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Nickel(I) Complex of 6,6'-Bis(hexylbenzoylamino)-2,2'-bipyridine
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The Ni(II) complex of 6,6'-bis(hexylbenzoylamino)-2,2’-bipyridine (LH,) in square-planar symmetry underwent a
reversible and simultaneous deprotonation of the two amide units. The non-deprotonated complex (NiL.LH,™*) showed
high SCN™ selectivity by the preferential axial coordination of two SCN™ molecules (log Kscn =8.112+0.03 in CH2Cl
at 20 °C), while the deprotonated complex showed little affinity toward anions. Deprotonation-induced affinity-switching
of the complex by the external aqueous layer mediated an efficient SCN™ -selective up-hill transport across a CH2Cly
liquid membrane by coupling with the symport of protons from pH 4.0 to 6.0 aqueous solutions. Equilibrium at the
aqueous/organic interface could be represented by the equation Kapp = ((Ni(LH2)(SCN)2Jors )/ ([NiL]mg[H+]2aq [SCN™ ]zaq),
where Kapp is the equilibrium constant (log Kapp = 13.6 at 20 °C). However, the rates of protonation and deprotonation of
the complex at the interface were dependent mostly on the concentration of the complex in the organic layer. Based on
these results, detailed mechanisms of the transport are discussed.

The selective and active transport of substrates across cell
membranes is one of the essential functions of biological
membranes.” As a model of membrane transport in living
systems, carrier-mediated transport across an artificial mem-
brane has been extensively investigated.”~ Since the sub-
strate affinity of the carrier must be high in the uptake process,
but low in the release process, in order to achieve highly ef-
ficient transport,” we have been studying functional carriers
whose affinity can be switched in the transport process by
photoirradiation or a pH difference.™

In a previous paper,” we reported that the Cu(Il) com-
plex of 6,6'-bis(hexylbenzoylamino)-2,2'-bipyridine (LH,)
serves as an efficient and selective carrier in the pH-driven
up-hill transport of anions. The complex in organic solvents
undergoes reversible deprotonation of the amide groups by
contact with external aqueous solutions (Scheme 1). The
deprotonated complex has no affinity toward anions, while
the complex in the non-deprotonated form shows high affin-
ity toward lipophilic anions. The extraction of lipophilic
anions by the non-deprotonated complex and deprotonation-
induced switching of the affinity at the other membrane in-
terface mediated an efficient up-hill transport of anions by
coupling with the proton concentration gradient across the
membrane. In the case of SCN~, having a high coordination
ability, preferential axial coordination of SCN™ to the metal
center in square-planar symmetry made the transport highly
SCN~-selective. However, deprotonation of the Cu(Il) com-
plex proceeded stepwise from the mono-deprotonated to the
fully-deprotonated form (Scheme 1 (i)). Furthermore, axial
coordination of SCN™ to the metal center of the non-depro-

tonated complex also took place stepwise from the mono-
to bis-coordinated species. These complicated equilibrium
did not allow us to determine the stoichiometry of the anions
bound to the carrier complex, and no further analysis of the
transport mechanism could be carried out. In this study we
used the Ni(Il) complex of LH; as the carrier, which showed
a much simpler stoichiometry and a slightly better perfor-
mance compared to that of the Cu(Il) complex in the SCN™-
selective up-hill transport. Thus, we quantitatively examined
the pH-induced affinity switching of the complex, and clar-
ified the mechanism of transport mediated by the functional
Ni(II) complex.

Experimental

Measurements:  Thermal analyses were carried out using a
Mettler FP90 thermo system and a Rigaku Thermo Plus TG-DTA
system. The FTIR spectra were recorded on a Perkin—Elmer 1600
series FTIR spectrometer. The electronic spectra were measured
using a Shimadzu UV 2200 or a Photal MCPD 1000 spectropho-
tometer at 20 °C.

