1198 Inorg. Chem. 1990, 29, 1198-1203

presence of a trace amount of C,;HsOH was confirmed by 'H NMR
spectroscopy (in an estimated molar ratio ethanol/complex of ca. 0.2).
Calculations were done by using the SHELX program system.!” Final
atomic coordinates are listed in Table IV; bond lengths and bond angles

(17) Sheldrick, G. M. sHELX. Program for Crystal Structure Determination.
University of Cambridge, 1980.

(18) North, A. C. T,; Phillips, D. C.; Mathews, F. S. Acta Crystallogr., Sect.
A 1968, 24, 351.

(19) Cromer, D. T.; Libermann, D. J. Chem. Phys. 1970, 53, 1891.

are reported in Table III.

Acknowledgment. We are grateful to Professor G. M. Bonora
for recording the 3P NMR spectra at 162 MHz and to Professor
A. Gambaro for the P NMR spectral simulation.

Supplementary Material Available: A table of thermal parameters (2
pages); a list of observed and calculated structure factors (32 pages).
Ordering information is given on any current masthead page.

Contribution from the Department of Chemistry,
Northeastern University, Boston, Massachusetts 02115

Products and Kinetics of the Direct, Specific Transmetalation of
(u4-O)N,Cu(Ni(H,0));Cls (N = N,N-Diethylnicotinamide) by M(NS), Reagents (NS
= Monoanionic S-Methyl Isopropylidenehydrazinecarbodithioate) in Nitrobenzene: A
Relationship between Precursor Stabilities and Product Formation Rates

Saad Al-Shehri, Geoffrey Davies,* Mohamed A. El-Sayed,” and Ahmed El-Toukhy'

Received October 5, 1989

The first kinetic study of specific, stoichiometric monotransmetalations of a heteropolymetallic molecule is reported. The copper(II)
center of the target (u,-O)N,Cu(Ni(H,0));Clg (D) is specifically replaced by cobalt or zinc from transmetalators Co(NS), (B,),
Zn(NS), (By), and Co(NS); (E). Here, N is N,N-diethylnicotinamide and NS is monoanionic S-methyl isopropylidene-
hydrazinecarbodithioate. The rate laws for monotransmetalations of (us-O)N4Cu,Clg (A) by B, Ni(NS), (B,), and B; are
third-order in nitrobenzene. Although the reaction of D with B, is also third-order, those with B, and B; are of the form rate
= k,83,[D][B, or B,}/(1 + 3,[D]), where k, is the first-order rate constant for conversion of 1:1 reaction precursors (with equilibrium
constants 8,) to products. Two precursors of stoichiometry D-B; exist at different temperatures in nitrobenzene. More stable
transmetalation precursors are converted to products at lower rates. The structural-mechanistic origins of monotransmetalation

specificity in these systems are discussed.

Introduction

There is a great deal of current interest in the structures and
reactivities of heteropolymetallic complexes and clusters.! Qur
contribution to this area is to develop transmetalation, which is
defined? as the stoichiometric replacement of metals in a poly-
metallic target with different metals from reagents called
transmetalators. Transmetalation is a rich source of many new
heteropolymetallic molecules.? Direct transmetalation reactions
leave the target molecularity unchanged. Monotransmetalation
refers to the replacement of just one of several metal centers in
a target. The replacement of a particular element in a hetero-
polymetallic target is said to be specific.?

Equation 1, an example of direct?* copper(Il) transmetalation
reactions, can be used to generate large families of new molecules
containing up to four different metals.* Here, N is monodentate

(ﬂ4‘O)N4CU4X6 + XM(NS)2 -
A Bor C
(14-O)N,Cuy M, X + xCu(NS), (1)
BorC

N,N-diethylnicotinamide, X is Cl or Br, x = 1-4, M is Co,* Ni,?
or Zn,* and NS is a monoanionic S-methyl hydrazinecarbodi-
thioate ligand in complexes B and C. The driving force of egs
1 is the formation of especially stable coproduct Cu(NS),.2™*

CH,
CH
G A @(H
SCH
NN N N 3
/LS/M S’!\ )\s’M\N,N
CH,yS SCH CHyS
B c HJ\@\

tOn leave of absence from the Department of Chemistry, Faculty of
Science, Alexandria University, Alexandria, Egypt.

0020-1669/90/1329-1198802.50/0

Transmetalation reactions 1 proceed stoichiometrically under
mild conditions, and the products are easily separated.>* Kinetic
measurements in systems of known structure (A,2 B;>”7 Figure
1) help to identify the basic structural requirements for efficient
metal exchange.’!!

We have measured the rates of copper(II) monotransmetalation
in Aby Band C (M = Co, Ni, Znand x = 1 in eq 1) in aprotic
solvents. We found different rate laws 2-4, where TM is a

rate = ky[TM][A]? 2)
rate = k;[TM][A] 3)
rate = k4[TM] 4)

™ + nA = TM:A, 8, (5)

(1) Braunstein, P. Recent Advances in Di- and Polynuclear Chemistry.
New J. Chem. 1988, 12, 307. Johnson, B. F. G. Recent Advances in
the Structure and Bonding in Cluster Compounds. Polyhedron 1984,
31, 297.

(2) El-Toukhy, A.; Cai, G.-Z.; Davies, G.; Gilbert, T. R.; Onan, K. D;
Veidis, M. J. Am. Chem. Soc. 1984, 106, 4596. Cai, G.-Z.; Davies, G.;
El-Sayed, M. A ; El-Toukhy, A.; Gilbert, T. R.; Henary, M.; Onan, K.
D.; Veidis, M. Transmetalation of Copper(1I) Complexes. In Biological
and Inorganic Copper Chemistry; Karlin, K. D., Zubieta, J. A., Eds.;
Adenine Press: Guilderland, NY, 1986; Vol. 2, p 237. Davies, G;
El-Sayed, M. A_; El-Toukhy, A. Comments Inorg. Chem. 1989, 8, 203.

(3) Davies, G.; El-Sayed, M. A_; El-Toukhy, A. Inorg. Chem. 1986, 25,
2269.

(4) Direct transmetalation of A by B, and B; is limited to x < 2 ineq I.
However, the complete (u4-O)N4Cu,_,Co,Clg family can be obtained
with E as transmetalator: Abu-Ragabah, A.; Davies, G ; El-Sayed, M.
A.; El-Toukhy, A.; Henary, M. Inorg. Chem. 1989, 28, 1156.

(5) Glowiak, T.; Ciszewska, T. Inorg. Chim. Acta 1978, 27, 27.

