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Abstract

Kinetic and thermodynamic parameters for metal ion—O, interaction have been obtained for a variety of copper(l)
complexes with different binding modes for dioxygen. In general, favorable binding enthalpies of up to 80 kJ mol ™" are
compensated by strongly negative reaction entropies up to —220 J K~! mol ™!, restricting the range of overall stabilities.
Sequential formation of superoxo and peroxo complexes, as well as concomitant formation of n':n! and n%:1° u-peroxo
complexes has been established by low-temperature stopped-flow experiments. In several cases, pseudoreversible binding of
dioxygen is followed by an irreversible oxidation of the organic ligand. A recent result is the identification of a rapid
equilibrium between an n*:n? u-peroxo complex and the isomeric bis-u-oxo compound with broken O—0 bond which may

be fundamental to several O, dependent redox enzymes.
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1. Introduction

Four main binding modes I-IV have been
established for the interaction of transition metal
complexes with dioxygen. As shown in Fig. 1
they can be presented in the form of a 2 X2
matrix: End-on binding, as found in hemoglobin,
and side-on binding, as in hemocyanin both
may be combined with M"*:0, = 1:1 (super-
oxo) and M"*:0, = 2:1 (peroxo stoichiometry).

" Corresponding author. Tel.: +41-61-2671009; fax: +41-61-
2671020; e-mail: zuberbuehle @ubaciu.unibas.ch.

All four geometries have been proposed for
Cu™ as the central atom and three of them have
been definitely characterized by X-ray analysis:
I (1], T [2], 1V [3.4].

In the following our present knowledge on
kinetic and thermodynamic parameters of pseu-
doreversible copper—dioxygen binding will be
summarized and discussed in relation to the
steric and electronic properties of the corre-
sponding complexes. Where appropriate, the re-
dox activity of the adducts formed will be in-
cluded. Complexes with five types of ligand
will be addressed in turn: (1) Bis-(2-pyri-
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'Superoxo’ 'Peroxo’
+ 2+
Hemoglobin-like | Cu— O\ Cu—0,
end-on o] O—Cu
I: TMPA (7) II: TMPA, D', N4
+ 2+
Hemocyanin-like Cu"cl) ? .
side-on ) Cuu.('), -Cu
II: iPr;, TACN (?)  IV:R-Xyl-H, N4,
iPr,TACN

Fig. 1. Binding modes of dioxygen moiety to copper complexes
discussed below.

dylethyl)amine units linked by a m-xylylene
spacer (R-Xyl-H and R-Xyl-07), (2)
mononuclear derivatives of tris(2-pyri-
dylmethyl)amine (TMPA), (3) binuclear deriva-
tives of TMPA (D!'), (4) bis-(2-
pyridylethyl)amine units linked by an aliphatic
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2. [Cu,(R-Xyl-H)F** and [Cu,(H-Xyl-0)1*
complexes in CH,Cl,

The binuclear complex ions [Cu,(R-Xyl-
H)]**, 1a, and [Cu,(H-Xyl-0)]*, 1b, have
been the first low-molecular copper species
shown to pseudoreversibly bind dioxygen at low
temperature in organic solvents [7-9]. As la
also clearly and specifically oxygenates the
arene spacer in 2-position, it has been proposed
as a model for tyrosinase [10]. The kinetic steps
of the reaction are represented in Scheme 1.
They relate to binding of O, (k,), dissociation
of O, (k_,) and oxygenation (k,). Kinetic and
thermodynamic parameters for the parent com-
pound, the nitro, —+-Bu and fluoro derivatives,
as well as for the phenoxo species [Cuz(H—
Xyl-0)]* (1b) are collected in Table 1.

