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Nickel(II) complexes supported by 14-membered pyridine-containing macrocyclic ligands LF (E = NH, S, and
0), represented as [Ni"(LNH)](C10,), (1a), [Ni'(LS)](C10,), (2a), [Ni'(L8)](C104)(BPhy) (2b), [Ni"(L®)(CH3CN),]-
(Cl10y4), (3a), and [Ni"(LO)(CH;CN),](C10,)(BPh4) (3b), have been synthesized. X-ray crystal structures of complexes
1a and 2b have square-planar structures in low-spin state, whereas complex 3b exhibits an octahedral high-spin config-
uration where two solvent molecules occupy the axial positions of the NiN;O; plane. The absorption spectra of 1a and
2a in coordinating solvents show interconversion of high-/low-spin states, for which the equilibrium constants and ther-
modynamic parameters (AH® and AS®) have been determined. However, in the case of complex 3a in coordinating sol-
vent, the high-spin state dominates at temperatures ranging from —40 to 60 °C. Cyclic voltammetry of the complexes 1a
and 2a in CH3CN showed a reversible wave for a Ni"l / Ni' redox couple. The redox potential for 2a (Ej, = —1.20V vs.
Ag/AgNO3) is more positive than that for 1a (Ej; = —1.48 V). In contrast to these complexes, 3a showed an irrever-
sible redox couple with a significantly large peak separation of 460 mV. This result indicates that the coordination geo-
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metries of the nickel complex 3a drastically change between six-coordinate Ni'' and four-coordinate Nil states.

Tuning spin states of nickel(Il) complexes, square-planar
low-spin (lAlg) and octahedral high-spin (3B1g), has been
one of the most attractive research objectives not only in the
fields of inorganic and biological chemistry!= but also in the
perspective of creating molecular switches.* The equilibrium
of spin-state interconversion in Nil' complexes depends on
many factors such as temperature, counter anions, solvents,
and ionic strength of aqueous solution,™ and has been utilized
to develop fluorescent molecular switches, where fluorescence
“on” and “off” are controlled by low- and high-spin states of
Nil' ion, respectively.* The interconversion of the spin state is
also found in Fu39 cofactor in methyl-coenzyme M reductase
(MCR),'® which catalyzes methane formation from methyl-
coenzyme M and coenzyme B. Six-coordinate bis-aqua § = 1
species is favored at low temperature, while at high temper-
ature the four-coordinate S = 0 form dominates.!""!> Further-
more, in this enzymatic system, the nickel ion in F430 is redox
active and is found to be in an EPR-active Ni' form in which
the nickel center is square planer S = 1/2 with a (3dxz_),z)‘
electronic ground state.'314

Among numerous Ni' complexes so far reported, those hav-
ing cyclam (1,4,8,11-tetraazacyclotetradecane) and its analogs
as macrocyclic ligands have been particularly investigated to
explore the alkyl and heteroatom substituent effects of the li-
gand framework on the spin-state interconversion and the elec-
trochemical properties.!>!8 However, detailed investigations
of the structural and physicochemical properties of Ni'' com-
plexes supported by pyridine-containing macrocycles have
been rarely reported'®* although the coordination chemistry
of these ligands has attracted much attention due to the effec-
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tive coordination ability of pyridine.?

In this study, we have employed a pyridine-containing
14-membered macrocyclic ligand, 3,7,11,17-tetraazabicyclo-
[11.3.1]heptadeca-1(16),13(17),14-triene?? (LN®), and its thia-
and oxa-derivatives®® (LS and LO, respectively), where the
nitrogen atom at the 7-position of LNH is replaced with a sulfur
or an oxygen atom (Scheme 1). As for the nickel(Il) com-
plexes supported by the mixed-donor macrocycles containing
hard, soft, and borderline donors, the crystal structures, elec-
tronic spectroscopies, and redox behaviors have been investi-
gated in order to shed light on the effects of the coordinative
heteroatom on the complexes.

Results and Discussion

Synthesis and Structural Characterization. All macro-
cyclic ligands LE (E = NH, S, and O) were synthesized by
demetallation reaction of the corresponding Cu'! complexes
prepared by known copper-template condensation reaction of
2,6-pyridinedicarbaldehyde and appropriate diamines followed
by reduction of diimines with NaBH,. The low yields for LO
and LS are due to the formation of by-products, linear amino—
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alcohols, arisen from incomplete formation of the macrocycles
and the following reduction of the aldehyde groups. The yields
of the desired macrocyclic ligands did not increase even when
the condensation reactions were continued for another couple
of hours.

