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Novel nickel(ll) complexes of pyridine-azamacrocycles (PyMACs) with pendant arms have been synthesized using
simple, direct, and selective mono-N-functionalization of PyMACs. These complexes have been characterized by
spectroscopy and X-ray crystallography. Nickel(Il)-PyMAC complexes with a flexible pendant arm bearing a tertiary
amine, a carboxylic acid, or an amide group exhibit structural and color changes due to “on-off” arm coordination to the
metal center. Five- or six-coordinate complexes with the arm bound to the nickel(Il) center are high-spin, while their
four-coordinate “arm-off” counterparts are low-spin. Synergistic axial coordination of acetonitrile and the amide group
from the pendant arm was observed. Coordination to the nickel(ll) center lowers the pKj, of the functional group
attached to the macrocycle via a propylene linker by up to 4—5 orders of magnitude. Varying hydrogen bonding and
proton-donating properties of the pendant arm affects the peroxidase-like activity of Ni(ll)-PyMAC complexes in the

oxidation of ABTS with hydrogen peroxide.

Introduction

Macrocycles with pendant arms have attracted interest in
recent years owing to their unique coordination and struc-
tural properties, and their wide utility in synthetic chemistry,
biology, and medicine.! Pendant arms can serve different
roles depending on the nature of their functional groups. For
example, electron-donating pendant arms can serve as addi-
tional ligands to bound metal ions. This causes their metal
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complexes to be more thermodynamically and kinetically
stable, which is important in developing radiopharmaceutical
drugs and magnetic resonance imaging agents.”> Coordina-
tion of the pendant arm to transition metal ions can also alter
redox properties of the metal and allows stabilization of
unusual oxidation states.” Pendant arms of metallomacro-
cycles can also be utilized in molecular recognition of sub-
strates via noncovalent, intermolecular interactions such as
hydrogen bonding, hydrophilic or hydrophobic interaction.*?
They can also act as Bronsted-Lowry acids for proton-coupled
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redox reactions.®”® Moreover, pendant arms can be used to
covalently link macrocycles or metallomacrocycles to solid
supports,” fluorophores,'® and biomolecules.'' Such functio-
nalized macrocycles are useful in biomimetic studies, ima-
ging, sensing, and catalysis.

Macrocycles with a single pendant arm are particularly
attractive ligands for studying the effects of pendant arms on
the properties of the metal ion incorporated within the
macrocyclic ring. Their coordination chemistry is simpler
compared to macrocycles with multiple arms,'>!? albeit their
synthesis is less straightforward. Single-site attachment of a
pendant arm onto azamacrocycles poses a challenge because
of the presence of several equivalent —NH groups which can
potentially lead to multiple products with varying degrees of
N-alkylation. Several synthetic methodologies have been
reported toward selective mono-N-alkylation of azamacro-
cycles.">™ ' On the other hand, those dealing with the
synthesis of pyridine-containing azamacrocycles (PyMACs)
with single pendant arms are few, even though PyMACs
possess intrinsic asymmetry which makes them particularly
suitable for mono-functionalization.
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We'!”!® and others'®~?* have developed strategies to pre-
pare macrocycles with single pendant arms based on amino-
pyridines. One approach requires a multistep synthesis of the
polyamine precursor prior to cyclization with a dihaloalkyl-
or diacyl-pyridine derivative. Another approach involves a
direct metal-template condensation reaction of 2,6-diformyl
or diacetylpyridine with a tripodal amine to produce a
macrocyclic ligand bearing an amine pendant arm. This
unique ligand now contains a functional group which can
be modified to vary properties of the arm such as hydrogen
bonding and electron pair donating ability. This strategy,
however, is limited to derivatization of the amine pendant
arm. This led us to develop practical approaches in introdu-
cing functionalized pendant arms into pyridine-azamacro-
cycles. We are particularly interested in incorporating
functional groups with different acid/base and hydrogen
bonding properties.

Here we report simple, convenient and selective synthetic
methodologies for preparing PyMACs bearing either a
carboxylic acid, an amide, or a tertiary amine pendant arm.
Their nickel(II) complexes have been prepared and charac-
terized by spectroscopy and X-ray crystallography. Acid—
base equilibria and arm “on-off” coordination equilibria
were investigated in solution. We also report the unexpected
peroxidase-like activity of these nickel complexes and de-
monstrate the effect of varying pendant arms on the catalytic
behavior of the complexes.

Experimental Section

General Considerations. Reagents were obtained from com-
mercially available sources and used without further purifica-
tion. Ligand Lb,'”** and complexes [Ni(LNH,)](ClO4),,"”
[Ni(LNHCOMe)](ClO4)>,'** and [Ni(LMe)](ClO4),>* were
prepared as described elsewhere. UV —vis spectra were acquired
on a Jasco V-570 spectrophotometer. IR spectra were recorded
on a Thermo FTIR-100 spectrometer. 'H and '*C NMR spectra
were recorded on a Bruker DPX-300 MHz spectrometer. Ele-
mental analyses were performed by Schwarzkopf Microanaly-
tical Laboratory (Woodside, NY) and Robertson Microlit
Laboratories (Madison, NJ).

Caution! Perchlorate salts of metal complexes with organic
ligands are potentially explosive. Only small amounts of material
should be prepared, and these should be handled with great
caution.

Reductive Alkylation of [Ni(LNH;)](ClOy4),. Acetaldehyde
(1.0 mL, 17 mmol) was added to the MeCN-MeOH (1:1) solution
of [Ni(LNH,)](ClOy), (1.0 g, 1.7 mmol) and stirred for 10 min.
NaBH;CN (0.22 g, 3.5 mmol) was then added, and the mixture
stirred at room temperature (RT) overnight. Afterward, the solu-
tion was rotavaped to dryness. The residue was dissolved in
MeNO., filtered, and rotavaped to dryness. The residue was
redissolved in MeCN and poured into toluene. After several days,
pink crystals grew and were characterized as [NiLNEt;[(BH3CN),.
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Yield (0.51 g, 57%). IR (solid): v (cm™") = 3248, 2371, 2338, 2274,
2189, 1115; ESI-MS (+): m/z = 514.18 ({{Ni(LNEt,)](BH;CN),
+H}, 100%), 473.36 ({{Ni(LNEt,)](BH;CN)} ", 80%). Anal.
Calcd for C24H47B2N7Ni'H202 C 5418%, H 9.280/0, N ]843(%),
found: C 53.72%, H 9.17%, N 18.10%.

Synthesis of [Ni(LNEt,)](ClOy4), and [Ni(HLNEt,)](ClOy)s.
Same as the above procedure except that after overnight reac-
tion and removing the solvent, the residue was dissolved in
MeOH, acidified to pH ~ 4 with HCIO4 (70% in H,O), and then
placed in the freezer overnight. The orange precipitate formed
was filtered and recrystallized in cold ethanol. Single-crystals
of the complex suitable for X-ray diffraction were grown from
slow diffusion of diethyl ether into an acetonitrile solution of
the complex. Yield (79%). ESI-MS(+): m/z = 432.36 ({[Ni-
(LNEL)]-H}", 100%), 216.73 ({{[Ni(LNEt,)]}**, 95%), 532.27
({INi(LNEt,)](C104)}*, 10%); Anal. Caled for CyHy Cls-
N;5NiOg-0.7H,0: C 40.92%, H 6.62%, 10.84%; found: C
40.98%, H 6.78%, N 10.88%. [Ni(HLNE,)](ClO,); can be pre-
pared by acidifying a methanolic solution of [Ni(LNEt,)](ClOy), to
pH~ 3 with HCIO,. After removing the solvent, the oily orange
product was dissolved in MeCN and treated with ethyl acetate.
Single crystals of the protonated complex formed after slow eva-
poration of the solvent mixture. Yield (94%). ESI-MS (+): m/z =
634.18 ({[Ni(HLNE,)](CIO4),} ", 100%), 532.27 ({{Ni(LNEt,)]
C]O4}+, 44%); Anal. Calcd for C22H42C13N5Ni012: C 36.020/0,
H 5.77%, N 9.55%; found: C 36.16%, H 6.04%, N 9.25%.