(6) Uechi, T.; Oniki, T. Bull. Chem. Soc. Jpn. 1982, 55, 971.

(7) Onan, K. D.; Davies, G.; El-Sayed, M. A.; El-Toukhy, A. Inorg. Chim.
Acta 1986, 113, 109.

(8) Davies, G.; El-Sayed, M. A.; El-Toukhy, A. Inorg. Chem. 1986, 25,
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(9) Davies, G.; El-Sayed, M. A.; El-Toukhy, A. Inorg. Chem. 1986, 25,
3899.
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Table 1. Analytical, Cryoscopic Molecular Weight, and Electronic Spectral Data for Transmetalation Targets and Products

anal.,’ %

Amaxs’ MM
complex C H N Cl Cu Ni Zn Co Mp (ey M cm™)
A. Targets
N,Cu,Cl,0¢ 40.0 47 9.2 17.7 21.0 1180 £ 20 850 (1630), 775 (1400)
(40.0) 47 O (118 (21.2) (1196)
N,Cu(Ni(H;0)),C1,0¢ 36.5 4.7 8.7 5.5 14.1 1200 £ 20 850 (360), 775 (340)
(389) (5.1) (9.1 (5.1)  (18.3) (1236)
N,Cu(Ni(H,0));Br0¢ 320 41 16 42 119 1500 & 20 850 (355), 775 (330)
(31.9) (41) (1.5 (42) (117 (1502)
B. Products
N4(Ni(H,0))3ZnCl,O 37.6 4.8 8.8 16.7 14.1 5.1 1250 £ 20 e
(38.9) (500 (9.1) (17.0) (143) (5.3 (1234)
N4(Ni(H,0)):ZnBr,O 30.9 3.8 7.2 11.2 3.9 1515 £ 20 850 (80), 775 (83)
(319) (@1 (74 (11.8)  (4.3) (1504)
N4(Ni(H,0));CoCl,0/ 37.9 4.7 8.7 16.7 13.8 4.2 1240 £ 20 630 (350), 610 (420)
(39.0) (500 ©O.) (7.1 (14.4) (48) (1228)
N(Ni(H,0)),Cl,0 378 51 87 18.5 127020 e
(38.5)  (52) (9.0 (18.8) (1249)

?Calculated values in parentheses. ®Measured cryoscopically in nitrobenzene at the (3-5) X 1072 m level.? ©In nitrobenzene. ?Electronic data
from ref 9. ¢Negligible molar absorptivities in the region 775-860 nm. /Identical data were obtained for the products of egs 9 (reactant B,) and 10

(reactant E).

Figure 1.

Core molecular structures of A,2 bis(S-methyl iso-

propylidenehydrazinecarbodithioato)cobalt(I1)7 (B,), and bis(S-methyl

isopropylidenehydrazinecarbodithioato)nickel(I1)* (B,). Bis(S-methyl

isop;ropylidenehydrazinecarbodithioato)zinc(II) (B,) is isomorphous with
I

transmetalator, that depend on the identities of X, M, and NS.89
From the observation of third- and first-order rate laws 2 and 4
and the known Lewis acid properties of B,!? we proposed that rate
laws 2-4 arise from the involvement of rapidly equilibrated
transmetalation precursors (eq 5) whose different stoichiometries
(n) and stabilities (8,) depend on X, M, and NS. From structural
information on the reactants®*7 we proposed that these precursors

[ —)
contain four-membered Cu-X-M-S rings R formed with an X
atom from A and a carbothioate S atom from B or C. It would
appear that rings R facilitate metal exchange leading to the
efficient transmetalation of A.%-10

We recently concluded'” from activation parameter correlations
that rate law 4 is a special case of rate law 3 that involves especially
stable 1:1 precursors (i.e., large ;). The primary factor leading
to rate law 4 is the presence of X = Br in the target.$' However,
egs 2—4 cannot be used to obtain the actual values of 8, and so
no direct comparison of precursor stabilities and reaction rates
could be made.¥!!

One important benefit of eq 1 is that each step is stoichio-
metric.>* Equation 1 can thus be used to generate any particular
member of the product family (p4-O)N4Cu,_, M, X>* with fixed
X, such as (u4-O)N,Cu(Ni(H,0));Cl¢ (D),>! which can then

(12) Iskander, M. F.; El-Sayed, L.; Labib, L.; El-Toukhy, A. Inorg. Chim.
Acta 1984, 86, 197.

(13) The nickel centers of isolated®* (u,-O)N,Cu,,Ni, X, each contain one
coordinated water molecule.

be studied as a target for transmetalation by M(NS), reagents.
Kinetic studies of such individual systems give valuable information
on how the rates and rate laws of transmetalation of (u,-
O)N,Cu,_,M, X, targets change with the occupancy, x, of a given
core structure by M. Kinetic reproducibility of different samples
of isolated?™*!? targets such as D would further demonstrate®*
that eq 1 is a source of easily separated, pure heteropolymetallic
products.

This paper reports that the one remaining copper(Il) center
in D is specifically replaced by M = Co or Zn from transmetalators
B and Co(NS);, E.141*  Although A and D are both mono-
transmetalated by B (M = Ni (B,)) with rate law 2, the reactions
of D with B (M = Co (B,) and Zn (B;)) are governed by new
rate law 6, which can be used to determine individual values of

rate = k,8,[B][D]/(1 + (D] (6)

k,and 8, in egs 4 and S, respectively. An important finding of
this work is that different forms of 1:1 precursor B;D exist at
different temperatures and that they are converted to products
at different rates. The data also show for the first time that more
stable transmetalation precursors are converted to metal-exchanged
products at lower rates and that the activation parameters AH*
and AS,? for rate laws 4 and 6 are strongly correlated.

Experimental Section

Materials and Methods. Procedures of synthesis and for stoichiometric
transmetalation of A and D by B and Co(NS), (E) and for isolation and
characterization of the respective products have been described previ-
ously. 2 #1113 Analytical, cryoscopic, and electronic spectral data for the
targets and products of this study are collected in Table I.

