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ruthenium was in the +3 rather than the +2 oxidation state. 
In either oxidation state, the loss of the complex approximates 
first-order kinetics as shown in Figure 2. (The initially greater 
rate of loss of the Ru(III) complex may reflect the presence 
of some more highly reactive sites of attachment.) The de
parture of the complex from the surface results primarily from 
the breaking of the ruthenium-pyridine bond rather than the 
amide bond holding the ligand on the electrode surface because 
re-exposing a depleted electrode to a 5 mM solution of 
Ru'"(edta)OH2 for 4 h resulted in replenishment of the at
tached complex to within 75% of its original value. 

The rate constants obtained from the slopes of the lines in 
Figure 2 are 2 X 1(T5 and 4 X 10~4 s"1 for the Ru(II) and 
Ru(III) complexes, respectively. These constants are to be 
contrasted with the values reported by Matsubara and 
Creutz23 for the breaking of the ruthenium-heterocyclic ni
trogen bond in the homogeneous complex of Ru(edta) with 
isonicotinamide.25 These values are 3.5 X 1O-6 26 and 0.7 s_1 

for the Ru(II) and Ru(III) complexes, respectively. There is 
thus a marked inhibition in the net rate at which the bond be
tween the heterocyclic nitrogen atom and the Ru(III) center 
is broken when the complex is bound to the electrode surface. 
A small rate enhancement is observed with the attached 
Ru"(edta) complex. 

A similar decrease in ligand substitution rates was observed 
(but not emphasized) in a previous report20 where Ru(edta) 
was attached to graphite electrodes by amide bonds formed 
by condensation of the uncoordinated acetate group in 
Ru(edta) with amine groups that were introduced on the 
graphite surface by a plasma etching procedure.19 In this case, 
the water molecule occupying a coordination position on the 
attached complex could be readily replaced with isonicotin
amide (and similar ligands) when the ruthenium was main
tained as Ru(II) but not if it was oxidized to Ru(IIl). This is 
opposite to the behavior of the unattached complexes where 
the Ru(III) form exhibits the greater reactivity toward ligand 
coordination.23 The source of the reversal in relative reactivity 
produced by the attachment is not difficult to identify in this 
case: The remarkably high substitutional reactivity of the 
unattached Ru!I,(edta) complex23 has been attributed23 to 
labilization of the metal-water bond by intervention of the 
uncoordinated acetate group, an effect that is also observed 
with CrHI(edta)27 and Com(edta).28 When the uncoordinated 
acetate group is used to form an amide bond between the 
electrode surface and the complex, it is no longer available for 
labilization of the water-metal bond; so a decrease in substi
tutional reactivity is to be expected. Indeed, the difference in 
reactivity between the attached and unattached Runi(edta) 
complex is evidence that an amide bond to the surface was 
formed by the attachment procedures. 

In the present study the RuIU(edta) complex was attached 
by coordination of a bound ligand directly to the Ru(III) center 
so that the attached complex still contains an uncoordinated 
acetate group. That a significant decrease in reactivity is 
nevertheless observed suggests that the labilizing capacity of 
the acetate group is lessened considerably when the complex 
is attached to the surface. Supporting this interpretation is the 
fact that the same kinetics are observed in both neutral and 
acidic electrolytes (Figure 2). At pH 1.5 the uncoordinated 
acetate group in Ru'"(edta> te protonated and the rates of the 
homogeneous substitution reactions of the complex are de
creased markedly.23 The lack of a corresponding pH sensitivity 
of the attached complex is good evidence that the acetate group 
is no longer an effective labilizing agent when the complex is 
attached. 

The array of acetate groups carried by bound complexes 
might be expected to resemble the fixed groups in ion-exchange 
resins in that counterions will be closely associated with them. 
The formation of such ion pairs at the surface could pose a 

substantial impediment to the labilizing action of the acetate 
groups and may be the origin of the decrease in substitutional 
reactivity of the bound complex. 

The particular chemistry responsible for the unusual sub
stitutional lability of Ru'"(edta) complexes,23 depending, as 
it does, on the intramolecular intervention of an uncoordinated, 
charge-bearing ligand, may be especially susceptible to mod
ification by attachment to the electrode. The much smaller 
difference in reactivity between the attached and unattached 
Ru"(edta) complex (which does not exhibit a much greater 
reactivity than the corresponding ammine complex23) supports 
this idea. Experiments are underway in these laboratories with 
a variety of attached complexes in order to determine whether 
substitutional deactivation is the exception or the rule when 
coordination compounds are bound to electrode surfaces. 

