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Abstract 

Copper(I) bromide dissolves in deoxygenated methylene chloride and nitrobenzene solutions of equimolar N,N’- 
diethylethylenediamine (DEED) to give the colorless copper(I) dimer [(DEED)CuBr], (D). Dioxygen uptake, 
analytical, cryoscopic, spectral and kinetic data show that D is oxidized to the blue tetranuclear mixed valence 
peroxocomplex [(DEED)CuBr],O, (A) at temperatures from -51 to 30 “C. The rate law is d[A]/dt=kn,[O,][D]’ 
with activation parameters AH&= - 1.8kO.4 kcal mol-’ and AS&_= - 38 f-5 cal deg-r mol-’ at 25 “C. These 
parameters resemble those for third-order oxidation of the copper(I) dimer [(TEED)CuCl], (T-tiED is N, N, N’, N’- 
tetraethylethylenediamine) to the peroxocopper product [(TEED)CuC1],02 at low temperatures. They are completely 
different from those for direct, third-order oxidation of [LCuX], dimers to the oxocopper(I1) products [LCuX]20 
at ambient temperatures because of slow transfer of the third electron from copper(I) to O2 in ambient 
[(DEED)CuBr],/02 and low temperature [(TEED)CuCl],/O, reactions. As observed in the [(TEED)CUC~]~/O~ 
system, primary product A relaxes to a different tetranuclear copper complex B, with A thermodynamically favored 
at higher temperatures up to - 17 “C. First-order decomposition of A to give 2 mol of the oxocopper(I1) product 
[(DEED)CuBr],O (C) has an exceptionally long half-life of 3.21f: 0.1 h at 25 “C. The resistance of A to intramolecular 
copper(I) -+ peroxide electron transfer with L = DEED and X = Br is attributed to (i) hydrogen bonding between 
the N-H groups of DEED and bound peroxide and (ii) stabilization of copper(I) by Br. 
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Introduction 

Copper(I) prefers two- and four-coordination in the 
solid state [l] but its d” configuration and relatively 
low effective nuclear charge lead to wide, ligand-de- 
pendent variations in its solution properties, reactivity 
and reaction mechanisms. 

Cu,, + destroys itself unless deliberately destroyed, 
eqns. (1) and (2) [2]. It is so stabilized by r-acid 
acetonitrile (AN) that copper(I1) in solvent AN is 
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2cua, + - cuaq2 + + cue (1) 
cua, + + (NH3)&oFaq2+ + 5H,,+ - 

Cuaq2+ +5NH,+ +Co,$+ +Fag- (2) 

strongly oxidizing [3]. Air-stability of labile [(AN),Cu]A 
complexes (A=BF,-, PF,-, etc.) makes them con- 
venient sources of aminecopper complexes [4-111 
but the kinetics of aqueous copper(I)-0, reactions in 
the presence of monodentate amines [4] and AN [5] 
are complicated by competing equilibria. In aprotic 
solvents, copper(I) oxidizability with 0, strongly de- 
pends on the ligand and molar ligand/copper(I) ratio 

v-f% 
Copper(I)/O, reactions play key roles in many copper- 

catalyzed processes. Work by Karlin and co-workers 
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[7] and Kitajima et al. [8] simulates biochemical cop- 
per(I)-dioxygen reactions. Careful choice of polydentate 
ligands P limits the number of electrons transferred to 
0, and gives the soluble products [PCu],O,‘+ with 
different arrangements of bridging peroxide that can 
be distinguished structurally [7, 81, kinetically [9] and 
chemically [lo, 111. These peroxocopper complexes 
survive in aprotic solvents near -80 “C but rapidly 
decompose at higher temperatures. Factors that limit 
the number of electrons transferred to O2 and stabilize 
peroxocopper complexes need to be established so that 
copper-catalyzed oxidation mechanisms can be under- 
stood [7-9, 121. 

Copper(I) halides are also convenient sources of 
copper(I). Their monodentate amine complexes may 
be monomers, dimers, tetramers or polymers in the 
solid state [l] but the nuclearity (monomer, dimer or 
tetramer) in aprotic solvents can be controlled by choice 
of experimental conditions [13]. Copper(I) halides have 
a high affinity for polyamines. The diamine complexes 
are halo-bridged LCu(X, X)CuL dimers with Cu.. . Cu 
distances from 2.56 to 2.73 A [14]. 

Most halo(amine)copper(I) complexes are air-sen- 
sitive*. Our work addresses the mechanisms of important 
industrial reactions [17] that are homogeneously cat- 
alyzed by their reactions with 0, in aprotic solvents, 
eqns. (3) and (4) [12, 13, 15, 16, l&20], where the 
ligands are N,iV,N’,N’-tetraalkyldiamines (L) [12, 
20-231 or monodentate pyridines (N) [13, 15, 18, 191 
and X is Cl or Br. The state of oxygen in the 

2[LCuX]z + 0, - 2[LCuX],O (3) 

[NCuX], + 0, - [NCuX],O, (4) 
products is of very special interest. Reactions (3) give 
neutral, green ~-0x0 dimers with absorption maxima 
near 700 nm [21-231, while the products with ligands 
N (eqn. (4)) are neutral, brown oxo(halo)- 
pyridinecopper(I1) tetramers with characteristic split 
absorption maxima in the 750-850 nm region [13, 18, 
191. The 0x0 group dispositions in [NCuX],O, depend 
on N [13, 15, 18, 191. This disposition determines their 
proton basicity, which is an important factor in copper- 
catalyzed oxidations of protic substrates such as phenols 
[4-13, 16-241. 

The nuclearities of [LCuX], and [NCuX], determine 
their ambient oxidation rate laws because of the strong 
thermodynamic tendency for total 0, reduction to give 
oxocopper(I1) products [13, 15, 18-231. Oxidations of 
dimers [LCuX], (X = Cl, Br) characteristically are third- 
order, eqn. (5) [22], while tetramers [NCuX], are ox- 

*Exceptions include [NCuI], (N=py and N,N-dlethylnicotm- 
amide) [15] and complexes of copper(I) halides with N,N,N’,N’- 
tetrabenzylethylenediamine and 2-(2-(dimethylamino)ethyl)- 
pyrldme [l, 161. 

idized with second-order rate law (6) [13, 18, 191. The 
slowest step in (3) is assembly of the activated complex 

d[[LCuX],0]ldt=~,[0,][[LCuX],]2 (5) 

d[[NCuXlD,ll~ = MWWuW,l 

from two [LCuX], dimers and one 0, [22, 231, while 
reactions (4) depend on slow penetration of the X, 
cores of [NCuX], by 0, [13, 18, 191. 

