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Marcus—Hush correlations and the implication is that both
systems are essentially adiabatic. The probability that the
electron-tunneling and nuclear-tunneling factors cancel to the
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same degree in each system seems t0o remote to contemplate.
The argument regarding adiabatic behavior would not be
secure, however, if the partner ions in the activated complex
could be considered to reach the transition-state energy es-

tially by independent activatio 18 Supplementary Material Available: Tables containing the exper-
sentially by independent activation.

imental kinetic data and data for calculation of k,,%"* including work
terms (12 pages). Ordering information is given on any current
masthead page.
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The cleavage of Ni(tach),?* (tach = cis,cis-1,3,5-cyclohexanetriamine) to give Ni(tach)(H,0),2* is strictly first order in
complex, and no intermediate species has been detected. The observed rate constant is strongly acid dependent, and for
HCI and HBF, the rate law is kqpeg = k1 /{1 + (b + c[H*])™! + (e + fTH*])"!} with a limiting rate constant k;, = 0.78 +
0.02s7!, AH* = 72 £ 2 kJ moll, and AS* = -6 = 6 J K* mol™! (25 °C, u = 1.0 M). The limiting rate is ascribed to
the first Ni-N bond rupture, apparently not involving the chair-boat (skew boat) conformational change of the ligand
in the rate-determining step; the acid dependence is traced to a competition between protonation and rechelation of partly
dissociated amine ligand. Cleavage in acetate/acetic acid buffers shows that the reaction is catalyzed by acetate and/or
acetic acid and that the acid dependence has to be more complex than that indicated above. Cleavage of the Ni-N bonds
in acid for Ni(tach)(H,0);?* is markedly slower than for Ni(tach),?* at the same acid concentrations and has a rate law
of the form kg = ko + kpx[HX] (25 °C, u = 3.0 M, ky~ 6 X 107 57!, HX = HCIO,, HCOOH, Cl,CHCOOH, CH,;COOH,
and H,PO,”). The behavior is accommodated by a mechanism similar to that proposed for the bis complex. An X-ray
crystallographic analysis of [Ni(tach)(H,0)3](NOs), (space group Pnma, Z = 4, a = 14.142 (2) A, b = 12.637 (2) A,
and ¢ = 8.000 (1) A) showed the amine coordinated tridentate to the Ni?* jon with Ni-N distances (2.07 &) ~0.06 &
shorter than those in [Ni(tach),](NO;),; conversely Ni-O distances (2.10 A) are ~0.05 A longer than in Ni(H,0)¢*.
An analogous trend is observed for the Ni-N and Ni-O distances of Ni(en),>* (n = 1-3); Ni-N and Ni-O bond distances
decrease with increasing number of water oxygen atoms in the first coordination sphere. Within each family of complexes:
the rates of Ni~N or Ni~O bond rupture correlate with bond lengths: short bonds are cleaved more slowly than long bonds.

Introduction

The complex ion Ni(tach)(H,0),** (tach = cis,cis-1,3,5-
triaminocyclohexane) is strikingly inert to substitution of the
ligand by water. It is cleaved by strong acids with a reaction
half-life ¢,,, ~ 3600 s (0.7 M HCIO,, 25 °C).” By com-
parison, Ni(dien)(H,0),?* (dien = 3-azapentane-1,5-diamine)
decomposes much more rapidly in acid;® it has a reaction
half-life #,, ~ 0.05 s. Ni(tach),** with six nitrogens as ligand
atoms is somewhat less labile (¢, p= 1 s). Acid catalysis of
the decomposition of Ni(tach),?* to Ni(tach)(H,0);%* and
of the latter to Ni(H,0)¢?* and Hjtach®* requires proton
concentrations at which the rate constants for cleavage of
related nickel amine complexes appear to be pH independent.’
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It is therefore difficult to compare observed rate constants for
hydrolysis of different nickel amine complexes directly.

The constitution and conformational flexibility of the co-
ordinating amine ligand might be one of the factors deter-
mining the rate constant of the cleavage reaction. Specifically,
the activation energy for chair-boat interconversion of the
cyclohexane ring in tach or of a six-membered chelate ring
might be coupled with the activation energy for Ni-N rupture.

Such observations and ideas prompted us to investigate in
some detail the kinetics of the cleavage of tach from Ni-
(tach),** and Ni(tach)(H,0);** in acid solution. X-ray
crystallographic investigations of both ions have been carried
out!®!! in order to define the denticity of the ligand and the
precise geometry of the complex cations. Structural data have
been compared to kinetic data to see whether correlations exist
between the two classes of experimental results.

Experimental Section

Syntheses. The complexes [Ni(tach),]Cl, and [Ni(tach)(H,0);]Cl,
were synthesized as previously described.!? Ni(tach)(en)(H,0)**

(10) [Ni(tach),;](NO;),: Ammeter, J. H.; Biirgi, H. B.; Gamp, E.; Meyer-
Sandrin, V.; Jensen, W. P. Inorg. Chem. 1979, 18, 733-750.

(11) [Ni(tach)(H,0);](NO,),: Huffmann, J. C.; Wentworth, R. A. D.; Tsai,
C. C; Huffmann, C. J; Streib, W. E. Cryst. Struct. Commun. 1981,
10, 1493 (R = 0.036).

(12) Egli, H. Doctoral Dissertation 5535, ETH Ziirich, 1975.
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Figure 1. Stereoscopic drawing of Ni(tach)(H,0),>* showing atomic
numbering.*3

was synthesized by niixing equimolar amounts of the Ni(tach)(H,0)>*
complex and en (en = 1,2-ethanediamine) in aqueous solution, It
was also isolated as a crystalline perchlorate salt.

Kinetics. The kinetics were followed with either a Cary 118C or
a Cary 16K spectrophotometer by monitoring absorbance changes
at 600 nm (Ni(tach),**) or 590 nm (Ni(tach)?*) for complex con-
centrations in the range 2-10 mM. Linear plots of log (4 ~ 4.) vs.
time were obtained over at least 4 half-lives to yield the pseudo-
first-order rate constants, which have been used in the kinetic analysis.
The reactions were usually initiated by mixing solutions of complex
and acid or buffer at 25 °C at an ionic strength of 1.0 or 3.0 M in
a hand-operated stopped-flow reactor. This allowed the absorbance
change to be monitored accurately within 0.5 s of mixing. In attempts
to observe intermediate species, some experiments were carried out
on a shorter time scale (210 ms) using a Durrum stopped-flow reactor.

In the study of Ni(tach),?*, ionic strength was usually maintained
at 1.0 M with sodium chloride, in the presence of varying concen-
trations of acetate anion (OAc™). Perchlorate solutions could not be
used because of the low solubility of [Ni(tach),](ClO,);. One set
of experiments was performed with sodium tetrafluoroborate as the
electrolyte background. For pH values below 1.2, concentrated acid
solutions (0.1~1.0 M) were employed. Higher pH values were ob-
tained, in the absence of acetate ion, with use of an aniline-2-sulfonate
buffer ({buffer] = 0.06 M). For solutions containing acetate ion, the
pH was adjusted by varying [HOAc]. The pH was measured with
a Radiometer G202B glass electrode and a saturated calomel electrode
in association with a Radiometer PHM 26 meter, standardized against
tetraoxalate (pH 1.68) and phthalate (pH 4.01) buffers. The pH of
solutions immediately after reaction was also measured, and ApH
was always <0.05.

Dissociation of Ni(tach)(H,0),>* was measured in a range of
solutions: in acids, HCIO,4 (0.05-3.0 M, u = 3.0 M (NaClO,)), HNO,
(3 M), HCI (3 M); in the buffer solutions, HCOOH/HCOONa
(0.17-1.0 M in acid), CH;COOH/CH;COONa (1.0-3.0 M in acid),
Cl,CHCOOH/CI,CHCOONa (0.3-2.9 M in acid); in NaH,PO,

o8
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(0.1-3.0 M); in saturated p-chloroaniline in HCIQ, (0.5-1.25 M).