Quantitative analyses of anions were carried out by the follow-
ing methods: SCN™ by a colorimetric method according to the
standard procedure, Br~ using an anion-selective electrode (Br-
125, Toa Electronics Ltd., Tokyo), and p-toluenesulfonate (p-tol)
by absorbance at 261 nm.

Materials:  The solvents and other chemicals were obtained
commercially, and were purified by routine methods, if necessary.
6,6'-Bis(hexylbenzoylamino)-2,2’-bipyridine (LH) was prepared
from 6,6'-diamino-2,2’-bipyridine and 4-hexylbenzoyl chloride ac-
cording to a reported procedure.'® The preparation of the Ni(Il)
complex was essentially the same as that of the Cu(Il) complex.”
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Scheme 1. Deprotonation of the complex.

[Ni(LH2)(H20)2](NO3)2(H20). (NiLH%*): Pale green plates
(yield 65%), ca. 80 °C (—2H,0 by TG), 100-—112 °C (—H,0 by
TG), 124—133 °C (—H,0 by TG), and 192—203 °C (—2HNO;
by TG, decomp); IR (KBr) 3324, 1644, 1617, 1539, 1385, and
1317 em™'. Found: C, 52.71; H, 5.71; N, 10.50%. Calcd for
C3(,H50N5N1012.' C, 52.89; H, 6.16; N, 10.28; Ni, 7.18%.

[Ni(h-babp)] (NiL):  Orange needls (yield 97%), mp 177.3—
178.6 °C; IR (KBr) 1494, 1417, and 1381 cm ™. Found: C, 69.64;
H, 6.11; N, 8.97%. Calcd for C3sHsoN4NiO,: C, 69.81; H, 6.51;
N, 9.04; Ni, 9.48%.

Equilibrium Studies in Two-Phase Systems:  The following
aqueous and organic solutions (3 cm® for each) were placed together
in a 20-cm® capped cylindrical bottle; after 60 min of mixing by
a Yamato shaker model MD-21 (200 rpm), the bottle was left to
stand for 30 min and the aqueous and organic layers were analyzed
separately: aqueous layer, a Kolthoff’s buffer solution (mixtures
of 0.05 moldm™> sodium succinate and 0.05 moldm™* sodium
tetraborate, pH 3.0—6.0) containing an appropriate concentration
of sodium salts; the organic layer, a dichloromethane solution con-
taining Ni(LH,)(NO3),.

Kinetic Studies in Two-Phase Systems:  Uptake Process:
To an organic NiL solution (3.3—10.0x107° moldm™3, 2 cm®,
CH>Clb+5% CH3OH) in a quartz-made UV cell of a 1x1x6.4
(height)-cm size at 20 °C, a Kolthoff’s buffer solution (2 cm?,
pH 3.4—4.0) containing NaSCN (1.0—20.0x 10> mol dm %) was
quickly, but carefully, placed in order to minimize any effect of the
initial contact of the two solutions. Rough contact of the two
solutions resulted in an immediate conversion of NiL to Ni(LH;)-
(SCN),. The organic layer was stirred at 480 rpm by an Iuchi
Multi Stirrer M-3. The conversion of NiL to Ni(LH2)(SCN), was
monitored by a Photal MCPD 1000 spectrophotometer at 20 °C.

Release Process: A non-deprotonated complex, Ni-
(LH2)(SCN),, was prepared quantitatively by mixing a Ni-
(LH2)(NO3)2/(CH,Cly+5% CH30H) solution (3.2—7.7x107°
moldm™) with an aqueous NaSCN solution (pH 4.0,
0.3—10.0x107% moldm™3). The resultant Ni(LH,)(SCN), so-
lution was used as the organic layer. The procedure for monitoring
the conversion of Ni(LH)(SCN), to NiL after contact with aqueous
buffer solutions (pH 6.0—6.6) was essentially the same as that for

the uptake process.

