Complex-formation reactions of Cu(ir) and Zn(1r) 2,2'-bipyridine
and 1,10-phenanthroline complexes with bicarbonate. Identification
of different carbonate coordination modes
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A series of carbonato complexes was isolated in the reaction of [ML,(H,0)]*" (M = Cu(1), Zn(11), L = bpy
(2,2'-bipyridyl) and phen (1,10-phenanthroline) with HCO,; . Two monomeric carbonato Cu(ir) complexes

with different bidentate distortion, [Cu(phen),(CO;)]-7H,0 and [Cu(phen),(CO;)]-11H,0, and three binuclear
carbonato complexes with four different bridging modes, {[Cu(phen),],(1,-CO;)}(Cl0,),*4.25H,0 containing

two different carbonate coordination modes, {{Cu(phen),],(i,-CO;)}(ClO,),-DMF-H,0 and [(bpy),(H,0)Zn-
(u,-CO;3)Zn(bpy),](NO,), 7TH,0, were characterized by X-ray crystallography. UV-Vis spectra of [CuL,(H,0)]**

ions were recorded as a function of pH in the absence and presence of NaHCO;, and revealed evidence for a
carbonation process in the pH range 6 to 10 and a hydrolysis process in the pH range 10 to 13. *C NMR

spectra of [(bpy),(H,0)Zn(u,-CO;)Zn(bpy),]*" revealed formation of polynuclear carbonato complexes in solution.
Complex-formation kinetics of [CuL,(H,0)]** (L = bpy and phen) with HCO,~ were studied by stopped-flow using a
pH-jump technique. The results indicated rapid formation of [Cu(bpy),0CO,H]* and [Cu(phen),0CO,H]", followed
by a slow step (induced by the pH jump) for which the observed first order rate constants were found to be identical

for both complexes and independent of the complex and carbonate concentrations employed. The thermal and
pressure activation parameters for this step were also determined. The reaction is assigned to a pH-jump induced
ring-closure reaction of the unstable five-coordinate monodentate bicarbonato intermediates, [Cu(bpy),OCO,H]*
and [Cu(phen),0OCO,H]", to form the pseudo-octahedral bidentate carbonato complexes [Cu(bpy),0,CO] and
[Cu(phen),0,CO], respectively. A possible mechanism for the carbonation of CuN, complexes with an

in-plane coordinated water molecule in a trigonal bipyramidal structure is proposed.

Introduction

A significant advance has been made in the understanding of
the hydration of carbon dioxide and dehydration of bicarbon-
ate catalyzed by carbonic anhydrase in recent years as a result
of the application of model compounds.”™* It has been widely
accepted that the R;Zn-OH form is the active species in the
hydration and the R;Zn-H,O form in the dehydration reactions.
A reaction mechanism is shown in Scheme 1. However, detailed

+HCO3/-H,0

R3Zn—OH, - R3Zn—0OCO,H
+H,0/-HCO;3
+HY| -H" H
-CO,
R3Zn—OH R3Zn—0O(H)CO;
+CO,

Scheme 1 The overall proposed catalytic mechanism for the carbonic
anhydrase enzyme.

information on the binding mode of the bicarbonate inter-
mediate in the catalytic cycle still remain unresolved, and for
that reason studies on the interaction of bicarbonate with
model Zn(m) and coloured metal complexes such as Cu(i), are
of interest. The reaction of model compounds with CO,/
HCO;™ produced, in specific cases, bicarbonate binding modes
in monomers '® and dimers."” So far, various carbonate bonding
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modes in monomers,*!* dimers,'® trimers,'>® tetramers,!
hexamers?? and 1D or 2D systems,”® have been identified.

In our earlier work in this area, we studied the catalytic activ-
ity of carbonic anhydrase and model Zn(11) complexes in an
indirect way employing an indicator method to monitor the pH
changes associated with the hydration/dehydration processes.!!
In efforts to use an UV-Vis active metal center which will enable
a direct monitoring of the catalytic process, we turned to model
Cu() complexes. We first investigated the reactions of the
Cu(m1) complexes of 2,2',2"-tris(2-aminoethyl)amine (tren) and
tetraazacyclododecane ([12]aneN,) with bicarbonate.” It was
found that [Cu(tren)(H,0)]*" undergoes rapid substitution of
H,O by HCO;™, but no reaction occurred between [Cu([12]-
aneN,)(H,0)]** and HCO,". These results clearly demonstrate
that the ability of [CuN,(H,O)** to react with HCO,~ strongly
depends on the position of the coordinated water molecule in
the coordination sphere of the Cu(1r) ion.

In order to study the relevance of the geometric configur-
ation around the Cu(n) and Zn(u) centers for the catalytic
activity of the enzyme during the dehydration process further,
the present investigation focusses on Cu(m) and Zn(11) com-
plexes with 2,2'-bipyridine (bpy) and 1,10-phenanthroline
(phen) as spectator ligands, in which a coordinated water
molecule occupies the in-plane position of the trigonal bipyr-
amidal structure. A completely different kinetic behavior was
observed for these systems. We report a kinetic study of the
reaction of [Cu(bpy),(H,O)** and [Cu(phen),(H,0)]*" with
HCO;", and the X-ray structures of five carbonato complexes
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in which carbonate is bound as a monodentate and bidentate
ligand to Cu(phen),*", or bridges two metal centers in a unique
way in dimeric Cu(phen),*" and Zn(bpy),>* complexes. Plaus-
ible reaction mechanisms to account for the behavior of Cu(i)
and Zn(11) carbonato complexes are proposed on the basis of
the structural and kinetic information.

Experimental
Materials

All metal salts were of analytical reagent grade and used with-
out further purification. 2,2'-Bipyridine and 1,10-phenanthro-
line were purchased from Aldrich. The complexes [Cu(bpy),-
(H,0)](NO,), and [Cu(phen),(H,0)](NO,), were prepared and
characterized according to a literature method.”® NaHCO, was
obtained from Fluka and NaH"COj, from Aldrich.

Syntheses

[Cu(phen),(CO;)]-7H,0 (1) and [Cu(phen),(CO5)]-11H,0 (2).
A mixture of 0.283 g (0.5 mmol) of [Cu(phen),(H,0)](NO;),
and 0.336 g (4.0 mmol) of NaHCO; was dissolved in 20 mL of
water and stirred for 5 min at room temperature. The solution
was filtered and allowed to stand for slow evaporation in air.
After a few days, a small amount of green crystals (1) and many
blue block crystals (2) were obtained, suitable for X-ray analy-
sis. The blue crystals (2) are unstable in air and soon change to
green crystals (1). IR v/em™' (KBr pressed pellet): 1332s for
CO,*". Anal. Calc. for C,sH;3,N,0,,Cu (1): C, 49.22; H, 4.96;
N, 9.18. Found: C, 49.56; H, 4.79; N, 9.02%.

