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The decomposition kinetics of the Ni(lll) complexes of Gly,HisGly and Gly,Ha are studied from p[H*] 3.5 to 10,
where His is L-histidine and Ha is histamine. In these redox reactions, at least two Ni(lll) complexes are reduced
to Ni(ll) while oxidizing a single peptide ligand. The rate of Ni(lll) loss is first order at low pH, mixed order from pH
7.0 to 8.5, and second order at higher pH. The transition from first- to second-order kinetics is attributed to the
formation of an oxo-bridged Ni(lll)—peptide dimer. The rates of decay of the Ni(lll) complexes are general-hase
assisted with Bragnsted 3 values of 0.62 and 0.59 for Ni(lll)Gly,HisGly and Ni(lll)Gly,Ha, respectively. The coordination
of Gly,HisGly and Gly,Ha to Ni(ll) are examined by UV-vis and CD spectroscopy. The square planar
Ni'(H_,Gly,HisGly)~ and Ni"(H-,Gly,Ha) complexes lose an additional proton from an imidazole nitrogen at high
pH with pK, values of 11.74 and 11.54, respectively. The corresponding Ni(lll) complexes have axially coordinated
water molecules with pK; values of 9.37 and 9.44. At higher pH an additional proton is lost from the imidazole
nitrogen with a pK, value of 10.50 to give Ni"(H_3Gly,Ha)(H,O)(OH)?".

Introduction

Glycylglycyl-L-histidine, when attached to various binding

agents or proteins in the presence of Ni(ll) salts and oxidants,

can cause site-specific DNA cleavalgé,protein—protein
cross-linking® or protein cleavagé.N-terminal peptide
residues can coordinate to metal ions, such as Gty

Ni(ll), °® through the amine nitrogen and three consecutive

peptide nitrogens. Ni(Ih-peptide complexes containing an
imidazole group in the third residue are more stétiean
those without an imidazole nitrogen doriéin the presence
of O,, Ni(I)GlyGlyHis is oxidized to a Ni(lll) complex that

undergoes rapid decarboxylation to give Ni(ll)GlyGly-
OH—Ha (where Ha is histaminé}.The crystal structure of

the latter species shows a square-planar complex, chelated
by the amine terminal nitrogen, two deprotonated peptide

nitrogens, and a histidyl imidazole nitrogen. Nickel{il)
peptide complexes can be oxidized te-& oxidation state
either chemically or electrochemicali§/** Peptide complexes
of nickel(lll/Il) have been characterized by electron para-
magnetic resonance (EPK) 6 electrochemistryl-3 UV —

vis,*?17and circular dichroism®2° EPR studies have shown
that Ni(lll)—peptide complexes have tetragonally elongated
geometry with water molecules in the axial sites.

* To whom correspondence should be addressed. E-mail: margerum@ W€ have recently investigated the self-decomposition
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Decomposition Kinetics of Ni(lll)-Peptide Complexes

reaction kinetics of Ni(lll) complexes of GlifisGly and Table 1. Molar Absorptivities, Ellipticities, and Deprotonation
GIy2Ha are examined over a wide pH range. Below pH 7.0 Constants of Ni(Il}-Peptide Complexes at 25:€ andu = 1.0 M

the redox stoichiometry is given in eq 1, where P is Sly _ M tem?®  Ae,Mlcmt
HisGly or Gly,Ha and Ry is oxidized peptide product. For species (A, nm) (A, nm) Ka
these reactions = 4 for the GlyHisGly complex and = Ni"'(H-2Gly-HisGly)~ 1;; (ig? 02-8557 248132) 11.74(2)
2 for the GlyHa species. Above pH 8.5 a cross-linked Nill(H_sGlysHisGly)2- 65 ((307; 3'.29((412))

141 (424) —1.55 (483)

ll - N Ni"(H-3Gly-AlaGly)? —1.3(457)
NIT(H_,P)(H,0), + nOH NIF(H_oPo) + Ni”(HszlyzHa) 9 (307) 11.54(3)
(n—1)Ni"(H_,P)+ 2nH,0 (1) _ 138 (424)

Ni'l(H-3Gly,Ha)~ 63 (307)
) . o ) 138 (424)
peptide (P-P) is formed, and the redox stoichiometry is
given in eq 2. Imidazole deprotonation constants Results and Discussion
2NI" (H_,P)(H,0), —~ (NiI"H_,),(P-P)+ 4H,0  (2) Spectral Characteristics of Ni(ll)—Peptide Complexes.