Kinetic Calculations. The parameters in the rate expressions (7)
and (11) were determined by minimization of 3" (kgpeq — Kcgica)?/
6%(kgpeq) by (nonlinear) regression analysis; all rate constants were
assumed to have the same relative error.

X-ray Structure Determination. Crystal data and details of the
intensity measurements and structure analysis are given as supple-
mentary material.

Results

Structural Aspects. Atomic coordinates, thermal parame-
ters, and bond lengths and angles for the [Ni-
(tach)(H,0);](NO;), complex are given as supplementary
material. A drawing of the molecule with the numbering
system used is shown in Figure 1. Selected bond distances
and angles for Ni(tach)(H,0),2* (average of two determi-
nations) and Ni(tach),?* are collected in Table I.

The difference between the geometries of the tach ligands
in the mono and bis complexes are not substantial (Table I).
Contrary to Huffmann et al.!! we find that differences in the
Ni~N distances and the N-Ni-N angles are significant. They
may be rationalized in terms of the height of the NiN; pyr-
amid. This height decreases on going from Ni(tach),>* to
Ni(tach)(OH,);?*, and since the base of the pyramid is un-
changed, this implies a shortening of the Ni-N bonds (average
0.064 A). The Ni-O distances in Ni(tach)(H,0);* are longer
(by an average of 0.05 A) than in Ni(H,0)¢*.

Kinetics. [Ni(tach),]**. The pH-rate constant profile is
sigmoid, as shown in Figure 2, and reaches a limiting rate
constant of 0.78 (£0.02) s7! (25 °C, u = 1.0 M) in the
high-acidity region. This limiting value is independent of the
acid anion; high concentrations of HCl, HBF,, and CF;COOH
yield the same value within experimental error. Indeed, the
rate constant~pH profile from pH 0 to pH 3 was essentially
the same for HCI and HBF, (Figure 2 and Table II).

In acetate/acetic acid buffers the anion and the total acid
become involved in the rate law. Dissociation rate constants
at a particular pH increase with increasing concentrations of
added acetate ion in a nonlinear manner (Table 11 and Figure
2). For a particular concentration of added acetate, the rate
constant-pH profile appears to almost parallel that of the
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Figure 2. Cleavage of Ni(tach),2* ion in acid and buffer solutions at 25 °C, u = 1.0 M. The curves are a calculated least-squares fit of the

data to Scheme I and eq 7.



Ni(I)-cis,cis-1,3,5-Cyclohexanetriamine Complexes

Table I. Selected Bond Lengths (A), Bond Angles (deg), and
Torsion Angles (deg) for Ni(tach)(H,0),%*, Ni(tach),?*,
and Cu(tach),**

Ni(tach)- Ni- Cu-
(H,0),*¢  (tach),**? (tach),**¢

Ni-N14 2.065 (6) 2.131 (3) 2.353
Ni-N2 2.072 (4) 2.134 (2) 2.070
Ni-O1 2.085 (6)

Ni-02 2.109 (5)

N1-C1 1.479 (10) 1.491 (5) 1.485
N2-C3 1.487 (7) 1.488 (2) 1.485
C1-C2 1.533 (8) 1.520(3) 1.527
C2-C3 1.515 (8) 1.532(3) 1.527
C3-C4 1.518 () 1.522 (3) 1.527
N1--N2 2.900 (7) 2,922 (3) 3.005
N2--+N2' 3.016 (6) 3.016 (3) 2.936
0102 2.864 (7)

02--02' 3.008 (6)

N1-Ni-N2 89.1 (2) 86.5 (1) 85.4
N2-Ni-N2' 93.4 (2) 89.9 (1) 90.3
01-Ni-02 86.2 (2)

02-Ni-02' 91.0 (2)

N1-C1-C2 109.8 (4) 110.8 (1) 111.0
N2-C3-C2 109.8 (4) 109.8 (1) 111.0
N2-C3-C4 110.2 (5) 110.6 (2) 110.8
C2-C1-C2 110.7 (6) 110.0 (2) 110.6
C1-C2-C3 114.4 (5) 113.5(2) 114.4
C2-C3-C4 110.9 (5) 111.5(2) 111.2
C3-C4-C3 116.4 (6) 114.7 (2) 113.0
C2'-C1-C2-C3 52.0 52.5 50.8
C1-C2-C3-C4 —49.8 —-50.8 ~52.2
C2-C3-C4-C3' 49.9 48.9 52.6

@ Average of two determinations (this work and ref 11). Y From
ref 10. € From ref 10, Cu(tach), (ClO,),, averaged with respect to
the approximate mirror plane. @ Atomic labels are given for
Ni(tach)(H,0),; for Ni(tach),** and Cu(tach),** they should be
changed accordingly.

strong acids, except that it is displaced to a higher pH region
(Figure 2). At low acetate ion concentrations and high acetic
acid concentrations (5—6 M) a limiting rate constant is reached
(~0.7 s71), which is somewhat less than that observed for
HBF, and HCI, but under these conditions the solvent can also
be considered to be altered significantly.

The temperature dependence of the limiting rate constant
was determined (0.5 M HCl, u = 1.0 M): at 6.3 °C, 0.100
+0.004 s7%; at 15.6 °C, 0.290 + 0.015s71; at 25°C, 0.72 £
0.02 s7!. These yield activation parameters AH* = 72+ 2 k]
mol! and AS* = -6 = 6 J K mol™.

A rate-limiting condition at high pH is also reached in the
vicinity of pH ~6, provided acetate or anilinium sulfonate
buffer supply the protons to capture the dissociated tach
(Figure 2). ,

[Ni(tach) (H,0);)**. Dissociation of tach from the mono
complex is much slower than from the bis complex under acid
conditions, and the dissociation in HNO, (0.5-0.8 M) has been
reported to follow a rate law of the form’

kopsa = ko + ky+[HNO;] (n

where 10*%k, = 1.3 s and 10%y+ = 1.4 M1 571 (25 °C). The
present data confirm this rate law also for perchloric acid and
show that it holds up to 3 M HCIO,, with 10%k, = 0.6 s™! and
10%ky+ = 1.7 M1 s, Other acids such as CH;COOH,
HCOOH, and Cl,CHCOOH exhibit similar behavior, with
kowsa @ linear function of the acid concentration (Table III).
In all these instances the acid-independent term %, is prac-
tically the same (~0.6 X 107 s7}; Figure 3). The acid-de-
pendent term, however, varies considerably; 10*yy is 0.6, 2.3,
and 4.7 M!'s7! for CH;COOH, HCOOH, and Cl,CHCOOH,
respectively. These rate constants increase with decreasing
pK, of the acid (4.9, 3.9, and 1.6, respectively). No dependence
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Figure 3, Cleavage of Ni(tach)(H,0),** in acid solutions at 25 °C.
The solid lines are calculated from eq 2 or eq 9.

4 \
\\
oF Y

o]

600 nm
Figure 4. Visible absorption spectra of Ni(tach),?* (—), Ni-
(tach)(H,0),2* (---), and Ni(tach)(en)(H,0)** (---+).

on the p-chloroanilinium ion concentration is observed, and
the rate constant for this acid (0.6 X 10~ s™) is consistent with
the acid-independent term in the other instances. The rate
constants for HC1 (3 M) and HNO, (3 M) differ from that
of HCIO, (3 M) (Table III), which implicates these two anions
in the hydrolysis reaction.

