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complex [(Ph;P),PdCO;] tended to decompose in solution as it was
formed, so with [(Ph;P),PdCl,}, the suspension was stirred only for
about 15 min. However, the product obtained was always impure.

Adduct of Carbon Disulfide with [(Ph;P).,PtO,]. Carbon di-
sulfide was added dropwise to a solution or suspension of [(PhsP),-
PtO,] (0.75 g) in ice-cold benzene-ether (5 ml/5 ml) until no further
reaction was observed (usually 3-4 drops). The orange crystals
formed were filtered off rapidly, washed with ice-cold ether, and
dried in vacuo. The compound tended to decompose to the di-
thiocarbonate analog in solution but was quite stable when dry;
yield, 0.75 g (about 90%). A similar procedure with [(Ph;P)s-
PdO;] gave the dithiocarbonate directly, and oxygen was evolved on
addition of CS..

Dithiocarbonatobis(triphenylphosphine)platinum(II). This adduct
could be prepared by recrystallizing the above complex (0.5 g)
from a methylene chloride-benzene solution containing triphenyl-
phosphine (1.3-1.5 g) under nitrogen, as described above.

Aldehyde and Ketone Adducts. These were prepared by the
following general method: about 1 g of [(PhsP),PtO.] was dis-
solved or suspended in benzene under nitrogen and an excess of
ligand added with stirring. (The ligand was added in benzene
solution if a solid.) With aldehydes, an immediate precipitate was
noticed, and with ketones, a precipitate formed on stirring for a few
minutes. The solid was then filtered off, washed with dry benzene,

and dried in vacuo, yields, usually about 90°7. Adducts with ace-
tone oxime, thiourea, and thioacetamide were prepared in an exactly
analogous manner. Ether was sometimes added to hasten pre-
cipitation.

Reduction of [(Ph;P),PtO;-Acetone]. Bubbling a stream of
nitrogen or hydrogen through a solution of [(Ph;P),PtO, acetone]
(~1 g) in methylene chloride (25 ml) for several days gave the
complex as a white solid. Solvent was added as necessary during
this time to maintain a fairly constant level. The product was
recovered by evaporation, washed with dry ether, and dried in
vacuo. It was not ascertained whether or not the hydrogen or
nitrogen was oxidized during this reaction. Attempts to reduce
the aldehyde and ketone adducts with triphenylphosphine in the
same manner as with peroxycarbonates resulted in the re-forma-
tion of tetrakis(triphenylphosphine)platinum(0).

Physical Measurements. Infrared spectra were recorded on a
Beckman IR-4 prism instiument calibrated with a polystyrene film
(4000-600 cm™!) and atmospheric water vapor (600-300 cm™!).
Microanalyses were performed by Chemalytics Inc. and by Schwarz-
kopf Microanalytical Laboratories. Melting points were measured
on a hot stage microscope in air and are uncorrected. Nmr
spectra were obtained on a Varian A60 spectrometer using so-
lutions in CDCl. Analyses of compounds are given in Table
Iv.
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Abstract: The complexation reactions of glycylsarcosine and glycylglycine with copper(II) have been studied
using the temperature-jump technique. At 25°, the rate constants for the reactions Cu?* 4+ L~ = CuL™* (ki, £-1)
are for glycylsarcosine, k&) = 4.0 X 108 M~!sec™!, k—, = 170 sec™!, and for glycylglycine, k; = 3.5 X 10% M~!
sec™!, k_y = 960 sec™!, In addition, for the latter ligand, a slower effect appears at pH ~4, which has been as-
cribed to the reaction Cu(HGG)* == CuGG -+ H* (kp, k). The rate constants at 25° are ki, = 76 sec™! and Ay
= 8.7 X 10° M~'sec™!, The bonding model for metal ion peptide complexes suggested by Rabin is consistent with
these kinetic results. The reactions for glycylglycine were studied at other temperatures and the activation energies
were determined. The activation energy for complexation is consistent with the suggestion that the rate-determin-
ing step is the removal of a water molecule from an axial position in tetragonally distorted Cu(H,O);**. The acti-
vation energy for the protonation reaction is considerably larger than that usually obtained for reactions of this

type and is consistent with structural rearrangement subsequent to proton attack.

