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Previous proton NMR and electronic spectroscopy studies have demonstrated that the square-planar complex of
Ni(ll) and 1,4,8,11-tetraazacyclotetradecane (cyclam) exists in two stable isomeric conformations, namely the
R SR,Sform or trans| isomer and thd},R,SSform or trans-ll isomer. Electrochemical analysis of th&ans|

isomer of Ni(ll)-cyclam has demonstrated rapid conversion totthesIIl cyclam conformation following
oxidation to Ni(lll). The mechanism and kinetics for this oxidatively-induced isomerization were studied by the
technique of cyclic voltammetry (CV) with simulation of CV traces by finite-difference computations. The most
crucial mechanistic indicator was found to be the trangi@amis-I-Ni(lll) species. This intermediate was detected

by CV over a pH range 24 and was found to have an apparent half-life of ca. 400 ms at room temperature.
Remarkably, this life-time was approximately a billionfold shorter than the correspotrdingl-Ni(ll) species.
Measurements made at varied solution temperature and pH demonstrated that the oxidatively induced isomerization
followed an apparent square-scheme, wheretridwes|/Ill isomerization process of Ni(lll) was independent of

pH. This finding precluded a base-catalyzed isomerization process that has been previously identified for the
Ni(ll) system. Arrhenius plots of the forward isomerization rate constant allowed the extraction of activation
parameters for the Ni(lll) process. These parameters are discussed with respect to possible rate-determining

steps.

Introduction ﬁ m m

There are five possible conformational isomers of planar NH HN NH HN H HN
complexes of the macrocyclic ligand cyclam (1,4,8,11-tetraaza- E + +g E + +J (N+ + J
cyclotetradecane):RSRS(++++), RSRR(+—++), RRSS +  + + - - -
(+——+), RSSR(++—-), and RRRR(+—+-), where + NHoH nHoH nH  HY
indicates that the hydrogen of the NH is above the plane of the v v v
macrocycle and- indicates that it is below the plane (see Figure R,S,R,S R,S,R,R R,R,S,S
1). These forms were designatedns| to transV, respec- trans-1I trans-11 trans-III
tively, by Bosnich, Poon, and ToBe&nd this nomenclature will
be used in the present paper. NH HN NH  HN,

Wagner and Barefiefdsolated thdrans| andtrans Il forms E -t j E ) J
of nickel(ll)—tetramethylcyclam (tetramethylcyclaml,4,8,11- -+ -+

. NH HN NH H

tetramethyl-1,4,8,11-tetraazacyclotetradecane), but in the case
of the unsubstituted macrocycle, only complexes oftthas v k)
Il form could be prepared. Semiquantitative estimates of the R,S,S,R R,R,R,R
relative strain energies of the five isomers of cyclam by Bosnich trans-IV trans-V
et al2 and later Whimpet al# indicated that thérans-Il form Figure 1. Five possible conformational isomers of cyclam.
was the most stable. Subsequently, molecular mechanics
calculations on nickel(I5-cyclam by Hancoclet al® indicated solutions of transIlI-[Ni(cyclam)]2".6 The trans| isomer
that the strain energies of thens| andtrans il forms of the comprised approximately 15% of the total complex at°g5

nickel(Il) complex were comparable, and the authors commentedand was found to isomerize to tirans Il species under basic
that “... it will be of considerable interest to see whether both conditions. The half-life of thetrans| complex was ap-
forms can be detected in solution, or isolated in the solid form.” proximatey 2 h at pH 7. At pHless than 3 th&ans| complex
Connolly and Billo reported the observation, by proton NMR, was found to be extremely inert. In fact, by extrapolation of
of thetrans| isomer of [Ni(cyclam)}* in equilibrated aqueous  the rate of isomerization from measurements made at pH 7, the
half-life of thetrans| complex at pH 2 was estimated to be on
* To whom correspondence should be addressed. the order of 20 years at room temperature. Recently, a
® Abstract published irAdvance ACS Abstractday 15, 1997. procedure was developed to isolate the pguaas| isomer and

(1) (& University of North Dakota. (b) Boston College. (c) Permanent  gy,djes have been initiated to investigate further the conforma-
address: Chemistry Department, Guizhou University, Guiyang, P. R.

