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Despite extensive studies of proton-transfer thermodynamics 
and kinetics in acetonitrile solution,' proton exchange between 
solute and solvent has rarely been encounterede2 Here, rapid 
(20-min tll2 a t  room temperature) proton exchange between the 
N-H groups of a cobalt(1) macrocycle and CD3CN solvent is 
reported. The reaction is anomalously rapid for a "simple" proton- 
transfer process and may signal reactivity of the metal center 
toward C-H activation. 

Tetraazamacrocyclic complexes of cobalt and nickel catalyze 
the electrochemical3-5 and photochemical reduction of H206 and 
C O Z . ~ , ~  While the binding of C02 to low-spin d8 CoL+ (L = 
5,7,7,12,14,14-hexamethyl- 1,4,8,11 -tetraazacyclotetradeca-4,ll- 
diene) has been characterized in organic solvents8-l1 and in 
water,12J3 the highly nucleophilic CoL+ complex14J5 has itself 
been less well characterized because of its high reactivity. 

Immediately following preparation of 0.07-0.09 M solutions 
of COIL+ by9 sodium amalgam (Na-Hg) reduction of anhydrous 
rac-Co11L(C104)2 in CD3CN, the macrocycle V N H  (3201 cm-1) 
and YC-N (1 57 1 cm-I) bands of perprotio COIL+ lie a t  their usual 
positions, as shown in Figure 1. Over the next 1 h H / D  exchange 
of the N-H with the solvent is observed: the V N H  intensity 
decreases, VC-N shifts to 1556 cm-l, and weak bands appear a t  
1650 cm-1 and -2400 ( V N D )  cm-'.16 The decrease of the 3201- 
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Figure 1. Infrared spectrum of COIL+ prepared from N-rac-CoI*L2+ 
(0.09 M, 0.5-mm path length) in CD3CN as a function of time. Top: 
Both V ~ J H  and YCH bands decrease in intensity with time because of H/D 
exchange with the solvent. The spectra were obtained 15,23,31,49, and 
89 min after solution preparation. The 3192-cm-I peak is due to the 
solvent. Center: C-H/C-D exchange is implicated by (1) the shift of 
YCN to lower energy, (2) the decrease of ~ C H  intensity in the 1320-1200- 
cm-1 region, and (3) the increase in ~ C D  intensity in the 1500-1320-cm-' 
region. The times are the same as for the top frame. Bottom: The same 
solution after 4,24, and 56 h. The 1645-cm-I band increases, the 1556- 
cm-I band decreases, and new peaks appear a t  1538,153 1, and 1495 cm-1 
due to decomposition of d12-Co1L+. 

cm-l absorbance is first order in [COIL+] with a rate constant 
(kob)  of (5 f 1) X 10-1 s-l at (23 f 1) OC. About half as rapidly, 
exchange of macrocycle C-H occurs, as well: the 1571-cm-1 
band shifts toward 1556 cm-1 and then decreases in intensity.'' 
Similar results are obtained starting with the meso cobalt(I1) 
isomerls (kobs = (6 f 1) X 10-4 s-I; initial [COIL+] = 0.061 M). 
The less reducing octamethyl derivative COIL'+ undergoes H / D  
exchange about a factor of 20 more slowly (kob  = (3 f 0.5) X 

s-l for N-H/N-D exchange). By contrast, with C3H,CN 
as solvent, the intensities of the 1570- and 3200-cm-' bands did 
not change over 3 h. COIL+ prepared by 21-h bulk electrolysis 
(Pt electrode, 0.1 M tetrapropylammonium perchlorate) in CD3- 
C N  also undergoes deuteration (VC=N = 1556 cm-I). 
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H/D exchange is also evident in the IH N M R  spectra. IH 
N M R  spectra of cobalt( I) solutions generated from ruc-CoIIL- 
(C104)2 and meso-CoIIL(ClO4)2 in CD3CN are identical because 
ofrapid formationofan (85 f 5)%:(15 f l)%equilibriummixture 
of two  isomer^.^ At room temperature the COIL+ imine methyl 
resonance at  1.45 ppm is broad and overlaps the N-H signal a t  
1.47 ppm but sharpens when the temperature is reduced to 260 
K. Starting within 15 min after thereductionofruc-Cor1L(C104)2 
in CD3CN, the IH N M R  spectra were monitored for 1 h a t  room 
temperature. The intensity of the N-H proton decreased, while 
the intensity of the CHD2CN peak increased by 2.2 f 0.6 protons 
per COIL+ as estimated from the peak integration. The intensity 
of the 1.45-ppm methyl resonance decreased more slowly. H/D 
exchange was confirmed in experiments in which 2,2'-bipyridine 
(bpy) was used as calibrant. After IH N M R  measurement of 
the CHDzCN integral with 0.07 M bpy as internal standard, the 
solvent was vacuum-transferred into a known amount of CoI1L2+ 
and Na-Hg. The Co"L2+ was reduced to COIL+ (0.08 M) and 
filtered as alwaysg from the Na-Hg, and 6 h later, the solvent 
was back-transferred to the original N M R  tube containing bpy 
for another N M R  measurement. The solvent CHDzCN peak 
had increased by 11 f 1 protons per cobalt in intensity. 