Treatment of Ni(ClO4); -6H,O with an equimolar amount of
the ligands in methanol gave the corresponding Ni" complexes
as the perchlorate salts, 1a—3a, all of which were recrystallized
by vapor diffusion of diethyl ether into an CH3CN solution of
each Ni"l complex prior to measurements. In the case of LNH
and LS, Ni! complexes were obtained as orange crystals,
whereas the Ni'! complex of L? was given as pale-purple crys-
tals. X-ray crystal structure determination of 2a and 3a, un-
fortunately, gave structures with very high R values (>0.25)
although R merge values observed after data collection were
low enough at ~0.04. Several attempts to decrease the R val-
ues of 2a and 3a were not successful, therefore, the perchlorate
anions of these complexes were exchanged with BPhy™ in
methanol as described in the experimental section. The result-
ing complexes, 2b and 3b, were recrystallized again to afford
single crystals suitable for X-ray diffraction. The ORTEP
drawings of Nill complexes 1la, 2b, and 3b are shown in
Figure 1, the summaries of the crystal data and the experimen-
tal parameters are given in Table 1, and the selected bond
lengths and angles are listed in Table 2. It should be noted that
all of these Nill complexes, which contain perchlorate anions,
are explosive. In fact, we have encountered explosion of the
complexes in all attempts of elemental analysis, which results
in large experimental errors exceeding 5% in nitrogen. Thus,
we strongly suggest that the materials should be handled care-
fully in small amounts.

Ni' complex with LNH, [Ni'(LNH)](C10,), (1a), exhibits
a square-planar geometry coordinated by a pyridine nitro-
gen atom and three secondary amines, with a distance of
p = 0.105 A between the least-square N, plane and the metal
ion center. The distortion from square-planar geometry of
0.105 A is almost identical to that in the square-planar Cu'l
complex of LEN (p =0.133 A)."® No additional ligand such
as solvents was coordinated even though 1a was recrystallized
from an CH3CN solution. The perchlorate anions in the crystal
lattice lie above and below the plane of the Ni' complex,
however, the distances between the nearest oxygen atom of
each perchlorate ion and the metal ion center are 3.055 and
3.139A, indicating no significant influence on the Ni'! center.
The bond lengths of Ni—N (1.842-1.944 A) in la are typical
for low-spin Ni'! complexes formed by nitrogen donor atoms.
These finding are in contrast to the crystal structure of the
high-spin Ni" complex of cyclam [Ni"(cyclam)(CH;CN),]-
(ClOy4);, reported by Fabbrizzi and his co-workers, in which
two solvent molecules occupy the axial positions when recrys-
tallized from an CH;CN solution.® The structural difference
between the two ligand systems, cyclam and LN, may be at-
tributed to the difference both in the electron-donor basicity of
amine and pyridine nitrogen atoms (i.e. sp® and sp? donors)
and in the chelate ring sequences (5,6,5,6 and 5,5,6,6 macro-
cycles for cyclam and LN, respectively).

The overall structure of the Ni' complex with LS,
[Ni'l(L8)](C104)(BPhy) (2b), is essentially the same as that
of 1a, where the metal ion center displays a square-planar ge-
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Figure 1. ORTEP drawings of the cationic parts of (a)
INI"(LNH)](C104), (1a), (b) [Ni"(L5)](CIO4)(BPhy) (2b),
and (c) [Ni''(L®)(CH3CN),](ClO4)(BPhy) (3b) showing
50% thermal ellipsoids. The counter anions and the hy-
drogen atoms except on nitrogen atoms are omitted for
clarity.

ometry and Ni" is low-spin state. In this case, one of the two
perchlorate anions was replaced by BPhy~ by anion exchange
with NaBPhy. The equatorial plane of 2b has the N3S; donor
set, where the bond lengths of Ni-N are in the range of
1.842-1.950 A and Ni-S bond length is 2.166 A, in close
agreement with reported low-spin Ni'' complexes having an
N,S, or N3S; coordination environment.?’-?8 Interestingly, a
3,11-dithia derivative of LNH 3,11-dithia-7,17-diazabicyclo-
[11.3.1]heptadeca-1(17),13,15-triene, reported by Lodeiro et
al. forms high-spin state Ni'! complexes in the solid state,?
while the sulfur substitution at 7-position, that is LS, affords
low-spin of Ni'l. To the best of our knowledge, 2b is the first
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Table 1. Summary of X-ray Crystallographic Data for 1a, 2b, and 3b

