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¢(a) LIN(TMS),, THF, -78 °C (77% based on consumed SM). (b)
TFAA, DMAP, DBU, CH,Cl,, -40 to 0 °C (83%). (c) CsF, EtOH,
room temperature (90%). (d) | equiv of NaBH,~0.5 equiv of d-tar-
taric acid—] equiv of PrCl;:6H,0, 2-propanol, 0 °C (85%). (e) Mar-
tin’s sulfurane (80%).

and reduction of the resulting a-hydroxy enone 22 with LAH (at
-78 °C) or NaBH,~CeCl; (at -23 °C)!? gave inseparable 1:2 or
3:2 mixtures of diols 23 and 24, respectively. In our hands, both
reduction reactions gave poorer stereoselectivity than reported by
Takano. More significantly, however, our unequivocal stereo-
chemical assignment (vide infra) of 23 and 24 reveals that the
stereostructures of these diols should be reassigned as shown in
Scheme 111. After considerable experimentation with several
hydride reagents, the stereoselective (~5:1) reduction of 22 leading
to diol 23 was accomplished by the use of a sodium acyloxy-
borohydride!* derived from NaBH, and tartaric acid in the
presence of a lanthanide. On the other hand, diol 24 can be
prepared stereoselectively (210:1) by LAH or NaBH, reduction
of 21 followed by desilylation.!> The stereochemical assignment
of the diols was secured at this juncture by the conversion [(1)
2,2-dimethoxypropane, p-TsOH; (2) OsO,~NalO,] of 24 to ketone
25 and an independent synthesis of the latter ketone starting from

OMe

Me o’ .
/}—o Me

25

pyrone 16.¢ Finally, treatment of a 5:1 mixture of diols 23 and
24 with Martin’s sulfurane!” stereoselectively afforded 1 and its

(13) (a) Luche, J. L. J. Am. Chem. Soc. 1978, 100, 2226. (b) Jacobi, P.
A.; Kaczmarek, C. S. R.; Udodong, U. E. Tetrahedron Lett. 1984, 25, 4859.
(c) Kishi, Y.; Christ, W. 1.; Taniguchi, M. In Natural Products and Biological
Activities; Imura, H., Goto, T., Murachi, T., Nakajima, T., Eds.; University
of Tokyo Press: Tokyo, 19%86; pp 87-98.
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317. (b) Adams, C. Synth. Commun. 1984, 14, 955.

(15) The observed 1,2-asymmetric induction can be rationalized by the
open-chain Felkin-Anh model. See, for example: (a) Overman, L. E;
McCready, R. J. Tetrahedron Lett. 1982, 23, 2355. (b) Nakata, T.; Tanaka,
T.; Oishi, T. /bid. 1983, 24, 2653.

(16) A similar degradation of diol 23 gave a diastereomeric ketone of 25.

epimer 26 in the same ratio. The synthetic substance was found
to be identical in every aspect with an authentic sample of ver-
rucosidin.'®
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Factor 430 (F430) is a Ni(II) tetrapyrrole (corphin) found in
methyl coenzyme M reductase, the enzyme that catalyzes the
terminal stages of the conversion of carbon dioxide in methane
biogenesis.!I”>  F430 can be reduced to Ni(I) in vitro* and in vivo,’
and Ni(I) has been implicated as a catalytic transient in the
enzymic methanogenesis.> Ni(I) F430 M (the pentamethyl ester
of F430) has also been shown to react with methyl halides and
sulfonium salts to yield methane.® The conformations of F430
that control the reactions are unknown,” as are the consequences
of metal reduction. F430 is deduced to exist as hexacoordinated,
high-spin (HS) Ni(IT) with oxygen axial ligands in vivo,® and
Ni-N distances of 2.10 A have been determined by EXAFS for
extracted HS F430 in aqueous solutions.’

We present here EXAFS results for the low-spin (LS) Ni(II)
form of F430 M!® and for its paramagnetic Ni(I) reduction in-
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and low-spin Ni(11) forms.

(8) Cheesman, M. R.; Ankel-Fuchs, D.; Thauer, R. K.; Thompson, A. .
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termediate. The significant differences in Ni-N bond lengths
found for the low- and high-spin® Ni(IT), 1.90 vs 2.10 A, dem-
onstrate the considerable conformational flexibility of the F430
skeleton. Not surprisingly, therefore, the macrocycle can readily
accommodate the structural changes observed on reduction to
Ni(I): a distortion occurs around the Ni, with two sets of Ni(I)-N
distances of 1.88 and 2.03 A.

LS Ni(Il) F430 M undergoes reversible one-electron electro-
chemical reductions in tetrahydrofuran (THF),* dimethylform-
amide,* and butyronitrile.!® Reduction can also be accomplished
with Na—-Hg amalgam in THF to yield characteristic optical and
EPR spectra.* The g values of the latter are diagnostic of Ni(I)
with the unpaired electron localized in a d,2.,2 orbital.* X-ray
absorption experiments'6~'® were thus carried out in THF on the
LS Ni(11) and the chemically reduced Ni(I)!® forms of F430 M
in anaerobic cells, previously described,?® that allowed EXAFS,
optical, and EPR data to be acquired on the same sample in both
redox states.

Near-edge X-ray absorption spectra for the Ni(1T) and Ni(l)
complexes are shown in Figure 1. The Ni(II) form clearly exhibits
the preedge features associated with tetracoordinate, planar ge-
ometries around the metal, and the spectrum resembles those
reported for the LS 12,13-diepimer of F430 in aqueous solution.’
Upon reduction, the edge shifts to lower energies by 2-3 eV but
maintains the features of a four-coordinate species, i.e., there is
no axial ligand tightly bound to the Ni(I). These results parallel
those observed for isobacteriochlorin (iBC)V7?! and tetraaza!®:?!
complexes of Ni(l) and LS Ni(lI).