China. tional lability associated with therans| complex.
(2) Bosnich, B.; Poon, C. K.; Tobe, M. llnorg. Chem.1965 4, 1102. In this paper, we wish to report a billionfold enhancement in
(2) Wﬁgner'PFbB?rBef'.le'dv E. Knorg. (?he,’\Tl‘-lg%ﬁ 402- no7 the rate otrans /Il isomerization whertrans-I-[Ni(cyclam)]2*
@ 195'g_‘p’ -+ O-; Balley, M. F.; Curtis, N. K. Chem. Soc. 4970 is oxidized to its 3 state at low solution pH. The kinetics
(5) Thom, V. J,; Fox, C. C.; Boeyens, J. C. A.; Hancock, RJDAm.

Chem. Soc1984 106, 5947. (6) Connolly, P. J.; Billo, E. Jinorg. Chem.1987, 26, 3224.

S0020-1669(96)01417-6 CCC: $14.00 © 1997 American Chemical Society



Isomerization of a Ni(ll)-Cyclam Complex Inorganic Chemistry, Vol. 36, No. 14, 1992951

and mechanism of this oxidation have been probed by cyclic (+99.8%, Aldrich) and 70% HCI(analytical reagent, Mallinckrodt,
voltammetry (CV) and finite-difference simulatidnWhile CV Inc.) were used to prepare electrolyte solutions used in all electrochemi-
has become a standard method for screening the redox behaviog@! studies. NMR spectra were recorded #©0vhich was 0.01 M in
of metal complexélsand many other inorganic systefisaces ~ DClOs (Aldrich). .
that are perturbed by kinetic complications such as conforma- RSRS{Ni(cyclam)](ClO4).. A sample of Ni(cyclam)(CI®. (0.50
tional intermediates or slow heterogeneous electron transfer car@ 1.1 mmol) in 20 mL of water was made basic (pH ca. 10) and heated
be difficult to diagnose by standard one- or two-point analysis in a boiling water bath for several minutes. The hot solution was
of peak potentials or current®. Finite-difference computations acidified to pH 2-3 with perchloric acid and allowed to cool to room

- . . . temperature, and 0.16 g of KSCN (1.6 mmol) was added. The violet
permit an entire CV waveform to be simulated for a particular e o
set of mechanistic (kinetic and thermodynamic) and experi- precipitate was removed by filtratip® g of NaCl was added to the

. " e filtrate, and the solution was extracted with several 5-mL portions of
mental (solution and cell) conditions. By the fitting of all or,  chioroform. The aqueous layer was then extracted with 5-mL portions

?t leasttf,] m|'(|)(St|$10in(tjs ?f a Cgmputeq CV trace It'o atmdexperri]me_ntal of nitromethane until the aqueous layer was colorless. The nitromethane
race, ine likelinooa or misaiagnosing a complicated mechanism extracts were evaporated to dryness under reduced pressuréaridie
is decreased significantly. Itis also advisable to establish properisomer can be recrystallized from aqueous solution (pt8RYield:
fits for wide variations of experiential conditions that impact approximately 15%. Caution! Perchlorate salts are potentially
the kinetic process under study (e.g., solvent, electrolyte, explosie. *H NMR (D20, 0.01 M DCIQ): ¢ (in ppm) 1.30 (g, 2H),
concentration, sweep rate, multiple cycles, electrode material,1.96 (d, 2H), 2.48 (m, 4H), 2.62 (m, 8H), 3.16 (q, 4H), 3.62 (br s,
We have used CV to detect the metastaidas| isomer cm™. Anal. Caled for GoHz«CIN4OsNi: C, 26.23; H, 5.28; N, 12.24.
that is generated by oxidation wansI-[Ni(cyclam)]?". Detec- Found: C, 26.06; H, 5'2_9_; N, 12.07 (Desert A_nalyt'cs)'
tion of such an intermediate provides conclusive evidence that SPectroscopy. UV—visible spectra of solutions recovered from
the oxidatively induced isomerization proceeds by a sequential cor_1tro||ed potential eIect_ronS|s experiments were acquired with a
or “square” mechanism, where the electron transfer event ar]dShlma\dzu uv-270 recor(_jlng spectrophotometer and were reference to
S . a blank electrolyte containing 3.5 M NaCj@nd 0.01 M HCIQ. *H-
stryctural rea_rrangem_ent occurin distinct, consecutive é_ﬂeps: NMR data were acquired with a Varian XL300 spectrometer using a 5
This mechanism and its variations have been fully described in ., broad-band probe. The spectral width was widened to 10 kHz to
two recent theoretical treatmerits:® Both models have inspired  include the region in which peaks of the paramagrtetios-il isomer
much recent experimental work on Cu(ll/l) systems by Kano occurred.

