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The reduction of C@and H" by Ni(cyclam)" in aqueous solution was found to proceed by the reduction of
Ni(cyclam)(CQ)™ or Ni(cyclam)(H}t by Ni(cyclam)™. At ambient temperature the rate constants for the
bimolecular reactions are 1.6 10° and 7.2x 10" M~1 s71, respectively. Continuoug-radiolysis studies have
demonstrated nearly quantitative formation of CO from two Ni(cycfaat)pH 5.2 under 1 atm of C{and in

the presence of formate. Under the same conditions, but at lowcG@entration, the reduction of protons was
found to compete with COreduction.

Introduction CO;, to the +1 oxidation-state metal centers, little knowledge
exists on the mechanism of,tnd CO evolution from these
intermediate species. A notable exception is the work of Fujita
et al. who studied the slow reduction of ¢By CoL", where
Lis 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-
4,11-diene, in acetonitrile and found it to proceed by a second-
order process involving two CdlLcenterst1a

Until recently}8 the most efficient and selective catalyst for
the reduction of C@to CO in acidic (pH 4) aqueous solution
was the complex Ni(cyclariy, where cyclam= 1,4,8,11-
tetraazacyclotetradecat@.PHydrogen evolution in this system
was observed below pH 4° While equally high current
efficiencies were observed earlfethe selectivity displayed

Since the work of Brown et &l.and that of Fisher and
Eisenberg almost 20 years ago, a remarkable effort has been
put forward to study the photo- and electrochemical reduction
of protons and/or C®by cobalt(ll) and nickel(ll) macrocycle
complexes. As a result, considerable knowledge now exists on
the chemistry and physical properties of many*Gmd Ni*
macrocycle complexes in the solid staie,solution®° and at
an electrodé® 18 However, despite the accumulation of kinetic
and thermodynamic information on the binding of protons and
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toward CQ in the presence of protons is a remarkable aspect
of Ni(cyclam)" chemistry. Introducing Ni(cyclam)into the
photochemical system of Brown et%has been demonstrated
to reduce CQ at pH 5 although with low vyields for CO
formation8b

Electrochemical investigations of the reduction of Q&Y
Ni(cyclam)™ have demonstrated that the active catalyst is
absorbed on the surface of the electrode and have suggested
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that homogeneous Ni(cyclarn)s inactive as a cataly3f2 The

low CO yields observed during the photochemical reduction of
CO, by Ni(cyclam)",8b coupled with the importance of the
absorbed complex in electrochemical studf@saise questions
concerning the ability of Ni(cyclam)to function as a homo-

geneous catalyst. This is an unfortunate conclusion since the

strongly reducing nature of Ni(cyclarm)E°(Ni(cyclam@+ =

— 1.33 V!2band the low |, of Ni(cyclam)(H@F, pKy = 1.81°
suggest that Ni(cyclam)is an ideal agueous reducing agent
for COs.

In previous work, we have characterized the rapid binding
of CO, and protons by Ni(cyclam)using both pulse radiolysis
and laser flash photolyst8.From that work it is now apparent
that the selectivity displayed by Ni(cyclamjoward CQ over
protons at pH 4 is not the result of an intrinsic selectivity. In
fact, the reactivity of Ni(cyclant) toward CQ and protons, and
the stabilities of the adducts, Ni(cyclam)(@®and Ni(cyclam)-
(H)z", are quite similat® Rather, the apparent selectivity is
primarily due to concentration differences of the two species,
i.e., 36 mM CQ (1 atm) and 0.1 mM protons (pH 4). In the

Kelly et al.
Table 1. ProductG Values Followingy Irradiatior?
vacuum-degassed soln @®atd soln
G(H)  G(CO)  G(CO) G(H)  G(CO)
obsd 0.24 0.26 0.10 0.10 0.24
calcd 0.10 0.34 0.00 0.10 0.00

a Conditions: 0.5 mM Ni(cyclam)(Clg)., 0.1 M HCGQ,, pH 5.2,
22 + 2 °C and doses= 0.5-1.0 kGy. G values are given in units of
wumol J1. ®Values measured in this workCalculation based on the
values given in the text, assuming no reaction between Ni(cyclam)
and protons or C@

