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The synthesis of the new tridentate ligands 2,6-bis[ N, N'-(2-acetamidophenyl)carbamoyl]pyridine (H,1™¢) and
2,6-bis[N, N'-(2-ferrocenylamidophenyl)carbamoyl]pyridine (H,1¥), and their corresponding Cu™ complexes is
described. In the crystalline phase, H,1% has a helical structure, which is maintained by a network of intramolecular
hydrogen bonds. X-Ray diffraction studies on [CuH,1™*(OAc)-CI*~, [CuH,1™¢(Cl)-CI}*", and [CuH,1¥(OAc)-CI}*-
reveal that the [H,1¥]*" ligands bind meridionally. One additional ligand (either OAc™ or CI7) binds trans to the
pyridyl nitrogen to complete coordination in the equatorial plane. The remaining chloride ion (CI(1)) binds to a
second sphere-binding site, which is formed by two convergent hydrogen bonding amide groups. Long Cu - - - CI(1)
bonds distances of >2.75 A are observed. Electrochemical measurements show a 65 mV cathodic shift in the
half-wave potential for [CuH,17(OAc)-CI]*~ compared to the free ligand H,1%*.

Introduction

A variety of biochemical and synthetic systems utilize the
secondary coordination spheres around a metal ion to direct
or enhance chemistry. This is exemplified by the active sites
in metalloproteins.! Placement of amino acid residues near
a metal center(s) can control key properties such as polarity,
electrostatics and solvation. In addition, the structure of the
metal active sites can govern the accessibility of exogenous
ligands or substrates, influencing selectivity and product
formation."* Hydrogen bonding groups are often used for this
purpose, where the H-bonds orient incoming groups or stabilize
metal-ligand adducts.

Similar types of approaches have been designed into synthetic
systems. The most common method places sterically bulky
groups around vacant coordination sites on the metal ion.
Tris(pyrazolyl)borates,®  triazacyclononanes,* tris(alkylsilyl-
amido)amines,® oxazolines,® and Jacobsen’s chiral salens’ are
examples of systems that regulate access to a metal ion by
appending bulky substituents from synthetic ligands. Hydrogen
bond (H-bond) groups have also been incorporated into
multidentate ligands.® Most of these systems function by
having external ligands bind to the metal center with concur-
rent H-bonding to the multidentate ligands.

In previous reports we have shown that double deprotonation
of compounds with 2,6-bis(carbamoyl)pyridyl units affords
meridional chelates, which are planar after coordination to a
metal ion.” Aryl groups have frequently been appended from
the amidate nitrogens and used to create rigid organic frame-
works around vacant coordination sites on the metal ion. These
frameworks affect the overall structural properties of the com-
plexes. For example, helical complexes of [H,1%]*~ have been
isolated because the appended H-bonded arrays orient above
and below the chelate plane. The complexes were used to exam-
ine the assembly of helical arrays in crystal lattices.”**

We have found that binding a fourth ligand occurs within the
equatorial plane, trans to the pyridyl nitrogen, which causes
the aryl rings to orient nearly perpendicular to the metal—
bis(carbamoyl)pyridyl plane. This arrangement of appended
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aryl groups provides a convenient framework for introducing
additional functionality that can assist in binding other ligands.
In particular, carboxyamide groups at the ortho positions on the
phenyl rings will place H-bond donors near, but not coordin-
ated to, the chelated metal ion. These H-bond donors can
interact with additional ligands that would bind to the axial
coordination sites on the metal ion.

To explore this design concept, we have made the ligands
H,1™® and H,1*, and their corresponding Cu™ complexes.
Solid state structural studies of [CuH,1™¢(X)-CI*~ (X = CI,
OAc™) demonstrate that both carboxyamide groups intramo-
lecularly H-bond to a single chloride ion. Furthermore, anion
binding can be observed electrochemically in [CuH,1¥¢(OAc)-
CIJ*, where shifts in the E,;, values of the appended ferrocenes
are observed.

Experimental

All reagents and solvents were purchased from commercial
sources and used as received, unless noted otherwise. The
syntheses of all metal complexes were conducted in a Vacuum
Atmosphere drybox under an argon atmosphere. Elemental
analyses of all compounds were performed at Desert Analytics,
Tucson, AZ. All samples were dried in vacuo before analysis.
FT-IR and '"H NMR spectroscopy were used to corroborate the
presence of solvates.
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Syntheses