The transfer of four electrons from copper(I) to 
oxygen is so fast at ambient temperatures that no 
intermediate oxidation states have been detected in 
either case. However, work with dimeric copper(I) 
reductant [(TEED)CuCl], (D: L= TEED is N,N,N’,N’- 
tetraethylethylenediamine) demonstrates that neutral 
[LCuX],/O, reactions proceed via identifiable peroxo 
complexes at low temperatures [23]. Scheme 1 sum- 
marizes the results. Oxidation of D is third-order at 
ambient (eqn. (5) X = Cl) or lower temperatures (eqn. 
(7)) but third-order rate constants k, and k,, have 

d[AW =hx_PzIIWuW~lz (7) 

very different activation parameters because they refer 
to different rate-determining steps. There is no evidence 
for significant concentrations of species A’ in Scheme 
1 from one-electron transfer at -80 “C. The primary 
peroxocopper product [(TEED)CuCl],O, (A) has higher 
nuclearity than [PCU],O,~’ complexes [g-11] evidently 
because of the need to transfer two electrons to 0, 
from separate dimers D with short Cu.. . Cu separations 

P41. 
Peroxocomplexes A and B (Scheme 1) exist in slow 

equilibrium in the temperature range - 78 to - 50 “C. 
Conversion of A to B is exothermic and species A 
predominates at higher temperatures. However, A is 
irreversibly converted to the oxocopper(I1) dimer 
[(TEED)CuCl],O (C) with a half-life of 25 s at -35 
“C in reaction (8) [23]. 

A- 2C (8) 

We see that the product [(TEED)CuCl],O, survives 
at low temperatures because of kinetic requirements 
for intramolecular transfer of the third electron to break 
the O-O bond in A and B. The most important con- 
clusion [23] is that chloride and the hard, fully alkylated 
diamine ligand TEED do not stabilize neutral per- 
oxocopper complexes A and B at ambient temperatures. 

The present work explores factors that increase this 
stability. We report that changing the halide from 
chloride to bromide and the amine ligand L from TEED 
to NJ’-diethylethylenediamine (DEED) gives analo- 
gous peroxocopper complexes A and B (Scheme 1) but 
with a half-life for reaction (8) of 3.2kO.l h at 21 “C 
in methylene chloride. The special stability of A is 
attributed to (i) hydrogen-bonding between the N-H 
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groups of DEED and bound peroxide and (ii) stabi- 
lization of copper(I) in A and B by Br. 

Experimental 

Ma teriak; 
Copper(I) bromide was made from CuBr, by the 

literature method [25]. N,N’-Diethylethylenediamine 
(DEED, Aldrich) was vacuum distilled immediately 
before use. 1802 (98% isotopic purity) was purchased 
from Icon Services, Inc. and used as received. All other 
reagents and solvents were reagent grade or were 
purified in our laboratories by established methods [13]. 
Elemental analyses were performed by Desert Analytics, 
Tucson, AZ. 

Synthesis of [(DEED)CuBr], (D), [(DEED)CuBr],]O, 
(A), [(DEED)CuBr],O (C) and [(DEED)CuBr],CO, 

(E) 
In a typical experiment, DEED (10 mmol) was dis- 

solved in anhydrous methylene chloride (100 ml) under 
N, at -80 “C. CuBr (10 mmol) was then added and 
the mixture was stirred under N, until a colorless 
solution was obtained. Attempted isolation of product 

[(DEED)CuBrl, (D) g ave a colorless solid that was too 
air-sensitive to give reproducible analytical data. How- 
ever, cryoscopic measurements on product solutions in 
nitrobenzene at 5 “C [13a] indicated the formation of 
dimer [(DEED)CuBr], (D) (see Table 1). 

Treatment of D in methylene chloride at -50 or 25 
“C with excess 0, resulted in rapid formation of a blue 
solution whose electronic spectrum varied little with 
temperature (small variations are due to A@ B equi- 
libration, eqn. (19), see below). Vacuum evaporation 
of the methylene chloride solvent gave the blue-green 
solid [(DEED)CuBr],O, (A, Table 1). Attempted crys- 
tallization of A with a variety of room and low-tem- 
perature techniques was unsuccessful because of its 
slow decomposition to C, eqn. (8). Dioxygen uptake 
measurements on solutions of D in nitrobenzene at 25 
“C with a standard Warburg apparatus indicated the 
stoichiometry of eqn. (9). 

2D + 0, --+ [(DEED)CuBr],O, (A) (9) 

The oxocopper(I1) dimer [(DEED)CuBr],O (C) was 
obtained by allowing solutions of A in methylene chloride 
to stand for 24 h at room temperature, eqn. (8). 
Manometric measurements on solutions of C in nitro- 
benzene at 25 “C confirmed that coordinated DEED 
is not oxidized at a significant rate in reactions (8) or 
(9). Evaporation of the solvent from reaction (8) in 
methylene chloride gave pure samples of solid complex 
C (Table 1). 

The carbonatocopper(I1) dimer [(DEED)CuBr]JO, 
(E) was obtained (i) by allowing a carbon dioxide- 
saturated solution of A in methylene chloride to de- 
compose at room temperature, eqn. (lo), or (ii) by 
treating a solution of fully formed C in methylene 
chloride with excess CO, at 25 “C, eqn. (11). Vacuum 
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evaporation of the solvent gave pure solid samples of 
E from either procedure. 

A + 2C0, - 2[(DEED)CuBr],CO, (E) (10) 

C+CO,- E (11) 

Analytical, cryoscopic, molecular weight and spectral 
data for D, A, C and E are given in Table 1. 