et al* and especially by Rorabe_lch’ér.w _ o Electrochemistry. CV measurements of [Ni(cycland)] solutions
Unlike copper systems, relatively few investigations have were performed using a glass titration cell (10 mL, Brinkman
addressed the effects that structural rearrangements have omstrument, Inc.) equipped with either a glassy carbon or gold working
redox processes of nickel complexX&s?® and presently no electrode, a platinum wire counter electrode, and a silver quasi-reference
information is available for complexes possessing square-planarelectrode (AgQRE) that was in ionic contact with the tested solution
geometry. The present study represents the first detailed kineticthrough a porous ceramic frit. The potential of the AgQRE was
investigation of redox-induced structural rearrangement for a referenced to the reversibteans-ii-[Ni(cyclam)]**** couple €, =
square-planar nickel center in agueous media and provides+o'772 versus a 3.5 M NacCl calomel electrddejhich was added to

insight into the sequential nature of the proc¥ss. the test solutlo_n at the concIL_JS|on of each experiment. Splutlons
generally contained the tested isomer at 8:3@ mM concentrations

Experimental Section in a stock electrolyte of 3.5 M NaClQhat was acidified to pH 1:6
) ) ) ) 4.0. Experiments were initiated by deoxygenating the test solution with
Maztserlals. [Ni(cyclam)](CIO,), was prepared according to Barefield  pymjdified nitrogen and were continued under a nitrogen blanket.
et al* All aqueous solutions were prepared with 1&WMilli-Q Variable solution temperatures were monitored to withi®.2 °C by
reagent water (Millipore Corp.). Sodium perchlorate monohydrate 5 mercury thermometer immersed directly in the test solution. Sub-
ambient temperatures to @ were obtained by partially immersing
the cell bottom in an ice-cooled brine. By this method, test solution

(7) Britz, D. Digital Simulation in Electrochemistry2nd ed.; Springer-
Verlag: Berlin, 1988.

(8) Evans, D. HElectroanal. Chem1986 14, 113. temperatures were stable to WHO.5°C. Comp_ute_r simulation of all

(9) Geiger, W. EProg. Inorg. Chem1985 33, 275. CV waveforms was performed with a potential increment of 2 mV

(10) Nicholson, R. S.; Shain, Anal. Chem1964 36, 706. using the implicit finite-difference algorithm of Rudolph and Feldberg

(11) Bond, A. M.; Oldham, K. BJ. Phys. Chem1983 87, 2492. (DigiSim version 2.0, Bioanalytical Systems, In¥.).

(12) Hoffman, B. M.; Ratner, M. AJ. Am. Chem. S0d.987, 109, 6237. . . . .

(13) Brunschwig, B. S.; Sutin, NI. Am. Chem. Sod989 111, 7454 Coulometry associated with the controlled potential electrolysis

(14) Kano, K. S.: Glass, R. S.: Wilson, G. & Am. Chem. Soc993 (CPE) of [Ni(cyclam)}* solutions was performed with a large-area,
115 592. working electrode made of reticulated vitreous carbon (RVC). The

(15) Bernardo, M. M.; Schroeder, R. R.; Rorabacher, DinBrg. Chem. RVC cylinder was positioned concentricly around a glass tube that

1991, 30, 1241.

(16) Meagher. N. E.; Juntunen, K. L.: Salhi, C. A.: Ochrymowycz, L. A.: contained a coiled platinum wire counter electrode. The counter
Rora%acﬁer' D. BJ. Am. C'he'm."Socigéz 10414, ymowyez, .- A+ electrode was in ionic contact with the test solution through a medium-

(17) Robant, P. V.; Schroeder, R. R.; Rorabacher, Dnérg. Chem1993 porosity glass frit that blocked the end of the tube. A AgQRE was
32, 3957. also present in the cell but was separated from the test solution by a

(18) Meager, N. E.; Juntunen, K. L.; Heeg, M. J.; Salhi, C. A.; Dunn, B.  smaller fritted tube. Stirred solution voltammograms were recorded
C.; Ochrymowycz, L. A.; Rorabacher, D. Biorg. Chem.1994 33, at a stationary glassy carbon disk electrode before and after CPE to

(19) ZQ?HL C. A:Yu, Q. Y.; Heeg, M. J.; Willeneuve, N. M.; Juntunen, analyze solution composition and were performed with a potential
K. L.; Schroeder, R. R.; Rorabacher, D. Borg. Chem.1995 34, sweep rate of 0.02 V4. Both CV and CPE measurements were
6053. controlled by an EG&G Model 273A potentiostat that was interfaced

(20) Kimura, E.; Koike, T.; Yamaoka, M.; Kodama, M. Chem. Soc., to a microcomputer.

