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Relative La b i I it ies of Five - co - o rd i n a te  M on o ( a cet o n it r i I e) ( 1,4,8,11 -tetra - 
methyl-I ,4,8,11 -tetra-azacyc1otetradecane)-nickel(tl) and -cobalt(ii) Ions 
t owa rds Associative Solvent Exchange 
By Eirian H. Curzon, Norman Herron, and Peter Moore,' Department of Chemistry and Molecular Sciences, 

University of Warwick, Coventry CV4 7AL 

A comparison of the rates of solvent exchange and anation of the paramagnetic five-co-ordinate complex ions 
[ML(S)I2+ ( M  = CO" or Ni"; L = 1,4,8,11 -tetramethyl-l,4,8,11 -tetra-azacyclotetradecane, S = NCMe or OH,) 
shows that the nickel(ii) complexes are significantly more labile than the cobalt(ii) analogues. For acetonitrile 
solvent exchange, AS? values are large and negative and A H :  values are low for both the nickel(ii) and cobalt(ii) 
complexes, in line with an associative interchange (la) mechanism. Previous 13C n.m.r. line- broadening results 
obtained for the [NiL(NCMe)12+ ion are confirmed by 16N n.m.r., and an analogous 13C and 15N line-broadening 
study of the high-spin [CoL(NCMe)12+ ion gives (at 298.2 K) : kex. = 5.65 f 0.50 s-l, AH1 = 19.5 f 0.8 
kJ mol-l, and AS: = -69.5 f 3.5 J K - l  mol-l. Comparison with the parent hexasolvated metal ions shows that 
the quadridentate macrocyclic ligand (L) significantly lowers AHT for acetonitrile exchange by 44 and 30 kJ mol- 
for nickel(1i) and cobalt(ii) ions respectively, but whereas this results in a marked rate increase (> lo3)  for Ni'I, 
for Co" the rate increases by less than a factor of two because of the more negative AS: value. The results are 
compared with previous studies of the effects of amine ligands on the rates of acetonitrile and water exchange on 
cobalt(ii) and nickel(ii) ions. 

THE macrocyclic quadridentate ligand 1,4,8,1 l-tetra- 
methyl-1,4,8,11-tetra-azacyclotetradecane (L) reacts 
with solvated metal ions (e.g. M = CoII, NiII, or ZnII) 
to give five-co-ordinate complexes [ML(X)]n+ [X = 
unidentate anion (n = 1) or solvent (n = 2 ) I . l ~ ~  A 
13C n.m.r. study of the [ZnL(X)]+ ions and an lH n.m.r. 

L 

study of the paramagnetic [NiL(Cl)]+ ion in nitro- 
methane solution are consistent with these complexes 
having a trigonal-bipyramidal geometry at  low temper- 
atures [Figure l(a)], the macrocycle having folded about 
the dashed line in the diagram, and with two pairs of 
N-methyl groups (axial and equatorial) on the same side 
of the macrocycle ( i e .  with R,S,R,S nitrogen configur- 
ations). Such species are fluxional in solution as shown 
by their variable-temperature n.m.r. spectra; for 
example, the two pairs of N-methyl groups give rise to 
two resonances at  low temperatures but only one 
resonance at, or above, room t e m p e r a t ~ r e . ~ ~ ~  The 
transition state or intermediate involved in this low- 
energy dynamic process (AGJ = 53.8 & 3.0 k J mol-l) 
most likely has the square-pyramidal geometry found 
in the crystal structures of [NiL(N,)]+ and [ZnL(Cl)]+ 
ions [Figure l ( t1)] .~9~ The [ML(NCMe)12+ ions (M = 
NiI1 or CoII) studied here are believed to behave in the 
same way, having the trigonal-bipyramidal geometry 
l (a)  at  low temperatures, but a ' time-averaged ' square- 
pyramidal geometry l ( b )  at, or above, room temperature. 