Chemical identification of peroxide in A 
Two test solutions were used for the qualitative 

identification of peroxide in product A. The first (F, 
100 ml) consisted of a saturated solution of KI in 
methylene chloride containing 10 mmol of HBF, - Et,O. 
The second (G) consisted of 100 mg t-butylammonium 
iodide and 10 mm01 HBF,+Et,O in 100 ml methylene 
chloride. Tests were conducted with as-prepared or 
deoxygenated F or G at room temperature. 

Additions of freshly made solutions of A, freshly 
isolated solid A, H,O, or I, to F or G gave the distinct 
pink color of I,, but additions of solid or solution 
samples of C or E gave a brown color. Randomly chosen 
colleagues were easily able to distinguish C and E from 
blind samples containing peroxide. 

The peroxide content of A was determined as follows. 
A solution of 0.3125 mm01 of freshly prepared A in 
methylene chloride (10 ml) was treated with 2 ml of 
HBF,.Et,O and excess peroxide-free diethyl ether. The 
precipitated solid was removed by centrifugation, the 
ether layer was shaken with 5.0 g anhydrous Kl and 
the mixture was centrifuged. Titration of the separated 
supematant to a colorless endpoint required 22.0 ml 
of 0.030 M aqueous Na,$O,. A control experiment 
with 0.3125 mm01 of oxocopper(I1) complex [NCuCl],O, 
(N =N,N-diethylnicotinamide [13a]) instead of A re- 
quired 4.5 ml of the Na,S,O, solution to discharge the 
yellow color. The peroxide content of the sample of 

A is thus 0.26 mmol, which is 83% of the expected 
value. The discrepancy is due to partial decomposition 
of A during sample workup. 

These experiments identify A as a peroxocopper 
complex through reaction (12). 

[(DEED)CuBrLO, + 21- + 4H’ - 

2H,O + I, + other products (12) 

Physical measurements 
The molecular weights of D, A, C and E were 

determined by cryoscopy in nitrobenzene (f.p. 5.00 “C; 
K,=7.00 “C/m) [13a]. Electronic spectra of reactants 
and products in methylene chloride or nitrobenzene 
were measured under N, with Perkin-Elmer Lambda 
4B and Beckman DK-1A spectrophotometers in 
matched quartz cells at room temperature. IR spectra 
of solid products (KBr disk) and their solutions in 
methylene chloride (NaCl plates) were obtained with 
Perkin-Elmer model 567 and Mattson FTIR model 4200 
Galaxy Series spectrometers. EPR spectra of solid 
products and their 1.0 mM solutions in methylene 
chloride were recorded at 100 kHz and 6.28 G mod- 
ulation amplitude on a Bruker Electrospin model ESP 
300 spectrometer. Incident power was 100 mW. Res- 
onance conditions were found at c. 9.39 GHz (X-band) 
at room temperature and 130 K. A number of instru- 
ments and experimental conditions were employed in 
attempts at Raman spectroscopic identification of per- 
oxide in A (de infra). 

Kinetic measurements 
The reaction of [(DEED)CuBr], (D) with 0, in 

methylene chloride proceeds in three distinct and easily 
resolvable steps. The kinetics of the first step (eqn. 
(9)) and the second step (eqn. (19)) were monitored 

TABLE 1. Analytical, cryoscopic molecular weight and electronic spectral data for complexes D, A, C and E 

Label Complex Anal.“, b (%) M,’ A,, (nm) 
(q,,,(M-r ~m-‘))~ 

C H N CU Br 

D [(DEED)CuBrlZ 515f30 -= 

(535) 

A [(DEED)CuBr]402 26.5 5.8 9.9 23.6 29.5 1190*30 650(170)’ 
(26.9) (6.0) (IO 5) (23.1) (29.0) (1102) 380(sh, 390) 

C [(DEED)CuBr],O 26.4 23.0 29.5 560+20 660(210) 
(26.9) (ZI) (1:::) (23.1) (29.0) (551) 380(sh, 480) 

E [(DEED)CuBrlZC03 26.4 
(2::) (Z::) 

23.9 27.0 580 f 20 650(140) 
(26.9) (23.1) (27.6) (595) 

“Calculated values in parentheses. bSolid complex D is too air-sensitive to give reproducible elemental analytical data. ‘Measured 
in nitrobenzene at the 3-5X10-’ molal level [13a]. dIn methylene chloride at 25 “C. “No spectral features in the region 350- 
900 nm. fSince A is postulated to contain two formal copper(B) centers (Scheme 1) and D has negligrble absorption in this region, 
the absorptivity per copper(B) center in A is 85 (g atom Cu’r))’ cm-‘. 
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at 600 nm in the temperature range -51.0 to 30.0 “C 
in a DEC PRO380 computer-assisted Hi-Tech SFL41 
stopped-flow spectrophotometer. The concentration 
ranges employed were [D] =2.91-17.5 mM, with 
[O&= 0.22-0.44 mM. Reactant D was always present 
in sufficient excess to favor total 0, reduction under 
pseudo-first-order conditions. Respective observed 
pseudo-first-order rate constants k,,,( 1) and k,,,(2) were 
obtained from the slopes of plots of ln~_ -A,] versus 
time, where A, is the absorbance at time t. 

Rate constants k,,,(3) for the last reaction step (eqn. 
(8)) were obtained by conventional spectrophotometry 
at 450 nm in the temperature range 10.0-26.0 “C with 
[A],,= 0.88-1.84 mM in the absence and presence of 

0,. 
Each run was repeated at least three times under 

fixed experimental conditions. The maximum error in 
a given rate constant is *5%. 

