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Abstract

The planar NNN-pincer complexes [M'(pyN Me,)(OH)11~ (M!! = Ni, Cu) fix CO, in n1-OCO,H
complexes; results for the copper system are described. Mn!!, Fe!l, Co!!, and Zn!! behave
differently, forming [M"'(pyN,Me),]2~ with N4O, coordination. Incorporation of the Ni!! pincer
into binucleating macrocycle 2 containing a triamino M"! locus connected by two 1,3-biphenylene
groups affords proximal Ni'' and M"! sites for investigation of the synthesis, structure, and
reactivity of Ni-X-M bridge units. This ligand structure is taken as a reference for variations in M'!
atoms and binding sites and bridges X = OH™ and CN~ to produce additional members of the
macrocyclic family with improved properties. Macrocycle 2 with a 22-membered ring is shown to
bind M!! = Mn, Fe, and Cu with hydroxo bridges. Introduction of the 4-Bu‘O group (macrocycle
3) improves the solubility of neutral complexes such as those with Ni''-OH-Cu'! and Ni'!-CN-Fe!!
bridges. The syntheses of macrocycle 5 with a 7-Me-[12]aneSN3 and macrocycle 6 with a 1,8-
Me,-[14]aneN, M!! binding site are described to together with hydoxo-bridged Ni-Cu and cyano-
bridged Ni-Fe complexes. This work was motivated by the presence of a Ni---(HO)-Fe bridge
grouping in a reactive state of carbon monoxide dehydrogenase. Attempted decrease in Ni-(OH)-
M distances (3.70-3.87 A) to smaller values observed in the enzyme by use of macrocycle 4
having 1,2-biphenylene connectors led to a mononuclear octahedral Ni'' complex. Bridge
structural units are summarized and the structures of fourteen macrocyclic complexes including
eight with bridges are described.

INTRODUCTION

The Ni'!---(HO)-Fe!! bridge grouping is a component of the catalytic site (C-cluster) in the
Ni-Fe-S enzyme carbon monooxide dehydrogenase which catalyzes the reaction CO + H,0
= CO, + 2H* + 2e~.14 The site consists of a NiFe3S, cubanoid cluster to which is bound
via a C3-S atom an exo Fe!! atom that is part of the bridge. While the cluster portion has
been chemically synthesized,>® attainment of the complete assembly NiFe3S,-Fegyo has
proven elusive. Consequently, more recent research has concentrated on a different approach
which departs from a Ni-Fe-S support platform but allows an investigation of the chemistry
of Ni' and Fe!' in combination. Suitable binucleating macrocyclic ligands allow specific
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binding of the two metals in bridging juxtaposition at a known distance and variation of the
atom or bridging group between them. The dianion of 2 in Figure 1 is a first approach to the
problem.” The upper NNN site, obviously related to the pincer ligand 1 with two
deprotonated amide groups, binds Ni!' while the lower triamine portion binds Fe!'. Various
bridges including hydroxo, formate, and cyano may be interposed between the two metal
sites. A further advantage of the system is that the terminal hydroxo pincer complex
[Ni(pyN,Me2)(OH)]~, 8 a virtual replica of the binuclear Ni!! site, may be prepared and its
reactivity examined separately.®10 This complex reacts quantitatively and reversibly with
CO,, to afford an n-HCO3 product in an exceptionally fast second-order reaction in DMF
(k2298 ~ 106 M—ls—l)_

We are engaged in producing a new set of macrocycles and their complexes that sustain
proximal Ni---M binding with bridge formation and retain the pincer binding site but with
otherwise variable and/or improved properties. With attention to the reference macrocyclic
complex in Figure 2 which includes hydroxo as a representative bridging group, we note
four regions of potential modification. Region | is the site of atom M and associated ligands.
Various atoms M and ligands, bridging and terminal (if present), in this region are subject to
incorporation dependent on several factors. That of primary interest in ligand design is the
binding functionality present in region IV. Introduction of a suitable substituent R in region
I1 would enhance the solubility of neutral complexes such as [Ni(p,-OH)FeCl(Cop-
pyN,dienMe3)] (see below), allowing solution studies. Adjustment of the spacer group
between binding sites in region 111 could control the Ni---M separation. Variation of the
ligand framework in region 1V (M site) might lead to tighter binding of atom M, a problem
we have encountered on occasion in this work. Lastly, given the huge number of known
binucleating (or “compartmental”) ligands,11-13 it need be recognized that the binuclear
complex in Figure 2 and any alterations of it constitute a small subset of possibilities for
examination of the chemistry of proximally bound metals. In this report, we demonstrate
certain modifications in regions I-1V by synthesis and structure determinations. As will be
seen, all modifications are illustrative of further possibilities and all but that in region 11
allow bridge formation.

EXPERIMENTAL SECTION

Preparation of Compounds

Unless otherwise stated, all reactions and manipulations were performed under a dinitrogen
atmosphere. Volume reduction and drying steps were performed in vacuo; filtrations were
through Celite. Commercial grade chemicals were used without further purification.
Acetonitrile, THF, and diethyl ether were purified by an Innovative Technology or MBraun
solvent purification system. DMF was freshly distilled from CaH, and dried over molecular
sieves for 24 h. Compounds were identified by combinations of elemental analyses,
spectroscopic measurements (mainly *H NMR where possible), and X-ray structure
determinations. Representative compounds were analyzed (Midwest Microlab, Inc.). The
structures of the NNN-pincer ligand 1 and binucleating macrocycles 2-6 are provided in
Figure 1.

In the sections that follow, ligands and complexes are numerically designated according to
Chart 1 and Figures 1, 3-7, 9, 11, 12, and 14.

(1) Complexes Derived from the Pincer Ligand HopyNoMe2.(Et4N)[Cu(pyNoMW2)(OH)]

HopyNoME2 (75 mg, 0.20 mmol)’ and Cu(OTf), (72 mg, 0.20 mmol) were stirred in DMF (3
mL) for 20 min. The light green solution was treated slowly with Et4zNOH (25% in
methanol, 353 mg, 0.60 mmol) and the mixture was stirred for 12 h to form a purple-blue
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solution and a small amount of sticky precipitate which was removed by filtration. Ether (18
mL) was added to the filtrate resulting in a cloudy suspension from which crystals separated
over 3 h. The product was collected as a purple-blue crystalline solid (85 mg, 73%).
Absorption spectrum (DMF): Amax (em) 594 (br, 270) nm. IR (KBr): von 3608 cm'L. Anal.
Calcd. for C31H4oCuN4O3: C, 63.95; H, 7.27; N, 9.62. Found: C, 63.85; H, 7.23; N, 9.52.

(EtaN)[Cu(pyN2"e2)(HCO3)]

A solution of (Et4N)[Cu(pyN2)(OH)] (29 mg, 0.050 mmol) in DMF (3 mL) was bubbled
with carbon dioxide for 15 min. Diffusion of ether into the blue solution afforded the
product as blue crystals (25 mg, 80%). Absorption spectrum (DMF): Amax (em) 610 (br,
320) nm.