la 2b 3b
Empirical formula C13H22N4Ni03C12 C37H41N3BSNiC104 C41H47N5B05NiC1
Formula weight 491.94 728.77 794.82
Crystal system orthorhombic orthorhombic triclinic
Space group Pbca (#61) Pbca (#61) Pl #2)
a//ok 9.0616(9) 16.3226(3) 10.1811 (9)
b//& 13.6971(17) 16.1306(3) 12.9018 (9)
c/;\ 31.022(3) 25.6670(5) 17.1777(13)
o/deg 90 90 79.812(2)
B/deg 90 90 85.488(3)
y/deg 90 90 66.555(2)
V/A3 3850.3(7) 6758.0(2) 2037.4(3)
zZ 8 8 2
F(000) 1524.00 3056.00 836.00
Dealea/gem™ 1.697 1.432 1.296
T/°C —100 —70 23
Crystal size/mm? 0.50 x 0.30 x 0.10 0.40 x 0.30 x 0.30 0.50 x 0.50 x 0.20
(Mo Kar)/em™! 13.352 7.607 5.905
Diffractometer Rigaku RAXIS-RAPID Rigaku RAXIS-RAPID Rigaku RAXIS-RAPID
Radiation Mo Ka (0.71075 A) Mo Ka (0.71075 A) Mo Ka (0.71075 A)
20y /deg 54.9 55.0 55.0

No. of reflns measd
No. of observations
No. of variables
RY

Wsz)

GOF®

34132
13230 [1 > 2.000(1)]
275

0.062

0.136

0.997

69830
33433 [I > 2.000(])]
474

0.055

0.123

1.008

20080

9302 [ > 2.000(/)]
534

0.086

0.239

1.003

a) R = Z(|F,| — |Fe)/Z|F,|. b) wRy = {Z(W(Fo? — F.2)?/SwF,}*}!/2. ¢) Goodness of fit on F2.

Table 2. Selected Bond Lengths (10\) and Angles (°)

INi"(LNT)](CI04), (1a)

Ni(1)=-N(1) 1.842(2)
Ni(1)-N(3) 1.944(2)
N()-Ni(1)-N(2)  84.37(9)
N(D-Ni(1)-N(4)  179.52(9)
N(2)-Ni(1)-N(4)  95.33(9)

[Ni"(L%)](C104), (2b)

Ni(1)-N(1) 1.8413(13)
Ni(1)-N(3) 1.9500(13)
N(D-Ni(1)-N(2)  84.39(5)
N(1)-Ni(1)-S(1)  170.84(3)
NQ)-Ni(1)=S(1)  94.45(4)

[Ni"(L©)(CH3CN),(BPhy)(C1O3) (3b)

Ni(1)-N(1) 1.956(4)
Ni(1)-N(3) 2.065(4)
Ni(1)-N(5) 2.107(6)
N(D-Ni(1)-N(2)  80.97(17)
N(1)-Ni(1)-N4)  94.20(19)
N()=Ni(1)-O(1)  174.81(19)
N(Q)-Ni(1)-N(4)  86.42(19)
N(2)-Ni(1)-O(1)  98.58(16)
NG)-Ni(D)-N(5)  92.3(2)
N@)-Ni(1)-N(5)  176.97(16)
N(5)-Ni(1)-O(1)  87.54(18)

Ni(1)-N(2) 1.936(2)
Ni(1)-N(4) 1.937(2)
N(D-Ni(1)-N(3)  83.24(9)
N(2)-Ni(1)-N(3)  162.20(11)
N(3)-Ni(3)-N(4)  96.98(9)
Ni(1)-N(2) 1.9467(13)
Ni(1)=S(1) 2.1663(5)
N()-Ni(1)-N(3)  84.73(5)
N(2)-Ni(1)-N@3)  166.47(5)
NG)-Ni(1)=S(1)  95.02(4)
Ni(1)-N(2) 2.064(4)
Ni(1)-N(4) 2.131(5)
Ni(1)-O(1) 2.039(3)
N()-Ni(1)-N(3)  82.12(18)
N()-Ni(1)-N(5)  87.4(2)
NQ2)-Ni()-N@3)  160.6(2)
N@)-Ni(1)-N(5)  96.4(2)
N@3)-Ni(1)-N4) 85.3(2)
NG3)-Ni(1)-O(1)  99.12(17)
N@)-N(1)-O(1)  90.93(17)

structurally characterized low-spin Ni'' complex supported by
a macrocyclic ligand containing a pyridine ring and a thioether
in the coordination sphere.