Continuous Radiolysis Continuous radiolyses were carried
out at room temperature on 25 mL solutions usiné’@o—
Gammacell with a dose rate of ca. 60 Gy minThe exact
absorbed radiation dose was determined with the Fricke
chemical dosimeter assuming(Fe’*) = 1.61 umol J1.23
Solutions were degassed under vacuum or equilibrated with 1
atm of purified CQ using standard vacuum-line techniques. The
gaseous products were removed from the irradiated sample by
means of an automatic Toepler pump, and their total volume

current work, we report the results of kinetic studies on the decay \yas measured in a gas buret. The gas was then analyzed by

of Ni(cyclam)™ as a function of proton and G@oncentration.
Additionally, we have studied gaseous product yields from the
continuousy-radiolysis of agueous solutions of Ni(cyclath)

From these results, we propose a mechanism for the catalytic

two-electron reduction of protons and €8y Ni(cyclam).

Experimental Section

Materials. The compound Ni(cyclam)(CIg, was prepared
according to published procedufésand was purified by

repeated recrystallization from water and acetone. Sodium
formate was reagent grade and was used as received. Water

was obtained from a Millipore (Milli-Q) water purification
system. Solutions were purged with Ar or saturated wit®N
CGO;, or Ar/CO, mixtures of known composition with 1 atm total
pressure. The solubility of COn water at 1 atm partial pressure
was taken to be 3& 2 mM at 22+ 2 °C2i.e., the temperature

at which the experiments were performed. In some cases,

gas chromatography.

Results

Continuous Radiolysis The gaseous product yields following
continuousy-irradiation of solutions containing 0.5 mM Ni-
(cyclam¥™ and 0.1 M HCQ~ at pH 5.2 in vacuum-degassed
and CQ-saturated (1 atm) solutions are given in Table 1.

Pulse RadiolysisPulse radiolysis was used to generate e
COs7, and H, which we have used for the one-electron
reduction of Ni(cyclan®)".*® However, 2-methyl-2-propanol was
not used as a hydroxyl radical scavenger due to the reaction of
Ni(cyclam)" with the 2-methyl-2-propanyl radical previously
described by Jubran et al., eqAlthough we did not study

Ni(cyclam)™ + *CH,C(CH,),OH — Ni(cyclamy™ +
CH,=C(CHy), + OH™ (1)

solutions were degassed by stardard vacuum-line techniques.

Solution pH was adjusted with HClGMerck, Suprapur).
Pulse Radiolysis Pulse radiolysis was performed using the

this reaction in detail, we confirmed that Ni(cyclamjeacts
with 2-methyl-2-propanyl radical and have estimated the rate

12 MeV electron linear accelerator at the FRAE-CNR Institute constant to be & 10° M~1 s L.

in Bologna. The irradiations were carried out at ambient In pu|se radi0|ysis studies using formate as the hydroxy|
temperature, 22 2°C,on Samples contained in SpeCtrOSil cells radical scavenger in the absence of addedz’m_zs% of

of 2 cm optical path length. Solutions were protected from the Nj(cyclam)+ formed by the reduction of Ni(cyclar) with e,
analyzing light by means of a shutter and appropriate cutoff and CQ*~ disappears according to a process which can be
filters. The monitoring light source was either a 450 W Xe arc approximated to first-order, Figure 1. The value of the observed
lamp or a 50 W tungsterhalogen lamp, the latter being used rate constant,,s was independent of [Ni(cyclaf)] over the
when performing long time scale measurements. The bandwidthrange 0.+0.5 mM, but increased linearly with dose, Figure 1
used throughout the pulse radiolysis experiments was 5 nm. Theinset. The nature of this reaction will be discussed below.
radiation dose per pulse was monitored by means of a charge The decay of the remaining Ni(cyclamibsorbance yielded
collector placed behind the irradiation cell and calibrated with jinear plots of 1/AA — AA.) vs time, whereAA and AA., are

a NbO-saturated solution containing 0.1 M HgGand 0.5 mM
methyl viologen (1,%dimethyl-4,4-bipyridinium dication; M\2")
usingGe = 9.66 x 1074 m? J1 at 602 nn?2 G(X) represents