Transport Experiments in Three-Phase Systems: Trans-
port experiments were carried out at 20 °C according to a previ-
ously reported procedure.” The organic layer (30 cm®, CH,Cl+5%
CH3;0H) was placed at the bottom of a cylindrical glass cell
(diameter 4 cm, height 6 cm), and the two aqueous layers (10
cm® for each) set on the organic layer were separated from each
other by a glass plate inserted at the center of the cell. During the
transport experiment, the organic layer was slowly stirred with a
small magnetic stirrer so as to allow the interface of the aqueous
and organic layers to swirl slowly (ca. 80 rpm).

Results

Properties of the Ni(IT) Complexes: The Ni(Il) complex
of 6,6'-bis(benzoylamino)-2,2'-bipyridine has previously
been shown to have an N,O,-type square-planar structure.'”
In this study, hexyl groups were introduced to the benzo-
yl units of this parent compound in order to increase the
lipophilicity of the complex. The IR and electronic spectra
of the Ni(Il) complex with LH, were essentially the same
as those of the Ni(Il) complex of the parent compound.'®
Therefore, the introduction of hexy!l groups did not affect the
N,O; square-planar structure of the complex.

Spectral titration of NiLH,2* in dichloromethane by meth-
anolic NaOH showed a clear one-step spectral change with
isosbestic points at 330 and 358 nm (Fig. 1). The addition
of more than two molar amounts of NaOH did not cause any
further spectral change, and the spectra became identical to
that of the fully-deprotonated complex NiL. Therefore, a
simultaneous deprotonation of the two amide units directly
converted the non-deprotonated complex to the fully-depro-
tonated form, in contrast to the corresponding Cu(Il) com-
plex, which underwent stepwise deprotonation through the
mono-deprotonated form (Scheme 1).” Amide deprotona-
tion of the complex was confirmed to be reversible by the
repeated addition of methanolic HCl and NaOH.
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Fig. 1.  Spectral change of Ni(LH;)(NO3), (8.12x107°

moldm ) in CH,Cl, (containing 5% CH;OH) upon ad-
dition of small amounts of methanolic NaOH, where
[NaOHJ/[Complex] molar ratios were 0 to 6. Absorbances
at 421 nm were shown as an inset.

Anion Affinity of the Transition Metal Complexes:
The electronic spectrum of the deprotonated complex NiL in
dichloromethane at 20 °C was little affected by the presence
of tetra-n-butylammonium (TBA) bromide, p-toluenesulfo-
nate (p-tol), and thiocyanate. The ligand-centered m—m™
band of the non-deprotonated complex Ni(LH;)(NOj3), in
dichloromethane showed a small, but clear, blue-shift in a
one-step on addition of (TBA)SCN up to nearly two-times
the molar amounts (Fig. 2), though TBA salts of bromide
and p-tol showed no effect on the spectra. In the case of
CuLH,%*, a similar, but stepwise, spectral change was ob-
served due to the stepwise coordination of two SCN™ from
the axial position.” Therefore, the observed spectral change
for the Ni(Il) complex is also ascribed to the axial coordina-
tion of two SCN™ to the metal center. No spectral change
was observed for bromide and p-tol, having weak coordina-
tion ability, indicating that they did not interact directly with
the complex. Based on Scheme 2, the association constant
for SCN™ (Ksen) was determined from the absorbance at
351.6 nm by a curve fitting method. From the satisfactory
curve fitting (shown as an inset of Fig. 2), log Kscn was de-
termined to be 8.1140.03 (> =0.996), which shows a high
SCN~™ affinity of the non-deprotonated complex. Since a
fully-deprotonated complex having stronger square-planar
ligand field showed no sign of interaction, even with SCN ™,
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Fig. 2.  Spectral change of Ni(LH)(NO3), (4.82x107°

mol dm™?) in CH,Cl, (containing 5% CH3;OH) upon addi-
tion of (TBA)SCN at 20 °C, where [(TBA)SCN]/[Complex]
molar ratios were O to 5.53. Absorbances at 351.6 nm were
shown as an inset together with the simulated curve.

the deprotonation of the complex caused a drastic change
in the SCN™-affinity. Similar, but not quantitative, results
were obtained for the Cu(Il) complex.” However, the Ni(Il)
complex is markedly different concerning its equilibria in
amide deprotonation and SCN™ coordination. The simple
one-step equilibria of the Ni(Il) complex are advantageous
in analyzing the transport mechanism.

