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It appears reasonable to assume that the equilibrium 
constants klz/kzl and k34/kd3 and the rate constant k 
are the same for various alkaline earth metal ions 
because the mutual effect of metals along the long 
bond sequence Cu-N-0-0-N-M seems to be unim- 
portant. 

The rate of the reaction path corresponding to kl 
is independent of the concentration of PAR. This 
fact suggests that hydroxyl ion in the OH-Cu(I1)- 
EGTA-M complex prevents the coordination of PAR 
to copper in this complex. The rate constant for 
klCa is about one order of magnitude greater than 
klBa and klSr. The difference in rates for k1 for alkaline 
earth metal ions corresponds to  the difference in sta- 
bility constants of complexes of alkaline earth metal 
ions with the segment of EGTA, i . e . ,  K M L  in Table 
VI. Thus the cleavage of the copper-nitrogen bond 
in (OH)Cu(egta)M is the rate-determining step in 

this reaction path. The resulting Cu(0H)  + reacts 
rapidly with PAR under the present experimental con- 
ditions. 

The reactivity of par2- is about three orders of 
magnitude higher than that of Hpar-. A similar re- 
sult has been described by Kodama, et al.,23 in the 
ligand-substitution reactions of Eriochrome Black T 
with cobalt(I1) and nickel(I1) complexes of 1,2-di- 
aminocyclohexanetetraacetic acid and diethylenetri- 
aminepentaacetic acid. This is understandable quali- 
tatively in terms of the difference in constants for 
the relevant equilibria preceding the rate-determining 
step. More extensive electron donation of par2- in 
(par)Cu(egta) than of Hpar- in (Hpar)Cu(egta) would 
make easier the cleavage of egta4- from the interme- 
diate (par)Cu(egta). 

(23) M. Kodama, C Sasaki, and K Miyamoto, Bull Chem Soc J a b  , 42, 
163 (1969) 
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The esr spectrum of copper (11) bis(di-n-butyldithiocarbamate) [Cu(DnBDC)$ was measured as a function of temperature 
and solvent composition in mixtures of methylcyclohexarie with piperidine, n-hexylamine, and pyridine Evidence for the 
formation of a short-lived 1 : 1 adduct is presented. Equilibrium constants for the adduct formation reaction and adduct 
lifetimes were obtained from analysis of the line positions and line widths. The fast-exchange-limit solution of the modified 
Bloch equations was reexamined, and correction terms were derived permitting the application of the fast exchange limit 
to somewhat slower reactions than usual. Arrhenius plots of the equilibrium constants and the adduct lifetimes gave the 
thermodynamic parameters for the adduct formation equilibrium and kinetic parameters for the adduct dissociation reaction. 
In the case of the piperidine adduct at 25", the equilibrium constant is K = 3.9 f 0 1 I./mol, A S o  = -22 f 1 eu; the rate 
of adduct dissociation is k ,  = (3.7 f 0.4) X 108 sec-I, AH* = 7.4 =!= 1.7 kcal/mol, and A S +  = 5 f 3 cu. In general, 
the rate of the adduct formation reaction seetns to be almost entirely limited by entropy of activation, while the dissociation 
reaction is primarily limited in rate by enthalpy of activation. 

Introduction 
The past 15 years has seen a considerable amount of 

interest in the reaction of square-planar copper(I1) 
complexes with nitrogen bases to form five-coordinate 
adducts. The principal effort has been on the char- 
a c t e r i z a t i ~ n ~ - ~  and structure6p7 of the adducts, on the 
interpretation of the electroniq2! 3 , 8 - 1 3  vibrational,'3 
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t h e r m o d y n a m i c ~ ~ J ~ ~ 0 ~ ~ ~ ~  24--27 of the adduct formation 
reactions. Most of the work has centered on p-diketo- 
nates and related bidentate chelates with oxygen donor 
atoms, although some work has been reported on che- 
lates with n i t r ~ g e n ~ ~ ~ ~ ' ~ ~ ' ~ ~ * ~  and sulfur ligands.15~16~20 

Knowledge of the thermodynamics of the adduct for- 
mation equilibria has contributed significantly to  un- 
derstanding of the nature of the adducts. However, 
since the process is apparently a very rapid equilibrium, 
the kinetic parameters, particularly the energy of acti- 
vation for the adduct dissociation reaction, are expected 
to be most significant in understanding the true strength 
of the metal-nitrogen bond in the adducts. 

Previously, Walker, et aZ.,2S have observed esr line 
broadening in the pseudo-square-planar system VO- 
(acac)*-base. VO(acac)z gives an eight-line spectrum 
and the variation in line shape of the nz, = +'Iz line on 
the addition of pyridine, piperidine, or 2-picoline al- 
lowed the determination of the lifetime of the adduct 
in this system. Knowledge of the equilibrium constant 
from spectroscopic and calorimetric work, * R  together 
with the law of microscopic reversibility, yielded the 
forward rate constant which was close to that expected 
for a diffusion-controlled reaction. I n  the present 
work, we have extended this technique to adduct forma- 
tion by copper(I1) bis(N,lv-di-n-butyldithiocarbamate) 
[ Cu ( DnB DC)* ] 

five-coordinate adduct 

The choice of this system for study was prompted 
primarily by the unusually narrow lines in the esr spec- 
trum.'j This factor is of considerable importance since 
the contribution to the line widths from chemical ex- 
change is then much more easily measured. 

Copper(I1) bis(N,N-diethyldithiocarbamate) [Cu- 
(DDC),] is well known and has found use in the gravi- 
metric determination of c0pper.3~ The esr of this coni- 
plex has been studied in s o l ~ t i o ~ i , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  in frozen 
glasses, 3 2 , 3 3  and doped into diamagnetic single crys- 
t a l ~ . ~ ~ , ~ ~  Aasa, et U Z . , ' ~  studied the room-temperature 
esr spectrum of Cu(DDC)* as a function of solvent com- 
position using benzene-pyridine mixtures. They found 
that  the line positions shifted vAth solvent composition 
but did not observe line width variations attributable to 
exchange and concluded that  the shift in line positions 
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(1968). 

1510 11969). 

(1965). 

Compounds," Elsevier, New York, N.  Y., 1962, Chapter 6. 

U 

t 3/2 

I"\ 

Figure 1.--Esr spectra of Wu(DDC)z a t  25'' in benzene 
(solid line) and in 9556 benzene-5% piperidine (dashed line); 
the spectrometer gain was different for the two spectra. 

was due to a solvent effect and not to formation of an 
adduct. Since the greatest line broadening occurs when 
the ratio of adduct to free complex is 1 :2 ,  this conclu- 
sion is not surprising since their spectra were observed 
in solutions where this ratio was somewhat larger. 
GibsonlF considered the possibility of exchange line 
broadening but did not pursue the matter further. 

