138 Inorgamic Chemistry, Vol. 11, No. 1, 1972 V. S. SHARMA AND D. L. LEUSSING

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY,
THE OrIO STATE UNIVERSITY, COLUMBUS, OHIO 43210

The Rapid Formation of Ternary Complexes of Copper(1I) with
Serinate, Histamine, and Ethylenediamine

By V. S. SHARMA anp D. L. LEUSSING*!
Recetved May 28, 1971

Rates of formation and dissociation in Cu(II)-serinate (ser~)-L systems (37°, 0.15 I) have been investigated where L =
ethylenediamine (en) or histamine (hm). The binary complexes react iz the paths Cu?t + ser~ = Cu(ser)*, Cu(ser)* +
ser~ & Cu(ser);, Cu?* + L & Cu(L)?+, Cu(L)2* + L & Cu(Ls)?*, Cu?t + +HL = Cu(L)?* + HT, and Cu(L)2+ +
THL = Cu(L):*" + H*. The first four paths show “normal” water replacement rate constants. Deprotonation is rate
limiting in the last two. In addition, paths involving reaction of Cu(II) with both the zwitterion and neutral forms of Hser
have been uncovered. The ternary comiplexes are formed principally through the reactions Cu(L)?* + ser~ & Cu(L)(ser)*
and Cu(ser); + "HL & Cu(L)(ser)* 4+ Hser. The former is essentially a “normal’’ water-replacement reaction. Both
the forward and reverse paths of the latter involve deprotonation of the incoming ligand mediated by the leaving ligand.
The dependence of the rate constants on the nature of the ligands suggests that ligand substitution is associative (Sx2) in

character with Cu(II),

The initial studies by Stuehr?? on the reactions of
amino acidate ions with Cu(II) have generated con-
siderable interest in the rapid reactions of this metal
ion with various ligands to form binary complexes.®

However, it is only recently that attention has been
directed toward the kinetics of formation of ternary
complexes in labile metal ions. Such studies are perti-
nent to our understanding of reactions between two lig-
ands which are mediated by metal ions since an initial
step in such reactions often involves the formation of
a mixed-ligand complex. Margerum and Rosen® have
investigated the rates of formation of mixed polyamine—
ammonia complexes of Ni(II); Pasternack and Sigel®
have determined the rate of the reaction Cu(bipy)-
(H,0)** + gly~ — Cu(bipy)(gly)* + 2H,O, and
Hague’ has examined the kinetics of similar water-re-
placement reactions of polydentate complexes of Co?+,
Ni?*, Cu?*, and Zn?* with pyridine-2-azo-p-dimethyl-
aniline (pada). Similar to the binary reaction mech-
anisms, these water-replacement reactions appear to
be “normal,” in the Eigen-Tamm sense; that is, they
are governed by the rate-determining loss of coordinated
water® and exhibit rate constants that are typical of
these mechanisms.

Very little information appears to be available re-
garding the kinetics of replacement of a ligand other
than water coordinated to Cu(IT), however. Pearson
and Lanier? have investigated the ninr exchange rates
in binary systems of various ligands coordinated to
Cu(II) (as well as Ni(II) and Co(IT)) with excess ligand
in the bulk of the solution, Cu(l), + L* = Cu(L)-
(L*) 4+ L. In accordance with an associative mecha-
nism for Cu(II) exchange, they found a second-order
rate law, d [Cu(L)(L*)]/d¢ = k.x[Cu(L):][L*], for which
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the rate constant, k.., is highly dependent on the na-
ture of L. A mechanism involving facile solvent re-
moval from the axial position followed by the rate-
limiting structural rearrangement step was proposed.®

Accurate equilibrium data for several mixed com-
plexes of Cu(II) with diamines and amino acidate ions
have been determined at 37° and an ionic strength
of 0.15.1¢ Also, we have written a computer program,
CORNEK,!! which is capable of treating, without sim-
plifying assumptions, the complicated sets of equations
that occur in mixed-ligand relaxation systems and of
finding the best least-squares fits of the rate constants
for any trial rate law. From this starting point we set
out ofi an investigation of the kinetics of formation of
the mixed-ligand complexes Cu(hm)(ser) * and Cu(en)-
(ser) ¥, with the particular goal of determining the rate
at which an entering ligand replaces one other than
water coordinated to Cu(II).

A preliminary report of some of the Cu(II)~hm re-
sults has appeared.!? A slightly modified interpreta-
tion of these initial results is presented here as well as
the results of further investigations of these interesting
systems using the temperature-jump technique.