Equilibrium Studies in the Two-Phase System:  The
solute equilibrium between aqueous and organic layers was
studied in the two-phase system. For these studies, equilib-
rium between the aqueous buffer and the dichloromethane
layer was established by vigorous mixing of the two solu-
tions for 60 min. No leakage of the complex from the organic
layer was observed at all. Figure 3 shows the pH profiles
of the molar fraction of the deprotonated complex in the or-
ganic layer. The results confirmed that the deprotonation of
the complex in the organic layer was controlled by the pH,
type of anion, and anion concentration of the aqueous buffer
solution. Hydrophilic bromide in the aqueous layer hardly
affected the complex in the organic layer, while lipophilic,
but weak, coordinating anions, such as p-tol and perchlo-
rate, increased the molar fraction of the non-deprotonated
form moderately. However; the presence of SCN™, having a
high affinity toward the non-deprotonated complex, showed

. ,
Ni(LH)(NOs), + 2TBASCN =—=== Ni(LH)(SCN), + 2TBANO,

Scheme 2.
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pH profiles of the molar fraction of NiL in the organic layer after mixing with aqueous buffer solutions containing different

(a) type of sodium salts and (b) NaSCN concentrations. (a) Type of sodium salts (1.0x 102 moldm™>); —A—: no salt, —@—:
NaSCN, —B—-: Na p-tol, —A—— NaClO,4 and —1— NaBr. (b) NaSCN conceatrations; - - -O---: 1.0x1073, =« O+ —
3.0%1073, —O—: 5.0x1073, —@—: 1.0x107%, - —@—-— 2.0x1072, and - - -@---: 4.0x 1072 moldm~>.

a drastic change in the composition, and a higher concentra-
tion of SCN™ greatly increased the non-deprotonated form.
Figure 4 shows the amounts of SCN™ transferred into the
organic layer after contact with aqueous solutions. By in-
creasing the SCN™ concentration in the aqueous layer at pH
4.0, the SCN~/complex molar ratio in the organic layer ap-
proached close to two. Therefore, two molar amounts of
SCN~ were transferred into the organic layer by the non-
deprotonated complex, which is in good agreement with the
previous observation of bis-SCN™ coordination to the non-
deprotonated complex. From a pH 6.0 aqueous solution, a
negligible amount of SCN™ was transferred into the organic
layer. Since contact with the aqueous pH 6.0 solution made
the complex to be in the fully-deprotonated form, the results
confirmed that the deprotonated complex has no ability to
extract SCN~ from an aqueous solution.

Transport of Anions by pH-Induced Affinity-Switching

2

XlorgIClo

X1AClo

Fig. 4. Effect of the initial SCN™ concentration ([X]o )in the
aqueous buffer solution (pH 4.0) on the concentration of the
extracted SCN™ ([X]or) in the organic layer. Initial NiLH?*

concentration ([Clo) in CH,Cl, was 2.0x 107> moldm™>.

See experimental section for detailed conditions.

of the Ni(Il) Complex Carrier:  Transport experiments
were carried out at 20 °C according to a previously reported
procedure.” Although two aqueous buffer layers, I and II
(aq T and 1I), were identical in their volume (10 ¢cm®) and
initial SCN~ concentration (1.00x1072 moldm™3), their
pH values were different (aq I: 3.0—5.0, and aq II: 6.0). The
two aqueous layers were separated by the organic layer (di-
chloromethane with S v/v% methanol, 30 cm?) containing
NiLH,?* (1.11x10™* mol dm—3). When the pH of aq I was
4.0 or 3.0 (Fig. 5), the efficient up-hill transport of SCN™
was mediated from aq I to the aq I. No SCN™ transport was
observed without the Ni(Il) complex, confirming that the
complex serves as the carrier. The initial stage of transport
from aq I (pH 4.0) to aq II (pH 6.0) is summarized in Table 1.
The pH increase in aq I and the decrease in aq Il indicated that
the up-hill transport of SCN™ was coupled with the symport
of protons across the membrane.

