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ditions. The same transformation can be effected with (Me;Si),S!*
but the process is slow (hours) and the procedure requires con-
trolled, intermittent introduction of air.!5®

To summarize, (MeCp),TiS,SiMe, represents a rare example
of a metal complex of a silicon sulfide ligand. Our Li,SSiMe,
reagent should permit the synthesis of a variety of Me,SiS,*
complexes. This class of compound may be useful since we have
shown that 1 can function as an efficient, nonreductive atom- or
chelate-transfer agent.'¢
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Reductive Chemistry of Nickel Hydroporphyrins: The
Nickel(I) Octaethylisobacteriochlorin Anion
Sir:

Fu30.! 2 Ni(II) hydrocorphinoid complex,” is a prosthetic group
of methyl-coenzyme M reductase.’> This enzyme catalyzes the
reductive cleavage of S-methyl-coenzyme M, 2-(methylthio)-
ethanesulfonate, to methane. An EPR signal detected in whole
cells of Methanobacterium thermoautotrophicum was attributed
to a Ni(I) form of Fy in intact, active enzyme.* Although free
F,i and F,3, pentamethyl ester have been reduced to their Ni(I)
forms,** Ni(I) tetrapyrrole complexes with more extensive =
systems are unknown. We report here the synthesis and reactivity
of the nickel(I) octaethylisobacteriochlorin anion, Nil(OEiBC)~$

(1) Gunsalus, R. P.; Wolfe, R. 8. FEMS Microbiol. Lett. 1978, 3, 191.

(2) (a) Pfalz, A,; Jaun, B.; Fassler, A.; Eschenmoser, A.; Jaenchen, R;
Gilles, H. H.; Diekert, G.; Thauer, R. K. Helv. Chim. Acta 1982, 65,
828. (b) Livingston, D. A_; Pfaltz, A.; Schreiber, J.; Eschenmoser, A.;
Ankel-Fuchs, D.; Moll, J.; Jaénchen, R.; Thauer, R. K. Helv. Chim.
Acta 1984, 67, 334. (c) Pfaltz, A.; Livingston, D. A.; Jaun, B.; Diekert,
G.; Thauer, R. K.; Eschenmoser, A. Helv. Chim. Acta 1985, 68, 1338.

(3) Ellefson, W. L.; Whitman, W. B.; Wolfe, R. S. Proc. Natl. Acad. Sci.
U.S.A. 1982, 79, 3707.

(4) Albract, 8. P. J.; Ankel-Fuchs, D.; Van der Zwaan, J. W ; Fontijn, R.
D.; Thauer, R. K. Biochim. Biophys. Acta 1986, 870, 50.

(5) Jaun, B.; Pfaltz, A. J. Chem. Soc., Chem. Commun. 1986, 1327.

(6) Abbreviations: OEP, 2,3,7,8,12,13,17,18-octaethylporphyrin dianion;
OEC, trans-2,3-dihydro-2,3,7,8,12,13,17,18-octaethylporphyrin dianion
(chlorin); OEiBC, mixture of 7t~ and tct-2,3,7,8-tetrahydro-
2,3,7,8,12,13,17,18-octaethylporphyrin dianion (isobacteriochlorin);
OEPH, 5-hydro-2,3,7,8,12,13,17,18-octaethylporphyrin trianion (phlo-
rin); OECH, 2,3,(5 or 10)-trihydro-2,3,7,8,12,13,17,18-octaethyl-
porphyrin trianion (chlorin phlorin—the position of meso reduction has
not been established); OTTLE, optically transparent thin-layer elec-
trode; TBAP, tetra-n-butylammonium perchlorate.

the first Ni(I) tetrapyrrole complex with a = system extending
over the macrocycle. Our results demonstrate important and
substantive differences in the reactivity of metalloporphyrins and
metallohydroporphyrins.