At physiological pH, the coordination of GIMisGly*° and

of Ni(ll) complexes of GlyHisGly and GlgHa above p[H] Gly,Ha?2to Ni(ll) is by the NH-terminus, two deprotonated
11 are also evaluated by UV spectral measurements. Inpeptide nitrogens, and thenitrogen of imidazole. Gajda et
addition, imidazole and axial water deprotonation constants al. used potentiometric and NMR data to show that depro-
of the corresponding Ni(lll) complexes are measured spec- tonation of the imidazole nitrogen occurs with lé;mf 11.52
troscopically and electrochemically. (u = 0.1 M) to give a Ni(H-3Gly,Ha)~ species? The
present work shows that UV spectroscopy also can be used
to measure the loss of an imidazole proton from the Ni(ll)-

ReagentsGly,-L-HisGly and Gly were obtained from BACHEM Gly,HisGly and Ni(ll)Gly,Ha complexes. UV-vis absor-
Biosciences, Inc. GhHa and Gly-L-AlaGly were synthesized by  pance data from p[H 8.0 to 13.5 are shown in Figures 1A
Dr. H D. Lee at the Purdug University l\_/licganalyti_cql Lab. Al 3n0d S1A. Above p[H] 10, Ni(I) complexes of GlyHa and
solutions were prepared with doubly deionized, distilled water. Gly,HisGly exhibited a band growth centered at 307 nm due

Stock solutions of carbonate-free NaOH were prepared andt the triolv d tonated | The d i i
standardized with potassium hydrogen phthalate. A stock solution 0 the triply deprotonated complexes. € deprotonation

of Ni(ClO,), was prepared and standardized by titration with EDTA constants of the complexes were determined by fitting the
with Murexide as the indicator. EDTA was standardized titrimetri- Observed absorbance data at 307 nm versus]pitieq 3.
cally with NaOH using Erichrome Black T as the indicator. The cell path], was 5.00 cm, and the molar absorptives (
Methods. Nickel(Il)—peptide complexes were prepared by are given in Table 1. Thely values obtained in Figures 1B
dissolving 5-10% excess peptide in water, adding Ni(Gl)and and S1B were 11.54(3) for NiH_.Gly-Ha), in excellent

adjusting the pH to> 7. Ni(lll)GlyHisGly and Ni(lll)Gly,Ha agreement with the NMR dafdand 11.74(2) for Ni(H_,-
complexes were generated electrochemically at 0.82 V (vs Ag/ Gly,HisGly)". The increase in

AgCl) by passing the corresponding Ni(Hpeptide solution at a
flow rate of 0.9 mL/min through a graphite powder working
electrode that was packed in a Vycor porous-glass column and N . en—o[H '] n-3Ka
wrapped with a platinum-wire auxiliary electrodle An Orion Aobserved™ [Ni(Il)peptide} K + [H+] )
Model SA 720A Research pH meter equipped with a Corning a

combination electrode was used to measure pH values that were . . .
corrected to p[H] values at = 1.0 M (NaCIQ), where p[H] = absorbance in both complexes is due to deprotonation of the

—log([H*]). UV —vis spectra were obtained with a Perkin-Elmer imidazole ring. Other Ni(ll)-peptide complexes with coor-
Lambda-9 UV-vis—near-IR spectrophotometer. An Applied Pho- dination by an N-terminal amine and three consecutive
toPhysics model SX-18MV stopped-flow spectrometer (optical path deprotonated peptide nitrogens, such a@y{MizGly,)?, do
length= 0.962 cm) was used to study the rate of decay of Ni- not show absorption bands at 307 nm even in 0.1 M NaOH
(1) —peptide complexes. A PD.1 Photodiode Array (Applied_ (Figure S10).

PhotoPhysics) with a deuterium light source was used to obtain + | . _ .
spectra at high pH where the rate of Ni(lll) decay was rapid. At p[H*] 8.7 the NI'(H-2Gly,-L-HisGly)~ complex, with

Circular dichroism (CD) spectra were obtained with a Jasco Model @ 9—5—Ssix-membered ring, has a maximum ellipticity at 412
J810 CD spectropolarimeter Wit 1 cmquartz cell. All physical ~ and a minimum at 483 nm in the CD spectrum (Figure 2A).
measurements were taken at 254D(1) °C. These positive (412 nm) and negative (483 nm) bands
Reduction potentials were determined by Osteryoung square-increase in ellipticity as a function of p[i in agreement
wave voltammetry (OSWV) with a BAS-100 electrochemical ith the changes observed in the BVis spectrum at 307
analyzer. The working electrode was a planar glassy carbon nq anq are attributed to the deprotonation of the complex

electrode (3 mm diameter), the auxiliary electrode was platinum . | o)
wire, and the reference electrode was a Vycor tip Ag/AgCl electrode to give N#'(H_sGlyzL-His)". The above CD spectrum was