Results and discussion 

General observations 
Dioxygen is a four-electron oxidant; each halo- 

(amine)copper(I) center is a one-electron reductant [l, 
13, 18-20, 22, 231. However, monomers py,CuX [13] 
and py,CuCl [26] (py = pyridine) are not oxidized to 
detectable superoxocopper(I1) complexes in aprotic sol- 
vents because the latter are very rapidly reduced by 
excess copper(I) at ambient temperatures, eqn. (13) 
[13a]. The reactions are exothermic with large driving 
forces because of the formation of strong oxo- 

4py,cux + 0, - [PYCuXl,O, + 4(m - l)PY (13) 

copper(I1) bonds in the ultimate products [pyCuX],O,. 
Rate law (14) for reactions (13) was the first clue that 
the crucial step is transfer of the third electron from 

d[[pyCuXl,O,ll~ = kdOzl[~~mCuXl~ (14) 

copper(I) to 0, to break its O-O bond [13a]. We can 
now understand rate laws (5) and (6) for reactions (3) 
and (4), respectively: more than three electrons are 
available in the activated complex for reaction (3), the 
reactant in eqn. (4) is a four-electron reductant and 
there are no significant kinetic barriers to total 0, 
reduction by copper(I) at ambient temperatures. 

The thermal stability of peroxocopper complexes 
depends on several factors [12]. If the copper(I) center 
is a cation with several monodentate amine ligands [6, 
71 or carries a bulky polydentate amine ligand P [6-lo], 
then the primary peroxoproduct of eqn. (15) can result 
from a large equilibrium constant and a stoichiometry 
A[product]/A[O,] = 1.0. However,! reversibility of reac- 
tions (15) has been demonstrated in several systems 
[9-111. As in any other metal-ligand interaction, the 

positive charge of [PCu],O,‘+ helps to bind peroxide. 
This leaves little excess reductant for reaction (16), 
which in any event is slower than (15) at low temperature. 
The alternative is when reaction (15) is not strongly 
favored but reaction (16) is still slow because the 
reactants are bulky cations [7-121. 

2PCu+ + 0, _ [PCu],O,‘+ fast (15) 

[Pcu],o,z+ + 2PCu’ - oxocopper products (16) 

Neutral halo(diamine)copper(I) dimers [LCuX], with 
weak T-acceptor ligands L and X resort to other means 
of stabilizing coordinated peroxide because of their 
short Cu...Cu separations [14]. Two [LCuX], dimers 
are used for this purpose (Scheme 1) [23]. The resulting 
assemblies A or B have the four electrons needed to 
completely reduce O2 to oxide but they sometimes 
survive at low temperatures because of a kinetic barrier 
for transfer of the third electron to 0, [12]. This barrier 
(estimated at 25 kcal mol-’ when L is TEED and X 
is Cl in D) [23] separates A from ultimate oxocopper(I1) 
dimer C, which contains stronger copperoxygen bonds 
than A or B (Scheme 1). Greater Cu-0 bond strength 
provides the driving force for the overall reaction. 

Given that peroxo complexes A and B (L=TEED, 
X=Cl) are stable enough to be characterized at tem- 
peratures below c. -40 “C, we asked ourselves what 
ligand modifications might increase their stability. We 
knew that bromide and iodide are better stabilizers of 
copper(I) than chloride [20, 27]*. We also knew that 
coordinated peroxide and oxide are basic and may be 
stabilized by hydrogen bonding with the ligand [28]. 
We hesitated to use DEED as the ligand because 
replacement of some of the N-ethyl groups in TEED 
with N-H might lead to ligand oxidation [16, 22, 291. 
These fears were dispelled by establishment of the 
stoichiometry of reaction (9) by dioxygen uptake mea- 
surements and by the observation that CO, does not 
insert into the N-H groups of coordinated DEED in 
reactions (10) and (11). 

Products of oxidation of [(DEED)CuBr], by dioxygen 
The data in Table 1 indicate that, like other neutral 

halo(N-alkyldiamine)copper(I) complexes [12, 14, 
20-23, 291, the title reductant exists as discrete dimers 
in aprotic solution. Copper(I) chloride forms cubane 
tetramers [pyZCuC1], and [(ENCA),CuCl], (ENCA is 
ethylnicotinate) that contain five-coordinate copper(I). 
These tetramers readily dissociate to dimers [py2CuCl], 
and [(ENCA),CuCl], containing four-coordinate cop- 
per(1) at low or moderate total CuCl concentrations 
[13a]. Tetramers [LCuX], (L=diamine, X = Cl, Br or 

*Unfortunately, dimer [(DEED)CuI], is not sufficiently soluble 
in methylene chloride to allow a detailed study of the kinetics 
of its reactions with Oz. 
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I) with a cubane [15] core structure would contain five- 
coordinate copper(I), which is rare even in the solid 
state [l]. We know of no evidence for the existence 
of [LCUX]~ tetramers. Dimers [LCuX], dissociate to 
monomers LCuX in coordinating solvents like AN[14]. 

The stoichiometry of oxidation of [(DEED)CuBr], 
by dioxygen to give A is A[[(DEED)CuBr],]/A[O,] 
= 2.0+0.1, eqn. (9). However, because of the low rate 
of reaction (8) we can isolate peroxo product A (Scheme 
1) as a solid. The data in Table 1 indicate that A is 
a tetranuclear complex with the same elemental analysis 
as its ultimate decomposition product [(DEED)CuBr],O 
(C) from eqn. (8). The data also indicate that A and 
C react with excess CO, to give the dimeric carbonato 
derivative [(DEED)CuBr],CO, (E) in reactions (10) 
and (11). 

Electronic spectra of D, A, C and E 
Copper(I) complex D has very low absorptivity and 

no spectral features in the 350-900 nm region. Its 
oxidation products A, C and E have broad d-d bands 
at 650-660 nm and absorption minima at 480-520 nm 
(Fig. 1). These d-d spectra resemble those of other 
well-characterized dimeric [LCuX],Y complexes (Y = 0 
or CO,) [12, 20-231 and indicate that the copper(I1) 
centers of the oxidation products carry less than three 
bromo ligands [30]. This eliminates the possibility that 
A are oxocopper(I1) tetramers produced directly in 
reactions (4) [30]. The molar absorptivities of A, C and 
E are larger with DEED, Br ligands than with TEED, 
Cl ligands [21, 231. 