(EtaN)z[Fe(pyNoMe2),]

A solution of HopyN> (112 mg, 0.30 mmol) in DMF (3 mL) was treated with NaH (15 mg,
0.060 mmol) slowly to give a light yellow solution, to which was added Fe(OTf), (106 mg,
0.30 mmol). The dark purple reaction mixture was stirred for 2 h and filtered. Ether (20 mL)
was added to the filtrate causing separation of a purple oil, which was treated with ether to
form a purple solid. The solid was dissolved in THF (5 mL) and solution was filtered
through Celite to give a deep purple solution. A solution of EtyNOH (25% in methanol, 176
mg, 0.30 mmol) was slowly added, and the mixture was stirred for 2 h and filtered to
remove a sticky white precipitate. Ether (15 mL) was added to the filtrate to form a blue
solid, which was dissolved in DMF (2 mL). Addition of ether by diffusion caused separation
of the product as blue-red crystals (71 mg, 45%). Anal. Calcd. for CgoHgoFeNgO4: C, 70.30;
H, 7.80; N, 10.58. Found: C, 70.19; H, 7.83; N, 10.66.

(EtaN)z[Co(pyN,Me2),]

A mixture of HopyN> (75 mg, 0.20 mmol) and Co(OTf), (71 mg, 0.20 mmol) in DMF was
stirred for 30 min. The pink-red solution was slowly treated with a solution of EtyNOH
(25% in methanol, 353 mg, 0.60 mmol) and the reaction mixture was stirred for 6 h to form
a red solution and a sticky precipitate, which as removed by filtration through Celite. Ether
(15 mL) was added to the filtrate causing formation of a red oil. Addition of ether to the oil
formed a red solid, which was washed with THF (5 mL) and dissolved in DMF (2 mL).
Diffusion of ether into the solution afforded the product as violet block-like crystals (53 mg,
50%). Anal. Calcd. for CgoHgpyCoNgOy4: C, 70.10; H, 7.78; N, 10.55. Found: C, 69.92; H,
7.92; N, 10.66.

(EtaN)z[Mn(pyNoMe2),]

The preceding method was followed with use of Mn(OTf), (71 mg, 0.20 mmol) and gave
the product as a yellow crystalline solid (70 mg, 66%). Anal. Calcd. for CgpHgoMnNgOy4: C,
70.36; H, 7.81; N, 10.59. Found: C, 70.04; H, 7.87; N, 10.46.

(EtaN)z[Zn(pyNMe2),]

The preceding method was followed with use of Zn(OTf), (73 mg, 0.20 mmol) and gave the
product as a yellow crystalline solid (77 mg, 72%). Anal. Calcd. for CgoHgoNgO4Zn: C,
69.68; H, 7.73; N, 10.48. Found: C, 69.51; H, 7.91; N, 10.52

(2) Binuclear Complexes Derived from Macrocycle Cy,-HopyNodienMe3

Macrocycle 2 and complexes 13 and 15 were prepared as described.’
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[Ni(2-OH)MNCI(Co2-pyNoMe3)]

To a solution of (EtsN)[Ni(OH)(C2,-pyNodienMe3)] (28 mg, 0.040 mmol) in DMF (2 mL)
was added a solution of MnCl, (5.0 mg, 0.040 mmol) in DMF (1 mL). The reaction mixture
was stirred for 1 h, filtered, and ether was diffused into the deep red filtrate for 2 d. The
solid was washed with acetonitrile (3 mL) and dried to afford the product as red crystals (11
mg, 42%). Anal. Calcd. for CygH33CIMnNgNiO3: C, 51.68; H, 5.11; N, 12.92. Found: C,
51.62; H, 5.18; N, 13.01.

[Ni(d2-OH)CuCl(C22-pyNaodienMesd)]

To a solution of (EtsN)[Ni(OH)(C22-pyNadienMe3)] (21 mg, 0.030 mmol) in DMF (2 mL)
was added a solution of CuCl, (4.1 mg, 0.030 mmol) in DMF (1 mL). The reaction mixture
was stirred for 30 min, filtered, and ether was diffused into the brown-red filtrate to form a
solid. This material was washed with acetonitrile (3 mL) and dried in vacuo to give the
product as orange-yellow crystals (8.0 mg, 41%).

(3) Complexes Derived from Macrocycle Cpy-4-BulO-HopyNodienMes

The five-step synthesis of macrocycle 3, obtained in 16% overall yield based on chelidamic
acid, is given elsewhere.14

(Me4N)[Ni(OH)((C22-4-BuiO-pyNodienMe3)]

Macrocycle 3 (56 mg, 0.10 mmol) and Ni(OTf), (37 mg, 0.10 mmol) were mixed and stirred
in DMF (2 mL) for 15 min to give a light yellow suspension. Me4NOH (25% in methanol,
55 mg, 0.015 mmol) was added and the mixture was stirred for 1 h, forming a red
suspension. A second equal portion of Me4,NOH was added and the mixture was stirred for 4
h to give a deep red solution with some sticky precipitate which was removed by filtration.
Addition of ether (40 mL) to the filtrate deposited an orange-red material, which was
dissolved in DMF/THF (6 mL, 1/5 v/v) to give a red solution. Ether (5 mL) was added and a
white solid was filtered off. A second portion of ether (10 mL) was added and the solution
was stored overnight, resulting in the separation of a red crystalline solid (31 mg, 44%).
Absorption spectrum (DMF): Amax (&m) 400 (5460) nm. IR (KBr): vop 3608 cm'L, 1H
NMR (DMF-d7): §-4.71 (s, 1), 1.03 (d, 6), 2.05 (s, 3), 2.10 (m, 1), 2.18 (m, 4), 2.26 (m, 4),
2.28 (s, 6), 3.35 (5, 4),3.99 (d, 2), 6.79 (d, 2), 7.04 (m, 4), 7.18 (s, 2), 7.25 (d, 2). Anal.
Calcd. for C3gHg3N7NiO4: C, 61.20; H, 7.56; N, 13.88. Found: C, 60.29, H, 7.70; N, 14.02.

[Ni(p2-OH)CuCl(C2,-4-BuiO-pyNydienMe3)]|.DMF

CuCl; (4.0 mg, 0.030 mmol) in DMF (0.5 mL) was added dropwise to a solution of (Me4N)
[Ni(OH)(Cg,-4-Bu’O-pyN,-dienMe3)] (21 mg, 0.030 mmol) in DMF (2 mL). The reaction
mixture was stirred for 1 h and filtered. Diffusion of ether into the filtrate deposited the
product as tea-brown block-like crystals (15 mg, 62%). IR (KBr): von 3557 cm'l. Anal.
Calcd. for C35H4gCICUN7NIOs: C, 52.25; H, 6.01; N, 12.19. Found: C, 51.91; H, 5.90; N,
11.97.

[Ni(p2-CN)FeCl(Cyp-4-BuiO-pyN,dienMe3)].14Et,0

A mixture of (MesN)-[Ni(OH)(Cy,-4-Bu/O-pyN,dienMe3)] (35 mg, 0.050 mmol) and
Et4NCN (9.4 mg, 0.060 mmol) was stirred in DMF (3 mL) for 3 h and filtered. FeCl, (6.3
mg, 0.050 mmol) in DMF (0.5 mL) was added to the orange-red filtrate. The mixture was
stirred for 1 hr, filtered, and ether (18 mL) was added slowly to the filtrate to deposit a white
precipitate, which was filtered off. Ether was diffused into the filtrate, causing separation of
a red crystalline solid. This material was dissolved in 4 mL of DMF/propionitrile (1:1 v/v)
and diffused with ether to deposit the product as orange-red crystals (17 mg, 44%). IR: ven
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2117 cm't. Anal. Calcd. for CasH5CIFeN;NiO5 5: C, 54.61; H, 5.89; N, 12.74. Found: C,
54.59; H, 5.85; N, 12.80.