Acknowledgments. We are grateful to Roger Baar for 
helpful discussions and assistance with the preparation of 
Ru'"(edta). This work was supported by the National Science 
Foundation. 

References and Notes 
(1) R. F. Lane and A. T. Hubbard, J. Phys. Chem., 77, 1401, 1411 (1973). 
(2) A. P. Brown, C. Koval, and F. C. Anson, J. Electroanal. Chem., 72, 379 

(1976). 
(3) R. J. Burt, G. J. Leigh, and C. J. Pickett, J. Chem. Soc, Chem. Commun., 

940(1976). 
(4) D. G. Davis and R. W. Murray, J. Electroanal. Chem., 78, 195 (1977). 
(5) J. C. Lennox and R. W. Murray, J. Electroanal. Chem., 78, 395 (1977). 
(6) A. P. Brown and F. C. Anson, J. Electroanal. Chem., 83, 203 (1977). 
(7) J. Zagal, R. K. Sen, and E. Yeager, J. Electroanal. Chem., 83, 207 

(1977). 
(8) A. W. C. Lin, P. Yeh, A. M. Yacynych, and T. Kuwana, J. Electroanal. Chem., 

84,411 (1977). 
(9) G. J. Leigh and C. J. Pickett, J. Chem. Soc, Dalton Trans., 1797 (1977). 

(10) M. S. Wrighton, R. G. Austin, A. B. Bocarsly, J. M. Bolts, O. Haas, K. D. Legg, 
L. Nadjo, and M. C. Palazzotto, J. Am. Chem. Soc, 100, 1602 (1978). 

(11) A. J. Bard and A. Merz, J. Am. Chem. Soc, 100, 3222 (1978). 
(12) J. C. Lennox and R. W. Murray, J. Am. Chem. Soc, 100,3710(1978). 
(13) J. M. Bolts and M. S. Wrighton, J. Am. Chem. Soc, 100, 5257 (1978). 
(14) C. A. Koval and F. C. Anson, Anal. Chem., 50, 223 (1978). 
(15) P. R. Moses, L. M. Wier, J. C. Lennox, H. O. Finklea, J. R. Lenhard, and R. 

W. Murray, Anal. Chem., 50, 576 (1978). 
(16) A. M. Yacynych and T. Kuwana, Anal. Chem., 50, 640 (1978). 
(17) K. Itaya and A. J. Bard, Anal. Chem., 50, 1487 (1978). 
(18) M. S. Wrighton, R. G. Austin, A. B. Bocarsly, J. M. Bolts, O. Haas, K. D. Legg, 

L. Nadjo, and M. C. Palazzotto, J. Electroanal. Chem., 87, 429 (1978). 
(19) N. Oyama, A. P. Brown, and F. C. Anson, J. Electroanal. Chem., 87, 435 

(1978). 
(20) N. Oyama and F. C. Anson, J. Electroanal. Chem., 88, 289 (1978). 
(21) N. Oyama and F. C. Anson, J. Am. Chem. Soc, 101, 739 (1979). 
(22) G. Henrice-Olivicie and S. Olivicie, "Coordination and Catalysis", Verlag 

Chemie, Weinheim/Bergstr., Germany, 1977. 
(23) T. Matsubara and C. Creutz, J. Am. Chem. Soc, 100, 6255 (1978). 
(24) M. Mukaida, H. Okuno, and T. Ishimori, Nippon Kagaku Zasshi, 86, 56 

(1965). 
(25) The direct compai ison of the reaction rates of the isonicotinamide complex 

with that of the (attached) 4-methylamidopyridine complex seems warranted 
in view of the relative insensitivity of substitution kinetics at such complexes 
to changes in substituents on the pyridine ring; cf. R. Shepherd and H. 
Taube, lnorg. Chem., 12, 1392 (1973). 

(26) This value results after correction of a calculational error in ref 23. 
(27) F. Thorneley, A. G. Sykes, and P. Gans, J. Chem. Soc A, 1494 (1971); H. 