SVe have found that the line widths do indeed show 
the effects of base exchange when the ratio of free com- 
plex to adduct is in the proper region. The magnitude 
of the observed line position shifts and line broadening 
is demonstrated in Figure 1 where the spectrurn of G3Ccu- 
(DDC)Z is shown in pure benzene solution and in 95% 
benzene-5Yo piperidine solution, Unfortunately, the 
electronic spectrum of CU(DDC)~  is affected very little 
by adduct formation so that equilibrium constants 
could not be obtained from such measurements. How- 
ever, esr line positions can be used to obtain accurat,e 
equilibrium constants when the exchange rate is suffi- 
ciently rapid. 36 

Naturally occurring copper consists of 69~9% 6 3 C ~  
and 30.1y0 W u .  Both isotopes have a nuclear spin of 
3 / z  but slightly different nuclear magnetic moments. 
Thus the esr spectrum of Cu(DDC)* consists of two 
overlapping sets of four lines with only the sharpest line 
visibly split. To  avoid this complication, isotopically 
pure "Cu was used in the present work giving an undis- 
torted four-line spectrum. 

(36) F. A. Walker and P. H. Rieger, unpublished work. 
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Cu(DDC)z is soluble in the aromatic hydrocarbon or 
chlorinated solvents. However, since there may be 
complications due to  solvent interactions with Cu- 
(DDC)z or with the bases used-piperidine, pyridine, 
and n-hexylaminez0, 26-methylcyclohexane was chosen 
as the noninteracting solvent in this work. Methylcy- 
clohexane also has the advantage of a wide liquid range, 
-126 to $100". However, since Cu(DDC)z was 
found to be sparingly soluble in this solvent, the di-n- 
butyl derivative Cu(DnBDC)2 was used. The esr spec- 
tra of these two complexes in benzene were nearly iden- 
tical so that conclusions reached are probably not criti- 
cally dependent on the choice of the complex. 

Experimental Section 
Copper(I1) di-n-butyldithiocarbamate was synthesized follow- 

ing a modification of published pro~edures.~7 Isotopically pure 
e3Cu0, obtained from Oak Ridge National Laboratories, was 
dissolved in hot, concentrated HNOs; the solution was cooled 
and neutralized with 6 M hTaOH. The solution was concen- 
trated to  half-volume, and NaN03 was precipitated by the 
addition of cold methanol. Carbon disulfide, 8.4 g, was added 
t o  13 g of freshly distilled di-n-butylamine in 200 in1 of cold 
methanol. After cooling, 4.4 g of KaOH was added in a small 
amount of water. The copper solution (containing 100 mg of 
CuO) was added dropwise to about 40 ml of the WaDnBCD s o h -  
tion, the solution was cooled, and the brown precipitate was col- 
lected and dried in zlacuo over refluxing acetone. The Wu- 
(DnBDC)% was recrystallized from methanol in a rotary evapora- 
tor and dried in a vacuum desiccator; yield 300 mg (53%); m p  
55-56 '. 

Methylcyclohexane was distilled from BaO and stored over 
molecular sieves. Pyridine, piperidine, and n-hexylamine were 
distilled from BaO prior to use. 

Samples were prepared by weighing 6.0 mg of Wu(DnBDC)% 
into glass tubes having a bulb on one end and a side arm suitable 
for insertion into the variable-temperature dewar of the esr spec- 
trometer. A solution containing the desired base concentration 
was prepared and 4.0 ml was pipetted into the sample tube. 
The sample was then promptly degassed by several freeze-pump- 
liquefy cycles, and the tube was sealed. The resulting concen- 
tration of copper complex, about 3.2 mM, was sufficiently low 
that spin exchange contribution to  the esr line widths was neg- 
ligible. 

Some of the samples thus prepared, particularly those con- 
taining large concentrations of piperidine or n-hexylamine, were 
unstable a t  room temperature, undergoing slow decomposition. 
Samples were therefore stored under liquid nitrogen until irn- 
mediately before recording the esr spectra. Spectra obtained in 
this way were reproducible. 

The spectra were recorded using a Varian V-4502 spectrometer 
equipped with 100-kHz field modulation, a Fieldial field regu- 
lated magnet, and a Varian variable-temperature accessory. 
Magnetic field measurements relied on the Fieldial calibration 
which was checked periodically; g values were determined rela- 
tive to  DPPH,  assumed to have a g value of 2.0036.38 The vari- 
able-temperature accessory was calibrated with a thermocouple; 
temperature measurements were accurate t o  about lt2'.  

Treatment of Data 
Preliminary examination of the line width and line 

position data (Table I) indicated that the spectra of 
Cu(DnBDC)2 in mixtures of methylcyclohexane and 
pyridine or n-hexylamine above 10" or methylcyclo- 
hexane-piperidine mixtures above 50" could be analyzed 

(37) V. H. Krebs, E. F. Weber, and H. F. Fassbender, Z. Anoug. Ailg. 

(38) C .  Kittel, F. R.  Merritt,  and W. A. Yager, Phys.  Rev., 77, 147 (1950). 
Chrm.,  273, 128 (1953). 

TABLE I 
EXPERIMENTAL LINE POSITION SHIFTS AND LINE WIDTHS 

[Base]< 

0.000 
0.051 
0.101 
0.202 
0.505 
1 .01  
2 .02  
5.05 
0.000 
0.051 
0.101 
0.202 
0.505 
1.01 
2.02 
5.05 

0.000 
0.151 
0.377 
0.754 
1.51 
3.77 
0.000 
0.151 
0.377 
0.754 
1.51 
3.77 
0.000 
0.151 
0.377 
0.754 
1 .51  
3.77 
0.000 
0.151 
0.377 
0,754 
1 .51  
3.77 
0.000 
0,151 
0.377 
0.754 
1.51 
3.77 

0.00 
0.62 
1 .24  
2.48 
0 .00  
0 62 
1.24 
2 .48  
0 .00  
0.62 
1.24 
2 .48  

7 - w  - wAa-- ,---T2-1 b-- 3 

3/2 '/Z 3/2 '/a 
Methylcyclohexane-Piperidine 

0 0 56 74 
50d 35 80d 88 
90 69 118 99 

155 116 137 136 
326 223 166 134 
475 319 153 126 
6 10 407 128 127 
729 486 100 125e 