carbon chain (N4), and (5) complexes with N- R 2+ R+
isopropyl substituted 1,4,7-triazacyclononane ’ Pgu,
(iPr;TACN). Results presented in this contribu- '\pr
tion all have been obtained by numerical analy- 8 D G/\ h:: I,O\cfl«’\g
. . PY-Cu- u ~
sis of low-temperature stopped-flow diode array Py PYCY NPy
spectrophotometric experiments [5,6]. 1a 1b
Table 1
Kinetic and thermodynamic parameters of [Cu,(R-Xyl-H)]?* and [Cu,(H-Xyl-0)]* complexes
R
NO, H C(CH,), F H-Xyl-0~
k,M's™) 183K 110 410 470 72 —
223K 280 1300 1700 270 -
AH* 6.4+0.1 8.2£0.1 9.1+03 29+ 1 —
AS®  —167%1 ~146 £ 1 ~140+ 1 —66+ 1 —
k_y ™1 183K 21-107° 1.6-107° 43-10"° 1.5-107°¢ -
223K 0.027 0.076 0.094 0.025 —
AH*™ 59+1 70+ 1 83+ 4 81+3 —=
AS*® ~8+4 50+6 110 + 20 90 + 10 —
ky (s 183K 1.6-107° 3.0-107¢ 6.3-1073 151073 —°
223K 0.013 0.13 0.96 0.18 —
AH* 55+1 50+ 1 41 +2 39+1 —°
AS*® -3242 3542 -59+8 -82+6 —°
KM 183K 6.7-10° 29-107 1.2-10% 5.0-10° 6.5 108
223K 13- 10* 1.9-10* 19-10* 1.1-10* 2.7-10°
AH®  —53+1 —-62+1 -74+4 -52+3 —66+ 1
A5 —159+4 ~196+6 —250 4+ 20 —156 + 10 —192+2

* Equilibration with O, in less than 5 ms at —95°C.
® No oxygenation possible.



K.D. Karlin et al. / Journal of Molecular Catalysis A: Chemical 117 (1997) 215-222 217

2+

R
5 L= Nk
+ s | .. i .
ta 0, === (] N/\‘(Oz) N SN O NN
) e g T T
PY' py py FY PY 3 Py

Scheme 1. Oxygen binding to [Cu,(R-Xyl-H)’* followed by
oxygenation.

As can be seen, binding of O, to these
binuclear complexes is characterized by very
low activation enthalpies of less than 10 kJ
mol ~!, which are compensated by strongly un-
favorable activation entropies of —140to — 170
J K7' mol~!. The somewhat larger activation
enthalpy of 29 kJ mol~' for the fluoro com-
pound is explained by freezing out of a complex
conformation which is unfit for oxygen binding
at low temperatures [9].

With respect to enthalpy, binding of O, (K,)
is increased, dissociation (k_,) disfavored, and
the rate of oxygenation (k,) increased by the
electron donating #-Bu group, while the oppo-
site trend is observed for the nitro compound. In
each case favorable enthalpy is again at least
partially compensated by a disfavorable (more
negative) entropy term.

With this series of xylyl spaced binuclear
copper complexes it has been shown that low
temperature and organic solvents may help to
stabilize copper—dioxygen adducts.

Dioxygen binding may be as strong as in
biological dioxygen carriers, but room tempera-
ture stability is precluded by unfavorable en-
tropies in these low-molecular systems. The
trend in the kinetic parameters along with addi-
tional observations such as the absence of an
isotope effect in the oxygenation step conveys
the characteristics of a strong electrophile.

Table 2
Kinetic parameters of [Ce(TMPA)* and its derivatives
[Cu(TMPA)]* [Cu(TMPAE)]* [Cu(BPQA)* [Cu(BQPA)]*
LM s™hH 183K 2-104 8.2-10° —_ 18
298 K 8- 10’ 4107 — 6-10*
AH* 32+4 3L+5 — @ 3042
AS* 14+ 18 5429 — -53+8
koy s™H 183K 8 29 — 6-107°
298 K 2-108 4-108 — 2-10°
AH® 66 + 4 63 +5 — 65 + 4
AS* 137 + 18 132 +29 — @ 72+ 19
kM~ s™hH 183K 3-10% 1.52- 10% — -0
298 K 1.8-10° 5.8-10° — — b
AH*® 1441 21 +1 — —
AS* —78+2 —4343 — —h
ko, 571 183 K 151077 2.1-107° 191074 b
298 K 1.2-10% 7-10° 1.6 - 10° —
AH* 6113 66 + 1 61+1 — b
AS* 19+ 10 33+5 21+4 — "
k, M2 s™h 183 K 6-107 43-10° 3-10° -
208 K 6-10° 5.2-10° 7 10° —®
AH* -20+2 -103+02 —-8+1 —°
AS*® —201 +5 —170 + 1 —160+2 —