Although lipophilic p-tol was also transported across the
organic layer, hydrophilic bromide was not transported at all
(Table 2). When p-tol and SCN™ were present simultane-
ously in the aqueous layers, SCN™ was selectively trans-
ported, showing that the coordination ability is the critical
factor concerning the transport selectivity.

Kinetic Analysis of Up-Hill Transport: To understand
the efficient up-hill transport of SCN™ by the Ni(Il) com-
plex, kinetic studies of the SCN™-transfer between the or-
ganic and aqueous layers were carrier out. When the aqueous
buffer solution at pH 4.0 containing NaSCN was carefully
layered on the organic NiL solution, a rapid conversion of
NiL to Ni(LH;)(SCN); in the organic layer was observed by
the spectrophotometric method. This indicates an efficient
transfer of protons and SCN™ from the aqueous to the organic
solutions. The effect of the initial contact of the two solu-
tions diminished within 0.5 min, and the rate of conversion
of NiL to Ni(LH;)(SCN), (v) followed first-order kinetics
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Table 1. Initial Stage of the SCN~ Transport from the Aqueous Layers I (10 cm®, pH 4.0) to
0 (10 cm®, pH 6.0) across the CH,Cl, Layer Containing NiLH,%* (0.97x 10™* mol dm 2,

30 cm®) at 20 °C
Time AqI(pH 4.0) Aq1I (pH 6.0) Organic layer
h [SCN™] pH [SCN™] pH INiLH,™")

%107 *mol dm* x10?mol dm™* molar fraction

0 1.00 4.00 1.00 6.00 0.95

3 0.86 4.08 1.01 5.95 0.60

12 0.58 4.17 1.22 5.75 0.57

24 041 4.24 1.52 5.60 0.55

Table 2. Anion Transport from the Aqueous Layers I (10 cm®) to T (10 em’, pH 6.0) across
the CH,Cl, Layer Containing NiLH2** (1.11x10™* mol dm ™%, 30 cm®) at 20 °C?

No. Anion Intial pH of Anion concentration after 72 h Turn-over®
Aql 1072 mol dm
Aql AqIl
1 SCN~ 3.0 0.12 1.82 12.3
2 SCN~ 4.0 0.24 1.59 8.9
3 Br~ 40 1.00 1.00 0.0
4 p-Tol 4.0 0.84 1.04 0.6
5" p-Tol 3.0 0.99 1.00 0.0
SCN~ 0.15 1.85 12.8
6 p-Tol 4.0 0.82 1.04 0.6
SCN™ 0.29 1.43 8.0

a) Initial anion concentrations in the aqueous layers I and 1 were 1.00x 102 moldm™3. b) The

aqueous layers contained both p-tol and SCN™.

¢) Turn-over of the carrier after 72 h was calculated

from the amounts of anions transported to aq II based on the assumption that twice molar amount of

substrates is transported by the carrier.
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Fig. 5. Time course of the SCN ™ concentrations of the aque-
ous layers I (—) and II (- - -) during the SCN™ transport by
NiLH,%* (1.11x10™* mol dm™?) in the three-phase system
at 20 °C. Initial concentrations of SCN ™ in both aqueous
layers were 1x1072 moldm™>. The layer Il was set at
pH 6.0, while pH of the layer I was 3.0 (J), 4.0 (O), and
5.0 (2\). For comparison, the SCN™ transport by CuLH,*
from the pH 4.0 aqueous layer I under similar conditions
(®) was also shown in the figure.

(Fig. 6(a)). The initial rates of conversion (v°) in mol min~!

are shown in Fig. 7 as functions of the NiL concentration in
the organic solution, NaSCN concentration, and pH of the
aqueous solution.