0 0 56 74 
43 24 70 84 
76 48 85 88 

122 80 102 96 
244 163 121 109 
381 255 120 114 
530 351 123 118 
659 438 98 114 

0 0 62 83 
259d 187 293d 181 
536 328 214 177 
. . .  417 157 
80 1 507 134 152 
878 573 102 149 

0 0 59 80 
2 12 149 196 148 
463 298 188 158 
593 367 , . .  140 
698 462 134 140 
87 1 558 95 139 

0 0 57 78 
188 126 143 12% 
366 233 151 127 
482 322 118 129 
606 395 118 126 
77 1 499 91 124 

0 0 56 76 
133 85 106 100 
283 192 118 12 1 
401 253 114 113 
536 353 114 113 
724 479 91 112 

0 0 56 76 
122 55 83 89 
221 135 95 102 
333 228 100 105 
454 320 99 105 
. , ,  475 . . .  1216 
Methylcyclohexane-Pyridine 

0 0 62 83 
264 158 151 133 
374 213 139 133 
489 282 109 121 

0 0 59 80 
225 133 121 108 
321 199 124 121 
428 258 103 118 

0 0 57 78 
164 115 94 98 
278 160 97 115 
351 212 100 105 

Methylcyclohexane-%-Hexylamine 

'emp, 
O C  

50 

65 

10 

20 

30 

40 

50 

10 

20 

30 

a Shifts of line positions from those in methylcyclohexane soh-  
tion in units of 105 sec-1; uncertainties are approximately i l 0 '  
sec-I. Line widths (.\/3/2 derivative width) in units of lo6 
sec-'; uncertainties are approximately i 555.  c Base concentra- 
tion in moles per liter; uncertainties are approximately 1%. 

Data not included in analysis since the parameter A exceeds 
0.8. e Data not included in analysis; line width measurement 
apparently in error. 
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at least semiquantitatively using the solution of the 
modified Bloch equations in the fast-exchange limit. 
Data obtained for methylcyclohexane-piperidine solu- 
tions a t  25" or below clearly could not be explained in 
terms of the fast-exchange approximation. Indeed, 
some spectra at  0 and 10" showed partial resolution of 
the + 3 / 2  and lines into separate lines for the four- 
and five-coordinate complexes. Thus, analyses of the 
two groups of data were carried out separately and by 
quite different methods. 

Those experimental spectra in which the + 3 / 2  and 
+ lines appeared to be approximately Lorentzian 
were used in a straightforward least-squares fit of line 
positions to the usual fast-exchange-limit equati0n3~ 

(w) = PAWA + PBWB (1) 

wherep.4 = 1/(1 + K[base]) and PB = K[base]/(l + 
K [base]), The resulting least-squares parameters were 
K, the equilibrium cocstant for the adduct formation 
equilibrium, and (WA - WB), the difference in resonance 
frequencies of the four- and five-coordinate species. 
These values were then used in an analysis of the line 
widths, again using the fast-exchange equation39 

T2-l = T2,a - I  + PA*@BTB(WA - W B ) ~  (2) 

to give a value of T B ,  the adduct lifetime, and an estimate 
of T2.0-1, the line width in the absence of exchange, 
Thcse in turn give T ~ B - ~ ,  the line width of the adduct 
resonance since T2,,,-l = PATZ.<-' + PBTzB-'. 

The fast-exchange approximation relies on three con- 
ditions for applicability 

A = T ~ W A  - WU/ << 1 

6 = T ) T z . ~ - ~  - T*I~-~I  << 1 (3)  

Y = ~T2,a-l << 1 

Preliminary analysis of the data showed that typical 
maximum values of 6 and r were 0.05 and 0.1, respec- 
tively. The parameter A, on the other hand, was fre- 
quently greater than 0.5 and typically greater than 0.1. 
Consequently there was some doubt concerning the 
applicability of the fast-exchange approximation, and 
the matter was examined in some detail (see Appendix), 
I t  was concluded that the fast-exchange solution to the 
modified Bloch equations could still be employed, pro- 
vided that certain correction terms were used. In 
general, the correction terms become significant for A, 
6, or r greater than about 0.1, and are valid in the man- 
ner employed for values of the parameters up to about 
0.8. Thus for these data, 6 and r were neglected, but 
correction tcrms in A from eq A4 and A5 were used in 
the following procedure. 

Using initial estimates of K ,  (WA - WB), and T B ,  the 
parameter A was computed, and several iterations were 
carried out using the term in A4 in (A5) to refine the 
estimate of T B .  The resulting value of A was then 
used to correct the line positions using the terms in 

(39) J.  A. Pople, W. G. Schneider, and H. J. Bernstein, "High-Resolution 
Kuclear Magnetic Resonance," XIcGrawI~Ii11, New York, PIT. Y . ,  19.59, 
Chapter 10. 
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A3 and @ in (A4), and the least-squares analysis was 
repeated to obtain new estimates of K and ( W A  - wB). 
This process was continued until self-consistency was 
obtained. Throughout this process, data from both 
the + 3 / 2  and +I/* lines were employed, and, in the 
fitting procedures, all data for a given temperature were 
fitted to a single value of K or T B .  In  the course of 
analysis of the data, individual line width or position 
measurements were removed from the treatment if the 
value of A was found to be greater than 0.8. Data 
from the -"/z and - l / 2  lines were not useful in this 
procedure since the line widths in the absence of ex- 
change were much greater and the resonance frequency 
differences were much smaller. 

In adopting the above procedure, i t  was of course as- 
sumed that higher order terms in (124) and (A5) would 
not lead to further significant corrections. This as- 
sumption seems justified since most of the corrections 
were small anyway, but, furthermore, comparison of 
the third- and fifth-order terms in (A4) suggests that 
higher order terms are indeed smaller, even for values of 
A approaching unity. The coefficients of higher powers 
of A are complicated combinations of the mole fractions 
PA and p~ and tend to be smaller on the average by 
roughly a factor of 2 for each additional order in A. 
Thus, if only data with A less than 0.8 are retained, the 
next significant term in (A5), the sixth-order term, 
is a t  most about one-sixth of the fourth-order terms used 
in the corrections. In most cases, the higher order con- 
tributions would be even smaller. 