Experimental Section

Reagent grade I-serine, histamine (Sigma Chemical Co.),
cupric nitrate, sodium hydroxide, nitric acid, and potassium
nitrate (all Baker Analyzed reagents) were used without further
purification. Ethylenediamine was twice redistilled. All stock
solutions were prepared in doubly distilled, degassed water.

The probe solutions were made by pipetting the appropriate
amounts of stock solutions and diluting to the proper volume.
The ionic strength of the final solutions was maintained at 0.15
by adding calculated amounts of a KNOQ; stock solution and the
solutions were adjusted to the desired pH at 37° by the dropwise
addition of concentrated base and/or acid using a Radiometer
pH meter (Model PHM25a) with a PHA925 scale expander.
Efforts were made in each set of experiments to vary the total
concentrations of each reactant by at least a factor of 10 and to
vary the pH over as wide a range as feasible.

A Durrum-Gibson combined stopped-flow temperature-jump
instrument was used. The temperature-jump cell of 200-ul
capacity was thermostated at 27° and a 10° jump to 37° was
employed. The temperature jump was calibrated by comparing
the changes in transmittance of phenolphthalein in an alkaline

(10) D. D. Perrin, I. G. Sayce, and V. S. Sharma, J. Chem. Soc. A, 1755
(1967).

(11) V.S, Sharma and D. L. Leussing, T'alanta, in press.

(12) V.S. Sharma and D. L. Leussing, Chem. Commun., 1278 (1970).



TerNARY CoMPLEXES OF Cu(1I)

buffer which occur on manually changing the temperature of the
water bath with the changes which occur on ‘‘jumping’ the
temperature by electrical discharge. Good agreement, of the
order of a few tenths of 1°, was obtained between the calibrated
values and those which were calculated theoretically from the dis-
sipation of the electrical energy.

The relaxations could be observed spectrophotometrtically in
some of the systems without the use of indicators. With others,
however, it was found necessary to employ indicators.

The kinetic runs in this work were generally characterized by
only one relaxation.  This behavior appears to be common, and
reasons why other possible relaxations are not observed have
béen cited.® Other reasons pertinent to this work afe given
below. The relaxation curves for the spectral changes which
were observed in the region 540-590 nm were recorded both photo-
graphically and digitally, the latter using a Nova computer with
an Analogic analog to digital converter (10-usec conversion for
10 bits). Good agreement between the two techniques was ob-
tained. The use of the digital computer afforded the advantage
that several replicate runs (at least 10) could be easily summed to
improve the signal to noise ratio and the relaxation time could
be rapidly obtained by a least-squares fit of a theoretical decay
curve to the summed values. By reducing the signal to noise
ratio, the digital computer offered the advantage of enabling the
use of points at longer times (closer to equilibtium) than is us-
ually possible with photographic data. Thus, the slowest re-
laxation could be obtained motre accurately without interference
from faster relaxations, if any were present.

Mention should be made of an artifact in the temperature-
jump instrument which was uncovered during the course of this
study. An early cell design gave rise to a noticeable thermal
relaxation after about 20 msec when large, ~10°, temperature
jumps were employed. The three slowest relaxations reported in
ref 12 are in serious error due to this effect. After the presence
of the artifact was recognized, experiments were designed to
give sufficiently fast relaxations so that infinity values of trans-
mittance could be obtained in less than 20 msec.

The full details of CORNEK are given elsewhere.! What
follows here are some notes on its effective use. For each system
studied in the present work several mechanisms were tried.. For
selecting one mechanism over others the following factors were
considered: (1) the value of the sum square at the ‘‘best fit,”
(2) the standard deviation in the estimated constants, (3) agree-
ment between the observeéd and calculated relaxation times, and
(4) the reasonability of the magnitude of the constant and the
corresponding mechanism. Between two mechanisms equiva-
lent in all respects the one with better statistical parameters is
preferred. ‘ )

The process of constant refinement can be started by varying
estimates of all the unknown constants simultaneously for a
specified number of cycles. 1In the eatly stages of a computation
the program may not converge. - In this case the cycle giving
smallest variance in the sum square is picked out and those con-
stants deleted which show a standard deviation greater than the
values found. The process is repeated untilno further improvement
in statistical parameters is observed. Experience shows that
sometimes it is worthwhile to repeat the process in reverse, i.e.,
keep the minimum number of constants obtained eatlier fixed
and introduce other constants one by one until no significant in-
provement in the variance is observed. None of the methods
is infallible, and which one will work best in any given situation
can be determined only by experience. Difficulties may arise
in refiriing the constants for relatively minor reaction paths.
Estimates of these constants can be obtained by treating them
as fixed parameters in each run arid locating the best fit by using
different values in successive runs.