Experimental Section

stored i 3 M NaCl € = 0.194 V vs NHE). compared with the CD spectrum of Il{#H_,Gly,-L-AlaGly) .
(21) Raycheba, J. M.; Margerum, D. Whorg. Chem.1981, 20, 1441~ (22) Gajda, T.; Henry, B.; Aubry, A.; Depuech, J.Idorg. Chem.1996
1446. 35, 586-593.
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Figure 1. (A) A series of absorbance spectra for Ni(ll)@HisGly. The

increase in absorbance at 307 nm is observed a$]j$Hncreased from 8
to 13.5. (B) Dependence of absorbance onj[fér Ni(ll)Gly ;HisGly at
307 nm. The least-squares fit gives lg;wvalue of 11.74(2) for the loss of
an imidazole proton. Conditions: [Ki] = 1.30 mM, [Gly:HisGly] = 1.51
mM, u = 1.0 M, 25.0°C, path length= 5.00 cm.
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Figure 2. Circular dichroic spectra of (A) N{H_Gly;HisGly)~ at p[H"]
8.7, (B) Ni'(H_3Gly,HisGly)?~ at p[H] 13.0, and (C) Ni(H-3Gly-AlaGly)2~
at p[H*] 11.5, 25.0(1)°C.

Gly,-L-AlaGly has an asymmetric carbon on the third residue
and would mimic Gly-L-HisGly if the latter were to
coordinate Ni(ll) with the terminal amine nitrogen and three
consecutive deprotonated peptide nitrogens at pftigher
than 12. Ni(H_,Gly.-L-AlaGly)~ has a 5-5—five-membered
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(NF/RT)AE

O 1 1 1 1
0.01 0.02 0.03 0.04
[CO, "L M

Figure 3. Electrode potential dependence on [£Q. Conditions: 25.0
°C,u = 1.0 M, p[H'] = 8.98, [Ni(ll)Gly.Ha] = 1.0 x 1073 M. Slope=
Kco3 = 85(10) M—l.

0.05

Scheme 1. Proposed Structures for N{H_,Peptide)(HO),*® and
Ni"' (H-oPeptide)(HO)(COs) /2~
N OH,  |+/0 B co, -1z
o} 0
o 4o R K oo R
O N cos [0 N_ | N
T\./ + COZ T\./ + H0
Ni 3+ . Ni 3+
7N 1N
N | N NN
HH | L \ HH | (. \
OH, N OH,N
Ho L Ho

[0}
R= I(I)NHCH2|(|:O' orH
ring and gives a negative ellipticity at 457 nm that is not
observed for the N{H_,Gly,-L-HisGly)~ complex. Because
the CD signal is dependent upon the nature of the coordinat-
ing groupst® the difference in CD spectra of NH_3Gly»-
L-AlaGly)?~ and Ni'(H-3Gly,-L-His)~ indicates that the
imidazole nitrogen is the observed source of the ionized
proton. A similar conclusion was reached when Cu(ll)
complexes of the same peptides were charactefized.
Measurement of the Ni(lll,I) Electrode Potential as a
Function of Carbonate. Kinetic data obtained as a function
of [CO42"] showed that the rate of decay of the Ni(lll)
complexes decreases as the carbonate buffer concentration
increases. Suppression of the rate of decay is attributed to
the displacement of an axial water molecule by carbonate
(Scheme 1). Axial coordination of carbonate appears to
increase the kinetic stability of the Ni(lll) complex by
decreasing its reduction potential. Equilibrium constants for
the coordination of carbonate to the Ni(lll)Gla and Ni-
(IINGly ,HisGly complexes were determined by measuring
the shift of the formal reduction potentials with the carbonate
concentration. A similar method has been used to determine
equilibrium constants for a variety of Ni(ll)peptide
complexes with monodentate ligarfd#\t constant pH 8.98,
the E° change with [C@ ] (Figure 3) is attributed to the
replacement of an axial4® by CQ?~ in the Ni(lll) complex
(the Ni(ll) complex has no axial coordination). A decrease

(23) Tesfai, T. M.; Margerum, D. Wlnorg. Chem. Submitted for
publication.
(24) Murray, C. K.; Margerum, D. Winorg. Chem1982 21, 3501-3506.