Recently we measured the rates of acetonitrile ex- 
change with the five-co-ordinate [NiL(NCMe)I2+ arid 
six-co-ordinate [NiL(NCMe),I2+ ions using paramagnetic 
13C n.m.r. line broadening.8 In the six-co-ordinate 

- X  

(C)  ( d  1 
FIGURE 1 Various structures for metal complexes of (L) 

complex the macrocycle has a different conformation 
with an R,S,S,R set of N-donor configurations as shown 
in Figure l(c). The five-co-ordinate complex was found 
to react with an associative solvent-interchange (In) 
mechanism (AS: = -50 J K-l mol-l) whereas the six-co- 
ordinate complex exchanges with the more usual dis- 
sociative interchange ( I d )  mechanism (AS: = 32 J 
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K-l mol-l) . Both complexes are significantly more 
labile than the [Ni(NCMe),I2+ ion, in line with previous 
findings of an accelerating effect of N-donor ligands upon 
the rates of solvent exchange on nickel(I1) and cobalt(I1) 
ions.'? 8 

In this study we have measured the rate of acetonitrile 
exchange with the high-spin five-co-ordinate [CoL- 
(NCMe)],' ion. This work was prompted by the report 
of an unusually slow rate of water exchange for the high- 
spin [COL(OH,)]~+ ion kex. = 4.2 s-l) where, in 
contrast to the behaviour found for nickel(II), L appears 
to have a marked decelerating effect upon the rate of 
solvent e ~ c h a n g e . ~  An associative interchange mechan- 
ism is again favoured for the [COL(OH,)]~+ ion (AS: = 
-34 J K-l mol-l), and so the present study enables a 
direct comparison to be made between closely related 
five-co-ordinate nickel( 11) and cobalt (11) complexes, all 
of which are expected to react with the same (la) mechan- 
ism. There have been very few studies of the reactivities 
of five-co-ordinate nickel( 11) and cobalt (11) complexes, 
and their relative labilities are not well established. 

Previous work showed that natural-abundance 13C 
n.m.r. is a far more useful probe than l H  n.m.r. for 
measuring the rates of acetonitrile exchange with 
paramagnetic nickel( 11) complexes because of the greater 
contact shift of the nitrile carbon resonance.6 In fitting 
paramagnetic line-broadening data to the equations of 
Swift and Connick,l* more reliable activation parameters 
are obtained if data are available over as wide a tempera- 
ture range as possible for that linear region of the curve 
where line broadening is controlled primarily by the rate 
of ligand exchange. The greater the chemical shift of 
the bound-ligand resonance, the easier i t  is to access this 
important linear region of the curve as shown, for ex- 
ample, by previous studies of acetonitrile exchange using 
14N rather than IH n.m.r.ll Since the quadrupolar 14N 
nucleus gives rise to very broad resonances even in the 
absence of a paramagnetic metal ion or exchange 
broadening, we have examined in this work how useful 
natural-abundance 15N n.m.r. might be as a probe for 
measuring ligand-exchange rates for N-donor ligands (the 
15N nucleus has spin 9, and unbroadened linewidths 
(2 Hz). Despite the very low natural abundance of the 
15N nucleus and the very low sensitivity of 15N n.m.r., for 
neat solvents it is relatively easy to obtain 15N n.1n.r. 
spectra with signal accumulation using a high-field 
Fourier-transform spectrometer, even when the reso- 
nances are paramagnetically broadened. A comparison 
of the relative advantages of 13C and 15N n.m.r. is illus- 
trated here by the results obtained for acetonitrile 
exchange with both the [NiL(NCMe)12+ and [CoL- 
(NCMe)12+ ions. An approximate value for the rate of 
water exchange with the [NiL(0H,)l2+ ion was also 
estimated. 

RESULTS AND DISCUSSION 

For the [NiL(NCMe)12+ ion the contact shift of the 
bound acetonitrile resonances vary as expected in the 
order 15N > 13CN> IH. A comparison of the rela- 

tive advantages of 15N and 13C n.m.r. paramagnetic 
line broadening is illustrated for NiII by the variation of 
the linewidths with temperature shown in Figure 2. 
Nitrogen-15 n.m.r. significantly extends the low- 
temperature linear region of the Swif t-Connick curve, 
and a much lower complex concentration could be used 
(mol ratio of bound to free solvent, PM = 2.12 x 