The dependence of the rate on [H,PO,"] is more compli-
cated than for other acids (Figure 3). The data at 25 °C fit
a rate law of the form

0.6 x 10™ 6.9 X 10*[H,PO,]?

k = <+ st (2
°¢ 7 ) + [H,PO,] 1 + [H,PO,7) 2

At low [H,PO,7] this rate law also yields the same acid-in-
dependent term as for the other media.

Spectra. The visible spectra of Ni(tach),**, Ni-
(tach)(H,0),%*, and Ni(tach)(en)(H,0)?** in solution are
depicted in Figure 4. The spectrum of crystalline [Ni-
(tach)(en)(H,0)](ClO,), is essentially the same as the cor-
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Table II

Acid Solutions?

Rates of Dissociation of [Ni(tach),]Cl, in Aqueous

Schwarzenbach et al.

Table III. Rates of Dissociation of [Ni(tach)(H,0);]Cl, in
Aqueous Solution?

No Acetate Added? 10 X 10* X 104 X,
— Sl Kobsd:  Kealeds Kousa:
kousa: 8 _Kopsa: S HCI0,1.PM 1§77 [CIC,H,NHSLM s
pH cre BRS¢ pH o Cr¢  BIC 0.05 0.8 0.7 0.5 0.54
0.09¢ 070 0.74 152 0.28 0.5 L5 L5 0.75 0.56
0.09°  0.77 1.69  0.282 1.0 2.6 2.3 1.0 0.58
0417  0.687 069 198  0.177 2.0 42 4.0 1.25 0.58
0.41; 0.71¢ 068  2.09 0.14 3.0 5.8 5.7
e U7 e a0 M s 10° 10t X
: : : : HCOOH], M HCOO™|, M kopsds 8" oateas? 8!
0.84"  0.64 3.01 0.042 [ ] [ ] obsd: ? caled:
1.221 0.50 3.46 0.033 8-;2 8-8‘1‘; 1.1 1.1
1.43 0.44 X . 1.7 1.6
0.66 0.083 2.5, 2.5
Acetate Added 1.00 0.125 3.4, 3.5
[HOAc], kopsqs [HOAcC], Kobsds 104 X 10° X
M pH ! M pH s [CL,CHCOOH],M [CLCHCOO'|,M kypsa ' kealed:? S
2 2 obsd caled
oyt -0t I T
6.0 222 0.69 0.5 351 0.31 125 0.55 6.8 6.8
2.0 282 0.66 0.25 377 0.215 588 0.62 145 145
1.5 318 0.48 0.1 417  0.115 i i ' '
1.0 323 0433 0.05 4.48  0.079 10* x 10* x
(0AC] < 0.1 M [CH,COOH],M  [CH,COO ], M  kgpeqs5'  kealear® 5™
3.0 3.00 0.645  0.25 411 019 1.0 0.1 1.3 1.3
2.0 318 0.56 0.1 452 0.105 2.0 0.1 2.1 2.0
1.0 350 0435 0.1 455 0.11 3.0 0.1 2.8 2.7
0.5 379 0.28 0.05 ) 4.85  0.064 [H.PO, 1 EM  10%qgpear s’ 10%aneqf 5
[OACT] =0.15 M
0.45 407 025 0.05 503 0.0537 8:% ?ZZ ?:g
[0AC] = 0.3 M 0.4 1.2 1.2
0.9 407 0.32 0.1 5.03  0.073 0.5 1.7 1.7
0.3 455 0.166 88 ;g é?
[OAc] = 0.5 M¢ 1.2 4.8 4.6
1.5 4.07  0.40 0.3 477  0.155 1.8 8.3 8.2
1.0 424 0326 0.2 490  0.104 2.4 11.2 11.8
075 436 0283 0.2 495 0.106 3.0 15.5 15.5
0.5 452 0213 0.167  5.03  0.093 . o b
0.5 4.53 0213 0.1 5.23 0.061 At 25 °C; rate constant average error i5[7f' Ju= 3.0M
0.5 455 0202 0.1 530 0.062 (N2ClO,). ¢ In 3 M HC, 10*kgpsg = 13.15";in 3 M HNO,,
0.4 4.64 0.194 10 kobsa= 925", Calculated from eq 11 with the common
) 4 interceptk, = 6 X 107 ' and withkpcio, = 1.7 X 107 M™" 572,
[OAC]=1.0M kCH3COOH =0.6X 107 M 571, kHCOOH =2.3%x 10" M s},
8§ 228 88% 8% 228 8828 and kgpcy,coon = 4.7 M 7. € Calculated from eq 2. ! pH
' ’ ' ’ ' ' 3.0 £ 0.1; buffers prepared from o-chloroaniline/HCIO, .
4
[OACT] =4.364 X 107* M¢ £ [NaH,PO,] + [NaClO,] = 3.0 M.
1.0 119 0.64
i o Previous studies have shown that in acid the Ni(tach),?* ion
Lo L9 [OAS"]M: 2755 X 107 M dissociates ~1000-fold faster than the Ni(tach)(H,0),2*

@ Conditions: 25°C, u= 1.0 M (NaCl). Rate Constants are the
average of at least two independent runs with an average error of
+5%. b pH maintained with aniline-2-sulfonate buffer (0.06 M)
unless otherwise specified. € No acetate present; NaCl/HC1 or
NaBF,/HBF, mixtures. ¢ pH adjusted by varying [HOAc].
€ [H*] = 1.0 M; pH calculated from the expression —log ({H*] ¥y =
pH, withy* = 0.813. f [H*] = 0.5 M; pH calculated. # Ratesalso
determined at 6.3 °C (0.100 + 0.004 s') and 15.6 °C (0.290 ¢
0.015 s™), vielding AH¥ =72 (2) kJ mol™? and AS¥ =~6 (6) ]
K molt. P {H*]=02M. {[H*]=0.1M. /[H"] =001 M.

responding solution spectrum.

Discussion
The overall reactions and their equilibrium constants are

Ni(tach),?* + 3H* = Ni(tach)(H,0);** + Hjtach®*t (3)
log K, = 19.7 (3a)
Ni(tach)(H,0),2* + 3H* = Ni(H,0)¢* + Hjtach®*  (4)
log K, = 15.7 (4a)

13

ion.”!2 Each reaction can therefore be followed separately
without interference. Also the complete cleavage of one tach
residue (>99%) from Ni(tach),** occurs at pH <6.5; the same
process for Ni(tach)(H,0),%* occurs at pH <5.5.12

The cleavage reactions are first order in the complex ion
but show a complex dependence on both the type of acid used
and its concentration, as displayed in the Results section.
While acid hydrolyses of simple Ni(II) amine complexes
usually display pH-independent rates in the pH range
1-4,1418 complexes of multidentate macrocycles such as

(13) The pK,’s of tach are (20 °C, 0.1 M NaClO,) 10.23 (3), 8.72 (2), and
7.15 (2); the stability constants are log K (Ni(tach)?**) = 10.4 (1) and
log K,(Ni(tach),**) 6.41 (5).1?

(14) Melson, G. A.; Wilkins, R. G. J. Chem. Soc. 1962, 4208-4213.

(15) Shamsuddin Ahmed, A. K.; Wilkins, R. G. J. Chem. Soc. 1959,
3700-3708.

(16) Shamsuddin Ahmed, A. K.; Wilkins, R. G. J. Chem. Soc. 1960,
2895-2900.