Synthesis of LNEt,. To [Ni(LNEt;)](ClOy4), (0.44 g, 0.69
mmol) dissolved in 10 mL of warm water was added NaCN
(0.24 g, 4.8 mmol) and stirred for 1 h. The ligand was extracted
with CHCl;3 (3x10 mL). The combined organic layer was washed
with brine, dried over Na,SO, then rotavaped to dryness yielding
a yellowish oil. Yield (0.19 mg, 75%); IR (neat): v (cm ") = 3263,
1573; ESI-MS(+): m/z=398.55 ({LNEt,+Na} ™, 100%), 376.55
({LNEt,+H}*, 15%); '"H NMR (300 MHz, CDCl5, 300K): 6 =
748 (t,J=7.5Hz, 1H), 6.88 (d, J=7.5 Hz, 2H), 3.64 (q, J=6.9
Hz, 2H), 2.80 (br. s, 2H), 2.44—2.10 (m, 16H), 1.67—1.45 (m,
6H), 1.32 (d, J=7.2 Hz, 6H), 0.93 (t, J=7.2 Hz, 6H); *C NMR
(300 MHz, CDCl;, 300K): 6 = 164.20, 136.09, 120.26, 59.32,
51.25, 51.17,46.87, 45.25, 27.31, 23.90, 23.57, 11.69.

Synthesis of LCOOH. To a 20 mL aqueous solution of Lb
(0.50 g, 1.9 mmol) was added acrylic acid (0.13 mL, 2.1 mmol),
and the mixture stirred at 70 °C under N, for 24 h. After cooling
to RT, the aqueous solution was treated with NH,OH (2 mL).
Unreacted 1d > Lb was extracted with CHCl; (5 x25 mL). The
aqueous layer was evaporated to dryness under vacuum. The
oily residue was dissolved in EtOH, treated with diethyl ether,
and placed in the freezer overnight to afford a white solid. Yield
(0.45 mg, 71%); IR (solid): » (cm ™) = 3469, 1610, 1548, 1372;
ESI-MS(+): m/z = 335.36 ({LCOOH+H} ™, 100%); '"H NMR
(300 MHz, D50, 300K): 6=7.83 (t, J=7.8 Hz, 1H), 7.32(d, /=
7.8 Hz, 2H), 4.50 (q, /= 6.9 Hz, 2H), 2.96—2.81 (m, 4H), 2.55—
2.48 (m, 4H), 2.37—2.27 (m, 2H), 2.17 (t, J= 6.3 Hz, 2H), 1.86
(m, J = 5.4 Hz, 4H), 1.50 (d, J = 6.3 Hz, 6H); 3*C NMR (300
MHz, D,0, 300K): 6 = 181.33, 155.06, 139.87, 122.86, 58.68,
49.80, 49.14, 44.84, 33.61, 22.60, 19.78.

Synthesis of [Ni(LCOOH)](ClOy),. Ni(ClOy),-6H,0 (64 mg,
0.18 mmol) was added to a methanol solution of LCOOH (58
mg, 17 mmol), stirred and refluxed for 30 min. After removing
the solvent, the orange residue was dissolved in MeCN. Slow
diffusion of diethyl ether into this solution yielded dark orange
crystals which were filtered, washed with diethyl ether, and dried
in air. Yield (80 mg, 77%); IR (solid): v (cm™") = 3426, 1726,
1054; ESI-MS (+): m/z = 391.27 ({[Ni(LCOOH)-H]}*, 100%),
491.27 ({[Ni(LCOOH)ICIO,}"; Anal. Caled for C;gH(Cl,-
N4NiOo-H,0: C 35.44%, H 5.29%, N 9.18%, Ni 9.62%;
found: C 35.95%, H 5.56%, N 8.89%, Ni 9.24%.

Synthesis of [Ni(LCONH,)](ClOy),. To a 30 mL solution of
Lb (0.20 g, 0.76 mmol) dissolved in MeOH-water (1:1) was
added acrylamide (54 mg, 0.76 mmol) in 1 mL of MeOH, and the
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mixture stirred at 70 °C under N, for 24 h. After cooling to RT, the
solution was rotavaped to dryness to yield a viscous oil. The oily
residue was redissolved in MeOH, treated with Ni(ClOy),-6H,O
(0.28 g, 0.76 mmol) and refluxed for 2 h. After evaporating the
solvent, the orange residue was dissolved in MeCN and treated with
diethyl ether until the solution turned cloudy. The solution was left
undisturbed overnight at RT to yield violet crystals which were
filtered and washed with cold EtOH. The product was recrystallized
in MeCN-diethyl ether. Yield (0.28 g, 62%); IR (solid): v (cm™ )=
3439, 3347, 1654, 1601, 1069; ESI-MS(+): mjz = 490.27
({[Ni(LCONH,)](CIO4)}*, 100%), 390.27 ({[Ni(LCONH,)] —
H}t, 15%), 195.73 ({Ni(LCONH,)}*", 60%); Anal. Calcd for
CgH3,CILN5sNiOg- 1.3MeCN: C 38.39%, H 5.46%, N 13.69%;
found: C 38.40%, H 5.48%, N 13.87%.

Synthesis of LCONH,. To a 20 mL aqueous solution of
Ni(LCONH,)(ClOy4), (0.35 g, 0.59 mmol) was added NaCN
(0.23 g, 4.7 mmol) and stirred at RT for 1 h. The ligand was
extracted with CHCIl; (3 x 10 mL). The combined organic layer
was washed with brine, dried over Na,SO, then rotavaped to
dryness yielding a colorless oil. Yield (0.18 g, 91%); IR (solid):
v (em™ ') = 3233, 1544; ESI-MS(+): m/z = 334.36 ({LCO-
NH,+H} ™, 100%), 356.36 ({LCONH,+Na}*, 10%); "H NMR
(300 MHz, CDCls, 300 K): 6=7.56 (t, J<7.8 Hz, 1H), 6.98 (d, J=
7.8 Hz, 2H), 4.94 (br. s, 2H), 3.77 (q, J=6.9 Hz, 2H), 2.59 (t, J=
6.9 Hz, 2H), 2.51-2.21 (m, 10H), 1.76 (m, 4H), 1.38 (d, J=6.6
Hz, 6H); *C NMR (300 MHz, CDCls, 300 K): d = 174.61,
163.60, 136.56, 120.70, 59.26, 51.10, 50.04, 45.20, 32.93, 26.98,
23.56.

In several cases, the solvation of the bulk samples (determined
by C,H,N analysis) differs from the solvation of additionally
recrystallized single-crystalline samples (determined by X-ray
crystallography). The composition of the bulk materials agrees
with their IR and NMR spectra.