{[Cu(phen),],(n,-CO,)}(C10,),-4.25H,0 (3). A mixture of
0.258 g (0.5 mmol) of [Cu(phen),(H,O)](NO,), and 0.084 g
(1.0 mmol) of NaHCO; were dissolved in 20 mL of water and
stirred for 5 min at room temperature. A saturated NaClO,
solution was added dropwise and 0.251 g (39.7%) of blue
powder crystals were immediately isolated through filtering.
These crystals can also be obtained directly by the reaction
of [Cu(phen),(H,0)](ClO,), (obtained by addition of saturated
NaClO, to a solution of the nitrate salt) with NaHCO,. The
crystals were recrystallized in aqueous solution and green-blue
crystals were obtained, suitable for X-ray analysis. IR v/iem™!
(KBr pressed pellet): 1359m for CO,*", and 1089s for ClO,".
Anal. Calc. for C,H,sNgOy5,sCLCu,: C, 49.73; H, 3.45; N,
9.47. Found: C, 49.81; H, 2.98; N, 9.32%.

{[Cu(phen),],(1,-CO,)}(Cl0,),-DMF-H,0 (4). The powder
crystals (3) mentioned above were recrystallized from DMF
through diethyl ether diffusion and blue-green crystals were
isolated after a few days, suitable for X-ray analysis. IR v/cm™!
(KBr pressed pellet): 1665s and 1364s for CO,*", 1087s for
ClO,". Anal. Calc. for C5,H,;NyO,;CL,Cu,: C, 52.14; H, 3.45;
N, 10.52. Found: C, 52.05; H, 3.48; N, 10.35%.

[(bpy),(H,0)Zn(p,-CO5)Zn(bpy),I(NO5),TH,O (5). To a
solution containing 0.288 g (1.0 mmol) of Zn(NO;),-3H,0 and
0.312 g (2.0 mmol) of bpy in 20 mL of water, 0.336 g (4.0 mmol)
of NaHCO, was added. The solution was filtered and allowed
to stand in air for slow evaporation. After a few days, 0.322 g
(60.4%) of yellow block crystals were obtained, suitable for
X-ray analysis. IR v/em™' (KBr pressed pellet): 1636m and
1354s for CO,>", 1766w and 1382s for NO, . Anal. Calc. for
Cy HygN,(O;Zn,: C, 45.44; H, 4.46; N, 12.93. Found: C, 46.26;
H, 4.68; N, 13.03%.

Physical measurements

Infrared spectra were recorded on a Nicolet 5SX instrument
using the KBr pellet method. UV-Vis absorption spectra were

recorded on a Shimadzu UV-2101PC scanning spectro-
photometer using a tandem cuvette at 25 °C. The spectra
of [Cu(bpy),(H,0)](NO;), and [Cu(phen),(H,0)](NO;), were
recorded in the absence and presence of 0.10 M NaHCO; as a
function of pH. The absorbance at 340 nm as a function of pH
is shown for both complexes in Fig. 1. *C NMR measurements
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Fig. 1 Visible absorption spectra of (a) 1.25 mM [Cu(bpy),(H,O)]**
and (b) 0.625 mM [Cu(phen),(H,O)]*" as a function of pH in the
absence (@) and presence (O) of 0.10 M HCO;™ at 7' =25.0 £ 0.1 °C
and ionic strength = 0.25 M (NaNO,).

on the Zn(u) complex were performed on a Bruker DPX
300 MHz spectrometer. Magnetic measurements were carried
out on polycrystalline samples with a SQUID apparatus work-
ing in the range 5-300 K under a magnetic field of 10000 G.
Diamagnetic corrections were estimated from a Pascal table.

X-Ray structure analysis

Analyses of the isolated crystals 1 to 5 were carried out on
Siemens P4 (1, 2, 3, and 5) and Philips PW1100/10 (4) dif-
fractometers with graphite monochromated Mo-Ka radiation.
Intensity data were collected using either w-scans (1, 2, 3, and
5) or the w/20-scan technique (4) and corrected for Lorentz
and polarization effects. A semiempirical absorption correction
using Psi-scans was carried out for 2, 3, and 5, while absorp-
tion effects in 1 were corrected using AF? methods.?® Structures
were solved by direct methods using SHELXTL 5.03% (1, 2, 3,
and 5) and SHELXS-862 (4), respectively. All structures were
refined by full-matrix least-squares methods on F?* using
SHELXTL 5.03% (1, 2, 3, and 5) or SHELXTL 5.1% (4). For 1,
2, and 4 hydrogen atom positions were located from a difference
Fourier map and refined with a fixed common isotropic U; the
positional parameters of the solvate water H-atoms of 2 and of
the solvate DMF H-atoms of 4 were not refined. For 3 and 5, all
hydrogen atoms are geometrically positioned with an isotropic
U being 1.2 or 1.5 times the equivalent isotropic U, of the
corresponding carrier atom. No H-atoms were included for the

J. Chem. Soc., Dalton Trans., 2001, 3652-3662 3653



Table 1 Crystallographic details for complexes 1-5
1 2 3 4 5
Empirical formula C,sH;0N,0,,Cu C,sH34N,0,,Cu CyoHypsNgCLO;5,5Cu,  Ci,Hy NyClLO;Cu, C4HyN;O47Zn,
Formula weight 610.07 682.13 1183.37 1197.95 1083.63
T/IK 200(2) 295(2) 295(2) 293(2) 295(2)
A 0.71073 0.71073 0.71073 0.7093 0.71073
Space group P2,/c Pl Pl P2,/c P2,
alA 9.901(1) 11.007(2) 12.488(1) 11.44(1) 10.976(2)
bIA 26.277(3) 11.683(2) 12.832(1) 21.57(1) 14.009(2)
clA 10.510(3) 13.345(2) 30.367(4) 20.26(1) 16.347(3)
al® 90 78.18(1) 90.05(1) 90 90
pr 105.93(2) 75.83(2) 91.93(1) 91.4(1) 107.84(1)
yl° 90 70.37(3) 94.78(1) 90 90
VIA3 2629.409) 1553.0(5) 4846.5(8) 4998(6) 2392.7(7)
zZ 4 2 4 4 2
p(calc.)/Mgm™? 1.541 1.459 1.622 1.592 1.504
#(MoKa)/mm™' 0.896 0.776 1.069 1.036 1.084
T ! T max 0.053/0.175 0.484/0.518 0.527/0.681 — 0.310/0.360
F(000) 1268 714 2418 2448 1120
Crystal size/mm 0.80 % 0.60 x 0.40  0.62 x 0.58 X 0.45 0.38 X 0.22 x 0.15 0.73 X 0.33 x 0.28 0.50 x 0.45 x 0.40
0 range/® 2.14-27.00 1.87-27.01 1.79-25.00 2.59-24.95 1.95-27.00
hkl ranges —13/12,0/34,0/13  —13/1, —14/14, —17/16  —1/14, —15/15, =36/36  0/13, —25/25, —24/24  —1/14, —17/1, —20/20