(4) Ni'' Complex Derived from Macrocycle Cog-HopyNodienMe3

The preparation of macrocycle 4 (25% overall yield based on a/nitrobenzaldehyde) is
described elswhere.14

[Ni(C20-pyNadienMe3)]

Macrocycle 4 (97 mg, 0.20 mmol) and Ni(OTf), (71 mg, 0.20 mmol) were reacted in DMF/
THF (5 mL, 3:2 v/v) for 1 h to give a light yellow suspension. EtzNOH (25% in methanol,
118 mg, 0.20 mmol) was added and the reaction mixture was stirred for 1 h forming a light
green suspension. A second equal portion of EtyNOH was added and the mixture was stirred
for 10 h to give a green solution and a white precipitate, which was removed by filtration.
Ether (20 mL) was added to the filtrate, forming a green oil. The mixture was allowed to
stand overnight, yielding the product as a green crystalline solid (43 mg, 40%).

(5) Macrocylic Ligand C-HopyNo,SN3Me and Complexes
The synthesis of macrocycle 5 (11% overall yield based on 5a) is given in Figure 3.

(a) Intermediates 5a-5e

To a mixture of thioglycollic acid (21.0 g, 0.140 mol) in thionyl chloride (45 mL) was added
0.15 mL of dry DMF as a catalyst. The mixture was stirred for 4 h at 45EC to give a clear
orange solution. Excess thionyl chloride was partially removed to leave a red-black solution
from which pure 5al° was obtained by distillation (130E/3.0 mm Hg). Solutions of 5a (2.80
g, 15.0 mmol) and 3-A-methylaminopentane-1,5-diamine (3.51 g, 30.0 mmol), each in dry
toluene (40 mL), were added simultaneously to chloroform (500 mL) by syringe pump over
16 h. After removal of a white precipitate and evaporation of the filtrate, the yellow-orange
solid was purified on a silica column eluted with CH,Cl,/MeOH/NH4OH (300/80/1 v/v) to
yield 5b as a white solid (1.80 g, 52%). 'H NMR (CDCls): 62.30 (s, 3), 2.48 (t, 4), 3.24 (s,
4),3.30 (g, 4), 7.26 (s, 2). ESMS: mlz232 (M+H)™.

To a suspension of 5b (1.80 g, 7.8 mmol) in dry THF (20 mL) was added a solution of
Me,SBH3 (16 mL, 32 mmol). The mixture was refluxed at 75EC for 5 h. Methanol was
added to the white slurry, the mixture was stirred for 1 h, and the solvent was removed to
leave a foam-like residue. This material was refluxed in 6 M aqueous HCI (35 mL) for 3 h
and solvent was removed to give a white solid, which was treated with 2 M aqueous NaOH
until pH ~14 was reached. The mixture was extracted with chloroform (5 x 70 mL), the
combined organic layers were dried (MgSOy,), and solvent was removed to leave 5c as a
colorless crystalline solid (0.95 g, 60%). 1H NMR (CDCls3): §2.17 (s, 3), 2.37 (t, 4), 2.55 (q,
8), 2.63 (t, 4), 2.68 (br, s, 2).

A mixture of N-(fert-butoxycarbonyl)-3-bromomethylaniline!® (1.35 g, 4.72 mmol), 5c (0.48
g, 2.36 mmol), K,CO3 (0.65 g, 4.72 mmol), and Kl (0.39 g, 2.36 mmol) was refluxed in
acetonitrile (200 mL) for 36 h, the mixture was filtered, and the solvent evaporated to leave
a light yellow solid residue. This material was dissolved in dichloromethane (100 mL), the
solution was filtered, and the solvent removed. The residue was purified on a silica column
eluted with CH,Cl,/MeOH/NH4OH (70/8/5 v/v) to yield 5d as a white foam-like solid (1.04
g, 72%). IH NMR (CDCl3): §1.53 (s, 18), 2.11 (s, 3), 2.45 (s, 4), 2.54 (s, 4), 2.76 (t, 4), 2.98
(t, 4),3.59 (s, 4), 6.67 (s, 2), 7.05 (d, 2), 7.23 (t, 2), 7.30 (d, 2), 7.35 (s, 2). ESMS: m/z614
(M+H)*.

Inorg Chem. Author manuscript; available in PMC 2013 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 6

To a solution of 5d (1.04 g, 1.70 mmol) in dichloromethane (10 mL) was added
trifluoroacetic acid (3 mL); the mixture was stirred for 2 h. The orange-red mixture was
added slowly to a 2 M aqueous NaOH solution (50 mL), stirred for 20 min, and diluted with
water (20 mL). The organic layer was collected and the aqueous layer was extracted with
dichloromethane. The combined organic layers were washed with brine (2 x 70 mL) and
dried (MgSO,). Solvent was removed to afford 5e as a pale yellow oil (0.674 g, 96%). 1H
NMR (CDCl3): 62.12 (s, 3), 2.48 (s, 4), 2.55 (s, 4), 2.76 (t, 4), 2.96 (t, 4), 3.53 (s, 4), 3.66
(s,4),6.56 (d, 2), 6.71-6.74 (m, 4), 7.08 (t, 2).

(b) Macrocycle C-HopyNoSN3Me))

To a solution of EtgN (6.0 mL) in dry THF (350 mL) was added simultaneously solutions of
pyridine-2,6-dicarbonylchloride (0.365 g, 1.79 mmol) in THF (50 mL) and 5e (0.674 g, 1.63
mmol) in THF/acetonitrile (50 mL, 4/1 v/v) by syringe pump over 20 h. The mixture was
filtered and solvent was evaporated to give a yellow-brown solid, which was dissolved in
dichloromethane (7 mL). Upon standing for several h, the solution deposited a colorless
crystalline solid which was collected and washed with dichloromethane (2 x 3 mL). The
solid was dissolved in dichloromethane/methanol (8/2 mL) and dried to give the
macrocyclic 5 as a white powder (0.47 g, 53%). 1H NMR (Me,SO-dg): 62.53 (m, 2),
2.65-2.73 (m, 7), 2.75-2.87 (m, 6), 3.21 (m, 2), 3.64 (s, 4), 3.70 (m, 2), 7.05 (d, 2), 7.37 (t,
2),7.53(s, 2),8.32 (t, 1), 8.39 (m, 4), 11.14 (s, 2). ESMS: m/z545 (M+H)*.

(c) Complexes. (MesN)[Ni(OH)(C-pyN,SN3Me)]

Macrocycle 5 (82 mg, 0.15 mmol) and Ni(OTf), (54 mg, 0.15 mmol) were stirred in DMF
(3 mL) for 12 h to give a light yellow suspension. Me4sNOH (25% in methanol, 82 mg, 0.15
mmol) was added dropwise and the mixture was stirred for 4 h. An equal portion of
Me4NOH was added, the mixture was stirred for 4 h, and was filtered to remove a sticky
precipitate. Ether was added to the filtrate to deposit an orange-red solid that was collected
and washed with ether (3 mL). The solid was dissolved in DMF (7 mL) and filtered. The red
filtrate was diffused with ether to cause separation of a red solid together with some white
precipitate. The red product was separated manually and dried (52 mg, 50%). Absorption
spectrum (DMF): Amax (em) 412 (5500), 488 (sh, 1800) nm. IR (KBr): von 3601 cm't, 1H
NMR (DMF-d7): 6-4.20 (s, 1), 1.94 (m, 2) 2.12 (s, 3), 2.41 (m, 2), 2.56 (m, 4), 2.80 (M, 2),
2.87 (m, 2), 2.98 (m, 4), 3.48 (d, 2), 3.59 (d, 2), 6.73 (d, 2), 6.98 (t, 2), 7.27 (d, 2), 7.52 (d,
2), 7.67 (s, 2), 8.05 (t, 1). Anal. Calcd. for C34H47N7NiO3S: C, 58.97; H, 6.84; N, 14.16.
Found: C, 59.02; H, 6.79; N, 13.97.