Chem. Commurl985 1341.
(21) Kimura, E.; Koike, T.; Uenishi, K.; Davidson, R. B. Chem. Soc.,

Chem. Commuril986 1110. (25) Barefield, E. K.; Bianchi, A.; Billo, E. J.; Connolly, P. J.; Paoletti, P.;
(22) McAuley, A.; Palmer, T.; Whitcombe, T. WCan. J. Chem1993 Summers, J. S.; Van Derveer, D. [Borg. Chem.1986 25, 4197.

71, 1792. (26) Fabbrizzi, L.; Perotti, A.; Profumo, A.; Soldi, Thorg. Chem1986
(23) Tarazewska, J.; Roslonek, &.Electroanal. Cheml1992 331, 985. 25, 4256.

(24) A portion of this work was presented at the 211th National Meeting (27) Rudolph, M.; Reddy, D. P.; Feldberg, S. Whal. Chem1994 66,
of the American Chemical Society, New Orleans, 1996. 589A.



2952 Inorganic Chemistry, Vol. 36, No. 14, 1997

Results and Discussion

Isolation of the Trans-I Isomer. A previous study, which
demonstrated the existence of ttrans| isomer in agueous
solution in equilibrium with thetranslll isomer, provided
information which was used to develop a procedure to isolate
the puretrans| isomer. Since the rate of equilibration is rapid
at high pH but extremely slow in acidic solution, and the position
of equilibrium is shifted to produce more of thians| isomer
at higher temperature, tiigns| complex in a hot basic solution
can be “locked-in” by acidifying the solution. As well, NMR
and other evidence indicated that, unlike trensll isomer,
thetrans| isomer has an extremely small tendency to add axial
ligands. We exploited this difference by precipitating most of
the remainingranslll isomer from solution adrans[Ni(cy-
clam)](SCN}. The final traces of therans-octahedral complex
were removed by solvent extraction. Tinans| complex could
then be extracted into nitromethane and isolated as a yellow
powder.

Characterization of the Trans-| Isomer. The NMR spec-
trum of thetrans| isomer (in equilibrium with thetranstlll
isomer) has been discussed previod8lyhe trans| configu-
ration was assigned to the complex largely on the basis of NMR
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Figure 2. CV of 3 mM transIl-[Ni(cyclam)]?* (a) and 3 mMtrans
I-[Ni(cyclam)]?* (b) in 3.5 M NaClQ (pH 2) recorded at 21C at a
glassy carbon disk electrode with a sweep rate of 0.2°¥ Bor

coupling constants. In the present work, two new spectral comparison, a CV of the same 3 mivéins I-[Ni(cyclam)]* solution

features are evident. First, the spectrum contains a new peaI{

ato 3.62 attributable to the NH protons. Although the spectrum
was recorded in BD, the NH protons do not exchange at low
pH; exchange presumably occuig deprotonation, which is
base-catalyzed. Second, the pea# 8t16, which was a triplet

in the previously published spectrih,is here a quartet,
consistent with coupling to the NH proton (the quartet is
actually a pair of overlapping tripletSicne ~ 12 Hz). This
coupling confirms the previous assignment of éh& 16 protons

to the N-CH(axial) of the six-membered rings, since thens
diaxial relationship between the protons-N—C—H is con-
sistent with a coupling constant of 12 Hz. When the pH of the
solution is raised by addition of NaOD, the-¥ peak
disappears and the quartet collapses to a triplet.

The electronic spectrum of thins| isomer exhibits a single
peak in the visible region, characteristic of square-planar
nickel(ll). Spectra were identical when measured in either 0.01
M HCIO4 or 0.01 M HCIQ, 4+ 3 M NaClQOy, with Amax439 nm,
emax 58 £ 1 M1 cm™L. The absence of a significant increase
in molar absorptivity when the perchlorate concentration is
increased demonstrates that there is no appreciable concentratio
of high-spintrans-I-[Ni(cyclam)(H20),]2* in equilibrium with
the planatrans|-[Ni(cyclam)]?*, in agreement with the NMR
results.

Electrochemical Behavior of the [Ni(cyclam)¥*/3* Couples.
Previous voltammetry ofransII-[Ni(cyclam)]?" carried out
by Fabrizziet al?6 has shown that the Ni(ll/lll) couple is
centered at+-0.772 V versus a 3.5 M NaCl calomel reference
electrode (NaCE). We found the same oxidation to be diffusion-
controlled as well as chemically reversible on the CV time scale
at both glassy carbon and gold electrode surfaces. The proces
did not show evidence of slow electron transfer or “quasi-
reversibility” at either electrode surface, and a diffusion coef-
ficient of 5.6 x 1076 cn? s71 (294 K) was measured for the
Ni(ll) species. CPE conclusively demonstrated that the process
involved the transfer of only one electron per molecule of the
complex (app= 0.92) and that the Ni(lll) species was stable in
solution at ambient temperatures for over 10 min.