Reflections collected
Independent reflections
R(int)

Observed refl. [/ > 20(1)]

Goodness-of-fit on F2
R [I>20(I)]

WR," (all data)

Largest diff. peak/e A~

7033

5739

0.1726

4355

1.016

0.0533

0.1413

0.606, —1.454

7840

6759

0.0113

5545

1.075

0.0447

0.1219

0.481, —0.381

“ Ry =X||F,| = |FJZIF,|. " Ry = [Ew(F,* — FO)/ZwF)"

19647

17065

0.0465

7307

1.031

0.0882

0.2367

0.507, —0.556

17510

8772

0.0519

5826

1.051

0.0453

0.1188

0.688, —0.482

6784

5872

0.0391

3551

1.052

0.0606

0.1508

0.344, —0.712

solvate water molecules in 3. Crystallographic data and data
collection parameters are summarized in Table 1, and selected
bond distances and bond angles are given in Tables 2 to 6.
Labelled diagrams of complexes 1 to 5 are shown in Fig. 2 to 6,

respectively.

013
Fig.2 Molecular structure of [Cu(phen),(CO;)] (1).

CCDC reference numbers 164327-164331.
See http://www.rsc.org/suppdata/dt/b1/b103942n/ for crystal-
lographic data in CIF or other electronic format.

Kinetic measurements

Complex solutions were prepared freshly with ultrapure water
shortly before the kinetic measurements. The HCO;™ solutions
were prepared by dissolving NaHCO; crystals, 0.20 M HNO,
was added slowly to adjust the pH to the appropriate value, and
the solutions were used within 5 h."! Kinetic measurements
were performed at 25.0 £ 0.1 °C on a Biologic SFM-3 stopped-
flow instrument, and monitored with an attached on-line data
acquisition and handling system. One syringe was filled with
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Table2 Selected bond lengths (A)and angles (°) for [Cu(phen),(CO,)]-

7TH,O (1)

Cu(1)-0(12)
Cu(1)-N(1)

Cu(1)-N(12)
C(15)-0(13)
C(15)-0(12)

0(12)-Cu(1)-N(21)
NQ1)-Cu(1)-N(1)
N(21)-Cu(1)-N(32)
0(12)-Cu(1)-N(12)
N(1)-Cu(1)-N(12)
0(12)-Cu(1)-O(11)
N(1)-Cu(1)-O(11)
N(12)-Cu(1)-0(11)
0(13)-C(15)-0(12)

1.9723)  Cu(1)-N(1) 2.0303)
2.0343)  Cu(1)-N(32) 2.071(3)
22433)  Cu(1)-O(11) 2.421(3)
1.252(4)  C(15)-0(11) 1.272(4)
1.313(4)
92.7(1)  O(12)-Cu(1)-N(1) 94.4(1)
170.8(1)  O(12)-Cu(1)-N(32)  164.8(1)
80.6(1)  N(1)-Cu(1)-N(32) 94.0(1)
88.989)  NQI)-Cu(1)-N(12)  95.4(1)
78.8(1)  N(32)-Cu(1)-N(12)  105.1(1)
58.47(9)  NQI)-Cu(1)-0(11)  96.5(1)
922(1)  N(32)-Cu(1)-O(11)  108.5(1)
145.7209)  O(13)-C(15)-O(11)  125.2(3)
119.63)  O(11)-C(15)-0(12)  115.1(3)

Table 3 Selected bond lengths (A) and angles (°) for [Cu(phen),(CO;)]*

11H,0 (2)

Cu(1)-0(12)
Cu(1)-N(1)

Cu(1)-N(12)
C(15)-0(13)

0(12)-Cu(1)-N(21)
NQ1)-Cu(1)-N(1)

NQ1)-Cu(1)-N(32)
0(12)-Cu(1)-N(12)
N(1)-Cu(1)-N(12)

O(11)-C(15)-0(13)
0(13)-C(15)-0(12)

1.964(2) Cu(1)-N(21) 2.010(2)
2.021(2) Cu(1)-N(32) 2.056(2)
2.250(2) C(15)-0(11) 1.262(4)
1.264(3) C(15)-0(12) 1.300(3)
93.27(8) O(12)-Cu(1)-N(1)  94.22(8)
172.50(8) O(12)-Cu(1)-N(32)  171.43(8)
81.18(9) N(D-Cu(1)-N(32)  91.33(8)
94.50(8) NQ1)-Cu(1)-N(12)  101.15(8)
78.80(8) N(32)-Cu(1)-N(12)  92.99(8)
123.6(3) O(1D-C(15)-0(12)  116.4(2)
120.0(3)

the [Cu(bpy),(H,0)**/HCO,  solution (pH = 6.0) and the
other syringe with 0.25 M CAPS buffer solution (pH = 10.0).
The complex-formation reaction was studied as a function of
[Cu(bpy),(H,0)**], [Cu(phen),(H,0)**] and [HCO, ], respect-
ively. The ionic strength was adjusted to 0.25 M with NaNO,.
The absorbance-time traces were recorded and fitted to a
single exponential using the OLIS KINFIT (Bogart, Ga) set of
programs. Temperature and pressure dependences were also



Table4 Selected bond lengths (A) and angles (°) for {[Cu(phen),],(11,-CO;)}(ClO,),*4.25H,0 (3)