In contrast to the cases of LNH (1a) and LS (2b), a Ni'! com-
plex of LO, [Ni'(L)(CH3CN),](Cl04)(BPhs) (3b), adopts a
six-coordinate geometry in which two CH3CN molecules pro-
vided by the recrystallization solvent occupy the axial posi-
tions of NiN3O,; plane. The average bond length between
Ni' and the three nitrogen atoms of the ligand LO is 2.028 A
and the axial Ni-N bond lengths are 2.131 and 2.107 A. Judg-
ing from the structural geometry and its bond lengths in the co-
ordination sphere, 3b is expected to be in the high-spin state of
Ni'l. The crystal structure of 3a is essentially the same as that
of 3b, where two CH;CN molecules coordinate to the Nil cen-
ter forming an octahedral geometry, although the crystallo-
graphic data were less satisfactory for publication as men-
tioned above. In fact, the spin state of [Ni'(L?)(CH;CN),]-
(ClOy4), (3a) was confirmed to be high-spin (S = 1) by mag-
netic susceptibility measurement, where the effective magnetic
moment is 3.17 g at room temperature. Thus, replacement of
only one nitrogen atom at the 7-position of macrocyclic ligand
LN with an oxygen atom drastically alters the spin state of the
Ni'l complex in solid state, whereas the thioether analog of
L™ gives no significant change in the coordination geometry
of the metal center. Because steric crowding around the metal
ion in these three Ni" complexes can be considered to be
similar, these structural differences may be related to the
electron donation tendencies of N, S, and O atoms in the 14-
membered macrocyclic ligand. An oxygen atom, which is a
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Figure 2. Absorption spectra of [Ni''(LNH)](ClOy), (1a,
solid line), [Ni'(L$)](ClO4), (2a, dashed line), and
[Ni'(LO)(CH3CN),1(ClOy), (3a, dotted line) in CH3NO,
at 20°C. [Nil complex] = 5.0 x 1073 M.

weaker donor than nitrogen and sulfur atoms, may increase
Lewis acidity of the Nil' center, enhancing the axial bonding
interaction.

Absorption Spectra of Ni'! Complexes in Non-Coordi-
nating Solvent. The absorption spectra of complexes 1a—3a
were measured in a non-coordinating solvent such as CH3;NO,
(Figure 2), the spectral data (A . and €) of all complexes are
summarized in Table 3. Complexes la and 2a exhibit an
intense absorption band at 466nm (€ = 167M~!cm™!) and
458 nm (€ = 130M~'ecm™!), respectively, due to the spin-
allowed 'Aj, — 'Ay, transition typical of square-planar d®
species, which is consistent with the crystal structures ob-
served by X-ray diffraction analysis. On the other hand, the
absorption spectrum of 3a, which is high-spin Nil complex in
the solid state, shows a relatively weaker absorption band at
470nm (€ =55M~!cm™!) and very broad bands at 706 nm
(&=16M"tecm™!) and 793nm (€ = 11 M~'cm™!) at 20°C.
These absorption features clearly demonstrate the coexistence
of the two species in CH3NO, solution, namely, high-spin
octahedral configuration [Ni'(L®)(CH;CN),]** and low-spin
square-planar configuration [Ni''(L?)]** generated by dissoci-
ation of coordinating CH3CN molecules in high-spin species.
The fact that [Ni''(LC)]** partially converted into [Ni''(LO)-
(CH;CN),]** in the presence of only two equivalents of CHs-
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Figure 3. Absorption spectral change observed upon de-
creasing the temperature from 60 to —40 °C in CH3CN so-
lution of [Ni"(LNH)](C10,), (1a, 5.0 x 1073 M). Dotted
line represents the absorption spectrum of la measured
in CH3NO, at 20°C. Inset: Plots of the absorbance at
468 nm against 1/T with best fit curve for Ay, AH®, and
AS? of 0.05, —18.4kImol~!, and —48.9TK~! mol~!, re-
spectively.

CN molecules suggests the binding affinity of [Ni'!(L?)]?* for
external ligand is much higher than those of 1a and 2a, for
which the absorption spectra remained unchanged upon addi-
tion of two equivalent of a stronger coordinating ligand such
as pyridine.

Interconversion of the Spin State in Coordinating
Solvents. The absorption spectra of 1a—3a in coordinating
solvents such as CH;CN, DMF, and DMSO are different from
those in noncoordinating solvent, CH;NO, (Table 3). Nill
complexes 1a and 2a show an intense band in the range of
460—490 nm together with lower energy broad bands exceed-
ing 700 nm at room temperature. Such a phenomenon has been
well known in tetradentate Nil' complexes in coordinating sol-
vents, including water,%® where octahedral high-spin species
Ni"L(X), and square-planar low-spin species Ni''L are co-
existing as given by the following:

NillL + 2X 2 NillL(X), (1

It has been also reported that the equilibrium 1 is shifted
to the right by increasing the coordinating tendency of X

Table 3. Absorption Data for Ni'' Complexes in Different Solvents at 20°C

Amax/nm (E/M~'cm™")

Solvent 1a 2a 3a
CH;NO, 466 (167) 458 (130) 470 (55), 706 (16),
793 (11)
CH;CN 468 (53), 723 (20) 483 (39), 807 (17) 516 (14), 738 (23)
798 (12) 900sh (14) 792 (21)
DMF 521 (16), 731 (16) 538 (15), 810sh (17) 581 (11), 758 (20)
749 (16), 915sh (7) 865 (19) 832 (22)
DMSO 460sh (70), 550sh (50) 460sh (50), 538 (43) 587 (25), 763 (33)