(17) Shamsuddin Ahmed, A. K.; Wilkins, R. G. J. Chem. Soc. 1960,
2901-2906.
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1,4,7-triazacyclononane and 1,5,9-triazacyclododecane exhibit
acid-catalyzed cleavage reactions as well.'® The acid de-
pendence of the reaction needs to be accommodated: the
addition of H* to a coordinated N'H, group does not seem
reasonable since the only basic site is consumed by coordination
to the metal ion. However, protons can be consumed by a
partially cleaved chelate or another bound ligand with a lone
pair of electrons suitable for accepting a proton, e.g., H,O or
OH". There is a remote possibility that H* could add to the
filled nonbonding d orbitals of the metal ion, thereby activating
release of the ligand. Such paths have been justified for
substitution reactions of amine complexes of Ru(II) and Os-
(II),%° but the d orbitals for these complexes extend much
further than for the first-row elements, where there does not
seem to be much evidence, if any, for proton addition at metal
centers. We therefore consider it as improbable here and have
sought an explanation for the role of the acid as scavenging
a released amino group. No intermediates with a partly
bonded tach ligand could be detected spectrophotometrically
under the conditions of our experiments; i.e., rapid consecutive
rupture and reformation of all three Ni~-N bonds has to be
taken into account to explain the pattern of observed rate
constants. The hydrolyses of the two complexes have been
analyzed with this background in mind.

Hydrolysis of the Ni(tach),>* Ion. The dependence on H*
on the release of the multidentate ligand bound to Ni(II)
cannot be accommodated by the reaction scheme of eq 5,

Ni(tach),** + 3H* &= N1(tach)(Htach)(H20)3"' + 2H*

_’ Nl(tach)(H20)32+ + H3tach3+

(5)
where an amino group is released rapidly and is scavenged by
H* to give a protonated partly bound ligand, which then
dissociates by a rate-determining step. Such a path has been
invoked for dissociation of Ni(II) multidentate amine com-
plexes,!® and it requires a rate law of the form

a[H*]

Kobsa = 1_+—b[}1_+i (6)

(18) Read, R. A.; Margerum, D. W. Inorg. Chem. 1981, 20, 3143-3149.
(19) Murphy, L. J., Jr.; Zompa, L. J. Inorg. Chem. 1979, 18, 3278-3281,
(20) Shepherd, R. E.; Taube, H. Inorg. Chem. 1973, 12, 1392,

Such a rate law does not account for data in the high-pH
region. Moreover, the intermediate complex ion would have
to show a pK, = 1.5 for deprotonation of the partially disso-
ciated tach ligand and would have to be stable enough to be
detected (f;, =~ 1 5). Such a pK, is far lower than that ex-
pected for a dangling amine group attached to Ni(II).2! Also,

rapid acidification of the complex to below pH 1 (the rate-
limiting region) should convert it to the protonated form, which
would then dissociate with a reaction half-life of ~1s. No
evidence for such an intermediate was detected even when the
mixing and observations were carried out on a millisecond time
scale. The presumed intermediate Ni(tach)(Htach)(H,0)3*
should also be spectroscopically very similar to Ni(tach)-
(en)(H,0)%*, and the latter complex is clearly distinguishable
from Ni(tach),>* and Ni(tach)(H,0),** (Figure 4). Stop-
ped-flow experiments at 10 different wavelengths between 500
and 600 nm demonstrated that no rapid change in absorbance
occurred when solutions of the bis complex and a strong acid
were mixed. A slow change from the absorbance expected for
the bis complex directly to that expected for the mono complex
was observed as a first-order process with a rate constant of
~0.6 s atpH 1 (u = 0.1 M). All these results are incon-
sistent with the preequilibrium proposed.

The same conclusion arises from the fact that the dissoci-
ation rate is not a simple function of pH but depends on the
type of buffer and on the buffer concentration. In a series of
acetate buffers of constant pH, the rate increases with the
buffer concentration, but not in a linear manner. The fact that
the rate does not increase linearly with [HOAc] in a series
of solutions of constant pH, with increasing [H*] in solutions
of a strong acid, nor with increasing concentration of p-
chloroanilinium ion makes it doubtful that general acid ca-
talysis is involved. Such a mechanism would require rate-
determining proton transfer from H;O* and HOAc to Ni-
(tach),?*, and there does not appear to be a reasonable site
for proton acceptance on the bis complex.

All the phenomena observed can be understood, however,
within the framework of Scheme I. Spontaneous rupture of
one of the six Ni—N bonds is the first of a series of rate-de-
termining steps. The rupture process produces an intermediate

(21) Galsbel, F.; Rasmussen, B. S. Acta Chem. Scand., Ser. A 1982, 436,
439, Zompa, L. J.; Bogucki, R. F. J. Am. Chem. Soc. 1968, 90, 4569.
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Table 1V. Results of Least-Squares Analysis of Rate Constants®

Schwarzenbach et al.

Z[100(a/
kopsa)l */
a,s? b ¢, M™! dbM1 e fiM! goM Obig

Ia 0.78 £ 0.02  0.038 £ 0.003 238 1.6 1.33 2 0.046:0.017 (2.0:0.5)x 10* 0.3+0.2 51.15
Ib 0.77+£0.02 0.040 = 0.003 238+ 1.7 1.29 2 (2.0% 0.6) X 10* 0.71 £ 0.18 57.95
Ic 0.78 £ 0.02 0.038 + 0.003 238+ 1.6 1.27 9 0.064x0.013 (2.5£0.3)x 10% 52.09
IIa 0.78+0.02 0.046 £0.017 (2.0£0.5) x 10* 0.3+0. 0.038 £ 0.003 23.8: 1.6 1.33£0.12 51.15
b 0.77 £ 0.02 2.0+ 0.6) X 10* 0.71 .18 0.040 £ 0.003 23.8+ 1.7 1.29£0.12 §7.95
IIc  0.78+0.02 0.064 £0.013 (2.5£0.3) X 10* 0.038 £ 0.003 23.8: 1.6 1.27 £ 0.09 52.09

@ Symbols are as in eq 7; A = kgleq — Kegleq, F/ = degrees of freedom. There are 51 degrees of freedom for Ia and I1a and 52 degrees of
freedom for all other cases. ? [H*] and [Ac”] have been used in the calculations to obtain d/K,, ete. For solution lad/K, = (4.7 £ 0.4) X

10* and g/K, = (1.1 £ 0.9) X 10*; K, = 107*-%* = [H*] [Ac"] /[HAc].

2 with one tridentate and one bidentate triamine. Subse-
quently, dissociation and reformation rates are sufficiently fast
that they all contribute to the observed rate almost over the
entire range of experimental conditions and only a small
amount of the intermediate is present at any time. Coordi-
nation of the acid or the acid anion is also implied in some
instances.

A rate expression consistent with all observed data is given
in eq 7. The rate expression is derived by a steady-state
treatment?? and has the form

kcalcd =

a/{l + [b+ cH + dHA)]™' + [e + fH + g(HA)]™Y} (7)

where H = [H*] and HA = [CH,;COOH] and a = k, b =
ki/ky ¢ = ksK/ky, d = k9/ky, € = koksK/(kek:K"), f =
kyoksK/ (keks), k = ky1ksK/(kekoK), K = [4]/([H+][2]), and
K’ = [5]/(JH*][3]). It accounts for all reactions in Scheme
I that are marked by arrows (k,—k;;). Since eq 7 is symmetric
with respect to exchange of b, ¢, d and ¢, f, g, all least-squares
fits to the data occur in numerically equivalent pairs (Table
IV). The simplest scheme to fit all data is Ic or IIc; adding
the additional terms g or 4 leads to statistically insignificant
improvement in the least-squares fit (Ia, IIa). Introducing
g or d instead of e or b, which are the least well determined,
does not change the number of adjustable parameters, but the
fit depreciates (Ib, IIb).