Decomposition Kinetics of Ni(lll)-Peptide Complexes

in the electrode potentials was observed above pfHin

low carbonate concentration. The lower potential is attributed
to the deprotonation of the axially coordinated wat€(

eq 5 and Figure S9). Equations 4, 5, and 6 were used in eq
7 to evaluate the equilibrium constamtco, where P
represents GhHisGly or Gly.Ha. E” is a formal reduction
potential based on concentrations rather than activities and
AE = E* — Eco,

NI (H_,P)(H,0), + COZ —=
Ni" (H_,P)(H0)(CO)* + H,0 (4)

NI" (H_,P)(H,0), == Ni" (H_,P)HO)OH) +H' (5)

Ni" (H_,P)(H,0), + e = Ni"(H_,P)” + 2H,0

ex;{AE(g—ﬁ_)

Figure 3 shows a plot of expE(nF/RT)] vs [CO:?7] for
Ni(lll)Gly ;Ha where the slope of the line corresponds to the
equilibrium constantKco,. Equilibrium constants calculated
for the carbonate constants of Ni(lll)Gha and Ni(lll)Gly--
HisGly are 85(10) M! and 52(4) M1, respectively. The
intercept of the line in Figure 3 is {K,/[H™]), and Kaz
values for the deprotonation constants are 9.3(2) for Ni(lll)-
Gly,Ha and 9.3(1) for Ni(lll)GIgHisGly. At this p[H'], the
spectrum of the complex is essentially the same as it is in
acidic or neutral p[H]. These calculatediy,; values have
high uncertainties; however, the electrode potential measure
ments were also carried out as a function of Pkhich
gave more precisek; values.

Effect of Imidazole and Axial Water Deprotonation on
the Electrode Potentials. Electrode potentials for the
Ni'"' (H_,Gly,Ha)""® and Ni"" (H_,Gly,HisGly)¥~ couples
were measured as a function of p[Hvith 5 mM [COz]ot
present. Equation 6 corresponds to the reduction of Ni(lll)
to Ni(ll), while eqgs 5 and 8 represent consecutive deproto-
nations of the

(6)

()

K
1+ ﬁ + Ko [CO ]

Ni" (H_,P)(H,O)(OH)” =2 Ni"" (H_,P)(H,O)(OH} + '?g)

0.94

091

E, V (vs. NHE)
o
o0
o0

e
%
o

0.82
8.0

8.5 9.0 9.5 10.0 10.5

p[H']

Figure 4. Plot of E (vs NHE) vs p[H'] for Ni"" (Gly,Ha)*'® couple, 25.0
°C,u = 1.0 M, p[H'] is controlled by using 5 mM [Cg)+. [Ni(ll)Gly .Ha]
=1.0x 1073 M. E° = 0.928(4) V, [Ka = 9.44(6).

0.40

Initial Absorbance, 343 nm

9.0 95 100 105 11.0 115 120

p[H*]
Figure 5. Initial absorbance of Ni(lll)GlyHa as function of p[H].
[Ni(lI)Gly 2Hajinitiar = 9.5 x 1075 M, path length= 0.962 cm, 25.0C, u
=1.0 M, is 50 mM [CQ]ot except the last two data points where the buffer
is 50 mM [PQjtt. The solid line is calculated based on eq 8 anda pf
10.50(7) is obtained.

and the deprotonation constant of the axially coordinated

water molecule gives alf value of 9.44(6).

_ o _ RT
E=E nFIn
KaH'] + KaKap + Koo [COZIH T2 + [HT?

H?

For Ni(llGly,HisGly, the value ofK,, could not be
determined due to the fast decay of the complex abové]p[H
10. However Ky, has little effect on the evaluation &y
(107937@M) for the Ni(Il)Gly ,HisGly complex. The formal
reduction potential of NI"(H_,Gly,HisGly)*~ couple,
evaluated from the fit of the data to eq 9, is 0.960(4) V (vs

complex. Equations 5, 6, and 8 are used to derive eq 9, wherdVHE)-

the imidazole deprotonation constars, (eq 8), was

In contrast, deprotonation of the axially coordinated water

determined from the initial absorbance data. A value of molecule was not observed below pH 11 with non-histamine/
10-10506) M was determined for Ni(lll)\GlyHa (Figure 5). histidine-containing Ni(lll) complexe¥:?> Murray** esti-

