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We have also made Méssbauer studies using ammonia,
isobutane, benzene, and hydrogen-argon as the matrix material
for condensed iron vapor. In all these cases the normal spec-
trum of both Fe and Fe, disappears. New absorptions are found
with positive isomer shifts characteristic of chemically bound
iron. The nature of these products has not yet been completely
probed by infrared spectroscopy. However, H, gives absorption
bands in the metal-hydrogen stretching region, and NH; does
not. If methane has indeed been oxidatively cleaved, then it is
likely that i-C4H |y and H> also have been cleaved. In chemi-
sorption studies, both of these molecules are more reactive than
is CH,..” Benzene and NHj; are also more reactive, but can
form simple complexes on metal films. The enhanced reactivity
of Fes compared with Fe occurs with N, and with CHy, the two
most difficult molecules to chemisorb of those we have ex-
amined.

Very recently it has been shown that small nickel clusters,
but not atoms, react witli pentane between 77 and 143 K.!!
Organometallic species of unknown nature are formed.

Acknowledgment. This work was supported in part by the
National Science Foundation under Grant DMR 76-23329.

References and Notes

(1) (a) See a series of papers in Angew. Chem., Int. Ed. Engl. 14, 193 ff, 273
ff (1975): (b) G. A. Ozin and A. Vander Voet, Acc. Chem. Res., 6, 313
(1973).

(2) (&)K. J. Klabunde, Acc. Chem. Res., 8,393 (1975). (b) P. L. Timms, Adv.
Inorg. Radiochem.. 14, 121 (1972); Angew. Chem., 87, 295 (1975).

(3) P.H. Barrett and P. A. Montano. J. Chem. Soc., Faraday Trans. 2, 73, 378
(1977).

(4) S.S.Linand A. Kant, J. Phys. Chem., 73, 2450 (1969).

(5) W.E. Kiotzbucher, S. A. Mitchell, and G. A. Ozin, Inorg. Chem., 16, 3083

(1977).

C. Klee, T. K. McNab, F. J. Litterst, and H. Micklitz, J. Phys., 270, 31

(1974).

A detailed description of the apparatus and methods used is given in T. K.

McNab and P. H. Barrett, “'"Mossbauer Effect Methodology". Vol. 7, Plenum

Press, New York, 1971.

For example, see S. D. ittel, C. A. Tolman, A. D. English, and J. P. Jesson,

J. Am. Chem. Soc., 98, 6073 (1976). These authors report on the oxidative

cleavage of C—H bonds by Fe(dmp),, the most reactive homogeneous metal

complex known for such reactions.

""Chemisorption and Reaction on Metallic Films™’, Vol. 2, J. R. Anderson,

Ed.. Academic Press, New York, 1971, Chapter VIil.

(10) For details. see ref 3.

(11) 8. C. Davis and K. J. Kiabunde, J. Am. Chem. Soc., 100, 5973 (1978).

(12) (a) Physics Department. (b) Chemistry Department.

6

(7

(8

9

Paul H. Barrett,122 Moshe Pasternak,!22 Ralph G. Pearson*!2b
Physics and Chemistry Departments, University of California
Santa Barbara, California 93106

Receijved August 17,1978

Structure and Electrochemistry of
a Stable Enantiomeric Metalloflavin Complex
Sir:

Flavin coenzymes transfer electrons to and from heme,
iron-sulfur, and molybdenum centers in proteins and serve as
a required electron-pair splitting or -joining interface between
metal one-¢lectron donors or acceptors and organic two-elec-
tron oxidants or reductants.!-3 Direct inner-sphere electron
transfer has long been suspected between flavins and iron-
sulfur or molybdenum sites,'"!! but definitive evidence is
lacking. Numerous model systems have been used to explain
the nature of metal-flavin interactions,’ !® but none have
employed well-characterized metalloflavin complexes which
maintain their integrity in both aqueous and nonaqueous sol-
vents and incorporate a redox active metal ion with the same
d-electron configuration as low-spin iron(11). We now report
structural, spectroscopic, and electrochemical studies of stable
ruthenium(11) isoalloxazine complexes which possess these
properties and provide direct evidence for chirality and se-
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Figure 1. View of the (10-MelAlo)(NH3)4Ru2+ complex ion.

quential one-electron reductions of the flavin due to metal
coordination.