[N-(2-Aminophenyl)amino]acetamide (2). Acetic anhydride
(0.94 g, 9.2 mmol) was added dropwise to a solution of
phenylenediamine (1.0 g, 9.2 mmol) dissolved in 20 mL of dry
CH,(l, at 0 °C. The reaction mixture was stirred for 2 h at 0 °C
during which time a white precipitate formed. The reaction
mixture was refrigerated overnight, resulting in the formation
of a white crystalline compound that was collected by filtration.
The compound was washed with cold CH,Cl,, Et,0O and dried
under vacuum to yield 2, as a white solid (0.75 g, 54%). 05(400
MHz; solvent DMSO-d, standard SiMe,) 9.09 (1 H, s, NH),
7.15 (1 H, d, J 7.8 Hz, ArH), 6.88 (1 H, dd, J 7.8 Hz, 7.8 Hz,
ArH), 6.70 (1 H, d, /7.8 Hz, ArH), 6.52 (1 H, dd, J 7.8 Hz, 7.8
Hz, ArH), 4.83 (2 H, s, NH,), 2.02 (3 H, s, CHj;). 6o(400 MHz;
solvent DMSO-d; standard SiMe,) 169.05 (CO); 142.81,
126.59, 126.19, 124.36, 116.94, 116.63 (Ar); 24.16 (Me). FT-IR/
cm ™' (Nujol) # 3455m, 3362m, 3260m (NH,); 1641s, 1587s,
1535s, 1497s (CO, NH, and aromatic C=C). m/z 150 (M™). mp
130-134 °C.

N-(2-Aminophenyl)aminocarbonyl]ferrocene (3). Oxalyl chlor-
ide (1.17 g, 9.22 mmol) was pipetted into a 25 mL solution of
dry CH,CI, containing ferrocenemonocarboxylic acid (2.12 g,
9.22 mmol) and one drop of DMF. The reaction was allowed to
stir in the dark for 5 h at 0 °C under N,. Volatiles were removed
under reduced pressure, and the solid was triturated with
petroleum ether (bp 35-60 °C). Ferrocenecarbonyl chloride
(2.04 g) was isolated after removal of solvent under reduced
pressure and was used without further isolation. A THF solu-
tion of ferrocenecarbonyl chloride (2.04 g) was then added
dropwise to a THF solution of 1,2-phenylenediamine (0.887 g,
8.21 mmol) and triethylamine (0.831 g, 8.21 mmol) at —50 °C.
The reaction was monitored by TLC (4 : 1 CHCI, : EtOAc)
using the disappearance of the 1,2-phenylenediamine spot to
indicate completion of the reaction. The reaction mixture was
then filtered to remove the triethylammonium hydrochloride
salt and the filtrate dried under reduced pressure. The resulting
yellow—orange solid was dissolved in chloroform, washed with
water and extracted with 1 M HCI. The product was isolated by
precipitation by adjusting the pH > 12 with 1 M NaOH. The
resulting yellow solid was collected on a medium glass frit,
rinsed with H,O, and dried at 100 °C under reduced pressure to
give 3 (1.25 g, 49%). 64(400 MHz; solvent DMSO-dj standard
SiMe,) 9.16 (1 H, s, NH), 7.08 (1 H, d, J 7.8 Hz, ArH), 6.98
(1 H,dd, J7.8 Hz, 7.8 Hz, ArH), 6.80 (1 H, d, J 7.8 Hz, ArH),
6.63 (1 H, dd, J 7.8 Hz, 7.8 Hz, ArH), 4.97 (2 H, m, Fc), 4.81
(2 H, s, NH,), 4.43 (2 H, m, Fc), 4.24 (5 H, s, Fc). 6.(400 MHz;
solvent DMSO-d; standard SiMe,) 167.99 (CO), 143.12,
126.63, 126.29, 123.83, 116.63, 116.50 (Ar), 76.15, 70.38, 69.56,
68.67 (Fc). FT-IR/cm™" (Nujol), ¥ 3476m, 3384m (NH,); 3271s
(NH); 1636s (CO). mp 190 °C (decomp.). m/z 319.2 (FAB™,
NBA + CH,CI, matrix).

2,6-Bis[V, V'-(2-acetamidophenyl)carbamoyl]pyridine
(H,1™). Triethylamine (1.05 mL, 7.50 mmol) was added into a
solution of 2 (1.0 g, 6.7 mmol) in 50 mL of dry THF at —50 °C
under dinitrogen. Pyridine-2,6-dicarbonyl dichloride (0.77 g,
3.8 mmol) was dissolved in 5.0 mL of THF and added dropwise
to the above mixture. The reaction was monitored using
TLC by the disappearance of the monoacylated starting
reagent. Triethylamine hydrochloride was removed by filtration
after 2 h stirring and volatiles removed under reduced pressure.
The residue was dissolved in chloroform, washed with water,
5% NaOH, brine, and anhydrous Na,SO,. Volatiles were
removed under reduced pressure and the residue was washed
with diethyl ether to yield a white solid H, ™ (1.25 g, 77%).
0u(400 MHz; solvent DMSO-dj standard SiMe,) 10.93 (2 H, s,
NH), 9.77 (2 H, s, NH), 8.39 (2 H, m, pyH), 8.32 (1 H, m, pyH),
7.75 (2 H, m, ArH), 7.56 (2 H, m, ArH), 7.25 (4 H, m, ArH),