Kinetic Measurements. All kinetic measurements were conducted in
anhydrous nitrobenzene under dinitrogen with a sufficient stoichiometric
excess of target D to ensure monotransmetalation under pseudo-first-
order conditions, as described previously.5!! Initial concentrations of D
were varied in the range 104[D], = 2.5-25.0 M with [TM], fixed at 2.5
X 107 M. Temperature was varied from 8.0 to 45.0 °C. Monitoring
wavelengths in the thermostated Hi-Tech SFL40 stopped-flow spectro-
photometer were in the range 575-650 nm. All reactions were monitored
for at least 10 half-lives. On-line computer-generated'! plots of In (A4,
- A,) vs time gave the pseudo-first-order rate constant, K., for each set
of fixed experimental conditions. Each run was repeated at least five
times and each kg Was reproducible to £5% or better. Errors in rate
and equilibrium constants and their associated thermodynamic parame-
ters were determined by standard least-squares methods.!! There were

(14) (a) Davies, G.; El-Sayed, M. A,; El-Toukhy, A.; Henary, M.; Gilbert,
T. R. Inorg. Chem. 1986, 25, 2373. (b) Davies, G.; El-Sayed, M. A,;
El-Toukhy, A.; Henary, M.; Kasem, T. S.; Martin, C. A. Inorg. Chem.
1986, 25, 3904.

(15) Transmetalator E crystallizes as the green fac isomer, which rapidly
isomerizes to the brown mer isomer in aprotic solvents: Onan, K. D.;
Davies, G.; El-Sayed, M. A.; El-Toukhy, A. Inorg. Chim. Acta 1986,
119, 121. The mer isomer of E was used throughout this work.
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no significant kinetic effects of using different samples of B, D, or E.
Raw kinetic data for each system are collected in Table II.'¢

Results and Discussion

General Observations. The heteropolymetallic products of egs
1 with x = 1-4 are easily isolated from coproduct Cu(NS), by
gel permeation chromatography on Biobeads SX-12 resin with
methylene chloride as the eluent.2* However, this method is
incapable of separating different members of a (u,-
O)N,Cuy_ M, X, family from each other. Thus, reactions |
conducted at fixed x could conceivably give inseparable mixtures
of products (u,~-O)N,Cuy_ M, X, with varying x. We therefore
carefully checked the analytical and spectral reproducibility of
different samples of D obtaind with x = 3 in eq | at different
reactant concentrations. We also checked the kinetic reproduc-
ibility of these samples as targets for transmetalation with each
transmetalator of this study. The results showed that eq 1 gen-
erates D that is not contaminated with coproduct Cu(NS), or with
products with different x after gel permeation chromatographic
separation.

Our previous work shows that the monotransmetalation of
polynuclear halocopper(I)!! and copper(I1)® targets by S-methyl
hydrazinecarbodithioate transmetalators B and C is, with very
few exceptions,!! governed by one or other of eqs 2—4. Equation
3 appears to be characteristic of transmetalators C, whereas rate
laws 2-4 have been established for transmetalators B, depending
on the particular transmetalation system.’-1%!! Rate law 4 has
never been observed with dimeric copper(I) targets.!%!!

Equations 2 and 3 were interpreted to indicate the involvement
of rapidly formed but thermodynamically weak precursors TM-A,
and TM-A, respectively, in eq 5. Thermodynamic data for other
weak B- and C-adduct systems!? were used to derive activation
entropies AS* for first-order, rate-determining conversion of
TM:-A; and TM-A to metal-exchanged products for comparison
with data associated with rate law 4. The latter arises because
particularly strong precursors are formed in certain transmetalation
systems.»'® In such cases no assumptions have to be made to
interpret the rate data because the observed first-order rate
constant k4 = k, directly refers to the rate-determining step.
On this basis we tried to decide whether metal exchange in a
particular system is faster than formation of the ultimate
transmetalation products. We concluded that metal exchange in

weak Cu-X-M-S rings is fastest when nucleophilic thiocarboate
S is derived from the S-methyl isopropylidene ligand system of
thermodynamically weak!*® complexes B, and B,.!°

Other work demonstrates that the demetalation and trans-
metalation of heteropolynuclear metal complexes derived from
copper(I) and copper(Il) targets is metal-specific.'*®® For example,
when the mixed-valence product of eq 7 is reacted with equimolar

N,Cu,Cl, + Co(NS); —
N;Cu;Co(NS),Cl, + N + Cu(NS)(s) (7)

N,Cu,Co(NS),Cl, + M(NS), + M/(NS), —
N,CoMCl, + M/(NS), + Cu(NS), + 2Cu(NS)(s) (8)

transmetalators B (eq 8, M and M’ are different metals), the
dimeric product contains only M, the metal that forms the
thermodynamically weaker M(NS), complex.!**!” These ob-
servations!*® indicate that the relative thermodynamic stability
of competing transmetalators B or C is important in determining
reaction specificity. However, another contributing factor could
be that different transmetalators react with a particular target
with different rate laws. This would make the relative rates of
competing reactions different in particular systems. Kinetic
measurements thus might reveal the structural-mechanistic origins
of demetalation and transmetalation specificity.

The following questions are addressed in this paper.

(1) Targets A can be progressively transmetalated with reagent
B, to give the family of copper(IT)~nickel(II) products of eq 1.2

(16) Table IT and Figures 5 and 6 are given as supplementary material.
(17) The appearance of dimeric products in eq 8 is due to intramolecular NS
ligand transfer from cobalt(II) to copper(I1).'4

Al-Shehri et al.
Is copper(I1) in these products specifically replaced by other metals
M?

(2) Do the rates and rate laws for reactions of A and D with
particular transmetalators B differ?

(3) Rate laws 2 and 3 indicate the involvement of very weak
transmetalation precursors in eq 5, while rate law 4 is consistent
with very strong target—transmetalator interactions in particular
circumstances. Are there any systems in which moderately strong
interactions give rise to new rate law forms from which direct
thermodynamic data for precursor formation can be derived?

As we shall see, A and D react with particular transmetalators
with sharply different rates and rate laws. The rate and rate law
differences are a valuable source of new information on the
structural requirements for specific transmetalation.

Targets A and D. Target A (X = CI) (Figure 1) consists of
four copper(II) centers tetrahedrally attached to a central oxo
group. Each pair of copper atoms is bridged by Cl, and each metal
center carries a monodentate pyridine ligand N in a local trigo-
nal-bipyramidal geometry.?

The heteropolymetallic products from eq 1 (x = 1-3) are solids,
but they cannot be crystallized without disproportionating to A.>*#
We characterize them by complete elemental analysis and by
cryoscopic and spectral measurements, Their analytical, cryo-
scopic, and spectral properties indicate the same tetranuclear core
structure as in A.>* The only major difference is that the nickel
centers of isolated (us-O)N,Cuy (Ni(H,0)), X, products each
have one coordinated water molecule in addition to N. This water
is coordinated during gel permeation chromatographic separation
and makes each nickel center six-coordinate.?>!?