760 (41), 805 (41), 925 (40)

815 (31), 880 (35) 800 (32), 862 (36)
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Table 4. Equilibrium Constants (K) and Thermodynamic
Data (AH°/kImol™! and AS°/JTK~!'mol~!) for the
Spin-State Interconversion of Ni'' Complexes 1a and 2a

la 2a
Solvent K AHO ASO K AHP AS°
CH;CN 027 —184 —489 014 —169 =377
DMF 280 —247 —564 282 235 —532
DMSO 100 —26.6 —71.6 645 —247 —49.2

(X = solvent or anion) or by decreasing temperature.>® In
Figure 3 is shown the absorption spectra in an CH3CN solution
of 1a observed at various temperatures as a typical example.
Decreasing the temperature from 60 to —40°C results in a
decrease in the absorption intensity at 468 nm due to low-spin
Nill species, with a concomitant increase of the bands at 723
and 798 nm due to high-spin species. The equilibrium constant
for this reaction is given by eq 2, where A;, and Ay are the
absorbance corresponding to the pure low-spin and high-spin
Nill species, respectively.

K = [Ni"LE(X),]/[Ni"LF] = (AL — A)/A — An) (2
LE = L™ or LS and X = solvent

In all cases, however, A, and Ay could not be determined
directly since the reactions were unsaturated until the upper
or lower limit of the temperature (due to the margin of equip-
ment or melting/boiling point of the solvent). Alternatively,
we adopted the absorbance observed in CH3NO, of la or
2a as the corresponding Ap values, as reported by Fabbrizzi
et al.® With regard to Ay, unfortunately, the values could not
be estimated in these solvents. Therefore, Ay as well as the
thermodynamic parameters AH? and AS° were determined
by plotting the absorbance of the low-spin d—d band (=470
nm) against 1/7 and fitting these data with the following
eq 3, which is derived from eqs 2 and 4 (Figure 3 inset).

AL + Ao Rt E

L H*€ RT R

A= AT (3)
1+e ®RETR

InK = —AH°/RT + AS°/R 4)

In Table 4 are listed K, AH, and AS® for the binding of
each solvent to the low-spin square-planar Ni'' center. The
binding strength of the solvent molecules toward Nil' ion
can be evaluated by the AH® term, which reflects the differ-
ence in the bonding energies between the metal center and
the coordinating solvent at the axial positions. In other words,
smaller —AH° value means stronger in-plane interactions
in the Ni'l complex. A comparison of —AH® values between
Nil' complexes, [Ni'(LN®)]>* and [Ni''(L%)]**, reveals that
the latter has more stable in-plane character than the former.
The order of the K values for [Ni"(LNH)]>* are not in agree-
ment with those of AH? values, which may due to a compen-
sating effect between AH® and ASP. Tt should be noted that
the linear dependences of —AH? values toward Gutmann’s
Donor Number (DN),? which is a qualitative measure of
Lewis basicity, were given in both cases of [Nil(LNH)]*+
and [Ni''(L8)]** as depicted in Figure 4, indicating the nature
of o interaction between the high-spin Nil center and the axial
solvents.

Ni'l' Complexes with Mixed-Donor Ligands

30
DMSQ
. DMF
L 25
o
S
-
4
!
3
1 20 " CHsC
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Donor Number, kJ mol-1

Figure 4. Plots of —AH, for the spin-state interconversion
in [Ni'(LNH)](C104), (1a, circle) and [Ni'(L$)](ClO,),
(2a, triangle) against Gutmann’s Donor Number (DN) of
the solvents.

Unlike the Ni'' complexes of LNH and LS, high-low spin-
state interconversion in Ni'l complexes of L® was not recog-
nized in any coordinating solvents described above even on in-
creasing the temperature (e.g. up to 60 °C for CH3CN). Thus,
only the high-spin species exists in these solvents. Such a sig-
nificantly higher binding constant of [Ni''(L°)]** with coordi-
nating solvents causes an unusual redox behavior of 3a as dis-
cussed below.

Redox Behaviors of Ni'! Complexes. The effect of hetero-
atom substitution in a series of macrocyclic ligands on redox
behavior is of importance for the basic chemistry of Nil com-
plexes. Cyclic voltammograms for la-3a in Ar-saturated
CH;CN containing 0.1 M n-BuyNCIO, are shown in Figure 5.
The Ni'" complexes 1a and 2a exhibit a reversible reduction
wave with peak separations of 80 and 100 mV, respectively,
whereas, in the case of 3a, the irreversible redox couple
was observed with a significantly large peak separation of
460 mV. Although no EPR signal of the reduced products
(electrochemically or chemically generated) were observed
due to instability of the products on a time scale of minutes,
the redox process of complexes 1a—3a presented in Figure 5
is considered to be the metal center, NiH/NiI.30 In addition,
all complexes show irreversible oxidation waves, implying
the thermodynamically unstable higher oxidation state of
Ni'" with these macrocyclic ligands.