1.91 (6 H, s, CH;). 6o(400 MHz; solvent DMSO-d, standard
SiMe,) 170.34, 162.46 (CO); 149.43, 141.06, 132.51, 130.52,
126.61, 126.45, 125.89, 125.33 (Ar), 24.15 (Me) (observed 11
out of 12 expected signals). FT-IR/cm™' (Nujol) 7 3278m,
3240m, 3285m, 3128m (NH); 1683s, 1664s, 1645s (CO). mp
270-274 °C. m/z 432.2 (FAB, TG/G + DMSO matrix).

2,6-Bis[V, V'-(2-ferrocenylamidophenyl)carbamoyl]pyridine

(H,1™). H,1¥° was synthesized by a similar procedure to that
used for H,1™¢ using 3 (1.8 g, 5.7 mmol). The yellow—orange
H,1F¢ was isolated in 70% yield (1.6 g). 6x(500 MHz; solvent
DMSO-d; standard SiMe,), 11.3 (2 H, s, NH), 9.69 (2 H, s,
NH), 8.50 (2 H, d, J 7.8 Hz, pyrH), 8.38 (1 H, t, J 7.8 Hz,
pyrH), 8.00 (2 H, d, J 7.8 Hz ArH), 7.62 (2 H, d, J 7.8 Hz,
ArH),7.45(2H,dd, J7.8 Hz, 7.8 Hz, ArH), 7.39 (2 H, dd, /7.8
Hz, 7.8 Hz, ArH), 4.68 (4 H, FcH), 4.21 (4 H, FcH), 3.94 (10 H,
FcH). (500 MHz; solvent DMSO-d, standard SiMe,) 169.57,
161.13 (CO); 148.04, 141.12, 130.76, 130.29, 126.52, 126.06,
125.78, 125.47, 124.65 (Ar); 74.62, 70.94, 69.35, 68.39 (Fc).
FT-IR/ecm™" (Nujol) 7 1695s, 1599s, 1526s (CO). m/z 771.2
(FAB*, NBA + CH,CN matrix). E;;, = 340 mV (vs. Ag™", AE,
=111mV, i, x i, '=1.07, CH;CN).

(Et,N),[CuH,1™(OAc)-CI]. H,1™° (0.20 g, 0.46 mmol) was
dissolved in DMF and treated with solid KH (0.037 g, 0.92
mmol). After the gas evolution ceased, solid Cu(OAc), (0.084 g,
0.46 mmol) was added, which caused a color change from
yellow to green. The mixture was stirred for 2 h after which
1 equivalent of KOAc was separated by filtration. Two equiv-
alents of Et,NCI (0.15 g, 0.92 mol) were then added to the
filtrate and the mixture was allowed to stir for 2 h. The insoluble
product (KCl) was separated by filtration and the filtrate was
concentrated under reduced pressure to yield a green solid,
which was dissolved in CH;CN and kept for crystallization
by slow diffusion of diethyl ether (0.320 g, 78%). Found: C,
58.12; H, 7.47; N, 12.71. (Et,N),[CuH,1™¢(OAc)-Cl]-CH,CN
(C43HgsCl CulNgOg) requires C, 58.09; H, 7.37; N, 12.60%.
FT-IR/cm™" (Nujol) # 3212m, 3165m (NH); 1669s, 1625s,
1607s, 1588s (CO). Apa/nm (CH;CN) 620 (¢/mol dm™ cm™!
230). fier=1.92 pg (solid, 298 K). g, =2.22, 4,=178 G, g, =2.04,
A, =14 G (CH,Cly/toluene, 77 K).

(Et,N),[CuH,1™¢(C])-Cl]. This compound was synthesized
following the route used for (Et,N),[CuH,1¢(OAc)(Cl)] using
CuCl, (0.062 g, 0.46 mmol) as the metal ion precursor. The salt
was isolated as a green crystalline solid in 80% yield (0.30 g).
Found: C, 56.53; H, 7.05; N, 11.74. (Et,N),[CuH,1™¢(Cl)-Cl]
(C3H5ClL,CuN;0,) requires C, 56.82; H, 7.21; N, 11.89%.
FT-IR/cm™" (Nujol) # 3205m, 3164m (NH); 1668s, 1627s,
1607s, 1587s (CO). Apa/nm (CH;CN) 634 (g/mol dm™> cm™
338). e = 1.90 up (solid, 298K), g, =2.21, 4,=175G, g, =2.04
(CH,Cly/toluene, 77 K).