Cu(1)-O(11) 1.951(6)
Cu(1)-N(1) 2.027(7)
Cu(1)-N(12) 2.241(7)
Cu(2)-N(72) 2.016(7)
Cu(2)-N(1) 2.047(7)
O(11)-C(15) 1.300(10)
0(13)-C(15) 1.241(11)
Cu(3)-N(101) 1.999(10)
Cu(3)-N(112) 2.156(10)
Cu(4)-N(152) 2.010(9)
Cu(4)-N(141) 2.130(8)
Cu(4)-0(21) 2.192(14)
0(22)-C(95) 1.21(2)
O(11)-Cu(1)-N(21) 91.1(3)
N(21)-Cu(1)-N(1) 170.7(3)
N(21)-Cu(1)-N(32) 81.5(3)
O(11)-Cu(1)-N(12) 97.6(3)
N(1)-Cu(1)-N(12) 78.3(3)
0(12)-Cu(2)-N(72) 93.2(3)
N(72)-Cu(2)-N(61) 80.7(3)
N(72)-Cu(2)-N(41) 174.5(3)
0(12)-Cu(2)-N(52) 92.3(3)
N(61)-Cu(2)-N(52) 89.2(3)
O(13)-C(15)-O(11) 122.3(10)
O(11)-C(15)-0(12) 114.5(9)
N(81)-Cu(3)-N(92) 80.3(4)
N(81)-Cu(3)-N(112) 100.1(4)
N(92)-Cu(3)-N(112) 96.1(3)
N(101)-Cu(3)-0(22) 88.8(4)
N(112)-Cu(3)-0(22) 131.8(4)
N(152)-Cu(4)-N(141) 79.8(3)
N(152)-Cu(4)-N(121) 99.1(4)
N(141)-Cu(4)-N(121) 93.1(3)
N(132)-Cu(4)-0(21) 92.2(4)
N(121)-Cu(4)-0(21) 100.2(3)
0(22)-C(95)-0(21) 119(2)

Cu(1)-N(21) 2.020(8)
Cu(1)-N(32) 2.033(8)
Cu(2)-0(12) 1.925(6)
Cu(2)-N(61) 2.029(7)
Cu(2)-N(52) 2.263(8)
0(12)-C(15) 1.317(11)
Cu(3)-N(81) 1.994(10)
Cu(3)-N(92) 2.131(10)
Cu(3)-0(22) 2.30(2)
Cu(4)-N(132) 2.030(9)
Cu(4)-N(121) 2.164(9)
0(21)-C(95) 1.260(14)
0(23)-C(95) 1.232)
O(11)-Cu(1)-N(1) 94.7(3)
O(11)-Cu(1)-N(32) 161.4(3)
N(1)-Cu(1)-N(32) 95.0(3)
N(Q1)-Cu(1)-N(12) 93.8(3)
N(32)-Cu(1)-N(12) 99.8(3)
0(12)-Cu(2)-N(61) 174.03)
0(12)-Cu(2)-N(41) 90.6(3)
N(61)-Cu(2)-N(41) 95.4(3)
N(72)-Cu(2)-N(52) 104.9(3)
N(41)-Cu(2)-N(52) 78.8(3)
0(13)-C(15)-0(12) 123.2(9)
N(81)-Cu(3)-N(101) 171.0(4)
N(101)-Cu(3)-N(92) 90.7(4)
N(101)-Cu(3)-N(112) 80.0(4)
N(81)-Cu(3)-0(22) 97.7(4)
N(92)-Cu(3)-0(22) 131.0(4)
N(152)-Cu(4)-N(132) 173.2(4)
N(132)-Cu(4)-N(141) 93.5(4)
N(132)-Cu(4)-N(121) 79.9(4)
N(152)-Cu(4)-0(21) 94.6(3)
N(141)-Cu(4)-0(21) 166.2(3)
0(22)-C(95)-0(23) 124(2)
0(23)-C(95)-0(21) 117(2)

Table 5 Selected bond lengths (A) and angles (°) for {[Cu(phen),],-
(1,-CO3)}(CIO,)," DMF-H,0 (4)

Cu(1)-O(11) 1.933(3) Cu(1)-N(1) 2.013(4)
Cu(1)-N(21) 2.039(3) Cu(1)-N(12) 2.045(4)
Cu(1)-N(32) 2.215(4) Cu(2)-0(12) 1.938(3)
Cu(2)-N(61) 2.029(4) Cu(2)-N(72) 2.030(4)
Cu(2)-N(52) 2.036(4) Cu(2)-N(41) 2.258(4)
O(11)-C(15) 1.307(5) 0(12)-C(15) 1.305(5)
0(13)-C(15) 1.253(5)

O(11)-Cu(1)-N(1) 93.5(2) O(11)-Cu(1)-NQ21)  93.2(1)
O(11)-Cu(1)-N(32)  90.7(2) O(11)-Cu(1)-N(12)  174.0(2)
N()-Cu(1)-NQ21)  164.02) N(1)-Cu(1)-N(12) 81.5(2)
N(1)-Cu(1)-N(32)  115.5(2) N(12)-Cu(1)-N@21)  90.8(2)
N(12)-Cu(1)-N(32)  94.6(2) NQ1)-Cu(1)-N(32)  78.9(2)
0(12)-Cu(2)-N(41)  105.6(2) 0O(12)-Cu(2)-N(52)  91.0(2)
0(12)-Cu(2)-N(61)  162.2(2) 0(12)-Cu(2)-N(72)  91.2(2)
N@41)-Cu(2)-N(52)  78.0(2) N@41)-Cu(2}-N(61)  91.6(2)
N@1)-Cu2)-N(72)  99.02) N(52)-Cu(2)-N(61)  97.3(2)
N(52)-Cu(2)-N(72)  176.7(2) N(61)-Cu2)-N(72)  81.2(2)
O(11)-C(15)-0(12)  115.5(4) O(11)-C(15)-0(13)  121.8(4)
O(12)-C(15)-0(13)  122.7(4)

studied. The pH values of all solutions were measured immedi-
ately before and after the reactions using a Metrohm 632 pH
meter equipped with an Ingold V402-S7/120 electrode.

Results and discussion
UV-Vis spectra

It is seen from Fig. 1(a) that interesting spectral changes occur
in the metal-to-ligand charge transfer band. In the absence of
HCO,;", the absorbance at 340 nm undergoes a sigmoid change
over the pH range 8 to 12, which can be ascribed to deproton-
ation of the coordinated water molecule in [Cu(bpy),(H,O)]**.
The conditional pK, value of 10.3 £ 0.1 is given by the inflec-

Fig. 3 Molecular structure of [Cu(phen),(CO,)] (2).

tion of the sigmoid curve. Similar spectral changes are observed
for [Cu(phen),(H,O)]*" in the pH range 10 to 13 (see Fig. 1(b)),
and the corresponding pK, value of 11.7 £ 0.3 was directly
obtained. In the presence of HCO,;, the absorbance increases
from pH 6 to a maximum at pH 10, and then abruptly decreases
on increasing the pH further to 12.5. These spectral changes
can be assigned to the substitution of coordinated H,O by
HCO;", and the subsequent substitution of coordinated car-
bonate by OH™. In the first process, the coordinated water
in [Cu(bpy),(H,O)** and [Cu(phen),(H,O)]*" is substituted by
HCO;™ and carbonato complexes are gradually formed. An
apparent pK, value of ca. 7.0 £ 0.1 is obtained from Fig. 1,
which lies within the range of values reported for other bicar-
bonato metal complexes (ML, (OCO,H)])."” When the pH is
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Table 6 Sclected bond lengths (A) and angles (°) for complex
[(bpy)o(H,0)Zn(,-CO3)Zn(bpy),|(NO;),- TH,0 (5)