Acid—Base Titration of Ni(II)-PyMAC Complexes. The de-
termination of protonation constants was performed by com-
bined spectrophotometric and pH-potentionmetric titration in a
modified setup as described by Herrera et al.'” UV—vis spectra
were recorded with a PC2000 CCD array spectrometer equipped
with a TP300-UV—vis Transflection Dip Probe (Ocean Optics,
Inc.). The pH was measured using an Orion Benchtop Model
420A pH meter equipped with a glass pH/ATC electrode. All
measurements were done at 25.0 & 0.1 °C and ionic strength of
0.10 M KNOs. In a typical experiment, nickel(Il) complexes
(0.09 mmol) were dissolved in 15 mL of 0.10 M aqueous KNO3
solution. Perchloric acid (1.0 M) was added in 1—2 uL portions.
UV—vis spectrum and pH of the solution were recorded after
each addition. When the UV —vis spectrum no longer changed
(usually at pH below 3), the titration was reversed by adding
2—4 uL portions of aqueous KOH solution (2.0 M) until the pH
reached 12—12.5. This procedure was tested on [Ni(LNH,)]-
(ClOy), and gave the value of pK, =6.75 + 0.04, which agrees
perfectly with the value obtained by Herrera et al.'”

Solvent Exchange with [Ni(LCONH,)](ClOy),. Solid [Ni(L-
CONH,)|(ClOy), (7.1 mg, 12 umol) was dissolved in nitromethane
(2 mL) and titrated with anhydrous MeCN until the spectrum no
longer changes. The final spectrum was compared to the same
concentration of [Ni(LCONH,)](ClOy), prepared in MeCN.

Catalytic Study with ABTS. To an aqueous solution of ABTS
(1.8x10~* M) and Ni(II)-PyMAC complex (1.8x10~* M) in 2.0
mL of water was added H>O, (0.072 M). The reaction mixture
was stirred, and the absorbance was measured at 414 nm
continuously for 20 min at RT.

X-ray Diffraction Studies. The X-ray intensity data for all
reported complexes were measured on a Bruker SMART APEX
CCD X-ray diffractometer system equipped with a Mo-target X-ray
tube (1 =0.71073 A). The frames were integrated with the Bruker
SAINT software package” using a narrow-frame integration

(25) SAINT, Version 6.02; Bruker AXS, Inc.: Madison, W1, 2001.
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Table 1. Crystallographic Data and Structural Refinement Parameters for [Ni(LNEt,)[(BH;CN),, [Ni(LNE,)|(CIO4),, [Ni(HLNEt,)](CIO,)s, [Ni(LCOOH)|(CIO,),, and
[Ni(LCONH,)J(CIO,),- CH:CN
[Ni(LNEt,)] [Ni(LNEt,)] [Ni(HLNEL,)] [Ni(LCOOH)] [Ni(LCONH,)]
(BH;CN), (C104)2 (Cl04)3 (ClOy), (ClO4),+ CH;CN
formula C31H55B2N7Ni C22H4] ClegNSNl C22H42C130]2N5Ni C]gH}zClel ]N4Ni C22H37C1209N7Ni
Fw 606.15 633.21 733.67 610.09 673.20
cryst system triclinic triclinic monoclinic triclinic monoclinic
space group Pl Pl P2,y/c Pl P2,/c
a(A) 8.6608(7) 8.623(3) 8.6725(13) 9.3224(11) 13.2106(15)
b(A) 9.3337(8) 9.253(3) 9.3257(14) 11.7217(14) 14.6125(17)
c(A) 21.7606(18) 18.274(7) 37.872(6) 12.2905(15) 16.2692(19)
o (deg) 79.7840(10) 86.169(6) 90 74.136(2) 90
B (deg) 81.4450(10) 85.052(6) 90.524(2) 81.401(2) 108.913(2)
y (de§ 83.1300(10) 87.638(6) 90 70.847(2) 90
V(A% 1704.0(2) 1448.4(9) 3062.8(8) 1217.7(3) 2971.0(6)
VA 2 2 4 2 4
T(K) 173(2) 173(2) 173(2) 173(2) 173(2)
A(A) 0.71073 0.71073 0.71073 0.71073 0.71073
Deaie (g-cm™) 1.181 1.452 1.591 1.664 1.505
u (mm™ Y 0.600 0.906 0.963 1.082 0.893
data/restr/par 6290/116/393 6318/10/428 6017/178/484 5478/48/370 6971/0/374
R1?, wR2¢ 0.0659, 0.0778, 0.0633, 0.0545, 0.0578,
[I > 20(])] 0.1458 0.1694 0.1664 0.1327 0.1405
R1°, wR2¢ 0.1205, 0.1220, 0.0795, 0.0754, 0.0745,
(all data) 0.1766 0.1982 0.1759 0.1567 0.1554
quality-of-fit* 1.022 1.064 1.041 1.027 1.038
“ Quality-of-fit = [ [W(Fy” = F)’)/(Nobs = Nparams)l' > " R1 = YJIIFo| = [Fl|/S21Fo|. “wR2 = [Lw(Fe® = FEY[ow(F) ).
algorithm. The data were corrected for absorption effects using the (2)
empirical method (SADABS).® The structures were solved by R N/)
direct methods and refined using the Bruker SHELXTL (Version H
6.14) software package.”” All non-hydrogen atoms in all complexes NN {1|)-I e @)
were refined anisotropically. The oxygen atoms in perchlorate N\J
groups in [Ni(HLNE®,)](ClOy)3, [Ni(LNEt,)](ClO4),, and [Ni(LC- R (4)
OOH)](ClOy), were disordered over two rotational orientations, aR=H
and this disorder was modeled individually in each case. In L b R=Me
[Ni(LNEt,)](ClOy4),, one of the perchlorate groups showed the
whole-body disorder. No disorder of perchlorate anions was ob- HoN P
served in [Ni(LCONH,)](ClO4),. Positional disorder of the terminal N//\"‘) a HD ~
ethyl groups was modeled over two orientations in [Ni(LNEt,)]- — H ) — H } — ﬁ )
(BH3CN), and [Ni(HLNEt,)](ClO4);. Hydrogen atoms were in- N ¢N HJ N HJ NN H N
cluded at idealized positions for structure factor calculations. In N N N\J
[Ni(LCOOH)](CIOy),, water hydrogen atoms were located on a LNH, LNEt, LCOOH
difference Fourier map and refined with restraining equivalent
isotropic displacement parameters to be 1.5 times the U, value of
the oxygen atom. Selected crystallographic data for all complexes
are summarized in Table 1. ) /\))
Results and Discussion - \J
Synthesis of Ligands and Nickel(II) Complexes. Our LCONH, LNHCOMe

group recently reported modifications to metallomacro-
cycles bearing an amine pendant arm.'” The acylation of
the amine arm led to dramatic changes in the coordina-
tion geometry and spin state of the metal complex. These
changes brought about by the transformation of the
functional group at the arm inspired us to investigate
the effect of other pendant groups to metallomacrocycles.
Pendant groups with varying acidity/basicity, or ability to
form hydrogen bonds or coordinate to metal ions can also
tune catalytic activity of metallomacrocycles and partici-
pate in substrate recognition.>*?® Hence, we decided to

(26) SADABS; Bruker AXS, Inc.: Madison, W1, 2001.

(27) Sheldrick, G. M. SHELXTL, Version 6.14; University of Géttingen:
Géttingen, Germany, 2000.

(28) Costamagna, J.; Ferraudi, G.; Matsuhiro, B.; Campos-Vallette, M.;
Canales, J.; Villagran, M.; Vargas, J.; Aguirre, M. J. Coord. Chem. Rev. 2000,
196, 125-164.