The spectra of A and C exhibit broad shoulders near 
380 nm. Spectral shoulders at about the same wavelength 
for A (L = TEED, X = Cl) [23], A (L= DEED, X = Br) 
and oxocomplex [(TEED)CuBr],O (C) might be taken 
to indicate that A are tetranuclear oxocopper(I1) com- 
plexes [LCuX],O, like those formed in reactions (4) 
with monodentate pyridine ligands [13-151. However, 
(i) the latter have characteristic d-d electronic spectra 
with broad overlapping bands at 775 and 850 nm due 
to coordination of three halide ligands per copper(I1) 
center [30] and differ markedly from those in Fig. 1; 
(ii) copper(I1) coordination number five is commonly 
observed in tetranuclear oxo(pyridine)copper(II) com- 
plexes; (iii) we know of no evidence for six-coordinate 
copper(I1) centers in tetranuclear structures with only 
amine, halo and 0x0 ligands on copper; (iv) complexes 
A (L = TEED, X = Cl [23] and L= DEED, X = Br (this 
work)) contain peroxo ligands; (v) the characteristics 
of relaxation reaction (19) are not consistent with 
conversion of 0x0 complexes [LCuX],O, to tetranuclear 
0x0 species containing copper(I1) centers with lower 
coordination numbers, which would be irreversible [13a]; 
and (vi) we know of no evidence for the existence of 
tetranuclear complexes [LCuX],Y, (L = diamine, X = Cl, 
Br, I; Y =O, CO,). 

Infrared spectra 
IR spectra of DEED and products D, A, C and E 

were obtained for the solids and their solutions in 
methylene chloride. Differences were found in the 
1300-1700 cm-’ region, which is characteristic of N-H 
bending in the DEED ligand [31]. Figure 2 shows that 

I I I I 

400 500 600 700 800 

WAVELENGTH, nm 

Fig. 1. Electromc spectra of A (O), C (A) and E (0) m methylene chloride at 25 “C. 
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Fig. 2. IR spectra of neat (a) DEED; (b) D, (c) C; (d) A; 

(e) E. 

coordination of DEED to copper(I) in D has little 
effect on its IR spectrum in this region. However, 
coordination of DEED in A causes distinct changes 
that are also apparent for C and E. The broad peak 
for D becomes a resolved doublet at 1615, 1540 cm-l 
in A but sharp singlets at 1600 and 1550 cm-l, re- 
spectively, are observed in C and E. The simplest 
explanation for these differences is that the N-H groups 
of DEED are involved in hydrogen bonding with the 
peroxo group of A and with the 0x0 and carbonato 
groups of C and E, respectively. 

EPR spectra 
The EPR spectra of oxidation products A, C and E 

are summarized in Table 2. EPR activity indicates that 
A, C and E are paramagnetic, as observed in the 
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TABLE 2. EPR spectral data for complexes A, C and E 

Complex State Temp.” All glr g1 &> 

A C 130 180 2.27 2.03 2.11 
C 300 160 2.26 2.04 2.11 

C C 130 150 2.21 2.05 2.12 
C 300 180 2.28 2.05 2.12 
d 130 2.27 2.03 2.11 
d 300 2.15 

E C 130 200 2.24 2.00 2.08 

: 
300 170 2.28 2.02 2.10 
130 160 2.28 2.03 2.11 

d 300 2.15 

“Temperature in degrees K. Wnits are lo+ cm-‘. ‘Solid 
sample. “In methylene chloride solution. 

[(TEED)CuCI],/O, system [23]. The EPR spectra are 
axial, which is characteristic of copper(I1) complexes 
with a d,,,, ground state and square-pyramidal geometry 
about copper [32]. The paramagnetism of the carbonato 
product E indicates that it has an asymmetrical car- 
bonato bridge between the copper(I1) centers, a cis 
arrangement of its bromo ligands or both of these 
structural features [20-221. 

Detection of peroxide 
Product A (Scheme 1, L = TEED, X = Cl) has features 

in its Raman spectrum at 822 and 842 cm-’ that are 
absent in the spectrum of its decomposition product 
[(TEED)CuCl],O [23]. Despite careful work involving 
solid and solution product samples in six different 
Raman spectrometers with excitation wavelengths in 
the range 4579-5145 8, and temperatures between - 80 
and 25 “C, we could detect no ~(0-0) stretching bands 
for peroxide in A or B (L=DEED, X=Br)*. Our 
explanation for these results is that hydrogen bonding 
between the N-H groups of DEED and coordinated 
peroxide in A and B (see above) leads to Raman 
inactivity of ~(0-0) in the title system. However, H,O, 
formation was confirmed iodometrically [7, lo] on aci- 
dification of solutions of A in methylene chloride. The 
data identify A as a peroxocopper complex in the 
[(DEED)CuBr],/O, system. 

Peroxometal complexes sometimes [33] exhibit Raman 
active ~(0-0) bands in the 780-880 cm-’ region whose 
frequency decreases by 25-50 cm-’ on substitution of 
“0 for I60 with the metal unchanged. The effects, 
particularly when using 160180, are very useful in 
distinguishing between different peroxocomplex struc- 
tures [34]. The region 900-666 cm-’ is where medium- 
to-strong N-H wagging bands are observed in the IR 
spectra of amines and amides [35]. 

*Raman measurements are not always reliable for the iden- 
tlfication of peroxocopper complexes [33]. 
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We measured the ISBr disk FYI’-IR spectra of A, C 
and E and their isotopic analogues A*, C* (and E*) 
made by reacting D with 1802 (and PO,). Resolution 
was *2 cm-‘. Bands at 790-802 and 860-868 cm-’ 
are observed for all these complexes and for hED 
(L=TEED, X=Cl [32b]). Bands at 818, 818, 820, 827 
and 817 cm-’ for A, A*, C, C* and hED, respectively, 
indicate little effect of isotopic substitution. Bands at 
838, 841, 846, 841 and 833 for A, A*, E, E* and hED 
reveal no evidence for the expected effects of ‘*O 
substitution on IR active ~(0-0) stretching. ET-IR and 
Raman measurements are thus not useful for identifying 
peroxide in products A and B. However, chemical and 
kinetic data clearly indicate that A and B are peroxo- 
copper complexes (see above and the next sections). 

Kinetics of oxidation, relaxation and ultimate product 
formation in the [(DEED)CuBr],IO, system 

Reaction of the title copper(I) dimer with 0, proceeds 
in three distinct, easily resolvable steps. 