I I I 1 I 1 
2.02 2.59 3.16 3.73 L.30 L437 

1 0 ~ ~ 1 1  

FIGURE 2 Plot of ln(l/T,pP,) against 1/T for the 
[NiL(NCMe)la+ ion: (a), 13C data; (H), I5N data 

than that used in the 13C studies ( P M  = 1.8 x 
The necessity to use much higher concentrations of metal 
ion in some lH n.m.r. line-broadening studies (e.g. for 
[Ni(NCMe),]2+ ion, concentrations of 0.1-0.2 mol dm-3 
are commonly used, corresponding to PM values of ca. 
0.02-0.03),12 is a disadvantage especially as the solvent- 
exchange rate data are commonly compared with com- 
plex-formation rates which are often obtained at  high 
dilution (e.g. in tests of the Eigen-Wilkins equation 

A fit of the 15N n.m.r. data in Figure 2 to the Swift- 
Connick equations gives activation parameters in good 

Kf N kex.K0).l3 

c - 
t 
d 

10'0 

II I I I 
3.1 3.5 3.9 . 4*3  

1 Q 3 K / T  
FIGURE 3 Plot of ln(l/TzpPM) against 1/T for the 
[CoL(NCMe)la+ ion: (a), 13C data; (H), 16N data 

agreement with the 13C n.m.r. results (Table), and a 
combination of the 13C and 15N data gives the slightly 
improved activation parameters shown in the Table. 
The solid lines in Figure 2 are computer-calculated curves 
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using the final estimated activation parameters. A 
non-linear least-squares regression analysis was used in 
these calculations. 

Line-broadening results obtained by 13C and 15N n.m.r. 
for the [CoL(NCMe)12+ ion are shown in Figure 3. For 
the cobalt(@ ion the paramagnetic shifts are not so 
large as for nickel(II), and the advantage of 15N n.m.r. 
over 13C is reduced. It was found necessary to use 
comparable complex concentrations in both 13C and 
16N studies (PM = 1.68 x lo-,), and so most results were 
obtained by the more accessible 13C technique. The 

mechanism in both cases, with a transition state having 
a &octahedral geometry as shown in Figure l(d). 
Precedence for such a geometry has been found in the 
complexes cis-[NiL(NCS),] and cis-[Pb(cyclam)- 
(ONO,),] l4 (cyclam = L with Me replaced by H), and 
its formation can be readily envisaged from structure 
1 (a),  requiring only addition of a second solvent molecule 
(X) with a minimal movement of the macrocycle frame- 
work. Steric hindrance is no doubt important in this 
process since the vacant site is flanked by the four N- 
methyl groups of L and approach of the solvent molecule 

Comparison of the effects of nitrogen-donor ligands on the rates and activation parameters for acetonitrile and water 
exchange with nickel(I1) and cobalt(I1) complexes (at 298.2 K unless specified) 

Complex a 10-4kls-1 AHr/k J mol-1 ASr/ J K-' rno1-I AGg/k J mol-1 Comments 
[Ni( NCMe) ,J2+ 0.284 f 0.005 64.3 f 0.9 37 f 3 53.3 b 

[NiL(NCMe),]2+ 1472 f 215 41.5 f 1.1 31.6 f 4.7 32.1 d 

[Ni( triam) (NCMe) 3]2+ 55.5 f 6.0 38.9 f 4.2 -3.8 f 14.6 40.0 

34.6 c, h [NiL( NCMe)]2+ 566 f 39 20.3 f 0.5 -47.8 f 2.2 

Y [Ni(tren) (NCMe),]2+ 16.5 f 3.5 45.2 f 6.3 5.8 f 20.9 43.5 

[Ni(Me,tren) (NCMe) ]2+ <0.01 (353 K) f 
"i(OH2)8l2+ 3.37 f 0.09 52.3 f 0.6 17.2 f 2.1 47.2 g 
[NiL(OH,)] ,+ ca. 200 (300 K) h 
[Ni(tren) (OH,) ,]2+ 82 and ca. 900 33.5 i 
[Ni(trien) (OH,),]2+ 57 f 16 34.3 f 3.8 -19 f 15 40.0 i 
[Ni(tetren) (OH,)],+ 1 120 * 220 36.0 f 2.9 10.5 f 10.5 32.9 i 

[Co (cyclam) (NCMe)] + 

[Co(Me,tren) (NCMe)] ,+ 
[Co(OH,) J ,+ 318 f 17 46.9 f 1.2 37.2 f 2 35.8 
[COL(OH,)]~+ 4.2 36.5 & 1.4 -34 & 4 46.6 m, pen. = 4.45 B.M. 