Ogino, T. Watanabe, and N. Tanaka, lnorg. Chem., 14, 2093 (1975); V. 
Sulfab, R. S. Taylor, and A. G. Sykes, ibid, 15, 2388 (1976). 

(28) I. A. Shimi and W. C. E. Higginson, J. Chem. Soc. A, 260 (1958). 

Noboru Oyama, Fred C. Anson* 
Contribution No. 5921 

Arthur Amos Noyes Laboratory 
California Institute of Technology 

Pasadena, California 91125 
Received November 16, 1978 

Transfer of O2 from a 4a-Hydroperoxyflavin Anion 
to a Phenolate Ion. A Flavin-Catalyzed 
Dioxygenation Reaction 

Sir: 

4a-Hydroperoxyflavin is believed to be an intermediate in 
the reactions catalyzed by two types of flavoenzyme mo-
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Figure 1. Plots of the first-order rate constants for the solvolysis of 4a-
FIEtOO" (5 X 10 -5 M) vs. the concentration of /-BuO -K+ in the absence 
(+) and presence (O) of 5.5 X 1(T3 M I. For the latter the [I -] = [/-
BuO -K+] added since [1] > [NBuO -K+] and the proton basicity of I -

< /-BuO -. The inset to the figure represents the time dependence for the 
formation and disappearance of 4a-FlEtOO- (A370) and FlEt- (AM0) on 
reaction of 5 X 1O-5 M FlEt- with 2.5 X 1O-3 M O2. FlEt- was generated 
by the addition of 2 equiv of /-BuO -K+ to a solution of FlEtH in /-BuOH. 
The appearance of FlEt- (to 10%) accompanies the decomposition of 
4a-FlEtOO- as has been observed using authentic 4a-FlEtOO - . u b The 
rate constant for the decomposition of 4a-FlEtOO- generated from FlEt-

+ O2 (4.3 X 10"2S-1) is identical with that obtained for the decomposition 
of authentic 4a-FlEtOO -(4.6 ±0.2 X 1O - 2S - -)• 

nooxygenases.1 With aromatic hydroxylases, the reaction of 
this flavin hydroperoxide intermediate (Enz-4a-FlH00H) 
with a phenolic substrate (e.g.,/?-hydroxybenzoate, salicylate, 
etc.) results in the hydroxylation of the latter.2 Bacterial Iu-
ciferases, on the other hand, utilize Enz-4a-FlHOOH to 
convert a long-chain aldehyde to the corresponding acid, 
emitting light in the process.3 4a-Hydroperoxy-5-alkyl-3-
methyllumiflavins (4a-FlR00H) have been synthesized in this 
laboratory and shown to undergo a chemiluminescent reaction 
with aldehydes.4'5 Through various modifications of this model 
for the luciferase system, it has been possible to draw mecha
nistic deductions about the details of this fascinating reaction.6 

The question now arises as to whether synthetic 4a-FlEtOOH 
will hydroxylate phenols or phenolate ions in model systems. 
Herein we report the results of our initial study which involves 
the reactions of 4-methyl-2,6-di-?ert-butylphenol7 (I) with 
4a-FlEtOOH (dry tert-h\xiy\ alcohol solvent,8 30 0C, anaer
obic unless stipulated, 4a-FlEtOOH disappearance monitored 
at 370 nm). 

Kinetic and product analyses established that I (to 0.1 M) 
does not react with 4a-FlEtOOH. The rate of decomposition 
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of 4a-FlEtOOH9 is not influenced by the presence of I and I 
was shown, by LC analysis,10 to be unchanged. Thus, the un
ionized phenol does not react with un-ionized 4a-FlEtOOH 
or any product derived from 4a-FlEtOOH upon its spontane
ous decomposition. The rate constant (k = 4.6 ± 0.2 X 1O-2 