the absorbance changes observed at tirmad infinity after
the pulse, Figure S1. A representative fit of the absorbance
change data as a function of time is given in Figure 2. Kinetic

the number of moles of species X formed or consumed per joule hehavior of this type is consistent with a second-order process.
of energy absorbed by the system. The observed rate constakgys obtained from the absorbance
change data, is a function of the second-order rate congant,
the difference between the molar decadic absorption coefficients
of the reagents and products at a specified wavelergthand

the optical path length of the sample, For an elementary
second-order reactidyys = k/(Ael). The dimensions dfops K,
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Figure 1. Time dependence of the absorbance monitored at 380 nm
for the initial decay of Ni(cyclam) following the pulse irradiation of
Ar-purged solutions containing 0.5 mM Ni(cyclathand 0.1 M HCQ™

at pH~ 7. The dose per pulse was 88.6 Gy, and the optical path length

was 2.0 cm. The solid line represents the first-order kinetic fit to the
data. Inset: Plot of the observed first-order rate constap,vs the
irradiation dose, under the same conditions as those given above.
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Figure 2. Example of time dependence of absorbance at 380 nm from
the pulse irradiation of Ar-purged solutions containing 0.5 mM Ni-
(cyclam¥™ and 0.1 M HCQ™ at pH 2; dose per pulse 48.6 Gy;
optical path= 2.0 cm. The solid line represents the second-order kinetic
fit to the data. Inset: plot of logoss (extrapolated to zero dose) vs pH.
The solid line represents the linear fit to the data based on eq 21.

Ae, andl are s, M~1 s71, M~1 cm™%, and cm, respectively.
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Figure 3. Plot of kyss Vs [CO;] from the pulse irradiation of solutions
containing ca. 0.5 mM Ni(cyclarf) and 0.1 M HCQ™ at pH 2 (v),

pH 3 (#), and pH 5.2 @®). Observations were made at 380 nm with an
optical path length of 2.0 cm and a dose per pulse of ca. 50 Gy. The
solid lines represent the best fits of eq 24 to the data.

The decay of Ni(cyclam)is accelerated by the presence of
CO;, but continues to be well represented by the second-order
model. The effect of C®concentration on the decay of Ni-
(cyclam)" was investigated in the pH range 5.2, Figure 3.
Investigations of the C@reaction at higher pH was not
attempted due to the formation of a species with a visible
absorption spectrum similar to that@s-Ni(cyclamy+,24 which
we tentatively attribute tois-[Ni(cyclam)(CQy)]. The chemistry
of the latter species was not investigated. At pH 5.2, the lifetime
of Ni(cyclam)" was identical under 1 atm of #br 1 atm of
Ar.

Discussion

In the absence of CQthe following reactions and associated
G-values (in parenthesesmol J1)25 are anticipated assuming
no reaction between Ni(cyclam)and either protons or CO

H,O w=> H" (0.06),"OH (0.28), g, (0.27),
H, (0.045), HO, (0.07) (2)
H* (0.06)+ HCO,” — H, (0.06)+ CO,” (0.06) (3)

"OH (0.28)+ HCO,  — H,0 + CO,~ (0.28)  (4)

As will be discussed below, the observed second-order decay

is the result of a composite reaction mechanism and, as a result,

kobs 7 k/(Ae€l) in the present case. Evaluation of the elementary
rate constants will be discussed below.

The fit of the second-order model to the data required the
presence of a small, i.e510%, value forAA., indicative of
the formation of longer lived products. Unfortunately, we were
unable to obtain reliable kinetic or spectral information regarding

the nature of these products using the pulse radiolysis technique
However, by irradiating a vacuum-degassed solution containing

0.5 mM Ni(cyclam$*™ and 0.1 M HCQ™ at pH 5.2 with 200
pulses of 50 ns duration and at a repetition rate of 5 Hz, with
each pulse delivering a dose of approximately 10 Gy, a
differential absorption spectrum could be acquired with a
conventional spectrometer45 s after the irradiation. The long-
lived product exhibited a band at 354 nm, a shoulder4®0
nm, and a broad weak band @620 nm.