K. and E* values are evaluated from the nonlinear least- mated the K, value of the coordinated water molecule to
squares fit of the data to eq 9 (Figure 4). The Ni(lll) complex be greater than 11 based on reduction potential measurements
coordinated by C&~ does not appear to lose a proton from of the Ni(lll)—peptide complexes in the pH range of 6.5 to
the remaining axial water, and this is taken into account in 10.5. Similarly, Kirvai® found that the K, of a coordinated

eq 9. The formal reduction potential of'Mi (H-,Gly,Ha)™,
evaluated from the fit of the data, is 0.928(4) V (vs NHE), (25) Kirvan, G. E.; Margerum, D. Winorg. Chem1985 24, 3245-3253.
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water in Ni(lll)Alag complex to be 11.3. In the present work, 0.08
the much lower R, value for the axially coordinated water 0.07 F ]
may be due to ther back-bonding nature of the imidazole 0.06 | o]
ring.
The Cu(lll)—peptide complexes, which do not contain T 0.05
axial waters, exhibit a significant K3 decrease when *% 0.04 ¢
histamine or histidine groups are in the third resi@u€. 0.03 f /
UV —vis spectra show that this deprotonation occurs at the 0.02 °
N-terminal amine. This I§, decrease was attributed in part 0.01 b )
to the w back-bonding ability of the imidazole group. 000

Although the Ni(lll) complexes in the current study do not
form stable amine-deprotonated spedéfeshe = back-

6 -
bonding appears to affect th&kpvalues for axial water 10°x [OH]
deprotonation Figure 6. Dependence of the observed first-order rate constant omJOH
’ for Ni''(H_,Gly,HisGly). Conditions: 25.0C,u = 1.0 M.
Kinetics. Ni(lll) —peptide complexes with histidine and

histamine as the third residue are relatively stable in acidic
solution with half-lives of more than 10 h. However, in basic
solution Ni(lll)—peptide complexes are unstable, and the loss
of Ni(lll) is complete within milliseconds to seconds. The
kinetics of Ni(lll)Gly.HisGly and Ni(lll)Gly,Ha decomposi-
tion were studied over the pfirange of 3.5 to 10. At p[H]

less than 7.0, the loss of the complex is first-order in Ni-
(111), while at p[H*] above 8.5 the reaction is predominantly
second-order in Ni(lll). From p[H] 7.0 to 8.5, the loss of
the Ni(lll)—peptide complex is mixed-order, with first- and
second-order dependencies in Ni(lll) (eq 10). Between'p[H
7.0 and 8.5, first- and second-order rate constants are resolved
from an integrated rate expression (eq 11).

00 02 04 06 08 1.0 1.2

oxidations, respectively. The parent peptide recoveries differ,
and this stoichiometry is accounted for in eq 17, where n is
2 for Ni(llGly ;Ha (with ~50% recoveryf and 4 for Ni-
(INGly ;HisGly (with 75% recovery}° The final product of
Ni" (H-_.Gly,HisGly) decomposition is N{H-,oxamylglycyl-
histidylglycine)” (eq 17, Scheme 2).The proposed inter-
mediate in eqs 1317 is shown in Scheme 2.

Ni" (H_,P)(H,0), =2 Ni" (H_,P)(H,0)(OH) +H® (12)
Ni"' (H_,P)(H,0), + OH~ % reactive intermediate (13)

—d[Ni" (peptide)},
dt B

k,[Ni" (peptide)],, +
k[Ni" (peptide)f,,, (10) Ni" (H_,P)(H,0)(OH) + OH~ “ reactive intermed(iﬂ?
_ Ak, exp(=kit)
ky + K(A, — A, exp(kit))

A A, 11)

. _ ks L .
Ni"'(H_,P)(H,0), + B~ — reactive intermediate ~ (15)
First-Order Path. A mechanism is proposed in eqs-12

17 to describe the loss of Ni(lll) where the decay of the

trivalent-metal complex is first-order in Ni()ll The observed

first-order rate constants increase with both a first- and Ni“'(H_ZP)(Hzo)ZE»reactive intermediate  (16)
second-order dependence in [JHFigure 6). This suggests

that both the diaquo and the axially deprotonated Ni(lll)

complexes are reactive species. The observed first-order rateeactive intermediate- nNi" (H_,P)(H,0), fost

also has a dependence on the basic form of acetate and
phosphate buffers. The proposed mechanism includes the
axial water deprotonation (eq 12), hydroxide path (eqs 13
and 14), the buffer path (eq 15), and the self-decomposition The rate expression is given in eq 18, where'Ni =

path (eq 16). Previous wol¥?®has shown that the reactivity [Ni" (H_oP)(H:0),] + [Ni" (H_,P)(H,0)(OH)]. The values

of the N'(H-.Gly,Ha)" and NI'(H-.GlyHisGly) com- | andk,.sin eqs 18-21 are the observed first-order rate
plexes differ because they react via two- and four-electron .,nstants in the presence and absence of buffer, respectively,
and [HB}. = [HB] + [B7]. The general base dependence

Ni'(H_,oxamylglycylhistidylglycine) (17)

(26) McDonald, M. R.; Scheper, W. M.; Lee, H. D.; Margerum, D. W.