In principle, either nickel or copper in D could be replaced by
another metal M provided the stability order is Cu(NS),, Ni(NS),
> M(NS),. This criterion is satisfied with B,, B;, and E.!#

Transmetalators B. X-ray structural data’ indicate that B, and
B, are both tetrahedral molecules (Figure 1). One side of each
molecule is effectively shielded by the isopropylidene groups of
B in van der Waals contact. This may affect the ability of the
two thiocarboate S atoms on the other side of each molecule to
form a transmetalation precursor with one or two molecules of
A or D710

On the other hand, Ni(NS), (B,) (Figure 1) is essentially a
flat molecule (the dihedral angle is 27°) with a cis-S geometry.’
This geometry apparently allows B, to form precursors of stoi-
chiometry ByA; in rate law 2. However, rate law 2 indicates that
such precursors are thermodynamically weak.*!!

Monotransmetalation of (u,-O)N,Cu(Ni(H,0)),Cl (D) with
B and E. Properties of the Products. Spectrophotometric titrations
at 600 nm, where coproduct Cu(NS), is the principal absorber,2*
indicated that D reacts stoichiometrically with 1 mol of B or E.
The analytical and electronic spectral data in Table I show that
the monotransmetalation of D with B or E results in exclusive
replacement of copper(Il) with Co or Zn. The observed reactions
are eqs 9 and 10. The first product of eq 10 contains cobalt(II)
because of rapid decomposition of primary Co!"'(NS) centers to
the corresponding disulfide N,S, and cobalt(IT).%!*

D + B — (u,-0)N4(Co,Ni,Zn)(Ni(H,0)),Cle+ Cu(NS), (9)

D + E — (u4-O)N,Co(Ni(H,0)),Cls + 0.5N,S, + Cu(NS),
(10)

The products of these monotransmetalation reactions are
unassociated tetramers in nitrobenzene (Table I). Their infrared
spectra exhibit a single, sharp feature at 1630 cm™', which is
diagnostic of the bonding of N,N-diethylnicotinamide through its
pyridine N atom.'®

The electronic spectral data in Table I indicate that molar
absorptivities of D and its monotransmetalation products at 850
nm increase with atomic copper content and that those at 610 nm
increase with atomic cobalt content. Spectral data for a wide range
of analytically pure products of transmetalation of (us-O)(N,-
py)4CuyX4 complexes (py is pyridine) with a range of M(NS),

(18) Davies, G.; El-Toukhy, A.; Onan, K. D; Veidis, M. norg. Chim. Acta
1985, 98, 85.
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Figure 2. Plots of AH,* (kcal mol™) vs AS,* (cal deg™! mol™! at 25 °C)
for the third-order rate systems. Numbers 1-9 refer to the monotrans-
metalations of (1-O)N4Cu X4 (A) with M(NS),, where M = Ni (@)}
Co (0), Zn (0),° Hg (X).* Numbers 1012 refer to the monotrans-
metalations of L,Cu,X,Y with B,,!® Numbers 13-16 refer to the earliest
events in the monotransmetalations of L,Cu,X, with Ni(NS),.!! Num-
ber 17 refers to the monotransmetalation of (u,-O)N,Cu(Ni(H,0));Cl¢
(D) with Ni(NS), (B,, this work).

reagents fit linear plots of molar absorptivity at 610 or 850 nm
versus x in the formula (x4-O)N,Cu,.,_,Co,(Ni,Zn),Cle.3¢ Our
new products are no exception. This is f{thher strong support for
a common core structure in the whole family of (r4-O)(N,py),-
(Cu,Co,Ni,Zn) X, complexes.>*

Kinetic Measurements: Rate Law 2. The transmetalation of
excess D by B, is governed by third-order rate law 2 (Table II).!¢
The third-order rate constant k5 is (3.6 £ 0.1) X 108 M25s7! at
22 °C, with AH,* = 13.2 £ 0.4 kcal mol™ and AS,* =17 £ 3
cal deg™ mol™! at 25 °C in nitrobenzene. Rate law 2 governs the
transmetalation of target (u,-O)N,Cu(Ni(H,0)),Cls by Ni(NS),
over the whole temperature range of this study.

The reactions of several kinds of copper target with particular
M(NS), reagents are governed by rate law 2. In most cases M
is Ni, and NS is always monoanionic S-methyl isopropylidene-
hydrazinecarbodithioate in reagents B.10

Activation Parameter Correlation of Third-Order Systems.
Activation parameter correlations are useful in classifying data
for reactions with the same kinetic order that have a common
rate-determining step.'®!® We now explore the possibility that
there is more than one basic form of thermodynamically weak
1:2 precursors TM-T,. This is relevant because some forms of
TM-T, precursors with heteropolymetallic targets might be re-
sponsible for specific metal exchange even in systems with
third-order rate law 2.

Figure 2 shows activation parameter correlations for all known
monotransmetalation systems governed by third-order rate law
2. The data are from this study and our previous®!! work.
Systems involving B, as transmetalator are designated with closed
circles.

The second line from the left refers to the earliest events in the
transmetalation of copper(I) dimers L,Cu,X, with Ni(NS),.!!
Here, L is an N,V,N’ N “tetraalkyldiamine. All other data refer
to oxocopper(II) targets.

The leftmost line of Figure 2 refers to monotransmetalation
of copper(II) dimers L,Cu,X,Y, where X is Cl or Br and Y is
bridging O or CO;. It is known (or was inferred from this type
of activation parameter correlation)!© that these particular targets
either contain terminal halide or are induced to generate terminal
halide through precursor interactions with M(NS),. The third
line from the left is parallel to the first, which suggests that the
targets in this family of reactions behave as if they contain ac-
cessible terminal halide. The slope of these lines is 500 + 20 K.

The second and fourth lines from the left are parallel, but they
have a lower slope (370 £ 25 K) than the first and the third. The

(19) Davies, G. Inorg. Chim. Acta 1989, 160, 83 and references therein.
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second refers to reactions of copper(I) dimer targets L,Cu,X, that
contain no terminal halide or bridging oxide.!®!! This suggests
that the systems that are correlated by the fourth line from the
left in Figure 2 do not involve terminal halide.