Zn(1)-0(12) 2.048(7)  Zn(1)-O(11) 2.119(7)
Zn(1)-N(22) 2.149(7)  Zn(1)-N(11) 2.152(7)
Zn(1)-N(12) 2.15509)  Zn(1)-N(1) 2.176(9)
0(12)-C(1) 1.261(11)  C(1)-0(21) 1.310(11)
C(1)-0(22) 1.309(10)  C(1)-Zn(2) 2.542(10)
Zn(2)-0(21) 2.116(7)  Zn(2)-N(32) 2.125(9)
Zn(2)-N(41) 2.132(8)  Zn(2)-N(42) 2.145(7)
Zn(2)-N(31) 2.1498)  Zn(2)-0(22) 2.172(7)
0(12)-Zn(1)-0(11)  91.73)  0O(12)-Zn(1)-N(22)  91.4(3)
O(11)-Zn(1)-N(22)  88.9(3)  O(12)-Zn(1)-N(11)  95.0(3)
O(11)-Zn(1)-N(11)  95.7(3)  N(22)-Zn(1)-N(11)  172.0(4)
O(12)-Zn(1)-N(12)  91.23)  O(11)-Zn(1)-N(12)  170.6(3)
N(22)-Zn(1)-N(12)  99.93)  N(11)-Zn(1)-N(12)  75.2(3)
O(12)-Zn(1)-N@21)  167.93)  O(11)-Zn(1)-N(21)  89.0(3)
N(22)-Zn(1) N(21)  76.53)  N(11)-Zn(1)-N(21)  97.0(3)
N(12)-Zn(1)-N21)  90.1(3)  C(1)-O(12)-Zn(1) 130.1(7)
0(12)-C(1)-0(21) 120.609)  O(12)-C(1)-0(22) 124.4(10)
0(21)-C(1)-0(22) 114909)  0O(12)-C(1)-Zn(2) 174.0(7)
0(21)-C(1)-Zn(2) 56.2(5)  0(22)-C(1)-Zn(2) 58.7(5)
0Q21)-Zn(2)-N(32)  160.1(3)  O(Q1)-Zn(2)}-N(41)  100.2(3)
N(32)-Zn(2)-N(41)  97.13)  O(21)-Zn(2)-N(42)  93.7(3)
N(32)-Zn(2)-N(42)  99.6(4)  N(@41)-Zn(2)-N(42)  77.5(3)
0(21)-Zn(2)-N(31)  90.1(3)  N(32)-Zn(2)-N31)  77.7(4)
N@1)-Zn(2)-N31)  983(3)  N@42)-Zn(2)-N(31)  174.8(5)
0(21)-Zn(2)-0(22)  62.02)  N(32)-Zn(2)-0(22)  102.6(3)
N@1)-Zn(2)-0(22)  159.1(3)  N(42)-Zn(2)-0(22)  92.2(3)
NG1)-Zn(2)-0(22)  92.73)  O(21)-Zn(2)-C(1) 31.03)
N(32)-Zn(2)-C(1) 13233)  N(41)-Zn(2)-C(1) 130.5(3)
N(42)-Zn(2)-C(1) 94.14)  N(31)-Zn(2)-C(1) 91.0(3)
0(22)-Zn(2)-C(1) 31.002)

higher than 10, coordinated carbonate is displaced by OH™ due
to an increase in [OH]. When the pH is less than 6, complex
species mainly exist in the form of [Cu(bpy),(H,0)]*" and
[Cu(phen),(H,O)I*".

3C NMR spectra

Due to the low solubility of complex 5 in water, *C NMR
spectra were recorded in a 1 : 1 mixture of D,0-DMSO-d,. *C
labelling to form [(bpy),(H,0)Zn(u,-*CO;)Zn(bpy),|(NO;),
7H,0 revealed a weak multiple peak at 166.9-168.3 ppm for the
U,-CO; group, a strong peak at 161.5 ppm for free HCO,;™ and
a strong peak at 126.5 ppm for free CO,. The chemical shift
for the p,-CO; group carbon atom lies within the range reported
for other carbonato complexes of Zn(ir).2”*"** The [Cu(bpy),-
(H,O)P** complex is expected to exhibit a similar behavior in the
presence of bicarbonate.

Structures

Before the crystal structures of five carbonato complexes are
described in more detail below, attention is first given to some
general aspects concerning these structures.

Chirality. All five compounds are chiral. The two monomeric
complexes 1 and 2 form racemates and both enantiomers are
present within the crystal structure. The stereochemical descrip-
tion is OC-6-22-C for the A-isomer (shown in Fig. 2 and 3) and
0C-6-22-A for the corresponding A-isomer (not shown). For
the dinuclear complexes 3, 4 and 5, the formation of diastereo-
mers has to be considered and the situation is significantly more
complex. The observed molecular structures reveal the form-
ation of heterochiral A,4-isomers in all three cases (shown in
Fig. 4, 5 and 6). Whereas 3 and 4 again form racemates, spon-
taneous resolution occurred in the case of 5 and the studied
crystal contained only one enantiomer of the A,4-isomer.

Pseudo-Jahn—Teller behavior. The Cu(1r) compounds 1, 2, 3
and 4 represent pseudo-Jahn-Teller systems showing a typical
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distortion of the octahedral coordination mode. In their
molecular structures the mean Cu—N axial bond lengths (Cul—
N12, Cul-N32) are significantly (by 0.11 to 0.14 A) shorter
than the Cu—N equatorial bond distances (Cul-N1, Cul-N21).
The Cu-O bond distances vary over a wide range from 1.925(6)
and 3.066(8) A to 2.30(2) and 2.44(2) A depending on the car-
bonate binding mode. Within this variation, there is a system-
atic pattern of distortion from C, symmetry of the carbonate
ligand: (i) as one Cu—O bond lengthens, the other shortens; (ii)
as a Cu-O bond lengthens (shortens), the Cu—N bond trans to it
also lengthens (shortens). This is in line with observations made
for a series of [ML,(OXO)]Y complexes (M = Cu, Zn; L = phen,
bpy; X = N, C; Y = BF,, PF,, ClO,, NO,).3"* A significant
change can also be observed in the anisotropic displacement
parameters of the O atoms of coordinated carbonate depend-
ing on the coordination mode. The O atom Gaussian ellipsoids
are small and nearly isotropic when carbonate coordinates in a
very asymmetric way, whereas they get large and very aniso-
tropic for the symmetrical coordination mode.** By way of
example, the equatorial atoms in molecule 1 (around Cul) and
2 (around Cu3) are shown in Fig. 7.