Co(NCMe),12+ 33.8 f 0.4 49.5 f 0.7 27 f 2 41.4 j .  pen. = 5.2 B.M. 
CoL(NCMe)12+ 56.5 f 5.0 19.5 f 0.8 -69.5 f 3.5 40.2 h, k,  pen. 1 4.81 B.M. 

>SO (266 K) f, pen. = 2.45 B.M. 
[Co(tren) (NCMe)]2+ >200 (233 K) f, pen. = 4.7 B.M. 

f (0.01 (353 K) 

a tren = N(CH,CH,NH,),; triam = CH,C(CH,NH,),; Me,tren = N(CH,CH,NMe,),; cyclam = 1,4,8,1 l-tetra-azacyclotetra. 
decane; trien = NH,CH,CH,NHCH,CH,NHCH2CH2NH2; tetren = NH2CH,CH,NHCH,CH,NHCH2CH2NHCH2CH2NH2 

K. E. Newman, F. K. Meyer, and A. E. Merbach, J .  Amer. Chem. Soc., 1979,101, 1470; A W  = 9.6 f 0.4 cm3 mol-l. c Obtained 
from the combined 13C and 15N results in Figure 2. k = 519 f 70 s-l, AHt  = 19.8 f 0.9 k J 
mol-1, and A S  = -50.1 f 0.4 J K-l mol-l (ref. 6). Data refer to  exchange of MeCN in trans position 
to  the tertiary N atom. 0 Y. Ducommun, 
W. L. Earl, and A. E. Merbach, personal communication. J K. E. Newman, F. K. Meyer, and A. E. 
Merbach, personal communication. The 13C and 15N results 
separately gave AH: = 19.6 f 0.1 k J  mol-l, A S  = -69.6 f 0.5 J K-' mo1-l. and AH$ = 19 f 4 k J  m o P ,  AS* = -71 f 17 
J K-1 mol-1 respectively. Ref. 9 ;  pen. at pH 8.4. 

Previous 13C results alone gave 

This work. 

Structure l (c ) ;  ref. 6. 
For MeCN in trans position to an NH, group, 10-4k > 200 s-l a t  233 K. f Ref. 8. 

Ref. 7. 
Obtained from the combined 13C and 15N results in Figure 3. 

Y. Ducommun, K. E. Newman, and A. E. Merbach, personal communication. 

activation parameters are compared with those for the 
analogous nickel(I1) complex in the Table. The available 
data for acetonitrile exchange with other related co- 
balt(I1) and nickel(I1) complexes, together with analo- 
gous data for water exchange with [ML(0H,)l2+ and 
[M(OH,),l2+ ions (M = NiII or Co"), are also collected in 
the Table. An approximate value for the rate of water 
exchange with the [NiL(0H,)l2+ ion was obtained from 
the broadening of the macrocyclic ligand lH resonances 
observed at  low temperatures, and taking into account 
the equilibrium between diamagnetic (four-co-ordinate) 
and paramagnetic (five-co-ordinate) species reported 
previ~usly.~ The estimated value is in reasonable 
agreement with the acetonitrile-exchange rate. 

I t  can be seen from the results in the Table that the 
macrocycle (L) significantly lowers the activation 
enthalpies for acetonitrile exchange on both nickel( 11) 
and cobalt(I1) ions, but whereas this results in a marked 
rate increase for NiII, for the CoII the rate increase is 
only marginal because of the much more negative AS1 
value, The large negative AS: values and low values 
of AH1 for the [ML(NCMe)12+ ions (M = CoTI or N P )  is 
strong evidence for an associative interchange ( I , )  

will also be hindered by the macrocycle carbon frame- 
work. In terms of the collision theory expression k = 
PZe+'IRT, a low probability factor ( P )  can be expected, 
and this will contribute to the large negative AS1 values 
observed. The importance of steric hindrance in studies 
of acetonitrile exchange with the trigonal-bipyramidal 
[M(Me,tren)(NCMe)12+ ions [M = coI1 or NiII; Me,- 
tren = N(CH,CH,NMe,),] has been reported previously.8 
Here the co-ordinated acetonitrile molecule occupies an 
axial position and is flanked by all six N-methyl 
groups which results in a very slow solvent-exchange rate 
(Table). 