It is important not to accept the results obtained in a single
run as the final values of the constants for an assumed rate law.
Rather, the results should be tested by trying alterriate mecha-
nisms and paths and by using different initial estimates for the
constants being refined.

Results

The formation constants for the binary and ter-
nary complexes of Cu(II) concerned in this work
are presented in Table I. Total metal, total lig-
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. TasLp I
STABILITY CONSTANTS OF BINARY AND TERNARY COMPLEXES OF
Cu(II) wrte HisTAMINE (hm), SERINATE (ser~), AND
ETHYLENEDIAMINE (en)* (87°, 4 = 0.15 (KNO;))

Species Log B Species Log B Species Log g
Hen* 0.606 Hser™ 11.021 Cu(ser)* 7.565
Heen?*+ 16.628 Cu(en)?t 10.175 Cu(ser) 14.012
Hhm+ 9.569 Cu(en),?* 18.940 Cu(serH)2* 0.7%
H.hm?* 15.581 Cu(hm)?* . 9.278 Cu(en)(ser)* 16.87
Hser 8.841 Cu(hm)?* 15.577 Cu(hm)(ser)* 16.27

o Reference 10. b Reference 2.

ahd, pH, and observed and calculated relaxation times
for various experiments are given in Table II. The
reaction paths and the rate constants found here are
given in Table II1.

Cu(Il)-Serinate.—This system has been investi-
gated!t under different conditions of ionic strength and
temperature than employed here (0.1, 25°). Very good
agreement betweern the observed and theoretical relaxa-
tions had been obtairied by assuming the reaction se-
quence

k1
Cuz* + ser~ = Cu(ser)* (1)
ket
k2
Cu(ser)* 4 ser— _><____ Cu(ser)s (2)
koa

with & = 2.5 X 10° M~tsec™'and kb, = 5 X 108 M~}
sec™!.

Applying this model to our data we found that a sat-
isfactory fit could be obtained for the observations re-
corded in Table II, except for the three slowest relaxa-
tions which differed by a factor of 2 from the theoretical
values. Adjusting constants to bring these relaxations
into line caused other values to fall out of range giving
a poorer overall fit. Repetition of thie experiments
verified the original results, so it was concluded that the
reaction model required amending.

The present experiments were run at substantially
lower values of pH and at higher ligand levels than those
described in ref 14, so reactionsinvolving the protonated
complex Cu(serH)?+ seemed likely. These seemed
most reasonably to be

ki

Cu?* + serH= 2= Cu(serH )+ 3)
k_s
and
kg
Cu(serH)?* 2 Cufser)* + H* (4)

—4

Introduction of paths 3 and 4 into the reaction scheme
increased the number of theoretical relaxation times
from 2 to 3, and with the use of CORNEK it was found
possible to fit all of the observed relaxation times within
their experimental uncertainities. See Table II. The
values of k; and k; found here, 1.8 X 10° and 2.8 X 108
M~ sec™!, are comparable to those reported earlier,'4
giving credence to the results produced by CORNEK.
Because of differences in ionic strength and in the treat-
ment of the data, it is probably not safe to draw con-
clusions concerning activation energies from the two
sets of constants, however.

Cu(I)-Ethylenediamine or -Histamine. The re-
action paths found by Kirschenbaum and Kustin®® in
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B. Cu(II)-Ethylenediamine

tot,

A, Cu(II)-Serinate

102[ser 404, Nobsd,
M sec™!
5.00 392
5.00 548
2.00 436
10.0 606
10.0 243
10.0 252
1.00 177
16.00 309
16.00 1549
16.00 531

TaBLE II
EXPERIMENTAL CONDITIONS AND RECIPROCALS OF OBSERVED AND THEORETICAL RELAXATION TIMES

* =

Aealod,®
sec™!

172,362, 471
140, 271, 467
146, 342, 447
172, 354, 608
117,237, 507
103, 186, 498
102, 189, 463
183, 352, 621
425,1559,3578
328,436, 1777

(Indicator: 10~% M Bromocresol Green)
102[Cultot, 10%[en]tot, Nobsd, Aealod,
M sec ™! séc~l
0.5 0.5 241 43,229
0.5 0.5 763 11,779
0.5 0.5 517 18, 569
0.2 1.0 309 24,282
0.2 1.0 193 49,135
0.2 1.0 103 49, 108
0.2 3.0 214 70,172
0.2 3.0 486 41,290
0.2 0.3 315 12, 310
0.2 0.3 243 17,224
0.05 0.7 142 15, 147
0.05 0.705 156 26, 130
0.05 0.705 207 38, 136
0.10 0.705 270 22,237
0.10 0.50 279 10, 311
0.10 0.50 250 22, 249
C. Cu(II)-Histamine
102[Cit]¢ot, 102[hm]tot, Nobsd, Acaled,
M M sec™1 sec™!
2.0 1.00 576 280, 510
0.261 1.60 274 237,283
1.00 0.89 162 153,280
1.00 0.89 347 279, 364
0.50 0.89 151 157,280
0.50 0.89 459 277,492
1.00 5.00 607 280, 539
1.00 0.89 1215 273,1189
1,00 0.89 810 278, 847
0.56 0.79 263 277,557
0.50 0.89 102 160, 280
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1/r, 87° u = 0.15 (KNOy))
D. Cu-Ethylenediamine-Serine (Indicator:

105 M

Bromocresol Green (pH <5.0); Bromocresol Purple (pH >5.0))
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102[ser]tot, Aobsd,
M sec !
870
1824
614
2208
474
335
1308
693
375
1079
2753
2351
2353
2275
2434
1758
4714
5294
2152
2463

Aealed,

sec™1
35,44, 158, 386,611
19,109, 319, 441, 2277
16, 48, 118, 238,633
23,35, 141, 243, 1865
20, 27, 144, 233,613
14,33, 123, 211, 322
29, 44, 118, 200, 1375
46, 156, 606, 1155, 7182
9,23,118,171, 405
13, 22, 142, 180, 1079
21, 167, 529, 688, 2599
30, 432, 1181, 2376, 2562
24, 236, 694, 1101, 2497
18, 262, 562, 1094, 2058
19,374, 819, 1858, 2167
20, 547, 1297, 2382, 3269
27,2183, 623, 911, 5458
33, 321, 740, 1522, 5357
20, 308, 679, 1529, 1838
25, 584, 1256, 1974,3713

E. Cu-Histamine-Serine

102[Cultot, 10%[enliot,
M v
0.10 0.20
0.10 0.20
0.20 0.20
0.20 0.20
0.05 0.20
0.05 0.20
0.50 0.30
0.10 7.05
0.05 0.06
0.05 0.06
0.10 0.50
0.10 0.50
0.10 0.50
0.05 0.50
0.05 0.50
0.05 0.50
0.20 0.30
0.20 0.30
0.05 0.20
0.05 0.20
102[Cultot, 102[hm Jtot,
M M
0.5 6.0
0.5 6.0
0.5 6.0
1.0 4.0
1.0 4.0
1.0 4.0
2.0 8.0
2.0 8.0
0.2 1.2
0.2 1.2
0.2 1.2
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MO RNOOOOOOOO

102[serltot, Aobsd,

sec!

283
1621
315
515
1010
304
907
693
241
190
836

Aealed,

sec1
132, 203, 332, 553, 2684
206, 1619, 2659, 4809, 33777
175,298, 506, 644, 3084
240, 505,761, 1329, 7680
227, 1022, 1964, 3870, 25895
116, 282, 388, 963, 1944
252, 999, 1432, 2454, 15234
254, 624, 1300, 1682, 9353
209,305, 732, 1393, 8775
200, 236, 486, 930, 5437
233, 636, 769, 1523, 9346

¢ The values shown for Acca are the eigenvalues of the characteristic equation which is obtained for each system when using
the appropriate rate constants given in Table III.
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TasLE III
FORWARD AND BACKWARD RATE CONSTANTS FOR Cu(II)-SERINATE-ETHYLENEDIAMINE-HISTAMINE COMPLEXES

87° u =

Reaction

Cu?* + ser~
Cu(ser)* + ser™

= Cu(ser)*
< Cu(ser);

1. Solvent-Substitution Reactio

Cu?* + serH* & Cu(serH )2+
Cu(en)?* + en = Culen)?2+

Cu?t + hm

2 Cu(hm)?+

Cu(hm)?* + hm < Cu(him)?+

Cu(en)?* + ser~

< Cu(en)(ser)™

Cu(hm)?* + ser~ & Cu(hm)(ser)*

1I.

Cul(serH)? T & Cu(ser)* + Ht

Cu?t + enH* 2 Culen)?* + H*
Culen)?* 4+ enH* & Culen)?* + H*
Cu!t + hmH* 2 Cu(hm)*+ + H*

Cu(ser); + hmH* 2 Cu(hm)(ser)* + serH

2 Numbered in order of appearance in text.

of how well a particular value is defined by the present data, not how close to a ““true’’ value the given value lies.

Solvent-Substitution Reéactions Accompanied by Releas

0.15 (KNO3))

Forward rate constant,

k1, M ~1sec1?

Backward rate constant,
k-1, sec! or M =1 sec™!

