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Table VI. Thermodynamic Parameters for the Reduction of 
Co(NSSN)X,"+ Complexesa 

Notes 
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~ , , M - I  AH*, AS*, AG*, 
complex s'l kcal/mol eu kcal/mol 

Co(NSSN)ClZt 1.66 10.5 -22.4 17.2 
Co(NSSN)C 0 ' 1.65 11.3 -19.8 17.2 
CO(NSSN)(G,);~ 0.145 17.1 -5.2 18.6 
Co(NSSN)Br,' 0.097 12.1 -22.9 18.9 

a t = 25 'C, E[C104-] = 1.0 M, HC104-LiC10, medium. 

The iron(I1) reduction rates for C O ( N H ~ ) ~ X Y " '  and Co- 
(er&XY"+ type complexes follow a general rate pattern N3- 
>> C1- > Br- > C204*-, whereas in this series we find Co- 

(NSSN)(N3)2+ (0.145) > Co(NSSN)Brzf (0.085), where k,, 
in M-' s-l, is given in parentheses. The most interesting facet 
is the nonreactivity of the diazido complex. Each of the other 
NSSN complexes is reduced by iron(I1) a t  rates from lo2 to 
lo4 times more rapid than those of the most closely related 
tetraammine and/or bis(ethy1enediamine) complex. A similar 
rate enhancement would be expected for Co(NSSN)(N3)?+. 
Note also the anomalous AHt and AS* values for the diazido 
complex (Table VI). These observations, in conjunction with 
the minor acid dependence (medium effect), point to a system 
which is particularly sensitive to solvent participation, ion- 
pairing, or bond-cleavage effects. 

(NSSN)C12+ (1.66) w Co(NSSN)Cz04+ (1.65) >> CO- 

Registry No. ~ - C ~ ~ - C O ( N S S N ) ( S ~ ) ~ ' ,  4675 1-04-6; s-cis-Co- 
(NSSN)CI2+, 32594-33-5; s-cis-Co(NSSN)C204", 38586-91-3; s- 
cis-Co(NSSN)Br2+, 46 135-49-3; Fez+, 15438-3 1-0. 
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Cation complexation by crown ethers (macrocyclic poly- 
ethers) has been an area of intense interest for the last 
decade.2a Complexation studies for a wide variety of inorganic 
and organic cations have Less familiar is the 
association of crown ethers with neutral, but polar, m o l e c ~ l e s . ~ , ~  
One of the best examples of such association is the formation 
of an acetonitrileecrown ether adduct or "complex" of variable 
stoichiometry5 which is utilized in the purification of 18- 
crown-6, 1. It seemed reasonable that a similar crown 

H \ i  

ti' 'H 

2 

ether-acetonitrile association might enhance the exchange 
reactions of acetonitrile ligands from transition-metal com- 
plexes. We now report the first example of such crown ether 
assisted ligand exchange. 

Clarkson and Basolo6 previously observed changes in the 
IH N M R  spectrum of trans-nitrobis(ethy1enediamine)- 
acetonitrilocobalt(II1) perchlorate, [ C O ( ~ ~ ) ~ ( C H ~ C N ) -  
NOz] [C1O4I2, 2, when the solid was dissolved in D 2 0  (buffered 
a t  pD 4.4) and allowed to stand in the spectrometer probe at  
ambient temperature. The IH N M R  spectrum of 2 initially 
exhibited a methyl resonance positioned a t  2.1 ppm upfield 
from the H O D  resonance. After the solution was allowed to 
stand, this methyl resonance slowly decreased in intensity and 
a new, permanent, single-line resonance located 2.6 ppm 
upfield from H O D  simultaneously emerged. The '€I N M R  
resonance of added excess acetonitrile superimposed perfectly 
upon that of the reaction product. Thus, the IH N M R  spectral 
changes indicated a slow aquation of 2, the bound acetonitrile 
being replaced by solvent (eq 1). Additional support for this 

I 
CH3 

2 

I 
* D20 

3 

interpretation was provided by the ultraviolet-visible absorption 
spectrum of the reaction product which was identical with that 
of 3 prepared by an alternative procedure. Therefore, 'H 
N M R  spectra appeared to be an ideal method for measuring 
the kinetics of acetonitrile removal from the cobalt ion co- 
ordination sphere of 2 and assessing the effect, if any, of crown 
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Figure 1. 'H NMR spectra: (A) spectrum of a freshly prepared D 2 0  
solution of [ C O ( ~ ~ ) ~ ( C H ~ C N ) N O ~ ] ~ +  a t  20 O C  and pD 4.4; (B) 
spectrum of sample in spectrum A at t,. 

ethers upon this substitution process. 