The SCN™ transfer from the organic to aqueous solutions
was studied similarly. Again, the rate of conversion of Ni-
(LH,)(SCN), to NiL followed first-order kinetics (Fig. 6(b));
the the effects of the solute concentrations on the initial rates
are shown in Fig. 8.

Discussion

pH-Induced Affinity-Switching of the Ni(Il) Complex
Carrier and Their Performance in Anien Transport:
The results shown in Fig. 5 demonstrate that the Ni(Il) com-
plex of LH; mediated the efficient and selective up-hill trans-
port of anions by coupling with the pH difference across the
liquid membrane. Although the deprotonated complex has
no affinity toward anions, the non-deprotonated complex
shows a moderate-to-high affinity toward the lipophilic an-
ions, and an especially high affinity toward SCN—, having a
high coordination ability. Anions were incorporated in and
transported across the organic membrane by the non-depro-
tonated form of the complex; affinity switching of the carrier
by reversible deprotonation allows efficient up-hill transport
by coupling with the proton symport.

The binding of anions with the non-deprotonated complex
is primarily due to an electrostatic interaction; lipophilic
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Rate of conversion (v) of NiL to Ni(LH,)(SCN), at 20 °C as functions of a) NiL concentration in the organic, b) NaSCN

concentration in the aqueous, and c) pH of the aqueous solutions. Parameters other than specified were set at following standard
conditions; NiL: 4.40x 10~° moldm™>, NaSCN: 1.0x 10~? mol dm >, and pH 4.0.
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Fig. 8. Rate of conversion (v) of Ni(LH>)(SCN), to NiL at 20 °C as functions of a) Ni(LH;)(SCN), concentration in the organic,
b) NaSCN concentration in the aqueous, and c) pH of the aqueous solutions. Parameters other than specified were set at following

standard conditions; NiLH,*": 4.91x 107> moldm —*, NaSCN: 1.0x 102 mol dm ?, and pH 6.0.

counter anions are favorable in organic media. In the case
of SCN—, however, the spectral change indicated the axial
coordination of two SCN™ molecules to the metal center
(Fig. 2); the association of SCN™ to the complex was almost
quantitative (log Kscn =8.1140.03), showing a high SCN™
affinity. Therefore, the high transport selectivity of the Ni-
(II) complex carrier toward SCN™ is ascribed to the high
coordination ability of SCN™ at the uptake process.

These results are essentially the same as those observed for
the Cu(Il) complex.” However, the SCN™ transport was too

complicated to study in detail when the Cu(Il) complex was
used as the carrier. Both the non-deprotonated and mono-
deprotonated complexes were the potential carrier in the or-
ganic layer because of the stepwise deprotonation of the Cu-
() complex; furthermore, the number of SCN ™ incorporated
by the non-deprotonated complex could not be determined
due to the stepwise coordination of SCN™. On the other
hand, the Ni(I) complex exists either in the non-deproton-
ated or fully-deprotonated form, but not in the mono-depro-
tonated form, and the coordination of two SCN™ molecules
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to the non-deprotonated complex takes place simultaneously.
Therefore, SCN ™ is incorporated into the organic layer only
as Ni(LH;)(SCN),. This simple stoichiometry allows us to
analyze the SCN™ transport in further detail.

Equilibrium at the Membrane Interface:  In aque-
ous/organic two-phase equilibrium experiments, no leakage
of the complex into the aqueous layer was observed. There-
fore, the apparent solute equilibrium in the system can be
represented as Scheme 3, where K, s the equilibrium con-
stant, and is given as

[NI(LH2)(SCN)2]org

Ka = N >
P [SCN=12,4 [H*1?,y [NiL]org

ey
or

log Kapp =2pH — 2log [SCN ]g
+ ]Og ([NI(LHZ)(SCN)Z]org/[N]L]org)1

where suffix ,q or o indicates the aqueous or organic
layer, respectively. Here, we defined pH,/; as the pH of
the aqueous layer at which the molar fraction [Ni(LH,)-
(SCN)2 Jorg/[NiL]org becomes unity at given [SCN™ J,q con-
centrations. Equation 1 can be transformed into

pHi/2 = 1/21log Kapp +10g [SCN ™ Jag, 2

The pH; /, values obtained from Fig. 3(b) were plotted as
a function of log [SCN ] (Fig. 9). The observed good linear
correlation assures the validity of the solute equilibrium in