The potential of the Ni""/Ni' redox couple for the Ni"l com-
plex with sulfur-containing ligand LS (E| 2 =—120V vs.
Ag/AgNOs) is more positive than that obtained for the Nil'
complex with Ny donor ligand LN (E; , = —1.48 V vs. Ag/
AgNO3), that is a general trait in copper or nickel complexes
having soft donor atom(s) such as S and P.>! On the other
hand, the redox behavior of 3a, which forms a complete
high-spin octahedral Nil' complex in CH3CN, shows an un-
usual voltammogram. A scan in the negative direction reveals
a reduction wave at E,. = —1.76 V vs. Ag/AgNOj3 due to re-
duction of the metal center. In this case, the nickel ion be-
comes Nil, that is a d°, in which an electrostatic interaction
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Figure 5. Cyclic voltammograms of [Ni''(LNH)](ClO,),
(1a), [Ni"(L$)](Cl104), (2a), and [Ni"(L®)(CH3CN),]-
(Cl04); (3a) in deaerated CH3CN containing 0.1M n-
BuyNCIO, at room temperature; [Ni"" complex] = 5.0 x
1073M, working electrode Pt, counter electrode Pt
wire, reference electrode Ag/0.01M AgNOs;, scan rate
50mVs!.
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in the axial direction is destabilized (Jahn-Teller effect). The
one-electron reduction of the high-spin Ni" complex 3a, there-
by, results in the loss of its axial ligand (coordinating CH3CN
molecules) as depicted step (a) and (b) in Scheme 2. Then, the
low-valent tetradentate Ni! species thus formed is reoxidized
to Ni'l at the potential of E,, = —1.30V vs. Ag/AgNO; (step
(c)). The subsequent re-coordination of the solvent molecules
to form the octahedral geometry (step (d)) was confirmed by
a multisweep experiment, where a negligible change of the
voltammogram was observed. Thus, from the irreversible re-
dox behavior observed for 3a it can be concluded that the dis-
sociation and association of the axial ligands are accompanied
by the reduction to Ni' and the oxidation to Ni", respectively.3?

Conclusion

Macrocyclic ligands containing a nitrogen or a sulfur atom
at the 7-position, LNH and LS, form low-spin square-planar
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Nil' complexes [Ni'l(LNH)](Cl0y4), (1a) and [Ni''(LS)](Cl0,),
(2a), whereas the oxygen-substituted analog L affords a high-
spin octahedral Ni" complex, [Ni"(LO)(CH;CN),1(C104),
(3a), in solid state. In noncoordinating solvent, 1la and 2a
are in a low-spin state, while the high-spin/low-spin intercon-
versions of 1la and 2a are observed in coordinating solvents
such as CH;CN, DMF, and DMSO. The —AH° value of the
spin-interconversion from high to low species for 2a smaller
than that for 1a indicates that the coordination of a sulfur atom
enhances the in-plane character of the Ni center. In the case
of 3a, on the other hand, it exists only as a high-spin state with
a wide range of temperature in coordinating solvents. This
phenomenon may be due to weaker coordination of the ligand
oxygen atom to the Ni'' center significantly increasing the
Lewis acidity of the metal ion, which results in stabilization
of axial coordination.’® As a result, the cyclic voltammogram
of 3a shows a unique behavior, where the loss of its axial
coordinating solvent occurs in the reduction of Nil to Nil
and then the solvent again coordinates to the metal center upon
re-oxidation. The result that the spin state and the redox behav-
ior of the Ni'' complexes with a macrocyclic ligand can be
controlled by the replacement of only one donor atom (NH,
S, or O) will provide us valuable information for development
of fluorescent indicators (e.g. for temperature, anions, and sol-
vent polarity) or molecular switches.>*

Experimental

2,6-Pyridinedicarbaldehyde and macrocyclic ligands LNY and
L were prepared according to published procedures.?'?22% Re-
agents and solvents used in this study were commercial products
of the highest available purity and were further purified by stan-
dard methods, if necessary.>> "HNMR and '*CNMR spectra were
recorded with a JEOL INM-EX-270. J values are given in Hz. IR
spectra were recorded with a SHIMADZU FTIR-8600PC. Mass
spectra were obtained with a JEOL JMS-700. Magnetic suscepti-
bility measurements were performed by using a quantum design
SQUID in the temperature range of 2-300 K with an external ap-
plied field of 1000 G. Pascal’s constants were used to determinate
the constituent atom diamagnetism. Elemental analyses were con-
ducted using a Yanaco CHN corder MT-5 or MT-6 (Because the
Ni'l complexes used here, which contain one or two perchlorate
anions, are explosive, the found values of the nitrogen atom are
1-8% off from the calculated values although the carbon and hy-
drogen values are within £0.3%. Therefore, individual CHN data
for these complexes are not described in this manuscript.). TLC
analysis was carried out by using Silica gel 60 Fps4 (Merck).
Column chloromatography was performed on silica gel (Wako
Pure Chemical Industries, Ltd, Wakogel C-300) or alumina (Wako
Pure Chemical Industries, Ltd, Alumina, Activated).