[Ni(OH,)(C-pyN2SN3Me)|

A solution of (MesN)[Ni(OH)(C-pyN,SN3Me)] (21 mg, 0.03 mmol) was added to solid
NH4HCO3 (4.7 mg, 0.06 mmol). The mixture was stirred for 3 h and filtered. The filtrate
was diffused with ether to precipitate some colorless crystals which were removed by
filtration. The red filtrate was reduced to a red oily solid, which was dissolved in THF (0.5
mL). The solution was diffused with ether to deposit a red microcystalline product (8.0 mg,
43%) which was identified by an X-ray structure determination.

[NiCIFeCI(C-pyN,SNzVe)]

FeCl, (3.8 mg, 0.030 mmol) in DMF (0.5 mL) was added dropwise to a red solution of
(Me4N)[Ni(OH)(C-pyN,SN3sM&)] (21 mg, 0.030 mmol) in DMF (3 mL). The reaction
mixture was stirred for 2 h and filtered to remove some black precipitate. A second equal
portion of FeCl, in DMF (0.5 mL) was added slowly to the red-brown filtrate. The mixture
was stirred for 2 h and filtered. Diffusion of ether into the filtrate afforded the red crystalline
product (10 mg, 41%).

Inorg Chem. Author manuscript; available in PMC 2013 October 15.
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[Ni(uo-CN)FeCl(C-pyNoSN3Me)-Me,SO

A mixture of (Me4N)[Ni(OH)(C-pyN,SN3Mez)] (21 mg, 0.030 mmol) and Et4NCN (5.6 mg,
0.036 mmol) was stirred in DMF (2 mL) for 5 h and filtered. Ether was added to deposit a
red solid, which was washed with THF/ether (3 mL, 2:1 v/v) and dissolved in DMF (1 mL).
FeCl, (3.8 mg, 0.030 mmol) in DMF (0.5 mL) was added slowly to the red solution, which
was stirred for 1 h and filtered. Ether (20 mL) was added to the filtrate to obtain a red solid
which was washed with ether (1 mL) and acetonitrile (1 mL). The red solid was dissolved in
Me,SO (1 mL) and the solution was layered with ethyl acetate to cause separation of a red
crystalline solid and a white precipitate. The red solid was manually separated and dried to
yield the product (11 mg, 46%). IR: vy 2137 cm'L,

[Ni(p2-OH)Cu(C-pyN2SN3Me)[(CI0,)

A solution of (Me4N)[Ni(OH)(C-pyN,SN3Me3)] (21 mg, 0.030 mmol) in DMF (2.5 mL)
was added quickly to a solution of Cu(ClO,4),-6H,0 (11 mg, 0.030 mmol) in DMF (0.5 mL).
The mixture was stirred for 10 min and filtered. The filtrate was diffused with ether causing
the product to separate as a black-green crystalline solid (14 mg, 60%). IR (KBr): von 3516
cm'L. Anal. Calcd. for C3gH35CICUNgNIO;S: C, 46.11; H, 4.51; N, 10.76. Found: C, 45.93;
H, 4.47; N, 10.54.

(6) Macrocyclic Ligand c-HopyNoN4Me2 and Complexes
The synthetic route to macrocycle 6 (10% overall yield based on 6a) is provided in Figure 4.

(a) Intermediates 6a-6¢

Compound 6a has been previously used but no preparation was reported.1” PPhs (4.72 g,
18.0 mmol) was added to a solution of 2-[(3-hydroxymethyl)phenyl]isoindoline-1,3-dione18
(3.04 g, 12.0 mmol) in dichoromethane (30 mL). The mixture was cooled to —-5EC and CBry4
(5.97 ¢, 18.0 mmol) in dichloromethane (30 mL) was added dropwise. The mixture was
stirred at —5EC for 2 h and allowed to warm to room temperature. Ethyl acetate (150 mL)
was added and the solution was washed with brine (4 x 70 mL). The organic layers were
combined and dried over MgSQy, and solvent was removed to leave a light yellow-brown
residue. The crude product was purified on a silica column eluted with dichloromethane/
hexanes (1:1 v/v) to give 6a as a white solid (3.21 g, 85%). 1H NMR (CDCls): §4.54 (s, 2),
7.42 (m, 2), 7.50 (m, 2), 7.81 (m, 2), 7.96 (M, 2). ESMS: m/z338 (M + Na)*.

Compound 6a (2.71 g, 8.60 mmol), 1,8-dimethyl-1,4,8,11-tetraazacyclotetradecane (1,8-
Mey-[14]aneNy) (0.98 g, 4.3 mmol), KoCO3 (1.19 g, 8.60 mmol), and Kl (0.71 g, 4.3 mmol)
were refluxed in acetonitrile (300 mL) for 60 h. The mixture was filtered and solvent was
removed to leave a light brown solid. This material was purified on a silica column eluted
with dichloromethane/methanol/NH4OH to give 6b as a pale yellow solid (0.96 g, 32%). 1H
NMR (CDCls): §1.64 (m, 4), 2.11 (s, 6), 2.46 (m, 8), 2.58 (m, 8), 3.61 (s, 4), 7.27 (d, 2),
7.41 (m, 6), 7.78 (M, 4), 7.94 (m, 4). ESMS: m/2699 (M + H)*, 350 (M + 2H)%*/2.

To a hot solution of 6b (0.96 g, 1.38 mmol) in 30 mL of THF and 10 mL of ethanol was
added NoHy4-H20 (1.0 g, 20 mmol). The mixture was refluxed at 80EC for 15 h to give a
white suspension. Ethanol (50 mL) was added and the mixture was filtered. Solvent removal
gave a pale yellow oil. The product was purified on a silica gel column eluted with
dichloromethane/methanol/NH4OH (15/3/2 v/v) give 6¢ as a colorless oily solid (453 mg,
75%). 1H NMR (CDCl3): 61.67 (m, 4), 2.14 (s, 6), 2.49 (m, 8), 2.57 (m, 8), 3.46 (s, 4), 3.67
(brs, 4), 6.55 (d, 2), 6.70 (m, 4), 7.06 (t, 2). ESMS: m/z439 (M + H)*.
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(b) Macrocycle C-HopyNoN,Me2

To a solution of EtgN (5.5 mL) in dry THF (300 mL) was added simultaneously solutions of
pyridine-2,6-dicarbonylchloride (0.245 g, 1.20 mmol) in THF (40 mL) and 6c (0.44 g, 1.00
mmol) in THF/acetonitrile (40 mL, 3:1 v/v) by syringe pump over 20 h. The mixture was
filtered and the solvent removed to leave a light yellow solid. The crude product was
purified on a silica column eluted with dichloromethane/methanol/NH4OH (60/6/1 v/v) to
afford the macrocycle 6 as a while powder (285 mg, 50%). 1H NMR (CDCl3): §1.70 (m, 2),
1.77 (m, 2), 2.13 (s, 6), 2.21 (m, 6), 2.45 (m, 4), 2.62 (M, 2), 2.92 (m, 2), 3.16 (m, 2), 3.47
(m, 2),3.74 (m, 2), 6.97 (d, 2), 7.35 (t, 2), 7.44 (s, 2), 8.15 (t, 1) 8.47 (d, 2), 8.56 (d, 2), 9.61
(s, 2). ESMS: mlz570 (M + H)*, (M + 2H)2%/2.