Results 

Aquation of 2 in the Absence of Crown Ethers. Conditions 
employed in this study of the  aquation of [Co(en),- 
(CH3CN)(N02)] '+ were the same as  those outlined by 
Clarkson and Basolo.6 Figure 1A illustrates the 'H NMR 
spectrum of a freshly prepared D 2 0  solution of the cobalt- 
acetonitrile complex, buffered a t  pD 4.4 (see Experimental 
Section), a t  a time when less than 10% of the complex had 
reacted. 

The broad resonance centered at  1.5 ppm upfield from H O D  
is attributed to the methylene protons of the coordinated 
ethylenediamine ligands. The breadth of this signal is due, 
a t  least in part, to spin coupling of the protons to the long-lived 
nuclear spin states of cobalt-59 ( I  = 7/2, 100% abundant).' 
Additional line width of this resonance may be ascribed to the 
fluctional character of the ethylenediamine ring system.* 

The sharp, single-line resonance located a t  2.1 ppm upfield 
from H O D  is assigned to the methyl resonance of the co- 
balt-bound acetonitrile ligand. The rate of the aquation 
reaction was monitored by observing the gradual decrease of 
the integral of this peak as a function of time (ZJ. Upon 
completion of the aquation reaction (tm), a 'H NMR spectrum 
of the type shown in Figure 1B was observed. The new 
resonance, that of the free acetonitrile methyl group, appeared 
a t  a position 2.6 ppm upfield from H O D  concomitantly with 
the disappearance of the 2.1 -ppm resonance line. This new 
peak could also have been used to study the exchange kinetics. 

Plots of log (Z, - I-) vs. time were found to be linear for both 
the unassisted and crown ether assisted aquation reactions 
(Figure 2). Observed first-order rate constants (kobsd) were 
obtained from the linear least-squares slopes of these plots. 
Rate data collected at  several temperatures for the unassisted 
aquation of trans-[Co(er~)~(NO~)(CH,CN)]~+ are presented 
in Table I. Activation parameters for this reaction a t  pD 4.4 
( A P  = 19.4 f 1.4 kcal/mol; AS* = -8 f 5 cal/(mol deg)) 
were derived from a n  Eyring plotg of the temperature-de- 
pendence data. Although the pD was held constant in this 
series of experiments (pD 4.4), the rate of the aquation reaction 
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Figure 2. Logarithmic plot of ( I ,  - I - )  vs. time. 
time (sei) 
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Figure 3. Plot of kobsd vs. [ 18-crown-61 demonstrating first-order 
concentration dependence. 

Table I. Observed First-Order Rate Constants, k0bsd,  for the 
Aquation of [Co(en),(CH,CN)NO,] 2+ at pD 4.4 as a 
Function of TemDerature 

f a  "C 104kobsd, s-I L~ "c 104kobsd, s-I 

10 1.53 t 0.55 30 12.8 t 0.5 
20 3.74 k 0.50 40 44.9 * 0.2 

The uncertainty in temperature is estimated at  k0.5 "C. 

was determined to be essentially pD independent over a 
105-fold range in deuterium ion concentration. 

Aquation of trans-[C0(en),(N0,)(CH,CN)]~+ in the 
Presence of 18-Crown-6. In view of its ability to form 
complexes with acetonitrile, 18-crown-6 was chosen to probe 
the influence of crown ethers on the dynamics of the lig- 
and-exchange process of the acetonitrilecobalt(II1) complex 
2. Observed rate constants for the aquation of trans-[Co- 
(en)2(N02)(CH3CN)]2+ in the presence of crown ether 1 
increase linearly with increasing [ 18-crown-61 (Figure 3). 
Thus, the data are  consistent with the rate law 
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-d [ Co( en) *( NO2) ( CH3CN) 2+] /dt  = 
( k ,  + kl[18-crown-6])[Co(en)2(N02)(CH3CN)2+] = 

k,bsd[Co(en)2(NOz)(CH3CN)''] 

with ko = (3.2 f 0.9) X 
M-' s-l a t  20 "C. The ko value agrees well with the rate 
constant obtained for the unassisted aquation reaction under 
the same conditions ( (3 .7 f 0.5) X 