Considerable interest has been shown recently in the
structures of metal complexes of oligopeptides in
solution. Special attention has been paid to the peptide
complexes of nickel(II), cobalt(II), and especially copper-
(II). The emphasis on copper(Il) is related quite likely
to the important role this metal ion plays in certain
biochemical processes and to the fact that it is unique in
the extent to which it facilitates dissociation of peptide
link hydrogen atoms. Most of the previous studies on
the aqueous chemistry of copper—peptide complexes
have involved potentiometric titration,>—% calorimetry,?

(1) (a) Paper I: R. F. Pasternack and K. Kustin, J. Amer. Chem,
Soc., 90, 2295 (1968); (b) Paper II: K. Kustin and R, F, Pasternack,
ibid., 90, 2805 (1968); (c) Paper I1I: K, Kustin and R, F, Pasternack,
J. Phys. Chem., 73, 1 (1969); (d) Paper IV: G, Davies, K. Kustin,
and R, F, Pasternack, Inorg, Chem., 8, 1535 (1969),

(2) S.P.Datta and B, R, Rabin, Trans. Faraday Soc., 52, 1123 (1956).

(3) A. P, Brunetti, M. C, Lim, and G, H. Nancollas, J, Amer. Chem.
Soc., 90, 5120 (1968).

(4) M. K. Kim and A, E. Martell, Biochemisiry, 3, 1169 (1964),

(5) M,.K.Kimand A. E, Martell, J, Amer, Chem, Soc., 88, 914 (1966).

optical rotary dispersion,® visible® and infrared spec-
troscopy, *® nmr spectrometry,” and electron spin reson-
ance.? Using the copper-glycyclglycine complex as a
specific example, several workers suggest that the
structure stable in the pH range in which the peptide
nitrogen is protonated is one in which bonding occurs
through the amine nitrogen and carbonyl oxygen?
(c¢f. Figure la). However, other workers**’ have
interpreted their results as indicating strong metal-to-
carboxyl oxygen interaction which, in the absence of
dimers,® leads them to suggest the structure shown in
Figure 1b.

We are reporting on the kinetics of the reactions of
copper(Il) with glycylglycine and glycylsarcosine. The
temperature-jump technique has been used to obtain

(6) G. F. Bryce, J. M., H. Pinkerton, L, K. Steinrauf, and F. R. N.
Gurd, J, Biol. Chem., 240, 3829 (1965).

(7) M.K.Kim and A, E. Martell, J. Amer. Chem. Soc., 91, 872 (1969).

(8) J. F. Boas, J. R, Pilbrow, C. R. Hartzell, and T. D, Smith, /.
Chem. Soc. A, 3159 (1969).
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rate constants for the reaction

k
Cu?* -+ L- === CuL* )

-1

for both dipeptides and over a temperature range for

glycylglycine.  Furthermore, for glycylglycine, the
reaction
kp
Cu(HGG)* "T'—:E CuGG + H* 2
CH

was also studied over a temperature range. The re-
sults of these studies are interpreted in terms of model
ain Figure 1 with which they correlate very well.

Experimental Section

The temperature-jump apparatus has been described elsewhere.?
The dipeptides used in these studies were obtained from Nutritional
Biochemicals Corp, Baker reagent grade nitrate salts of potassium
and copper were used. A stock solution of the copper ion was
prepared and the concentration was determined via an EDTA ti-
tration using murexide as the indicator.!® The indicator used to
follow the course of the reactions was Allied Chemical methyl
orange; all solutions were 4,7 X 1075 M.

Solutions were freshly prepared from the solid dipeptide and
stock solutions of KNO;, Cu(NO;),, and methyl orange. The
solutions were degassed and the pH was adjusted by the dropwise
addition of dilute NaOH and/or HNO; to +0.01 pH unit. The
temperature for most of the studies was 25°, Blank experiments
with solutions containing only the metal and indicator, or the ligand
and the indicator (both solutions at ionic strength 0.1 M), did not
show any relaxation effect in the time range of the instrument.