“ Superoxo complex not observed with [Cu(BPQA)]*.
b Only thermodynamic parameters obtained.
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3. Mononuclear copper complexes with
TMPA and some derivatives in EtCN

l\ N |\ l\ N l\

ZN N~ ZN N/COCHS
N Ny 3
X x

TMPA, 2a TMPAE, 2b
N7 ] N% |
™ X
BPQA, 2¢ BQPA, 2d

The complex with tris(2-pyridylmethyl)amine
(TMPA, 2a) has been the first for which a
copper peroxo complex [{Cu(TMPA)},0,**
has been isolated and characterized by X-ray
crystallography [1]. It pseudoreversibly binds
dioxygen as is equally observed with the com-
plexes derived from the analogous ligands TM-
PAE (2b), BPQA (2¢) and BQPA (2d). Also for
the first time, in these systems the consecutive
formation of superoxo and peroxo complexes
could be followed as indicated in Scheme 2
[5,11].

Kinetic as well as thermodynamic parameters
for TMPA and its derivatives TMPAE, BPQA,
and BQPA are collected in Tables 2 and 3.

The results may be summarized as follows:

+

/P\Y k
[ 1 .
N-~GU-NCR + 0, === [(TMPA)Cu(O,)' + RCN
Q\/(\py K1
PY
+
/P\Y k2
[(PMPAYCU©,) + N-—~Gu-NCR === [{(TMPA)Cu},(0,)* + RCN
Qk/\py k2
PY
[{{TMPA)Cu},(0,)]** - = irreversible decay

Scheme 2. Consecutive formation of superoxo and peroxo adducts
with complexes of 2a—2d.

Activation enthalpies for initial dioxygen bind-
ing (k,) as well as for Cu—O bond splitting
(k_,, k_,) are essentially identical for the dif-
ferent complexes. Activation enthalpies of
roughly 65 kJ mol~! equally pertain to Cu—O
bond splitting in superoxo (k_,) and in peroxo
species (k_,). Low rate constants with the steri-
cally hindered BQPA are exclusively due to
unfavorable entropies relative to TMPA and
TMPAE. Activation enthalpies around 30 kJ
mol ™! for formation of the first copper—oxygen
bond (k,) are substantial and considerably higher
than those found for [Cu,(R-Xyl-H)I**. On the
other hand, negative activation enthalpies, i.e.
decreasing rate with increasing temperature are
observed for the overall peroxo formation &, =
k,k,/k_ . Binding constants for superoxo com-
plexes (K,) and the corresponding thermody-
namic parameters are virtually identical, but

Table 3
Thermodynamic parameters of [Cu(TMPA)* and its derivatives
[Cu(TMPA)]I* [Cu(TMPAE)]* [Cu(BPQA)]* [Cu(BQPA)*
K, M~ 183K 1.9-103 2.8 102 - 2.9-10°
298 K 0.34 9-1072 — @ 04
A H® —34+1 -32+1 — -35+6
A,s® —123+4 ~127+3 — —125+27
K, M 183K 2.2-10% 7-108 —a 2.0-10°
298 K 1.5-10° 8-10° — 3 40
A H® —47 43 —45+1 - =15
ALS® -97+10 -76+6 — —-20
B.=K K, 183K 4.3 - 10" 2.1-10" 1.7 - 10'° 6-10°
298 K 5-10° 7-10% 4.4 -10? 20
A H® —81+3 -77+1 —69+2 —-50
A s® —220+ 11 —203+5 —181%5 —145

* Not observed.
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steric hindrance leads to destabilization of per-
oxo complexes with BPQA and BQPA (K,,
B,). Based on the inspection of space filling
models and in line with the structure of the
corresponding peroxo complex [1], end-on coor-
dination of O, (Fig. 1, D is suggested for the
superoxo complex [(TMPA)Cu(O,)]*.

With this series of mononuclear tripodal lig-
ands consecutive formation of superoxo copper
complexes followed by binuclear peroxo species
has been observed for the first time. As with
[Cu,(R-Xyl-H)]**, room temperature stability
is precluded by strongly negative reaction en-
tropies.