(c) Complexes. (MesN)[Ni(OH)(C-pyN,oNsMe2)] 15EL,0

Ni(OTf), (36 mg, 0.10 mmol) in DMF/THF (4 mL, 3:1 v/v) was stirred for 12 h to give a
light yellow suspension. Macrocycle 6 (57 mg, 0.10 mmol) was added, followed by
dropwise addition of Me4NOH (25% in methanol, 55 mg, 0.15 mmol). The mixture was
stirred for 2 h, a second equal portion of Me4NOH was introduced, and stirring was
continued for 4 h. The mixture was filtered to remove a sticky precipitate, and ether (20 mL)
was added to the filtrate. The orange solid that separated was washed with ether (3 mL),
dissolved in DMF (2 mL), and THF (2 mL) was added. The solution was filtered and the
filtrate diffused with ether to give a mixture of red and white solids. This was washed with
THF (1 mL) and DMF (0.5 mL) to afford the product as red plate-like crystals (35 mg,
46%). Absorption spectrum (DMF): Amax (em) 412 (5350), 488 (sh, 1800) nm. IR (KBr):
von 3603 cm'L. 1H NMR (DMF-d;): §-4.15 (s, 2), 1.45 (m, 2), 1.61 (m, 2), 2.02 (s, 6),
2.07 (m, 2), 2.18 (m, 2), 2.31 (M, 2), 2.42 (t, 4), 2.69 (m, 2), 2.82 (M, 2), 2.99 (m, 2), 3.22
(m, 2), 3.50 (m, 2), 6.72 (d, 2), 6.97 (t, 2), 7.26 (d, 2), 7.52 (m, 4), 8.04 (t, 1). Anal. Calcd.
for C3gH59NgNiO3 5: C, 62.07; H, 7.88; N, 14.85. Found: C, 62.16; H, 7.91; N, 14.45.

[Ni(u2-OH)(DMF),Cu(C-pyNoN4Me2) (C10,)

The preceding compound was recystallized from DMF/THF/CgHsCF3 (1:10:25 v/v) to give
the product in essentially quantitative yield as a green-black crystalline solid. The compound
was identified by an X-ray structure determination.

X-ray Structure Determinations

Twenty of the compounds in Chart 1 were structurally characterized; for brevity, compounds
that are salts are referred to by their cation or anion number. Diffraction-quality crystals
were obtained from the following solvents: dichloromethane/ether/hexane, 4, DMF/
acetonitrile/ether, 5; methanol/chloroform/ethyl acetate, 6; DMF/ether, 7, 8, 11, 14, 16, 18,
20, 21, 23, 25-27; DMF/toluene/ether, 17, 22; DMF/propionitrile/ether, 19; Me,SO/ethyl
acetate, 24, DMF/THF/PhCF3, 28. Diffraction data for 16 (15 K) and 22 (95 K) were
obtained using synchrotron radiation at the Advanced Photon Source (APS), Argonne
National Laboratory. Intensities of reflections were collected by means of a Bruker APEX |1
CCD together with the D8 Diffractometer equipped with an Oxford Cryosystems helium/
nitrogen open flow apparatus. The collection method involved 0.5E scans in ¢ at =5E in 24.
Other diffraction data were collected with a Bruker CCD area detector diffractometer
equipped with an Oxford 700 low-temperature nitrogen apparatus (100 K). Data integration
was carried out using SAINT V7.46A with reflection size optimization, and absorption
corrections made with SADABS (Bruker AXS APEX 1, Bruker AXS Inc., Madison, WI
53711). Structures were solved by direct methods using the SHELX program package. All
non-hydrogen atoms were refined anisotropically and the temperature factors of those
disordered atoms were restrained by DELU/SIMU to achieve an anisotropic average.
Hydrogen atoms were not added to the cations (7, 11) or solvate molecules (6, 23) owing to
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highly disordered carbon atoms. The hydrogen atom(s) of —OH groups (7, 17, 18, 28) and
the ~HCO3 group (8) were located geometrically. Hydrogen atoms of other ~OH groups
(14, 16, 18, 22, 25-27) were located from difference Fourier maps and refined isotropically.
Crystal data and refinement details area given in Tables S1-S4.14 Other refinement details
and explanations (wherever necessary) are included in individual CIF files.

The compounds (EtsN)>[M(pyN,Me2),] with M = Fe, Mn, and Zn yielded the following
crystal data. M = Fe (10): triclinic, a = 15.529(3) A, b= 25.509(5) A, ¢=31.076(6) A, a =
65.966(4)E, B=89.778(5)E, » = 89.945(5)E, V= 11243(4) A3, Z=8, P-1; M = Mn (9):
triclinic, a= 10.4628(4) A, b=16.2333(6) A, ¢=18.9633(7) A, a = 78.432(1)E, 8=
80.522(1)E, y=83.378(1)E, VV=3100.9(2), £=2, P-1; M = Zn (12): orthorhombic, a=
12.723(5) A, b=28.53(1) A, c=15,467(6) A, \/=5614(9), Z= 4, Pbcn. Sufficient data
were collected to show that 9 and 10 have the same structure as 11 in its Et;N* salt.
Complex 12 is assigned the structure of 11 based on crystal isomorphism.

The metal contents in selected binuclear complexes were determined at the APS by multiple
wavelength anomalous dispersion techniques.1 The following electron densities normalized
to one metal atom per molecule were determined and Ni:M atom ratios calculated: 19 — Ni
0.967(3), Fe 0.961(3), 1.01:1; 24 — Ni 0.938(5), Fe 0.851(5), 1.10:1; [25](CIO4) — Ni
1.000(5), Cu 0.964(5), 1.04:1; [28](ClO4) — Ni 0.968(5), Cu 0.953(3), 1.02:1.

RESULTS AND DISCUSSION

Pincer Complexes with Other Metals. (a) Cu"

Prior to pursuing ligand alterations in regions I-1V of the complex in Figure 2, we wished to
know what other divalent metals might bind in the NNN pincer site. Such metals would be
candidates for incorporation into binucleating macrocycles containing that site and also may
engage in CO, fixation. To do so, we utilized for simplicity ligand 1. The planar complexes
[M(pyN,Me2)(OH)]1~ (M = Nil, Pd!!) have been previously described. Both react cleanly
with CO to afford [M(pyN,Me2)(HCO3)]1 in good yield. The corresponding Cu''-OH
complex 7 is easily prepared by the reaction of Cu(OTf), and Et4NOH in DMF. It reacts
immediately with CO, in DMF to form the n}-HCO5 complex 8 which is isolable in 80%
yield. The spectrophotometric conversion 7 — 8is illustrated with Figure 5 together with
the planar structures and selected dimensions of the two complexes which are isostructural
with their Ni'' and Pd'! counterparts, and nearly isometric with the Ni'! complex.
Mononuclear Cu'l-OH complexes in different coordination environments have been
described.19-21 However, nearly all Cu''-mediated CO, fixation reactions have been carried
out with polynuclear bridged oxo and hydroxo reactants and afford carbonate-bridged
products.22-25 Only one four-coordinate n!-bicarbonate complex, also a pincer species, has
been previously characterized.28:27 It and 8 crystallize as centrosymmetric hydrogen-bonded
dimers. The long Cu-O4 distance of 2.542 A is consistent with a four-coordinate description
of 8. Evidently, the system in Figure 5 is the simplest yet devised for CO, fixation by a Cu'!
reactant.

