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metal ions of the octahedral complexes. On the other hand, 
there is no unpaired electron in the t2g orbitals of high-spin 
octahedral Cull and NiII complexes and direct n-electron spin 
delocalization could not be as important in these complexes 
as in the Fell and Coli complexes. 

Bond lengths in the metal complexes as well as the dia- 
magnetic interactions have already suggested2 that the stability 
of the complexes results mainly from strong interactions a t  
Q(4a), resulting in direct u interactions propagated to the 
NH(3) proton. However, a u-A spin polarization should occur 
mainly at N(5) since the pyrimidine moiety is very poorly 
conjugated to the rest of the isoalloxazine ring. The mech- 
anisms of spin delocalization in paramagnetic complexes do 
not reflect directly the nature of the organometallic binding 
but it can be noted that the amount of delocalized A spin is 
directly related to the stability of the complexes. 

A precise knowledge of the mechanism of spin polarization 
would require extended molecular orbital calculations for the 
whole complexes. However, PPP SCF molecular orbital 
calculations35 for the isolated isoalloxazine ligand suggest that 
the highest filled A orbital, which should be energetically 
favored for a polarization process, is a poor candidate because 
of its very small atomic coefficient at N(5) ( C N ~  = 0.002). 

The indirect mechanism and the weakness of the spin 
delocalization within the flavoquinone-metal complexes 
represent a potential barrier for partial or total electron 
transfer, presumably due to the long distance between N(5) 
and the metal ion, which may have some implications in 
biological oxidoreduction processes. 
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The rates of the ligand-exchange reactions of tetren with Cu(trien), Cu(dien), and Cu(dien)z are measured using stopped-flow 
spectrophotometry and the pH dependence of the reaction rates analyzed. The rate constants for the attack of unprotonated 
tetren on CuL are 7.47 X 104 and 1.02 X 108 M-1 sec-1 for L = trien and dien, respectively, a t  25’ and 0.1 M ionic strength. 
For the reaction of tetren with Cu(trien), a mechanism is proposed wherein one nitrogen on the incoming ligand is bonded 
prior to the rate-determining step. For the reaction of tetren with Cu(dien), the rate-determining step is the rate of water 
loss from the Cu(dien) complex. Comparisons of structural effects are made between this work and studies for the exchange 
of Cu(tren) with tetren previously conducted in this laboratory. 

Cuctrien)’‘ + tetren +. Cu(tetren)’+ + trien Introduction 
In this work the ail-polyamine ligand-exchange reactions 

of Cu(trien), Cu(dien), and Cu(dien)z with tetren have been 
investigated by stopped-flow spectrophotometry (reactions 1-3) 

Cu(dien)2+ + tetren --f Cu(tetren)z+ + dien 

Cu(dien), ’+ + tetren -+ Cu(tetren)’+ + 2dien 

and the results contrasted with those of a previous study of 
the all-polyamine ligand-exchange reactions of Cu(tren) with 

dien, trien, and tetren conducted in this laboratory9 (reactions 
4-6). 



Reactions of Copper( I1) -Polyamine  Complex Ions 

Cu(tren)” + 2dien + Cu(dien), + tren I (4) 
I(5) Cu(tren)” + trien -+ Cu(trien)zt + tren 

Cu(tren)’+ + tetren + Cu(tetren)” + tren ‘(6) 
For reactions 4-6, the  observed r a t e  of exchange  w a s  found 

to inc rease  wi th  increasing pH in the p H  reg ion  6.0-9.5 
( a t t r i bu ted  to depro tona t ion  of at tacking l igand) followed by 
a decrease in t h e  rate of exchange  of h igher  pH values  at- 
tributed to the slower l igand substi tution of Cu(0H)tren. The 
(30-100)-fold decrease in  the observed r a t e  of exchange  wi th  
C u ( O H ) t r e n +  c o m p a r e d  to Cu( t r en )*+  is though t  to be due 
to the trigonal-bipyramidal structurelo of Cu(OH)tren+. This 
s t r u c t u r e  e l imina tes  a l l  solvent molecules f r o m  t h e  inner 
coordination sphere and permits a t t ack  of the  incoming ligand 
on ly  a t  sites coord ina ted  by  hydroxide  o r  t h e  polyamine  ni- 
trogens.  The Cu(tren)2+ on the other hand is reported to have  
a c is -d iaquo oc tahedra l  structure*J1,12 possessing t w o  labi le  
inner -sphere  solvent molecules available as sites for a t t a c k  by  
the incoming  l igand.  