Cyclic voltammograms of Ni(OEP), Ni(OEC),” and Ni-
(OEiBC)? in nitrile solvents® showed only a single reversible
one-electron reduction near —1.5 V vs. SCE.!12  Bulk electrolyses
of these complexes at —1.65 V did not appear to afford stable
species. On the shorter time scale of electrolysis in an OTTLE?®
cell (1 min vs. about 1 h), Ni{OEiBC) underwent a reversible
one-electron reduction.” The spectrum of Ni(OEiBC)~ (Figure
1) is characterized by well-defined Soret and visible bands. Band
maxima are blue-shifted and molar extinctions are slightly di-
minished compared with those of Ni''(OEiBC), suggesting that
the metal ion is the site of reduction. Species with identical spectra
were generated by reduction with dilute sodium amalgam in dry
THF or acetonitrile. The EPR spectrum of these materials un-
equivocally confirmed the Ni'(OEiBC)~ formulation (Figure 2).
The anisotropy and hyperfine coupling to the four nitrogens of
OEiBC are consistent with an unpaired electron in the d,:._,> orbital
of a square-planar nickel(I) complex.'> Observed g values of 2.201
and 2.073 and hyperfine coupling of 9.8 G are similar to those
of reduced F,; species** and Ni(I) macrocyclic complexes.!3-15

Changes in the spectrum of Ni(OEC) upon reduction in the
OTTLE? paralleled those observed for Ni(OEiBC), suggesting
formation of Ni'(OEC)~. In contrast, Ni(OEP)~ exhibited
broadened, red-shifted bands of reduced extinction, typical of ring
reduction. Stable, significant concentrations of Ni'{(OEC)™ and
of Ni""l(OEP)~ were not obtained by sodium amalgam reduction
in either THF or acetonitrile. Instead, reduction proceeded directly
to the diamagnetic, two-electron-reduced phlorin complexes
Ni(OEPH)™ and Ni(OECH)", which were identified on the basis
of UV-vis and '"H NMR evidence.!® EPR spectra of minor
concentrations of Ni(OEC)™ and Ni(OEP)~ were obtained with
rapidly frozen, partially reduced solutions. Signals observed at
g = 2.08 and g = 2.003, respectively, confirmed the assignments
of the sites of reduction suggested by UV-vis spectra.

Nickel(I) macrocyclic complexes catalyze the electrocatalytic
reduction of alkyl halides.!*!’'® The cyclic voltammetric reduction
of Ni(OEiBC) in dichloromethane exhibited features characteristic
of a diffusion-controlled electrocatalytic process,!® the reduction
of dichloromethane by Nil(OEiBC)~. The /-E curve in this solvent

(7) Stolzberg, A. M.; Stershic, M. T. Inorg. Chem. 1987, 26, 1970.

(8) Johansen, J. E.; Angst, C.; Kratky, C.; Eschenmoser, A. Angew. Chem.,
Int. Ed. Engl. 1980, 19, 141.

(9) Acetonitrile solution. Butyronitrile or benzonitrile was used for Ni-
(OEP) owing to its minimal solubility in acetonitrile.'?

(10) Fuhrhop, J.-H.; Kadish, K. M,; Davis, D. G. J. Am. Chem. Soc. 1973,
95, 5140,

(11) Conditions: 25 °C, 100 mV /s sweep rate, 0.1 M in TBAP, Pt (cyclic
voltammetry, bulk electrolysis) or Au-minigrid (OTTLE) working
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(12) E,j, vs. SCE: Ni(OEP), -1.5 V;!19 Ni(OEC), ~1.46 V;’ Ni(OEiBC),
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Chem. Interfacial Electrochem. 1981, 117, 101.

(19) (a) Bard, A. J.; Faulkner, L. R. Electrochemical Methods; Wiley: New
York, 1980; pp 455-461. (b) Nicholson, R. S.; Shain, 1. Anal. Chem.
1964, 36, 706. (c) Saveant, J. M.; Vianello, E. Electrochim. Acta 1965,
10, 905.

0020-1669/87/1326-3082501.50/0 © 1987 American Chemical Society



Communications

60

40

£y x 1073

204

0 : B —~

300 400 500 600 700
Wavelength (nm)

Figure 1. UV-vis spectra of 1 mM Ni'(OEiBC)~ (—) and Ni''(OEiBC)

(---) in acetonitrile containing 0.1 M TBAP recorded in an OTTLE cell.

The Nil species was obtained by electrolysis at —1.70 V.

did not have the normal peak-shaped appearance. Instead, it
looked like a polarographic wave (plateau shaped with an inflection
point near —1.5 V) and had a limiting current 4.95 times that of
a reversible one-electron process. The identical i—E curve was
obtained when the scan direction was reversed.