Primary event 
Mixing 0, with pseudo-first-order excesses of 

[(DEED)CuBr], (D) in methylene chloride results in 
large absorbance increases in the 600 nm region that 
are easily monitored by stopped-flow spectrophotom- 
etry. At fixed wavelength, temperature and [0,], the 
absorbance increase was independent of [D], indicating 
that the primary event is irreversible [23]. The absor- 
bance increase with fixed [D] was accurately first-order 
for at least four half-lives (Fig. 3), indicating a first- 
order dependence of the reaction rate on [O,]. At fixed 
temperature, the pseudo-first-order rate constant k,,(l) 
was a linear function of [D12 and passed through the 
origin (Fig. 4), indicating irreversible rate law (7) with 
k,,=k, as the third-order rate constant. (Detailed 
kinetic data are available from author G.D.) Comparison 
is made with our previous data [23] for the primary 
event in the [(TEED)CuCl],/O, system in Table 3. 

The negative AH,+ found in this and the previous 
work [23] (Table 3) strongly suggest the exothermic 
formation of very weak intermediate complexes A’ 
in Scheme 1, eqns. (17) and (18), with AH,f = 
AH,, + AH;aS = - 1.0 kcal mol-’ (TEED, Cl ligands) [23] 
and - 1.8 kcal mol-’ (DEED, Br). Negative AH9f 

D+O, _ A’ (17) 

A’+D- A (18) 

results in decreasing kDL with increasing temperature 
(Fig. 5). Third-order rate law (5) or (9) with this 
temperature dependence appears to be characteristic 
of [LCuX],/02 reactions that give tetranuclear per- 
oxocopper complexes A as primary products. 

1 06 
a 

8 
s 04 
5 

TIME, seconds 

Fig. 3. First-order plots for reaction (9) of D (2.8 mM) with O2 
(0.44 mM) in methylene chloride at the followmg temperatures: 
-51 (a), -15.9 (O), 25.0 (A) “C. The reaction was monitored 
at 600 nm. Note that the observed first-order rate constant k,,(l) 
decreases with increasing temperature. 

The data in Table 3 show that reaction (9) is about 
80 times slower at - 51 “C when the copper(I) reactant 
is [(TEED)CtrCl],. This is largely because AH,’ is more 
positive when L=TEED and X = Cl. It is important 
to recall that (i) [LCuBr], dimers are oxidized more 
slowly to oxocopper(I1) dimers [LCuBr],O (eqn. (3)) 
with third-order rate law (5) than are the corresponding 
chloro complexes (see Table III of ref. 22) and (ii) 
that the activation enthalpies at ambient temperatures 
are positive in all known examples of reactions (3). 
Thus, the high relative rate of reaction (9) with more 
negative AH,’ and the special stability of A and B with 
L= DEED are also due to the presence of bromide, 
which stabilizes the copper(I) state in the mixed valence 
product [(DEED)CuBr],O,. In support of this conclu- 
sion we found that reactions (3) with reactant 
[DEEDCuCl], are too rapid to be monitored by stopped- 
flow spectrophotometry even at -50 “C. 

Relaxation of A to B 
Irreversible reaction (9) is followed by exothermic, 

first-order relaxation of primary product A to a different 
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160 

40 

0 
0 50 100 150 200 250 

1 06[ D 12, M2 

Fig. 4. Plots of k,,(l) vs. [D]’ for reaction (9) of D with O2 to form A in methylene chlortde at -51.0 (0) and 7.7 (0) “C. Inset: 
plot of kobs(2) vs. [A] for relaxatton (19) at -51.0 “C in methylene chloride. The monitormg wavelength is 600 nm in both cases. 
See Fig. 4 of ref. 23 for an example of absorbance changes accompanying primary oxidation and relaxation in the corresponding 
[(TEED)CuCl],/O, system. 

TABLE 3. Kinettc data for the primary event in the reactions 
of [LCuX], dimers with Or in methylene chloride 

L,X” 10+xkgb AH;= AS,fd Reference 

TEED,Cl’ 1.9 -1.0 -43 23 
DEED,Br’ 148 -1.8 -38 this work 

“Diamine and halide ligands in D. bT’hird-order rate constant 
at -51.0 “C m rate law (7) for reactions (9). Units are M-* 
s-‘. ‘Units are kcal mol-‘. Typical error is kO.4 kcal 
mol-‘. dUnits are cal deg-’ mol-’ at 25 “C. Typical error 1s 
t 5 cal deg-’ mol-‘. ‘Kinetic data obtained in the temperature 
range - 76.0 to - 45.0 “C. ‘Kmetic data obtained in the tem- 
perature range -51.0 to 30.0 “C. 

peroxo complex form B (eqn. (19), Scheme 1). Reversible 
reaction (19) is observed at temperatures up to c. -50 
“C with L=TEED and X= Cl (see Fig. 4b of ref. 23). 

A 1 B, k, (19) 

Similar behavior was observed in the DEED, Br system 
up to about -17 “C. The observed rate constant 
k,,(2) = k, was independent of [A] (Fig. 4, inset) and 
[O,] at fixed temperature. The relaxation data at tem- 
peratures in the range - 51.0 to - 16.0 “C are collected 
with the earlier data [23] in Table 4. We see that 
changing the copper ligands from TEED, Cl to DEED, 
Br has a substantial effect on kR, which is c. 40 times 

34 36 38 40 42 44 

103/T,K-' 

r I I I I I1 

\ \ \ \ -Y 
-26'C A 

401 ' 
I I I I I 

30 35 40 45 50 

lo3 / T, K-' 

Fig. 5. Plots of log kD or kDL vs. l/T for the reactions of D 
(L=TEED, X=Cl, 0) [23] and D (L=DEED, X=Br, 0) with 
O2 in methylene chloride. See ref. 23 for discussion of the 
extrapolated region in the lower Figure. Note evidence for only 

one kmetic process over the entire temperature range in the 

DEED, Br system. 
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TABLE 4. Kinettc data for relaxatron reaction (19) in methylene 
chloride 

L,X” Temp.b kaC AHRfd Ass,te Reference 

TEED,Cl - 16.0 0.30 0.0 -62 23 
-61.0 0.32 
-50.1 0.30 

DEED,Br -51.0 0.007 7.5 -6 this work 
-40.0 0.018 
- 29.0 0.036 
-21.0 0.055 
- 16.0 0 072 

“Ligands in A and B. ‘Given in “C. Wnits are s-‘. Wnits 
are kcal mol-r. Wmts are cal deg-’ mol-’ at 25 “C. 