4. Binucleating derivative of TMPA:
[Cu, (DY

The binuclear complex ion
[Cu(D'YEtCN)I**, 3 has been studied in the
hope that linking two TMPA moieties would
overcome a significant part of the unfavorable
reaction entropies of —220 to —203 J K™
mol~' observed with TMPA and TMPAE for
peroxo formation ( 3,, Table 3) by a sort of
inverse chelate effect (Scheme 3).

Because of the nature of the complex with
independently reacting metal centers and the
bidentate properties of O,, a complicated ki-
netic scheme including an open and a closed
form of [Cu,(D'X0,)]**, bis superoxo
[Cu,(D'XO0,),F’* and an annular trimeric
species [{Cu,(D')(0,)};1°* have been estab-
lished [6,12]. Here, we restrict ourselves to the

2+

N 2+
PYa ' Py EXCN PY k., K,
{Cu i L

N
EtCN PY
PY‘\GUMPY\ VT

e ! 10t EtCN
pv 0y PYCUpy
- N

A . < =
py EtCN PY CUrpy K,
— N 3

[Cu(D)ELCNY, ], 3 [Cuy(DYONEICNY  open

N 2+
PY;C _pYy EtCN PY Ky, Ko :
TCu S e — i
; ‘ 1 - N-cullo
culs z .
py O  PY*Urpy k2 ey Py PY
,~N B

2
_PY PY\”;P\Y i
‘ o¢cdBN  + EtON

[Cuy(D'HONEICN)Y*  open [CudD'HON  closed

Scheme 3. Kinetic steps leading to intramolecular peroxo forma-
tion with [Cu,(D' XEtCN), J**.

comparison of intramolecular peroxo formation
with D! in relation to the corresponding inter-
molecular process with TMPA. The relevant
parameters are collected in Table 4.

As evidenced very clearly by the data col-
lected in Table 4, the binucleating nature of D'
indeed leads to significant entropic stabilization
of the intramolecular peroxo complex in relation
to [{(TMPA)Cu},0,]*". Activation entropies for
O, binding (k,, k, ) are more favorable by
60-70 J K~! mol ™' for 3, in addition copper—
dioxygen bond splitting (k_,) is entropically
disfavored for the binuclear complex, again by
70 J K~! mol~'. In consequence, we have a
very substantial entropic stabilization by 130-
140 J K~! mol~! for K, and B, for the closed
(peroxo) form of [Cu,(D')O,)** in relation to
[{(TMPA)Cu},0,]**. The practically identical
values of K, for the superoxo complexes with
D' and TMPA containing a single copper—di-
oxygen bond, strongly supports the explanation

Table 4
Kinetics and thermodynamic parameters for peroxo formation with [Cu,(D' XEtCN), " in EtCN
TMPA D'
AH*® (K mol™") AS* JK™'mol™") AH™ (kI mol™ ") AS* JK™'mol™")
ks 14+ 1 —78+2 37+ 1 -9+3
k_s 6143 19+ 10 37+ 1 —-49+3
k, =k ko/k 5 ~20+2 —20145 17406 13943
K, ~34+1 -123+4 —35+1 —129+2
K, ~47+3 —97+10 0.5+0.6 40+3
B, =K K, 8143 ~2204 11 ~35+1 —8942
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of entropic stabilization by the proposed inverse
chelate effect with D'. Unfortunately, favorable
entropy terms with 3 are essentially offset by
concomitant enthalpic destabilization, again no-
ticed for kinetic as well as for thermodynamic
parameters. Activation enthalpies for D' are 20
kJ mol™' higher for dioxygen binding (k,,
k,.), but more than 20 kJ mol~' lower for
Cu-O bond splitting (k_,) as compared to
TMPA. As a consequence, the overall reaction
enthalpy for D! is reduced to —35 kJ mol !
from —81 kJ mol~! for TMPA and in fact, ring
closure (peroxo formation) itself (K,) has a
negligible reaction enthalpy or is even slightly
endothermic (0.5 kJ mol™").