The shape of cyclic voltammetric wave forms for electrocatalytic
processes depends upon the concentration of substrate, magnitudes
of the sweep rate and the rate constant for reaction of catalyst
and substrate. Higher substrate concentrations, large rate con-
stants, and slow sweep rates favor catalytic behavior. Reduction
of Ni(OEiBC) in dichloromethane was electrocatalytic at sweep
rates as high as 2000 mV/s. In contrast, the reduction of Ni-
(OEC) only became catalytic at scan rates of 20 mV/s. The
reduction of Ni(OEP) was reversible (E,/, = 1.46 V) at scan rates
greater than 20 mV/s. In nitrile solutions,’® all three complexes
catalyzed the reduction of added alkyl halide.!’?* Preliminary
data establish that the second-order rate constants for reaction
of alkyl halides with Nil(OEiBC) are at least 10 times and may
be as much as 1000 times greater than those for Ni(OEP)".

Bulk solutions of Nil(OEiBC)~ in THF reacted instantaneously
with methyl iodide. Recovery of Ni'/(OEiBC) was quantitative,
as judged by UV-vis and 'H and 1*C NMR spectra. Analysis
of head-space gases by GC-MS established the presence of sig-
nificant quantities of methane. Ethane was not detected.

Two factors lead to accessibility of a stable nickel(I) complex
for only the OEiBC macrocycle. The —1.70 V reduction potential
of H,(OEiBC)?! (vs. 1.45 V for Hy(OEP) and H,(OEC)?!) helps
ensure that the e, 7 orbitals?2 of OEiBC lie higher in energy than
the nickel d orbitals and therefore that nickel is the site of re-
duction. However, formation of the unstable Ni!(OEC)~ anion
demonstrates that other factors must be operative here. The
intrinsic hole sizes of planar free-base hydroporphyrins increase
with increasing saturation of the macrocycle.?>24826  Hole size
affects the ligand field strength of the macrocycle and consequently
the energy of the nickel o* d,2.,» LUMO orbital. A nickel(I) ion
should be larger than a high-spin nickel(II) ion. Of the macro-
cycles considered here, only OEiBC accomodates high-spin
nickel(II).2627  Even so, the reduction potential of the Nill-

(20) The extent of reaction of electrocatalytic processes as run was too small
to permit isolation and identification of the organic products. They are
presumed to be the corresponding alkanes, as in the reaction of bulk
Nil(OEiBC) with methyl iodide.
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Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem. 1982, B38,
2134,

(25) Hoard, J. L. Ann. N.Y. Acad. Sci. 1973, 206, 18,

(26) Kratky, C.; Waditshatka, R.; Angst, C.; Johansen, J. E.; Plaquevant,
J. C.; Schreiber, J.; Eschenmoser, A. Helv. Chim. Acta 1985, 68, 1312.
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Figure 2. EPR spectrum of Ni}(OEiBC) in 2-MeTHF glass at 120 K.
Conditions: frequency, 9122 MHz; power, 0.5 mW; modulation am-
plitude, 2.5 G.

(OEiBC)/Nil(OEiBC)~ couple is considerably negative of that
of Fy30>% and many nickel tetraazamacrocylic complexes,'*?!
suggesting that the OEiBC hole size is smaller than optimal for
nickel(I).*2

An intriguing possibility suggested by our results is that the
distinguishing difference between porphyrins, hydroporphyrins,
corrins, and other tetrapyrroles is the range of hole sizes readily
accessible in these complexes. Evidence of increased flexibility
of hydroporphyrins was provided by the saddle-shaped confor-
mations (S,-ruffled) observed in structures of nickel(II) hydro-
porphyrins.?4% Ruffling stabilizes low-spin nickel(II) by reducing
Ni-N distances.?*? The steepness of the saddle increases with
saturation of the macrocycle 7 system?*26 since the macrocycle
must ruffle to a greater degree to achieve the same Ni-N dis-
tance? typical for low-spin nickel(I) (about 1.92 A). It is
precisely the miore saturated macrocycles that can flatten to ac-
commodate the roughly 2.1 A Ni-N distance required for nick-
el(I). The ability of the OEiBC macrocycle to provide near-op-
timal bond lengths for two members of a redox couple with radii
that differ by about 0.2 A is remarkable. Apparently, the hole
sizes/ligand field strengths of hydroporphyrins can be adjusted
over a wide range with only small changes in conformational
energy.
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