Ligand Substitution Accompanied by Transfer of a Proton from Entering to Leaving Ligand
Cu(ser), + enH* & Cu(en)(ser)* + serH

ns

(1.8 = 0.2) X 10° (4.8 +£0.5) X 10t
(2.8 &= 0.1) X 108 (1.00 = 0.05) X 102
(1.2 £ 0.2) X 103 (2.4 =0.4) x 10?
(3.6 = 0.5) X 10 6.1 £ 0.09

(2.6 =1.1) X 10° 1.4 0.6

(5.6 = 0.5) X 10® (2.8 4 0.3) X 102
(6.2 &= 0.8) X 108 (1.2 =0.1) X 102
(1.1 =0.1) X 108 1.3 +£0.1) X 10!

e of a Proton to Solvent

(1.9 & 0.4) X 102 ¢ 1.8 == 0.4) X 10¢
(1.7 £0.1) X 108 (5.6 & 0.3) x 10¢
(6.3 = 1.8) X 104 (5.4 &= 1.5) X 10%
(7.1 = 0.4) x 10¢ (1.4 +0.2) X 10
(8.3 +1.7) X 10¢ (8.3 & 1.7) X 104
(1.1 &=0.1) X 10® (3.2 4 0.3) X 103

® The uncertainties assigned to the rate constants are to be construed as being a measure

¢ In sec™t
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an investigation of the Cu(IT)~en system are

ky
Cut + en <'—_> Cufen)?+ (8)
ks
ke
Cu?* +Hen > Cu(en)®* + H* (8)
k_s
k1
Cu(en)?* + en Z=> Culen)s** Q)
ko1
ks
Cu(en)?t + *Hen > Cu(en)2* + H* (8)
k_s

with ks = 3.8 X 10® M~1sec™, kg = 1.4 X 105 M—!
sec™!, by = 1.9 X 10% M~! sec™!, and ks = 3.1 X 104
M~1sec™!. Our results support this choice of reaction
paths and the constants found in this work (Table III)
for our experimental conditions (Table II) are once
again seen to be highly consistent with the earlier results.

Comment has been made in ref 15 regarding the ex-
ceptionally high value of the rate constant for the re-
action Cu(en)?+ + en — Cu(en),?* (defined as k7 in
this paper) and this observation is also confirmed in the
present work., In preliminary calculations, a high vari-
afnice was obtained for ks (Cu?* 4+ en — Cu(en)?+),
indicating that path 5 is not sufficiently important un-
der the experimental conditions described in Table II
to yield an accurate value of the rate constant, Better
defined, but still somewhat uncertain, is the value given
for the rate constant of reaction 8. These variances
in the rate constants as given by CORNEXK indicate that
under the acidic conditions where the 1:1 complex pre-
dominates, the reaction path involving free amine (5)
becomes slower than that involving Hen* (6) due to
the repression of the free amine concentration by pro-
tons. On the other hand, in the less acidic solutions,
the increase in the concentration of Cu(en),?* is paral-
leled by an increase in the concentration of free en.
The path involving free amine (7) then assumes domi-
nance over that involving the protonated ligand (8).

Similar results were found for the Cu(II)-histamine
reactions, with the observed paths being

kg
Cu?* + hm =% Cu(hm)?+ 9)
ks
k1
Cu'* + +*Hhm = Cu(hm)?* + H* (10)
k10
ki
Cu(hm)?*+ 4+ hm > Cuthm)2+ (11)

ko1

Owing to the lower value of By,1, of histamine relative
to ethylenediamine and the consequent higher levels
of free hm in solution, the situation was reversed from
that with en: it was possible to obtain a reasonably
accurate value for the free amine path (9), but the path

Cu(hm)?* + *Hhm 2 Cu(hm)?t + H* (12)

was not well defined.

The rate constants for the formation of the histamine
complexes are similar in magnitude to but are consis-
tently lower than those for the analogous en reactions.
This difference may arise from one or more of the follow-
ing: hm is bulkier than en; forms a six-membered
chelate ring with metal ions; and has a lower overall
basicity than en.

Ternary Systems. Assuming fast proton-ligand re-
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actions, five theoretical relaxation times are predicted
for a system which contains the species Cu?+, Cu(L)?+,
Cu(L);%+, Cu(ser)* Cu(ser),, Cu(L)(ser)*, Ly, and sers
where L = en or hm and the subscript £ denoted the
sum over all uncomplexed forms of the species so desig-
nated.!®

Confining the discussion at first to the Cu(II)—en-ser
system, the following eight paths for the formation of
the ternary complex, Cu(en)(ser)*, from a binary com-
plex are possible