In general, the observed rate const&gis was found to be
a function of both dose (ca. 280 Gy) and pH, Figure S1,
inset. The values dfy,s extrapolated to zero dose, were found
to be 1.3x 10 9.4 x 1%, 128, 7.3, and 0.73 3 at pH 2, 3,
4,5.2, and~7, respectively, Figure 2, inset. At pH 2 and 3, the
values ofkgps were independent of irradiation dose, within
experimental error.

&, (0.27)+ Ni(cyclamf* — Ni(cyclam)' (0.27) (5)

CO,”” (0.34)+ Ni(cyclamy* —
CO, (0.34)+ Ni(cyclam)" (0.34) (6)

The yield of Ni(cyclam} is therefore expected to &&= 0.61,
_i.e., the sum of eq 5 and 6. However, an initial loss of-20

25% of Ni(cyclam) was observed that we attribute to the
oxidation of Ni(cyclamy by H,O,, eq 7. Hydrogen peroxide is

2Ni(cyclam)’ + H,0,— 2Ni(cyclamf" +20H  (7)
formed radiolytically withG = 0.072° eq 2. On the basis of
the stoichiometry of eq 7, #D, produced during the irradiation
is capable of consuming ca. 23% of the Ni(cycldnyjeld,
consistent with observation, Figure 1. Th&-fold excess of

(24) (a) Billo, E. J.Inorg. Chem 1981, 20, 4019-4021. (b) Billo, E. J.
Inorg. Chem 1984 23, 2223-2227. (c) Barefield, E. K.; Bianchi,
A.; Billo, E. J.; Connolly, P. J.; Paoletti, P.; Summers, J. S.; Van
Derveer, D. Glnorg. Chem 1986 25, 4197-4202.

(25) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, Al B2hys.
Chem. Ref. Datd4988 17, 513-886.
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Ni(cyclam) over HO; results in a pseudo-first-order decay of (G = 0.26) CQ yield. The yield of B (G = 0.24) is in excess
the reduced nickel complex. By converting the dose into [Ni- of the anticipated yield bys = 0.13. The sum of the CO and
(cyclam)t], assumingG(Ni(cyclam)") = 0.61, a bimolecular excess hydrogen yield§ = 0.23, is again equal to about half
rate constant was obtained from a plokgfsvs dose, Figure 1 the anticipated Ni(cyclani) yield. That is, B evolution
inset, yieldingk; = 8 x 10’ M~1s™1. As a result of the hydrogen ~ competes with CO production under low g@oncentration.
peroxide oxidation, eq 7, the yield of Ni(cyclamis reduced In other words, at pH 5.2 and in the presence of formate;:97
to G=0.47. 5% of the reactivity of Ni(cyclant) remaining after the

The mechanism of hydrogen peroxide reduction is of some hydrogen peroxide reaction, eq 7, is directed toward, GO
interest. The multibodied nature of eq 7 implies a composite proton reduction.
reaction. However, the initiating reaction cannot be an outer- |, contrast to the reactivity of Ni(cyclam)with H,O,,
sphere electron transfer, eq 8, since free hydroxyl radicals would §iscyssed above, or 9, as reported by Jubran et &.the

. " . . _ coordination of protons or carbon dioxide to Ni(cyclantoes

Ni(cyclam)” + H,0, — Ni(cyclam}" + ‘OH + OH™ (8) not lead to the spontaneous two-electron reduction of the bound
. i ) substrate with the concomitant formation of Ni(cycld@m)This

react rapidly k = 3.2 x 10° M~* s71,25 with HCO,~ forming is due to the limitectwo-electronreduction potential of Ni-
COs . Tht_e Iatte_r species is a strong reducing agent, capable Of(cydam)ﬁ, E(Ni(cyclam++) = —0.18 V12 which is marginal
regenerating Ni(cyclam) eq 6. The net result would be the ¢ hect for the two-electron reduction at pH 4 of either protons,
catalyzed reduction of $#0, to OH~, with no net loss of Ni- E4(H*/H,) = —0.24 V, or CQ, E4(CO,/CO) = —0.34 V, but
(cyclam)”. In contrast, an inner-sphere reaction provides a js more than sufficient for the two-electron reduction ofh
mechanism for coordination of the hydroxyl radical to the metal E4(H204/H,0) = 1.53 V, and NO, E4(N,O/N;) = 1.53 V27
center, eqs 911, effectively preventing its release and reaction

with HCO,™. It is not clear if the hydrogen peroxide adduct, The absorbance of Ni(cyclarhmonitored at 380 nm, formed

by the pulse irradiation of solutions containing Ni(cycldm)
: o+ T + and formate under an argon atmosphere, decays with a rate
Ni(cyclam)” + H,0, = [Ni(cyclam)(H,0,)] ©) constant of 0.738 (extrapolated to zero dose), at pH7. On