Carbonate coordination modes. The objective of this study
was to focus on the different coordination modes of carbon-
ate in the studied complexes. The most important structural
features can be summarized as follows:

[Cu(phen),(CO;)]-7H,0 (1). Fig. 2 shows that the N,-
coordinated Cu(m) ion is coordinated by carbonate in a way
between the limiting monodentate or bidentate modes: the
bond lengths for Cul-O11 and Cul-O12 are 2.421(3) and
1.972(3) A, respectively. The bond angle of N32-Cul-N12 is
105.09(10)° (see Table 2), which means that the coordination
polyhedron of the copper atom is between a distorted tetra-
gonal pyramidal and an octahedral arrangement. An approx-
imate plane consists of the N12, N32, and Cul atoms and the
carbonate group, the maximum deviation from a least-squares
plane calculated through these 8 atoms amounts to 0.199(2) A
for O11. Three water molecules can be found in the vicinity
of the carbonate and form hydrogen bridges (O11 --- Ol
2.668(4), 012 --- O5[x — 1, »,2]2.703(4), O13 - - - Ol[—x + 2,
—y, —z 4 1]2.662(4) and O13 -+ - O3[x — 1, y, 2] 2.647(4) A).

[Cu(phen),(CO;)]-11H,0 (2). The structure of complex 2
is similar to that of complex 1, but has stronger monodentate
distortion. The bond lengths for Cul-O11 and Cul-O12 are
2.556(2) and 1.964(2) A, respectively (see Fig. 3). The bond
angle of N32-Cul-N12 is 92.99(8)° (see Table 3), which means
that the coordination polyhedron of the copper atom can be
described with a tetragonal pyramidal assignment with N12
occupying the apical position. The carbonate coordinates to the
copper atom along the base plane. The angle between two least-
squares planes calculated through the atoms of the carbonate
group and the base plane of the tetragonal pyramid, respect-
ively, amounts to 88.41(9)°. At least five water molecules exist
around the carbonate ion and form hydrogen bridges
(011 --- 021 2.686(3), O12 --- 022 2.763(3), O13 --- 023
2.804(4), 013 - -+ 025 2.836(4) and O13 - -+ 026 2.836(4) A).

In general, the carbonate ion has a higher basicity than the
bicarbonate ion and thus, in a monomeric system, it is sug-
gested that it has a stronger tendency to coordinate to Cu(1) in
a bidentate mode.*” However, the large number of water mole-
cules around the carbonate ion in the monomeric complex most
likely prevents the carbonate ion from binding to Cu(m) in a
bidentate mode, due to the resulting hydrogen bonding net-
work. A comparison of the O11-Cul distance and the number
of surrounding water molecules in both complexes indicates
that this effect is more obvious for the complex with the larger
number of water molecules. By way of comparison, the X-ray
structures of two bicarbonato complexes of bis(phenanthro-
line)copper(ir) were recently resolved.'® In [Cu(phen),0,COH]-
ClO,, bicarbonate is coordinated in a bidentate mode with
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Fig. 4 Molecular structure of {[Cu(phen),],(1,-CO;)}** (3).

Fig. 5 Molecular structure of {{Cu(phen),],(1,-CO;)}** (4).

two equal Cu-O distances of 2.359 A, whereas in [Cu(phen),-
OCO,H]CIO, bicarbonate is coordinated in a monodentate
mode with Cu-O distances of 1.998 and 3.045 A, respectively.
The Cu-O bond lengths quoted for complexes 1 and 2 above,
differ significantly from these values. Protonation of the weaker
bound end of the carbonate ligand clearly leads to a significant
lengthening of this bond from 2.421 and 2.556 in 1 and 2,
respectively, to 3.045 A in [Cu(phen),OCO,H]CIO,. The other
Cu-O bond is hardly affected by this protonation and remains
almost constant in all three structures. Protonation of the
carbonyl function of the carbonate ligand leads to a highly
symmetric bicarbonato complex, [Cu(phen),0,COH]CIO,, in
which both Cu—O bond lengths are identical.'®’
{[Cu(phen),],(u,-CO;)}(ClO,),4.25H,0 (3). In the crys-
tals there are two molecular units of identical composition but
distinct structures (see Fig. 4). In molecule 1 (Fig. 4, upper), the
bond distances for Cul-Ol11, Cul-0O12, Cu2-0O12 and Cu2-
013 are 1.951(6), 2.565(6), 1.925(6) and 3.066(6) A, respectively
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Fig. 7 ORTEP drawing (50% probability ellipsoids) of the equatorial
atoms in molecule 1 (around Cul, left) and molecule 2 (around Cu3,
right) of complex 3.

(see Table 4). These structural data indicate that the two N,-
coordinated Cu(l) and Cu(2) ions are bridged by carbonate
approximately bidentately and monodentately, respectively. In
carbonate-bridged binuclear metal systems, there are only six
possible theoretical structures and they are listed in Scheme 2.

0] y 2 o
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~ ~ ~_ b M C
M M M
mode A mode B mode C
0] M (0] M
M\ /C\ / /é\ ’/ M\ © /M
O 0] O 0] NoCc. /
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mode 1D mode 13 mode F

Scheme 2 Summary of typical carbonate coordination modes in
binuclear systems.