Culen)?* + ser— > Culen)(ser)* (13)
Cu(ser): + *Hen > Culen)(ser)* + Hser (14)
Culen)s?* + Hser > Cu(en)(ser)* + *Hen 15)
Culen)?* + Hser =2 Culen)(ser)* + H* (16)
Cu(ser)* + *Hen > Culen)(ser)* + H* a7
Cufser); + en =—> Cu(en)(ser)* + ser~ (18)
Culen),?* + ser~™ = Cufen)(ser)* + en (19)
Culser)* + en > Culen)(ser)* (20)

Estimates of the rate constants for the water replace-
ment reactions 13, 16, 17, and 20 were made from the
analogous binary reactions. Reactions 18 and 19 are
Pearson and Lanier exchange reactions® and a prelim-
inary value close to their upper limit, 1 X 108 M~!
sec™! was chosen for these rate constants. Reactions
14 and 15 are of a type that has not previously been
described and, thus, are the only ones which are essen-
tially unknown.

Simple preliminary calculations using the calculated
concentrations of the species and the estimated rate
constants showed that rates along path 13 were larger
by up to several orders of magnitude than those for paths
16-20. Thus, at best, the present set of experiments
can provide information regarding only paths 13-15.
The preliminary reaction model, therefore, was set up
in terms of reactions 13-15, the relevent protolytic
equilibria, and the reactions of binary systems. The
remaining reactions (16-20) were ignored at this stage
but were introduced for the final refinement.

Exhaustive numerical analyses of the data were
then made using CORNEK. Initial estimates of k4 rang-
ing from 1 X 105to 1 X 107 M~ sec™! and ky; ranging
from 1 X 10? to 8 X 10° M1 sec™! were employed.
Even when kj; was initially greater than k., the pro-
gram converged to the same values within the calcu-
lated uncertainties: ki; was reduced to negligible levels
and ks and kyy were brought to the values given in Table
III within the listed standard deviations. In a similar
manner remaining minor paths were tested and dis-
carded. Lack of any significant contribution {rom
these paths was further confirmed by the fact that cal-
culations using the estimated values of rate constants
for these paths (as fixed parameters) did not affect
significantly the values of k3, k14, and sum square of the
residuals. Thus, in spite of a large number of possible
reaction paths, only two, (13) and (14), are observed
to be important under the present conditions. This
is probably another important factor in causing the ob-
served relaxation spectra to be so simple.

(16) Owing to the higher basicity of the solutions employed to investigate
the ternary reactions, paths 3 and 4 involving Cu?*-serH could be safely
ignored.
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Similar calculations were made for the Cu(II)-hm-
ser system and once again only the paths

Culhm)?* 4 ser~ > Cu(hm)(ser)+ @)
and
Cu(ser)e™ + *Hhm 2T Cu(hm)(ser)* + Hser  (22)

were found.??

Discussion

The reaction paths listed in Table I1I have been clas-
sified into three categories depending on the general
nature of the complex formation reaction: (I) sol-
vent substitution, (I1) solvent substitution with trans-
fer of a proton to solvent, and (III) ligand substitution
(other than solvent) with transfer of a proton from the
entering to the leaving ligand.

I. Solvent Substitution.—It is generally accepted
that ‘“‘normal’ reactions of category I involve a fast
preequilibrium to yield a solvent-separated ion pair,
followed by rate-limiting elimination of a water mole-
cule from the primary coordination sphere of the metal
ions®

fast k-m,0

M.q + L T M(H:0)L —> ML + H:0

This model yields the equation k2 = K,k—u,0, where k; is
the experimentally observed second-order formation rate
constant, K,is the outer-sphere ion-pair equilibrium con-
stant, and %_y,0 is the metal ion—water exchange rate
constant.’ A statistical correction should be applied
when comparing rate constants for the successive addi-
tion of a ligand to a given metal ion or for the addition
of a given ligand to various metal ions which differ in
coordination number.$

The binary reactions in category I have been well
discussed?36:141% 5o attention will be focused on the
formation reactions of the ternary complexes. In this
category fall the reactions

Culen)?+ + ser™ = Culen)(ser)* (ks = 6.2 X 108)

and

Cu(hm)?+ 4 ser— <—_) Cu(hm)(ser)t (kyp = 1.1 X 108)

It is of interest to compare the rate constants for
these reactions with the rate constant for the ‘‘normal”
reaction which has the same statistical parameters in
the forward direction

Cu(ser)* <4 ser~ <_’ Cufser); (k2 = 2.8 X 108)

Electrostatic differences between the first two re-
actions and the last can be corrected through their
effects on K, Using the Fuoss equation!? and assum-
ing an approach of 5 A, the ratios of the rate constants
for the reactions M?+ + L= —- ML+ and M+t 4+ L—
— ML are calculated to be 2.4:1. The ratios fi: kg
ky are observed to be 2.2:0.39:1. Thus, the rate
of the reaction of ser— with Cu(en)?* is consistent with
“normal’’ substitution, while the presence of the bulky
histamine molecule is once again seen to yield a rela-
tively slow rate.