Aquation of 2 in the Presence of 15-Crown-5. In an attempt 
to investigate the nature of the crown ether-acetonitrile in- 
teraction in the aquation of 2,  a crown ether with a smaller 
cavity, 15-crown-5,4, was used. Figure 2 indicates that under 

n 

s-l and k ,  = (8.7 f 0.2) X 

s-'). 

Notes 

between the various crown ethers employed (Figure 2). Equal 
concentrations of 18-crown-6 and 15-crown-5 should exhibit 
virtually identical medium effects and therefore give rise to 
identical rate enhancements if the medium effect were indeed 
the predominant influence controlling the aquation rates. 
Clearly, this is not the case. 

Cram and co-workers'" have postulated a three-point 
binding model for the complexation of tert-butylammonium 
ions by crown ethers 5.  Supporting evidence for this model 

cd LJ 
4 

identical conditions 4 is about half as effective as 1 in assisting 
the removal of acetonitrile from the coordination sphere of the 
cobalt ion. The aquation of 2 also exhibited rate enhancement 
with increasing [4], but the effect was much less pronounced 
than with 1. 

Discussion 

Our  kinetic data for the crown ether assisted aquation of 
tran~-[Co(en>~(NO~)(CH~CN)1~+ are  consistent with a 
mechanism involving rapid preequilibrium complex formation 
between the crown ether (abbreviated CE)  and cobalt(II1)- 
complexed acetonitrile followed by rate-limiting dissociation 
of the Co-NCCH3 linkage within this complex: 

tran~-[Co(en)~(NO~)(CH~CN)l~+ + 
KcE 

CE e ~~~~~-[CO(~~)~(NO~)(CH~CN)]~+.CE 
k2 

DZO 
trans- [ C O ( ~ ~ ) ~ ( N O ~ ) ( C H ~ C N ) ]  2 + C E  - 

trans- [ C 0 ( e n ) ~ ( N 0 ~ )  (D20)]  2f + C H , C N C E  

The  rate law predicted on the basis of this mechanism is 

- - -d [ C O ( ~ ~ ) ~ ( N O , ) ( C H , C N ) ~ + I  tot 

dt 
k2KCE[CEl [Co(en)z(N02)(CH3CN)2'l,,t 

1 + KCdCEl 

where [ C O ( ~ ~ ) ~ ( N O ~ ) ( C H ~ C N ) ~ + ] ~ ~ ~  represents the sum of the 
concentration of the free acetonitrilecobalt(II1) complex and 
the corresponding cobalt(II1) acetonitrile-crown ether adduct. 
This rate law reduces to the experimentally observed form 
when KcE[CE] << 1. Considering the 18-crown-6 concen- 
tration range covered in the rate studies, we estimate an upper 
limit of 0.1 M-' for KcE a t  20 "C. Larger KCE values would 
be expected for reactions conducted in aprotic solvents. 
Generally, crown ether interactions of the type under con- 
sideration here are considerably attenuated when allowed to 
occur in protic solvents such as water. Although many ap- 
plications of crown ethers in inorganic and organic chemistry 
have been reported, this is, to our knowledge, the first example 
of a crown ether facilitated removal of a ligand from the first 
coordination sphere of a transition-metal complex. Although 
the rate enhancement (as a function of crown ether con- 
centration) is relatively small, it is definite. It could be argued 
that simple medium effects are responsible for these accel- 
erated rates of hydrolysis. However, this idea seems to be ruled 
out when a comparison of the observed aquation rates is made 