Cyclic voltammograms recorded for thansI-[Ni(cy-
clam)P* showed an oxidative behavior that was very different

(28) Billo, E. J.; Connolly, P. J.; Sardella, D. J.; Jasinski, J. P.; Butcher, R
J. Inorg. Chim. Actal995 230, 19.

ecorded at 20C at a glassy carbon disk electrode with a sweep rate
of 1.0 V st is shown in (c). Peaks labeled-A are described in the
text.

from the translll isomer. Figure 2a,b compares voltammo-
grams recorded for the two isomers at 0.2V and under the
same cell and solution conditions.

At the glassy carbon electrode, ttrans| isomer showed a
broad oxidation on the first cycle (peak labeled A in Figure
2b) that yielded a reduction wave (labeled B)-&0.74 V.
Significantly, on the second cycle a new oxidation peak (labeled
C) appeared at0.81 V. This new oxidation was found to be
directly coupled to peak B by clipping the positive voltage ramp
of the second cycle just before peak A.t AV s1 (Figure
2c), the initial oxidation peak A of thzans| voltammogram
demonstrated a significant positive potential shift. Also, the
current associated with new oxidation peak C, when normalized
for sweep rate, was significantly decreased. The CV at 1 V
s 1 also showed a new, ill-defined wave (labeled D in Figure3c)
that appeared on the positive shoulder of the main reduction
Reak B.

Since the coupled peaks C and B were centered around the
same potential as thimns1-Ni(ll/lll) process, it was suspected
that oxidation of therans| species caused a rapid isomerization
to the trans|Il conformation. Conversion to the C/B couple
was confirmed by bulk-scale electrolysis of ttrans| com-
plex?® Coulometry indicated that the oxidation only consumed
one electron per molecule of the startingns-1 isomer Qapp=
1.02). Following bulk-reduction of the solution, which also
required one electron per molecule of the origitiens|
complex @zpp = 0.93), a UV-visible spectrum of the elec-

?rolysis mixture indicated a square planar Ni(ll) produtt

442 nm,emax 60 M~ cm™1). However, these results were not
conclusive regarding the ultimate conformation of the final
complex because of the similarity of thensI- andtransIl-
Ni(ll) chromophores. The ultimate product of theansl|
electrolysis was characterized by bulk oxidation and reduction
of atrans| solution containing 3.5 M NaClgin D,0 that was
acidified to pD 2 with BSQ,. H-NMR of the final electrolysis
solution showed definitively that the final product wizans
I11-[Ni(cyclam)] 2.6

(29) Results provided as Supporting Information.
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Figure 3. CV of 3 mM transI-[Ni(cyclam)]?* in 3.5 M NaCIQ, (pH Volts versus NaCE

2) recorded at 21C at a gold disk electrode with sweep rates of 0.05 i 2+ i
(g), 0.2 (b), and 1.0 (c) VS, Peaks labeled AD are described in the gﬁggf&eg\;to; S&“ﬂ,gﬁ”j;gﬁgg@"ﬂmg SJvnengrmeN;‘f%%g’gd
text. solution temperatures af12 (a),+8 (b), and+1 °C (c). Peaks labeled
A—D are described in text.

It was suspected that the reduction peak D observed at sweep
rates above 0.5 V4 (Figure 2c) was directly coupled to the  Remarkably, CV traces showed little or no change with pH.
primary oxidation peak A, thus providing evidence of a short- Had a proton-coupled mechanism been active, the half-life of
lived Ni(lll) complex in thetrans| conformation. However,  thetransI-Ni(lll) species would have changed by approximately
the extreme breadth of peak &f— Ep2ca. 200 mV at1 VvV one decade for each unit pH incred3eBecause the currents
s™) and the large separation between the coupled peaks A antbbserved for peaks B and D were nearly the same over the entire
D (AEp ca. 500 mV at 1 V s') suggested that the A/D couple  pH range (for a particular temperature), base or acid catalysis
was electrochemically sluggish on the CV time scale. Since it did not appear to influence isomerization of the complex in its
is well-known that glassy carbon working electrodes are prone higher oxidation state.