It thus appears that there are two ways to alter the structures
of very weak precursors of stoichiometry TM-T, (where T is a
target) in eq 5. One is to change the target to one that cannot
generate terminal halide in response to an interaction of its
bridging halide with M from M(NS), (second line from the left
in Figure 2). The second is to change the transmetalator from
Ni(NS); to Zn(NS), or Co(NS), or to replace some of the
copper(1l) in (z4-O)N4Cu,Cls with Ni(H,O) centers (third and
fourth lines from the left in Figure 2).

Representations of precursor interactions which depict just one
of the interactions of M’(NS), with two target molecules T
through halide X to give TM'-T, precursors are given as?

M—X—Cu + M(NS), == M-—-X-Cu

(SN}~ M'—(NS)
Py

M—X—Cu + MI(NS), == M X—Cu
s

(SN)—M’—(NS)
P2

Since precursors of stoichiometry TM’-T, are always weak, there
is no justification for including any strong bonding.

These different forms P, and P, of weak TM'-T, precursors
could result from a competition for halide coordination between
the metal center(s) of the target and M’ in M’/(NS),. In P, the
competition is about equal, whereas in P, the competition favors
M’ and the precursor is built with terminal X. The coordination
number of the left (M) atom is reduced on formation of P,. We
should therefore admit to the possibility of weak interaction of
this atom with the NS ligand, as shown above. The extent of this
interaction will be a function of M and M’. Stronger M’-X
bonding could lead to greater stability of P, relative to P,.

There is no independent basis for deciding whether P, or P,
will be the more stable precursor form in any particular weak
system TM"T,. However, strong M’-X and Cu-(NS) interactions
in half of these structures?® would be expected (a) to change the
precursor stoichiometry from TM"-T, to TM".T, leading to sec-
ond-order rate law 3, and (b) to give P; when the formation of
four-membered rings R is especially favored by ready access of
terminal halide to M’.

X—=Cu

P3

We feel that precursors like P, are responsible for first-order
rate law 4 and that interactions like P, could lead to specific metal
replacement even in third-order monotransmetalation reactions.
The latter possibility remains to be established, since the only
productive reaction in the third-order D/B, system is copper(II)
replacement.

If our interpretation of Figure 2 is correct, then it appears that
the observed activation enthalpies of systems involving weak
precursors P, tend to be lower than those involving P,. This
interpretation is supported by the following observations. The
activation enthalpy for transmetalation of (u4-O)N,Cu,Brg by
Ni(NS), with rate law 2 is 4.0 kcal mol™! greater than for
transmetalation of (u4~O)N,4Cu,Clg with this same rate law.” But

(20) Molecular structures for precursors formed in first- and second-order
A/B transmetalation systems have been suggested previously.»!® M and
M’ could be the same or different metals. Precursor interactions P, or
P, are meant to represent the situation in “half” of a TM-T} interaction.
The interaction in the other half could be Py, P,, or some different
arrangement.
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Table III. Kinetic Data for First-Order Systems

Al-Shehri et al.

target ™ ke AH*?® AS*e ref
A. Kinetic Data for Transmetalation
N,Cu(Ni(H,0)),ClsO Zn(NS), 27.5 29.0 £ 0.4 46 £ 3 d LTe
N4Cu(Ni(H,0)),ClO0 Zn(NS), 8.0 170+ 0.3 4+3 d, HT
N,Cu(Ni(H,0)),ClO0 Co(NS), 33 8.5+03 -28+3 d
N,Cu(Ni(H,0)),ClO0 Co(NS), 1.5 9.5+0.3 -25+3 d
N,Cu(Ni(H,0)),BrO Zn(NS), 7.3 147+ 04 -5+3 d
N,Cu,(Ni(H,0)),Cl0 Zn(NS), 4.2 21.1 £ 0.4 16+3 24
py4Cu,(Ni(H,0)),Cl0 Zn(NS), 5.0 218 £ 0.4 18+3 24
B. Kinetic Data for Complexation
N,Cu(Ni(H,0)),Cl,O Cu(NS), 32 140+ 0.3 -9+3 24
N,Cu,(Ni(H,0)),ClsO Cu(NS), 38 16.0 £ 0.4 1£2 24
C. Kinetic Data for Dissociation of T-Cu(NS), Complexes
N,Cu,Cl0-Cu(NS), 0.045 197 + 0.4 11 24
N,4(Ni(H;0))4Cl,0-Cu(NS), 0.056 19.4 £ 0.3 1£1 24

¢The rate constants and activation parameters in sections A, B, and C of this table refer to transmetalation rate laws 4 and 6, complexation with
rate law 4,2 and complex dissociation (k, term of rate law 12'112), All rate constant units are s~ at 23 °C (typical error is £5%). ®Units are kcal
mol™'. ¢Units are cal deg™ mol™" at 25 °C. “This work. ¢At “low” temperature; see text. /At “high” temperature; see text.

we know that changing X from Cl to Br in this target structure
tends to favor first-order rate law 4, which indicates especially
strong precursors containing terminal Br.>!® This reasoning
supports the assignment of the data correlated by the third line
from the left in Figure 2 to precursors P, containing terminal X.

The rate law for reaction of A with Ni(NS), is unaffected by
replacement of three of the copper(II) centers in this target with
Ni(H,0) centers, although the third-order rate constant k, in-
creases by a factor of about 200 at 25 °C. This may be partly
due to an increase in the stability of the precursor as a result of
Ni(H,0) substitution for copper in A. The activation parameter
data for reaction of D with Ni(NS), correlate quite well with other
third-order data (Figure 2). The observed enthalpy and entropy
of activation for this system are the lowest observed for trans-
metalation of the (u,-O)N,Cu,_(Ni(H,0)),Clg family by Ni-
(NS), with rate law 2, possibly indicating that Ni—Cl bonds are
weaker than Cu—Cl bonds in (u4-O)N,Cu,.,(Ni(H,0)),Clq targets
and that this causes an increase in precursor stability, as in P,.20
However, it would appear from the activation parameter corre-
lation in Figure 2 that there is no extensive Ni-Cl bond breaking
in this family of reactions that would lead to second- or first-order
rate laws 3 or 4, respectively.

From these results it can be assumed that the rate law for
transmetalation of the whole (¢4-O)N Cu,_(Ni(H,0)),Cl; family
by Ni(NS), is third-order. We would expect the data to fit the
rightmost line in Figure 2, with the rate constants increasing with
increasing x.