4-Thia-1,7-heptanediamine. A suspension of NaBH, (18.4 g,
0.49 mol) in THF (160 mL) was treated dropwise with a solution
of CF;COOH (55.3 g, 0.49 mol) in THF (40 mL) at room temper-
ature. After stirring for 10 min, a solution of 4-thia-1,7-heptanedi-
nitrile (8.0 g, 57 mmol) in THF (40 mL) was added to the mixture,
and the resulting mixture was stirred at room temperature over-
night. The mixture was acidified to pH <1 with 37% HCl,q and
filtrated to remove insoluble materials. The filtrate was then treat-
ed with 6 M NaOH until pH become 14 and extracted with EtOAc
(3 x 80 mL). After concentration, the residue was dissolved in
37% HCl,q (15 mL) and water was evaporated. The resulting white
solid was washed with 2-propanol (50mL x 3) and dissolved
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again in 6 M NaOH (20 mL). The aqueous layer was extracted with
EtOAc (80mL x 3), and the combined extracts were dried over
MgSO, and concentrated to give the diamine as a colorless oil
(7.0 g, 88%). '"HNMR (270 MHz, CD;0D): § 1.84 (m, 4H, CH,),
2.61 (t, J =7.2Hz, 4H, CH,), 2.88 (t, J = 7.2Hz, 4H, CHy);
HRMS (EI") m/z 148.1038 (M), calcd for CcH 6N»S; 148.1034.

7-Thia-3,11,17-triazabicyclo[11.3.1]heptadeca-1(16),13(17),-
14-triene (LS). A solution of Cu(NOs),-3H,0 (2.79g, 11.53
mmol) in water (25 mL) was mixed with a solution of 2,6-pyri-
dinedicarbaldehyde (1.56g, 11.53 mmol) in ethanol (25mL). A
solution of 4-thia-1,7-heptanediamine (1.71g, 11.53 mmol) in
ethanol (20 mL) was added dropwise to the mixture. The resulting
deep blue solution was refluxed for 3h. After cooling to 5°C,
NaBHy (1.74 g, 46.1 mmol) was added in small portions. The mix-
ture was stirred at room temperature for 30 min, and at 50 °C for
30 min, and then was allowed to stand at room temperature over-
night. Copper(Il) was removed by treating the reaction mixture
with Na,S.9H,O0 (3.16g, 13.2mmol) followed by heating at
50°C for 30 min. After cooling, copper(Il) sulfide was removed
by filtration through a pad of Celite. The filtrate was extracted
with dichloromethane (3 x 50mL), and the combined extracts
were dried with MgSO, and concentrated in vacuo. The residue
was purified by SiO; column chromatography (EtOAc:MeOH
1:1 containing 1% triethylamine) to give the desired product LS
(908 mg, 31%) as a white powder. 6y (270 MHz, CDCl3): 1.82
(m, 4H, CHy»), 2.58 (t, J = 5.4 Hz, 4H, CH,), 3.55 (t, /] = 5.6 Hz,
4H, CH,), 3.89 (s, 4H, CH,), 7.00 (d, J = 7.6 Hz, 2H, CHzromatic )
7.52 (t, J = 7.6 Hz, 1H, CHyromatic); 6c (68 MHz, CDCl3): 29.73,
45.27, 54.30, 68.21, 120.63, 136.40, 159.05; HRMS (EI*) m/z
251.1450 (M™), caled for C3Hy N3S; 251.1456.

INi"'(LN)](C104), (1a). A solution of Ni(ClOy4),-6H,0 (460
mg, 1.26 mmol) in methanol (5mL) was added to a solution of
ligand LN? (316 mg, 1.26 mmol) in methanol (10 mL), and the
mixture was thoroughly stirred at room temperature, during which
a brown powder precipitated. The powder was collected by suc-
tion and washed with cold methanol. Recrystallization of the
crude product by vapor diffusion of diethyl ether into an CH;CN
solution of the complex gave red-brown crystals of 1a (284 mg,
76%). FT-IR (KBr): 1093 (ClO,~) cm™'; FAB-MS (glycerol):
m/z 391 [M — ClO4~]*.