Thermodynamic data for the copper(I)-glycylglycine system were
available in the literature? which permitted the analysis of relaxation
data obtained at temperatures other than 25°, Therefore, the ki-
netics of this system were studied also at 10 and 15°. The lower
limit results from our using a water bath for thermal control and
the upper limit (25°) results from the coupling of the two effects
(vida infra) at higher temperature. In other words, as the tempera-
ture is raised above 25°, the relaxation times for the two effects
become nearly identical and cannot be determined independently
with acceptable precision.

Results

(a) Glycylsarcosine. All of the data obtained for
the glycylsarcosine system could be interpreted in terms
of the reactions

k
Cu?* + Glysar— ;—k_l‘_ Cu(Glysar)*
1

3
Cu(Glysar)* + Glysar- ;]%‘_ Cu(Glysar),
coupled to the much faster reactions
H,Glysar* 27— H* + H Glysar
H Glysar 7T/ H* + Glysar~ (4
Hin = H* + In~

The analysis of the data requires detailed knowledge of
the equilibrium constants for the system; these are
shown in Table I. The experimental conditions and a
summary of the pertinent relaxation data are given in
Table II. In treating these data, a reaction pathway
involving the zwitterion form of the ligand was con-
sidered using a technique outlined in previous papers.!!
We concluded that the rate constant for zwitterion

(9 R. F. Pasternack, K. Kustin, L. A. Hughes, and E. Gibbs, J.
Amer. Chem, Soc., 91, 4401 (1969).

(10) G. Schwarzenbach, “Complexometric Titrations,” Interscience,
New York, N. Y., 1957, p 82.

(11) R, F. Pasternack, E. Gibbs, and J. C. Cassatt, J. Phys. Chem.,
73, 3814 (1969),
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Figure 1. Two suggested structures for the metal ion-glycyclgly-
cinate complex in a pH region in which the peptide nitrogen is
protonated.

attack is within experimental error, and relaxation times
were calculated (¢f. Table II) without the inclusion of
hydrogen-ion-dependent terms in the rate constants.
We obtain values of &y = 4.0 X 10® M—!sec—'and ks ~
2 X 108 M—1'sec™!, the relaxation times for all the solu-
tions being considerably more dependent on k, than k..

Table I. Thermodynamic Data for Copper(I1)}-Glycylsarcosine
and Glycylglycine Systems, 4 = 0.1 M
At 25°
Glysar«? Glygly®
. - HHL] - -
K = [H.LY 6.76 X 10 832 x 10
LY Ly - -
Ky» = [HL] 234 X 10 8.13 X 10
[CuL+]
Cu = 6 5
K [Cur i 2.29 X 10 3.63 X 10
[Culy)
U = — ——— 5
K, [CuLAL 1.38 x 10
;o [CUL—H][_I-E_] -5
1= TcalY 8.71 X 10
H+[In"]
K, = [_[H]{n] = 3.47 X 10~* for methyl orange?
At 10 and 15° for Glygly®
10° 15°
Ky® 8.32 X 1074 8.32 X 107¢
K2 3.16 X 10™® 4.36 X 10~*
K;Cu 9.12 X 108 5.25 X 108
Ky’ 4.68 X 1078 5.89 x 1078

e S, P. Datta and B. R. Rabin, Trans. Faraday Soc., 52, 1123
(1956). *Reference 1c. ¢ Reference 3. <1I. M. Kolthoff, J. Phys.
Cheni., 34, 1466 (1930).

(b) Glycylglycine. A single relaxation effect was
obtained for each of the copper(Il)-glycylglycine solu-
tions in the pH range 3.2-3.9. This effect could be
characterized as being due to complexation reactions.
However, unlike the situation for the copper(Il)-
glycylsarcosine system, as the pH was raised to ~4, a
second relaxation effect appeared which was slower than
the first effect (¢f. Figure 2). This second effect could
be accounted for as being due to the loss of a peptide
proton from the monosubstituted copper—diglycine
complex—a reaction which had been reported and char-
acterized in the previous thermodynamic work.? That
this second effect does not appear in the glycylsarcosine
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Figure 2. Top: relaxation effect obtained for a copper(Il)-glycyl-
sarcosine solution at a pH of 4.45. The initial conditions are
[Cu?t)y = 1.40 X 1072 M, [glycylsarcosine], = 8.03 X 1072 M,
The relaxation time obtained for this solution is 0.59 msec, Bot-
tom: two relaxation effects obtained for a copper(Il)-glycylglycine
solution at a pH of 3.88. The initial conditions are [Cu?*], = 1.68 X
10~2 M, [glycylglycine]ls = 1.00 X 1072 M. The relaxation times
obtained for this solution are 0.51 and 5.2 msec.

system is consistent with the kinetic assignment, since
there is no peptide proton in this latter case.