The relative labilities of these five-co-ordinate [ML- 
(NCMe)I2+ ions (CoII < N P ) ,  is, of course, the opposite 
behaviour to that found in most octahedral complexes 
of CoTr and NiTI and can be seen to arise primarily from 
the more negative AS: value for CoII (AH1 values are 
very similar). This would suggest that there is greater 
steric hindrance to the approach of the incoming aceto- 
nitrile molecule for the cobalt(I1) complex, and this is 
understandable if the cobalt(I1) ion is less accessible than 
NiII in forming the transition-state structure ( d ) .  In 
terms of the ' time-averaged ' ground-state structure 
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l ( b ) ,  greater steric hindrance from the four N-methyl 
groups would be expected if the metal ion were closer 
to the plane of the four nitrogen atoms, since as the 
metal ion is forced out of this plane the four N-methyl 
groups move further apart giving greater access to the 
incoming solvent molecule. In  the solid state, co- 
ordination of the fifth ligand on the square-pyramidal 
C, axis is known to pluck the metal ion out of the 
N, plane,3.5 and the stronger the co-ordination of this 
fifth ligand the further this out-of-plane movement of 
the metal ion is likely to be. Therefore, since NP- 
ligand bonds are usually more stable than those found 
in related cobalt (11) complexes (the Irving-Williams 
stability sequence is MnII < FeII < CoT1 < NiII < CUT') 
it is possible that the nickel(I1) ion may be further from 
the N, plane than is the case for CoI1. This in turn 
would give more access to the NiI1 and result in an 
increased rate of solvent exchange. The possibility that 
the cobalt(I1) and nickel(r1) complexes might have 
different ground-state geometries a t  low temperatures 
(square pyramidal and trigonal bipyramidal respectively) 
is unlikely since the cobalt(I1) complex is high-spin 
(ppfl. = 4.81 B.M.)." Low-spin cobalt(I1) complexes 
{e.g. for [Co(cyclarn)(NCMe)l2+, ~ ~ ~ f f .  = 2.45 R.M.} are 
subject to Jahn-Teller distortion and are invariably 
found with a square-pyramidal geometry.15 The [CoL- 
(NCMe)l2I ion is probably close to the point of a spin- 
crossover since other (tetra-aza-macrocyc1e)cobalt (11) 
complexes have been found which are low spin,16 and 
the possibility cannot be ruled out that for the [CoL- 
(NCMe)l2+ ion a spin change occurs in forming the six--co- 
ordinate transition state. This would hinder solvent 
exchange still further since the cobalt(I1) ion would be 
less accessible to solvent in a low-spin square-pyramidal 
geometry l ( b )  compared with the more open trigoiial- 
bipyramidal geometry 1 (a) .  A spin-crossover was 
postulated recently to account for the relative rates of 
racemisation and dissociation of low-spin [M(phen)J2+ 
ion ( M  = Cr, Fe, or Co; phen = l,lO-plienanthr~linr:).~~ 

An examination of the values of AH+' in the Table 
shows that co-ordination of the macrocycle (L) lowers 
AH+' for acetonitrile exchange by 44 kJ mol-l for Nil1 and 
30 kJ mol-' for CoT1 when compared with the parent 
liexakis(acetonitri1e) complexes. This effect is less 
marked for six-co-ordinate complexes such as the 
[NiIJ(NCMe),I2+, \Ni(tren)(NCMe),12+, and [Ni(triam)- 
(MeCN),I2 ions [triam = CH,C(CH,NH,),], where co- 
ordination of quadri- and ter-dentate amine ligands 
lowers A H :  by ca. 19-25 kJ mol-l. The gieater retluc- 
tion uf A H :  in the five-co-ordinate [ML(NCMe)12+ Ions 
is additionai confirmation that solvent exchange occurs 
with an I ,  mechanism, since bond making as well as 
breaking is important in the transition state, whereas 
the six-co-ordinate complexes react with an I,] mechan- 
ism where bond breaking is dominant. For an I ,  
mechanism the bond-making step is expected to lower 
A H :  still further as observed. The overall reduction in 

* 'Throughout this paper: 1 R.M. = 9.274 x A m2. 