T h e  s tudy  of reactions 1 a n d  2 was under taken  to de termine  
the pH dependence  of t h e  ligand exchange and  to evaluate t h e  
relat ive effects d u e  to the fo rma t ions  of C u ( O H ) t r i e n +  a n d  
C u ( O H ) d i e n +  since t h e  octahedral  s t ructures  of these species* 
are expected to retain one and t w o  inner-sphere solvent 
molecules as labile sites for attack by the incoming ligand. Any 
decrease in the observed rate or exchange due  to the formation 
of these hydroxy species would therefore be  expected to be less 
d r a m a t i c .  
Experimental Section 

In all cases solutions were prepared from redistilled deionized water. 
tren was commercially obtained as a gift from Jefferson Chemical 
Co., and the gas chromatographically pure liquid (except for a small 
amount of water) was used without further purification. Commercial 
reagent grade triem2HzS04 was recrystallized by cooling a hot solution 
which had been brought to saturation by the addition of ethanol. dien 
was precipitated and recrystallized as the hydrochloride salt from a 
commercially obtained liquid.13 tetren.2.5HzS04 was prepared from 
the free polyamine and purified by the method of Reilley.14 A weighed 
amount of solid copper metal was dissolved in a minimum amount 
of reagent grade nitric acid and diluted to volume. The resulting 
solution was standardized electrogravimetrically or by potentiometric 
titration against standard EDTA using a cupric ion selective electrode. 
Weighed amounts of each ligand were dissolved in water and 
standardized by potentiometric titration with standard copper nitrate 
(tren, trien, and tetren) or titration with standard H N 0 3  (dien). The 
copper-polyamine complexes were prepared by combining stoi- 
chiometric volumes of the appropriate standard solutions or by adding 
a small excess of metal to a standard ligand solution and removing 
the excess metal by hydroxide precipitation at p H  10. Sodium 
perchlorate, sodium hydroxide, potassium hydroxide, and all other 
chemicals used were reagent grade and were used without further 
purification. Boric acid was recrystallized once from hot water 
solution. 

Absorption spectra of all complexes at 0.25-1.0 pH intervals were 
recorded on a Cary Model 14 spectrophotometer and molar ab- 
sorptivities calculated from these spectra. These values were used 
in the calculation of observed rate constants. The molar absorptivities 
of Cu(tetren) calculated from equilibrium absorbancies on the 
stopped-flow spectrophotometer were in excellent agreement with that 
measured on the Cary. Reactions were monitored with a 
Durrum-Gibson stopped-flow spectrometer. The amplified signal was 
opposed by a voltage from a mercury source so that a selected portion 
of the percent transmittance scale could be fed into a Tektronix Type 
564 storage oscilloscope which is equipped with a Type 2A63 dif- 
ferential amplifier and Type 2B67 time base, The stored image was 
photographed on Polaroid film. Reaction 1 was followed a t  310 nm 
under a variety of concentration ratios and levels with 10- and 20-fold 
excesses of tetren to give pseudo-first-order reactions. Reaction 2 
was followed a t  270 nm and reaction 3 at 280 nm using equal initial 
concentrations. For reaction 1 a borate-boric acid buffer system was 
used to control the pH. Excess attacking ligand also served to buffer 
the solution. NaC104 was used to control the ionic strength a t  a value 
of 0.1 M .  For reactions 2 and 3, borate and phosphate buffers were 
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Figure 1. Linear dependence of the observed rate constant 
kobsd = kCu(trien)tetren[ tetrenlt on excess tetren concentration. 
The plotted points correspond to the averages for reaction 
numbers Cu(trien) + tetren = 301-318 as tabulated in Table VI in 
the microfilm edition. 

used to control the pH. To determine whether the phosphate buffer 
interfered as a result of the formation of copper-phosphate complexes, 
particularly at high pH, reaction 2 was tested at pH 8.24 and 12.25 
in the presence and absence of phosphate buffer. The oscilloscope 
traces and observed rate constants were identical within the ex- 
perimental uncertainties indicating no interference. KC104 was used 
to control the ionic strength at a value of 0.10 M .  

Results 
Pseudo-first-order a n d  second-order rate cons tan ts  were  

calculated wi th  the a i d  of a n  IBM 3 6 0 / 6 5  compute r .  T h e  
react ions of t e t r en  wi th  Cu( t r i en )  a n d  Cu(d ien )  were  found  
to be  first order in polyamine  and f i rs t  o rde r  in t h e  copper  
complex (cited below). T h e  gene ra l  rate equa t ion  in t e r m s  
of total concentration of polyamine a n d  copper complex is given 
by eq 7 a n d  8. 