2H"aq + 2ISCNTaq +

ﬂxapp

[Ni(LH2)X(SCN)2lorg

[NiLlorg

Aqueous layer Organic layer

Scheme 3.
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Fig. 9. Plot of pH,, vs. log [SCN] according to the Eq. 2.
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the system (Scheme 3), and log K,,, was determined to be
13.6 from the intersection. A lower pH or a higher SCN™
concentration of the aqueous layer increases the molar frac-
tion of the non-deprotonated complex, confirming that the
reversible deprotonation of the complex in the organic mem-
brane can be controlled by the external aqueous layer.

To change the [Ni(LH)(SCN)Jorg/[NiL] o Tatio from 0.1
to 10 by the pH of the external aqueous solution, the pH
difference of one is estimated to be sufficient from the Eq. 1.
The simultaneous protonation of the two amide units of the
deprotonated complex results in a second-order dependence
of the equilibrium on the proton concentration, which makes
the deprotonation curve steeper. Figure 3 confirms that a
small pH difference is indeed sufficient to control the depro-
tonation equilibrium of the complex; therefore, switching its
anion affinity by a small pH difference realizes an efficient
up-hill transport of SCN™.

Kinetics of Solute Transfer at the Aqueous/Organic In-
terface:  In the uptake process, the conversion of NiL to
Ni(LH;)(SCN), followed first-order kinetics after the initial
mixing effect was completed. As shown in Fig. 7, the rate
v° is linearly dependent on the initial NiL. concentration in
the organic layer. However, the effect of the SCN™ con-
centration in the aqueous layer becomes evident only when
the SCN™ concentration is sufficiently low. The rate does
not depend on the proton concentration in the aqueous layer.
The conversion of NiL to Ni(LH,)(SCN), involves the si-
multaneous transfer of two molar amounts of SCN™ and H*
across the aqueous/organic interface; the rate of conversion
(v°) corresponds to half the rates of the SCN™ and H* trans-
fer in mol min~! ecm~2 from the aqueous to the organic layers
(surface area=1 cm?). Since the rate of conversion depends
linearly on the NiL concentration in the organic layer, but
not much on the SCN™ and H* concentrations in the aque-
ous layer, the rate-determining step in the uptake process
may be the diffusion of NiL to the interface where associa-
tion with SCN™ and H* takes place. Since no lcakage of the
complex to the aqueous layer was observed at all, the results
suggest that the association of the complex takes place at the
interface more closer to the aqueous phase.

In the release process, similar results were obtained.
Again, the rate of conversion from Ni(LH;)(SCN), to NiL is
mostly dependent on the initial Ni(LH,)(SCN), concentra-
tion, not on the initial SCN™ or proton concentration in the
aqueous layer, though a sufficiently high SCN™ concentra-
tion moderately decreased the rate.

The moderate dependence on the SCN™ concentration
(Figs. 7 and 8) can be explained from the shift of the [Ni-
(LH,)(SCN), J/[NiL] equilibrium in the organic layer from
Eq. 1. The lowest SCN™ concentration studied here was
1.0x 1073 mol dm—? in the uptake process (pH 4.0); highest
in the release process was 1.0x10~! moldm~—3 (pH 6.0).
When the solute equilibrium was attained, log ([Ni(LH;)-
(SCN), J/[NiL]) was estimated to be —0.4 for both cases from
the log K., value of 13.6 (Eq. 1). This estimation indicates
that the molar fraction of Ni(LLH,)(SCN), in the uptake proc-
ess is only 0.3 at the lowest SCN™ concentration, even after
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attaining equilibrium, or that of NiL in the release process is
shifted to 0.7 at the highest SCN™ concentration. Therefore,
the observed decrease of the rates in Fig. 7 at a lower SCN—
concentration, and Fig. 8 at a higher SCN™ concentration,
can be attributed to a shift in the equilibrium.