Complexes derived from binucleating ligands
may indeed entropically favor formation of in-
tramolecular peroxo adducts, but with D' this
is offset by enthalpic destabilization. In fact,
intramolecular strain in [Cu,(D'N0,)]*" is re-
leased by oligomerization.

5. Bis-(2-pyridylethy)amine units linked by
an aliphatic C, chain: [Cu,(N4)J** in CH,Cl,

The binuclear complex [Cu,(N4)]** (4) has a
coordination sphere which is essentially identi-

[Cu,(N4Y O
open Superoxo
Cu /\Cu
/| %o N\
/ . \\

- ~ o.
Cu.g "Cu Ko cd o K, CU-/O"’Cu
[Cu,(N4)( O™ [Cu,(N4)P* [Cu,(N4)(O))*

end-on peroxo, 4a side-on peroxo, 4b

Scheme 4. Interconversion of annular end-on and side-on peroxo
complexes [Cu,(N4)(O,)P* through the intermediacy of an
open-chain superoxo complex.

tion, 4 might be expected to react faster than la
with O, and to form a more stable adduct. In
addition, a very simple kinetic situation with
pseudoreversible dioxygen binding and release
might be anticipated. While the former two
expectations where fulfilled, dioxygen binding
kinetics were in fact more complicated with
concomitant formation of two different peroxo
complexes and subsequent equilibration through
an open-chain superoxo species [13], as shown
in Scheme 4.

[\ TN M

cal to that of the [Cu(R-Xyl-H)]** (1a) com- PY N N, PY
. . . |
plexes discussed above. With the more flexible C\‘PY7 (\;‘(’
aliphatic -(CH,),~ linking unit and the absence
of an obvious position for electrophilic substitu- 4, PY=2-pyridyl
Table 5
Kinetic, thermodynamic and spectral parameters of [Cu,(N4)]**
[Cu,(N4X0,)I** [Cu,(H-Xyl-HXO,)}**
end-on side-on side-on
kM~ s™h) 183K 1.1-10% 8.5-10° 41-10?
223K 1.4-10* 8-10* 1.3-10°
AH* 043 1842 82+0.1
AS* —162+ 18 —-70+9 —146 + 1
KM™") 183K 45102 7-107 29107
223K 1.8- 10! 8.10° 1.9-10*
A H® —28+3 ~58+£2 —62+1
A,Ss° —101 +19 —165+8 —196+ 6
Amax 525 nm 456 nm 440 nm
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In line with observations for 1a and with the
mononuclear complex of bis-(2-
pyridylethyl)methylamine the superoxo species
merely exists as a steady-state species and is
invoked to avoid the necessity of synchronous
binding of two copper ions to O, upon forma-
tion of the peroxo complexes. Direct sequential
formation of the end-on and side-on species on
the other hand is precluded by the details of
kinetic analysis,

[Cu,(N4)]*" = [Cu,(N4)(0,)]" (da),

end-on = [Cu,(N4)(0,)]>" (4b),
side-on.

Based on spectroscopic evidence [13,14], the
thermodynamically favored product is assigned
an n?:n* side-on w-peroxo coordination related
to the one of [Cu,(H-Xyl-H}O,)I** as borne
out by similar A, of 456 and 440 nm, respec-
tively. Also, the thermodynamic parameters are
closely related to those of [Cu,(H-Xyl-
H)XO,)F* with A H®= —58 + 2 versus — 62
+1 kJ mol™' and A S®= —165+8 versus
196 +£ 6 J K~' mol~' (Table 5).

Again based on spectral characteristics (A,
= 525 nm, shoulder near 600 nm) the thermo-
dynamically less stable of the two species is
assigned an n':m' u-peroxo coordination re-
lated to the one established for
[{Cu(TMPA)},(O,)F** by X-ray analysis [1]. At
183 K, 4a is formed somewhat more quickly
(k=1.1-10* M~ ' s7") than 4b (k=8.5-10°
M~' s7'), both significantly faster than
[Cu,(H-Xyl-H}O)P** (k=4.1-10> M™!
s~'). The activation enthalpy is zero within
experimental error and the reaction enthalpy of
4a is only half that of 4b, —28 versus —58 ]
K~" mol™'. Despite a slightly more favorable
reaction entropy this leads to a significantly
reduced binding constant of 4.5-10* M~ for
4a against 7- 10" M ™! for 4b at 183 K.