AH1 values produced by amine ligands has been reported 
previously, and is understandable in terms of their 
increased o-donor strength which weakens the remaining 
metal-solvent bonds.7J3 The effect has been quantified 
recently for macrocyclic ligands of different ring size 
by Busch and co-workers.18 For unmethylated tetra- 
aza-macrocycles co-ordinated to NiII the greatest value 
of the in-plane ligand-field strength, as measured by 
DiTy, is achieved with the 14-membered symmetric 
ligand cyclam and this produces the weakest ' axial' 
ligand-field strength (Dqz). 

Comparing the effects of the macrocycle (L) upon the 
rates of acetonitrile and water exchange on CoII, it can 
be seen that a t  298 K whereas the rate of water exchange 
is reduced by a factor of ca. 76, the rate of acetonitrile 
exchange is increased by a factor of ca. 1.7. The 
difference arises because AH1 is reduced far more for the 
acetonitrile complex (by 30 kJ mol-l) than for the aquo- 
complex (where AH1 is reduced by only 10 kJ mol-l), 
the effect being offset considerably by the more negative 
ASf value in the case of the acetonitrile solvate. Prob- 
ably of major importance here is the fact that the ' rod- 
like ' acetonitrile molecule is a far better ligand for these 
sterically hindered complexes than the V-shaped water 
molecules. For example, in aqueous solution only 
partial solvation of the square-planar [MLI2+ ions occurs, 
whereas in acetonitrile solution there is complete con- 
version into the five-co-ordinate species4 It is not too 
surprising, therefore, that  addition of a second solvent 
molecule (S) in forming the transition state or inter- 
mediate species [ML(S),I2+ is energetically easier in 
acetonitrile than in aqueous solution. 

It is interesting that for associative ligand exchange 
between tetrahedral [M(PR,),Br,] and PR, (R = phenyl 
or 9-tolyl) in CDC1, the lability order is again NiII > 
CoII, but in these cases the greater reactivity of the 
nickel(I1) complexes arises from the 12 kJ molt1 lower 
A H :  value compared with CoII, offset somewhat by a 
more negative ASf value.lg 

EXPERIMENTAL 

Natural-abundance 13C and 15N n.m.r. spectra were 
obtained in 10 mm diameter tubes a t  22.63 MHz (Bruker 
WH 90) and 18.24 MHz (Bruker WH 180), with 10% 1,4- 
dioxan and 7% Me15N0, (95 atom %) added as shift and 
line width markers, in the 13C and 15N experiments respec- 
tively. Paramagnetic line-broadening results (Figures 2 
and 3) were fitted to the Swift-Connick equations lo  to 
obtain the rate data shown in the Table. A non-linear 
least-squares regression analysis was used, with AHI,  
A S ,  and Ao,T fitted as the unknown parameters.6 Outer- 
sphere line broadening was neglected in these calculations, 
and is not believed to be important in the accessible temper- 
ature range. Temperatures were measured with a cali- 
brated Comark thermocouple. 

The complex [CoL(NCMe)] [CIO,], was prepared by mixing 
solutions of anhydrous cobalt(I1) chloride (0.129 g) and 
L (0.256 g) in dry acetonitrile (10 cm3). A solution of 
silver perchlorate (0.414 g) in acetonitrile was then added 
and the resulting precipitate filtered off. The filtrate was 
evaporated to dryness and the purple residue recrystallised 
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from dry acetonitrile {Found: C, 34.5; H, 6.10; N, 12.65. 
Calc. for [CoL(NCMe)][ClO,],: C, 34.6; H, 6.30; N, 1 2 . 6 ~ 0 } .  

The magnetic moment of a solution of the complex 
(2.97 x lo-, mol dmP3) in t-butyl alcohol-acetonitrile 
( 1  : 9 v/v) was determined by the method of Evans 2o using 
a capillary of t-butyl alcohoi-acetonitrile ( 1  : 1) as a shift 
marker. At 300 K, a shift of 0.60 p.p.m. was recorded 
corresponding to a magnetic moment, peff. = 4.81 R.M. 

Acetonitrile was dried before use by refluxing over CaH, 
followed by distillation under dry nitrogen. 

We thank the S.R.C. for support, P.C.M.U. (Harwell) for 
assistance with the Bruker WH 180, and Professor A. E. 
Merbach for communicating his results prior to publication. 
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