The hyperfine splitting constant of the four-coor- 
dinate complex was found to be somewhat temperature 
dependent. Presumably the copper splittings of the 
five-coordinate adducts are similarly temperature de- 
pendent, Unfortunately, however, attempts to fit 
the lice position data for each temperature indepen- 
dently to give values of (w, -. WB) for the +"/z and +'/z 
lines did not give results shoiving a statistically signifi- 
cant trend with temperature, For this reason, it was 
assumed in fitting the data that (w.4 - WR) is tempera- 
ture independent. This produces a consistent set of 
equilibrium constants and adduct lifetimes, though 
there may remain a systematic error as a result. 

The adduct line widths Tzn-' are clearly temperature 
dependent, increasing quite substantially below 30'. 
These parameters were not directly measurable and thus 
had to be estimated from the data. Preliminary esti- 
mates were made from manual manipulations of the 
data and were refined in the course of the above itera- 
tive procedure, However, the accuracy obtained was 
not high enough to engender much confidence in the 
final values. The uncertainties in the adduct lifetimes 
introduced from this source mere therefore substantial, 
and, for this reason, data points with small PB (and 
consequent smaller dependence of T z  J-' on ?;B-') were 
weighted more heavily in the final data analysis. 

In the case of data obtained using pyridine as the 
base the results are considerably less reliable than in the 
cases of piperidine and n-hexylamine. This is due to 
the rather smaller amount of data collected and the 
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generally smaller equilibrium constants found in the 
pyridine systems. The smaller equilibrium constants 
resulted in reliance on solutions with rather large 
amounts of the base in the analysis of the line position 
and line width data. These difficulties were exempli- 
fied most noticeably in the least-squares fit of line po- 
sitions to (1). The values of (OA - w ~ )  obtained were 
regarded as unrealistically low, and the equilibrium 
constants were correspondingly too large to  give results 
consistent with the observed line widths. A much more 
satisfactory fit to the line width data was obtained if 
the values of ( w ~  - WB) obtained from the piperidine 
data were employed in computation of the equilibrium 
constants for the pyridine adduct. Otherwise the pro- 
cedure used to fit the pyridine data was identical with 
that described above including iterative refinements of 
K and T B .  

Atherton and L u c k h ~ r s t ~ ~  have approached the prob- 
lem of ligand-exchange line broadening from the point 
of view of relaxation matrix theory. In  this approach, 
the same fast-exchange conditions, eq 3, are assumed as 
in the fast-exchange limit of the modified Bloch equa- 
tions. They find that the contribution to the line 
widths from ligand-exchange modulation of the iso- 
tropic part of the spin Hamiltonian is 

where Ag = g~ - g B ,  AU = U A  - U B ,  and T = TATB/ 

The first term in (4) is secular and corresponds to the 
solution of the modified Bloch equations.41 The 
second, nonsecular term finds no counterpart in the 
solutions of the modified Bloch equations. However, 
in the present experiments with wo = 57.5 f l o9  sec-l 
and T on the order of 10-g-lO-10 sec, the nonsecular con- 
tribution is negligible. 

Atherton and Luckhurst40 further pointed out a po- 
tential contribution to the line widths from ligand-ex- 
change modulation of the anisotropic part of the spin 
Hamiltonian. They concluded, however, that so long 
as the rotational correlation times of the complexes are 
short compared with the average lifetime for ligand ex- 
change, this contribution may be neglected with no 
important error. In  the present case, with lifetimes 
ranging down to sec and rotational correlation 
times on the order of lo-" sec, neglect of the anisotropic 
contributions may be made only with a certain trepida- 
tion. Nevertheless, this contribution is probably still 
small compared with the deviations from the fast-ex- 
change approximation which we have tried to correct. 

The spectra obtained using piperidine as the base a t  
low temperatures could not be interpreted in terms of 
the fast-exchange approximation even with correction 
terms included. I n  these cases, the spectra were fitted 

(TA + TB). 

(40) N. M. Atherton and G. R. Luckhurst, Mol.  Phys. ,  18, 145 (1967). 
(41) This equation implies the high-field approximation and should 

be corrected to a t  least second order in perturbation theory before appli- 
cation to  a problem involving large splitting constants.42 The Bloch 
equation approach, which employs w~ and w g ,  obviates this complication. 

(42) R. Wilson and D. Kivelson, J .  Chem. Phys . ,  44, 154 (1966). 

by computer-calculated line shape functions based on 
the complete solution to the modified Bloch equations 
in a manner very similar to that employed by Walker, 
et a1.28 In  the computer-simulated spectra the line po- 
sitions in the absence of exchange were assumed to be 
identical with those obtained from the fit of line posi- 
tions to the fast-exchange equations a t  high tempera- 
tures. The line widths of the four-coordinate complex 
were measured in pure methylcyclohexane solution. 
Thus, in the computer simulations, i t  was necessary to 
adjust three parameters to fit the experimental spectra: 
the equilibrium constant, the adduct lifetime, and the 
adduct line widths in the absence of exchange. As in 
the treatment of the fast-exchange data, i t  was assumed 
that these parameters were independent of solvent com- 
position a t  a given temperature. The fitting procedure 
was essentially one of trial and error, but, as discussed 
below, the final fit between calculated and experimental 
spectra was good, and the resulting parameters were 
entirely consistent with those determined a t  high tem- 
peratures. 

Results 
The measured line widths and line positions of the 

+ 3//z and + hyperfine lines of the experimental spec- 
tra of Cu(DnBDC)2 are given in Table I for solvent 
mixtures of methylcyclohexane and piperidine, n- 
hexylamine, or pyridine at various temperatures. Line 
widths and positions were most conveniently mea- 
sured in the units of gauss in the experimental spectra. 
These were converted to angular frequency units and 
are expressed as TZ-l and w - W A ,  respectively, in Table 
I. 

These data were analyzed as described above to give 
the equilibrium constants and adduct lifetimes listed in 
Table 11. The uncertainties given in the table reflect 
both random errors in the least-squares fits and conser- 
vative estimates of possible systematic errors. The 

TABLE I1 
PARAMETERS OBTAINED FROM DATA ANALYSIS 

O C  K ,  ]./mol l O h s ,  sec 3 / ~  '/z 

Piperidine 
0 12.4 i 1.2* 9 f 46 118 143 

10 7 .9  * 0.8* 5 i: 36 105 125 
25 3 .9  f 0.4* 2 f 1 6  95 111 
50 1.43 f 0.05 1 . 2  f 0 . 6  91 110 
65 0 .90  i 0.03 0 . 6  f 0 . 3  91 110 

n-Hexylamine 
10 3 .9  f 0 . 3  1 . 5 1  0 . 7  105 150 
20 2 . 8  i: 0 . 2  1.1 f 0 . 5  98 138 
30 1 . 7  f 0 . 1  0 . 8 1  0 . 3  91 125 
40 1.14 1 0.06 0 . 5  f 0 .3  85 115 