On the basis of our kinetic data we cannot distinguish be-
tween the sets of solutions I and II. This distinction can only
be made from general chemical reasoning. Before we develop
arguments to distinguish between solutions I and II, a few
remarks concerning the intermediates in Scheme I are in order:
For intermediates 2 and 4 the tach molecule acts as a bidentate
ligand. This restricts the conformations of the ligand to the
triaxial chair or to a boat conformation. The energies of the
two intermediates 2a and 2b cannot be very different since 2a
shows two unfavorable NH,--NH, diaxial interactions (1733
kJ mol™),2® which are probably compensated in part by a good
intramolecular hydrogen bond between an activated water
molecule as proton donor and an amine group as acceptor
(estimated at ~—20 kJ mol™!); intermediate 2b for its part
shows an unfavorable boat conformation (~ 16 kJ mol™).2+-2
Similar arguments apply to 4a and 4b except that the intra-
molecular hydrogen bond between the ammonium group as
donor and the coordinated water molecule as acceptor is less
favorable energetically than hydrogen bonds to surrounding
solvent water molecules, thus favoring 4b. Intermediates 3,
5, and 6 contain tach or its protonated variants as monodentae
ligands. Coordination imposes no restrictions on the confor-

(22) Equation 7 is obtained by applying steady-state conditions to the sum
of concentrations of 2 and 4 as well as 3 and 5 (Scheme I).

(23) Eliel, E. L.; Allinger, N. L.; Angyal, S. J; Morrison, G. A.
“Conformational Analysis”; Interscience: New York, 1965.

(24) Anet, F. A, L; Bourn, A. J. R. J. Am. Chem. Soc. 1967, 89, 760-768.

(25) Dalling, D. K.; Grant, D. M.; Johnson, L. F. J. Am. Chem. Soc. 1971,
93, 3678-3682.

(26) Riddell, F. G. Q. Rev., Chem. Soc. 1967, 21, 364-378.
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mation of the ligand, which is very likely to be in the trie-
quatorial conformation, 25-50 kJ mol™! more stable than the
triaxial conformation.?® Intramolecular hydrogen bonds as
in 2a or 4a are improbable for geometric reasons.

With this background in mind we compare the solutions I
and II (Table IV). The salient difference is in constants ¢ and
f, whereas a, b, d, e, and g are of the same order or magnitude
in both sets, Instead of analyzing ¢ and f directly, we have
chosen to compare the competition ratios ¢/b = kK /k; or f/e
= k,oK’/ky between the protonated and the unprotonated
species 2 and 4 or 3 and 5, respectively. They are 6 (2) X 102
and 4 (4) X 10° M for solution I and vice versa for solution
II. Numerical values of analogous ratios are available also
for some other ions:?’?® Cr(chxn)?*, Ni(chxn)?*, Ni(en)?*,
and Ni(en);?* (chxn = trans-cyclohexane-1,2-diamine) with
competition ratios k3K /k; =~ 1, 105, 4 X 106, and 2 X 108 M,
respectively (Scheme II). A small value of ksK/ ks (k1oK'/ ks,
k’aK/kz) lmplies ksK < k3 (klOK, < kg, k’3K < kz), i.c., the
unprotonated intermediate 2 (3, 9) competes very effectively
with the protonated one, 4 (5, 11). If the protonation constants
KorK’in 2, 3, and 9 are assumed to be <10® M~ 2! a com-
petition ratio <108 M~ implies that the more highly charged,
protonated intermediates 4, 5, and 11 react more slowly than
2,3, and 9. This seems intuitively unreasonable and requires
an explanation: the very low value for Cr(chxn)?* has been
attributed to intermediate 7.2 It probably shows a good
hydrogen bond that is due to increased acidity of coordinated
water (proton donor) and proximity of a NH,~group from the
conformationally rigid chxn (proton acceptor). As a result
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3+
H,
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Cr (H,0),
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of the intramolecular hydrogen bond, the bound water becomes
more like a coordinated OH™, which in turn weakens the re-
maining Cr—N bonds and accelerates subsequent Cr-N bond
rupture. Intramolecular acceleration is much less for Ni-
(chxn)?* with the same rigid ligand but with a metal ion of
lower charge. For Ni(en);?* the acceleration is hardly sig-
nificant. The competition ratios for Ni(tach),** are 6 (2) X
102 and 4 (4) X 10° M™! for solution I and vice versa for
solution II (Table IV). The first number indicates significant
acceleration, whereas the second one does not. If we opt for
the set of solutions I, the intermediate 2a provides the intra-
molecular hydrogen bond necessary to explain the observed
acceleration. Intermediates 3 and 5 show dangling amine
groups, and the competition ratio is very similar to that of
Ni(chxn)?*, as expected. If we choose the set of solutions II
a rationalization of the competition ratios is not found so easily.

The least-squares analysis of the kinetic data for Ni(tach),**
may be summarized as follows: there are two numerically
equivalent sets of interpretations (Table IV); comparison of
ratios of reaction rates for protonated and unprotonated in-
termediates 4 and 2 with the likely structures of these inter-
mediates and with analogous values of related compounds
suggests that one set of interpretations (I) is chemically more
reasonable than the other.?’

The data available do not allow a resolution of all the rate
and equilibrium constants for Scheme I. Two limiting con-
ditions were identified, however, one at low pH, the other at
high pH (Figure 3). The limiting rate constant at pH ~0 is
keaea = ky = 0.78 £ 0.02 s71; it is independent of anion (CI-,
BF,, or CH;COO"), anion basicity, or ability of the anion to
coordinate to the Ni(II) ion. All these factors are consistent
with the assignment of the rate constant to the first Ni-N bond
rupture, which should be independent of [H*] and anion
concentration for an octahedral, coordinatively saturated
bis-tridentate complex where there are no sites for coordination
or proton addition.

The limiting rate constant at pH 24 takes the form

keaica = k1 /{1 + ka/ ks + kekoK'/ (kskoK)} (8)

and implies that the rate constant ratios k,/k; and possibly
kek,K'/ (kskoK) contribute to the observed rate constant. k,
exceeds k5 by a factor of ~25; i.e., rechelation is faster than
spontaneous dissociation of the second amine group and is
therefore responsible for the slowing down of the reaction at
higher pH (Figure 2).

A reasonable path for the acetic acid catalysis would seem
to be substitution of water by acetic acid, followed by sub-
stitution of the second NH, group by H,O and by protonation
of the doubly dissociated tach ligand intramolecularly. An
equivalent path would be substitution of the second NH, group
on Ni by acetic acid followed by intramolecular protonation

(27) Monsted, L. Acta Chem. Scand., Ser. A 1976, A30, 599—608. k; = 6.98
X 1085, k,/K=106 X108 M' s k', = 18.5 X 10°s7), ky/K =
229 X 108 M 571, K =~ 0.5 (0.5) X 10* M (70 °C, p = 1.0 M).
(28) The data from ref 15-17 have been reanalyzed in accord with ref 27
and Scheme II: Ni(en);?*, k, = 87 5™\, k_;/k, = 1.8, k4K /ky = 2 X
10® M™!; Ni(en)(H,0),**, k; = 0.011 57!, ky/ky =~ 17, k3K /ky = 4 X
10° M~%; Ni(chxn)(H,0),** (less accurate values, 0.3 °C), k, = 0.0016
sk /ky =~ 11, k%K /ky ~ 105 M7,
(29) Correlation matrix elements larger than 0.5 are found for solution Ia
- between a and ¢ (-0.73), a and d (-0.57), d and f (-0.71), d and g
(0.54), e and g (-0.75), and fand g (—0.83). ’
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and possibly exchange of acetic acid for water. Alternative
paths involve acetate ions instead of acetic acid and inter-
molecular protonation instead of an intramolecular process.
The exchange reactions H,0/CH,COOH, H,0/CH,COO",
etc. postulated in the above mechanisms should occur with rate
constants on the order of 10* 5! and are expected to be ki-
netically irrelevant. The various paths proposed above are
kinetically indistinguishable, but when [CH,COQ™] is low and
[CH,COOH] is high, a substantial contribution from one of
them is required.

