccant?’
catalytically produces not only HCOO™ but also CH;C(0)COO~%
with the current efficiency 11 and 27%, respectively, as depicted
in Figure 2. On the other hand, the similar electrolysis using
an Et4N salt of HCOO™ (1.9 mmol) in place of CO, under oth-
erwise the same reaction conditions did not produce CH;C(O)-
COO™ at all.?® Thus CH;C(0)COO- (Figure 1) is formed by
the reaction of CH;(O)SC,H; with CO,, and the proton of
HCOO™ may result from the electrolyte (C4Hg),N* since elec-
trochemical reduction of CO, by [Fe,S,(SCH,C¢H;),]*" at po-
tentials more negative than —2.0 V (vs SCE) in DMF produces
HCOO" in the presence of (C,H),N*.3% The electrochemical
reoxidation at —1.0 V of the final solution obtained after the CO,
fixation regenerated the same electronic absorption spectrum of
the original [Fe,Mo,Sg(SC,Hs)o]*~ with the optical density of 90%,
suggesting that the FeMoS cluster retains the double cubane core
during electrolysis. In addition, neither CH;C(O)COO™ nor
HCOO" was formed in the controlled experiments conducted in
the absence of [FesM0,S5(SCyHs)g]*™. Thus, the FeMoS cluster
catalyzes the reaction of eq 2.

CH,C(O)SC,H; + CO, + 2¢- — CH;C(0)COO0~ + C,H,S
(2)

The reaction of eq 2 apparently involves a nucleophilic attack
of CO, to CH;C(0)SC,H;, and the similar CO, fixation by using
C,HC(0)SC,H; and C,HC(O)SC,H; in place of CH,C(O)S-
C,H; also took place catalytically to afford C;HsC(O)COO™ and
CH;C(0)COO™ 2 with current efficiency of 50 and 13% under
otherwise the same electrolysis conditions. It should be mentioned
that alkyl thiolate® as a leaving group may have a special meaning
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(28) The CO, fixation products were analyzed not only by HPLC with
columns packed with Shodex Ionpack KC-811 and ODS but also by a Shi-
mazu isotachophoretic analyzer IP-2A. In addition, a-keto acids formed in
CO, fixation were converted to the corresponding methyl esters by treatment
with CH,N,, and those esters were identified by gas chromatography.

(29) No CH,C(O)COO™ was formed in a reaction of CH;C(0O)SC,H;
with (Et,N)HCOO in the presence of (Et4N);[FesMo0,Ss(SC;H;)s] in dry
CH,CN for 24 h at ambient temperature.

(30) (a) Tezuka, M.; Yajima, T.; Tsuchiya, A.; Matsumoto, Y ; Uchida,
Y .; Hidai, M. J. Am. Chem. Soc. 1982, 104, 6834-6836. (b) Nakazawa, M,;
Mizobe, Y.; Matsumoto, Y.; Uchida, Y.; Tezuka, M.; Hidai, M. Bull. Chem.
Soc. Jpn. 1986, 59, 809-814.



J. Am. Chem. Soc. 1989, 111, 3767-3769 3767

in the acylation of CO, since various acylating agents CH;C(O0)X
(X = Cl, OC,H;, SC(O)CH;, OC(O)CH3;) did not give CH,C-
(O)COO™ under the similar electrolysis conditions. The present
CO, fixation, which is essentially identical with that of pyruvate
synthase, may therefore give a clue to elucidate the reaction
mechanism of eq 1 as the key steps in the reductive carboxylic
acid cycle.

(31) Pyruvate was also produced catalytically when CH,C(O)SC;H; was
used in place of CH;C(O)SC,H;.
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Thus far, the great majority of synthetic metal/chalcogenide
chemistry has been carried out either in solution! at (or near) room
temperature or in the solid state at high (>350 °C) temperatures.?
The compounds obtained at low temperatures are soluble, discrete
molecular species containing a diverse repertoire of Q2 (Q =
S, Se, Te) ligands with x ranging from 1 (e.g., [Na,Fe 5S;0]% %)
to 9 (e.g., [Au(Sy)]™). By far, among the discrete poly-
chalcogenides, the Q.2 ligands are the most frequently occurring.
The high-temperature compounds tend to be extended, three-
dimensional, solid-state structures containing either Q> or Q,*
ligands. The higher Q,>" ligands are too thermally sensitive to
be stabilized in solid-state compounds from high temperatures.
They dissociate to lower polychalcogenides and sulfur. In general,
the low-temperature compounds can be viewed as metastable and
thus capable of transforming to their high-temperature solid-state
counterparts via interesting and perhaps isolable low-dimensional
intermediates. These could occur in the intermediate temperature
range (ca. 150-350 °C). Increasing interest in metastable low-
dimensional polychalcogenides derives not only from the catalytic®
and electronic properties of these materials’ but also because they
offer a bridge between molecular and solid-state chemistry. To
date, a very limited effort has been invested in the systematic
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Figure 1. Top: View of the a-[Cu(Sy)]," infinite chain (four unit cells)
with labeling scheme. Selected distances are as follows: Cu-S(1) 2.299
(3), Cu-S(4) 2.298 (4), Cu’~S(1) 2.324 (3), Cu"~S(2) 2.432 (4), S-
(1)-S(2) 2.089 (5), S(2)-S(3) 2.093 (4), S(3)-S(4) 2.056 (6) A. Se-
lected angles are as follows: Cu~S(1)-Cu’ 102.0 (1), S(1)-Cu-S(4),
103.3 (1)°. Cu’ and Cu” are crystallographically equivalent to Cu.
Bottom: View of the 3-[Cu(S,)],* infinite chain (four unit cells) with
labeling scheme. Selected distances are as follows: Cu~S(1) 2.368 (2),
Cu-S(4) 2.360 (2), Cu’-S(1) 2.372 (2), Cu”~-S(4) 2.378 (2), S(1)~-S(2)
2.078 (2), S(2)-S(3) 2.060 (3), S(3)-S(4) 2.079 (3) A. Selected angles
are as follows: S(1)-Cu-S(4) 110.33 (8), Cu-S(1)-Cv’ 66.7 (7), Cu-
S(4)-Cu” 68.4 (6), S(1)~-Cu~S(1)" 113.3 (1), S(4)-Cu-S(4)’ 111.6 (1),
Cu”’~Cu~Cu’ 173.5°. Cu, Cu’, and Cu” atoms are crystallographically
equivalent.

synthesis of inorganic and particularly chalcogen-rich compounds
at intermediate temperatures. This is primarily because of the
lack of suitable solvents.® A sensible approach would be to employ
molten salt systems as solvents. Despite the considerable
knowledge accumulated about molten salts and eutectics,’ little
chalcogenide synthesis has been reported. Alkali metal poly-
chalcogenide systems are appropriate and have been previously
used, at high temperatures, to prepare and/or recrystallize simple
mostly binary metal sulfides.! Ibers and co-workers were suc-
cessful in applying such synthetic approach at 340-375 °C to
isolate the very interesting K4Ti;S;4 and Na,Ti,Seg which possess
unusual one-dimensional structures featuring Q,? ligands.!!
Recently we reported!? on the new, metastable, one-dimensional
[Ag(Sey)],", containing Se,?” ligands, and we have been inves-
tigating other coinage metals for similar behavior. It should be
noted that the only other solid-state compound containing a Q-
ligand is the (NH,)CuS4'? which was prepared at room tem-
perature. In this report we wish to contribute two novel one-
dimensional compounds, in the K/Cu/S system, containing only
S4* ligands and prepared in molten alkali metal polysulfide
solvents, at 215-250 °C.
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