In the analysis of the relaxation data, all thermody-
namically stable species have to be considered. There-
fore, the conservation equations for metal, ligand, and
charge become, respectively

0 = §[Cu*] + S[Cu(HGG)*] + S[Cu(HGG),] +
S[CU(GG)]
0 = §{H:GG* + §[H:.GG] + §HGG] +
S[GG*] + S[Cu(HGG)*] +
25[Cu(HGG),] + §[Cu(GG)] )
0 = §[H,GG*] + [Cu(HGG)*] + 25[Cu?*] +
S[H*] — S[HGG-] — §[OH-] —
S[In-] — 25[GG*]

where HGG™ is the anionic form of the ligand and GG *~
is the symbol for the ligand after loss of a peptide pro-
ton. Certain simplifications are possible; the species
GG?* does not exist in solution at normal pH’s, and
Cu(HGG), proves to be of no importance in fitting the
kinetic data, which is again consistent with the thermo-
dynamic studies.® Therefore, §{GG?*] = §[Cu(HGG).]
= 0. Also, since the reaction

Cu(HGG)* S Cu(GG) + H* (6)

is slower than the complexation step, when considering
complexation we may take §[Cu(GG)] = 0.

Then, the complexation step may be handled in the
same manner as was done for glycylsarcosine. The
equilibrium constants given in Table I were used to
analyze the relaxation data. Once again, the rate con-
stant for zwitterion attack fell within experimental error
and relaxation times were calculated without the use
of pH-dependent terms in the rate constants. A sum-
mary of the experimental conditions and observed and
calculated relaxation times, 7,°"° and 7,°*°9, respectively,
are shown in Table III. We obtain for this system that
ki = 3.5 X 108 M—*secL

The slower process leads to somewhat different simpli-

Table II. Relaxation Spectra of
Copper(I1)-Glycylsarcosine Solutions®
[Culo X [nglo X Tobsd, Tealed,
103 104 pH msec msec
5.35 9.99 3.95 2.5 2.3
2.68 2.84 4.03 3.7 3.0
2.68 8.93 4.01 3.1 2.8
2.68 15.0 3.86 2.9 3.2
10.7 20.1 3.53 3.2 3.7
7.02 15.0 3.57 3.7 3.5
133 14.9 3.27 2.6 3.9
13.3 14.9 3.62 2.6 2.6
14.0 40.2 4.48 1.6 1.7
14.0 80.3 3.65 2.6 2.1
14.0 80.3 4.01 0.76 1.2
14.0 80.3 4.45 0.59 0.70
ki = 4.0 X 108 M1 sec™! ko ~ 2 X 108 M1 sec™!
k_1 = 170 sec™? ko~ 2 X 10° sec™!?

The subscript zero refers to the
uw = 0.1 M, temperature =

e All concentrations are molar.
total stoichiometric concentration.

257

Table ITI. Relaxation Spectra of

Copper(11)-Glycylglycine Solutions®

[CU](} W [L]g]n X Tlob”d, Tl"*'"1°‘l, T2obsr1’ Tzculod,

103 10° pH msec msec  msec msec
107 8.05 3.41 1.3 0.94
11.2 8.67 4.12 0.57 0.53 5.8 6.5
11.:2 8.67 4.48 0.26 0.26 5.2 4.5
11.2 8.19 3.19 1.0 1.0
5.60 9.83 3.33 1.4 1.0
5.60 0.83 4.05 0.63 0.73 6.2 6.9
11.2 15.0 3.35 1.2 0.94
11.2 15.0 3.91 0.49 0.54 4.2 5.0
16.8 10.0 3.44 1.0 0.89
16.8 10.0 3.88 0.51 0.64 5.2 4.2
16.8 10.0 4.24 0.25 0.34 4.8 4.1
22.4 10.0 3.41 0.86 0.87
22.4 10.0 3.95 0.49 0.51 3.8 4.1
22.4 10.0 4.27 0.22 0.26 3.9 3.9
5.60 73.0 3.49 0.81 0.90
ki = 3.5 X 108 M1 sec! kg = 8.7 X 105 M~ ! sec™!
k_1 = 960 sec™? kp = 67 sec™!