(Et,N),[CuH,1"(OAc)-Cl]. This compound was synthesized
by the same route as (Et,N),[Cu(H,1™¢)(OAc)(Cl)] using H,1%*
(0.355 g, 0.46 mmol) and Cu(OAc), (0.84 g, 0.46 mmol). The
compound was purified by crystallization with CH;CN and
diethyl ether, to yield green crystals (0.320 g, 59% yield). Found:
C, 58.76; H, 6.35; N, 8.13. (Et,N),[CuH,1(OAc)-Cl]-CH,CN
(CsoH,,CIlCuFe,N;0,) requires C, 58.76; H, 6.35; N, 8.12%.
FT-IR/cm™" (Nujol) # 3212m, 3165m (NH); 1669s, 1625s,
1607s, (CO). Apa/nm (CH;CN) 603 (e/mol dm™> cm™" 230).
Uer = 1.92 g (solid, 298K), gy, =2.22, 4,=174 G, g, =2.04, 4, =
15 G (DMF, 77 K). Ey, = 275 mV (vs. Ag"”", AE, = 95 mV,
i, X i,”'=1.19, CH,CN).

K[CuH,1"(0OAc)l. H,1¥ (0.26 g, 0.34 mmol) in DMF
was deprotonated with KH (0.027 g, 0.68 mmol) under an
argon atmosphere. The reaction was allowed to continue until
H, evolution ceased. Solid Cu(OAc), (0.061 g, 0.34 mmol) was
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Table 1 Crystallographic data for H,17-0.25CH,Cl,, (Et,N),[CuH,1(OAc)-ClJ-1.5CH;CN, and (Et,N),[CuH,1™¢(Cl)-Cl}-CH,CN

Complex H,17¢-0.25CH,Cl, (Et,N),[CuH,1™%(OAc)-Cl]-1.5CH,CN (Et,N),[CuH,1™¢(Cl)-CI]-CH,CN
Empirical formula Ci1.25H34.50Cly 50Fe,NsO, C44Hgg sCICuNg 5006 C,Hg,CLCuN;O,
M 793.66 909.55 865.43

TIK 298(2) 213(2) 100(2)

Crystal system Triclinic Orthorhombic Triclinic

Space group P1 Pna2, Pl

alA 9.550(2) 29.4699(2) 10.1771(15)

bIA 12.011(1) 10.1365(2) 14.554(2)

clA 16.472(2) 33.1137(3) 15.614(2)

al® 75.037(9) 90.00 78.999(3)

pre 87.880(8) 90.00 76.045(3)

yI° 79.788(13) 90.00 74.908(3)

4 2 8 2

VIA? 1796(1) 9891.8(2) 2146.7(5)

Hea/mm ™! 0.895 0.547 0.683

Peaclg cm™? 1.467 1.221 1.339

F(000) 819 3872 918

Crystal dimensions/mm 0.40 x 0.20 x 0.10 0.02%x04x%x04 0.28 X 0.17 X 0.12
Radiation Mo-Ka (4 =0.71073 A) Mo-Ka (4 =0.71073 A) Mo-Ka (4 =0.71073 A)
Reflections collected 5630 29695 18416

Independent reflections 4630 (R;, = 0.0296) 15010 (R;ye = 0.0480) 12393 (R;, = 0.0273)
R 0.0577 0.0548 0.0661

R," 0.1654 0.1144 0.2012

GOF* 1.031 1.303 1.036

“ R=[Z|AF|/Z|F,|]." R, = [EW(AF)*ZwF. < Goodness of fit on F>.

added in one portion and the solution changed in color from
brown to olive green. The insoluble product (KOAc, 1 equiv-
alent) was removed by filtration. The filtrate was concentrated
to dryness under reduced pressure to yield 0.323 g of crude
K[Cu(H,1¥¢)(OAc)], which was purified by vapor diffusion
of Et,O into a concentrated CH;CN solution of the complex
under ambient conditions. Found: C, 53.1; H, 4.18; N, 7.75.
K[Cu(H,17)(0Ac)]-:2H,0 (C,;H,;3Cu Fe,KN,Og) requires C,
53.4; H, 3.96; N, 7.24%. FT-IR/cm ™' (KBr) # 3274, 3081 (NH);
(Nujol) 1669, 1652 (CO); 1611, 1514, 759; 1585 (NH);
1307 (CN). Apa/nm (CH;CN) 585sh. E;;, = 310 mV (vs. Ag*™,
AE=110mV, i, x i;"' = 1.08, CH;CN).