Hydrolysis of the [Ni(tach) (H,0),** Ion. The rate law for
the hydrolysis of Ni(tach)(H,0),** appears to be quite dif-
ferent from and simpler than that of Ni(tach),** at least
superficially:

kopsa = ko + kux[HX] €]

If, on the other hand, we plot k.4 vs. estimates of —log [H*],
the data look very similar to those in Figure 3, except for a
shift of the pH—k . profile toward lower pH values by about
2 units and a decrease in kg by about 3 orders of magnitude.

From a chemical point of view it is likely that the disso-
ciation process for the second tach is qualitatively the same
as that of the first one with only quantitative differences. The
data for Ni(tach)(H,0),** will be analyzed on the basis of
this assumption. In order to understand the quantitative
differences in the two sets of data, eq 7 may be rewritten in
slightly different form:

Keaicg = [a'(b"+ ¢'H + d'(HA))] /{1 + [b"+ c'H +
d(HA)] + [b'+ ¢'H + d'(HA)][(e’ + f'H + g'(HA))]™}
(7a)

From the qualitative differences in the rate vs. pH profile it
follows that the primed rate constants for the hydrolysis re-
action of Ni(tach)?* are smaller than those for the reaction
of Ni(tach),?*, i.e., a’ < a, b’ < b, etc. Three regimes may
be distinguished for eq 7a:

(1) [H*] = [HA] = 0 implies k = a’b’/{1 + b’ + b’/e’, but
since b’ < b« 1

kcalcd = a/b,/{l + b'/e'1 <a’b’ (10)

(2) The proton concentration starts to influence the rates
but is not yet dominant, i.e. b’ < ¢’H < 1 and ¢’ < f’H, and
then kg =~ (@b’ + a'c’H) /{1 + ¢’/f}. By analogy with c/f
(~107%) we may expect that c’/f’ << 1 and therefore with
[HA] =0

Kegieg =~ ab’+ a'c’H 1)

Note that this is a linear rate law of the form observed ex-
perimentally for HCIO,. From regression calculations a’b’ =
0.75 (8) X 10 s and a’c’=1.70 (5) X 10* M5!, As-
suming that the maximal proton concentration is [H*] =~
[I-IIC104] = 3 M, it follows that ¢’ < 0.03 M~! and a’> 0.006
s

(3) Finally, if 1 < ¢'H

keaeq = a’ (12)

This third regime is certainly not realized in any of the ex-
periments with Ni(tach)(H,0O),%* since there is no indication
that the rate constant becomes independent of acid concen-
tration.

Note that the acid-independent term a6’ is extrapolated to
be 0.75 (8) X 10 57! for HCIO, but is measured to be only
0.56 (2) X 10~ s71 in p-chloroanilinium buffer where [H*]
=~ 1073 M. The difference is not significant, but the trend is
clear. It indicates that at proton concentrations [H*] < 1073
M the limiting regime described above as (1) is being reached.

The analysis of the kinetic data for proton-catalyzed hy-
drolysis of Ni(tach)?* may be summarized as a’ = 0.006 s°!
(a =0.78 s71), b’ < 0.004 (<0.038 = b), and ¢’ < 0.03 M™!
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(<23.8 M™! = ¢), implying that the inequalities a’ < a, etc.
invoked above to understand the quantitative differences of
the rate data for Ni(tach),>* and Ni(tach)?* pass the nu-
mercial test. There is thus no evidence that could preclude
interpretation of the Ni(tach)** data in terms of the same
Scheme I and eq 7 used also for the interpretation of the
Ni(tach),?* data. The important point is that a = 0.006 s™..
This shows that breaking of the first Ni-N bond in Ni-
(tach)(H,0);%* is comparable in rate to the analogous step
in Ni(chxn)(H,0),2* (0.04 s™!) for example. The very low
observed reactivity of Ni(tach)(H,0);2* at [H*] S 10° M
is a consequence of &’ = k;/k, < 0.004; i.e., rechelation (k)
of the singly dissociated tach ligand is 2-3 orders of magnitude
faster than the breaking of the second Ni-N bond (k;). This
is analogous to the situation for Ni(tach),?*, where rechelation
is 1-2 orders of magnitude faster than breaking of the second
Ni-N bond.

The competition ratio ¢’/b’ = ksK/k; equals 3.5 M, 2
orders of magnitude less than for Ni(tach),?* (6 X 102 M1),
A similar decrease is observed on going from Ni(en),>* (10®
M) to Ni(en)?* (4 X 10° M),

The experiments with CH;COOH and HCOOH cover a
rather narrow range of proton concentrations: 4 X 10~ < [H*]
<10 M and [H*] = 1073 M, respectively. The contribution
of a’c’H t0 kg is therefore very small. Provided that d(HA)
< 1, the rate law is linear, as observed:

Keaes = [a'b" + a'd(HA)] /(1 + d'/g) (13)

Regression analysis yields for CH;COOH a’b’/(1 + d'/g)) =~
0.57 (6) X 10*s' and ad’/(1 + d’/g) = 0.75 (3) X 10* M
s”! and for HCOOH a’’/(1 + d’/g") = 0.68 (7) X 10757
and a’d’/(1 + d’/g") = 2.77 (10) X 107 M~' s7\. For the
experiments with CHCl,COOH the proton concentration is
102 5 [H*] 5 107! M. Again, with d(HA) < 1 the rate law
is linear as observed:

Keaea = [a'b’ + a'c’10™ + ad(HA)] /(1 + d'/g)  (18)

Regression analysis gives (a’h’+ a’c’10™) /(1 + d’/g’) = 0.80
(15) x 105 and a’d’/(1 + d’/g) = 4.71 (9) X 107* M™!

. It is therefore difficult to deduce further inequalities from
these data.

The role of CH;COOH, HCOOH, and CHCI],COOH in
catalyzing hydrolysis of Ni(tach)(H,0);2* is probably similar
to that for Ni(tach),?*, but here we cannot exclude catalysis
of the first step, 1 — 4 (Scheme I) via a species like Ni-
(tach)(CH;COOH)(H,0),** or a similar complex. If such
catalysis of 1 — 4 occurs, the limiting rate for high acetic acid
concentration relates to Ni(tach)(CH;COOH)(H,0),** and
is not necessarily the same as for high proton concentration.
The main consequence of this would be that the lower limit
of a’ cannot be derived from CH;COOH, HCOOH, and
CHCL,COOH data but only from the HC!O, data, where it
was found that a’ 2 0.006 s™'. This is only a factor of 3 lower,
however, than the limit one would obtain from the CHCI,C-
OOH data assuming d’/g’ « 1.

Hydrolysis of Ni(en),’* and Related Ions. A comparison
of the results described above for Ni(tach)?* and Ni(tach),**
with those obtained for Ni(en),2* (n = 1, 3)!5-18 shows a
number of similarities and differences: the observed rate
constant for hydrolysis of Ni(en);?* with NiNg coordination
is constant for pH values less than 6 or 7; the observed rate
constant for hydrolysis of Ni(en)(H,0),** with NiN,0, co-
ordination increases with increasing proton concentration until
it becomes constant only at pH <4. This behavior is analogous
to that of Ni(tach),** and Ni(tach)(H,0),?*, where again the
NiNg system reaches a limiting rate at lower proton concen-
trations ([H*] ~ 1 M) than the NiN;O; system ([H*] > 3
M). For both Ni(en),2* and Ni(tach),?* there is no indication
that addition of a general acid, like CH;COOH, affects the
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limiting rate, i.e. the breaking of the first Ni-N bond, in a
significant way.>® Ni(en)?* and Ni(tach)?*, on the other hand,
have water molecules in their coordination sphere that may
be replaced by general acids. These in turn may assist the
breaking even of the first Ni~N bond. For Ni(en)?* such an
effect has been demonstrated.!®* The assistance (i.. the
acid-catalyzed rate constant) increases with increasing pK of
the acid. Assistance is also observed for Ni(tach)?*, but at
proton concentrations where the first Ni-N bond rupture is
far from rate limiting. It is therefore not possible to decide
unambiguously which of the three Ni-N bond ruptures is
catalyzed by the general acid. Also, the catalytic efficiency
decreases with increasing pK, of the general acid.