s - ' ) for decomposition of the species 4a-FlEtOO~ was deter
mined1 ' to exceed that for decomposition of 4a-FlEtOOH (k 
= 1.0 X 1O-4S-1) and to be independent (Figure 1) of the 
concentration of the lyate base when [?-BuO-K+] > [4a-
FlEtOOHj] • When 4a-FlEtOO- was generated by the addi
tion of increasing amounts of I - u (instead of f-BuO-K+), its 
rate of disappearance was found to increase and then gradually 
become independent of [I -] (Figure 1). Analysis of the prod
ucts of the reaction of 1.3 X 1O-4 M 4a-FlEtOO- with 5 X 
1O-3 M I - showed that 4a-FLEtOO" was converted to reduced 
flavin anion (FlEt-) while I - was dioxygenated to provide HI - . 
Furthermore, the reaction was found to be essentially quan
titative yielding ~95% FlEt- and 94% III - based on [4a-
FlEtOO-] employed.13 When III produced in this reaction was 
allowed to remain under the original basic conditions (N2 at
mosphere), its slow partial conversion to II was observed. The 
same observation was made by Kharasch and Joshi7 who ex
ploited this conversion in synthesizing II. 

Since it has been previously established4-14 that N5-blocked 
reduced flavins react with O2 to provide 4a-FlR00H, we have 
in fact discovered the existence, in a model system, of a fla
vin-catalyzed dioxygenation reaction 

FlEt- + O2 — 4a-FlEtOO-

4a-FlEtOO- + I - — FlEt- + IH" 
(l] 

III 

If the reactions of eq 1 are valid, one would then be forced to 
the conclusion that, in the presence of excess I - and O2, FlEt-

would enter as a steady-state component in the equilibrium 
A l [O2] 

FlEt- < = i 4a-FlEtOO- (2) 
* - i 

The observed pseudo-first-order rate for establishment of the 
equilibrium of eq 2 should be equal to the sum of the forward 
and backward rates. In eq 2, k-\ is the rate constant deter
mined for reaction of I with 4a-FlEtOO- at a given [I -]. After 
correction for the rate of disappearance of 4a-FlEtOO~ in the 
absence of I - (Figure 1), fc_, ([I -] = 5 X 1O-3 M) has a value 
of 2.9 =F 0.2 X 10 - ' s - ' . In separate experiments in which 5 X 
1O-5M FlEt- and 2.5 X 10 -3 M O2 were employed, ki [O2] 
was determined to be 1.46 T 0.2 X 10-1 s - 1 (inset in Figure 
1). Using the same concentrations of FlEt- and O2 but in
cluding 5 X 1O-3 M I - in the reaction mixture provided a rate 
constant, keq, of 4.1 =F 0.3 X 10 - ' s - ' . ' 5 Thus, within experi
mental error, keq = &i[02] + k-\. This indicates that the 
equilibrium of eq 2 does indeed occur. 

The finding that the rate of O2 transfer from 4a-FlEtOO-

to I - is independent of [I -] when [I -] > 2 X 10 -3 M (Figure 
1) may be explained by (a) essentially all of 4a-FlEtOO- being 
tied up in a complex with I - or (b) rate-determining conversion 
of 4a-FlEtOO- to some other species which then reacts very 
rapidly with I - . Complex formation does not seem reasonable 
on the basis that (i) no complexation of the neutral I species 
and 4a-FlEtOOH is kinetically detectable and (ii) a double 
reciprocal plot (\/k vs. 1/[I-]) provides a hypothetical dis
sociation constant (2.5 X 1O-4) which would require an un
reasonably tight binding between the negatively charged 
4a-FlEtOO- and I - species in a nonaqueous environment. 
Three alternate mechanisms may be envisioned for b. One of 
these is cyclization of 4a-FlEtOO- to a four- or six-membered 
peroxide ring via intramolecular attack of the peroxide anion 
moiety at the C(IOa), C(4), or C(2) positions of the flavin ring. 
We cannot rule out the possibility that such a cyclic peroxide 
(or a further derivative) is able to transfer O2 to I - . One would 
expect that nucleophilic attack by (or 1 e - transfer by) I - on 
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Scheme I 

Scheme II 

4a-FlEtOO- . FlEt" + O2 
ft-i 

I- + o, ni-

4a-FlEt00" . ' FlEt- +O 2-

FlEt' +1 •• FlEt" + I-

!• +0 , 
k 

— III-

a cyclic peroxide would result in 0 - 0 bond cleavage. (Because 
the N5 position is blocked in 4a-FlEtOO- and in its product 
FlEt-, it is highly unlikely that any covalent adduct at this 
position can be involved.) Two other possible mechanisms are 
depicted in Schemes I and II. For Scheme I to be consistent 
with the results, /V2[I