Physical methods

Fast atom bombardment mass spectra (FAB-MS) were
recorded on a Hewlett-Packard 5989 A spectrometer with a
HPLC (HP 1050) HP particle-beam interface mass system and
a phasor FAB gun. FAB experiments were carried out in either
a nitrobenzyl alcohol (NBA) or thioglycerol/glycerol (TG/G)
matrix and a xenon fast atom beam was used. Fourier trans-
form infrared spectra were recorded on an ATI Mattson
Genesis Series FTIR spectrometer, and are reported in wave-
numbers. Solid samples were pressed in a KBr matrix or
prepared in mineral oil and run between KBr plates. '"H and
3C NMR spectra were recorded on a Bruker 400 MHz
spectrometer. Chemical shifts are reported in ppm relative to
the internal standard SiMe,. Electron paramagnetic resonance
spectra were collected using a Bruker EMX spectrometer
equipped with an ER4102ST cavity. The instrument was
previously calibrated using DPPH. Spectrometer settings:
microwave frequency, 9.296 GHz; microwave power, 0.635 mW;
modulation frequency, 100 kHz and modulation amplitude,
5.02 G. Solid state magnetic moments were determined using
a Johnson Matthey magnetic susceptibility balance calibrated
with mercury(1) tetrathiocyanatocobaltate(ir) (y, = 16.44(107%)
+ 0.08 cm® g7')." Electrochemical data were obtained using
a BAS CV 50W. Experiments were performed in a three-
electrode cell consisting of a glassy carbon working electrode,
Pt wire auxiliary electrode and Ag/Ag" reference electrode
equipped with a Vycor tip. A ferrocenium/ferrocene couple
was used to monitor the reference electrode and was observed
at 94 mV with i, x i,”' = 1.00 and AE, = 72 mV. Cyclic
voltammograms were collected at a scan rate of 0.500 V s~!
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in acetonitrile containing 0.1 M tetrabutylammonium
hexafluorophosphate. Electronic spectra were collected on
a Cary 50 spectrophotometer using 1.00 cm Suprasil quartz
cuvets.

Crystallographic structural determination

Crystal data collection, and refinement parameters for [H,15]-
0.25CH,Cl,,  (Et,N),[CuH,1™(OAc)-Cl]-1.5CH,CN,  and
(Et,N),[CuH,1™¢(Cl)-Cl] are given in Table 1. For [H,1%:
0.25CH,CI, and (Et,N),[CuH,1™¢(C])-Cl] no evidence of sym-
metry higher than triclinic was observed in either photographic
or diffraction data. The E-statistics suggested a centro-
symmetric space group. Solutions in PI yielded chemically
reasonable and computationally stable results. For (Et,N),-
[CuH,1™¢(OACc)-Cl]-1.5CH;CN, the systematic absences in the
data indicated either of the orthorhombic space groups, Pra2,
or Pnma. Initially, the noncentrosymmetric alternative was
suggested by E-statistics, and later verified by the results of
refinement. Crystallographic mirror planes are neither aligned
within the structures or between them. The structures were
solved using direct methods, completed by subsequent differ-
ence Fourier syntheses and refined by full-matrix least-squares
procedures on F2. Absorption corrections were not required for
[H,17-:0.25CH,Cl, and (Et,N),[CuH,1™¢(Cl)-Cl] because of
<10% variation in the w-scans. All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogens
atoms were treated as idealized contributions. The asymmetric
unit of (Et,N),[CuH,1™¢(OAc)-Cl]-1.5CH,CN consists of two
independent Cu complexes, four Et,N* counter ions, and three
molecules of acetonitrile. All software and sources of the
scattering factors are contained in the SHELXTL (5.3)
program library (G. Sheldrick, Siemens XRD, Madison, WI).

CCDC reference numbers 168574-168576.

See http://www.rsc.org/suppdata/dt/b1/b107166¢/ for crystal-
lographic data in CIF or other electronic format.