Analysis'®12 of the EXAFS results for the LS Ni(II) F430 M
complex yields an average Ni-N bond length of 1.90 (£0.02) A,
Figure 1, with no evidence of a large spread in distances, i.e., within
the uncertainty of the measurement, the Ni(II)-N distances are
equivalent.

In contrast to the Ni(11) spectra, the Ni(1) complex gives rise
to an attenuated first shell transform amplitude (Figure 1).
Acceptable fits to the isolated oscillations require two distinct sets
of Ni(I)-N distances of 1.88 (£0.03) and 2,03 (£0.03) A, using
the recently characterized Ni(I) tetraaza compound'® as an EX-
AFS standard. Reduction of LS Ni(II) to Ni(I) in F430 M thus
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sachusetts Institute of Technology and was prepared as follows: Methano-
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its optical spectrum in tetrahydrofuran.® A complete description of the
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W. H. Orme-Johnson.
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material.) On the basis of the optical spectra, samples still comprised =80%
Ni(1) after 8 h of EXAFS data collection.

(20) Furenlid, L. R.; Renner, M. W.; Fajer, J. Rev. Sci. Instrum. 1990,
61, 1326.
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Figure 1. Structural formula of F430 M and X-ray absorption results
for LS Ni(II) and Ni(1) F430 M, in THF at 298 K. Insert: Nickel
K-edge spectra; Ni(II) (—) and Ni(I) (+). Top: Fourier transforms
of k* weighted EXAFS oscillations: (a) Ni(II) and (b) Ni(I). Bottom:
Isolated first-shell EXAFS oscillations (—) and nonlinear least-squares
fits (---) for (c) Ni(Il), 4 N at 1.90 A, and (d) Ni(I), 2 N at 1.88 A,
2N at2.03A.

induces a distortion of the nitrogens around the metal. Similar
deformations accompany the reduction to Ni(I) in an iBC de-
rivative!” (average Ni(II)-N = 1.93 (£0.02) A; Ni(I)-N = 1.85
(£0.05) and 2.00 (£0.03) A, obtained by EXAFS), and in the
above-mentioned tetraaza complex'® (average Ni(I1)-N = 1.93
(£0.02) A, Ni(I)-N = 1.97 (£0.02) and 2.06 (£0.02) A, EXAFS
results). The validity of the EXAFS analyses and results for the
Ni(I) species is supported by the subsequent crystallographic
refinement of the Ni(I) tetraaza compound by Fujita and Szalda®®
that yielded Ni(I)-N values of 1.988 (7) and 2.068 (7) A, and
1.979 (7) and 2.063 (7) A for the two independent molecules in
the unit cell. (The Ni(I) atom is strictly in plane.)
The above results lead us to the following conclusions:
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1. The low- and high-spin Ni(II) forms of F430 span a Ni-N
range of 1.9-2.1 A. On the basis of a series of mode! hydro-
porphyrins, corphins, and tetraaza complexes,>!"!® these distances
reflect changes from puckered to planar macrocycle conformations,
i.e., the F430 skeleton is quite flexible.

2. The Ni({)-N distances of 1.9 and 2.1 A found for low- and
high-spin F430, respectively, match almost exactly the strain-free
Ni(I1)-N distances of 1.91 and 2.10 A calculated for low- and
high-spin Ni(11) polyamines by molecular mechanics.?

3. The Ni(ID)-N distances of LS F430 and its 12,13-diepimer®
are the same within experimental error. The observed different
affinities for axial ligands of the two compounds®® are, therefore,
not due to significant differences in the equatorial nitrogens and
may reflect steric constraints due to the different conformation
of the diepimer, instead.

4. Since the F430 skeleton is flexible enough to accommodate
changes of 0.2 A around Ni(II), it can equally accommodate the
distortion concomitant with reduction to Ni(I).
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The higher oxidation states of Ru and Os are accessible by loss
of electrons and protons and metal oxo formation.! In complexes
where there are two or more aqua ligands, oxidation state VI is
attainable and several complexes having the trans-dioxo structure
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Figure 1. Crystal structure of the trans-[Ru(tpy)(0),(H,0)]?* cation.

are known.2 These complexes tend to be reactive oxidants. In
this context, a cis-dioxo structure would be of more interest than
the corresponding trans structure because of the possibility of
achieving cis-directed, four-electron oxidations with the transfer
of two O atoms to the same reductant. Normally, the cis-dioxo
structure leads to an instability toward ligand loss and formation
of trans-dioxo products. The driving force for the instability is
the electronic stabilization associated with the trans-dioxo, d?
electronic configuration.2* We report here the preparation and
characterization of trans-[RuY'(tpy)(0),(H,0)1%* (1) (tpy is
2,2:6/,2"-terpyridine), which overcomes this limitation. The
complex is coordinatively stable yet has the desired reactivity as
a cis-directed, four-electron oxidant, but in a novel and indirect
way.

Complex 1 was prepared from [Ru''(tpy)(C,0,)(H,0)] in 2
M HCIO, by the addition of excess (NH,),Ce!V(NO;)¢.* This
led to a color change from red-brown to yellow and precipitation
of [Ru¥'(tpy)(0),(H,0)](Cl10,),.> The structure of 1 has been
determined by X-ray crystallography and is illustrated in Figure
1.5 Four important features emerge from the structure: (a) the
coordination geometry is approximately octahedral; (b) the dis-
position of the oxo groups is trans; (¢) the average Ru=0 bond
length is 1.661 A, compared to 2.128 A for the Ru—O bond of
the aqua group, 1.765-1.862 A for oxo groups bound to Ru(IV),
or 1.705-1.732 A for oxo groups bound to Ru(V1);? and (d) the
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