For react ion 1 a n d  cons t an t  p H  

d [Cu(trien)] 

dt 
r a t e  = - = kobsd [Cu(trien)lt  = 

tetreq [ t e t r en l t  [Cu(trien)lt  (7) kCu(tthI)t 

The subscript  “t” implies the total  or analytical  concent ra t ion  
of all forms of species involved. The value  of t h e  observed  
first-order rate cons t an t ,  kobsd, is l inear ly  dependen t  o n  t h e  
concent ra t ion  of f r ee  l igand (F igu re  1) .  Fo r  react ion 2 at 
cons t an t  pH 

and fo r  react ion 3 a t  cons t an t  pH 

- - d [ C ~ ( d i e n ) ~ ]  

d t  
r a t e  = - 

(9) 

T h e  reaction conditions for reactions 1-3 a r e  given in Tab le  
I. All experimental  rate constants a r e  given in Tables  V-VI11 
published in the microfilm edition of  this joumaLl5 These  da t a  
were used  t o  d r a w  the pH profiles for react ion 1 (F igu re  2) 
a n d  react ions 2 a n d  3 (F igu re  3). 

T h e  forward rate constants of reactions 1 and  2 were resolved 



2170 Inorganic Chemistry, Vol. 14, No, 9, 1975 James D. Carr and Virgil K. Olson 

7 t -  

Figure 2. Plot of the second-order rate constant 
kCu(trien)ttetrent as a function of p F .  The dashed line 
corresponds to kCu(tren)ttetrent and is included for comparison. 

Table I. Reaction Conditions for the Rate Studies of tetren with 
Cu-trien and Cu-dien Complexes at 25" and 1.1 = 0.1 

CuL complex [tetren],, M 

2.36 X 10'' 
Cu(trienlb 3.92 x 10-3 

3.92 x io - '  
3.92 x 10-3 

Cu(dien)c 1.00 x 
Cu(dien),d,e 1.00 X 

l o 4  [CUL],, 
M PH 

3.98 6.6-11.0 
1.99 6.9->14' 
1.99 6.9-1 1.3 
3.98 6.8-11.2 
0.100 6.9-12.9 
0.100 6.0-13.2 

a p > 0.1. A 310 nm. h 270 nm. h 280 nm. e [dienIt 
varied from 1 X lo" to 1 X 

into individual proton-dependent terms to fit the equation 
M as described in Table 111. 

kCULttekent[tetrenIt[CuLlt = 

kCu(OH)2 Ltetren [tetren] [ Cu(OH)* L] + 
kCU(oH)Lteken[tetren] [Cu(OH)L] + 
kCuLtetren[tetren] [CuL] + 
kCuLHteben[H(tetren)] [CuL] + 
kCUL H, tetren [HztetrenI [CULI + 
kCULH,tetren [H3tetren] [CuL] (10) 

Calculations of the resolved rate constants were performed with 
an IBM 360165 computer using a weighted regression analysis 
program.16 Only the terms of eq 10 pertinent to a given system 
were included in a reported regression analysis. Other terms 
are known from equilibrium constants or preliminary regression 
analyses to be unimportant. 

Figures 1 and 2 show that the observed second-order rate 
constants for the tetren reactions with Cu(trien) and Cu(dien) 
first increase with increasing pH (pH <lO-11) and eventually 
decrease at still higher pH (pH >11). The pH dependence 
can be expressed in terms of the various protonated tetren 
species and mixed hydroxy-copper-ligand complexes in so- 
lution. The resolved rate constants are shown in Table 11. The 
solid lines in the pH profiles (Figures 2 and 3) were computed 
using the resolved rate constants and eq 10. 

The Effect of Excess dien on Reaction 2. The pH profile 
for reaction 2 was repeated in the presence of 100-fold excess 

PH 

Figure 3. pH profile of the rate constant for tetren substitution 
of Cu(dien) at 25" and 0.10 M ionic strength. The open circles 
correspond to reaction 2 and the reaction conditions 
[Cu(dien)], = 1.00 X IO-'Mand [tetren] = 1.00 X IO" M .  The 
solid line corresponds to the best fitting line calculated from the 
resolved rate constants of reaction 2. The closed circles 
correspond to reaction 3 and the reaction conditions [Cult = 
1.00 X IO-'M, [dienlt = 1.00 X M ,  and [tetren] , = 1.00 X 

M. 
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Figure 4. Values calculated for a ~ ~ ( ~ i ~ ~ ) ~  [for all mono(diethy1- 
enetriamine) species including Cu(dien), Cu(OH)dien, and 
Cu(OH),dien and "Cu(dien)z (assumed to  exist in only one form)] 
vs. pH under the reaction conditions [Cult = 1.00 X 
[dienIt = 1.00 X lOW5M.  

dien (reaction 3) to study any effects resulting from the 
presence of free dien or the formation of the Cu(dien)z 
complex. The observed profile (Figure 3) is not dramatically 
changed from that observed in the absence of excess dien. 
Comparison of the pH profiles indicates the presence of excess 
dien speeds the rate of exchange roughly twofold at low pH 
(pH C8.5) and high pH (pH > 11) while the profiles overlap 
between pH 8.5 and 11. 