5 

has been obtained from the X-ray crystal structure of a crown 
ether complex." Less efficient complexation of alkyl am- 
monium ions by 4 than 1 would be anticipated because of the 
poorer fit of the three-point binding model with the smaller 
crown ether. Hydrogen bonding (C-H.-O) of malononitrile 
to 18-crown-6 has recently been demonstrated in the X-ray 
crystal structure of the malononitrile adduct of 18-cr0wn-6.~~ 
Therefore, an entirely analogous situation exists for the 
complexation of cobalt-bound acetonitrile in 2 in which the 
acidic methyl group C-H bonds are utilized for binding to the 
crown ether. It seems likely, then, that a smaller Kce value 
partially accounts for the reduced aquation rate enhancement 
observed for 15-crown-5 compared with that for 18-crown-6. 
Experimental Section 

Instrumentation. Proton N M R  spectra were recorded on a Varian 
XL- 100/15 spectrometer equipped with a Varian V-6040 temperature 
controller and an external (I9F) lock and an internal (2H) pulse-lock 
circuit. A du Pont 310 curve resolver was employed to confirm integral 
accuracy. 

Preparation of Kitrosylbis(ethylenediamine)cobalt(III) Perchlorate, 
[ C O ( ~ ~ ) ~ N O ] ( C I O ~ ) ~ .  The complex was prepared by the method of 
Feltham and Nyh01m.I~ 

Preparation of truns-Yitrobis(ethylenediamine)acetonitrilocobalt( III) 
Perchlorate, tran~-[Co(en)~(CH,CN) (NO2)](CIOJ2. The complex 
was prepared by the method of Clarkson and Basolo.6 Elemental 
analysis of this complex corresponded to previously reported literature 

Preparation of 18-Crown-6. The method of Gokel et aL5 was used 
to prepare the crown ether 18-crown-6. The  desired high purity of 
the crown ether was achieved by successive recrystallizations of the 
crown ether-acetonitrile adduct followed by complete removal of the 
acetonitrile under high vacuum. The  criterion for complete removal 
of acetonitrile was the total absence of the methyl resonance in the 
100-MHz proton N M R  spectrum of a solution of the crown ether 
in DCCI,. 

Aquation of the Nitrobis(ethylenediamine)acetonitrilocobalt(III) 
Cation, [Co(en),(CH,CN)(NO,)]*+. Kinetic experiments were 
performed a t  10, 20, 30, and 40 'C. The  pD was originally buffered 
a t  4.4 with potassium hydrogen phthalate in the D 2 0  solution. The  
temperature within the probe was calibrated a t  each temperature by 
observing the frequency difference between the centers of the quartet 
and doublet patterns in a neat methanol sample. The  kinetics of 
aquation were monitored by observing the decrease in integral intensity 
of the cobalt-bound acetonitrile methyl resonance. The  peak occurs 
2.10 ppm upfield from H O D .  

In general, the kinetic experiments were performed as  follows. 
Approximately 37 mg of solid [CO(~~)~(CH,CN)(~XO~)](CIO~)~ was 
placed in a 5-mm N M R  tube. The buffered D 2 0  solution (1 .O mL), 
which was previously thermostated in a constant-temperature water 
bath, was added and the resulting solution then placed in the 
thermostated S M R  probe. The  N M R  spectrometer was offset a t  
86 201 Hz, 4095 Hz from the center band of the 'H resonant fre- 
quency. The kinetic runs were monitored using either the deuterium 
lock signal from the D 2 0  solvent (at 15.4 MHz)  or the external I9F 
lock signal a t  94.2 MHz. The  integral of the methyl resonance of 
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the bound acetonitrile was recorded as a function of time. Areas under 
the peaks were checked by curve-fitting techniques using a du Pont 
310 spectrum analyzer. The t ,  integral was subtracted from all 
previous time integrals, and the logarithms of these corrected values 
were plotted vs. time. These data were subjected to a linear least- 
squares analysis performed by conventional computer techniques. 