[Ni(cyclam)(H202)]+ - [Ni(cyclam)(OH)]H + OH™ (10) glecreasing the pH (pH range-2) the obse(ved ratg constant
increases but remains second-order. In Figure 2 is shown, as

[Ni(cyclam)(OH)F* — Ni(cyclamy* + OH™  (11) an example, the decay of Ni(cyclam)monitored at 380 nm,
observed after pulse irradiation (dose 48.6 Gy) of a solution
represented here as [Ni(cyclam)®$)] ', is a true intermediate  containing 0.5 mM Ni(cyclan® and 0.1 M HCQ~ at pH 2. It
or if hydroxide dissociation, eq 10, is concerted withQd was impractical to extend this study to lower pH as a
coordination, eq 96 In the presence of excess Ni(cyclanthe consequence of the depletion of Ni(cyclamilue to the
lifetime of Ni(cyclam$* formed by eq 11 would be limited by ~ formation of the hydride, eq 1K¢s = 62 M~1), which does
the comproportionation reaction, eq 12. As will be discussed not absorb significantly at an accessible wavelength rahge.

Ni(cyclamy" + Ni(cyclam)” — 2Ni(cyclamf" (12) Ni(cyclam)” + H* = Ni(cyclam)(H}" (15)

below, the lifetime of the remaining Ni(cyclam)s ultimately
limited by its reaction with C@produced by the Hand*OH
scavenging reactions of formate, egs 3 and 4.

Under CQ-saturated conditions, the hydrated electron is
rapidly scavenged according to eq 13. Therefore, as the

mechanism to account for the second-order decay of Ni-
(cyclam)™ induced by protons is given by eq 15 followed by
eq 16. From this mechanism, assuming that Ni(cycfaimthe
only absorbing species at 380 nm, the rate law given by eq 17

is derived.

- (0.27)+ CO,— CO,” (0.27 13

€aq (0:27)+CO,—~CO; (0.27) 13 Ni(cyclam)(Hf* + Ni(cyclam)” — P(H")  (16)
dAsso_ 2K15k16[H+] ( 2

dt _(1+ K15[H+])6380|\A380) 0

CO,”” (0.61)+ Ni(cyclamf* —
CO, (0.61)+ Ni(cyclam)™ (0.61) (14)

concentration of C@is increased, eq 5 becomes unimportant
relative to eq 13 and eq 14 replaces eq 5. The yield of Ni- Integrating eq 17 yields eq 18,
(cyclam)™, however, remains unchanged.

The product yields following continuoysirradiation, Table 1 1 2K, ki o[H ]
1, reveal that in C@saturated solution the yield of2Hs close — === 1510 " (Asgd)” (18)
to that expected on the basis of the radiolytic yield, eqs 2 and Ao Ao (14 KidH Negqd

3. The yield of CO G = 0.24), which cannot be accounted for

by radiolytic processes, is equal to half the yield of Ni(cyclam)  or, on rearranging, eq 19,

after correcting for the kD, reaction, eq 7. This is consistent

with the fact that the two-electron reduction of €@ CO 1 1

requires two reducing equivalents, i.e., 2 Ni(cyclam) N Ko = Kond (19)
In the absence of CQOhere are excess yields of both &hd

CO and a diminished yield of GQTable 1. The yield of CO . . . .

(G = 0.10) is close to the difference in anticipated radiolytic with the observed rate constakdps being a nonlinear function

yield of CO, from egs 3, 4, and 6% = 0.34), and the observed of the proton concentration, eq 20.