Figure 1. Structures of pyridine-azamacrocycles (PyMACs).

synthesize three new pyridine-azamacrocycles with pen-
dant arms (LNEt,, LCOOH, and LCONH,) whose
properties are compared to previously prepared macro-
cycles (LNH,'” and LNHCOMe'"**) (Figure 1). The
presence of two alkyl groups at the amine arm of LNEt,
may affect its ability to coordinate to the metal center
compared to LNH,. In the case of amide ligands,
LCONH, and LNHCOMe, switching the positions of
the C=0 and N—H groups relative to the macrocyclic
ring may affect not only the coordination of the arm but
also its hydrogen bonding property. For LCOOH, the
pendant arm provides an added feature compared to the
amine and amide-containing macrocycles: it is a good
proton donor. Carboxylic acid-appended complexes may
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Scheme 1. Synthesis of New Pyridine-Azamacrocycles LNEt,, LCOOH, and LCONH,
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be especially useful in acid-catalyzed or proton-coupled
reactions.

Synthesis of pyridine-azamacrocycles with variable
pendant arms can be accomplished by selective modifica-
tion of amino groups either at the macrocyclic ring or at
the pendant arm. When the amino groups at the ring are
coordinated to the metal ion, they are “protected” from
derivatization. This leaves only the amine pendant arm of
metallomacrocycles susceptible to reactions such as alky-
lation or acylation. On the other hand, selective modifi-
cation of amino groups at the macrocyclic ring can be
achieved by free ligands (such as Lb*) with alkylating
reagents (in this case, Michael acceptors) under mild
reaction conditions.

Reductive Alkylation of [Ni(LNH,)]*". Inspired by our
recent success in modifying metallomacrocycles through
reactions at the pendant amino group to form amide
bonds, we decided to apply selective N-alkylation to form
macrocycles with a tertiary amine arm. Thus,
[Ni(LNH,)](ClO4), was reacted with excess acetaldehyde
followed by reduction with NaBH;CN (Scheme 1). ESI-
MS analysis suggested a successful conversion of
[Ni(LNH,)]** complex into a diethylated product. Both
mass and IR spectra also indicated the presence of
BH;CN™ anions and the lack of perchlorate ions in
the complex: (a) two intense fragments were found at
m/z 514 ({{Ni(LNEty)](BH;CN),+H}", 100%) and at
m/z 473 ({[Ni(LNEt,)[(BH;CN)}*, 80%), and (b) absorg—
tion bands at v (B—H stretch) = 2371 and 2338 cm™'.%’
Single-crystal X-ray analysis unambiguously showed a
nickel(IT) complex of LNEt, but with BH;CN ™ instead of
ClO4  as counterions. The two BH3;CN™ anions were
found coordinating to the nickel center at the axial
positions, while four nitrogen atoms from the macrocycle
coordinate at the equatorial positions, forming an octa-
hedral complex. Slowly treating [Ni(LNEt,)](BH;CN),
with HCIO4 in MeOH decomposed the cyanoborohy-
dride anions, and produced an orange precipitate. Spec-
tral characterization and X-ray analysis of this compound
showed the target complex, [Ni(LNEt;)](ClO,4),. The free
ligand was obtained by extraction after reacting the

(29) Berschied, J. R.; Purcell, K. F. Inorg. Chem. 1970, 9, 624-629.

LNi(LNEtz)](CIO4)2 complex with NaCN in warm water.

H NMR spectrum of the ligand LNE; closely resembled
the reported spectrum for LNH,'” with additional proton
signals at 6 = 2.44 (—CH,—) and 0.93 ppm (—CH;)
which correspond to the ethyl moiety (see Experimental
Section).

These results clearly reveal selective alkylation occur-
ring at the amine pendant arm. No alkylation at other
amino groups within the macrocycle was observed. This
selective N-functionalization of metallomacrocycles can
be attributed to the reduced nucleophilicity of amino
groups at the macrocycle which are strongly coordinated
to the metal ion. The amino group at the pendant arm, on
the other hand, is weakly binding and thus susceptible
toward alkylation. This synthetic scheme provides a
simpler alternative to strategies presented by Kaden?
and Moore and co-workers?’ in preparing pyridine-aza-
macrocycles with a tertiary amine arm. This approach
may also be useful in bioconjugation of macrocycles with
non-hydrolyzable linkers.

Aza-Michael Addition to PyMACs. Unlike azamacro-
cycles, pyridine-azamacrocycles, L(a, b) contain non-
equivalent nitrogen atoms which may allow for selective
mono-N-functionalization. With this ligand, there are
two potential sites for N-alkylation, namely, the nitrogens
close to the pyridine ring (denoted as N2 and N4 in
Figure 1) and the middle nitrogen (N3). Alcock, Moore,
and co-workers” have shown that N-alkylation of La (R =
H) occurs preferentially at N2 and N4. They propose that
the lone pairs of these nitrogens are less sterically hin-
dered compared to that of N3. However, there was
no report regarding the use of the dialkylated derivative
Lb (R = Me) for the same reaction. We believe that the
presence of two methyl groups close to the pyridine ring
can provide the required steric bulk, making the lone pairs
of N2 and N4 less available as nucleophiles.

Initially, ethyl bromoacetate was tested as an alkylating
agent. However, the reaction with this potent reagent
yielded a mixture of products with varying degrees of
alkylation. Later, we found that a milder aza-Michael

(30) Alcock, N. W.; Balakrishnan, K. P.; Moore, P.; Pike, G. A. J. Chem.
Soc., Dalton Trans. 1987, 889-894.
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Figure 2. Portion of the "H NMR spectrum at 300.0 K for (a) LNEt, in CDCls, (b) LCOOH in D-0, (¢) LCONH, in CDCls, and (d) LCCONH,), in

CDCl; (S = solvent).

addition of amines to a, S-unsaturated compounds is a
simple, convenient, and selective method to prepare
monofunctionalized PyMACs. The reaction is run in
water, making it an ideal strategy for green chemistry.

When Lb was reacted with acrylic acid, only a mono-
alkylated product was formed, which was isolated after
extraction of the unreacted Lb from alkaline solution by
CHCl;. This simple workup also allows unreacted Lb to
be recovered and reused.

The simple 'H NMR spectrum of LCOOH in D,O
suggests a symmetrical structure, which agrees with the
proposed alkylation at the middle nitrogen (N3), as
opposed to attack at one of the nitrogens close to the
pyridine ring (N2 or N4). The two methylene proton
signals, which are sensitive to electronic effects caused by
substitution at neighboring nitrogen atoms N2 or N4,
are shown as a set of quartets at 6 = 4.50 ppm (Figure 2).
Similar spectral features were found for LNEt,. This
result indicates that these protons are equivalent and that
the amine nitrogens N2 and N4 were not alkylated.
Further structural confirmation of LCOOH was pro-
vided by crystallographic analysis of its nickel(II) per-
chlorate complex, which will be discussed later. These
results show that aza-Michael addition proceeds prefer-
entially via substitution at the middle secondary amino

group. This reaction also represents, to our knowledge,
the first example of a regioselective N-alkylation of
pyridine-azamacrocycles.

Preparation of [Ni(LCOOH)](ClIOy,), is straightfor-
ward. Reacting LCOOH with Ni(ClOy), in refluxing
methanol yielded an orange product which was recrys-
tallized in acetonitrile-ether mixture. The orange color of
the complex is similar to that of four-coordinate [Ni-
(LNEt,)](C104), and the protonated form of [Ni(LN-
H,)](C1Oy),, and [Ni(Lb)](ClOy4),. This suggests that the
pendant arm of the LCOOH ligand may not be coordi-
nating to the metal ion.