The detailed mechanism offered previously!® for the disso-
ciation kinetics of Ni(en),** (n = 1, 3) is shown in Scheme
III. The ethylenediamine dissociation pathway is represented
by the sequence 8 =9 — 10 (k4 = kk,/k_;). The H* de-
pendence between pH 4 and 7.3 is accounted for by pathway
8 —9—11—12 (ky = k ks/k_;). Ring opening with solvent
replacement (8 — 9) is rate determining around pH 4 (k4
= k;). For Ni(en)?*, a further increase in rate is observed at
very low pH, 8 — 11 (k,).%°

While we agree with the general mechanism, we interpret
the observed rate data somewhat differently (Scheme II).
Instead of assigning ky = kik3/k_, to Ni-N bond rupture
followed by rate-determining protonation of intermediate 9,
we prefer diffusion-controlled protonation with equilibrium
constant K followed by the second Ni-N bond rupture with
rate constant k’; i.e., kg = k| Kk’;/k_,. The constant k, is
the same as in Scheme II; the only additional constant in
Scheme I, k_, is fixed by the condition that the equilibrium
constant for the cycle 8 =9 — 11 — 8 has to equal 1. On
the basis of such an interpretation, the general type of scheme
outlined above for the Ni(tach),?* and Ni(tach)(H,0);?* ions
(Scheme I) would apply equally well, for Ni(en),?* (Scheme
IT) and for other multidentate amine complexes of Ni2* 28

Structure and Reactivity. It has been argued that the first
Ni~N bond rupture in both Ni(tach),?* and Ni(tach)?* could
lead to an unfavorable boat conformation of either the re-
maining six-membered chelate ring as in 2a or of the six-
membered carbocycle as in 2b. Such changes could be re-

(30) For Ni(en),** a term involving k,[H*] has been postulated to explain
a change in rate constant from 75 (£12) s! at 0.52 M HCIO, to 109
(£9) 57! at 2.09 M HCIO,, where NaClQ, is used to maintain the ionic
strength constant (u = 4 M, Scheme III'¥). It can be argued, however,
that the observed changes in rate constant arise from the substitution
of Na* by H* and that the rates would change little if the hydrolyses
were conducted in LiClO,/HCIO, media. For [CH;COOH) varying
between ~0.1 and 1.4 M the rate constants are actually constant within
experimental error.

(31) Desai, A. G.; Dodgen, H. W.; Hunt, J. P. J. Am. Chem. Soc. 1969, 91,
5001.
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Table V. Rate Constants and Activation Parameters for the First
Aquation Step of Selected Nickel(II) Amine Complexes
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Table V1. Some Geometric and Kinetic Data for
Ni-Amine Complexes®

AHF, aS*, ] d(Ni-N), k,(Ni-N), d(Ni-0),

complex? kbt kJ mol™! K™! mol™! ref NiL, A st A k(Ni-Q), s7!
Ni(NH,)?** 5.8 55 —-47 14 Ni(tach),?* 2.13% 0.8
Ni(Me,en)** 40 62 -7 14 Ni(tach)?* 2.07¢ 20.006 2.10¢4 38 X 106 b 32
Ni(en)?* 0.15 81 12 15 Ni2+ 2.05¢ 28 X 104 63
Ni(en), ** 5 78 31 17 Ni(en),** 2.13¢ 87"
Ni(en), 2 87 70 29 17 Ni(prop),>*  2.14%
Ni(bn)?* 0.02 72-76 . =36 t0-25 16 Ni(en), ** 517 5.4x 1087
Ni(bn),?* 0.26 62 —47 17 Ni(prop), ** 2.113% 2.153%
Ni(bn),** 8.3 56 —40 17 Ni(chxn),?* 2.10%7 2.13%
Ni(chxn)?* 0.04 71 —15 16 Ni(en)?* 2.07%8 0.15% 2.09% 4.4x 105
Ni(dien)®* 14 70 12 8 Niz* 2.05¢ 4.4x% 104
Ni(ptn)** 63 70 23 8 e . ) b ,
Ni(trien)?* 15 57 -30 8 Structures are included only if R < 0.07. Rate of substitu-
Ni(tren)?* 66 54 Y 8 tion of H,0 by NH,. € Average of three determinations,373¢
Ni(N-pren)?* 0.32 69 -23 8 Average of two determinations (ref 11 and this work). € Aver-
Ni(tach), ** 0.8 72 -6 c age of four determinations.®™*'  Rate of water exchange.

2 Aqua ligands have been deleted for clatity. Ligand abbrevi-
ations are as follows: Me,en" = NH,CH,CH,NMe,*; bn =rac-2,3-
butanediamine; chxn = 1,2-diaminocyclohexane; dien = 1,5-
diamino-3-azapentane; ptn = 1,2,3-triaminopropane; trien = 1,8-
diamino-3,6-diazaoctane; tren = tris(2-aminoethyl)amine;

N-pren = N-propylethylenediamine. ® 7=25°C. ¢ This work.

flected in the activation enthalpy associated with k; in Scheme
I. A comparison as in Table V shows that the activation
enthalpy of Ni(tach),?* falls around the middle of a fairly
narrow range of values pertaining to a wide variety of amine
ligands, i.e. the conformational changes accompanying the first
Ni-N bond rupture cannot be too unfavorable.

The process 1 — 2a lengthens one Ni—-N bond through a
pivoting motion of the ligand around an axis containing the
two remaining nitrogen atoms. The early stages of such a
motion are modeled in the corresponding Jahn—Teller-distorted
Cu(II) complex with one long and two short Cu—N bonds (see
Table I, Ni(tach)?* and Cu(tach),?*); apart from the distances
the main structural differénces between Ni(tach)** and Cu-
(tach),?* are found in the relatively soft N-M-N bond angles.
This simple observation suggests that the chair-boat inter-
conversion of the chelate ring cannot contribute significantly
to the activation enthalpy of the first Ni-N bond rupture. In
the process 1 — 2b the lengthening of one Ni—-N bond is
accompanied by a chair-boat interconversion of the six-
membered carbocycles. Such an interconversion is known to
have an activation enthalpy of ~40 kJ mol™, but since the
transition state for the chair—boat interconversion no longer
shows two unfavorable NH,-~NH, diaxial interactions, it is
stabilized relative to the triaxial ground state by 17-33 kJ
mol, i.e. by almost as much as the chair-boat interconversion
barrier itself; the simple calculation again shows that even if
a conformational interconversion of the ligand is involved, it
cannot contribute significantly to the activation enthalpy of
the first Ni-N bond rupture. Thus, from both models it
appears unlikely that the energy of the first transition state
is affected by the special structure of the tach ligand.

The above combination of structural and energetic argu-
ments provides additional evidence for the hypothesis that
during rupture of the first Ni-N bond tach retains its triaxial
conformation and that the low observed reactivity of Ni-
(tach),** and expecially Ni(tach)?* is due mainly to the fact
that rechelation (Scheme I, &,) is faster than the second Ni-N
bond rupture (k,).