Results and discussion
Design consideration

Our initial ligands had the carbonyl groups of the amides
attached at ortho-positions of the appended phenyl rings, as in
H,1", This placement allowed the carbonyl oxygens to interact



with the metal ion bonded to the bis(carbamoyl)pyridyl unit.
This coordination was promoted by the formation of six-
membered chelate rings. The current ligands, H,1™* and H,1%,
are derivatives of these early systems, with the appended groups
having the NH portion of the amide bonded to the phenyl
rings. These ligands do not have the correct geometric features
to directly bind to the metal center. However, the NH groups
can H-bond to exogenous ions or molecules. Fig. 1 illustrates

anti syn

Fig. 1 The anti and syn conformations of the appended arms in
[MH,1®*(Y)-X]"* showing the H-bonding interactions.

the two conformations that are possible. The anti conformation
places the appended NH groups on opposite faces of the
bis(carbamoyl)pyridyl chelate plane. One H-bond can occur
between the appended amide and an external species. In
contrast, the syn conformation positions both appended amides
on one side of the chelate plane. This conformation creates
a binding pocket around one of the axial coordination sites
on the metal, resulting in two H-bond interactions with an
incoming ligand. Moreover, the amides can be equipped with
redox-active R groups, such as in H,1F¢, to monitor external
ligand binding.

Synthesis

The synthetic routes for the ligands and complexes are outlined
in Scheme 1. The synthesis of H,1™® and H,1" began with

NH, NH2
NH, I

0” R
NH HN
(O~ R/&O
H41M® R =CH;

H41™ R =Ferrocene

d-f

N—Cu—N
/

X
[CuH1Mecn-Ccl>  X=cr
[CuH,1Me(0AC)-ClZ X = OAC
[CuH,1™(0AC)-ClI> X = OAC

Scheme 1 Conditions: (a) acetic anhydride, 0 °C, CH,Cl,, N,; (b)
ferrocene monocarbonyl chloride, Et;N, —50 °C, THF; (c) pyridine
dicarbonyl dichloride, Et;N, —50 °C, THF (d) KH, DME, Ar; (e)
Cu(OAc), or CuCl,; (f) Et,NCI.

monoacylating of 1,2-phenylenediamine with either acetic
anhydride or ferrocenecarbonyl chloride. Yields of ca. 50%
were obtained for this step. These yields are relatively low

because diacylated products were also produced. Controlling
the reaction temperature and dropwise addition of the acyl-
ating agents were used to minimize the diacyl products.
Separation of the mono- and di-amides was accomplished by
sequential acid/base extractions. Treating the monoacylated
compounds with pyridinedicarbonyl dichloride resulted in
H,1¢ and H,1% in overall isolated yields of 42% and 34%.

The metal complexes were made by deprotonating the
pyridyl amides of H,1™¢ and H,1™ with 2 equivalents of KH.
Without isolation, [H,1™¢]*~ and [H,1¥°]*~ were treated with the
appropriate Cu™ salts. K[CuH,1%¢(OAc)] was isolated by this
method in 50% yield. In most cases, the complexes were
metathesized with 2 equivalents of Et,NCIl, which produced
the dianionic complexes [CuH,1™(OAc)-CI]*~, [CuH,1™(Cl)-
CI*", and [CuH,1™(OAc)-Cl]*". Note that the second equiv-
alent of chloride ion for the metathesis salt precipitated from
the reaction mixture as KCI. Isolated yields for the tetraethyl-
ammonium salts of the complexes range from 60-80%. The
complexes are hydroscopic if stored in the open, yet are stable
for months in the solid state under an inert atmosphere.

Molecular structure results

Single crystal diffraction studies were done on H,1%-
0.25CH,Cl,,  (Et,N),[CuH,1™(OAc)-CI]-1.5CH;CN,  and
(Et,N),[CuH,1™¢(Cl)-Cl]. Selected bond distances and angles
for the two metal salts are given in Table 2. For (Et,N),-
[CuH,1™¢(OAc)-C]] two independent, but essentially identical,
anions were found in the asymmetric unit. These are denoted
[CuH,1a™*(OAc)-CIJ*~ and [CuH,1b™*(OAc)-CIJ*".

Fig. 2 shows a view of the molecular structure of H,1¥. In

ch

Fig.2 Thermal ellipsoid diagram of H,1"° showing the intramolecular
H-bond network. The ellipsoids are drawn at the 40% probability level
and only the amide hydrogens are shown for clarity.

the solid state the compound is helical. The molecule has an
intramolecular network of H-bonds, which assists in main-
taining helicity. Bifurcated H-bonds are observed between the
pyridyl nitrogen N(3), the carbamoyl hydrogens H(2A) and
H(4A), and amide carbonyl oxygen O(4) that connects one
of the ferrocene groups to an aryl ring. The relevant heavy
atom distances for these interactions are: N(3) --- N(2) =
2.689, N(3) --- N(4) = 2.658, N(2) --- O(4) = 3.266, and
N(4) --- O@4) = 2.718 A. There is an additional H-bond
between the amide group containing N(1) and O(4)
(N(1) -+ - O(4)=2.803 A). Taken together, these H-bonds cause
the ferrocene group containing Fe(2) to be twisted in the
direction of the pyridyl ring, producing the observed helical
structure. The molecular structure of H,1¥ is reminiscent
of that found in the solid state for the optically pure com-
pounds,  2,6-bis[{2-L-methylglycinyl)carbamoylphenyl}carb-
amoyl]pyridine (4).* Molecular helices are also found in the
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Table 2 Selected bond distances (A) and angles (°) for [CuH,1™¢(Cl)<(C)I*~ and [CuH,1™¢(OAc)-(Cl)*~