Previous work?™*%? shows that pure products result from the
stepwise reactions 1. This implies that the rates of progressive
replacement of copper with M either are similar or actually de-
crease with the extent of transmetalation under anhydrous con-
ditions. The present data do not bear on this question because
one water molecule is coordinated to each nickel center during
product isolation38913 and the nickel in (u4-O)N,Cu,_(Ni-
(H,0)),Clg is thus six-coordinate. As discussed above, this sit-
uation leads to higher rates of replacement of the remaining copper
by nickel from Ni(NS),. By contrast, progressive transmetalation
in eq 1 is conducted?™* under anhydrous conditions so that each
new metal center introduced is five-coordinate.

Rate Law 4. The monotransmetalation of D by excellent
transmetalator E' was found to be governed by first-order rate
law 4 (Table II).!'¢ Kinetic data are collected in Table III.

Differences in Rate Law for the Monotransmetalation of A and
D by B, and B;. Tetranuclear copper(II) target A is mono-
transmetalated by B, and B, with third-order rate law 2.° In sharp
contrast, we report here that the corresponding reactions of
copper—nickel target D are governed by new rate law 6.

Rate Law 6. Kinetic and equilibrium data for systems governed
by rate law 6 are collected in Tables I1,'S III, and IV. Figures
3 and 4 illustrate rate law 6 for two different transmetalation
systems. Rate law 6 can be rearranged to give eq 11. Figures

Table IV. Equilibrium Data for Rate Laws 6 and 12 in Nitrobenzene

B
K°  AH?

A. Transmetalation Systems

target reactant ASY© ref

N,Cu(Ni(H;0)),Cls0 B, 250 -314+£04 9444 d LT
N,Cu(Ni(H,0)),Cls0 B, 1400 0803 174 d HT
N,Cu(Ni(H,0)),C,,O B, 3300 -22%05 9x4 4

B. Complexation Systems

N,Cu,Cl,0 Cu(NS);f 1780 -20.0 04 -53 %3 24
NLNi(H,0)):ClO  Cu(NS)yf 1260 -64£02 -8x2 24
(TEED),Cu,Cl} Co(NS)f 400 -27£03 3£2 11
(TEED),Cu,Cl, Cu(NS); 350 —06%02 10£2 11
(TEED);Cu,Br, Cu(NS),; 560 88%03 4l&2 11

2 Units are M~! at 23 °C (typical error is £5%). ®Units are kcal mol™'.
“Units are cal deg™ mol™ at 25 °C. 4This work. At “low” temperature;
see text. /At “high” temperature; see text. &SNS = S-methyl iso-
propylidenechydrazinecarbodithioate.!! *TEED = N,N,N',N'tetraethyl-
ethylenediamine. ‘NS = S-methyl benzylidenehydrazinecarbodithioate.!!
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Figure 3. Plots of kg (57') vs [D] (M) for the monotransmetalation of
excess (us-O)N,Cu(Ni(H,0)),Clg (D) with Co(NS), (B,) in nitro-
benzene at the following temperatures: 8.0 °C (4); 23.0 °C (a); 30.0
°C (0); 38.5°C (®).

516 and 6'¢ contain plots of eq 11 for the data in Figures 3 and
4, respectively.
1/ kopsa = 1/B1kq[D] + 1/, (11)

Rate law 6 has never been observed before in a transmetalation
system. This rate law form is very useful in interpreting the
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Figure 4. Plots of kg (s™!) vs [D] (M) for the monotransmetalation of
excess (u4-O)N,Cu(Ni(H;0));Cls (D) with Zn(NS), (B;) in nitro-
benzene at the following temperatures: 8.0 °C (@); 10.0 °C (a); 12.0
°C (m); 15.0°C (0); 17.5 °C (a); 18.5 °C (D).
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Figure 7. Plot of log k4 vs 1/T (K™!) for the monotransmetalation of
excess (uq-O)N4Cu(Ni(H,0))Clg (D) with Co(NS), (B;) in nitro-
benzene.

mechanisms of metal substitution and redox systems2'2? and is
invaluable in understanding specific enzyme—substrate reactions.?*
Its discovery is a very important addition to what is already known
about transmetalation rate laws and mechanisms for the following
reasons. First, we can determine values of 8, and their associated
enthalpies and entropies and compare them with K, derived from
eq 12 for complex formation reactions with particular targets

kopsa = ke[target] [Cu(NS),] + k, (12)
LzCUzXz and (/.14-0)N4Cu4_x(Ni(H20))xClél1’2"‘ (Kl = kf/krv the

(21) Wilkins, R. G. The Study of Kinetics and Mechanism of Reactions of
Transition Metal Complexes; Allyn and Bacon: Boston, MA, 1974,

(22) Katakis, D.; Gordon, G. Mechanisms of Inorganic Reactions: Wiley-
Interscience: New York, 1987.

(23) Piskiewicz, D. Kinetics of Chemical and Enzyme-catalyzed Reactions;
Oxford University Press: New York, 1977,
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Figure 8. Plot of log 8, vs 1/T (K™!) for the monotransmetalation of
excess (ug-O)N,Cu(Ni(H,0))Cls (D) with Co(NS), (B,) in nitro-
benzene.
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Figure 9. Plot of log k4 vs 1/T (K™!) for the monotransmetalation of
excess (u-O)N,Cu(Ni(H,0));Clg (D) with Zn(NS), (B;) in nitro-
benzene.

data are in Table IV). Second, we can obtain values of &, for
comparison with the first-order rate constants of rate law 4.%1!
Third, it turns out that we can demonstrate that there are two
moderately stable precursor types in a particular transmetalation
system governed by rate law 6. This enables direct examination
of the relationship between precursor stability and reaction rate.

Kinetics of Monotransmetalation of (u,-O)N,Cu(Ni(H,0)),Ck
(D) by Co(NS), in Nitrobenzene. Figures 3 and 5'¢ demonstrate
that the title reaction is governed by rate law 6. The lowest plot
in Figure 3 shows that the title system is governed by rate law
4 at the lowest practical reaction temperature (8.0 °C) in nitro-
benzene.

The linear plot of log k4 versus 1/ T in Figure 7 accommodates
kinetic data over the whole temperature range of this study and
further demonstrates that rate law 4 is a special case of rate law
6 where §, is or becomes especially large under particular ex-
perimental conditions.!®

Figure 8 shows a plot of In 8, versus 1/7. From this plot we
can conclude that the title reaction involves a single precursor with

(24) Al-Shehri, S.; Davies, G.; El-Sayed, A.; El-Toukhy, A. Inorg. Chem.,
following paper in this issue.
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Figure 10. Plot of log 8, vs 1/T (K™) for the reaction of excess (u4
O)N,Cu(Ni(H;0));Cl¢ (D) with Zn(NS), (B;) in nitrobenzene.