The subscript zero refers to the
p = 0.1 M, temperature =

« All concentrations are molar.
total stoichiometric concentration.
257%
fications in eq 5. It is still true that both §{GG?* ] and
S[Cu(HGG),] = 0, but now we treat the complexation
step as if it is a preequilibrium. This leads to

1

T2

= pkp + kuy([H'] + o[CuGG)) (7)

where 7, is the relaxation time for the slower process
_ YHy + 1 = p)
[HGG(1 + «)
_____ . BKSKE
K2K.* + 48K [H.GG] + BKAHGG]
_ (1 + aHGGT] + (1 + yI[Cu®]
P = {0 + HGG + [Cu] + (I + w/K
_ _ 2BKSH.GG] + BK[HGGT]

T = KK + 48K [H,GG] + BK[HGG ]
K [H*] + B[H*][H.GG] + [H*]* + _
_ BKf[OHT] + BHTOHT]
K*K,* + 48K, [H.GG] +

BKF[HGG™] 4+ BK*K:o[OH]/[HT]

K +[HY]

KIn + [H+] + [In_]

(8)

o =

8 =
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Table IV. Relaxation Spectra of Copper(II)}-Glycylglycine Solutions at 10 and 15° «

Temp, °C  [Cu]e X 103 [Ligle X 10° pH 71°b¢d, msec  7yealed, msec 72°bsd, msec To%eled, msec
10 11.1 5.06 3.46 2.7 2.9
11.1 5.06 3.97 1.5 1.4 15 14
16.7 7.79 3.44 2.2 2.6
16.7 8.01 3.94 1.6 1.1 11 13
16.7 8.01 4.24 0.67 0.52 12 14
22.2 9.90 3.49 2.6 2.2
22.2 10.1 4.25 0.27 0.40 19 14
ki = 2.4 X 108 M~!sec™! kr = 3.0 X 105 M~1sec!
15 11.2 5.08 3.41 2.3 2.0
11.2 5.08 3.93 1.3 1.1 12 7.6
11.2 5.08 4.28 0.52 0.53 6.6 8.3
16.8 8.41 3.52 1.6 1.6
16.8 7.71 3.95 0.88 0.85 5.3 7.0
16.8 7.71 4.18 0.45 0.50 8.7 7.4
22.4 10.0 3.21 1.6 2.0
22.4 10.0 3.95 0.87 0.70 5.9 6.2
22.4 10.0 4.23 0.29 0.36 8.5 6.9
k= 2.2 X 108 M~!sec™! kg = 53 X 10% M~ sec™!
@ All concentrations are molar. The subscript zero refers to the total stoichiometric concentration. x = 0.1 M.

The rate constants obtained at 25° are kg = 8.7 X
108 M—! sec™! and kp = 76 sec™!. The experimental
conditions and observed and calculated relaxation times
are given in Table III.

In addition, experiments were conducted for the
copper(Il)-diglycine system at 10 and 15°. A summary
of the experimental conditions and observed and cal-
culated relaxation times is given in Table IV. Because
of the limited temperature range available to us and the
small value of the activation energy for complexation,
this value could only be estimated as from 4 to 8 kcal/
mol. However, for the protonation reaction, a stan-
dard approach to the determination of the activation
energy proved feasible and we obtain an activation
energy of 11 kcal/mol for the protonation step.