(26) We thank a reviewer for suggesting this point. (27) Bratsch, S. GJ. Phys. Chem. Ref. Date089 18, 1-21.
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2K, oKy o[H +] Table 2. Rate Constants Obtained for Reactior? 23
bsz + (20) pH kos, M-1st
1+ K H
( 1olH 1) €agd 5.2 (1.08+ 0.06) x 108
. : . 3.0 (1.32+0.22) x 1¢°
At high pH, eq 20 reduces to the linear relation, eq 21. 50 (2.43% 0.07)x 1C°
log Kyps = 109(2K, K, d/€35d) — PH (21) 2 See text for details.

The extinction coefficient for Ni(cyclant) at 380 nm,esgo, decomposition to yield the +br CO product and Ni(cyclarf).
optical path length], and the equilibrium constari,s have The stoichiometry of the reaction is represented by eqs 26 and
values of 3650 M1 cm 2, 2 cm, and 62 MY, respectively:® A 2730
linear fit to the data, Figure 2 inset, yieldg = (7.2 + 2.7) x . . i ) "
107 M1 5128 Ni(cyclam)(H)" + H* — Ni(cyclamf* + H, (26)

The CO-Induced Decay of Ni(cyclam). The presence of . 0 + . + _
a second-order decay over a relatively wide,@0ncentration Ni(cyclam)(CQ)" + H™ — Nl(cyclam)2 +CO+OH (27
range suggests a mechanism of the form observed for the proton
reaction, egs 22 and 23. Alternatively, the second Ni(cyclah)may act as an inner-

. " ) N sphere reductant, eq 28,
Ni(cyclam)" + CO, == Ni(cyclam)(CQ) (22)

Ni(cyclam)(CQ)* + Ni(cyclam)” — P(CQ)  (23) Ni(cyclam)” + Ni(cyclam)(S§" — Niz(cyclam)Z(S)(”“)(; 6

However, in addition to the COreactions, the competitive . hich th Cobrid h Ni(] |
proton reactions of egs 15 and 16 also need to be considered!" V‘r’].'c the pt:oton .orh. @bri gefs ;[] e two Ni(l) clomg EXes. h
Under these conditions, the observed second-order rate (:onstani,n this case, the stoichiometry of the processes leading to the
Kobs iS given by eq 24. inal products would be represented by eqgs 29 and 30.

n
= 2KygKigH ] + 2Kk CO,l (24) Ni,(cyclam)(H)*" + H" — 2Ni(cyclam}* + H, (29)
(L KdH T + K COeged

o Ni,(cyclam)(CO,)*" + H™ —
When [CQ] = 0, eq 24 reduces to eq 20, a situation that cannot . . _
be obtained under our conditions since G€always generated 2Ni(cyclamf™ + CO+ OH™ (30)
by the reaction of the C£ radical with Ni(cyclamj™ to give
Ni(cyclam)", eq 62° Since the amount of COwill increase
with increasing irradiation dose, the rate of Ni(cyclanecay
will follow the same trend, accounting for the dose dependence a formate bridging groupta
of kovs Figure S1, inset. The values kius reported in Figure The decay of Ni(cyclant) does not result in the clean

2|' inséet,dyvere thgs% extrapolla}'tezd tod zerﬁ dosle. As we h"’“’eformation of the Ni(cyclan®" starting material. Instead, the
g(rjea y dlscus?§ ad.ov.e, a(';p L?nd 3 the va udxsbgfyere h second-order decay, observed as a change of absorbance, does
Independent of irra |at|oq ose. Under these con '“.Of.‘s* t. € not return to the baseline. The spectrum of the product, observed
amount of CQ generated in the system becomes negligible in ., 45 s after irradiation, was identical to that obtained by

comparison to the proton concentration. . Sauvage and co-workers following continuous electrolysis of
The rate constants for reaction 23, obtained from the fit of Ni(cyclamp*+,126 by Furenlid et al. after reduction of Ni-

eq 24 to the data shown in Figure 3, are given in Table 2. The (cyclamf* by sodium amalgam in acetonitrile followed by

value of Kz, (16 M) has been reported previousi/The addition of CO3! and by ourselves following pulse radiolysis
limited data set does not allow us to comment significantly on . |5ser flash photolysis of solutions containing &We have

the apparent increase kas with decreasing pH. It is likely that reviously assigned this spectrumRSRNi(cyclam)(CO) 32