Temp, - 1 O - e T 2 ~ - 1 , ~  sec-1- 

50 0.82 i 0.05 0 . 3  i 0.2 80 110 

Pyridine 
10 0.62 1 0.11  0 .8  f 0 . 3  82 125 
20 0 .48  f 0.07 0 . 6  i 0 . 2  79 118 
30 0.34 f 0.05 0 . 4  i 0 .2  77 105 

Q Estimates of adduct line widths in the absence of exchange; 
see text for discussion of uncertainties. b Values obtained by 
fitting computer-simulated line shapes to experimental spectra; 
uncertainties are estimated 



268 Inorganic Chemistry, Vol. 20, No.  2, 1971 BRIAN J. CORDEN AND PHILIP H. RIEGER 

Figure 2.-Comparison of experimental (circles) and calculated (crosses) spectra of Cu( DnBDC)2 in rnethylcyclohexane solutions of 
piperidine a t  the following base concentrations and temperatures: (a) 0.051 M ,  0"; (b) 0.051 M, 10"; (c) 0.051 M ,  25'; (d) 0.101 M ,  
0'; (e) 0.101 M, 10'; ( f )  0.101 M ,  25'. Oiily the +"/z and lines (and part of the - I / $  line) are shown. The  magnetic field 
increases to  the right. 

line widths estimated for the adducts are also given in 
Table 11. Those spectra obtained in methylcyclohex- 
ane-piperidine mixtures a t  low temperatures which 
could not be interpreted in terms of the fast-exchange 
approximation were computer fitted with the results at  
0, 10, and 25" for [piperidine] = 0.051 and 0.101 M 
shown in Figure 2 .  The agreement is seen to be quite 
good. The parameters used are given in Table 11. 

Arrhenius plots of the equilibrium constants and ad- 
duct lifetimes yielded the standard enthalpy and en- 
tropy changes for the adduct formation equilibria as 
well as the activation parameters for the adduct disso- 
ciation reactions. These parameters are given in Ta- 

bles I11 and IV. The uncertainties given for K and 
k ,  in Tables I11 and IV reflect the standard deviations 
in the least-squares fits to the Arrhenius equation. 
These fits are much better than might have been ex- 
pected from the uncertainities in K and T B  given in 
Table I1 and it is possible that the uncertainties in 
Table I1 are overly conservative. 

The g values and copper nuclear hyperfine splitting 
constants measured for four-coordinate Cu(DnBDC)Z 
in methylcyclohexane solution and the extrapolated 
values for the five-coordinate adducts are given in Table 
V. The copper splitting of Cu(DnBDC)2 in methyl- 
cyclohexane was found to be temperature dependent 



KINETICS OF ADDUCT FORMATION Inorganic Chemistry, VoZ. 10, No. 2, 1971 269 

TABLE I11 
THERMODYNAMIC PARAMETERS 

Base ~ K B ~  K )  I./mol AH', kcal/mol AS', eu 

Cu( DnBDC)z. base 
Piperidine 11.0 3.9 i 0 . 1  -7.5 1 0.4 -22 i 1 
n-Hexylamine 10.6 2 . 1  zt 0.1  -7 .3  f 1.2 -23 1 2 
Pyridine 5 .2  0.4OztO.02 - 5 1 2  - 1 9 1 3  

Cu(tert-C1HoOAc)z. basec 
Pyridine 5 . 2  37.3 -7.1 zt 0.3  -17 f 1 

Cu(acac)2 - based 
Pyridine 5.2 7.4 - 6 . 0 f  1 .0  - 1 6 i  4 

a In  aqueous solution a t  25'; D. D. Perrin, "Dissociation Con- 
stants of Organic Bases in Aqueous Solution," Butterworths, 
London, 1965. A t  25'. From ref 21. d From ref 24. 

TABLE IV 
KINETIC PARAMETERS 

Base sec-1 AH*, kcal/mol AS*, eu 

Piperidine 0.37 zk 0.04 7 .4  f 1.7  5 f 3  
n-Hexylamine 1 . 3  i 0 . 1  6 . 6 1  2.0 5 1 3  
Pyridine 2 . 0  A O . 2  5 f 2  - 1 f 5  
a At 25'. 

TABLE V 
ESR PARAMETERS 

Species 

Cu( DnB DC)f 
Cu( DnBDC)p .piperidinea 
Cu(DnBDC)Z 'n-hexylaminea 
Cu(HD)z* 
Cu(I-1D)p. pyridine* 
Cu(tert-C4H oOAc)zC 
C~(tert-C4HgOAc)~. pyridinec 

8 

2.0456 1 0 .  
2.0608 f 0 .  
2.0612 i 0 .  
2.069 
2.081 
2.129 
2.155 

0002 
0005 
0007 

- a ,  G 

77.8 f 0.3 
60.8 =t 0 . 8  
5 8 . 5 1  1 .0  
89 
71 
70.0 
47.3 

a In  methylcyclohexane solution a t  25". In benzene solu- 
In  cyclohexane solution; data from tion; data from ref 19. 

ref 21. 

over the range 0-50" ; the splitting decreases in absolute 
value by 0.027 f 0.007 G/deg over this range. The g 
value, on the other hand, is nearly temperature inde- 
pendent, increasing by only 0.0004 f 0.0003 when the 
temperature is increased from 0 to 50". 

Discussion 
Aasa and coworkers15 concluded from the esr spectra 

of Cu(DDC)z in pyridine-benzene solutions that no 
specific adduct was formed in this system but that the 
effects on the esr spectrum were due to a solvent effect. 
Therefore we must first consider whether we are dealing 
with a well-defined, though short-lived, adduct of the 
metal complex with the nitrogen bases or merely with a 
loose solvate of indeterniinant structure. 

The esr parameters obtained for the presumed ad- 
ducts of Cu(DnBDC)Z are very similar to those ob- 
tained with adducts of other square-planar copper com- 
p l e x e ~ . ' ~ ~ ~ ~  The g values and copper hyperfine split- 
ings of copper(I1) bis(tert-butylacetoacetate) [Cu(tert- 
C4H90Ac)2I2l and copper(I1) dimethylglyoxime [Cu- 
(HD)2]I9 and the corresponding pyridine adducts are 
given in Table V for comparison, The splitting con- 
stant of Cu(DnBDC)% decreases by nearly the same 
amount on adduct formation as do the splittings in the 
other systems. Similarly the g values shift in the same 

way on adduct formation. The shift in line positions 
is well explained by the fast-exchange approximation, 
eq 1, which is based on a two-jump model. The equi- 
librium constants so derived follow the basicity of the 
nitrogen bases (see Table 111) in the same way as has 
been observed previously.21* 24, z6--2@ Finally and most 
conclusively, two separate resonances are seen a t  low 
temperatures, the ratios of intensities of which are en- 
tirely consistent with equilibrium constants extrapo- 
lated from higher temperatures. Thus we conclude that 
the Cu(DnBDC)2 does indeed form nitrogen base ad- 
ducts of character similar to those formed by complexes 
with oxygen ligands. 