Discussion

A considerable number of complexation reactions
involving labile transition metal ions have been studied
in the last decade. A general two-step mechanism has
been suggested which, when examined in detail, proves
to be consistent with almost all of the kinetic results
thus far obtained.!? The mechanism begins with the
diffusion-limited formation of an ion pair between the
reactant species with the subsequent and rate-determin-
ing replacement of water molecules in the inner coordin-
ation sphere of the metal-containing species by the
attacking ligand. The equations for the specific case
of a bidentate ligand attacking the fully aquated metal
ion are

very rapid
M(aq) + A-B(aq) ———= W,.MW,, A-B (9a)
k
W:MW,, A-B === W,M-A-B (9b)
K -01
A
ko' /
W:M-A-B —=M (9¢)
koo’ \
B

where W; and W, are the two water molecules in the
inner coordination sphere of the metal ion, M, which
are replaced by the ligand, A-B. By assuming that
step 9a is very rapid and can be defined by an equilib-
rium constant K,; and that d{W,M-A-Bl/dr = 0, an

(12) M. Eigen and R. G, Wilkins, 4dvan. Chem. Ser., No. 49, 55
(1965).

expression can be derived for the observed rate con-

stant, k,
ko’ )
ki, = Kgkoyl ———
: ' 01<k01’ + k_u

An expression has been derived for the equilibrium con-
stant!® K,,, which is difficult to measure, and although
the value of this constant depends on distance of closest
approach, ionic strength, etc., it depends, for simple
ligand systems, most critically on the charge types of the
reactant species, !*

Equation 10 leads to two extreme cases. In case I,
which is the most frequently encountered one, ring
closure is considerably faster than is the rate of breaking
a metal ligand bond; ko’ > k_a. The observed rate
constant is then k, = K, ka. Since kg is the rate con-
stant for water loss from the inner coordination sphere
of the metal ion and is relatively independent of ligand, '
observed rate constants, k;, should be invariant for
ligands of a given charge type. Table V has a listing
of rate constants for a number of metal-ligand systems.
The first four ligands all have the same charge and, as
may be seen from the table, the rate constants are in
good agreement for a given metal. In the case of
arginine, the attacking ligand is formally neutral and the
rate constant is smaller by a factor of about 10 for
cobalt(IT) and nickel(II).

The second limiting case to be considered for eq 10 is
that in which ko' < k_q. This case arises when the
rate constant for ring closure is abnormally small due
to the formation of a chelate ring containing more than
five members and has been discussed previously.!®* An
example of this situation is 3-alanate—, as given in Table
V. Here, once again, the rate constants obtained are
approximately an order of magnitude smaller than for
those anionic ligands for which case I is applicable.

The kinetic results for glycylglycinate— and glycyl-
sarcosinate— are also included in Table V. It is im-

(10)

(13) (a) R, Fuoss, J. Amer. Chem. Soc., 80, 5059 (1958); (b) M.
Eigen, Z. Phys, Chem. (Frankfurt am Main), 1, 176 (1954),

(14) A. Kowalak, K, Kustin, R, F. Pasternack, and S. Petrucci,
J. Amer, Chem. Soc., 89, 3126 (1967),

(15) This need not be strictly true; c¢f. D. B, Rorabacher, Inorg.
Chem., 5, 1891 (1966).

(16) K. Kustin, R. F. Pasternack, and E, M, Weinstock, J. Amer.
Chem, Soc., 88, 4610 (1966).
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AN / O-NH- CHZCOG
H O“‘/"""\N’—'CHZ
2 Ho

ky = 8.7x 105MTsec™

kp = 76 sec’|

Figure 3. The protonation reaction for the copper(Il)-glycylgly-
cine system for each of the two bonding models for Cu(HGG)*.

mediately apparent that the rate constants for these
ligands are smaller than the normal rate constants for
anions. However, the chelate rings are five-membered

Table V. Forward Rate Constants for
Complexation (k;, M~ sec™)