Analogous aza-Michael reaction was performed to
synthesize the macrocyclic ligand with an amide pendant
arm. Ligand Lb was reacted with acrylamide in MeOH-
H,O (1:1) mixture. Electrospray ionization mass spec-
troscopy (ESI-MS) indicated formation of a monoalky-
lated adduct as the major product, together with a slight
amount of dialkylated product. The monoalkylated li-
gand LCONH, was isolated via fractional crystallization
with Ni(ClOy),.

'H NMR spectrum of LCONH, suggests that alkyla-
tion of the macrocycle occurred at the middle amine
nitrogen, N3. Similar to LCOOH, the methylene proton
signals next to the pyridine ring of monoalkylated
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Table 2. Selected Bond Lengths (A) and Angles (deg) for Ni(II)-PyMAC Complexes

atom label [Ni(LNEt)|(BH;CN),  [Ni(LNEt)](ClIO),  [Ni(HLNEt)|(CIO,);  [Ni(LCOOH)|(CIO4),  [Ni(LCONH,)|(CIO.),
Ni(1)=N(1) 1.978(3) 1.876(4) 1.841(4) 1.849(3) 1.988(2)
Ni(1)=N(2) 2.085(4) 1.976(5) 1.947(4) 1.953(4) 2.103(3)
Ni(1)=N(3) 2.106(3) 2.002(4) 1.953(4) 1.971(2) 2.100(2)
Ni(1)—N(4) 2.078(3) 1.972(4) 1.971(4) 1.960(4) 2.099(3)
Ni(1)=N(5) 2.161(4) 2.109(3)
Ni(1)~Other 2.081(4) 2.097(3)°
N()-Ni()=N@)  81.5(1) 83.6(2) 83.4(2) 84.0(2) 81.2(1)
N()-Ni()=N@3)  178.8(1) 175.3(2) 176.6(2) 176.5(1) 179.6(1)
N()=Ni()-N@)  81.3(1) 83.4(2) 84.0(2) 83.2(1) 80.1(1)
N()-Ni()=N(5)  84.6(1) 87.7(1)
N(1)—Ni(1)=0(9) 88.3(1)
N()=Ni()=-N(@6)  89.6(1)
N@)—-Ni()=N@3)  99.6(1) 96.0(2) 97.0(2) 95.9(1) 98.4(1)
N@2)-Ni()-N@)  161.3(1) 162.9(2) 164.02) 163.7(1) 160.4(1)
NQ)-Ni()=N(5)  85.4(1) 93.1(1)
NQ2)-Ni()=N(6)  91.7(1)
N(2)—Ni(1)-0(9) 91.5(1)
NG3)-Ni()-N@)  97.5(1) 96.1(2) 95.1(1) 96.2(1) 100.3(1)
NG3)-Ni()=N(5)  95.3(1) 92.3(1)
N(3)-Ni()-N(®6)  90.5(1)
N(3)—Ni(1)=0(9) 91.7(1)
N@)-Ni(1)=N(5)  85.6(1) 91.8(1)
N@)-Ni()-N(®6)  95.6(1)
N(4)—Ni(1)~0(9) 82.4(1)
N(5)—-Ni(1)=N(6)  173.9(1)
N(5)—Ni(1)~0(9) 173.4(1)

“Bonding to N of BH;CN ™ counter ions. ” Bonding to N of MeCN. ¢ Bonding to O of pendant arm.

LCONH, are equivalent and are shown as a quartet at
0 = 3.77 ppm (Figure 2). In the case of dialkylated
product, the structure of the macrocycle is no longer
symmetrical, hence, the methylene protons are non-
equivalent and are split into two sets of quartets at 6 =
3.82 and 4.14 ppm.

Crystal Structures of Nickel(I) Complexes. Solid state
structures of novel nickel(Il) complexes with pendant
arms LNEt,, LCOOH, and LCONH, were characterized
by X-ray crystallography. Selected bond lengths and
angles are listed in Table 2.

The structures of [Ni(LNEt,)[(BH3CN), and [Ni(LN-
Et,)](ClOy), are shown in Figure 3. [Ni(LNEt,)](BH;-
CN), shows an octahedral geometry about the nickel
center with four coordinating nitrogen donors from the
ring occupying the equatorial positions while two
BH;CN™ anions occupy the axial positions. The average
Ni—N distance of the metal ion to the cyanoborohydride
(2.12 A) is comparable to Ni—N distances from the
macrocycle which ranges from 1.98 to 2.11 A. This shows
that the anions bind strongly to the nickel center. In
contrast, the same nickel complex of LNEt, but with
perchlorate counterions exhibits a square planar geome-
try in which only the four nitrogen atoms from the ring
coordinate to the nickel ion. No coordination of either the
counterions or the solvent was observed. However, the
Ni—Operchiorate distance of ~2.65 A suggests a weak
electrostatic interaction exists between the metal center
and the nearest perchlorate ion (typical Ni—OCIO;~

distances in similar complexes range from 1.95 to 2.15
A, although very long distances, up to 2.77 A, were also
reported®’). In both cases, the pendant arm in LNEt, does

(31) Felix, V.; Calhorda, M. J.; Costa, J.; Delgado, R.; Brito, C.; Duarte,
M. T.; Arcos, T.; Drew, M. G. B. J. Chem. Soc., Dalton Trans. 1996, 4543~
4553.

Figure 3. Crystal structures of (a) [Ni(LNEt,)](BH3CN), and (b)
[Ni(LNEt,)](ClOy4), showing 50% probability thermal ellipsoids. Hydro-
gen atoms and perchlorate ions are omitted for clarity.

not coordinate to the nickel ion. This is in contrast to
structures of [Ni(LNH,)](ClO4), where the primary
amine arm coordinates to the nickel ion at the axial
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Figure 4. Overlay of X-ray structures of [Ni(LNEt,)](ClOy4), (purple)
and its protonated form [Ni(LHNEt,)](ClO,); (green).

position, resulting in a square pyramidal geometry. Ap-
parently, the two ethyl groups exert steric hindrance
toward metal coordination. Examples of nickel-
(IImacrocycles with N-alkylated arms that coordinate
to the metal have been previously reported.'®** The
structure of the complex [Ni(LNEt;)](ClO,4), resembles
the protonated form of [Cu(HLNH,)](ClO4); where the
protonated arm is “off” or repelled away from the metal
center.'’

Furthermore, Ni—N distances within the macrocycle
are shorter for [Ni(LNEt;)](ClO4), compared to [Ni(LN-
Et;)](BH3CN),. A similar behavior has been observed for
square planar [Ni(Lb)](ClOy),>* where C1O,~ ions do not
bind versus octahedral [Ni(Lb)J(NO,),** where NO,~
anions bind at the axial positions. This trend is consistent
with other reported nickel(I)-azamacrocyclic complexes
in which Ni—N bond distances tend to increase when
square planar Ni(IT) complexes bind axial ligands to form
octahedral species.” This trend can be attributed to the
high spin/low spin electronic configuration of nickel in
octahedral or square planar environment, respectively.

Protonation of the pendant arm of [Ni(LNEt,)](ClO4),
led to slight structural changes as shown in Figure 4. Ni—
N distances seemed shorter compared to the parent
complex. Most noticeable is the bond between Ni and
N atom bearing the arm (N3) which is about 0.05 A
shorter in the protonated complex compared to the
unprotonated form. Simultaneously, the N—Ni—N bond
angles were affected. Again, a noticeable difference can be
seen where the Ni—N3—C16 angle of 103.8° in the parent
complex is expanded to 105.6° in the protonated form.