Fhe spread of rate constants is due to the accumulation of error: he formation of the latter species is presumably the result of

in the param?}eriof eq 24. The average valuk;ofs (1.6 + a competition between reaction 22 and reaction 31, for which

0.7) 10&.; M= 5™ ) k1 = (2.0 £ 0.2) x 10° M1 s71 has been reported. The
Reduction of the proton or GOsubstrate requires an o4t of reaction 31 has been suggested toRRSSNi-

additional reducing equivalent. In the current system, the Second(cyclam)(CO)ﬂ which isomerizes tRRSRENi(cyclam)(COY

Although we are unable to distinguish between these two
pathways, reaction 28 is appealing in light of the isolation by
Fuijita et al. of the species [LCo(GA)CoL]3*" which contains

electron is provided by a second Ni(cyclamyhich can fill Withk= 1.8+ 0.2 5132
one of two possible roles. First, it may function as an outer- ’ ' ’
sphere reductant, eq 25, Ni(cyclam)" + CO— Ni(cyclam)(COY  (31)
Ni(cyclam)” + Ni(cyclam)(S)" — Conclusions
Ni(cyclamy" + Ni(cyclam)(SJ ™ (25) The binding of protons or Cto Ni(cyclam) in aqueous

L . . solution is insufficient to drive the two-electron reduction of
where S is either a proton or G@ndn is 2 or 1, respectively,

with the product Ni(cyclam)(S)* undergoing facile protonation/ (30) The species Ni(cyclam)(Eand Ni(cyclam)(C@)° are, formally, Ni-

() species containing the Hand CQ?~ ligands, respectively.

(28) We are grateful to a reviewer for suggesting the use of eq 21 under (31) Furenlid, L. R.; Renner, M. W.; Szalda, D. J.; FujitaJEAm. Chem.
our experimental conditions rather than eq 20. Soc 1991 113 883-892.

(29) At the lowest dose, ca. 25 Gy per pulse, the amount of &0@lved (32) Kelly, C. A;; Mulazzani, Q. G.; Blinn, E. L.; Rodgers, M. A.ldorg.
as a result of reaction 6 8.5 uM. Chem 1996 35, 5122-5126.
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the substrates with concomitant formation of Ni(cyclam) cathode surface relative to the second-order mechanism that we
Under the reaction conditions investigated, an additional have discovered in homogeneous solution. The low yield
equivalent of Ni(cyclam) is required for the reduction of the  observed in the homogeneous photochemical system of Craig

intermediate Ni(cyclam)(H) or Ni(cyclam)(CQ)™ adducts. et al®® cannot be accounted for by the current work. While we
The reactions of Ni(cyclam)with Ni(cyclam)(H?™ and Ni- are not able to address specific points of the photochemical
(cyclam)(CQ)™, k = 7.2 x 10" and 1.6 x 10° Mt s} system, the low yields cannot be due to inefficient reduction of

respectively, proceed at less than the diffusion controlled limit, CO, by Ni(cyclam)".
yet the rate constants differ by only a factor-e2, suggesting
similar driving forces for the two reactions. It is not clear
whether the second equivalent of Ni(cyclanfjinctions solely

as an outer-sphere reducing agent, or if a bridged dinuclear
intermediate, [(cyclam)Ni(H)Ni(cyclamd} or [(cyclam)Ni-
(COy)Ni(cyclam)Bt (or a protonated form thereof), is of
importance. From the reduced mononuclear species Ni(cyclam)-
(H)* and Ni(cyclam)(CQ_° or from the dinuclear intermed-
iates [(cyclam)Ni(H)Ni(cyclam§" and [(cyclam)Ni(CQ)Ni-
(cyclam)B*, nearly quantitative yields of Hand CO are
obtained.

Previous reports concerning the lack of reactivity of homo-  Supporting Information Available:  Plots of absorbance and
geneous Ni(cyclan) toward CQ reduction are clearly over- L(AA-AAL) Vs time and plots okops VS d'ose. This material is available
stated!® The origin of the discrepancy is likely due to more free of charge via the Internet at hitp://pubs.acs.org.
efficient reduction of Ni(cyclam)(C@* while adsorbed to the  1C980902P
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