Crown Ether Assisted Aquation of Nitrobis(ethy1enediamine)- 
acetonitrilocobalt(II1). To 0.0375 g of [Co(en)z(CH3CN)z- 
(NO2)](C10,), was added 1.0 mL of a D20 solution, originally 
buffered at pD 4.4 with potassium hydrogen phthalate,14 containing 
various concentrations of 18-crown-6. The crown ether concentrations 
used were in 3.5-10-fold excess over that of the cobalt complex. 
Temperatures were controlled and the kinetics of aquation were 
monitored in the same manner as outlined in the previous section. 
15-Crown-5, purchased from the Parish Chemical Co., was used in 
a similar manner to that of 18-crown-6. 
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Single-Crystal Polarized Electronic Spectra of the Dimeric 
Tetrakis(p-benzoato- 0,O’)-bis(quino1ine)dicobalt (11) 

A. Bencini, C. Benelli, and D. Gatteschi* 

Received December 29, 1977 

The electronic spectra of copper(I1) carboxylate dimers have 
been interpreted in several different ways according to the 
model chosen to describe the magnetic coupling in the dimeric 

However, in the last few years it has become widely 
accepted that the direct metal-metal interaction must be 
considered as a small perturbation on the tetragonal ligand 
field and that the magnetic coupling is mainly due to su- 
perexchange effects. In this framework the band at  ~ 7 0 0  nm 
was attributed to the d-d transitions, while the band a t  -370 
nm was attributed to a ligand-to-metal charge transfer. The 
best support to this assignment is given by the paper by 
Dubicki,* reporting single-crystal spectra in the range 4.2-290 
K. 

The X-ray crystal structure determination of te t rakis(p 
benzoato-O,O?-bis(quinoline)dicobalt(II), Co2(bz)4(quin)2, 
has shown that the complex is structurally quite similar to 
copper acetate m ~ n o h y d r a t e . ~  The magnetic moment ranging 
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Figure 1. Single-crystal polarized electronic spectra of the Co2- 
(bz),(quin), complex recorded at 290 K ( e .  .) and 4.2 K (-) on the 
(010) face. The traces with 0 are the spectra recorded with the electric 
vector parallel to a; the others have the electric vector parallel to c.  

from 4.4 pB at  room temperature to 1.72 pB at  liquid nitrogen 
temperaturelo shows that antiferromagnetic coupling is op- 
erative, although no value for J could be calculated due to the 
complicated nature of the ground levels. It appeared to us 
quite interesting to study the single-crystal polarized electronic 
spectra of this compound, since no other cobalt(I1) dimeric 
complex of this type has been reported up to now.ll The 
electronic spectra of cobalt(I1) complexes show in general 
several bands, which are  narrower than those of copper(I1) 
complexes where often only one broad featureless band is the 
envelope of all the d-d transitions. Therefore a detailed 
analysis of the electronic spectra of dimeric cobalt(I1) 
complexes might in principle offer more information on the 
electronic levels in dimers than can be provided by copper(I1) 
spectra. W e  wish now to report the single-crystal polarized 
electronic spectra of Co2(bz)4(quin), in the range 4.2-290 K. 
Experimental Section 

The compound was obtained by addition of a large excess of 
quinoline to a boiling solution of benzoic acid and C O ( B F ~ ) ~ . ~ H ~ O  
in butanol. After 3 days, deep green crystals were collected and washed 
with ethanol and petroleum ether. The crystals were found by 
Weissenberg techniques to correspond to the structure report,’ with 
the (010) face most developed. 

Single-crystal electronic spectra were recorded with the apparatus 
previously described.12 Nicol prisms in both the sample and reference 
compartment were used as polarizers. 
Results and Discussion 

The spectra were recorded on the (010) face, with the 
electric vector of the incident radiation parallel to the a and 
c crystal axes, respectively. If the Co-N direction is assumed 
as the molecular z axis, the square of the projection of z on 
a is 0.02, while on c it is 0.66. Therefore, if, for the sake of 
simplicity, the symmetry of the ligand field is assumed as 
tetragonal, the former spectra yield the perpendicular (I) 
polarization, while the latter give to a good approximation the 
parallel ( 1 1 )  polarization. The spectra recorded for a thick and 
a thin crystal are shown in Figure 1. The spectra of the thick 
crystal were used for studying the lowest energy band a t  
-8000 cm-I. Its polarization properties are  not so marked. 
On cooling the maximum is practically not shifted. The band 
a t  13 500 cm-I a t  room temperature moves to 14 900 cm-’ a t  
4.2 K, appearing I polarized. The next band shows a peak 
and a shoulder a t  room temperature, a t  17 400 and 18 800 
cm-’, while a t  4.2 K two maxima are  shown a t  17000 and 
18 800 cm-I. No neat polarization is observed in this case, but 
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