The Cu(dien)2 complex is only expected to exist in amounts 
250% in the pH region between pH 8.4 and 11.6 with the free 
dien concentration used in this study. Figure 4 is a plot of 
aCu(dien)2 vs. pH under the reaction conditions employed, 
calculated using the previously reported stability constant for 
Cu(dien)z Of log fiu(dien)Cu(dien)l 5.20,' log lf?u(dien)Cu(OH)dien 
= 4.5,s and the value for log KCu(oH)dienCu(OH)2dien = 1.2 
determined in this work. 

To verify further any rate-speeding effect of excess dien, 
a series of reactions were studied a t  p H  7.01 in the presence 
of 0-, lo-, loo-, and 1000-fold excess dien. The reaction 

M and 

Table 11. Resolved Rate Constants for Reactions 1 and 2 at 25" and p = 0.1 

Rate constant trenavc trienC dimd 

kCu(OH), Ltetren 0.778 * 0.21 
kCu(OH)Ltetren 0.51 * 0.18 17.4 * 2.0 13.4 f 0.95 
kcu'tetren 54.1 f 6.9 74.7 * 2.1 102 * 14 
kCu(oH)LHtetren [35.0 f 4.5Ib [4,680 f. 1031 [31.9 ?: 4.51 
kCuLHtetren 11.1 f 0.67 29.7 * 1.7 23.3 i: 3.4 
kCu(oH)LH2tetren I22.2 f 1.351 [11,700 i 6801 [46.0 ?: 6.81 

- 

kCuLHltetren 5.12 f 0.67 2.76 f 0.211 3.59 f 0.21 
0.04 c 0.015 0.04 * 0.010 kCuLH tetren 

a Previously reported' and included for comparison. kCu(OH)LHtetren and kCuLtetren or ~ C U ( O H ) L H , ~ ~ ~ ~ ~ ~  and kCu,LHtatren are 
alternative rate conrtants having thc same hydrogen ion concentration dependence in the rate expression making them indistinguishable to the 
regrercion analysis. c Values x 1 0 . ~ .  d Values x 
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Table 111. Second-Order Rate Constants for the tetren Reaction with Cu(dien) in the Presence of Excess dien at pH 7.01, 25’, IJ = 0.1, 
[Cu(dien)], = 1.00 X lO-’M, and [tetren], = 1.00 X M 

10 -6kCu(dien)ttetrent,b 
lo4 [dien],, M €initial Eequil A@ M-’ sec-’ 

0.0 9 34 2807 1873 0.270 
0.0 1001 2807 1896 0.272 
0.0 1001 2807 1806 0.270 

Av 0.270 
1 .oo 773 2745 1972 0.297 
1 .oo 773 2745 1972 0.291 

740 2745 2005 0.247 
Av 0.278 

10.0 1268 2745 1477 0.346 
10.0 1268 2745 1477 0.378 
10.0 1268 2745 1477 0.369 

Av 0.364 
100 3546 4846 1300 0.364 
100 3546 4846 1300 0.376 
100 3546 4846 1300 0.351 

Av 0.364 

Equilibrium calculations predict [C~(d ien) , ]~  < 2% [Cu(dien)], and [Cu(tetren)leqUil > 94% [Cu(dien)], in the presence of a h 280 nm. 
the 1000-fold excess dien. 

conditions and results are given in Table 111. The value of 
A€ used in calculating the second-order rate constant was 
calculated from the initial and equilibrium transmittance 
readings on the Polaroid pictures taken from the oscilloscope. 
The average least-squares values of the second-order rate 
constants of 2.70 X 105, 2.78 X 105, 3.64 X 105, and 3.64 X 
lo5 M-1 sec-1 for 0-, lo-,  loo-, and 1000-fold excess dien, 
respectively, show an increase in the rate constant of only 1.3 
in the presence of 100- and 1000-fold excess dien. This is not 
a dramatic change, and while the possibility exists that excess 
dien speeds the exchange reaction, it is not felt that this is 
conclusive evidence but certainly does show that excess dien 
does not slow the exchange reaction. 