Inorg. Chem 1995 34, 229237, (eq 19) is shown in greater detail in eqs 20 and 21, where
(27) McDonald, M. R.; Fredericks, F. C.; Margerum, D. Worg. Chem. the OH and buffer paths are separated. The valuekgof
28) ggeznfsé?’}.lﬁegsléf'r M. Margerum, D. W.Chem. Soc., Dalion &€ calculated from the acetate and phosphate buffer depen-
Trans. Submitted for publication. dence studies and are used to corkegtin order to evaluate

6730 Inorganic Chemistry, Vol. 43, No. 21, 2004
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Scheme 2. First-Order Pathwaykg) of Ni''(H-,Gly;HisGly) Self-Decompositich

OHz OH2 OHZ Hz
(0] 0] 0 0O
o4 R oo R oo R o Ko R
Os_N_ | N O N_| N H,0 Os_N_| N Os_N_ | N
N\ 7 OH ANUA 2 ANUA N7
Ni\3+ - /NI\?’* —_— /NI\?’* - /N|\3+ + 2H,0
NN NN N | N SN, | N
HH | (0 HoOH[ Y T I\ Hf ¢\
0. N { 0 N eo, N
OH. \. H B Nt N N\ H
H OH__H H H H
further
Il (Ijl reactions
R = CNHCH,CO
O O
oW W § 0 (l\)l/_/<l£l ¢ H,0
' . + R
3 Ni'(H,Gly,HisGy)™ + j: >Ni<2+ 3 NI(H,Gly,HisGly) T >Ni<2+
0" N N NN + OH
Ho L \ HH \
N N
H H
Ni''(H_oxamylglycylhistidylglycine)” Reactive Intermediate
aThe Ni'(H_oxamylglycylhistidylglycine) product was identified in previous wotR.
Table 2. Summary of Rate and Equilibrium Constants for the Table 3. Summary of Constants for the Brgnsted Relationship in the
Ni(lIGly oHisGly and Ni(lll)Gly,;Ha Complexes Decay of Ni'"(H_,P)(HO)?
Ni(llGly 2HisGly Ni(ll)Gly .Ha Ni(llNGly oHisGly kg, Ni(lll)Gly ;Ha ks,
B~ p° of pKHB M-1s1 M-ig?
ka, 7% 3.5(9)x 10°° 2.1(9)x 107 a
ky, M~1s71 3.9(8)x 10° 7(3) x 1% H.O 3 2 -1.74 6(2) x 10°8¢ 4(2) x 10°8¢
ko, M~1s71 7(2) x 10 4.2(8)x 10° H.,POZ~ 3 2 170 4.3(1)x 1075 1.95(2)x 1075
pKa1® 9.37(8) 9.44(8) CHsCOO 1 2 455 1.72(3x 1073 7.69(4)x 104
PKaz© 10.50(5) OH- 2 3 15.39 3.9(8)x 10° 7(3) x 1?
Kcos, M1 52(4) 85(10) . . b
kK', M~1g1 79(1 16(2) aConditions: 25.0°C, 4 = 1.0 M (NaClQ). Pp is the number of

equivalent proton sites on HBq is the number of equivalent basic sites
aConditions: 25.0C, 4« = 1.0 M (NaClQ). ® The deprotonation of the  on B~. 9 —log(55.5).¢ kg = k¢/55.5.1 pk ® = pK,, -+ l0g(55.5).
axially coordinated water molecule and calculated from electrochemical
measurement$.The deprotonation constant of the imidazole ring was . . . . .
calculated from absorption measuremefitén estimated K, value of equivalent protons in acid HRy is the number of sites that
10.50 was used to calculaki'. can accept a proton in a conjugate base@; is a constant,

ki, for the [OH] dependence. The rate constants evaluated andf; can be considered

from the fit are summarized in Table 2.