(b) Mn", Fe!!, Co'l, and zn"

To seek a broader set of reactants, we have examined the reaction of other divalent metals
with equimolar HopyN,Me2, The results with four divalent ions are summarized in Figure 6,
from which it is evident that despite the 1:1 reaction stoichiometry six-coordinate bis-ligand
complexes 9-12 are formed. Because of ligand steric factors, these isostructural complexes
adopt a MN4O, coordination unit in which one A#substituent of each ligand is rotated in
order to place two oxygen atoms mutually c¢is, thus reducing destabilizing steric interactions
between A-substituents. The structure of 11 (Figure 6) reveals a Co-symmetric configuration
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far removed from octahedral with approximately c/s oxygen atoms and #rans O/N-Co-N
angles much smaller than 180E. This situation arises because, unlike low-spin &8 and c?, the
other four metal ions do not have an intrinsic planar stereochemical preference based on ¢
orbital energetics. Further, the pyN,Me2 ligand dianion does not engender bond angles in the
usual tetrahedral range. This type of coordination isomerism has several precedents among
2,6-pyridinedicarboxamido complexes.28-32 These four metal ions are unsuitable for
coordination in the pincer site of a macrocycle such as that in Figure 2, but are candidates
for binding in the other site.

Modifications in Complexes of Binucleating Ligands

(a) Region |

(b) Region I

This phase of our work on complexes of binucleating ligands is focused on synthesis and
structure proofs by X-ray methods. Physical properties will be described subsequently as
needed in reactivity studies. Displayed in Figure 2 is the reference molecule subject to
modification. The changes that follow are illustrative of a much broader set of potential
alterations. Yields of isolated compounds are indicated. For example, variation in divalent M
is confined to Mn!!, Fe!!, and Cu!! and bridging ligands to hydroxo and cyano, although
other M atoms and bridges are surely possible. Cyanide was employed to determine if
macrocycle flexibility would accommodate a two-atom bridge Ni'!-CN-M! approaching
linearity. Further, cyanide is an inhibitor of CODH. The X-ray structures of macrocycles 4-6
and complexes 14 and 16-28 were determined; those of macrocycle 2 and complexes 13 and
15 were described earlier.” Metric features of bridge units are collected in Table 1; other
structural information is available in figure legends and elsewhere.1# All complexes except
27 and 28 contain planar Ni'! coordinated by the NNN pincer ligand. Parameters of the NiN3
unit are nearly identical across the set 13-26; data for 17 and 26 are included in Figures 10
and 15, respectively. Stereochemistry at five-coordinate M sites is approximated in terms of
the shape parameter == (a — £)/60 where a and g are largest and next-largest bond angles,
respectively.33 For idealized square pyramidal (SP) =0 and for trigonal bipyramidal (TBP)
= 1. Note that for four binuclear complexes, mixed metal contents were determined
directly by anomalous dispersion methods.

Different metals are incorporated by binding in the vacant site of mononuclear Ni''-OH
complexes 13, 17, 21, and 26. These precursors are readily prepared and are recognized by
upfield —~OH resonances at —4.1 to —4.7 ppm (DMF). As shown in Figure 7, different metals
M = Mn!! (14) and Cu'! (16) can be readily inserted into the vacant triamine site of terminal
hydroxo complex 13 in ca. 40% yield by reaction with metal chlorides in DMF. The Fe!!
complex 15, the first binuclear complex of macrocyle 2,7 is included for comparison. The M
sites are five-coordinate with intermediate shapes (z = 0.52 for 14 and 0.50 for 15), and
approach TBP with 16 (z=0.78). Complexes 19 (44%, Figure 9) and 23 (46%, Figure 12)
containing the Ni''-CN-M! bridge were obtained by cyanide displacement of hydroxo.

Neutral complexes 14-16 are insoluble or sparingly soluble in organic solvents such as DMF
and acetonitrile; as such they are not amenable to studies of solution properties and
reactivity. We find that substitution of an isobutoxy group in the 4-position of the pyridine
ring affords complexes that are freely soluble in DMF and soluble (but less so) in
acetonitrile. These complexes are derived from macrocycle 3 which is accessible by five
steps in 16% overall yield from chelidamic acid.14 Two complexes, hydroxo-bridged 18 (M
= Cu", 62%) and cyano-bridged 19 (M = Fe!!, 44%) were prepared from 17 as indicated in
Figure 9. Structures are set out in Figure 10. The bridge structural parameters of 18 are
similar to those of the Ni/Cu complex 16 except for the Ni---Cu separation which is 0.17 A
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shorter. The Cu'! site does not approach the TBP shape of 16. Instead, the site reveals a
highly irregular four-coordinate CuN,OCI unit with a NNCu/CuOCI dihedral angle of 38.6E
and a non-bonded Cu-N4 distance of 2.702(3) A. This arrangement apparently influences
the metal-metal distances, but why substitution at the remote 4-position of the pyridyl ring
affects structure is unclear. The DMF solvate moleculel does not interact with this site.
Cyanide can be readily interposed in the macrocyclic structure 19, affording nearly linear
Ni-C-N (170E) and bent C-N-Fe (138E) bridge segments and an increase of nearly 1.0 A in
metal-metal distance. The Fe!l site approaches SP coordination (z = 0.16) with chloride in
the apical position. Thus the reference macrocycle can stabilize two-atom bridges.

Inasmuch as the Ni---Fe separation in active and cyanide-inhibited CODH is less than 3.0

A 1434 we wished to decrease the Ni---M distance in the reference macrocycle. This is most
readily accomplished synthetically by changing the two connecting phenylene rings from
1,3- to 1,2-substitution. Macrocycle 4 differs from 2 and 3 by having 20 rather than 22
atoms in its inner ring. Relevant information is provided in Figure 11, which includes a
structure proof of the macrocycle. Reaction of 4 with Ni(OTf), and base leads to the green
distorted octahedral complex 20 (40%) instead of a complex with an Ni''-OH group and a
vacant triamine locus. While the pincer site is retained, the smaller ring and the proclivity of
Ni'l for octahedral coordination favor the observed product. In this context, we note that
another NNN pincer macrocycle with a 20-membered ring and a potential pyridyldiamino
binding site forms a distorted octahedral complex with Fe!!.35 A shorter metal-metal
distance requires a different macrocycle design.