It has been hypothesized that the formation of the Cu(dien)z 
complex might have significant rate-slowing effects on the 
exchange reactions as a result of the removal of labile solvent 
molecules as available sites for initial attack by the incoming 
tetren. This trend was not observed. The observed profiles 
of reactions 2 and 3 (Figure 3) overlap in the pH region where 
aCu(dien)2 is significant indicating the rate-slowing effect of a 
second complexed dien is even less than the rate-slowing effect 
caused by the formation of Cu(OH)dien+. Such a small effect 
caused by excess dien is reasonable if one of the dien ligands 
in Cu(dien)2 is labile and not fully complexed. Such a postulate 
is reasonable in light of the stability constants for Cu(dien) 
and Cu(dien)2 which have been reported as log S u C u ( d i e n )  = 
15.82 and log f@”’d’en)Cu(dien)2 = 5.20.5 This difference in the 
stability constants and comparisons of the heats of formation 
of the various polyamine complexes17 indicate the formation 
of Cu(dien)z involves the effective complexation of either four 
or five amine nitrogens. Copper’s propensity for forming 
square-planar amine complexes with weakly bound axial groups 
has been amply demonstrated with ammonia and ethylene- 
diamine.11 

Determination of the Stability Constant for Cu(0H)trien. 
The formation constant for Cu(0H)trien had previously been 
reported as log KCu(trlen)Cu(OH)trien = 3.2 at 25’ in 0.1 F 
KN03.18 In this work a potentiometric titration of 3.0 X 10-2 
F Cu(trien) with 2.5 F KOH (Figure 5) gives no indication 
of a buffer region near pH 10.8 as would be expected on the 
basis of the stability constant expression 
KC u(trien) - [Cu(OH)t rien] 

[Cu(trien)] [OH] Cu(0 H)trien - 

and the corresponding buffer equation 

YiJl , , 1 
2O 1 2 

m l  KOH 

Figure 5. Potentiometric titration of -25 ml of 3.0 X lo-’ M 
Cu(trien) with 2.5 F KOH. The end point observed at ca. 1.2 ml 
corresponds to the titration of the protons contributed by the 
trien.2H2S0, used to prepare the solution. The dashed line 
corresponds to the curve that would be expected on the basis of 
the previously reported formation constant” of 

which would imply pH -10.8 when [Cu(OH)trien] = 
[Cu(trien)]. 

F Cu(trien), prepared from stoi- 
chiometric volumes of copper nitrate and triena2H2S04 so- 
lutions, changes from light purple (pH <12) to light blue (pH 
>12). Spectra (450-700 nm) as a function of pH (pH 8-13) 
were obtained using 4.78 X F Cu(trien) prepared in the 
same way at 25’ in 0.1 F NaC104. The absorbance maximum 
decreased and shifted to longer wavelength with increasing 
pH (Amax = 0.730 at 575 nm and pH 11,0.530 at 650 nm 
and pH 13.4) with an isosbestic point observed at 640 nm. 
Figure 6 is a plot of the observed absorbance as a function of 
pH at 550 nm in a 1-cm cell. The spectrophotometric de- 
termination of *’(trien)Cu(OH)trien is based on eq 11-1 3 where 
€OM is the observed molar absorptivity, tCu(trien) and €Cu(OH)trien 
are the molar absorptivities for Cu(trien) and Cu(OH)trien, 
andfcu(trien) andfCu(0H)trien are the fractions of Cu(trien) and 
Cu(0H)trien in solution. 

kCu(trien)CU(OH)trien = 10’’’. 

The color of 3 X 

fCu(trien) +fCu(OH)tzien = 1 
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Table IV. Predicted Rate Constants (M-' sec-' ) for Possible Rate-Determining Steps 

James D. Carr and Virgil K. Olson 

I 1 111 k-N = 100 1.0 x l o 2  
I 1 I1 k-H20 = 1.2 X 10' 1.2 x 10' 
I1 0.282 IV k-N = 100 2.8 x 10 

1v 7.24 x 10-3 VI v H 2 0 = 1 . 2  x 10' 8.7 x 104 
V 4.07 x io-' VI1 k-N = 100 4.1 x 10-5 
VI 8.32 VI1 k -N  = 100 8.3 x l o 2  

111 5.13 x 10-5 IV k-H20 = 1.2 X l o 7  6.15 X 10' 

' The value of KCuCu(trien)tetren is estimated as follows for intermediates I-VI. The values of the stability constants used in these 
calculations are found in ref IC or 2: (I) K = KCucu($den) = lozo.'; (11) K = K C U ~ ~ ( ~ ~ ~ ~ ~ ) K  u(NH3)s  = 1020-1-0.55 = 1019.55; (1111 K = 
KCuC (dien) = 1015'8'' 9 (N) K = K C u C u ( d i e n ~ C u ( N H , ) 4  = 1015'81+2.15 = 10'7.96; (V) K =  K 8U c ~ ( ~ ~ ) K c ~ ( N H ~ ) ,  = 1010.73+2.98 = io"." ; (VI) 
K = ~ ~ U ~ ~ ( ~ ~ ~ ~ ) ~ C u ( d i e n ) ~ ~ ( ~ ~ ~ ~ ) ~  = 1 0 1 5 . 8 1  t s . 2 1  = 1021.oz. 