-] must be greater than the observed rate 
constant for the reaction of 4a-FlEtOO- under saturation by 
I - ( [ I - ] > 2 X 10-3M), i.e., 0.29 s-'. Using the value of/t2 
(Scheme I) which we have determined in separate experi
ments,16 Jr2[I-] = (3.5 X 10-' M-' S-') (5 X 1O-3 M) = 1.75 
X 10-3 s-'. Since k2[l~] has a value ~102-fold less than 0.29 
s_ l , Scheme I may be ruled out on experimental grounds. 
Scheme II may also be put to an experimental test. If Scheme 
II is to be consistent with our results, not only must I - be able 
to reduce the flavosemiquinone (FlEt-), but it must do so at a 
fast enough rate so that £'2[I -] > 0.29 s -1. In independent 
experiments, I - was shown to reduce FlEt- to FlEt- with an 
associated second-order rate constant (/c'2) > 106 M - 1S - 1 . 1 7 

Since k'2[l~] » 0.29 s -1, Scheme II is kinetically viable. Of 
the two other steps in Scheme II, the third one is analogous to 
the well-established coupling between phenoxy and alkylperoxy 
radicals,18 and should occur readily. Whether or not 4a-
FlEtOO- is in equilibrium with FlEt- and O2

-- as in the first 
step cannot be stated with certainty at the present, though this 
possibility has previously been suggested by other investiga
tors.19 The spontaneous decomposition of 4a-FlEtOO- yields 
only~10%FlEt-9b'" (inset in Figure 1). 

Regardless of what the mechanism of O2 transfer from 
4a-FlEtOO- to I - may be (a subject of continuing investiga
tion), the fact that it occurs in a very facile reaction raises the 
question as to the possibility that a similar transfer may operate 
in flavodioxygenase and conceivably in flavomonooxyge-
nase-catalyzed reactions. The only established flavoenzyme 
dioxygenase (which utilizes 2-methyl-3-hydroxypyridine-
5-carboxylate20) is partially inhibited by superoxide dismu-
tase.21 The reaction catalyzed by at least one flavoenzyme 
monoxygenase, w-hydroxybenzoate 4-hydroxylase, is also 
inhibited by superoxide dismutase.22 Note that superoxide is 
an intermediate in the kinetically viable mechanism of Scheme 
II. Beckett and Belanger23 have proposed that the C- and 
N-oxidation of amines (overall a monooxygenase reaction) 
actually occurs by transfer of O2

-- via flavoenzyme to yield 
an /V-hydroperoxide (>N-OOH) by combination of the 
generated O2

-- and >N+- species. In essence, this type of 
process is incorporated in Scheme II. In the model system, the 
reaction comes to a halt after the O2 transfer step yielding 
reduced flavin and dioxygenated substrate (IH -). This is so 
because the peroxy moiety of III resides at a tertiary carbon. 
Such a structural restraint would not be present upon perox
idation of substrates for flavoenzyme monooxygenases as 
shown in the hypothetical mechanism of eq 3 for p-hydroxy-
benzoate hydroxylase. Thus, unlike III, which is prevented 
from rearrangement by the 4-methyl group, the hydroperox-

H+ 

J^OH 

(3) 

ides which might be derived from natural aromatic flavomo-
nooxygenase substrates may dehydrate (or decarboxylate as 
in the case of salicylate1) to a quinone.24 This would then be 
followed by the reduction of the quinone by the adjacent re
duced flavin (a reaction known to occur nonenzymatically 
>107 M - 1 s -1)25 yielding the experimentally observed prod
ucts (eq 3). As with III, the hydroperoxylated substrate of the 
only known flavoenzyme dioxygenase (see above) is prevented 
from rearranging to a quinone by the substitution of the peroxy 
group at a tertiary carbon. Thus, another path which results 
in ring opening is taken.20 It is not clear at this point if the re
action sequence shown in eq 3 (in which not all of the possible 
intermediates are shown) can account for the three spectral 
intermediates that have been observed on reaction of p-hy-
droxybenzoate hydroxylase with the alternate substrate 2,4-
dihydroxybenzoate.2c Massey and co-workers have specula
ted 1,2c on the structure of these intermediates; for example, 
intermediate B (Xmax 410 nm) has been suggested to be a 4a-5 
ring-opened flavin—a compound whose absorption spectrum 
is not known because it has never been synthesized. Though 
we prefer not to speculate on the identity of these intermediates 
at this time, we would like to point out that the spectra that 
were observed are not necessarily due to flavin derivatives alone 
(as assumed by Massey and co-workers2c)—a substrate de
rivative may also show absorption in this region. For example, 
o-benzoquinone has a Xmax at 370 nm in benzene (e ===3200 
M - 1 cm-1).26 In methyl-substituted o-benzoquinone this band 
shifts to •~410 nm. Phenoxy radicals may also show absorption 
in this region. 