[CuH,1™¢(CI)-(CH]*~

[CuH,1aM(OAc)-(Cl)P~([CuH,1b(OAC)-(Ch")

Cu-0(5) na’
Cu-N(2) 2.038(2)
Cu-N(3) 1.944(3)
Cu-N(4) 2.037(3)
Cu-CI(1) 2.7483(10)
Cu-Cl(2) 2.2564(9)
N() - -+ CI(1) 3.341(3)
N() - -+ CI(1) 3.325(3)
N(2)-Cu-N(3) 79.23(10)
N(2)-Cu-N(4) 158.10(11)
N(3)-Cu-N(4) 79.37(11)
N(2)-Cu-Cl(2) 99.10(8)
N(3)-Cu-Cl(2) 163.84(8)
N(4)-Cu-Cl(2) 100.13(8)
N(2)-Cu-0O(5) na
N(3)-Cu-0(5) na
N(4)-Cu-0O(5) na
CI(1)-Cu-CI(2) 108.03(3)

“Not applicable.

1.949(3) (1.949(3))
2.025(4) (2.032(4))
1.945(4) (1.932(4))
2.030(5) (2.030(4))
2.819(4) (2.846(4))
na

3.216(4) (3.292(4))
3.264(4) (3.268(4))

80.51(18)

160.78(17)
80.29(18)

na

na

na

100.53(17)

168.08(16)
98.10(17)

na

structure of 4, which are maintained by a similar network of
intramolecular H-bonds.
Fig. 3 presents the molecular structures for [CuH,1™¢(Cl)-

Fig. 3 Thermal ellipsoid diagram of [CuH,1™¢(OAc)-CI*" (A) and
[CuH,1™¢(CI)-CI]*~ (B). The ellipsoids are drawn at the 50% probability
level and only the amide hydrogens are shown for clarity.

CI and [CuH,1™¢(OAc)-CI*". Both complexes have four
ligands in the equatorial plane, three of which are nitrogen
donors from the tridentate bis(carbamoyl)pyridyl unit. In
[CuH,1™*(Cl)-CIJ*", the fourth ligand is a chloride ion (CI(2)),
which is nearly trans to N(3) (N(3)-Cu-Cl(2) = 163.84(8)°). The
two Cu-N, .4 distances are longer than the Cu-N(3) bond,
which is expected based on previously reported Cu™ complexes
with bis(carbamoyl)pyridyl.” Similar metrical properties were
found for [CuH,1™¢(OAc)-CIJ*", with the exception that an
acetate ion is positioned trans to N(3) (Table 2). Note that the
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acetate ion is monodentate with only O(5) bonded to the copper
center (O(6) is >2.8 A from Cu(1)).

The binding of CI(2) and acetate in [CuH,1™¢(Cl)-CI}*~ and
[CuH,1™*(OAc)-CI]*” causes the appended aryl rings to be
positioned nearly perpendicular to the coordination plane. In
[CuH,1™¢(Cl)-CI*~ dihedral angles of 94.0 and 90.8° are found
between the coordination plane and the planes formed by the
aryl rings. In addition, the dihedral angle between the aryl
groups is 82.3°. For [CuH,1™%(OAc)-CIJ*" the dihedral angles
between the coordination plane and aryl planes are 101.2 and
94.5° for anion a and 108.4 and 98.0° for anion b. The planes of
the aryl rings are also nearly perpendicular to each other:
dihedral angles between aryl planes of 84.5 and 83.1° are found
for anions a and b, respectively. This disposition of appended
aryl group induces an L-shaped cleft around the fourth
coordinate site in the basal plane (i.e., trans to N(3)). The aryl
rings flank two sides of the external ligand: distances of ~4.0 A
are observed from the centroid of the aryl rings to the coordin-
ated Cl or O atoms.