There is evidence for the formation of six-coordinate 
bis adducts in the case of more strongly acidic complexes 
such as copper(I1) bis(trifluoroacety1acetonate) .9 Fur- 
thermore, bis adducts of square-planar nickel (11) com- 
plexes are c0mmon.~3 The esr spectrum a t  0" of Cu- 
(DnBDC)z in methylcyclohexane containing 0.101 M 
piperidine exhibited an asynimetric high-field (mI = 

line which could not be explained in terms of two 
species interconverting a t  rates consistent with the re- 
mainder of the data. This effect is only barely detectable 
in Figure 2d, which is computer drawn ; the original trace 
is more convincing. This asymmetry is almost certainly 
due to an additional monomeric copper species, perhaps 
to  a small amount of a six-coordinate adduct with split- 
ting constant intermediate between the four- and five- 
coordinate species. Attempts to confirm this inter- 
pretation were unsuccessful, however, since, a t  lower 
temperatures, where the six-coordinate species would 
have been expected to be more highly favored, the lines 
were much broader and the asymmetry could not be de- 
tected, while a t  higher temperatures, even in solutions 
containing much higher concentrations of piperidine, 
no evidence for such a species could be found. Simi- 
larly, no evidence for a six-coordinate adduct was seen 
in the cases of the other two bases studied. 

The variation of the copper hyperfine splitting of four- 
coordinate Cu(DnBDC)2 with temperature is very 
similar to that observed by Falle and L u ~ k h u r s t , ~ ~  who 
studied Cu(acac)z in liquid mesitylene and o-terphenyl 
from room temperature up to 450". They ascribed the 
variation t o  contributions of excited vibrational states 
having smaller splitting constants. This effect is most 
likely due to vibronic mixing of states having a contri- 
bution from the copper 4s orbital into the molecular 
orbital containing the odd electron. Spin density in 
the 4s orbital would be expected to make a positive con- 
tribution to  the splitting, Such admixtures have been 
proposed to  account for variations of the splittings in 
other copper complexes.17z21,45 

As shown in Table 11, the line widths of the esr spec- 
trum of four-coordinate Cu(DnBDC)z are constant a t  
higher temperatures, but increase below 20". This is 
in contrast with the results of Aasa, et aZ.,l5 who found 
somewhat narrower lines in the esr spectrum of c u -  

(43) G. N. La Mar,  Inovp. Chim. A d a ,  8, 183 (1969); R.  L. Carlin and 

(44) H. R. Falle and G. R. Luckhurst, Mol. Phys. ,  10, 587 (1966). 
(45) T. Chiang, J ,  Chem. Pkys., 48, 1814 (1968). 

A. E. Siege], Inovg. Chem., 9, 1587 (1970). 
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(DDC)2 with constant line widths from -40" to +4Oo, 
the line widths increasing both a t  higher and a t  lower 
temperatures. This effect has been i n t e r ~ r e t e d ~ ~  as 
indicating comparable contributions to the widths from 
the spin-rotation interaction and from incomplete aver- 
aging of anisotropies in the g and hyperfine tensors. 
The first contribution decreases, while the second in- 
creases, with increasing rotational correlation time. 
Since the correlation time is expected to increase with 
s / T ,  where 7 is the solution viscosity, the two effects bal- 
ance over a considerable range of temperature. How- 
ever, since the rotational correlation time depends upon 
the size of the complex, one expects that with the bulkier 
n-butyl groups the correlation time of Cu(DnBDC)s will 
be longer than that of Cu(DDC)2 a t  a given tempera- 
ture so that the minimum in the line width-temperature 
curve would be shifted to  larger line widths and to higher 
temperatures, Everything else being equal, one would 
expect this shift to be still greater for the adducts, and, 
to the extent that the TSB's  in Table I1 are meaningful, 
this expectation seems to be fulfilled. Somewhat larger 
values of T 2 ~ - l  were required to fit the n-hexylamine 
data a t  lower temperatures than in the cases of piperi- 
dine or pyridine; this may reflect the expected larger 
size of this adduct. 

Since the line widths depend upon the solution vis- 
cosity through the rotational correlation times and 
since the solution viscosities are not constant with vary- 
ing solvent composition, there is a serious problem in 
the data analysis method employed in this work. It 
was assumed that the T2.&'s mere constant a t  constant 
temperature and the Tzn's were chosen to fit all the 
data for a given base a t  a given temperature. Cnfor- 
tunately, however, without a much more thorough 
study of the line widths as functions of viscosity and 
temperature it is impossible to improve on this pro- 
cedure. Thus, the values of T 2 B  which fit the data 
represent some kind of average which best accounts for 
the variation of T 2 ~  and T 2 ~  with solution viscosity; 
this is, of course, further reason for discounting the 
significance of the values of T ~ B - ~  which are listed in 
Table 11. 

Perhaps the most noteworthy feature of the results 
given in Tables I1 and IT1 are the generally small values 
of the equilibrium constants for adduct formation. For 
comparison, results on pyridine adduct formation with 
C ~ ( a c a c ) ~ ~ ~  and Cu(fert-C4HQOAc)221 are given in Table 
111, Clearly, Cu(DnBDC)2 is substantially less acidic 
than are the copper complexes with oxygen ligands. 
This is most likely due to the more covalent character 
of the copper-sulfur bonds of the complex and conse- 
quent higher electron density on copper, Furthermore, 
the more covalent bonds would be expected to  be more 
resistant to deformation to the geometry which seems 
to be characteristic of the five-coordinate adducts-a 
square pyramid with the copper atom appreciably 
above the plane of the equatorial ligands.6>7 

( 4 6 )  W. B. Lewis and L. 0. Morgan "Paramagnetic Relaxation in 
in "Transition Metal Chemistry," Vol. 4 ,  R. L. Carlin, Ed., Solutions,' 

Dekker, S e w  York, N .  Y . ,  1968. 