B; = 3300 M at 23 °C, AHy, =-2.2 % 0.3 kcal mol™, and AS,,
= 9 % 4 cal deg™! mol™! in nitrobenzene at 25 °C. These data
are included in Table IV.

Kinetics of Monotransmetalation of (u,-O)N,Cu(Ni(H,0)),Cl
(D) by Zn(NS), in Nitrobenzene. We now come to the most
informative system of this study, namely the monotransmetalation
of (us-O)N,Cu(Ni(H,0));Clg by Zn(NS), in nitrobenzene. This
system contains the most complete detail so far obtained con-
cerning the factors involved in specific, efficient monotrans-
metalation.

Figures 4 and 6'¢ show that rate law 6 governs the title
transmetalation system. Figure $ demonstrates the validity of
rate law 6 over two regions of the total experimental temperature
range. Note that this kinetic system obeys rate law 4 at the lowest
practical temperature (Figure 4), as found in the corresponding
Co(NS), system (Figure 3). However, different reacting systems
clearly exist at different temperatures with Zn(NS), as the
transmetalator.

Figure 10 shows a plot of log 8, versus 1/T7 for the title system.
It is again very evident that there are two regions of different
behavior at high and low temperature. In the “high”-temperature
region we observe a system that involves a nearly thermoneutral
equilibrium 5 (n = 1; Table IV), whereas the same system exhibits
strongly exothermic character in the “low”-temperature region.
We emphasize that a very careful study at closely similar tem-
peratures was made in this system to identify the point of crossover
between these two temperature regimes.

The data in Figure 10 are sure proof that there are two major
identifiable 1:1 precursor types in transmetalation systems. In
this context, “identifiable” means associated with measured
equilibrium parameters. The thermodynamic parameters for the
two precursors involved in the title transmetalation system are
included in Table IV.

Figure 9 shows that these two precursors are converted to
products in reactions with different activation parameters. We
again emphasize that very careful measurements were made of
the temperature dependence of this system to identify the crossover
region. Figures 9 and 10 indicate the existence of about equal
proportions of the two precursors near 20 °C.

Comparison of Figures 8 and 10 shows that changing the
transmetalator of (u,-O)N,Cu(Ni(H,0));Clg from Co(NS), to
Zn(NS), at low temperature provides access to a type of precursor
that is formed much more exothermically. The entropy of for-
mation of this precursor is the most negative of all the equilibrium
systems in Table IV. From Figure 9 we see that this precursor
would be converted to products at a higher first-order rate than
the precursor that actually exists at higher experimental tem-
peratures.

Al-Shehri et al.
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Figure 11. Plots of AH* (kcal mol™) vs AS* (cal deg™ mol™) for the
first-order rate systems. Numbers 1-6 refer to the monotransmetalations
of (4-O)N,Cu(Ni(H,0));Cls (D) with M(NS), and M(NS); in nitro-
benzene, where M = Zn (¥), Co(I1) (&), Co(11) (%), and Cu(1l) (m).>*
Numbers 7 and 8 refer to the reactions of (u-O)N4Cu,(Ni(H,0)),Clg
with M(NS),, where M = Zn (¥)* and Cu(II) (W).¥ Numbers 9-12
refer to the monotransmetalations of (u4-O)N,Cu,Brg with M(NS),,
where M = Zn (¥), and Co(1l) (a).> Numbers 13-18 refer to the
monotransmetalations of L,Cu,X,Y with M(NS),, where M = Co (&)
and Zn (¥).!° Numbers 19-30 refer to the isomerizations of unassociated
(12-0)N,Cu,(Ni(H,0)),Cly and (1,-CO;3)N,Cuy(Ni(H,0)),Cly com-
plexes.” Numbers 31-34 refer to the isomerizations of unassociated
N;Cu,(Ni(H,0)),Cl,0; and N;Cu(Ni(H,0));C1,0, complexes.?

Activation Parameter Correlation for First-Order Systems.
Figure 11 shows activation parameter correlations for all the
first-order systems involving dimeric and tetrameric copper(II)
molecules from this and related® 122 work. Data from rate
Jaws 4 and 6 are correlated, which indicates that k4 is the limiting
rate constant of rate law 6.

The correlations shown are very striking. All the lines have
the same slope (300 £ 25 K). The lowest line correlates data for
irreversible transmetalation systems, first-order complexation
reactions with Cu(NS),,'** and activation parameters AH,* and
AS,* for the k, term of rate law 12. This term governs the
dissociation of complexes of the form T-Cu(NS),.!!-*

The data for first-order transmetalation reactions of
L,Cu,X,(CO;) targets are correlated by the middle line of Figure
11. Since L,Cu,X,(CO;) targets are known to contain terminal
halide, then the especially stable precursors of these systems must
contain terminal halide.!® The parallelism of the two lower lines
of Figure 11 is a strong indication that all of the first-order
dissociation reactions of complexes T-Cu(NS), that are governed
by rate law 12'"2* involve species containing terminal halide.

The top line of Figure 11 correlates data for the isomerization
of (#2'Y)2N2CU2(Ni(H20)2X425 and (ugO,u-O)N,Cuy (Ni-
(H,0),X,% complexes. These reactions are all driven by the
formation of copper(1I) centers containing three-coordinated halide
ligands.?*2% The very negative entropies of activation for these
reactions have been interpreted to indicate that the formation of

————————

four-membered rings Cu- - -X~Ni-X is required to allow the metal
movement that leads to isomerization. The activation process for
metal movement requires the breaking of bonds from copper(1I)
to X, O, and CO, bridging groups, as indicated by an increase
in AH:,,* as the bridging systems become more extensive.?’

All the species involved in the correlation of first-order data
in Figure 11 contain copper centers that are held in place by
bridging halide and, in most cases,?” oxide or carbonate. The
parallelism of all three lines indicates that the breaking of such
bridging bonds is a primary requirement for all the processes that
are correlated. The main contribution to activation must be the

(25) Cai, G.-Z.; Davies, G.; El-Toukhy, A ; Gilbert, T. R ; Henary, M. Inorg.
Chem. 1985, 24, 1701.

(26) Davies, G.; El-Sayed, M. A_; El-Toukhy, A.; Henary, M.; Martin, C.
A. Inorg. Chem. 1986, 25, 4479.