The most striking feature in the molecular structures of
[CuH,1™¢(Cl)-CI*” and [CuH,1™*(OAc)-CI*" is the conform-
ation adopted by the appended amide groups. The complexes
have the appended groups in the syn conformations, which
positions the amide groups on the same face of the complexes.
This conformation produces a second site for external ligands
because of the two convergent H-bonding amide groups. In
[CuH,1™¢(C1)-CI*” and [CuH,1™¢(OAc)-CIJ*", this site is taken
by CI(1), which is H-bonded to the two amide NH groups. The
observed N(1) - -+ CI(1) and N(5) - - - CI(1) distance are <3.4 A
with N-H-CI(1) angles >150°, which are consistent with the
intramolecular H-bond assignment.!' The binding of CI(1)
in the secondary site places the ion near the Cu™ center. The
Cu--- CIl(1) distances range from 2.7483(10) A in
[CuHIM(C)-CI* to 2.846(4) A in [CuH,1b™¢(OAc)-CI*.
These distances are significantly longer than the 2.2-2.4 A bond
lengths that are normally observed for Cu-Cl interactions'?
(see for example, the Cu(1)-Cl(2) distance in [CuH,1™¢(Cl)-
CI*). The long Cu - - - CI(1) distances are comparable to those
found for intermolecular Cu - - - Cl interactions in structures of
other Cu salts. Examples where these long bonds are observed
include [MeNH;],[CuCl,]" and [C;HgNg][Cu,Cls]."* In the
previously reported systems, the long Cu - -+ Cl bonds result
from the Cu™ center in one complex interacting weakly with
a chloro ligand on an adjacent complex within a crystal lattice.
To our knowledge, these long Cu --- Cl intermolecular
interactions have only been reported in the solid state.



A preliminary X-ray diffraction study on [CuH,1¥(OAc)-
CI*~ shows it has a similar molecular structure to that of
[CuH,1™(OAc)-CI]*~ (Fig. 4). The data collected for (Et,N),-

Fig. 4 A ball and stick representation of the preliminary structure for
[CuH,17¢(OAc)-CI*".

[CuH,17(OAc)-Cl] are not of sufficient quality to obtain
detailed metrical information (I/e number = 2.8, R = 0.014).
Nevertheless, it is clear from the present data that in
[CuH,17(OAc)-CIJ*", the ferrocenyl groups are also in the syn
conformation, with the chloride ion positioned between the two
ferrocenylamide groups.

Electrochemistry

The redox potentials of the ferrocenyl groups in H 1™,
[CuH,17(OAc)]” and [CuH,1"™(OAc)-Cl]*~ were investigated
by cyclic voltammetry. Fig. 5 shows their cyclic voltammograms

1 L L
600 400 200 0 -200

L
800
Potential (mV vs Ag/Ag®)

Fig.5 Cyclic voltammograms of H,1% (- - - ), [CuH,1"(OAc¢)]” (—-)
and [CuH,1"“(OAc¢)-CI*” (-) recorded in acetonitrile at a scan rate of
500 mV s~

(CV) measured in acetonitrile. The nearly reversible redox
couples for each compound are a single wave, which indicates
that the two ferrocenyl groups are electrochemically independ-
ent. For H,1¥, an E,;,, = 340 mV vs. Ag*/Ag is found, with AE =
110 mV and i, x i;”' = 1.07. The ferrocene half-wave potential
in [CuH,1%¢(OAc)] is at 310 mV vs. Ag*/Ag (AE =110 mV and
i, X i,”' = 1.08). This cathodic shift is consistent with the form-
ation of a monoanionic species, which should stabilize the
oxidized species.”® A further cathodic shift of the redox wave
is observed in [CuH,17(OAc)-CIJ*", which has an E,,, = 275 mV
vs. Ag*/Ag, with AE=95mV and i, X i, ' = 1.19. The —65 mV
shift between H,1¥¢ and [CuH,17¢(OAc)-CIJ*” is comparable to
shifts found for chloride binding neutral compounds, such as
Zn" porphyrins with appended ferrocenes's and bis(amino-
ferrocene) systems.'**® Note that the half-wave potential of H,1
is shifted by only —5 mV when treated with Et,NCIL.

Summary

We have described the synthesis of a new series of ligands con-
taining bis(carbamoyl)pyridyl chelates containing appended
amide groups that serve as H-bond donors. These ligands have
the capability of placing two H-bond donors on the same face
of the chelate plane, resulting in the formation of a second
sphere-binding site. This concept was demonstrated in the solid
state by the molecular structures of [CuH,1™*(OAc)-CIJ*",
[CuH,I™¢(Cl)-CI*", and the preliminary structure of
[CuH,1¥(OAc)-CI]*". Each structure shows that one chloride
ion is H-bonded to the appended amide groups, with only
a long (>2.7 A) interaction with the coordinated Cu™ center.
Electrochemical studies show that the binding of chloride
in [CuH,1%¢(OAc)-CI]*~ results in an observable cathodic shift
in the half-wave potential of the ferrocenyl groups, when
compared to those found in H,1 and [CuH,1¥¢(OAc)]".
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