While the N-H groups of Co(I1) and -(HI) macrocycles readily 
exchange with D20 neither rac-, meso-CoIIL nor Co1L-C02 
undergoes N-H proton exchange with CD3CN. The rapid 
exchange of the two N-H protons, followed by slower exchange 
of C-H protons, is reminiscent of behavior found for NiL2+: for 
NiL2+, the imine methyl and the 6- and 13-methylene protons 
are readily deuterated in basic D2O.19-2l A sample of d12-Ni11L- 
(C104)2 prepared in basic D20 showed no VNH intensity ( V N D  = 
2363 cm-I), and VC=N was shifted from 1660 to 1651 cm-*. The 
shift of VC=N from 157 1 to 1556 cm-1 for COIL+ is also attributed 
to deuteration of the imine methyl and 6- and 13-methylene 
positions of the macrocycle, consistent with the exchange of  11 
f 1 protons determined by NMR. 

H / D  exchange of CoL+ with CD3CN is particularly striking 
because acetonitrile is such a weak acid: the pKa of CH3CN in 
CH3CN is 29.1.22 In CoL+ there are both basic and acidic sites 
which could be relevant in the exchange pathway. Protonation 
of rac-CoL+ in water gives hydride complexes with pKa values 
of - 1 1.5,l2J3 whichcorresponds toa pKaofca. 20 ina~etoni t r i le .~~  
Thus the equilibrium constant for deprotonation of CD3CN by 
CoL+ (eq 1)could be 10-9 M. The pKa of the macrocycle amine 

Notes 

CoL+ + CD3CN + C O L ( D ) ~ +  + CD,CN- KH (1) 

(2) CoL' + CD,CN + CoL(-H)+ + CD3CNH+ 

Our observations are in fair agreement with thoseof Summers, who also 
measured IR spectra of the perprotio COIL+ complex in CDjCN." The 
macrocycle numbering scheme is as follows: 

CS\ ,C6, /c7' 
c5 c7.c7,' 
II I 

c9 
C3,N4 H-M.  

I I 
I 

C2,NI-H N l l C ' o  
I II 

c12 
c 1% 12. 

c14 

Over several hours the 1650-cm-1 band increases, the 1556-cm-I band 
decreases, and new peaks appear at 1538 and 1531 cm-I due to 
decomposition of COIL+. Complete decomposition takes more than 1 
day under these conditions. 
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N-H group (eq 2; conjugate base CoL(-H)+) is not known but 
could be as low as 13 in water, perhaps 19-20 in CH3CN.24 Since 
the reactivity of CoL+ toward metal-centered proton transfer 
from neutral nitrogen and oxygen acids in aqueous media is 
great,12J3J5 a simple proton-transfer mechanism initiated in eq 
1 would seem possible. However, if exchange simply involves an 
equilibrium deprotonation, other bases of similar basicity would 
be expected to induce exchange between the conjugate acid (e.g. 
C P R ~ ( C O ) ~ H ~  or H ( C H ~ ) O S ( C O ) ~ ~ ~ )  and acetonitrile. Such 
exchange has not been reported. 

To test this issue, we sought evidence for proton exchange of 
CD3CN with an acid/base pair with a pK comparable to that of 
the cobalt macrocycle. The pK, of 1,1,3,3-tetramethylguani- 
dinium ion (TMGH+) (pKa = 13.6 in water) is 23.3 in 
acetonitrile,25 and like other nitrogen-centered systems, this pair 
exhibits high proton-transfer reactivity. However, no exchange 
between CD3CN and 20 mM TMGH+/100 mM TMG or 0.2 M 
TMGH+/1.3 M TMG was found at  23 f 1 "C over 1 month. 
The failure of CD3CN to exchange with TMG/TMGH+ and 
other B/BH+ pairs of high basicity undoubtedly reflects the high 
intrinsic barrier of CH2CN-/CHjCN with respect to proton 
transfer. The intrinsic reactivity of CoL+ with respect to proton 
transfer is high but no greater than that of N-centered species 
such as TMG. Thus exchange with CoL+ must involve another 
mechanism. 

One possibility is suggested by studies of C-H a c t i ~ a t i o n . ~ ~ , ~ ~  
Acetonitrile is readily metalated by electron-rich [Ir(PMe3)4JCl 
to form cis-[Ir(H)(CH2CN)(PMe3)4]Cl with tl12 - 10 mine2* 
Oxidative addition of the methyl group of CH3CN to the Co(1) 
complex would result in the formation of the cobalt-carbon bond 
in the metalated CO~IIL(D)(CD~CN)+ species, and H / D  exchange 
could occur via a sequence such as that shown as follows:29 

D- 
CHD,CN /+ / >  / C Y  

I /  
HNJ H N J  

~ C O - N  &YH -----t ~\'/co-N - N-CO-N etc. 

HNJ 

Hopefully, future mechanistic studies of the cobalt systems will 
clarify the nature of the exchange mechanism for these complexes. 
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This is promoted by theelectron-rich cobalt(1) which donatesconsiderable 
charge to C=N, as is evident from the unusually low value of U C N .  