(27) The exception is the inclusion of data for the dissociation of
LZCIUZXZ-M(NS)z complexes governed by the first-order k, term of eq
2.1
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Figure 12. Plots of AH, (kcal mol™') vs AS,, (cal deg™ mol™) for the
following systems: (ug-O)N,Cu(Ni(H,0)),Cls (D) with Zn(NS), (B,)
in nitrobenzene at low temperature (1); (k-O)Cu(Ni(H,0)),Cls (D)
with Zn(NS), (B;) in nitrobenzene at high temperature (2); (u,-
O)N,Cu(Ni(H,0));Cls (D) with Co(NS), (B,) in nitrobenzene (3);
(#4-O)N,Cu,Clg (A) with Cu(NS); (NS = S-methyl isopropylidene-
hydrazinecarbodithioate) in nitrobenzene (4);* (u4-O)N,4(Ni(H,0)),Clg
with Cu(NS), (NS = S-methyl isopropylidenehydrazinecarbodithioate)
in nitrobenzene (5);* (TEED),Cu,Cl, with Co(NS), (B,) in nitro-
benzene (6);'° (TEED),Cu,Cl, with Cu(NS), (NS = S-methyl
benzylidenehydrazinecarbodithioate) in nitrobenzene (7);!¢
(TEED),Cu,Br, with Cu(NS), (NS = S-methyl benzylidenehydrazine-
carbodithioate) in nitrobenzene (8).1°

breaking of different Cu~X and Cu-O bonds to account for the
appearance of three separate lines in Figure 11,

With this interpretation we see that the bridging Cu~-X and
Cu-O bonds that have to be broken for first-order (a) irreversible
transmetalation, (b) complexation,'?* (c) adduct dissociation,!:2
and (d) isomerization??$ are weakest for (-O)N,Cu, M, X,
complexes (the lowest line in Figure 11) and strongest for (u,-
Y),N,Cu,y(Ni(H,0),X, and (44-O,1-O)N,Cu, (Ni(H,0),X,
complexes (as indicated by the uppermost line in Figure 11).

Equilibrium Parameters for Precursor and Complex Formation.
Table IV contains equilibrium data for eight precursor and com-
plex formation systems. The equilibrium constants 3, (eq 5) or
K, (eq 12) range from 250 to 3300 M~! at 23 °C. They are much
larger than those for formation of adducts Ni(NS),-2py where
py is a monodentate pyridine.!>2®  This is mild support for multiple
interactions in the precursors and complexes under discussion here.
The latter systems range from essentially thermoneutral to strongly
exothermic. The entropies of formation range from 41 to —94 cal
deg™! mol™!, with an average of —10 % 30 cal deg™' mol™'. The
constant value ASy = -25 cal deg™ mol™ from literature data
for Ni(NS),py formation'? was assumed in the previous®!°
analyses of second-order monotransmetalation rate data. We now
sec that ASy are very reactant-dependent.

Existence of Two Identifiable Precursor Types in Trans-
metalation and Complexation Systems. Figure 12 shows a plot
of the enthalpy of formation versus the entropy of formation for
all transmetalation and complexation systems that give direct
kinetic evidence for association between the reactants from rate
law 6 or 12,!12* The data come from Table IV. It is evident from
this plot that the thermodynamic data for precursor and complex
formation are strongly correlated, which suggests the same broad
structural features involving the sharing of common atoms by the
reactants. The correlation in Figure 12 covers a wide range of
target and transmetalator types and stabilities (Table IV). We
note in particular that most of the complex-forming systems involve

(28) The largest reported equilibrium constant for formation of Ni(NS),-2py
complexes is 71 £ 4 M~? in benzene at 25 °C with NS = S-methyl
p-chloroarylidenehydrazinecarbodithioate monoanion and py = 4-
methylpyridine.'?
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Figure 13. Plot of log k, vs log 8, at 25 °C for the following systems:
(14-O)NCu(Ni(H;0));Cls (D) with Zn(NS), (B,) in nitrobenzene at
low temperature (1); D with Zn(NS), (B,) in nitrobenzene at high tem-
perature (2); D with Co(NS), (B,) in nitrobenzene (3).

especially stable?!#® reactants B and C (M = Cu). This suggests
that exothermic formation of such 1:1 complexes does not involve
NS chelate ring opening. Such chelate ring opening is a more
likely possibility for thermodynamically weaker!#® transmetalators
B, and B;.

Relationship between Precursor Stability and the Rate of
First-Order Product Formation. Figure 13 shows a plot of log
k4 versus log 8,%° at 25 °C for the three systems of this study that
are governed by rate law 6. It is evident that increasing precursor
stability leads to lower reaction rates.

We note the following with regard to this reactivity trend. The
rate law for transmetalation of (u4-O)N,Cu(Ni(H,0)),Clg by
Co(NS); is first-order eq 4 over the temperature range 23.0-45.0
°C (Table II).!8 This indicates that Co(NS), forms a more stable
precursor with (u4-O)N,Cu(Ni(H,0)),Clg than does Co(NS),,
which transmetalates D with rate law 6. At the same time we
know that Co(NS); is less thermodynamically stable than Co-
(NS),.1** Thus, if Co(NS), forms any kind of ring-opened pre-
cursor with (us-O)N,Cu(Ni(H,0));Clg, then so should Co(NS)s,
and the latter precursor should be the more stable. We find, as
expected, that k,(23 °C) is 5.5 s! when the transmetalator of D
is Co(NS), and 1.5 s7! when it is Co(NS), (Table III).3°

Conclusions. The transmetalation and complexation of poly-
metallic halo amine complexes by M(NS), reagents involves
precursors whose stabilities depend on the reactants. Rate law
6 provides direct access to the relationship between precursor
stability and reactivity. We are actively seeking (a) further
examples of systems governed by this particular rate law and (b)
molecular structures for (u4-O)N,Cu, M, XCu(NS), complexes.
Our findings will be reported in future papers.
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(29) We have extrapolated the “low-temperature” data for k4 and 8, in
Figures 9 and 10, respectively, over a small range to allow construction
of Figure 13 at 25 °C.

(30) Compliance of the D/E monotransmetalation system to rate law 4 would
require that 3,[D] > 10 in the denominator of rate law 6 at the lowest
[D] employed (2.5 X 10~ M; Table II). This gives 3, > 4 X 10* M~!
at 23 °C, where k4 = 1.5 57! (Table III). Assuming that the relationship
in Figure 13 holds for all monotransmetalations of D with rate law 6,
a short extrapolation to log 1.5 = 0.18 predicts 8, = 1.5 X 104 M~ for
the D/E system at 23 °C. This estimate is of the right order of mag-
nitude to account for the kinetic properties of the D/E system.