The crystal structures of [Ni(LCOOH)](CIO,4), and
[Ni(LCONH,)](ClOy4), show that the carboxylic and
amide arm was attached to the middle amine nitrogen
(N3, Figures 5 and 6). This result suggests that the two

(32) Fabbrizzi, L.; Licchelli, M.; Pallavicini, P.; Parodi, L. Angew. Chem.,
Int. Ed. 1998, 37, 800-802.

(33) Dewar, R.; Fleischer, E. Nature 1969, 222, 372-373.

(34) Drew, M. G. B.; Hollis, S. Acta Crystallogr., Sect. B 1980, 36, 1944—
1947.

(35) Meyer, F.; Kozlowski, H. In Comprehensive Coordination Chemistry
1I; McCleverty, J. A., Meyer, T. J., Eds.; Elsevier Inc.: San Diego, CA, 2004; Vol.
6, pp 386—390.
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methyl groups close to the pyridine ring may be respon-
sible for the preferential attack on this middle nitrogen by
providing steric hindrance toward the two nitrogens close
to pyridine.

[Ni(LCOOH)](ClOy,)- has similar structural features to
[Ni(LNEt,)](ClOy4),. Both complexes form a four-coordi-
nate square planar structure and have comparable Ni—N
distances and N—Ni—N bond angles. The carboxylic acid
pendant arm is positioned on the same face of the
macrocyclic plane as the methyl groups and both hydro-
gens at secondary amino groups (N2 and N4). Moreover,
the carboxylic acid pendant arm in LCOOH does not
bind to the nickel ion. This structure is consistent with
studies (including structures) of metal complexes with
azamacrocycles having an acetic or propionic acid pen-
dant arm which show that the protonated arm does not
bind V3V6ith the metal center whereas the deprotonated form
does.

It is also interesting to note that while the carboxylic
acid arm does not bind to its metal center, it tends to
interact with the nickel ion of a neighboring complex, in
the solid state. Crystal packing of [Ni(LCOOH)](ClOy,),
shows that a pair of nickel species interact to form a
dimeric structure with Ni—Ocyrhony distances of about
3.04 A (Figure 5b). Such complementary formation
results from an intermolecular ion-dipole interaction
between the nickel ion of one complex and the carbonyl
group of the other. A similar “gemini-like” structure was
observed in a [Cu(LNHCOMe)](ClO4)217O complex but
with a shorter Ni—Oqarponyi distance (2.60 A) between the
pair of copper(II) species.

Unlike [Ni(LCOOH)](ClOy),, the nickel(IT) complex
of LCONH, adopts an octahedral structure, in the pre-
sence of CH;CN. Here, the amide pendant arm coordi-
nates via the carbonyl oxygen to the nickel at the axial
position. The Ni—Ocyrbonyi distance is about 2.10 A. An
acetonitrile solvent molecule was also found to coordi-
nate at the other axial postion, with the Ni—N (CH3;CN)
distance of 2.11 A. The Ni—N distances within the ring
are similar to octahedral complexes [Ni(LNEt,)](BH;-
CN), and [Ni(Lb)J(NO>),.** Moreover, LCONH, also
adopts a conformation similar to LNEt, and LCOOH
where the pendant arm is positioned on the same face of
the macrocycle as that of the methyl groups and the
secondary amine hydrogens.

“On-Off” Coordination Equilibria of Pendant Arms.
The “on” and “off” coordination of pendant arms has
been studied by several groups.'”?%*7-3¥ The different
binding modes of the pendant arm toward the metal
center is usually driven by changing the pH. For example,
we recently found that protonation of [Ni(LNH,)J*"
results in a structural rearrangement from a five-coordi-
nate square pyramidal to a four-coordinate square planar
geometry.'” The dissociation of the coordinated amine
arm occurs in slightly acidic media (pK, = 6.75). The arm
“on” and “off” reversible process also results in a dra-
matic color change from blue to orange, respectively.
UV —vis titration of the complex shows the disappearance
of absorption bands at 368 and 571 nm and the appearance

(36) Kaden, T. A. Pure Appl. Chem. 1993, 65, 1477-1483.
(37) Lotz, T.J.; Kaden, T. A. J. Chem. Soc., Chem. Commun. 1977, 15-16.
(38) Schiegg, A.; Kaden, T. A. Helv. Chim. Acta 1990, 73, 716-722.
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Figure 5. (a) Crystal structure of [Ni(LCOOH)](ClO,4), showing 50% probability thermal ellipsoids. Hydrogen atoms and perchlorate ions are omitted for

clarity. (b) Ion-dipole interaction between two nickel complexes.
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Figure 6. Crystal structure of [Ni(LCONH,)](ClO4), showing 50%
probability thermal ellipsoids. Hydrogen atoms and perchlorate ions
are omitted for clarity.

of a band at 472 nm, upon protonation. These results
indicate that the complex is high-spin when the arm is
“on” and low spin when the arm is “off.”!"-!¥

Spectral changes were also observed during the acid—
base titration of aqueous solutions of nickel(II) com-

plexes with ligands LNEt,, LCOOH, LCONH,, and
LNHCOMe (Figure 7). Results indicate the presence of
one ionizable proton in the protonated form of each
compound. Acid dissociation constants (pK,) of the
pendant arm in all Ni(IT)-PyMAC complexes are lower
compared to analogous organic compounds (Table 3).
This increased acidity of pendant arms can be attributed
to (a) stability of the conjugate base form of the arm
because of coordination to the nickel center, and (b)
relative destabilization of the acid form because of elec-
trostatic repulsion between the nickel ion and the posi-
tively charged arm, as in the case of protonated amine
arms. For [Ni(LNH,)]*", both the electrostatic repulsion
between Ni>* and —NH;" arm and the favorable coordi-
nation of the —NH, arm (as mentioned previously) may
be responsible for its enhanced acidity versus propyla-
mine by 4 orders of magnitude.'>!72%>7-3%

In the case of [Ni(LNEt,)]*", the N-dialkylated arm
inhibits potential coordination to the nickel ion. Rever-
sible protonation of the arm still occurs but without
structural rearrangement. UV —vis spectra of the acid—
base titration of [Ni(LNEt,)]*", together with crystal
structures, reveal minimal effect on the structure of the
complex. Small variation in Ni—N bond distances in the
macrocycle upon protonation may account for the ob-
served spectral changes. In the absence of the arm co-
ordination to the metal center, the 10-fold increase in
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Figure 7. UV—vis spectral changes upon protonation of nickel(II) complexes. Conditions: 1—2 uL portions of HCIO,4 (1.0 M) were added to Ni(II)-

PyMAC (6.0 mM) at 25.0 £ 0.1 °C and / = 0.10 M KNO;.