to display slow electron transfé? especially for certain metal Afinal effect apparent in voltammograms recorded using gold
gomplexe§,l voltamme_try oftrans| isomer was further inves-  electrodes was excessive oxidative current near the positive
tigated at a gold working electrode. potential limit of each sweep (Figures 3 and 4). This effect

Figure 3 shows a series of cyclic voltammograms recorded was especially evident at lower temperatures and higher sweep
at a gold disk working electrode over a sweep rate range from rates and was probably caused by oxidation of the gold electrode
0.05 b 1 V s Through the series, peak A showed only a surface. While voltammograms of the blank electrolyte showed
small positive shift at higher sweep rates, indicating that the the coupled peaks associated with gold surface oxidation and
oxidation was a much faster process at gold. Because peakreduction3? it was clear that redox waves for tiins| and
separations were significantly smaller, the coupled reduction transIll complexes would be largely unaffected by gold surface
of trans-I-Ni(lll) (peak D) was not obscured by the reduction reaction except at the positive extreme of the potential s®ep.
of transIlI-Ni(Ill) (peak B). Sweep rates above 0.2 V% Conditions that favored current generation by the gold surface
allowed the formal potential for the A/D couple to be estimated oxidation over any diffusion-controlled processes, such as high
at [Epa + Eppl/2 = +0.92 V versus NaCE. Comparison of sweep rates, high pH, and low temperatures, enhanced the
sweep-rate normalized peak currents also showed that growthartifact.
of thetrans-| reduction peak D occurred at the expense of both  Mechanism and Kinetics of Oxidatively Induced Isomer-
trans il peaks, B and C. On the basis of the CY&aV s ization. To measure the kinetics of ttians|/11l isomerization
(Figure 3c), which shows approximately the same reduction peakprocess, experimental voltammograms recorded with a wide
currents and therefore the same electrode concentrations for theange of sweep rates (0.85 V s™1), temperatures (201 °C),
trans-|- andtranslI-Ni(lll) species, it was possible to estimate  and pH (1-4) were compared to voltammograms computed with
a crude room-temperature half-life for ttrans-I-Ni(lll) isomer the fast implicit finite-difference algorithm of Rudolf and
of ca. 400 ms. Feldberg?” Prior to computation, the algorithm was assigned

To measure the influences of thermal activation and base boundary conditions that matched the experimental conditions
catalysis on the isomerization, CV traces were recorded at of the real voltammogram being fit. Other parameters included
solution temperatures of 2@« down to 1°C and pH from 1 to a mechanism describing all electrode and solution reactions,
an upper limit of ca. 4.0. Changes observed by lowering the diffusion coefficients for all species participating in these
solution temperature (Figure 4) were similar to the changes notedreactions, and constants (both thermodynamic and kinetic) that
by increasing the CV sweep rate. However, it was found that governed all reaction steps.
smaller normalized currents were the result of higher solution =~ The mechanism indicated by CV as well as CPE ottthes
viscosity on the diffusion-controlled electrode reactions. Tests I-[Ni(cyclam)]?" system was the square scheme shown in
were not performed on solutions with pH greater than 4 becauseScheme 1. Several thermodynamic and kinetic constants in
of significanttrans| to trans-ll conversion in the Ni(ll) state. Scheme 1 were known prior to fitting. Formal potentials of
the trans|- and trans-11-Ni(ll/11) couples as well as the half-

(30) McCreery, R. LElectroanal. Chem199], 17, 221.
(31) Chen, P. H.; Fryling, M. A.; McCreery, R. lAnal. Chem1995 67, (32) Connolly, P. J. Ph.D. Thesis, Boston College, 1987.
3115. (33) Sabatani, E.; Rubenstein,J.. Phys. Cheml987, 91, 6663.
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Scheme 1. Electrode and Solution Reactions Proposed for
the Oxidatively Catalyzed Isomerization of

~
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life of the transI-Ni(lll) species were initially estimated from . , . . )
one- or two-point CV measurements. Enthalpic and entropic i1 09 07 05 03 01
energy cha_n_ge_s measured By-NMR for the Ni(ll) isomer- Volts versus NaCE
Ization eqU|I|brlun‘f'28 allowedK; to be estimated at various Figure 5. Experimental voltammograms (solid lines) and final fits
tempgratures (e.0K =5+ 2at 29.8 K). The rate ConSta,nts (open circles) obtained by digital simulation of the mechanism described
for this processk; andk—2) were assigned values of zero since i, scheme 1. Experimental conditions corresponded to 3 nals

it has been shown that the Ni(ll) isomerization is effectively |-[Ni(cyclam)]?* in 3.5 M NaCIQ, (pH = 2) at solution temperatures
blocked on CV time scales at pH levels less thah Wsing of +21 (a, b) and+1 °C (c). Experimental votammograms were
estimates foK and the formal potentiaE*’; andE*', values ~ recorded at sweep rates of 0.2 (a, c) and 1.0°V(b).