—dNi"] Iog(%) =logG; + ﬁlog( IEHB) (22)
O Jtot K, JNi'”] (18) CLY
dt b tot
KK to be the degree of proton transfer in the transition state that
n(kd + kJOH] + %ﬁoH*]z + kB[B])KW ranges from O to 1. Table 3 summarizes the valueg, of
- w (19) ke, and K® values of water, phosphate, acetate, and
K, + K, JOH] hydroxide. A Brgnsted-Pedersen plot is shown in Figure 7
with a slope ) of 0.62(4) for Ni(lll)Gly.HisGly and 0.59(3)
K, Ks KEBIHB] oy for the Ni(lll)Gly,Ha complex. Brgnsted values of 0.61(5)
Kops = Kops T N — = —| (20) reflect a relatively large degree of proton transferkg(eq
Ky + Ko OH 1/Ke™ + [H'] 13) to give the reactive intermediate. These values reflect
KK the decomposition of Ni(H-,P)(HO), and not Ni'-
n(kd + k[OH] + ? al[OH]Z)KW (H-2P)(H:0)(OH). It should also be noted that this general-
Ko = w 1) base assistance is evidence thatkheandkg paths in eqs
K, + Ku[OH] 13 and 15 represent proton abstraction directly from the

ligand by OH and B rather than internal conversion by
Assistance of a general base in the loss of Ni(lll) complex an axial hydroxide group.
shows that proton_ abstraction is the rate-determining step. o propose that the reaction at the first glycyl residue
General-base assisted rate constants follow the Branstedyq s by proton abstraction from the terminal amine, which
Pedersen relationship of eq Z2wherep is the number of iiates the rate-determining oxidation step. The Ni(ll)-

(29) Bell, R. P.The Proton in Chemistry2nd ed.; Cornell University: deprotonated amine complex reacts further to give Ni(ll) and
Ithaca, NY, 1973; p 198. a radical at thex-carbon (Scheme 2). This radical can reduce
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Figure 7. Bransted plots for the reactions of NH-_,Gly,HisGly)(HzO),

and Ni'"(H_,Gly.Ha)(HO);* with bases (B), whereks is the second-

order rate constant arKf;B is the ionization constant of HB. Slopg)(=

0.62(4) for NI"(H_,Gly,HisGly)(H,O), and 0.59(3) for NI'(H—»-

Gly;Ha)(H:0),™".

a second Ni(lll)-peptide complex to Ni(ll). The carbocation

intermediate formed in the previous step hydroxylates rapidly

in solution and reacts further to form 'NH_.oxamylglycyl-
histidylglycine)0

In egs 13 and 14, the rate constapis approximately 2
orders of magnitude larger thdm for both complexes. The

deprotonation of the coordinated water molecule to give a

Tesfai et al.

Oxo-bridged dinuclear Ni(lll) complexes have been re-
ported!®3°In the present study, we propose that the formation
of an oxo bridge between two Ni(lll) complexes leads to a
Ni(lll) —peptide dimer intermediate (Scheme 3). This reactive
intermediate could be formed when an axially deprotonated
hydroxyl group displaces an axial water from another Ni-
(1) complex to form the oxo-bridged dimer.

We do not see general-base assistance by,AR®COZ~
in the decay of the dimer, perhaps because of the domi-
nant OH path at higher pH. However, carbonate sup-
presses the rate of decay because of its ability to axially
coordinate to the complex and stabilize Ni(lll) (Scheme 1).
An overall reaction mechanism is proposed for the second-
order path in eqs 12 and 226. K, represents deprotonation
of the axially coordinated water molecule, akg represents
the deprotonation of the imidazole nitrogen. The values of
Ka1 and K4, used for Ni(lll)Gly,Ha are 10°4* and 1010-50
M, respectively.Kg is an equilibrium constant for the
exchange of buffer with the axially coordinated water
molecule.

Ni" (H_,P)(H,0), == Ni" (H_,P)(HO)(OH) + H* (12)

Ni" (H_,P)(H,0)(OH) == Ni" (H_,P)(H,O)(OH}™ + H*
2 - (23)

Ni'" (H_,P)(H,0), + CO;”~ =
Ni" (H_,P)(H,0)(COy)* + H,0 (24)

Ni" (H_,P)(H,0), + Ni" (H_,P)(H,0)(OH)” ==
[Ni" (H_,P)(H,0)],(0)*” + H" (25)

. _ ok . .
hydroxide group at the axial site gives a more reactive species [Ni" (H_,P)(H,0)],(0)*” + OH™ = cross-linked peptide

with a base than when water is coordinated to the Niflll)

(26)

peptide complex. We propose that this increased rate is due
to the axially coordinated hydroxide group assisting proton
abstraction from the N-terminal amine via a water bridge dt
(Scheme 2). The formation of a hydrogen bond between

oxygen from water and amine proton could promote the The rate expression is given in eq 27, where'[\t =
proton abstraction that leads to the rate-determining step. TheNi" (H—P)(H:0),] + [Ni"(H-2P)(H.O)(OH)] + [Ni"(H-3P)-
rate constants evaluated from the first-order path are given(H20)(OH}"] + [Ni"'(H-2P)(H:0)(COs;)?"]. An oxo-bridged