Kinetics of the Transport by the Ni(Il) Complex: As
shown in Table 1, more than half of the SCN™ in aq I had
been transferred from aq I (pH 4.0) by the Ni(Il) complex
carrier within 24 h. During 3 to 12 h of transport, the molar
fraction of Ni(LH;)(SCN); in the organic membrane changed
only from 0.60 to 0.57. Therefore, the transport system is
regarded to be in a steady state; the average of these val-
ues represents the molar fraction of Ni(LH,)(SCN), during
this period. Based on the assumption that the rate is de-
pendent only of the NiL concentration in the organic layer
under the experimental conditions, the rate of the SCN™
transfer at the uptake process was estimated to be 1.0x 1073
mol min~! cm~? from the rate of conversion of NiL to Ni-
(LH,)(SCN),, shown in Fig. 7(a)."” Similarly, the rate of
SCN™ release at the organic/aq II interface was estimated
to be 7.0x107° molmin~' cm~? from Fig. 8(a).'""” Thus,
the amounts of SCN™ transferred across the aq I/organic
membrane and the organic membrane/aq II interfaces (each
interface area is 6.28 cm?) during transport between 3 and 12
h were estimated to be 3.4 x 107> and 2.4 x 10~ mol, respec-
tively. The values estimated from the two-phase experiment
agree with those obtained from the transport experiment in
the three-phase system. Since the volume of the aqueous
layers is 10 cm?, the amounts of the SCN™ transferred from
aq I and to aq II during this time period were determined
experimentally to be 2.8 x 1073 and 2.1x 107> mol, respec-
tively, from Table 1. Therefore, the interfacial process which
we observed in the two-phase system was indeed operating
similarly in the three-phase system.

The pH of aq I and aq II during transport from 3 to
12 h shifted from 4.08 and 5.95 to 4.17 and 5.75, respec-
tively (Table 1). Titration of the buffer solutions with a
concd HCI or NaOH solution indicated that the observed pH
shifts required 2.2x 107> mol of proton decrease in aq I and
2.6x107° mol of increase in aq II. The results coincided
roughly with the observed amount of the transported SCN ™.
Therefore, the up-hill transport of SCN™ is coupled quan-
titatively with the proton symport. A quantitative coupling
of SCN™ transport with the proton transport is realized by
the simultaneous binding of protons and SCN~ to the NiL to
form Ni(LH;)(SCN),, which mediates an efficient pH-driven
up-hill transport.

In summary, we demonstrated that the affinity switching
of the Ni(Il) complex of LH; induces an efficient up-hill
transport of SCN™ by coupling with the pH difference. The
simple one-step amide-deprotonation and SCN™ coordina-
tion permitted a quantitative analysis of the transport mech-
anism illustrated in Scheme 4. The following are the major
features of this transport system: high SCN™ affinity of the
non-deprotonated complex in the organic layer (log Kscn=
8.1110.03); high SCN™ extractability of the non-deproton-
ated complex from the aqueous layer (log Kapp=13.6); a small

Anion Up-Hill Transport by Ni(ll) Complex
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Scheme 4.

pH difference of the external aqueous solution required for
regulating the deprotonation-induced affinity switching of
the carrier, and quantitative coupling with the proton sym-
port.

In the case of a biological membrane system, an ATP-
driven ion pump across a membrane is often described using
an ‘alternate access’ model.””~'¥ In this model, the posi-
tion of the binding site is assumed to remain unchanged
as the binding cavity opens alternatively to the uptake and
discharge sides of the membrane, and switching of the ion-
binding affinity mediates the efficient active transport of ions.
The results presented here demonstrated that the affinity-
switching strategy is also effective to mediate efficient up-
hill transport in a carrier-mediated transport system.
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