for l,(l an.d Kser were calculated from the thermodynamic  r.pi6 1 Finay Equilibrium and Rate Constants Defined in Scheme
relationshipsKz/Ky = Kser = exp[E”w—E”)F/RT]. The 12 and Obtained by Finite-Difference Simulation of CV Traces
solution electron transfer (SET) reaction was included as a
dynamic equilibrium (i.e., no rate limitations on the CV time
scale) since there is ample precedent for fast SET reactions in B% Ketapy ki.opsa®  10%-1,¢ K-1.0psd®
most square or ECE-type systefisFinally, diffusion coef- TK pH V coms® a s S S
ficients for all species were assumed to be equal to the value 1.4 294 20 091 06 05 1.3(1) 0.8(3) <80]
measured fotranslI-[Ni(cyclam)]?*. Coefficients at subam- 294 20 091 01 05 20(1) 1.2(4)

condition$ optimized parametefs

bient templeraturedj(T)_ were egtimated _from the relationship  5'g %gi g:g 8:8(1) 8:% 8:2 iég; 12?51;

Dr D Ty, whereyr is V|sc05|.ty at. varlgus temperatureTs, . . 201 20 091 08 05 082 052 <60]
Figure 5 shows representative final fits. Values of kinetic 33 289 30 091 17 05 1.7(1) 1.0(5)

and thermodynamic parameters that required optimization are 2.8 289 36 092 16 05 1.3(1) 0.5(4)

listed in Table 1. With the exception of systematic deviations 14 284 20 091 08 05 0.70(5) 0.4(2) <5j0]

at the most positive voltages of the CV traces, which were 28 285 20 092 08 05 0.9(1) 0.3(1)

probably caused by surface oxidation of the gold electrode, the 3.3 284 30 091 08 05 12(1) 0.7(3)

mechanism described by Scheme 1 and the data in Table 1 28 284 36 091 13 05 1.058) 06(2)

yielded a good match to all experimental waveforms. 28 281 20 092 06 05 06(1) 02(1) <50]
Values ofk_; were not fit but were computed froi; and 14 278 20 090 08 05 051) 04(2) <50

L ; i 28 278 20 091 03 05 0501) 0.3(1)
the optimized value ok; (ki obsqin Table 1). The precision of 33 279 30 091 03 05 082 04(2)

I|:_1 Waipog'(RSDdZEOo%) k_)recaﬂselz)ftﬁrrorsl c;_ompounded fro:n 28 278 36 091 05 05 08(1) 04(2)
1.0bsd K2, E®1ii, an 1. To check the relative accuracy o
k-1, CV traces were simulated without an isomerization step 28 274 20 091 02 05 033@) 0.17(6) <30]
for Ni(Il). This omission was valid since; andk_, were always 2 Because a nonisothermal reference electrode was employed for CV
assigned values of zero in the square-scheme simulations. Théneasurement&?, was assigned a constant value of 0.77 V vs NaCE
mechanism withouk, defined an EE proces# that permitted at all temperaturesK, was derived from ref 6.Kser and K; were

. . . = = calculated byKo/Ki = Kser = exp[E°n—E®)/RT]. The rate constants
kf1 to be _optlmlzed without altering th_e value kfopsa  ECE Keapp > 10 cm ST, kser > 1 x 10° M~ 52, andk, = 0 s were
fits were identical to square-scheme fits whHen was zero or  assumed in all cases (see text for explanatidh§)/ traces were
below a limiting value. This result established that the reverse recorded for solutions dfansI-[Ni(cyclam)]?" in 3.5 M NaCIQ at a
isomerization was slow on CV time scale and did not influence gold disk electrodet Each entry represents an average of final fits for

the recorded traces. GE simulations also provided an opti- sweep rates of 0-11.0 V s™%. 4Values in parentheses given the absolute

. o : : ; . precision of last reported digit.Values in brackets indicate the lowest
mized limit fork-; when its valu_e_ was |n.cre.as.ed. until poor fits average rate constant to perturb the fit with tH@EEmechanism (see
were observed. Under all conditions, this limit (listeckagobsg text for explanation).

in Table 1) agreed with the absolute values computed using aapproximately five times more negative than that of the Ni(ll)
square-;cheme. ) o pathway. More remarkable was the proton independence of