TABLE 5. Kinetrc data for conversron of A to C m methylene 
chloride 

L,X” 10’xksb r1,. zSc LW:d As:= Reference 

TEED,Cl 1.8 x lo*‘ 0409 25.0’ 40’ 23 
DEED,Br 8.9 3.2” 14.8 -28 this work 

“Ligands in A. ‘Units are s-* at 25 “C. ‘Half-hfe of A at 2.5 
“C. “Units are kcal mol-‘. Typical error is +0.4 kcal mol-r. 
‘Units are cal deg-’ mol-’ at 25 “C. Typtcal error IS f5 cal 
deg-’ mol-‘. ‘Estrmated (see ref 23). Wnits are ms. 
hUnns are h. 

lower near -50 “C. The larger activation enthalpy with 
DEED and Br ligands confirms that they stabilize A. 

Conversion of A to C 
The decomposition of [(DEED)CuBr],O, (A) to ul- 

timate oxidation product [(DEED)CuBr],O (C, eqn. 
(8)) is slow and was easily monitored by conventional 
spectrophotometry at 450 nm in the Lambda 4B in- 
strument. Plots of In@, -A,) versus time, where A, is 
the absorbance at fixed wavelength at time t, were 
accurately linear for at least four half-lives, indicating 
that reaction (8) is first-order, with rate constant 
k,,,(3)=&. The first-order rate constants were inde- 
pendent of monitoring wavelength, [A] and the presence 
of 02, eliminating the possibility that they refer to 
oxidation of DEED and confirming the manometric 
measurements of reactions (8) and (9). The data 
are compared with those for the TEED, Cl system in 
Table 5. 

At 21 “C, peroxo complex A decomposes about 20 
million times more slowly than the corresponding com- 
plex with TEED and Cl ligands [23]. The much longer 
half-life of A (L = DEED, X = Br) is due to compensation 
of the lower AH: by a much more negative AS,t in 
the [(DEED)CuBr],O, + [(DEED)CuBr],O reaction. 
The more negative AS: indicates that the activated 
complex for reaction (8) is much tighter with L= DEED 
and X=Br. Factors likely to be responsible for this 

are (1) the need for stronger bonding of peroxide to 
Cu’Br than to C&l centers in A so that the crucial 
third electron can be transferred from copper(I) to 
break the O-O bond (Scheme 1) and (ii) hydrogen- 
bonded assistance from the N-H groups of DEED in 
this process. 

Conclusions 

Depending on the circumstances, polynuclear cop- 
per(1) complex-&oxygen reactions can result in the 
transfer of up to four electrons to 0,. Activated complex 
assembly or any one of these transfers may be rate- 
determining. This is why we still do not fully understand 
the stability or otherwise of natural [ll] or synthetic 
[6-H, 231 peroxocopper complexes. However, peroxide 
cannot tolerate an added electron and we can appreciate 
that intermolecular (eqn. (16)) or intramolecular (eqn. 
(9)) electron transfer from copper(I) to peroxide has 
specific kinetic requirements that vary with the ligands 
and experimental temperature. Our work suggests that 
resistance to total 0, reduction may be found in systems 
where copper(I) is stabilized (here by bromide) and 
bound peroxide is involved in hydrogen bonding with 
copper ligands. This hydrogen bonding must be deli- 
cately balanced if the copper ligand is to be oxidatively 
stable [16, 20, 22, 28, 291 because oxocopper(I1) com- 
plexes like [LCuX],O are strong protic bases [13, 19- 
21, 241. 

Acknowledgements 

National Science Foundation Grants CHE-8717556, 
INT-8918985 and INT-9118694 and a Bamett Innovative 
Research Award are gratefully acknowledged. We also 
thank Professor Adnan Ali (College of Science and 
Technology, Abu-Deis, West Bank) for assistance with 
the relaxation measurements, Drs Arthur Heiss and 
Ralph Weber (Bruker Instruments) for help with the 
EPR measurements and Professors David Dooley (Am- 
herst), Kenneth Karlin (Johns Hopkins), Patricia Ma- 
brouk (Northeastern), Edward Solomon (Stanford) and 
Drs Martin Rupich (American Superconductor, Inc.) 
and Michael Sennett (US Army Materials Technology 
Laboratory) for help and comments on the Raman 
experiments. This is Contribution No. 587 from the 
Barnett Institute at Northeastern University. 

References 

1 K.G. Caulton, G. Davies and E.M. Holt, Polyhedron, 9 (1990) 
2319. 



119 

2 O.J. Parker and J.H. Espenson, J Am. Chem Sot., 91 (1969) 
1968. 

3 B. Kratochvrl, D.A. Zatko and R. Markuszewskr, Anal. Chem , 
38 (1966) 770; D.A. Zatko and B. Kratochvil, Anal. Chem, 
40 (1968) 2120. 

4 (a) A.D. Zuberbuhler, Met. Ions. Brol. Syst., 4 (1975) 325; 
(b) A.D. Zuberbuhler, m K.D. Karlin and J. Zubteta (eds.), 
Copper Coordrnation Chemutry: Biochemical and Inorgamc 

Perspectrves, Adenine, Guilderland, NY, 1983, p. 238, and 
refs. therem. 

5 R.D. Gray, J Am. Chem. Sot., 91 (1967) 56. 
6 T.N. Sorrel1 and D.L. Jameson,J. Am. Chem. Sot., 105 (1983) 

6013; T.N. Sorrell, Tetrahedron, 45 (1989) 3. 

7 I. Sanyal, R.W. Strange, N.J. Blackburn and K.D. Karlm, J. 
Am. Chem. Sot., 113 (1991) 4692 

8 N. Krtajima, K. Fujisawa and Y. Moro-Oka, J Am. Chem. 
Sot., 111 (1989) 8795; N. Krtajima, T. Koda, Y. Iwata and 
Y. Moro-Oka, J. Am. Chem. Sot., 112 (1990) 8833. 