[Ni"'(L$)1(C104), (2a). This compound was prepared in a
similar manner to that described for 1a using LS (85mg, 0.34
mmol) and Ni(ClO4),-6H,0 (124 mg, 0.34 mmol). Yield 99 mg
(58%), red-brown crystals. FT-IR (KBr): 1089 (ClO4~) cm™!;
FAB-MS (glycerol): m/z 309 [M — 2C104~]%.

[Ni"(L$)](Cl104)(BPhy) (2b). To a warm solution of 2a (40
mg, 79 umol) in methanol (3mL) was added NaBPhs (100 mg,
292 umol) with stirring. A brown powder thus precipitated was
collected and recrystallized by vapor diffusion of diethyl ether in-
to an CH3CN solution of the complex to give red-brown crys-
tals. Yield 51 mg (88%), red-brown crystals. FT-IR (KBr): 1061
(Cl1047), 738, 711cm™! (BPhy~); FAB-MS (glycerol): m/z 309
[M—-CIlO4~ — BPh47]+.

[Ni'(LC)(CH3CN),](Cl04); (3a). This compound was pre-
pared in a similar manner to that described for 1a using L©
(178 mg, 0.71 mmol) and Ni(ClO4),-6H,0 (260 mg, 0.71 mmol).
Yield 284 mg (76%), pale purple crystals. FT-IR (KBr): 1108
(Cl04) cm™'; FAB-MS (NBA): m/z 392 [M — ClO,~]*.

[Ni"(LC)(CH3CN),1(Cl0,)(BPhy) (3b). The counter anion
of 3a (40mg, 81 umol) was exchanged with NaBPh, (111 mg,
325 umol) according to the same procedure described for the
synthesis of 2b. Yield 55mg (85%), pale purple crystals. FT-IR

Ni'l' Complexes with Mixed-Donor Ligands

(KBr): 1103 (ClO47), 733, 711 cm™! (BPhy~); FAB-MS (NBA):
m/z 293 [M — ClO,~ — BPh,~]*.

Caution: These perchlorate complexes are explosive. In fact,
explosions have been found in the elemental analysis of the nickel
complexes containing perchlorate ions. The use of small amount
of materials is strongly recommended.

X-ray Structure Determination. The single crystals were
sealed in glass capillary tubes containing the mother liquid.
Data of X-ray diffraction for [Ni''(LNH)](C10,), (1a), [Ni"(LS)]-
(Cl04)(BPhy) (2b), and [Ni"(LC)(CH3CN),](ClO,)(BPh,) (3b)
were collected by using a Rigaku RAXIS-RAPID imaging plate
area detector with graphite monochromated Mo Ko radiation
(A =0.71075 A) t0 20max Of 54.9° for 1a and 55.0° for 2b and
3b. All data were corrected for Lorentz and polarization effects.
All the crystallographic calculations were performed by using a
crystal structure software package of the Rigaku Corporation
and Molecular Structure Corporation [Crystal Structure: Crystal
Structure Analysis Package version 3.8.1, Rigaku Corp. and Mo-
lecular Structure Corp., 2005]. The crystal structure was solved by
direct methods and refined by full-matrix least squares using SIR-
97.36 All non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were fixed at calculated positions and refined using
the riding model. Crystallographic data have been deposited with
Cambridge Crystallographic Data Centre: Deposition numbers
CCDC 650352-650354 for compounds 1a, 2b, and 3b, respective-
ly. Copies of the data can be obtained free of charge via http://
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge,
CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.
cam.ac.uk).

Electronic Spectroscopy. The UV-vis absorption spectra of
the nickel(Il) complexes were recorded on a Hewlett-Packard
8453 spectrometer with a UV cell (1 cm path length, sealed tightly
with a silicon rubber cap), which was held in a Unisoku thermo-
static cell holder designed for high-to-low temperature measure-
ments. The cell was kept at the desired temperature for several
minutes prior to measurement.

Cyclic Voltammetry (CV). Cyclic voltammetric measure-
ments were performed on an ALS-600B electrochemical analyzer
in deaerated CH3CN containing 0.1 M n-BuyNClOy4 as a support-
ing electrolyte. A Pt working electrode (BAS Inc.) was polished
with 0.05 um polishing alumina (BAS Inc.) and rinsed with ace-
tone before use. The counter electrode was a platinum wire. The
measured potentials were recorded with respect to a Ag/AgNO;
(0.01 M) reference electrode. All electrochemical measurements
were carried out under Ar atmosphere.

This work was financially supported by Grant-in-Aid for
Young Scientists (B) (No. 17750155) from the Ministry of Ed-
ucation, Culture, Sports, Science and Technology, Japan.
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