Could it be that the only mechanistic difference between the 
aromatic flavoenzyme monooxygenases and the flavoenzyme 
dioxygenase lies in the fate of the initially formed dioxygenated 
product? It should be pointed out that the quantitative transfer 
of only the terminal oxygen of dissociated 4a-FlEtOOH to 
thioxane (S) has been previously established: 

4a-FlEtOOH + S ^ 4a-FlEtOH + SO (4) 

This monoxygenase model reaction occurs with a second-order 
rate constant (MeOH solvent) which is 2 X 105 greater than 
that obtained when 4a-FlEtOOH is replaced by J-BuOOH.5 

Do 4a-FlR00H species act as single oxygen transfer agents 
while 4a-FlR00 - species behave as dioxygen transfer 
agents? 
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Three Isomers of the AI-C2H2 System 

Sir: 

In two recent communications to this journal, Kasai and 
McLeod have reported the synthesis of the aluminum atom-
ethylene' and aluminum atom-acetylene2 adducts. From the 
electron spin resonance (ESR) spectra of these new molecules, 
Kasai and McLeod draw some qualitative conclusions con
cerning their molecular structures. Although the ESR data 
suggest a conventional3,4 w-bonded structure for Al-C2H4, 
Kasai and McLeod suggest a very different sort of equilibrium 
geometry for AI-C2H2. In the latter case, an Al-C a bond 
seems more consistent with the experimental data, and the 
resulting structure is quite reminiscent of the vinyl radical. 

In the present theoretical study we compare the -K- and 
o--bonded structures considered by Kasai and McLeod. 
However, we emphasize here the possibility of a third isomer 
of AI-C2H2. As noted elsewhere,5^7 single metal atoms form 
relatively strong chemical bonds with carbenes. For this reason 
we have considered the aluminum-vinylidene complex in some 
detail. Although the isolated vinylidene molecule lies ~40 kcal 
higher8 in energy than acetylene, it is expected to form a rather 
strong bond to the Al atom. 

Most of the theoretical work reported here employed stan
dard double-f basis sets9 of contracted gaussian functions. In 
the usual notation,10 these are labeled Al(I Is 7p/6s 4p), C(9s 
5p/4s 2p), H(4s/2s). For 7r-bonded Al-C2H2 the lowest energy 
electron configuration is found to be 

1 a?2a? 1 bWM 1 b?2bz5a? 3b2
!6a?7a? 2b? 8a? 4b2 (1) 

while that for the obonded vinyl radical like complex is 

la,22a,23a'24a'25a'2la"26a'27a'28a'29a'210a'22a"2lla'212a' 
(2) 

This radical of course has two plausible conformations, with 
the terminal hydrogen lying cis or trans to the aluminum atom. 
Finally the vinylidene complex has as its lowest electronic state 
the electron configuration 

1 a?2a?3a?4a?5a? 1 b? 1 b^6a?7a?2b^8a?2b?9a?3b2 (3) 

As implied by the above discussion, self-consistent-field wave 
functions1' were computed for several electronic states of each 
of the three isomers. 

There appears to be no significant chemical attraction for 
the 7T configuration OfAl-C2H2. That is, although dispersion, 
electrostatic, and charge-transfer interactions are present,12 

the 7r-bonded Al-C2H2 dissociation energy is expected to be 
<5 kcal/mol. The same conclusion holds for 7r-bonded Al-
C2H4, where the effects of extensive configuration interaction 
and aluminum d functions were explicitly considered. 

The equilibrium geometries of the rj-bonded and vinylidene 
complexes are given in Figure 1. At the SCF level of theory the 
0- complex is bound by 8.0 (trans) or 8.2 kcal (cis), while the 
vinylidene complex is bound by 21.5 kcal relative to infinitely 
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