Molecule 1 in complex 3 shows a distortion between modes B
and E, and approaches mode E, which is the mode not reported
so far. The coordination polyhedron of the two copper atoms
can be described with a tetragonal pyramidal structure. The
carbonate coordinates to two copper atoms along the base
planes. In molecule 2 (Fig. 4, lower) the bond distances for
Cu3-022 and Cu3-021 are 2.30(2) and 2.44(2) A, respectively
and the bond distances for Cu4-021 and Cu4-023 are 2.19(2)
and 2.44(2) A, respectively (see Table 4). Both the N,-
coordinated Cu(1) ions are bridged by carbonate in approx-
imately a bidentate way to form a binuclear complex, and the
carbonate coordination mode can approximately be described
by mode F. The coordination polyhedron of the two copper
atoms show a distorted trigonal bipyramidal structure for Cu3
and a distorted tetragonal pyramidal structure for Cu4. The
carbonate ion coordinates to two copper atoms in the plane
positions. The distances of Cul -+ Cu2 in molecule 1 and
Cu3 - -+ Cu4in molecule 2 are 4.303(2) and 4.548(2) A, respect-
ively. The phen ligands show strong stacking effects in the crystal.
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{[Cu(phen),],(1,-CO;)}(ClO,),» DMF-H,0 (4). The struc-
ture is different from the two forms in complex 3, but similar to
the reported structure of {[Cu(bpy),l,(1,-CO;)}(ClO,),.2* It is
seen from Fig. 5 that the two N,-coordinated Cu(m) ions are
bridged by carbonate in monodentate and anti—anti modes to
form a binuclear complex. The bond distances for Cul-O11
and Cul-013 are 1.933(3) and 2.844(4) A, respectively and the
bond distances for Cu2-0O12 and Cu2-0O13 are 1.938(3) and
2.693(4) A, respectively (see Table 5). The coordination poly-
hedron of the two copper atoms can be described with an
approximately tetragonal pyramidal geometry. The distance of
Cul - Cu2 is 5.296(5) A. The carbonate coordinates to two
copper atoms along the base planes.

[(bpy):( H,0)Zn(py-CO3) Zn(bpy),](NOs),7H,0 (5). Fig.
6 shows a labelled diagram for complex 5. See Table 6 for
selected bond lengths and angles. The two N,-coordinated Zn1
and Zn2 ions are bridged by carbonate in monodentate and
bidentate modes, respectively, to form a binuclear complex. The
Znl atom is coordinated to one water molecule. The coordin-
ation polyhedron of the two zinc atoms can be described as an
octahedron, but the environment of Zn2 is strongly distorted
due to the coordination to the carbonate bridge. The short
011-022 distance of 2.610(10) A indicates that there is one
H-bond between CO,*~ and the H,O molecule, thereby forming
a six-membered ring. The distance of Znl --- Zn2 is 5.400(1)
A. An approximate least-squares plane consists of N21, N12,
Znl, 011, 012, C1, 022, 021, Zn2, N32 and N41, from which
the Znl and Zn2 atoms deviate by 0.0262(3) and 0.0293(3) A,
respectively. The structure of another related p;-carbonate
product has been reported.?

The above-mentioned four carbonate binuclear complexes
exhibit different bridging modes, shown in Scheme 2. In the
bidentate mode, an unexpected behavior is that the bond
lengths between Zn and the oxygen atoms of the carbonate
ligand are shorter than the bond lengths between Cu and the
oxygen atoms of carbonate.

Magnetism

Variable-temperature magnetic susceptibility measurements
were performed on powdered samples in the range 5-300 K.
The magnetic behavior of complexes 3 and 4 is shown in Fig.
8(a) and 8(b), respectively, in the form of y,, vs. T and y,, T vs.
T plots. It is seen that both the values of y,, T increase slowly
with decreasing temperature from 300 K to 5 K on account of
an increased population of an S'= 1 ground state. This indicates
the existence of weak ferromagnetic coupling in both these
complexes. The coupling most likely occurs in an intra-
molecular fashion between two carbonate-bridged Cu(i) ions
rather than by intermolecular interactions to neighbouring
molecules.

Over the whole temperature range of 5-300 K, the magnetic
data of both complexes very closely follow the theoretical
expression of the magnetic susceptibility for a copper(11) pair:

2.2
NBE L 40.000120

2Nﬂ2g2 o
AL —JIkD' - p)+
x - [3 +exp( N'(t-p) AT

m

in which the second term accounts for a small proportion
p of uncoupled copper(1n). J is the singlet-triplet (S-T) energy
gap, and the other parameters have their usual meaning. The
minimization of

R=3 (chalc _ Xmobs )Z/E(Xmobs)Z

leads to the following parameters:

J=13.0cm™' g=2.00 p=0.01 R=0.00034 for complex 3
J=0.013cm™' g=2.21 p=0.001 R=0.00054 for complex 4
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Fig.8 Plotsof y, vs. T () and y,, T vs. T (O) for (a) complex 3 and
(b) complex 4. The best calculated fit is given as a solid line.

The difference in J for both complexes no doubt reflects the
difference in the Cu—Cu distance and the simultaneous effect of
the carbonate-bridging mode. In complex 3 the J value should
be an average produced by both carbonate-bridging modes.
These results are also similar to those reported earlier,'***
which show the presence of weak intramolecular ferromagnetic
coupling.

Kinetics

The kinetics of the reaction of [Cu(bpy),(H,O)*" and
[Cu(phen),(H,0)** with HCO,  was studied using stopped-
flow and T-jump techniques. On mixing two syringes, one filled
with a HCO;™ solution and the other with a buffered solution
of [Cu(bpy),(H,0)]*" or [Cu(phen),(H,0)]*", in the stopped-
flow instrument, no kinetic traces could be observed over the
entire pH range of 6 to 10, although a significant spectral
change did occur on mixing these solutions in a tandem cuvette.
Furthermore, the reaction could also not be observed using the
T-jump technique on mixtures of these solutions under the
selected conditions. In view of the relatively high pK, values of
[Cu(bpy),(H,0)*" and [Cu(phen),(H,O)]**, and the low pkK,
value of carbonic acid, the reactions between [Cu(bpy),(OH)]*
or [Cu(phen),(OH)]" and CO, are probably not important
in the selected pH range. The results, therefore, indicate that
the substitution of coordinated H,O by HCO,™ and CO,*” in
[Cu(bpy),(H,0)]*" and [Cu(phen),(H,O)]** must be very fast on
the stopped-flow/T-jump time-scale, which is in good agree-
ment with the substitution data reported for [Cu(tren)-
(H,0)]*".2%3 A clear kinetic trace could only be observed on
the stopped-flow instrument using a pH-jump technique in
which one syringe was filled with a mixture of [Cu(bpy),-
(H,0)I*" or [Cu(phen),(H,0)]*" and HCO;™ (pH ca. 6) and the
other syringe filled with a buffer solution (pH ca. 10). The
resulting kinetic trace exhibited good first-order behavior, and
kops could be measured as a function of complex and HCO,~
concentration. From the results shown in Fig. 9, it follows that
kops 18 independent of the selected concentrations which implies
that all reactions between HCO;~ and [Cu(bpy),(H,O)]*" or
[Cu(phen),(H,0)]** must be non-rate-determining steps.
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Fig. 9 Plot of (a) ko vs. [Cu(bpy),(H,0)*'] (@) at 50 mM HCO;",
and kq vs. [HCO;7] (O) at 1.0 mM [Cu(bpy),(HO)*'; (b) kops Vs.
[Cu(phen),(H,0)*'] (®) at 50 mM HCO,", and k,,, vs. [HCO; ] (O)
at 0.5 mM [Cu(phen),(H,0)]*". T =25.0 £ 0.1 °C and ionic strength =
0.25 M (NaNO;).