BRIAN J ,  CORDEN .4ND PHILIP H. RIEGER 

In  discussing the rates of adduct dissociation in the 
VO(acac)s-base system, Walker, et n1.,28 speculated that 
the forward rate was primarily entropy limited. The 
argument was that an orientational factor was involved 
in the reaction of the base with the metal complex, 
This supposition is supported by the present data, In- 
deed, in comparing the thermodynamic and kinetic 
parameters of Tables 111 and IV, one is struck by the 
fact that the enthalpy of activation for the dissociation 
reaction is identical within experimental error with the 
overall enthalpy change for the reaction. Application 
of the law of microscopic reversibility indicates near- 
zero enthalpy of activation for the forward reaction, 
Thus the forward reaction is apparently limited in rate 
almost entirely by activation entropy, whereas the re- 
verse reaction is primarily enthalpy limited. 

A diffusion-controlled reaction is expected to have an 
enthalpy of activation on the order of 1-3 kcal/niol, 
essentially the activation energy for the diffusion pro- 
cess.47 The near-zero enthalpy of activation for the 
forward process indicated by the present data thus 
seems anomalous. On the other hand, the theory of 
diffusion-controlled reactions would not really be ex- 
pected to apply to the present case since the concentra- 
tion of base was quite high for all solutions from which 
significant data were obtained Indeed, the reaction 
partners are virtually always within a few molecular 
diameters of one another in the solutions studied. It 
would be interesting to study the c~ (DnBDC)~-base  
system a t  much lower temperatures where larger equi- 
librium constants would permit working with more di- 
lute solutions of base. Under these conditions, one 
would expect to find a nonzero enthalpy of activation 
for the forward reaction Unfortunately, the much 
larger line widths in the absence of chemical exchange 
limit the accuracy of the equilibrium constant and ad- 
duct lifetime measurements a t  lower temperatures, so 
that, with the added complication of a possible six- 
coordinate adduct a t  low temperatures, this small effect 
would probably be extremely difficult to find and prove 
conclusively. 

The application of esr line broadening to measure- 
ment of rate constants used in this work seems promis- 
ing on first thought, and the apparent success in the 
present case would seem to encourage further applica- 
tions, A word of caution is in order, however, for the 
rates found in the Cu(DnBDC)z-base system are in a 
rather narrow range of ideality. If, on the one hand, 
the rates had been much greater, the adduct lifetimes 
would have been sufficiently short that a serious attempt 
would have to be made to deal with chemical exchange 
modulation of the line width contributions from incom- 
plete rotational averaging of the g and hyperfine tensor 
a n i s o t r ~ p i e s . ~ ~  On the other hand, longer lifetime5 
would have put  all the data analysis in the intermediate 
exchange region where extraction of the rate and equi- 
librium parameters is both more tedious and less pre- 
cise. 

(47) E. F. Caldin, "Fast Reactions in Solution," Blackwell, 1984, Oxford. 
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Appendix 

The Fast-Exchange Approximation 

The Bloch equations are commonly and conveniently 
modified to take into account exchange of the unpaired 
electron between two sites, A and B, which are char- 
acterized by resonance frequencies WA and WB and trans- 
verse relaxation times TZA and TZB. The slow-passage 
solution of the modified Bloch equations is the complex 
m a g n e t i ~ a t i o n ~ ~  

G = -iyHiMoTz,o X 

1 + r(1 + i x )  - (PA - P B ) ( ~  - i A )  
r(1 + i ~ ) ~  + (1 + k ) [ l  - 

(#A - P B ) ( ~  - ;A) ]  - P A P B ( ~  - i A ) z / r  (Al) 

where x = TZ,U(U - (w)), r = r / T 2 , 0 ,  A = T(UA - 
WB), 6 = ~(TZA-'  - TzB-~),  (u) = PAUA + PBWB, Tz,o-' 
= PATzA-' + PBTzB-', and T = TATA/(TB + T B ) ;  TA, 

T B  and PA, PB are, respectively, the residence times of 
the electron on sites A and B and the fractional popu- 
lations of sites A and B. 

Equation A1 is subject to simple interpretation when 
the parameters r ,  A, and 6 are all very much less than 
unity, that is, when the average lifetime of the electron 
a t  one site is very much less than the average transverse 
relaxation time in the absence of exchange and also 
much less than the reciprocals of the difference of the 
resonance frequencies and the difference in the no-ex- 
change relaxation times. The usual procedure in de- 
riving the fast-exchange approximation is to assume a 
Lorentzian line shape and then to identify Tz with the 
intensity a t  the center of the absorption line, assumed 
to occur a t  (a) = PAUA + PBWB. In this way one ob- 
tains the usual expression for T2-'  

T2-l Tz,o-' + $ A ~ B ~ ( W A  - W B ) ~  (A2) 

As is evident from the data presented above, many 
of the spectra analyzed to obtain equilibrium and ki- 
netic parameters gave values of T large enough to be per- 
ilously close to the limits of applicability of the fast- 
exchange solution, if not already beyond those limits. 
From the method of derivation of (A2) it  is difficult 
to estimate the accuracy of the equation near the limits 
of applicability. Although it is always possible to use 
the complete solution (Al) and determine the kinetic 
parameters by fitting the experimental spectra to  com- 
puter-simulated spectra, this procedure is extremely te- 
dious and of doubtful precision. Thus it was thought 
necessary to examine the fast-exchange approximation 
more closely. 

Since one of the most experimentally obvious char- 
acteristics of the transition from fast exchange to  the 

more complex intermediate exchange region is a marked 
non-Lorentzian line shape, it would seem fruitless to 
assume a Lorentzian line shape in attempting to im- 
prove on the fast-exchange equations or even to estimate 
their accuracy. Rather, a more direct approach was 
attempted, assuming only the accuracy of the modified 
Bloch equations. 