(d) Region IV

Two changes were made in the M binding site of the reference molecule by replacement of
the triamine chain with macrocyclic components. The 1,3-phenylene connectors were
retained in both cases. The 7-Me-[12]aneSN3 ring was appended by the procedure of Figure
3 to give macrocycle 5 with a 22-membered internal ring. The unsubstituted [12]aneSN3
ring has been prepared and binds divalent ions including Cu'! and Zn!' with three M-N
bonds and a longer M-S interaction.36 The macrocycle readily forms pincer hydroxo
complex 21 (50%) from which 22-25 (40-60%) are prepared as indicated in Figure 12.
Structures of the macrocycle and these complexes are collected in Figure13. NH4HCO sacts
as a proton donor to 21, yielding aquo complex 22 whose Ni-O bond is 0.10 A longer than
21; 22 should be reactive to substitution at the Ni!! site. Two equiv of FeCl, results in
unexpected removal of the hydroxo group for chloride and insertion of Fe!l in the SN; site to
afford the unbridged complex 23 with a TBP iron site (z= 0.91). Cyano-bridged Ni/Fe
complex 24 results from hydroxo substitution of 21. It features a bridge more closely
approaching linearity than 19 and a six-coordinate iron site with a weak Fe-S interaction
(2.528(1) A). Hydroxo-bridged Ni/Cu complex 25 is readily formed by the reaction of Cul!
with 21 and contains a non-planar CuN,OS site with one nitrogen atom uncoordinated.
These results reveal that macrocycle 5 can stabilize binuclear unbridged and hydroxo- and
cyano-bridged complexes with variable coordination at the M site. This structural design
should be capable of elaboration with other macrocycles as the M site. One closely related
example is 1,7-Mey/[12]aneN437 (1,7-Me,-cyclen), which binds divalent metal ions with
high affinity.38 Another example is considered next.

The procedure in Figure 4, which involves reaction of the benzylic bromide 6a with the
substituted cyclam 1,8-Me,-[14]aneNy, deprotection of 6b with hydrazine, and coupling of
6¢ with pyridine-2,6-dicarbonylchloride, affords macrocycle 6 with the substituted cyclam
ring as the M site. Reactions of 6 are summarized in Figure 14 and the structure of the
macrocycle and its complexes are presented in Figure 15. Reaction of 6 with Ni(OTf), leads
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to mononuclear 26 (46%) whose coordination unit is isostructural with 13, 17, and 21.
Reaction with Cu'! affords the bis(DMF) hydroxo-bridged complex 27 (80%) which upon
recrystallization from a solvent mixture containing a small amount of DMF converts to the
mono-DMF adduct 28.14 Bridge dimensions of the two complexes are quite similar (Table
1).

Complex 27 contains two unexpected features. The Ni!! site is six-coordinate with trans
DMF ligands (O-Ni-O = 177.7(2)E) and bond lengths (2.14-2.15 A) ca. 0.10-0.15 A longer
than in (paramagnetic) [Ni(DMF)g]?* (Ni-O = 2.04-2.06 A)3940 and various cationic pincer
complexes (unreported magnetism).#1-43 In 28 this distance decreases to 2.052(4) A in the
absence of a trans ligand.#3 All Ni''-OH complexes in DMF solution show H NMR spectra
indicative of diamagnetism and weak or nil out-of-plane coordination. We have not
encountered additional ligation in any other Ni'' NNN pincer coordination unit where the
strong in-plane ligand field is expected to favor a planar structure. However, compared to
diamagnetic 26, the Ni-N bond lengths in 27 and 28 are 0.16-0.25 A and Ni-OH bond
lengths are 0.19-0.24 A longer (Figure 15, Table 1). These results imply a spin state change
at Ni'' to $=1 (as in [Ni(DMF)g]2*) upon DMF binding.

The Cu'' atom in 27 and 28 does not assume CuNy binding in the cyclam ring but instead
assumes an irregular four-coordinate CuN3O structure with N4 uncoordinated at 3.07 A;
bonded Cu-N distances are 2.07-2.08 A. Similar distorted stereochemistry occurs at the Cu'!
sites in 18, 25, and 28. Given the binding affinity of cyclam-type ligands toward Cu'!, and
the occurrence of the planar CuN, unit in such complexes,*4-46 we conclude that the
macrocycle conformation does not favor this conventional coordination mode. A similar
factor apparently is operative in 25 as well. Nonetheless, Cu'! is bound tightly in these
structures.

Bridge Structures

Macrocyclic binucleating ligands facilitate entry to and sustain the viability of supported
[Ni''-X-M"] bridges with X = OH~ and CN~ and variable M. Whereas homometallic
hydroxo and cyano bridges between divalent ions are commonplace, supported or
unsupported heterometallic bridges—especially one such bridge per molecule—are not.
Such bridges nearly always require one trivalent ion, as exemplified by, e.g., the assemblies
[Fe''l-(OH)-Cu'"*7 and [Fe!'l-(CN)-Cu'!-1]#6:48.49 prepared in this laboratory. We examine
briefly the metric features collected in Table 1.

In the mononuclear diamagnetic Ni''-OH complexes 13, 17, 21, and 26, Ni-O bond lengths
are nearly constant at 1.802(4)-1.825(2) A. Hydroxo-bridged complexes 14-16, 18, and 25
when compared against the appropriate member of this set show Ni-O bond length increases
of 0.06-0.10 A indicative of diamagnetic Ni'l. With 27 and 28, increases are larger (0.19,
0.24 A) because of apparent high-spin Ni'l in these complexes. Increases in Ni-O bond
lengths are to be expected upon bridge formation and are relatively small with diamagnetic
Ni'l. Hydroxo bridges of 14-18 exhibit small variations in Ni-O-M angles (140-147E) and
Ni---M distances (3.70-3.87 A). The shortest distance is associated with the near-TBP Cul'!
stereochemistry in 16, and the longest with the unexpected four-coordinate Cu'! site in 18.
The structures in Figures 8 and 10 and the data of Table 1 delineate the Ni'!-(OH)-M'!
bridge geometry supported by macrocycles 2 and 3 for metal ionic radii of 0.7-0.9 A,
Figures 13 and 15, and Table 1 convey this information for complexes derived from
macrocycles 5 and 6.

Cyano-bridged complexes 19 and 24, based on different macrocycles 3 and 5, respectively,
reveal Ni-C bonds that differ by 0.04 A, expected nearly linear Ni-C-N fragments (170E),
and bent Fe-N-C segments whose angles (138E, 157E) are presumably dependent on
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macrocyclic constraints. These results together with the structure of [Ni(CN)FeCI(Cpo-
pyNodienMe3)]7 show that 2, 3, and 5 are capable of supporting two-atom bridges, here at
Ni---Fe distances of 4.71 and 4.93 A. Lastly, unbridged 23 with two oppositely placed
chloride atoms in the bridging void, exhibits a Ni---Fe distance of 5.315(1) A, the best
current measure of the maximum distance available for insertion of a bridging group in
macrocycle 5. No such complex has been isolated with the other macrocycles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NNN-Pincer Ligand and Binucleating Macrocycles
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Figure 1.

Depictions of NNN-pincer ligand 1 and binucleating macrocycles 2-6 with ligand
abbreviations. The subscript to the symbol C refers to the number of atoms in the
macrocyclic ring.
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Figure 2.
The binuclear complex [Ni(OH)ML(C2,-pyN,dienMe3)] with regions I-1V designated for
possible structural alteration.
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Synthesis of the Macrocycle c-H,pyN,SN;V®

HoN NH,
‘\/N\/' O=(\S 0]
O O SOCI BH3-THF
L o T O

NN \)
” N O} /5c
P T B

N
< . o w\)
Q,N \) Me Me
Me”
5 total yield 9% Se 5d
Figure 3.

Synthetic scheme for macrocycle 5 via intermediates 5a-5e.
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Figure 4.
Synthesic scheme for macrocycle 6 via intermediates 6a-6c¢.
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CO, Fixation by [Cu(pyN,Me2)(OH)]"
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Figure5.