003 Oo4: 

12 13 14 
0.2 

11 
PH 

Figure 6.  Absorbance observed as a function of pH (A 550 nm, 
25.0", p = 0.10 M (NaClO,), 1-cm cell) of 4.78 X 
prepared from copper(I1) nitrate and t r ien2H2S0,  salts. 

F Cu(trien) 

Dividing eq 11 byfcu(trken) and solving for l/fCu(trlen) leads 
to eq 14. Rearrangement of eq 13 leads to eq 15. Equating 

/fCu(trien) = [fCu(Men) - fCu(OH)trienl/[EObsd - 
f ~ u ( ~ ~ ) t r i e n l  (14) 

(15) 1 /fCu(trien) = KCu(tnen)C~(OH)trien[OHl -k 1 

eq 14 and 15 and making appropriate substitutions of the 
Beer-Lambert law (where the cell path length is 1 cm) and 
water dissociation expression results in eq 16 in which Aobtd 
represents the observed absorbance at a given pH and [Cu- 
(trien)]t represents the total stoichiometric concentration of 
Cu(trien) complexes in solution. 

Aobsd = fCu(OH)tnen[Cu(trien)lt + 

(1 6)  
[fcu(t,ien)[Cu(trien)It - Aobsdl [H+I 

KCuctrien) Cu(OH)trienKw 

The formation constant was calculated from the least- 
squares slope of a straight-line plot Of Aohsd vs. (tCu(trien). 
[Cu(trien)]t - Aohsd)[H+]. The best value was found to be 
log KCu(tr'en)Cu(OH)trien, = 1.2. This value was used in eq 10 
for resolution of the independent rate constants. The formation 
of Cu(0H)trien at  pH >12 is in good agreement with the pH 
profile of the reaction and is believed to be responsible for the 
decrease in the observed rate of exchange. 

Determination of the Stability Constants for Cu(0H)dien 
and Cu(0H)zdien. The formation constant for Cu(0H)dien 
has been variously reported to have a value of log 
KCu(dlen)Cu(OH)d~en = 4.58a Or 5.178b at 25' in 0.1 F KNO3. 
This formation constant was remeasured in this work at  25' 
in 0.1 F NaC104 by potentiometric titration of 0.2 F Cu(dien) 
with 1 5  F KOH. The best value for the formation constant 

O o 3 C  0.2 11 12 13 

PH 

Figure 7. Absorbance observed as a function of pH (h 270 nm, 
25.0", P = 0.10 M (NaClO,), 1-cm cell) of 1.00 X l o e 4  F Cu(dien) 
prepared from copper(I1) nitrate and dienHC1 salts. 

was found to be log KCu(dien)Cu(OH)dien = 4.5; this value was 
used in the interpretation of tile kinetic data. 

At higher pH (> 11) spectrophotometric evidence indicated 
the formation of a second species assumed to be Cu(0H)zdien. 
Figure 7 is a plot of the observed absorbance as a function of 
pH for a 1.00 X 10-4 F Cu(dien) solution at 25' also 0.1 F 
in NaC104. The absorbances were measured using a 1-cm 
cell (A 270 nm). An equation analogous to eq 16 was used 
to calculate the formation constant. The best value was found 
to be log su(oH)dienCu(OH)2dien = 1.93. This value was used 
in eq 10 for resolution of the independent rate constants for 
reaction 2. The formation of Cu(0H)dien and Cu(0H)tdien 
is in good agreement with the observed pH profile of reaction 
2 and these species are believed to be responsible for the 
decrease in the observed rate of exchange at high pH. 
Discussion 

Reaction of tetren with Cu(trien). The resolved rate con- 
stants for displacement of trien or tren by tetren are quite 
similar, the ratios of the rate constants kcu(t"ie")tetren/ 
kCu(tren)tetren, kCU(trien)H(tetren) / kCU('Ien)H(tetren), 
kCu(trien)H2tetren/kCu(tren)H2tetren, kcu(trien)H3tetren/kcu(tren)H,tetren 
being 1.4, 2.7, 0.54, 1.0, respectively. However, the ratio 
of the rate constants kCU(OH)trientetren/kCU(OH)trentetren = 34 
is comparatively large and provides evidence supporting the 
suggestions that Cu(0H)tren has a trigonal-bipyramidal 
structure with no labile solvent (H20) molecules in the inner 
coordination sphere while Cu(0H)trien retains an octahedral 
structure with one remaining inner-sphere solvent molecule 
providing a site for more rapid attack by the incoming tetren. 