The complexes were prepared by direct combination of
{(H,0)(NH3)sRu?*, cis-(H,0)2(NH;3)4Ru?*, or cis-
(H,0)>(NH;3)4Ru?* with the isoalloxazine ligand and purified
by ion-exchange chromatography. Crystallographic quality
crystals of [(10-MelAlo)(NH;3)4Ru](PFg),-2H>0 (10-Mel-
Alo = 10-methylisoalloxazine) were grown by ethanol diffu-
sion into saturated aqueous solutions of the complex seeded
with small single crystals, These crystals belonged to the tri-
clinic space group Pi with unit cell dimensions of ¢ = 9.631
(3), b =10.618 (3),c = 13216 (4) A; o = 113.86 (2), 8 =
100.19 (2), vy = 94.12 (2)°.20

The structure of the (10-MelAlo)(NH3)4Ru?* ion is shown
in Figure 1 and represents the first molecular structure de-
termination of a 1:1 octahedral metalloflavin complex of the
type postulated as an intermediate for inner-sphere electron
transfer!® and the first in which back-bonding and steric dis-
tortions of the heterocyclic ring are evident. The flavin ring
chelates the metal ion via the Ns and O4 atoms with a Ns-
Ru-Oy angle of 80.9 (5)°. The four Ru-NHj bond lengths are
a typical 2.12 A,2! while the Ru-Ns distance is only 1.980 (6)
A. The latter bond length is significantly shorter than expected
for a single bond to nitrogen for either Ru(II) or Ru(111)2!-23
and indicates some degree of multiple bonding. Back-bonding
interactions were predicted for this series of metalloflavin
complexes on the basis of their occurrence in a number of
Ru(Il) complexes with unsaturated heterocyclic mole-
cules.??-27 Remarkably, this bond length is shorter than the
1.991- and 2.058-A distances reported for amminerutheni-
um(I1) complexes with pyrazine?? and isonicotinamide > re-
spectively, in which strong steric repulsion involving the het-
erocyclic ligand does not occur. The only shorter Ru(11)-N
bond distance reported for a neutral nitrogen ligand is the
1.928-A bond length for complexation by dinitrogen,? which
is known to be a powerful m-acceptor ligand for this metal
ion.

The Ru-0y bond distance of 2.088 (7) A is similar to the
2.10-A length expected for a Ru-O single bond.?” The C4-Oy
distance of 1.269 (10) A is similar to those of other metallo-
flavin complexes which do not involve retrodative bonding,!5-19
so that back-bonding probably does not occur through the
carbonyl group. Instead the metal back-donation of electron
density appears to be localized in the Ns-Cy4, bond via d-
m*-orbital overlap. This is evidenced by the fact that the
Nis-Ca, bond distance of 1.351 (11) A is ~0.05 A longer than
the corresponding bond lengths in either the free ligand®® or
other metalloflavin complexes,!3-1° whereas the N|-Cq, bond
distance of 1.309 (11) A remains essentially unchanged.

Strong cooperative back-bonding and steric interactions
induce significant departures from the coplanarity normally
present between the benzene (A), bridging (B), and pyrimidine
{C) rings of isoalloxazines.?® The dihedral angles between the
A and B rings and between the B and C rings are 6.2 and 3.7°,
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Figure 2. Spectra of (a) the (10-MelAlo)(NH;3)4Ru?* ionin 0.1 M LiCl
at pH 7. (b) protonated (10-MelAlo)(NH3)4Ru'' in | M HC, and (c)
10-methylisoalloxazine at pH 7in 0.1 M LiCl.

respectively. The angle between the A and B rings is attributed
largely to steric repulsion between the Cg proton and the N -
coordinated ammonia group. The C¢-N: repulsion also dis-
places the metalion 0.05 A from the plane of the bridging ring.
However, this displacement is probably assisted by the large
degree of retrodative bonding which would tend to alter the
geometry around Ns. This is consistent with the Cs,-N35-Cy,
bond angle of 114.8°, which can be compared with the corre-
sponding angle of 117.5° in the free ligand.?® These back-
bonding and steric interactions also join to induce the canting
of the B and C rings. Depending on whether the N» and Ru
atoms are above or below the organic ligand, the net 10° bend
in the isoalloxazine ring is either up or down, yielding two en-
antiomeric complex ions with one of each enantiomer included
per unit cell.