The simulations demonstrated thians | to -Ill isomerization  the Ni(lll) isomerization rate constant and its large magnitude
of nickel—cyclam was both energetically favored and kinetically compared to the Ni(ll) system. Below a pH of 3, the Ni(lll)
faster with nickel in its 3- oxidation state. At room temper-  reaction was more than a billion times faster than the Ni(ll)
ature, the free energy change for the Ni(lll) pathway was pathway. The Ni(lll) process clearly differed from the Ni(ll)
isomerization that Connolly and Billo found to be base-
(34) Evans, D. HChem. Re. 199Q 90, 739. Catalyzed%
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The simulations also detected an apparently slow heteroge-seems likely that either the rate of base-catalyzed nitrogen
neous charge transfer for theans| isomer. This sluggish inversion has ceased to be rate limiting or inversion occurs by
behavior was not an artifact of uncompensated solution resis-some other means that is consistent with Ni(lll) forming a six-
tance since the measured rate const&giag) did not vary coordinate structure. Without more definitive structural infor-
consistently with concentration and thens il couple was mation for both isomers of the Ni(lll) complex, possibly by
nearly Nernstian at the same sweep rates. Because both isomersimultaneous CPEEPR measurements, it is impossible to
possess similar molecular size and charge, their divergence inspeculate further on the actual inversion pathway.
ks could not have been solely the result of Frumkin effects or
solvation differences between the couples. Although some Conclusions
inner-sphere structural rearrangement may have occurred during
thetrans| electron transfer and thereby slowed the reaction in
Marcus fashion, the most significant contributions to lawapp
values were probably from surface effects. These effects
probably included mild surface adsorption ofrans| species
and/or partial passivation of the gold electrode by surface oxide
formation. No other processes could have caused the distinctly
different charge transfer behavior exhibited by tites| couple
at gold and carbon electrodes or could have induced the
observed variations i appWith concentration and pH.

Temperature dependence lafonsq provided an opportunity
to more deeply probe the unusual Ni(lll) isomerization mec
anism. Since statistical analysis kf opsq Values for 3 mM
solutions did not accord any significant proton dependence, the
average rate constant for each temperature was plotted in
Arrhenius fashion and activation parameters were calculated
from absolute rate expressions. The positive enthalpy change

(AH"95 =57 £ 7 kJ mol!) and large negative entropy change Acknowledgment. D.T.P. and T.L.H. acknowledge the
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expected for a rate-determining step involving change from four- 5,4 are grateful for grants from 3M Corp. as well as the North

coqrdinate Ni(ll) to six-coord!nate Ni(I!I). A shorter atqmic Dakota EPSCoR. We acknowledge the helpful comments by
radius of, and stronger bonding by, Ni(lll) would also likely 5 (eviewer regarding the mechanism in Scheme 1.
make the macrocycle ligand more rigid and reinforce the

observed trend in activation energies. Supporting Information Available: Stirred solution voltammo-
The minimal influence of pH on the rate of isomerization grams recorded before and after electrolysigraifis-I-[Ni(cyclam)]**

(<50% within the temperature range available for study) is (Figure S-1) and CV traces recorded with a gold electrode in a blank

intriguing and suggests that a conjugate base mechanism is noglectrolyte (3.5 M NaCl@ pH 2) and in electrolyte witftrans-

involved in the rate-determining step of the Ni(lll) system. Yet [Ni(cyclam)F” (Figure S-2) (3 pages). Ordering information is given

proton inversion at two nitrogen centers must occur in order on any current masthead page.

for the trans| and trans|ll isomers to interconvert. Thus it  1C9614172

With thetrans| form of [Ni(cyclam)] in the 2+ state and in
solutions near a pH of-23, the halflife for thetrans| species

has been estimated to be ca. 20 years at room temperature.
However, oxidation oftransI-[Ni(cyclam)] to the 3+ state
provides a dramatic enhancement to the rate of isomerization.
Cyclic voltammetry has confirmed that this isomerization
proceeds from a transiemmains I-Ni(lll) species that has a room-
temperature halflife of ca. 400 ms. Variable-temperature
measurements of theans /Il isomerization rate constant of
[Ni(cyclam)]** have provided activation enthalpy and entropy
h- changes which support a rate-determining step involving change
from four- to six-coordinate Ni(lll). However, because base-
or acid-catalyzed proton inversion of the cyclam ring was not
found to limit the rate of isomerization and because structures
of the short-lived Ni(lll) species could not be determined, the
exact nature of the isomerization pathway is still unknown.