The similarity in the resolved rate constants kcu'tetren, 
kCuLHtetren, kCuLH2tetren, and kCuLH3tetren, where L = tren or 
trien, suggests that the displacement of trien by tetren can be 
submitted to the same mechanistic arguments previously 
applied in detail to the displacement of tren by trien.9 Figure 
8 shows the possible intermediates and microscopic reactions 
proposed for the displacement reactions. Table IV gives the 
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Figure 8. Possible intermediates and microscopic reactions proposed for the displacement of trien by tetren. 

predicted rate constants for possible rate-determining steps 
based on the equation 

- kCu(Men)teeen = krdsKCU(tetren)Cu(Men)teeen - 

where kc"(trien)tetren is the observed rate constant, krds is the 
rate  constant for the rate-determining step, and 
KCU(t"'en)Cu(trien)tetren is a stability constant equal to the ratio 
of the stability constants KC"Cu(trien)tetren/ kCucu(trien). Details 
regarding the mechanistic arguments have been discussed in 
ref 9 and can be applied directly by replacing Cu(tren) by 
Cu(trien) and trien by tetren. The most likely pathway to 
products is proposed to be I-II-IV-VI-VII-IX-X-XII- 
XIII-XIV (Figure 8) with water loss in step k4a assumed to 
be rate determining on the basis of comparison between 
predicted and experimentally resolved values (Table IV). The 
analogous step was determined to be rate determining in the 
displacement of tren by tetren.9 After the work with Cu(tren) 
was submitted for publication, Hunt et al.19 reported a rate 
constant for water loss from Cu(tren)2+ as kH2O = 2.5 X IO5 
sec-1 from 1 7 0  N M R  experiments. When used to calculate 
a predicted rate constant for displacement of tren by trien, this 
value gives improved agreement between predicted (4.0 X lo4 
M-1 sec-1 instead of 2.9 X 105 M-1 sec-1) and experimentally 
resolved (5.4 X 104 M-1 sec-1) rate constants. The overall 
aspects of the mechanistic arguments remain unchanged. 

The rate of water loss from Cu(trien)2+ has not been 
measured. However, Pearson and Lanier20 have measured the 
rate of the exchange reaction of Cu(en)$+ with ethylene- 
diamine as 1.8 X 106 M-1 sec-1 at 27O using N M R  line- 
broadening techniques. They attribute their exchange to the 
rate of water loss from the inner coordination sphere of the 
complex. Assuming an Eigen mechanism,zlJ2 the rate of water 
loss is estimated to be k-bO = kobsd/KOs = 1.8 X 106 M-1 
sec-l/0.15 M-1 = 1.2 x 107 sec-1. Since Cu(en)22+ and 
Cu(trien)2+ are expected to have similar square-planar 
structures, this value is used in calculating the predicted rate 
constant in Table IV. The predicted rate constant (8.7 X lo4 

M-1 sec-I) for step IV to VI agrees closely with the resolved 
value (7.5 X 104 M-1 sec-1). Thus the rate of water loss from 
IV is the probable rate-determining step. It is probable that 
the rate of water loss from species IV ( h a )  is not the same 
as from the parent complex (species I) but this assumption 
seems to be the best approximation available. (An alternative 
would be to assume that the rate of water loss from Cu- 
(tren)tetren equals that from Cu(trien)tetren.) 

Reactions of tetren with Cu(dien)2+ and Cu(dien)22+. The 
displacement of dien by tetren was found to be about 1000 
times faster than displacement of trien, the ratios of the rate 
constants kCu(OH)dientetren/kCu(OH)2(dien)tetren, kCu(dien)tetren/ 
kcu(trien)tetren, kCu(dien)Ht,tren/kCU(trien)Htetren, and 
kC'(dien)H2tetren/kCU(t'ien)H2tetren being 770, 1365, 784, and 1300, 
respectively. The relative effect on the rate due to the Cu- 
(dien)2+ e Cu(OH)dien+ or the tetren 3 Htetren+ equi- 
librium is comparable to analogous equilibria of other systems. 
The ratios of the rate constants kC'(t'i")tetren/kC'(OH)t'ientetren 
and kCu(dien)tetren/kCu(OH)d'entetren are 4.3 and 7.6, respectively, 

and kCu(dien)tetren/kcu(dien)Htetren are 2.5, 4.9,9 and 4.4, re- 
spectively. These similarities in relative rate constants imply 
that the change in structure upon the conversion of Cu(dien) 
to Cu(0H)dien is similar to that for conversion of Cu(trien) 
to Cu(0H)trien but quite different from the conversion of 
Cu(tren) to Cu(0H)tren. Also, the effect of singly protonating 
the incoming tetren is the same for all species investigated. 