The imaginary part v of the complex magnetization 
G, corresponding to the magnetic resonance absorption, 
may be written 

2 4 

i=o z=o 
v = YHifl/JOTz,uCvniXt/Cvd~X' (A31 

where each of the coefficients may be expressed as a 
function of the parameters r, A, and 6 

vnu = (1 + r)' -  PA - P B ) ( ~  + r)6 + 
P A P B ( ~  + r ) ( A 2  - S 2 ) / r  + (PA - PB)'(A' + 6')  + 

vn2 = r2  

V ~ O  = (1 + r)' -  PA - p d ( 1  + r )6  + 
~ P A P B ( ~  + r ) ( A 2  - 6*) / r  + (PA - P d 2 ( A 2  + 6 9  + 

~PAPB(PA - Pu)6(A2 4- a')/, + P A ' ~ ~ B ' ( A ~  + 6')'/~' 

v d i  = ~ A [ ( P A  - P B ) ~  + ~ P A P B ( ~  + 2 ~ ) 6 / r  - 
2pApB(pA - p B ) ( A z  + 6')/r1 

vd2 = (1 + 2r + 2r2)  -  PA - pd(1 + r)6 + 
(Az + 6') - 2P~pu(3A' + 62) 

vd3 = 2(pA - Pn)rA 

vd4 = r2  

Differentiating v with respect to x and setting the deriv- 
ative equal to zero, one can obtain an expression for the 
position of the maximum of the absorption curve or the 
zero crossing of the first derivative as a power series in 
the three parameters A, 6, and r .  The result, to fifth 
order, is 

(w) = (PAWA + PBWB) - P A P B T - ~ { ~ ( ~  + 3 ~ ) / ( 1  + r)' - 

(fin - P B ) ( A ~  - 6'/3)(1 + 2 r ) / ( l  + r )3  + 6(A2 - 6') X 

[#APB(3 + 10f' + 8r2)  - z(P.4 - PB)'(2 + 7r + 5r2)1/ 

(1 + rI5 + PA$B(PA - P B ) [ A ~ ( ~  + 7r 4- ByZ) - 
[ A 2 P ( 7  + 40r + 42r2) + a 4 ( l l  + 49r + 48r2)] /  

(1 + r)' - (PA - PB)'A[A~(~ + 3r) - 
2A26'(7 + 18r) + 564(1 + 3r)]/(l + T ) ~ ]  (A4) 

Differentiating again and setting the second derivative 
equal to  zero, one obtains the width between first- 
derivative extrema, This calculation, which is far 
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more tedious than the first, gives the following result, 
to fourth order, for T2,0bsd-1 = ( 4 3 / 2 )  X derivative 
width 

Tp-I = T 2 , o - I  

Each of the terms within the brackets of (A5) multiplies 
a power series in r ;  however, in the second- and third- 
order terms, the lowest power (other than zero) of r 
occurring with a nonzero coefficient is fourth order, and 
in the fourth order term, the lowest nonzero term in r T - ' p A p I 3  [ (A2 - 6') + (PA - $'B) X 

6(3a2 - + (5p~@13 - l ) ( A 4  - 66242 + Ci4)] (AS) is third order. 

Cuprous Complex of Methyldiazene 

BY MARTIS S. XCKERMAKN 

Recewed Ju ly  29, 1970 

The reactiou of methyldiazene with aqueous cuprous ck 

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, 
OBERLIN COLLEGE, OBERLIN, OHIO 44074 

Is an air-sensitive, moderately stable, diamagnetic, red- 
brown solid with the formula (CH3N=h'H)CuCl (I) .  Solu- 
bility characteristics suggest a polymeric structure, and two possibilities are discussed. The integrity of the nitrogen- 
nitrogen bond in  the cliazene is maintained both in the reaction of the compound with oxygen and in the thermal decom- 
position a t  70-72O. Methyldiazene can be recovered from the compound by dissolving i t  in a medium which coordinates 
cuprous ion. The reaction of methyldiazene with cupric ion is examined in relationship to the failure of an alternate syn- 

The electronic spectrum shows transitions a t  360 and 470 nm. 

thetic route to I .  

Introduction 
-4 number of monosubstituted diazenes (RN=NH), 

including alkyl-, aryl-,2 and alkenyldia~enes,~ are now 
known. These tnolecules are highly reactive and in- 
herently unstable, reacting with themselves via a bi- 
molecular mechanism. 1-3 Stabilization of several 
monosubstituted aryldiazenes in complexes with plati- 
num is p o s ~ i b l e . ~ ' ~  An even greater variety of com- 
plexes of deprotonated monosubstituted aryldiazenes 
Tvith p l a t i n ~ m , ~ ' ~  m o l y b d e n ~ m , ~ - ~  and 
have been prepared. One report of a platinum com- 
plex of deprotonated diazene itself has appeared,'O 
as has one report of molybdenum and tungsten com- 
plexes of a deprotonated monosubstituted alkyldia- 
zene." 

M o s t  recently Balch, et al . ,  synthesized a cuprous 
chloride complex of phenyldiazene, (C6H5N=?JH)- 
CulCld, from the reaction of phenylhydrazine with 
aqueous cupric chloride.12 This reaction parallels the 
established synthesis of the azomethane-cuprous chlo- 
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r ide yic 

ride complex ( C H ~ N = N C H ~ ) C U ~ C ~ ~ . ' ~  They did not 
obtain a methyldiazene complex when methylhydrazine 
was substituted for phenylhydrazine. This paper is a 
report of the successful synthesis of a methyldiazene- 
cuprous chloride complex through the direct reaction 
of methyldiazene with aqueous cuprous chloride. This 
is the first synthesis of a monosubstituted alkyldiazene 
complex. 

Experimental Section 
Preparation of Compounds.-Hydroxylamine-0-sulfonic acid 

was prepared as described by Smith14 and analyzed to  be 98+ % 
pure by iodometry. 

N-Methylhydroxylamine was obtained as the oxalate salt by 
hydrogenation of nitroniethane on 50i0 palladium on barium sul- 
fate catalyst (Matheson Coleman and Bell) a t  atmospheric pres- 
sure.15 Data for (CH3NH20H)2C20a follow: mp 158-160' 
(uncor), lit.15 mp 158'; neutralization equivalent: calcd, 92.1; 
found, 93.3. 

Cuprous chloride was prepared by the literature method .16 
tmns-Methy1diazene.-This substance was obtained from the 

reaction of hydroxylamine-0-sulfonic acid with N-methylhy- 
droxylamine in aqueous sodium hydroxide.'& In  a typical 
synthesis 0.37 g (3.3 mmol) of hydroxylamine-0-sulfonic acid and 
a magnetic stirring bar were placed in a flask on a vacuum line. 
This flask was connected to  a side-arm flask -die a standard taper 
arrangement. Into the side-arm flask was placed 40 ml of 1 M 
sodium hydroxide solution containing 0.51 g (5 .5  mmol of 
N-methylhydroxylamine) of N-methylhydroxylammonium oxa- 
late. After pumping for several minutes t o  remove air from the 
t w o  flasks, the side-arm flask was rotated to  add the sodium hy- 
droxide solution to the solid hydroxylamine-0-sulfonic acid which 
dissolved within a few seconds after stirring commenced. Over 
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