A prominent feature of the spectra of the Ru-Flox complexes
(Figure 2) is the intense absorption centered around 617 nm,
which can be attributed to a metal-to-ligand charge transfer
(MLCT) band. The energies of these transitions for Ru(II)
complexes correlate with the reduction potential of the het-
erocyclic ligand and, therefore, with the ease of back-donation
of electron density onto the ligand,2426.30 5o that a low energy
MLCT band is to be expected with Flo ligands. Protonation
of the heterocyclic ligand at a site which is in conjugation with
Ru(Il) usually induces a bathochromic shift in the MLCT
band;24-26.30 however, in cases where the retrodative bonding
is extensive, this band has been observed to shift toward higher
energy.3132 Spectra of the Ru(II)-Flo, complexes taken in 1
M HC], where the ligand is partially protonated, reveal a shift
in the visible absorption band from 617 to 590 nm, and so are
consistent with the other indicators of extensive back-bond-
ing.33

glt has been suggested that shifts in the isoalloxazine band,
normally centered around 444 nm in the uncomplexed mole-
cule, toward lower energy correlates with the amount of metal
back-donation.? By this standard the occurrence of this band
at 475 nm in the neutral ligand complex (Figure 2) is consistent
with the postulate of considerable retrodative bonding. Unlike
previously reported Flox complexes, in which a small rapidly
exchangeable equilibrium quantity of Fl- prevents character-
ization by NMR,!3 the Ru(II)-Fl,x complexes are truly dia-
magnetic and have proven amenable to NMR studies.

Cyclic voltammetry studies of these complexes indicate a
single reversible and two irreversible redox processes. For the
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Figure 3. Cyclic voltammetry scan of (3,10-MezlAlo)(NH3)sRu?* taken
at 125 mV/s with a carbon paste electrode in 0.1 M LiClat pH 7.

(3,10-Me,IAlo)(NH3)4Ru(Il) complex (Figure 3) the po-
tentials of the three processes are pH dependent and peaks
occurred at nearly identical potentials on carbon paste and
platinum disk electrodes (scanning positive of the SCE po-
tential) and a hanging drop mercury electrode (scanning
negative of the SCE potential). The reversible wave centered
at —584 mV is attributed to the formation and oxidation of the
metallosemiquinone species. This occurs at a potential more
negative than might be expected for a metalloflavin com-
plex,?83% since the presence of metal ions usually stabilizes Fl-
in aqueous solution!23# and sterically induced bending of the
isoalloxazine ring should favor flavin reduction as well.® The
low potential for the reduction of the isoalloxazine ring must,
therefore, be due to considerable delocalization of electron
density from the metal onto this ligand.

Addition of a second electron to the heterocyclic ring occurs
at —844 mV, which is more negative than the corresponding
reduction potential for any neutral flavin or metalloflavin re-
ported to date. The two-electron reduction of the complex,
presumably yielding the fully reduced isoalloxaziné product,
results in decomposition of the complex. This is not surprising
in view of the fact that Fl,.q species are not good ligands and
protonation becomes strongly favored over metal coordination
at the N site.!

The anodic peak at 620 mV (862 mV vs. NHE) represents
the minimum potential necessary to oxidize the metal center.
However, the large peak current and the irreversibility of the
anodic wave indicates that other redox precesses may be in-
cumbent upon metal oxidation. The oxidation potential for
Ru(II) complexed by isoalloxazine is higher than that reported
for any ruthenium ammine or amine ion coordinated by a
single, neutral heterocyclic molecule.242340 Since Ru(IIT-11)
electrochemical potentials correlate with the w-acceptor ability
of the nitrogen ligand, these results are also consistent with a
large amount of metal-to-ligand back-donation of electron
density.