Table 3. Acid Dissociation Constants of Ni(II)-PyMAC Complexes and Organic Compounds with Analogous Functional Groups in Aqueous Solution

[Ni(PyMAC)]*" complex equilibrium constant (pK,) compound
[Ni(LNH,)](ClO,),"" 6.75 £ 0.04 10.71% PrNH,
[Ni(LNEt,)](ClOy), 9.36 + 0.04 10.78% Et;N
[Ni(LCOOH)](CIO,)» 3.03 £ 0.04 4.88% CH;CH,COOH
[Ni(LCONH,)|(C1O4), 11.36 & 0.02 15.1 (25.5, DMSO)* CH;CONH,
[Ni(LNHCOMe)](Cl10,),>* 11.30 4 0.04 (25.9, DMSO)* CH;CONHCH;
Table 4. UV-vis Spectra of Ni(II) Macrocyclic Complexes

absorption bands, Ay, nm (e/M ™' em™1)
complex MeCN pH 3.0 pH 10.0
[Ni(LNH,)](C1Oy),"” 364 (150), 568 (51), 810 (16), 884 (12) 472 (85) 368 (143), 571 (53), 812 (20), 885 (13)

[Ni(LNEt,)](C1O4)> 478 (73), 738 (11), 802 (9)
[Ni(LCOOH)|(CIOy), 342 (111), 490 (29), 730 (24), 800 (17)
[Ni(LCONH,)|(ClO,)> 355(79), 505 (8), 737 (18), 799 (12)

[Ni(LNHCOMe)|(CIO4),>* 360 (462), 464 (122), 744 (12)

acidity over metal-free triethylamine (Table 3) is entirely
due to electrostatic destabilization of the protonated arm
by the positively charged nickel(II) center located nearby.
The protonation constant for [Ni(LNEt,)]*" is higher
(pK, = 9.36) compared to that of a similar nickel(II)
aminopyridine macrocycle with an N,N-dimethylethyla-
mino arm (pK, = 6.29).%” The latter ligand has a shorter
pendant arm and is able to coordinate to the metal ion,
whereas LNEt, has a longer arm and is non-coordinating.

350 (37), 470 (22), 748 (3), 794 (3)
348 (73), 476 (48), 738 (12), 794 (8)
354 (66), 476 (13), 746 (14), 796 (11)
348 (52), 470 (27), 854 (4)

350 (55), 470 (32), 742 (1), 794 (11)
354 (85), 520 (9), 742 (16), 800 (12)
378 (90), 602 (35), 744 (16), 798 (16)
354 (63), 558 (10), 856 (6), 884 (6)

Thus, the difference in basicity can also be attributed to
favorable arm coordination of the ligand with a shorter
arm versus the ligand with a longer arm.*® This trend was
also observed by Alcock, Moore, and co-workers!” with
macrocycles containing pyrrolidinyl groups with varying
arm length.

Changing the pH of an aqueous solution of
[Ni(LCOOH)]*" from pH 2 to 12 resulted in a decrease
in absorbance around 450—520 nm and an increase in
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Figure 8. UV—uvis titration of [Ni(LCONH,)](ClO,), in nitromethane with acetonitrile.

absorbance close to 350 nm. The shift in A,,,« from 420 nm
in acidic solution to 520 nm in alkaline solution may
indicate coordination of the carboxylate group to the
nickel center after deprotonation of the arm. Moreover, it
appears that the band at 476 nm belongs to a low-spin
form of the complex, while the bands at ~350 and 520 nm
originate from the high-spin form. Similar spectral fea-
tures have been observed in low spin to high spin conver-
sion for metal complexes of azamacrocycles with pendant
arms.'>19223738 The calculated protonation constant of
[Ni(LCOOH)*" (pK, = 3.03) is within range for re-
ported carboxylic acid-bearing azamacrocycles'® and is
lower than the pK,’s of aliphatic carboxylic acids.

For [Ni(LCONH,)]*", a dramatic color change from
light orange in slightly acidic or neutral solution to blue-
green in alkaline solution is observed. Upon addition of
base to the aqueous solution of [Ni(LCONH,)*", the
UV—vis spectrum changed: the absorption band at 476
nm disappeared, and the band at 602 nm grew in. Similar
spectral changes were observed for [Ni(LNHCOMe)]> ",
in which the pendant arm also bears an amide function-
ality but with the amide nitrogen atom placed between the
carbonyl carbon and the alkyl linker. Adding a base to
this complex resulted in a decrease in absorbance at 470
nm and an increase in absorbance at 558 nm. In both
complexes, the band at 354 and 348 nm, respectively, also
increased and shifted to longer wavelengths. These results
indicate deprotonation of the amide arm accompanied by
coordination of the arm to nickel. The A, shift to longer
wavelengths (550—600 nm) also suggests that “on” co-
ordination of the arm leads to structural and electronic
changes from a low-spin, square planar complex to a

(39) Handbook of Physical Properties of Organic Chemicals; Howard, P. H.,
Meylan, W. M., Eds.; CRC Press: Boca Raton, FL, 1997.
(40) Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456-463.

high-spin, octahedral complex.'? In this case, the depro-
tonated amide N, rather than the carbonyl O, coordinates
to the nickel ion.*"*** Calculated pK, for both complexes
was found to be 11.3. This value is close to the reported
protonation constant for Cu(I1)- azamacrocychc complex
with an amide pendant arm (pK, = 10.98).*?

We also observe that the color and the visible spectrum
of [Ni(LCONH,)](ClOy), depends on the solvent used. In
MeCN, the complex is blue-violet while in other solvents
such as water, methanol, or nitromethane, it is orange.
Other carbonyl-containing ligands such as LCOOH and
LNHCOMe do not exhibit this behavior. The color
change can be followed by UV—vis titration (Figure 8).
Slow addition of anhydrous MeCN to [Ni(LCONH,)]-
(ClOy4), in MeNO, resulted in a decrease in absorbance at
472 nm with a shift to 505 nm. This spectral shift is
accompanied by an increase in absorbance at 737 nm
with an isosbestic point at 670 nm. This observation
indicates that MeCN can also induce structural rearran-
gement of the complex. Thus, in nitromethane, the com-
plex exists mostly in the square planar form with the arm
“off” as indicated by its color and spectral features, while
coordination of MeCN causes the arm to also coordinate
to the metal and form an octahedral complex as shown by
crystal structures. This result implies that MeCN coordi-
nates to the nickel center in [Ni(LCONH,)](ClOy), better
than water, methanol, or nitromethane. Mixing aceta-
mide with a nickel complex lackinga —CONH, arm such
as [Ni(LMe)](ClOy4)> in MeCN did not show spectral
features analogous to [Ni(LCONH,)](ClOy),. This sug-
gests that acetamide and MeCN did not coordinate to the
[Ni(LMe)]** at the axial positions to form an octahedral

(41) Schibler, W.; Kaden, T. A. J. Chem. Soc., Chem. Commun. 1981, 603~
604. Zuberbiihler, A.; Kaden, T. Helv. Chim. Acta 1972, 55, 623-629.

(42) Siegfried, L.; Comparone, A.; Neuburger, M.; Kaden, T. A. Dalton
Trans. 2005, 30-36.
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Figure 9. Catalytic oxidation of ABTS with H,O,. Reaction mixture: ABTS (1.8 x 107* M), H,0, (0.072 M), Ni(II) complex (1.8 x 107* M) in H,O
(2mL). (a) Photo of reaction mixtures taken after 30 min reaction. (b) Absorbance versus time plot of catalytic oxidation of ABTS with H,O,. Absorbance
was measured at 414 nm continuously for 20 min at RT. Inset: Proposed activation of H,O, with [Ni(LCOOH)]** complex.

complex similar to [Ni(LCONH,)](ClO,),. Hence, bind-
ing of the —CONH, group and MeCN occurs when
the amide group is attached to metallomacrocycles. The
synergistic binding of a pendant arm with coordinat-
ing solvents has also been thought to occur in azamacro-
cycles bearing —CH,CH,OH and —CH,OCH3; arms in
MeCN.** It has been suggested that weak interactions
between the pendant arm and MeCN led to the solvent’s
strong coordinating ability compared to water.*> More-
over, a chelate effect brought about by the favorable
coordination of the arm made it easier for MeCN mole-
cules to coordinate as well.***® This interesting behavior
of [Ni(LCONH,)](ClOy4), might be useful in modulating
properties of the complex as the arm “on-off” coordina-
tion can be accomplished by changing solvents or by
providing other electronically complementary monoden-
tate axial ligands.