A comparison of the coordination geometries of Ni(tach),?*,
Ni(tach)(H,0),%*, and Ni(H,0)¢** shows several trends
(Tables I and VI). Substitution of one tach by three H,O
molecules shortens the average Ni-N distance by 0.063 A.
Substitution of three H,O molecules on Ni(H,0)¢2* by one
tach molecule lengthens the average Ni—O distance by 0.05
A, and the average interligand N-Ni-N angle (92.4°) in

[Ni(tach),]** is slightly larger than the average N-Ni~O angle
in [Ni(tach)(H,0),]** (90.8°). Given that the kinetic analysis
is largely correct, the rate of loss of the first NH, group from
Ni(tach),2* is 10-10% times greater than that from Ni-
(tach)(H,0);%*, and it is tempting to ascribe the difference
to the shortened Ni-N bond lengths in Ni(tach)(H,0),>*
(0.063 A). The argument is the following: The structural
changes undergone by an octahedral Ni(II) complex on the
way to the transition state of a dissociative ligand substitution
reaction include, among other things, the lengthening of the
bond between nickel and the leaving group. If we assume that
the transition-state energy is higher for the rupture of short
and energetically more stable bonds than for the rupture of
longer, less stable bonds between the same type of atoms, the
observed trend in the rates is understandable in terms of the
bond length differences observed in the ground states. The
effect may also be significant for replacement of H,O since
the more strongly bonded H,O molecules in Ni(H,0)¢2* are
replaced by NH; about 100 times more slowly than the less
strongly bonded ones in Ni(tach)(H,0);** (Table VI).32
Assuming reasonable force constants, we estimate that dif-
ferences in bond angles (Table I) are about 1 order of mag-
nitude less important energetically than differences in bond
lengths; as a consequence they are probably unimportant in
determining the rate of substitution reactions of Ni(tach),>*.
They may be relevant, however, to the differences in rate for
water substitution in complexes with a constant number of N
donor atoms in the coordination sphere but different consti-
tutions of the corresponding polyamine ligands.*?

Similar conclusions follow from a consideration of Ni(en),2*
(n = 1-3) and related complexes (Table VI). The Ni-N as
well as the Ni~O bond lengths decrease with increasing num-
ber of H,O molecules in the first coordination sphere. The
rate constants k, for the first Ni-N bond rupture and the rate
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(33)
(34)
(35)
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(37
(38)
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Jones, J. P; Billo, E. J.; Margerum, D. W. J. Am. Chem. Soc. 1970,
92, 1875-1883.

Cramer, R. E.; van Doorne, W.; Huneke, J. T. Inorg. Chem. 1976, 15,
529 (R = 0.033).

Korp, J. D.; Bernal, I; Palmer, R. A.; Robinson, J. C. Acta Crystallogr.,
Sect. B: Struct. Crystallogr. Cryst. Chem. 1980, B36, 560 (R = 0.022).
Mazhar-Ul-Haque; Caughlan, C. N.; Emerson, K. Inorg. Chem. 1970,
9, 2421 (R = 0.022, 0.042).

Andreetti, G. D.; Cavalca, L.; Sgarabotto, P. Gazz. Chim. Ital. 1971,
101, 494 (R = 0.062).

Capilla, A. V.; Aranda, R. A.; Gomez-Beltran, F. Cryst. Struct. Com-
mun. 1980, 9, 147 (R % 0.059).

McDougall, G. J.; Hancock, R. D. J. Chem. Soc., Dalton Trans. 1980,
654 (R = 0.04).

Korvenranta, J.; Saarinen, H.; Nasakkala, E. Finn. Chem. Lett. 1977,
61,274 (R = 0.066).

Knuuttila, P. Inorg. Chim. Acta 1981, 52, 141 (R = 0.0445).
Zalkin, A.; Ruben, H.; Templeton, D. H. Acta Crystallogr., Sect. B:
Struct. Crystallogr. Cryst. Chem. 1982, B38, 610 (R = 0.030).
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constants k or H,O exchange decrease with decreasing bond
lengths. The same trend is observed for the corresponding
activation enthalpies (Table V). This trend is analogous to
that observed for the hydrolysis of organic ketals*? and indi-
cates that bond length is one of the rate-determining factors
in a dissociation reaction.
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The dimethylcyanamide complex ion [(NH;)sCoNCN(CH3),]*" has been synthesized and the rate law for its base hydrolysis
established: —d[complex]/dt = koy[complex]; koy = 3.06 £ 0.03 M™! 57! (25 °C, 4 = 1.0 M (KCI)). The many-fold
rate enhancement for the hydrolysis of the substituted nitrile on coordination to Co(III) is discussed in relation to data
for other nitriles. The hydrolysis product, the deprotonated dimethylurea complex [(NH;)sCoNHCON(CHj3),}?*, has
been isolated. It is stable in basic solution but rapidly isomerizes to its O-bonded linkage isomer [(NH;)sCoOC(NH,)-
N(CHj,),}** in acid solution; only a little (~3%) competitive hydrolysis (to yield [(NH;)sCoOH,]** and NH,CON(CH,),)
is observed. Kinetic data for the pH region 0-5 establish the rate law —~d[complex]/dt = k[H*]/(K,’ + [H*]), where k
= (1.60 £ 0.02) X 107%57!, pK,’ = 2.92 = 0.03 (u = 1.0 M (KCl), 25 °C), AH* = 80.9 kJ/mol, and AS* = -7.7 J/(deg
mol). The pK,’ value for the reactive entity in this urea-V to urea-O linkage isomerization reaction, the
[(NH,;)sCoNH,CON(CHj;),]** ion, agrees well with that determined independently, 2.89 £ 0.04. The site of protonation,
at the bound N or exo-O atom, and the mechanism of the rearrangement process are discussed in relation to corresponding
data for analogous amide and other systems. The oxygen-bonded dimethylurea complex hydrolyzes slowly to give the
corresponding aqua or hydroxo product and free ligand. There is no detectable (<1%) hydrolysis of the ligand (C-N cleavage)
to produce oxygen-bonded carbamate and free amine. The rate law —d[complex]/dz = [k + kouK,./([H*] + K.)}[complex}]
is established; at 25 °C (. = 1.0 M (NaClO,)), k, = 3.8 X 107557}, ko = 10.3 M™' 57}, and pK,’ = 13.48. The acid-base
process corresponds to net deprotonation of the llgand in strong OH to give [(NH;)SCOOC(NH)N(CHQZ]2*, and this
ion is argued to be relatively unreactive. Comparisons are made with the previously studied urea-O and sulfamate-Q systems.
Proton and carbon-13 NMR data are presented that establish the ground-state structures of the dimethylurea-O and -N
complexes and related derivatives. Restricted rotation about the C-<N(CH3), bond, induced by coordination to Co(III),
is observed in the low-temperature 'H NMR spectra of the oxygen-bonded and protonated-nitrogen-bonded dimethylurea

complexes.

Introduction

In attempts to mimic aspects of the chemistry of the nickel
metalloenzyme jack bean urease,>* we are currently examining
the H*- and OH -promoted reactions of a number of Co(III)
and Rh(III) complexes of N- and O-coordinated ureas.* The
enzyme is a very efficient catalyst of the hydrolysis of urea
to produce ammonia and carbonic acid.> It contains 2 mol
of Ni(II)/mol of active sites,>? and at least one of these metal
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ions is involved in its mechanism of action.%” An hypothesis
for its detailed mechanism has recently been presented.” It
involves nucleophilic attack by OH", coordinated to one Ni(II)
ion, on urea which is coordinated to the other nickel ion
through its carbonyl oxygen. In our previous examination of
the base-catalyzed hydrolysis of the [(urea)pentaammine-
cobalt(I11)}3* ion, we found that O coordination of urea to
cobalt(I1I) did not provide sufficient activation of the carbonyl
group to enable the anticipated urea hydrolysis (to produce
the [(NH;)sCoO,CNH,)?* ion) to compete with the facile
base-catalyzed (Sy1CB) hydrolysis of the cobalt—oxygen
bond.*® We sought to prepare the corresponding N-bonded
urea complex to comment on the alternative possibility that
urea might N coordinate with Ni(II) at the active site of urease
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