Ligand/metal Niz+ Co? Cu?* Ref
Glycinate™ 4 x 104 2 X 108 4 X 10¢ 1d, a
a-Alanate~ 3 X 104 2 X 108 1 X 10° b, c
Leucinate™ 2 X 104 1 X 108 2 X 108 11, d
Serinate~ 3 X% 104 2 X 108 3 X 108 e
Glycylglycinate™ 3 X 108 2 X 105 4 X 108 1d, f
Glycylsarcosinate = 2 X 108 5 X 108 4 X 108 1e, f
B-Alanate— 5 X 108 1% 10° 2 X 108 b, c
Arginine 2 X 103 2 X 10° g

s A, F. Pearlmutter and J. Stuehr, J. Amer. Chem. Soc., 90, 858
(1968). ®R. F. Pasternack, K. Kustin, R. Reingold, and M. Ang-
win, In preparation. °¢W. B. Makinen, A. F. Pearlmutter, and
J. E. Stuehr, J. Amer. Chem. Soc., 91, 4083 (1969). <¢J. C. Cassatt,
Ph.D. Dissertation, State University of New York at Buffalo,
1969; J. C. Cassatt and R. G. Wilkins, J. Amer. Chem. Soc., 90, 6045
(1968). ¢R. L. Karpel, K. Kustin, and R. F. Pasternack, Biochim.
Biophys. Acta, 177, 434 (1969). / This work. ¢ G. Davies, K.
Kustin, and R. F. Pasternack, Int. J. Chem. Kinet., 1, 45 (1969).

regardless of the bonding model (¢f. Figures la and 1b).
Therefore, it seems very unlikely that case II of eq 10
is applicable. This leads us to conclude that the car-
boxylate portion of the ligand is quite far removed from
the positive metal center in the ‘“‘effective’” ion pair,
that is, in the ion pair which eventually yields the stable
dipeptide complex. That the rate constants obtained
for these dipeptides are similar to those obtained for
neutral ligands may be seen in Table V and other tabu-
lations of rate constants for labile metal ions. !?

In aqueous solution the ‘“effective range” of cou-
lombic forces is 14 A for a 24, 1 — interaction.” In

the effective ion pair, the negative center is likely to be
about this distance from the copper ion, and the electro-
static potential energy due to this coulombic interaction
is therefore only of the order of kT. While these re-
sults do not preclude structure b of Figure 1, they are
certainly consistent with structure a, in which the car-
boxylate portion of the molecule is not bound to the
metal ion in the final complex.

The results for the proton attack reaction are also
readily interpreted in terms of structure a of Figure 1.
A considerable number of protonation reactions have
been studied since the advent of the relaxation tech-
niques. Generally the rates of these reactions are near
diffusion controlled when the proton is bound more
tightly at the acceptor than at the donor. Rate con-
stants usually range’ from 5 X 10%to 1 X 10! M~!
sec!. However, there are a number of factors which
can influence and greatly lower the rates of these acid-
base reactions. One which seems applicable here is
configurational changes accompanying proton attack.
The structures involved in the proton attack of Cu(GG)
are shown in Figure 3.

If the structure b of Figure 1 for the bonding of
Cu(HGG)™ is correct, the rate is determined by the pro-
ton attack itself. Clearly the mechanism is not as sim-
ple as it first appears in the figure. The lone electron
pair is not localized on the peptide nitrogen in the
Cu(GQG) species; the hybridization type is probably
sp? with appreciable resonance stabilization in the pep-
tide link. Therefore, there could be a considerable
potential barrier to the formation of Cu(HGG)*, with
concomitant loss of resonance stabilization. How-
ever, it should be noted that our results are consistent
with those obtained by Pagenkopf and Margerum for
the general acid catalysis of the formation of Cu-
(HGGG) from Cu(GGG)—.»* Forthereaction with H™,
these workers obtained a rate constant of 5 X 108 M—!
sec™! as compared to the value of 9 X 105 M—! sec™!
obtained by us for the reaction of H+ with the neutral
Cu(GQG). Furthermore, they obtained a value of unity
for the Bronsted « factor even when there was no ap-
preciable difference in pK between the donor and the
acceptor, strongly suggesting that the proton exchange
occurs prior to the rate-determining step. It seems
quite reasonable to interpret our results in terms of
structure a, the so-called Rabin model, where the slow-
ness and large activation energy!® may be accounted for
by the structural rearrangement involving bond break-
ing which occurs with proton attack of Cu(GGQG).
Whereas the kinetic results reported on here cannot be
considered as unambiguous evidence for the Rabin
model, we believe they do increase the level of con-
fidence that one can feel in using this model.
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