9 R.W. Cruse, S. Kaderli, K.D. Karlin and A.D. Zuberbuhler, 
J Am. Chem. Sot., 110 (1988) 6882, and refs. therein. 

10 Z. Tyeklar, P.P. Paul, R.R. Jacobsen, A. Farooq, K.D. Karlin 
and J. Zubieta, J. Am. Chem. Sot., 111 (1989) 388; M.S. 
Nasrr, K.D. Karlin, D. McGowty and J. Zubreta,J. Am. Chem 
Sot, II3 (1991) 698. 

11 Z. Tyeklar and K.D. Karhn, Act. Chem Res., 22 (1989) 241. 
12 G. Davies and M.A. El-Sayed, Comments Inorg Chem, 4 

(1985) 151. 

13 (a) G. Davies and M.A. El-Sayed, Znorg Chem., 22 (1983) 

1257; (b) G. Davres and M.A. El-Sayed, in K.D. Karhn and 
J. Zubieta (eds.), Copper Coordination Chemkhy: Biochemical 

and Inorgnntc Perspectrves, Ademne, Guilderland, NY, 1983, 
p. 281; (c) G. Davies, M.A. El-Sayed, A. El-Toukhy, M. 
Henary and C.A. Martin, Inorg Chem , 25 (1986) 4479. 

14 D.A. Haitko and M.F. Garbauskas, in K.D. Karlin and J. 
Zubreta (eds.), Biological and Inorganic Copper Chemisrry; 

Vol. 2, Adenine, Gurlderland, NY, 1986, p. 77. 
15 M.R. Churchill, G. Davies, M.A. El-Sayed, J.P. Hutchinson 

and M.W. Rupich, Inorg. Chem., 21 (1982) 995. 

16 G. Davres, M.F. El-Shazly, D.R. Kozlowski, C.E. Kramer, 
M.W. Ruprch and R.W. Slaven, Adv. Chem. Ser., 173 (1979) 

178. 

17 A.S. Hay, Adv. Polym. Scl., 4 (1967) 496; Polym Eng. Sa, 

16 (1976) 1; A.S. Hay, P. Shenian, A.C. Gowan, P.F. Erhardt, 
W.R. Haaf and J.E. Therberg, in EncyclopedIa of Polymer 

Scrence and Technology, Interscience, New York, 1969, p. 92; 
H.L. Fmkbemer, AS. Hay and D.M. White, m C.E. Schddnecht 

and I. Skerst (eds.), Polymerizatron Processes, Wiley-Interscr- 
ence: New York, 1977, p. 537, and refs. therein. 

18 M.A. El-Sayed, A. Abu-Raqabah, G. Davies and A. El- 
Toukhy, Znorg Chem., 28 (1989) 1909. 

19 M.A. El-Sayed, A. Abu-Raqabah and G. Davies, Inorg Chim. 
Acta, 192 (1992) 31; M.A. El-Sayed, A. Ah, G. Davies, S. 
Larsen and J. Zubieta, Znorg Chrm Acta, 194 (1992) 139. 

20 M.A. El-Sayed, G. Davies and T.S. Kasem, Znorg. Chem., 29 
(1990) 4730 

21 G. Davies, M.F. El-Shazly and M.W. Rupich, Inorg. Chem, 
20 (1981) 3757. 

22 M.A. El-Sayed, A. El-Toukhy and G. Davies, Znorg Chem., 
24 (1985) 3387. 

23 G. Davies, M.A. El-Sayed and M. Henary, Znorg Chem., 26 
(1987) 3266. 

24 G. Davies, X. Liu and M.A. El-Sayed, Inorg Chim. Acta, 
195 (1992) 35. 

25 R.N. Keller and H.D. Wycoff, Inorg. Synth., 2 (1946) 1. 
26 F.R. Hopf, M.M. Rogic and J.F. Wolf, J. Phys. Chem., 87 

(1983) 4681. 
27 A.W. Addison, T.N. Rao and E. Sinn, Znorg. Chem., 23 (1984) 

1957; G.S. Patterson and R.H. Holm, Browzorg. Chem., 4 

(1975) 257. 
28 M.G. Burnett, V. McKee and S.M. Nelson, Chem. Commun, 

(1980) 599; L. Que (ed.), Metal Clusters in Proterns, ACS 
Symposium Ser. No. 372, American Chemrcal Society, Wash- 
mgton, DC, 1988. 

29 J.S. Thompson, m K.D. Karhn and J. Zubieta (eds.), Biological 

and Znorganrc Copper Che-z&y, Vol. 2, Adenine, Gudderland, 
NY, 1986, p. 1. 

30 G. Davies, A. El-Toukhy, K.D. Onan and M. Verdis, Znorg 
Chun. Acta, 98 (1985) 85. 

31 R.M. Silverstein, G.C. Bassler and T.C. Morrrll, Spectrometric 
Zdentrfkatwn of Organul Compounds, Wiley, New York, 3rd 
edn., 1984, p. 108. 

32 (a) B.J. Hathaway, in G. Wrlkmson, R.D. Grllard and J.A. 
McLeverty (eds.), Comprehensive Coordination Chemrstry, Vol. 
5, Pergamon, Oxford, 1985, p. 534; (b) M.R. Churchill, G. 
Davies, M.A. El-Sayed, M.F. El-Shazly, J.P. Hutchinson and 
M.W. Ruprch, Inorg Chem., 19 (1980) 201. 

33 K.D. Karlin, personal communication. 
34 I.M. Klotz, L.L. Duff, D.M. Kurtz, Jr. and D.F. Shriver, in 

I. Lamy and J. Lamy (eds.), Invertebrate Oxygen Binding Proterns, 
Marcel Dekker, New York, 1981, p. 469, and refs. therein. 

35 R.M. Silverstein, G.C. Bassler and T.C. Morrill, Spectrometti 
Identification of Organrc Compounds, Wiley, New York, 3rd 
edn., 1984, p. 128. 