Furthermore, in Table III it is seen that k_s, the

(17) The reaction Cu(ser)* + *Hhm = Cu(hm)(ser)* 4+ H* had been
proposed earlier.!! However, the instrumental artifact influenced the con-
clusions regarding this minor path. It is worth noting that the rate con-
stant for the major path (14) is relatively free of error from this effect.

V. S. SHarRMA AND D. L. LEUSSING

rate constant for dissociation of ser— ion from Cu(hm)-
(ser) * is, also, substantially lower than the rate constant
for the dissociation of this ion from the other serinato
complexes (k—i, k—z, k—12) which all have the same value
within a factor of 2. This rate reduction may indicate
steric hindrance between the coordinated histamine
molecule and an entering water molecule. In a dis-
sociative mechanism for ligand substitution (Sn1) bulky
nonleaving ligands enhance the rate.!® The opposite
effect shown here by histamine suggests that an associa-
tive (SN2) mechanism holds for Cu(II) substitution.

The Cu(II)-bipyridyl-glycinate system has also been
found to exhibit nearly normal behavior for ternary
complex formation, but the ratio of the rate constants
for the reactions

Cu(bipy)?+ + gly~ —> Cu(bipy)(gly)*
(ky = 1.6 X 10°® M~!sec™?)

and
Culgly)*® + gly” —> Culgly)s (ks = 4 X 108 M1 sec™?)

is slightly larger than observed here, amounting to 4:1.
The back-reactions have been found to be nearly the
same, however, after taking into account a statistical
factor of 2 favoring the latter reaction. Thus, the
Cu(II)-bipy—gly — system seems to exhibit small, but
appreciable, differences from those studied here.

The reaction

Cu?t + serH <—_) Cu(serH)2t (b = 1.2 X 10® M~!sec™?)

is seen in Table III to have an unusually low rate con-
stant for a simple water replacement reaction of cate-
gory I. This value was calculated using the total con-
centration of monoprotonated serine in solution. Since
the ratio of the zwitterion, TNH;CRCO,~, to neutral
form, NH,CRCO,H, is about 10%:1 for serine,'® k3 has
essentially been evaluated using the zwitterion concen-
tration. If instead, the rate constant is evaluated for
the reaction which involves the neutral species

ks’
Cu?** 4+ H;NCRCO.H <k—_/) Cu(NH.CRCO.H)**+ (3/)
-8

a more nearly normal value for £ of about 1.2 X 108
M~* sec™ is obtained. The carboxylic acid group of
Cu(NH;CRCO,H)?* is fairly acidic and under the in-
fluence of the metal ion probably undergoes rapid pro-
ton loss followed by ring closure. Thus, reaction 3’ isa
rate-limiting step in a path alternate to (1) for the for-
mation of Cu(ser)*. A similar conclusion was reached
in a study of Ni(I1)-pyridinecarboxylate reactions.*c
II. Reactions Involving Solvent Substitution Ac-
companied by a Release of Proton to Solvent.—The
rate constants for the reactions Cu®** + HL*— CulL?*
+ H+ are seen in Table III to be of the order of 10° A1
sec™! for L = en and hm. These values are substan-
tially lower than those in category I by a factor much
greater than can be accounted for by the effects of elec-
trostatic repulsion on K, It has been postulated!®
that rate-determining proton loss from intermediate

(18) F. Basolo and R. G. Pearson, ‘“Mechanisms of Inorganic Reactions,”
2nd ed, Wiley, New Vork, N. Y., 1968, Chapter 3.

(19) The pKs of ethyl serinate has been determined to be 7.0 (25°) (ref
20). Assuming that this value is the same for the protonation of the amine
group of HeaNCRCO:H and using the value 1.5 X 102 M -t for the second
protonation constant of Hser ++ H* = Hsser*, the ratio [HiN *CRCO:z"}/
[(H:NCRCO:2H] is calculated to be about 1 X 108,

(20) B. E.Leach and R. A. Angelici, J. Amer. Chem. Soc., 91, 6296 (1969).
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Cu(enH)3+ is the cause for the relatively low value for
the Cu?t—enH * reaction.