The steric and electronic properties evident in these com-
plexes indicate how a distorted octahedral metal ion, of the type
postulated for iron-sulfur cluster interactions with flavins,!'6
can alter the reduction potentials of the flavin and so cause it
to favor one-electron rather than two-electron transfers. Al-
though no structural parameters are available for the semi-
quinone form of flavins, it can be assumed that the A-B-C
angle of Fl- is between the 180° observed for Flox and the
144-160° measured for Fl,.q.¢ The coordinated ammonias,
chelation, and tight metal binding evident in the present
structure may limit the possible range of this dihedral angle,
so as to favor the one-electron reduction of the ring. This is
consistent with the cyclic voltammetry studies of these com-
plexes which indicate two sequential one-electron reductions.
Strong back-bonding interactions lower the electrochemical
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potentials for addition of electrons to the heterocyclic ligand,
even though the presence of a metal ion at Ns and the sterically
imposed bending of the isoalloxazine ring would be expected
to increase the potential for addition of at least the first elec-
tron.

Finally, this and related work2® now make it feasible to se-
lectively label either the isoalloxazine or adenine rings of the
FAD coenzyme by addition of Ru(11) under strictly anaerobic
or redox catalytic conditions, respectively. It is hoped that
coordination of Ru!%3 or Ru®” to FAD and related coenzymes
at either of these sites will yield radiopharmaceuticals which
may be of use as organ-imaging agents for diagnostic pur-
poses.*!
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Thermochemistry and Generation of Vinylketene
Sir:

Neutral vinylketene has so far eluded observation, although
its possible formation as a red compound, stable up to —160
°C, was reported by Conia et al.! in some flash thermolysis
studies of spiro[2.3]hexan-4-ones. Vinylketene has been pos-
tulated as an intermediate in [2 + 2] cycloaddition reactions
of cyclopentadiene with the dehydrochlorination product of
trans-2-butenoyl and 3-butenoyl chloride? and in other related
systems.?

We report here that vinylketene is obtained in high yield

from the gas-phase thermal decomposition of the en-yne
ether*3 CH,=CHC=COCH,CHj; (1).

I— C4H4O + C2H4
11

Ionized vinylketene has been proposed® as resulting from
the electron impact induced losses of (i) H>O from crotonic
acid (and some of its isomers), (ii) CH3OH from methyl cro-
tonate, and (iii) C,Hy4 from cyclohexen-2-one. The latter re-
action had an appearance energy (AE) which yielded a heat
of formation, AH; (C4H40)*- = 194 £ | kcal mol™!, a value
close to but significantly lower than that of the most stable
isomer? (furan)®-, AH; = 197 kcal mol~'. However, the
metastable peak characteristics of the reacting and nonreacting
(C4H40)*-ions produced by i, ii, and iii (see Table 1) show that
they cannot have the structure of (furan)™..

The ionic heat of formation of 11 and the metastable char-
acteristics of ionized II are consistent with the structural as-
signment given to [C4H4O]*- ions derived from i, ii, and iii.
Ethoxyethyne readily thermally decomposes to yield ketene
and C>Hg4.!! A similar 1,5-hydrogen shift in I would produce
vinylketene and C,Hy. When 1 is introduced into the ion source
of an AEI-GEC MS902S mass spectrometer via a heated glass
inlet system (7 = 100 °C), the highest mass in the resulting
70-eV mass spectrum has m/z 68, [C4H4O]*- (67%). Promi-
nent ions are observed at m/z 42, [CH,CO]™*- (14%); ni/z 40,
[C3Ha]*- (37%); m/z 39, [C3H3]* (78%); m/z 38. [C3H,]+
(17%); m/z 37, [C3H]* (11%); m/z 28, [CaH 4] (100%); my/z
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