Peroxidase-Like Catalytic Study. Nickel(IT) complexes
are known to catalyze the oxidation of various substrates
such as DNA, alkenes, organic and inorganic anions in

(43) Kang, S.-G.; Kweon, J. K.; Jeong, G. R.; Lee, U. Bull. Korean Chem.
Soc. 2008, 29, 1905-1910.

(44) Kang, S.-G.; Ryu, K.; Song, J. Polyhedron 1999, 18, 2193-2199.

(45) Iwamoto, E.; Yokoyama, T.; Yamasaki, S.; Yabe, T.; Kumamaru,
T.; Yamamoto, Y. J. Chem. Soc., Dalton Trans. 1988, 1935-1941. Okano, K.;
Tsukube, H.; Hori, K. Tetrahedron 2005, 61, 12006-12011.

(46) Kang, S.-G.; Choi, J.-S.; Kim, S.-J. Bull. Korean Chem. Soc. 1995, 16,
518-523.

aqueous solutions or phase-transfer conditions.*’ Thus,
we decided to screen our nickel complexes to act as
oxidation catalysts to show preliminary evidence for the
effect of varying pendant groups on its catalytic property.
Unexpectedly, we found the compound 2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) to be a
good substrate for this purpose (Figure 9a). ABTS,
which undergoes a one-electron oxidation to form a
green-colored cation radical (A,.x = 414 nm, ¢ = 3.6 x
10* M~" em™"),*® is commonly used as a substrate to
study peroxidase-like activity of synthetic enzymes
(usually iron-containing complexes).*’

Nickel(IT) complexes of pyridine-azamacrocycles with
pendant arms were shown to catalyze the oxidation of
ABTS using H,O, as oxidant, with varying rates of
reaction (Figure 9b). Neither Ni(ClOy4), alone nor pure
ligands showed any catalysis. Thus, it is necessary to have
a bound Ni*" ion in the macrocyclic ligand to exhibit

(47) Bhattacharya, S.; Saha, B.; Dutta, A.; Banerjee, P. Coord. Chem.
Rev. 1998, 170, 47-74. Zilbermann, I.; Maimon, E.; Cohen, H.; Meyerstein, D.
Chem. Rev. 2005, 105, 2609-2626.

(48) Childs, R. E.; Bardsley, W. G. Biochem. J. 1975, 145, 93-103.

(49) Choma, C. T.; Schudde, E. P.; Kellogg, R. M.; Robillard, G. T;
Feringa, B. L. J. Chem. Soc., Perkin Trans. 1 1998, 769-773. Organo, V. G.;
Ye, W.; Agarwal, P. K.; Rybak-Akimova, E. V. J. Incl. Phenom. Macrocycl.
Chem. 2009, 64, 15-21. Yamaguchi, H.; Tsubouchi, K.; Kawaguchi, K.; Horita,
E.; Harada, A. Chem.—Eur. J. 2004, 10, 6179-6186. Zhang, X.; Zhang, D.;
Busch, D. H.; Eldik, R. v. J. Chem. Soc., Dalton Trans. 1999, 2751-2758.
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catalytic activity. Among the complexes with carbonyl
pendant arms, [Ni(LCOOH)](CIO,4), showed the highest
catalytic activity, while those with amide functional
groups were less active. Nickel complex of amine-bearing
ligand LNH, also fared better than the dialkylated amine
LNEt,. Moreover, protonation of [Ni(LNH,)]*" en-
hanced its catalytic activity and extended its lifetime.
These results clearly show differences in catalytic activity
which can be attributed to functional groups with varying
hydrogen bonding and proton-donating abilities at the
pendant arm of the ligand. One possible scenario is that
the pendant arm interacts with the peroxide via hydrogen
bonding. Thus, [Ni(LNH,)*", which can form more
hydrogen bonds with the peroxide, performs better than
[Ni(LNEt,)]*". This scenario, however, does not fully
account for the differences in catalytic activity between
carbonyl-containing pendant arms ([NigLCOOH)]H,
[Ni(LCONH,)]*", and [Ni(LNHCOMe)]*") which all
possess relatively similar hydrogen bonding properties.
Therefore, other factors should be considered. The acti-
vation of H,O, may also involve an intramolecular pro-
ton transfer between the pendant arm and the
coordinated peroxide, which facilitates peroxide O—O
bond cleavage (Figure 9b inset). This “pull effect” is
similar to a proton-coupled electron transfer reaction
observed for H,O, activation by “hangman” metallopor-
phyrins bearing an appended carboxylate group.®® Re-
sults of the catalytic study seem to correlate with the pro-
tonation constant of the nickel complex. Thus, complexes
with acidic or slightly acidic (pK, < 7) pendant arms such
as [Ni(LCOOH)]*" and [Ni(LNH,)]*" showed high
reactivity. In contrast, complexes with basic (pK, > 7)
pendant arms like [Ni(LNEt,)]* ", [Ni(LCONH,)]*", and
[Ni(LNHCOMe))* " showed low reactivity and were com-
parable with each other (Figure 9b).

We also found that [Ni(LNH,)](ClOy), reacted slightly
faster than [Ni(LCOOH)](CIOy), at the beginning but
tended to slow down after 1000 s. Perhaps the amine arm
of [Ni(LNH,)]*" may have acted as a Lewis base in
activating H,O, by promoting peroxide coordination to
the nickel(II) center. Base-driven activation of hydrogen
peroxide has been implicated in epoxidation of olefins by
hydrogen peroxide with Mn(II)-gorphyrin systems and
nitrogeneous bases as cocatalyst.”’ However, the catalytic
activity of [Ni(LNH,)]> " is short-lived, which may be due

(50) Battioni, P.; Renaud, J. P.; Bartoli, J. F.; Reina-Artiles, M.; Fort, M.;
Mansuy, D. J. Am. Chem. Soc. 1988, 110, 8462-8470. Jones, C. W. Applica-
tions of Hydrogen Peroxide and Derivatives; The Royal Society of Chemistry:
Cambridge, U.K., 1999.
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to the relative ease in oxidizing the —NH, moiety com-
pared to —COOH group at the arm. Other factors,
including (but not limited to) stability of Ni(II)-PyMAC
complexes during oxidation and/or formation of free
radical species®’ may have also played a role in the
oxidation of ABTS. Nonetheless, the catalytic activity
of nickel PYMACs seem to be modulated by functional
groups of the pendant arm. Thus, detailed studies on the
mechanism of peroxide activation of these metallomacro-
cycles with pendant arms are warranted and are being
conducted in our laboratory.

Conclusions

Novel nickel(Il) complexes of pyridine-azamacrocycles
(PyMACs) with pendant arms have been prepared and char-
acterized. Simple, direct, and selective mono-functionalization
of PyYMAC:s can be accomplished either by derivatization at the
pendant arm of metal complexes or by utilizing Michael
addition reaction on free ligands. Nickel(I)-PyMAC com-
plexes with a flexible pendant arm exhibit structural and color
changes due to “on-off” arm coordination to the metal center.
These changes can be induced by varying the pH of the solution
or changing the solvent. Pendant arms with varying hydrogen
bonding and proton-donor properties have shown to affect the
peroxidase-like activity of Ni(II)-PyMAC complexes in the
oxidation of ABTS with hydrogen peroxide. Further investiga-
tion on the effect of pendant arms on properties of other redox-
active metal complexes are being undertaken in our laboratory.
Moreover, new synthetic methodologies presented here can be
used to prepare a wide range of macrocyclic ligands with mono-
functionalized pendant arms, and potentially macrocyclic
ligands with multifunctional groups.
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