Due to the high lability of coordinated H,O in [Cu(bpy),-
(H,0)*" and [Cu(phen),(H,0)]*", substitution by HCO;~ is
expected to occur in a rapid equilibration. In general, mono-
meric bicarbonato complexes are unstable, especially in the case
of a monodentate structure, and undergo reverse aquation or
decarboxylation. Since no kinetic traces were observed on
mixing [Cu(bpy),(H,O)I** or [Cu(phen),(H,0)]** and buffer in
the absence of HCO,, the concentration independent kinetics
observed in the presence of bicarbonate must correspond to a
change in the binding mode of the unstable bicarbonato inter-
mediate, presumably from a five-coordinate monodentate to a
pseudo-six-coordinate bidentate or a related mode. Thus during
the pH-jump, the bicarbonato complex is deprotonated, fol-
lowed by the rate-determining ring-closure of [Cu(bpy),0CO,]
to [Cu(bpy),0,CO], or [Cu(phen),0CO,] to [Cu(phen),0,CO],
in order to account for the concentration independence of the
observed kinetics. The rate-determining step can be formulated
as in eqn. (2), for which k., has an average value of 20.7 £
0.8 s~ at 25 °C, estimated from the data in Fig. 9. This step is
then followed by the subsequent partial formation of binuclear
carbonato bridged species as suggested in eqn. (3), on the
basis of the structural data reported in this paper. The reaction
sequence can be summarized as follows (L = bpy or phen):

[Cu(L),(H,0)P" + HCO;” =
[Cu(L),0CO,H]" + H,0, fast (1)
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Scheme 3 Proposed mechanism for carbonation of CulN, with a planar water molecule in the trigonal bipyramidal structure.

[Cu(L),0CO,H]" (5-coord.) —
[Cu(L),0,CO] (6-coord.) + H*, kops  (2)

[Cu(L),0,CO] + [Cu(L),(H,O)]" =
{[Cu(L),lo(n-CO}*" + H,O0  (3)

Eqn. (1) represents the rapid complex-formation step that
occurs during mixing of the aqua complex with bicarbonate.
Eqn. (2) is suggested to account for the pH-jump induced
kinetic trace and to involve ring-closure of the unstable
five-coordinate bicarbonato complex to produce the pseudo-
octahedral six-coordinate carbonato complex as described
above.

In an effort to obtain more information on the nature of the
rate-determining step induced by the pH-jump, the temperature
and pressure dependences of this reaction were studied (see ref.
34 for details on the high pressure stopped-flow instrument
employed), and the results are presented in Fig. 10 and 11,
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Fig. 10 Temperature dependence of k,, for the reaction of 1.0 mM
[Cu(bpy),(H,O)*" (M) and 0.5 mM [Cu(phen),(H,0)]** (O0) with 50 mM
HCO,™ and ionic strength = 0.25 M (NaNO,).

respectively. The thermal and pressure activation parameters
are summarized in Table 7. It follows from the significantly
negative AS* and AV* values that eqn. (2) involves bond form-
ation and/or an increase in electrostriction.* Ring-closure
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Table 7 Kinetic parameters for the reaction of [Cu(bpy),(H,0)]*" and
[Cu(phen),(H,0)**with HCO,~

Parameter [Cu(bpy),(H,O)** [Cu(phen),(H,O)**
Pk, >10.3 £ 0.1 >11.740.3
kis™!, 25°C 20.7 £ 0.8 20.5+0.8
AH*/kJ mol™! 412109 53.7%£0.8
AS*J mol ' K™! —-82.0t£25 —-39.6£25
AG*/kJ mol™!, 25 °C 65.7+£0.9 65.5%£0.8
AV¥lem® mol™!, 15 °C —-16.9+t04 —-26.6 £ 1.0
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Fig. 11 Pressure dependence of k, for the reaction of 1.0 mM
[Cu(bpy),(H,O)** (A) and 0.5 mM [Cu(phen),(H,0)]** (A) with 50 mM
HCO;". T'=15.0 £ 0.1 °C and ionic strength = 0.25 M (NaNO,).

reactions are in general accompanied by a significant decrease
in partial molar volume. In addition, the release of a proton
results in a significant increase in electrostriction and will also
contribute to a volume collapse. Thus an overall negative vol-
ume of activation is in line with the suggested rate-determining
reaction (2).

An overall plausible mechanism for the carbonation reaction
of [Cu(bpy),(H,O)** and [Cu(phen),(H,O)" with HCO,~
(eqn. (1)) is proposed in Scheme 3. Complex-formation of
[Cu(L),(H,0)** with HCO;" is a rapid process and produces



the monodentate bicarbonato species at low pH. With increas-
ing pH, carbonation is enhanced in that the monodentate
bicarbonato intermediate forms a pseudo-bidentate species
which is accompanied by deprotonation of coordinated
bicarbonate. The pseudo-bidentate intermediate is suggested
to be a deprotonated complex as shown in eqn. (2), which
subsequently produces a series of complexes of the type
{[Cu(L),],(1,-CO3)}*" in eqn. (3). The CO, uptake reaction
route does not compete efficiently due to the high pK, value
of [Cu(L),(H,O)I**, i.e. due to the low fraction of hydroxo
complex ions present in solution.

Conclusions

The kinetic study of the reaction of [Cu(bpy),(H,O)** and
[Cu(phen),(H,0)]** with HCO,™ indicates that the five-coord-
inate copper complex with distorted trigonal bipyramidal struc-
ture is active towards substitution of H,O by HCO;~ when H,0
is located in the in-plane position. The reaction is so fast that it
could not be studied by stopped-flow and T-jump techniques.
The unstable monodentate bicarbonato intermediate produces
a carbonato complex in a kinetically observable step. No cat-
alytic activity of this complex is expected on the basis of the
formation of bicarbonato and carbonato complexes that do not
undergo a decarboxylation reaction. CO, uptake by the investi-
gated [CuL,(H,O)]** complexes is prevented by the relatively
high pK, values of the aqua complexes, which results in the
formation of [CuL,OH]" in a pH range where too little CO, is
present in solution. Thus in the present case the carbonation
process contributes significantly to the overall observed reac-
tion, an aspect that may be important to consider in studies on
the catalytic activity of model complexes.
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