—d[Ni" tota .
[—I]|= 2,obs[N||”]t20tal (27)

in Table 2.
Second-Order Path.Previous studies of Ni(lll-peptide

Ni(lll) species is formed as a result of the preequilibrium
(eq 25) between two axially-deprotonated Ni(lll) complexes.
This dimer is a very reactive intermediate. Equation 28 gives

complexes without histamine or histidine groups have shown
a first-order decay of Ni(lll) in basic solutioff.However,

buffer and hydroxide concentration. The effect of £Qwvas
the present work shows that the Ni(lll) complexes of y

the observed second-order rate constant as a function of

corrected by performing a carbonate dependence study at

histamine and histidine exhibit second-order decay. One p[H*] 9.38. The observed second-order rate constants were
difference is that the histamine/histidine-containing com- independent of phosphate, and, therefore, no correction was

plexes deprotonate withKp values of 9.3-9.5, while the
non-histidine/histamine complexes hawg palues of greater (30) Bag, B.: Mondal, N.: Rosair, G.. Mitra, §hem. Commur200Q
than 112425 1729-1730.
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Decomposition Kinetics of Ni(lll)-Peptide Complexes

Scheme 3. Second-Order Pathway of Ni(IH)Peptide Self-Decompositién

H,0 0 R
2 %(_) H,0 O R
r N \\ )
N R
N\ o R HN
o:& /N"N\ N o (')N\‘h’usz N 0 S
NHz\\\NH further :<—N/H;‘\ Ll HN N oom
0 + 2 OH- reactions : \
NH/FNH C /O NH H.N H
0 \ NH,/ 2 N

O Im
NN/ o i
, HN
) R

R + 2Ni#* + 3H,0

Il
R = CNHCH,CO" or H + 2H0
aThe cross-linked peptide product was identified previodgly.

3.5 - - ' 8.5 indicates that the value &f is relatively small and that
30F k is large. The concentration of the oxo-bridged dimer at
S any given time is very small.
s Scheme 3 shows the self-decomposition of the oxo-bridged
o 20¢ Ni(lll) —peptide dimer to give a cross-linked peptide. Similar
PR to what is proposed in the first-order path (Scheme 2), base-
ot assisted deprotonation of the N-terminal amine initiates a
_&“‘ . « . . . .
rate-determining step. This is followed by fast reactions that
0.5 ¢ include reduction of Ni(lll) to Ni(ll) and the concurrent
0.0 ; formation of ana-carbon radical, Ni*—O bond breakage,
0.0 0.5 1.0 1.5 20 and C-C bond formation. The final product is the cross-

10* x [OH], M linked peptid€e?
Figure 8. Dependence of the second-order rate constant on JGbt c lusi
Ni' (H_,Gly;HisGly). Conditions: 25.0C, [Ni" (H_,Gly,Ha)"]wt = 0.05 onclusions
mM, « = 1.0 M. The solid line is a fit of eq 29 using an estimate, i ; :
valueﬂof 101050 A kK’ value of 79(1) Mt s*lqwas obte?ined from the%it. The rate_s Of_ d_e(‘fompos[tlon O_f N|(IHﬁpept|d_e com_plexes
that contain histidine or histamine as the third residue have
performed. After the effect of buffer was corrected, the data a complex pH and buffer dependence as well as a variable

were fit to eq 29. reaction order in Ni(lll) concentration. Mechanisms are
o proposed to explain this behavior. Ni(lll)GKtisGly and Ni-
- 2(KK'K,[OH T°) (INGly ;Ha exhibit similar kinetics, although Ni(ll)GhHa
2,0bs ™

K KK
1+ —2OH ]+ —2¥0H 12+ Ky[B ]
Kw K2

W

sz undergo axial water deprotonation witlkkg = 9.4 and a
second deprotonation at the imidazole nitrogen at higher pH
(28)  where K, = 10.5 for Ni(lll)Gly.Ha. (Imidazole deproto-

nation of the Ni(ll) complexes is more difficult, thus th&

)2 consistently decays more slowly. Both Ni(HHpeptides

2(KK'K 4 JOHT?)

Ky ops = (29) value for Ni(ll)Gly;Ha is 11.54.) The second-order Ni(lll)
w214 K_al[OHf] N KalKaZIOHf]z 2 dependence is attributed to the formation of an oxo-bridged
w Ky KW2 Ni(lll) —peptide dimer that yields a cross-linked peptide as

a product.
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