Increased flexibility in binuclear complexes
may increase the rate of dioxygen binding. End-
on n':m’' and side-on n?:n? w-peroxo complex
formation have been observed for the first time
in the same system. In the absence of steric

hindrance, the latter seems to be thermodynami-
cally more favorable. Conformational changes
induced by the transition of end-on to side-on
complexation might be responsible for the in-
duction of cooperative effects in hemocyanin.

6. Complexes with N-isopropyl substituted
1,4,7-triazacyclononane: [Cu(iPr,TACN)]*

»/ +
N

5

[Cu(iPr,TACN)]*, 5, has been shown to form
an 1%:n* u-peroxo complex [15] closely related
to that first described by Kitajima for tris-
pyrazolyl borate complexes [3] and later for
oxyhemocyanin [16]. At low temperature the
kinetics of adduct formation in acetone are given
by a simple second order rate law (1) [17], this
is supplemented by oxidative cleavage of an
isopropyl group above —50°C [15],

~d[0,] /dt = k| {Cu(iPr;TACN)} "][0,] (1)

Activation parameters closely match those
obtained for superoxo adduct formation with
[Cu(BQPA)]"™: AH*=37240.5 and 30+2
kJmol™'; AS*= —62+2and —53+8JK™!
mol "', respectively. They are quite in contrast
to the values observed for peroxo formation
with [Cu,(H-Xyl-H)]" and TMPA, character-
ized by low or even negative activation en-
thalpies and very unfavorable activation en-
tropies. The experimental rate law, the absence
of any observable intermediates, and the values
for the activation parameters all point to super-
oxo complex formation in the rate limiting step.
Without experimental evidence at hand, the cor-
responding steady state species is assumed to
have the same side-on binding mode as obtained
with a highly substituted pyrazolylborate [2].
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A +
W
N\
>-IN—2<ICu-sclvent
CH,Cly NN THF
0, “‘*- 0,
/
v Sy Vo
SN\ /NZ THF SN\ /NZ
>N-feuz@ied N —— >-n-fenzdian<
AN N CH.Cl, N N/
— oA
6 7

Scheme 5. Interconversion of n*:n% u-peroxo and bis u-oxo
copper complexes with {Pr,TACN.

While the kinetics of [Cu(iPr,TACN)]* /0,
interaction are unspectacular, the corresponding
adduct possesses exciting new and so far unique
properties. In acetone the peroxo complex
[{Cu(iPr;TACN),}(O,)]** (6) forms absolutely
in parallel with an isomeric bis-u-0xo species
[{Cu(iPr,TACN),}(0),]*" (7). A structure anal-
ogous to 7 has been characterized by X-ray
crystallography with benzyl substituted TACN
[17]. Rapid interconversion of 6 and 7 (Scheme
5) has been demonstrated by the addition of
CH,Cl, or THF which specifically stabilizes
structures 6 and 7, respectively. The relevance
of this observation should be obvious:

Rapid interconversion of [M,(u-n°:n°-
0,)I** (peroxo) and [My(u-0),*°* (oxo/
oxyl) complexes has been observed for the first
time. It may be a key step both in dioxygen
evolution during photosynthesis and in dioxygen
reduction by various enzymes such as cy-
tochrome-C-oxidase or tyrosinase.

7. Conclusion

Kinetic and thermodynamic parameters for
metal ion/O, interaction have been obtained
for a variety of copper(I) complexes with differ-
ent binding modes for dioxygen. In the systems
studied so far we have observed a general trend
of compensating favorable enthalpies with less
favorable entropies and vice versa, restricting
the range of overall stabilities.

Sequential formation of superoxo and peroxo
complexes, as well as concomitant formation of
n':m' and n?:n? u-peroxo complexes has been
established by low-temperature stopped-flow
experiments. A recent result of these studies is
the identification of a rapid equilibrium between
an n*:m* u-peroxo complex and the isomeric
bis-u-0xo compound with broken O-O bond
which may be fundamental to several O, depen-
dent redox enzymes.
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