This conclusion may be verified through a rough cal-
culation. The free amine group of ethylenediamine
which is monodentately bound to Pt(II) has recently
been reported? to have a pK, of 8.0, 25°. Assuming
diffusion-controlled protonation, the rate of the proton
dissociation reaction

k-n

PtINH,CH.CH:NH;;* ~— PtINH,CH,CH:NH, + H*

is calculated to be about 1 X 102sec™!. The combined
effects of the smaller Cu(II) ion and the higher temper-
ature in this work may cause this value to be slightly
higher, becoming about 5 X 102 sec™!. Consistent
with this estimate the deprotonation of an ammonium
group in Cu(II)-coordinated carnosine proceeds with
a rate constant which has been directly determined??
tobe 2.3 X 10%2sec™?, 25°. The first step in the reaction

Cu?+ + enH* 7> Cu(enH)3+ (6")
-

may be reasonably assumed to be in preequilibrium
owing to combination of a high forward rate constant,
a relatively high level of enH*, and a relatively low sta-
bility of the protonated complex. From the reported
value of about 10 M~ for the equilibrium constant for

Ni?+ 4 NH.CH.CH:N(CHs); ¥ === Ni(NHCH;CH:N(CHs); )3+

and applying the factor of 20-30 which is observed for
the ratios of Cu:Ni stability constants with monoden-
tate amines, the value of the equilibrium constant, K,
for reaction 6’ is estimated to be about 200-300 ML,
The value of &g, as calculated from the product Kek—1,
is therefore predicted to lie in the range (0.7-2) X 105
M1 sec™l. The observed value of kg, 1.7 X 105 M1
sec™!, is therefore of the correct magnitude expected
for rate-determining proton loss,

Reaction 4 involves a proton loss to solvent by a first-
order process. The value of the rate constant is also
consistent with rate-limiting proton loss from an am-
monium group of a Cu(II)-coordinated ligand. There-
fore, the rate-limiting step of this reaction is assigned
to the deprotonation of a coordinated serine in the zwit-
terion form. Because of the high zwitterion levels co-
ordination to Cu(II) should be fast, leading to the for-
mation of Cu(ser) * through the sequence

fast
Cu?* + ~0:CCRNHz+ 2 Cu(0.CCRNH;)?+

(21) M. J. Carter and J. K. Beattie, Inorg. Chem., 9, 1233 (1970).
(22) R. F. Pasternack and K. Kustin, J. Amer. Chem. Soc., 90, 2295
(1968).
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ks
Cu(0:CCRNH; )2+ 2 Cuflser)* + HY

ks
slow

ITII. Ligand Substitution with Transfer of a Proton
from Entering to Leaving Ligand.—These reactions
bear a resemblance to those in category II in the sense
that one of the reactants is a protonated ligand. How-
ever, a major difference is that a bidentate ligand is
replaced rather than a pair of coordinated water mole-
cules. Since bond breaking is important in determining
rates of both SN1 and SN2 reactions, it may be expected
that the rates in this last category will be slower than
those in the previous category. Inspection of Table
III shows that the opposite situation occurs.

Proton transfer to solvent was shown to be rate lim-
iting for category II reactions. The faster category III
rates imply that this step is mediated by transfer of the
proton either directly or indirectly, through an inter-
vening water molecule,? from the entering ligand to a
basic group of the leaving ligand. Indeed, because of
the high proton-transfer rates of this type,? proton
transfer in category III reactions may no longer be rate
determining.2

There are no charge differences involved in comparing
the forward and backward reactions of paths 14 and 22,
The outer-sphere complexes if formed will have the same
equilibrium constants and therefore the rate constants
ks, k14, ke, and k-, can be compared directly. Three
trends that emerge are as follows. (1) If the ligand
coordinated to the central metal ion remains the same
and the incoming ligand varies, the rate constants for
the bulkier histamine molecule are smaller than the
corresponding rate constants for ethylenediamine (re-
actions 14 and 22). (2) If the incoming ligand is the
same (Hser in k-14 and k—ss) and the nonleaving ligand
varies, the rate constants are again smaller for the che-
late in which a bulkier ligand is coordinated to the metal
ion. (3) Rates are faster if the incoming ligand is a
diamine rather than an amino acid, <.e., the greater the
affinity of the incoming ligand for the metal ion, the
faster is the reaction. In short, these rate constants
are distinctly dependent on the nature of the incoming
and departing ligand.  These observations support the
conclusions of Pearson and Lanier? that the Cu(II1)-ex-
change reactions are essentially associative (Sn2) in
nature.

(23) E. Grunwald, A. Lowenstein, and 8. Meiboom,.J. Chem. Phys., 27,
630 (1057).

(24) The lower electrostatic effects in the ternary systems described here
cannot account for the results since even higher rate constants are found in
the exchange reactions Cu(hm),?* 4+ Hen* = Cu(hm)(en)?* 4+ H*hm and
Cu(en)?* 4+ H*hm = *Hen: V. 8. Sharma and D. L. Leussing, to be
reported.