UV-visible spectrum of the reaction of carbon dioxide with [Cu(pyN,Me2,)(OH)]1~ after 15
min bubbling in DMF solution at room temperature and the structures of the reactant and
product complexes. Selected bond distances (A) and angles (deg): [Cu(pyN,Me2,)(OH)]1~
Cu-0(2) 1.845(3), Cu-N(1) 2.004(2), Cu-N(2) 1.924, N(1)-Cu-N(2) 80.01(6), N(2)-Cu-O(2)
175.5(1); [Cu(pyNoMe2)(HCO3)]1~ Cu-0O(3) 1.946(2), Cu-N(1) 2.005(3), Cu-N(2) 1.912(3),
Cu-N(3) 1.996(2), Cu---O(4) 2.542(3), N(2)-Cu-O(3) 178.0(1). In this and succeeding X-ray
structures, 50% probability ellipsoids are depicted.
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Preparation of O,N-Bound
[MY"(pyN,M¢2),]>* Complexes

A
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Figure6.

Preparation of a set of O,N-bound complexes [M"(pyN,M€2,)]2= (M = Mn, Fe, Co, Zn);
ligand deprotonation reagents are indicated. The structure of [Co!!(pyN,Me2,)12- is shown
with the atom labeling scheme. A crystallographically imposed C, axis relates atoms X(n)
and X(nA). Selected bond distances (A) and angles (deg): Co-N(1) 2.134(3), Co-N(2)
2.028(3), Co-0(2) 2.226(2), N(1)-Co-N(2) 77.1(1), N(2)-Co-0(2) 74.3(1), O(2)-Co-O(2A)
96.4(1), N(2)-Co-N(2A) 145.6(2), O(2)-Co-N(1) 149.4(1), N(2)-Co-N(1A) 127.1(1). Other
angles at the Co atom are in the 83-98E range.
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Preparation of Macrocycle Binuclear

Complexes Based on C,,-H,pyN,dien"e3
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Figure7.
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Formation of binuclear hydroxo-bridged complexes 14-16 from Ni!'-OH complex 13 based

on macrocycle 2.
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Structures of Macrocyclic Hydroxo-Bridged Complexes
Based on —z-H;pyN.dien

Me3

Figure8.
Structures of complexes containing the Ni''-OH-M!! bridge unit (M'! = Mn (14), Fe (15), Cu
(16)). Complex 157 is included for comparison.
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Formation of Solubilized Macrocyclic
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C22-4-BuiO-H2pyN2dienM‘*3
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Figure9.
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Formation of solubilized binuclear bridged complexes 18 and 19 from Ni'!-OH complex 17

based on macrocycle 3.
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Structures of Hydroxo- and Cyano-Bridged Complexes
Based on —;,-4-Bu’O-H,pyN.dien

Me3

Figure 10.

Structures of Ni''-OH complex 17 and binuclear complexes containing the bridge units Ni'l-
OH-Cu'" (18) and Ni''-CN-Fe!' (19). Ni-Nj site of 17: Ni-N(1) 1.912(2) A, Ni-N(3) 1.916(2)
A, Ni-N(2) 1.828(2) A, N(1)-Ni-N(2) 82.5(1)E, N(2)-Ni-N(3) 82.2(1)E, N(1)-Ni-N(3)
163.8(1)E. Cu site of 18: Cu-N(5) 2.033(3) A, Cu-N(6) 2.130(3) A, Cu-CI(1) 2.239(1) A,
Cu--N(4) 2.702(3) A.
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Synthesis of Macrocyclic Complexes
Based on Cyp-HopyNodien

Me3

Figure 11.
Formation of the Ni'! complex 20 derived from macrocycle 4 and the structures of the
macrocycle and the complex.
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Synthesis of Macrocyclic Bridged
Complexes Based on C-H,pyN,SN;"¢
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Figure12.

Page 26

Formation of mononuclear Ni''-OH complex 21, aquo complex 22, unbridged binuclear Ni-

Fe complex 23, and bridged binuclear complexes 24 and 25 based on macrocycle 5.
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Structures of Ligand and Cyano/Hydroxo-Bridged Complexes
Based on c-H,pyN,SN,"®

23

Figure 13.
Structures of macrocycle 5, mononuclear Ni'' complexes 21 (Ni-O 1.824(4) A) and 22 (Ni-

0 1.917(2) A) derived from 5, unbridged 23, and bridged reaction products 24 and 25 from
21. Fe site in 24 (A): Fe-CI(1) 2.342(1), Fe-N 2.084(3)-2.339(2), Fe-S 2.528(1). Cu site in
25 (A): Cu-N(5) 2.018(4), Cu-N(6) 2.037(3), Cu-S(1) 2.358(1), Cu---N(4) 3.011(4).
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Synthesis of Macrocyclic Brldged
Complexes Based on C-H,pyN,N,¢
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Figure14.

Formation of mononuclear Ni''-hydroxo complex 26 and binuclear hydroxo-bridged

complexes 27 and 28 based on macrocycle 6.
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Structures of Ligand and Hydroxo-Bridged Complexes
Me2

Based on c-H;pyN;N4

Figure 15.

Structures of macrocycle 6, mononuclear Ni''-OH complex 26, and binuclear complex 27
containing a Ni''-OH-Cu!! bridge. Ni site in 26 (A): Ni-N(1) 1.917(9), Ni-N(2) 1.828(3), Ni-
N(3) 1.902(8), Ni-O(3) 1.821(2). Ni site in 27 (A): Ni-N(1) 2.110(4), Ni-N(2) 1.991(4), Ni-
N(3) 2.149(4). Cusite in 27 (A): Cu-N(5) 2.073(4), Cu-N(6) 2.084(4), Cu-N(7) 2.067(5),
Cu---N(4) 3.070(4).
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HopyN,™*? 1
czz-HzpydeienM"3 2’
C2r-4-Bu'O-H,pyN,dien™* 3
<0-HopyNodien™® 4
—-H,pyN,SN;Me 5
—-H,ypyN,oN,Me? 6
[Cu(pyN,"*)L]" L=OH 7, HCO; 8
[M(pyN2"'*),]* M"=Mn 9, Fe 10, Co 11, Zn 12
Ni(OH)(c2-pyNadien™)]" 13’
[Ni(po-OH)MCl(c-pyNodien¥®)]  M" = Mn 14, Fe’ 15, Cu 16,
[Ni(OH)(c2,-4-Bu'O-pyN,dien™)]" 17

[Ni(p2-OH)CuCl(c-4-Bu'O-pyNodien™™)] 18
[Ni(p-CN)FeCl(cy-4-Bu'O-pyNodien™)] 19

[Ni(c20-pyNadien™®)] 20
[Ni(OH)(c-pyN,SN;Y)1" 21
[Ni(OH,)(c-pyN>SN; V)] 22
[NiCIFeCl(c-pyN,SN3™)] 23
[Ni(po-CN)FeCl(c-pyN2SN; V)] 24
[Ni(p2-OH)Cu(c-pyNaSN3M9)] 25
[Ni(OH)(c-pyNoN,Me)) - 26
[Ni(12-OH)(DMF),Cu(c-pyNaN ) 27
[Ni(2-OH)(DMF)Cu(c-pyN,NMe)] 28

*c = macrocycle, » = number of atoms in the ring; OTf™ = CF;S057;
pyN,¢2 = N, N’-bis(2,6-dimethylphenyl)-2,6-pyridinedicarboxamidate(2-);
[12]aneSN; = 1-thia-4,7,10-triazacyclododecane;

[14]aneN, = 1,4,8,11-tetraazacyclotetradecane.

The cumbersome formal nomenclature of the macrocycles is omitted.

Chart 1. Designation of Ligands and Complexes*
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