The Cu(OH)dien+ Cu(0H)zdien equilibrium proposed 
from observations in this work is found to have an additional, 
more significant rate-slowing effect such that  
kCu(OH)dientetren/kCu(OH)2dientetren = 17. The overall effect of 
the Cu(dien)2+ Cu(OH);?dien equilibrium is comparable 
to that of the Cu(tren)2+ e Cu(OH)tren+ system, the ratios 

being 130 and 110, respectively. In both cases, two labile 
solvent sites are made unavailable to the incoming tetren by 
the formation of the hydroxy mixed complex. The additional 
implication is that Cu(OH)2dien is a pentacoordinate trigonal 
bipyramid similar in structure to Cu(0H)tren. Since the tetren 
is uncharged, electrostatic differences due to changes in charge 
of the complex are not important and the 100-fold rate constant 

and kCu(trien)tetren/kCu(trien)Htetren, kCu(t'en)tetren/kCu(tren)Htetren, 

kCu(dien)tet,,/kCu(0H),dientetren and kcu(tren)t,tren/kcu(OH)trentetren 



2174 Inorganic Chemistry, Vol. 14, No. 9, 1975 

decrease must be due to the less rapid loss of hydroxide or 
chelated nitrogen from the copper complex. 

The rate of attack of Hztetren on C ~ ( H 2 0 ) 6 ~ +  has been 
measured23 to be 4.2 X 107 M-1 sec-1 and the value found for 
kCu(dlen)HZtetren = 3.6 X 106 M-1 sec-1 is only 1 order of 
magnitude slower. Since Cu(dien) has only two axial and one 
equatorial inner-sphere water molecules and also would be 
expected to be less affected than C ~ ( H 2 0 ) 6 ~ +  by the ICB 
mechanism due to the decreased acidity of its coordinated water 
molecules, our conclusion is that polyamine substitution can 
begin on Cu(dien) without rupture of a copper-nitrogen 
coordinate bond. The rate-determining step then is the loss 
of the first water molecule from Cu(dien)2+. 

The rate of attack of unprotonated tetren on both aquo- 
copper and Cu(dien)2+ can be expected to be enhanced by the 
internal conjugate base (ICB) mechanism as described by 
Rorabacher.22 This effect should be smaller for Cu(dien) 
however due to the lesser acidity of its coordinated water 
molecules compared to C ~ ( H 2 0 ) 6 ~ + .  If the rate of water loss 
calculated for Cu(en)22+ is used (1.2 X 107 sec-l)2o and the 
ICB mechanism is assumed to enhance the rate of water loss 
from Cu(dien)2+ by a factor of 100, the rate predicted for the 
attack of tetren on Cu(dien)2+ is given by kCu(dien)tetren = 
~ I C B ~ - H Z O K O S  = (100)(1.2 X lo7 sec-1)(0.15 M-1) = 1.8 X 108 
M-1 sec-1, a value in good agreement with the resolved value 
of 1.02 X 108 M-1 sec-1 and differing from kCUtetren only by 
the extent to which the ICB mechanism differs for the two 
species. (The exchange of Cu(en)22+ with ethylenediamine 
is not expected to undergo ICB enhancement since log 
KCU(en)zCu(OH)(en)2 is expected to be comparable to log 
KCu(tr’en)Cu(OH)trien = 1.2, too small to partake effectively in 
hydrogen bonding to a noncoordinated tetren molecule.) 

The rate-determining step in the displacement of dien by 
unprotonated tetren is proposed to be the ICB-enhanced rate 
of water loss from the Cu(dien)2+ complex. In comparison, 
the rate-determining step for displacement of trien or ;ren from 
copper by tetren appears to be the rate of water loss after the 
leaving ligand has freed one nitrogen to form a dien-like 
tridentate configuration. 

N o  significant difference in the rate of attack of tetren on 
Cu(dien)*+ or Cu(dien)$+ could be observed. This is in sharp 
contrast to the rate-slowing effects observed when a second 
dien molecule is complexed with Ni(dien)*+.24 On the basis 
of such observations and the evidence cited earlier, one of the 
dien molecules in Cu(dien)$+ might well be expected to behave 
more like ammonia (monodentate) or ethylenediamine (bi- 
dentate) and be similar in configuration and/or dissociative 
behavior, For comparison, Pearson and Lanierzo reported the 
exchange limits for Cu(NH3)42+ with ammonia and for 
Cu(NH3) j 2 +  with ammonia to be 11 .9  X I O 7  M-1 sec-1 and 
>5.7  X 106 sec-1, respectively, a t  27’. 

tetren, 1 12-57-2; Cu(trien)*+, 54468-55-2; Cu- 
(dien)2+, 55528-7 1-7; Cu(dien)z*+, 55493-55-5; Cu(OH)trien+, 
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