:@2 ChemPubSoc
e Europe

Diazaporphyrins

DOI: 10.1002/chem.201304626

CHEMISTRY

A European Journal

Full Paper

Covalently Linked 5,15-Diazaporphyrin Dimers: Promising
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/Abstract: The first examples of p-f directly linked, acety-
lene-bridged, and butadiyne-bridged 5,15-diazaporphyrin
dimers have been prepared by palladium-catalyzed coupling
reactions of nickel(ll) and copper(ll) complexes of 3-bromo-
10,20-dimesityl-5,15-diazaporphyrin (mesityl =2,4,6-trime-
thylphenyl). The effects of the linking modes and meso-nitro-
gen atoms on the structural, optical, electrochemical, and
magnetic properties of the distributed it systems were inves-

-

tigated by using X-ray crystallography, UV/Vis absorption\

spectroscopy, DFT calculations, cyclic voltammetry, and ESR
spectroscopy. Both the electronic and steric effects of the
meso-nitrogen atoms play an important role in the highly
coplanar geometry of the directly linked dimers. The direct
B-P linkage produces enhanced 7 conjugation and electron-
spin coupling between the two diazaporphyrin units.

/

Introduction

Recent advances in porphyrin-based materials chemistry have
highlighted covalently linked porphyrin dimers (diporphyrins)
as potential nonlinear optical materials, singlet oxygen sensitiz-
ers, and imaging agents." One key aspect is the rationalization
of linker effects on the electronic and magnetic communica-
tions between two metalloporphyrin units, as this provides val-
uable information on the molecular design of new porphyrin-
based functional materials. It is well known that the orientation
and degree of m conjugation between the two porphyrins are
strongly dependent on the linking modes. For example, acety-
lene-? and butadiyne-bridged® diporphyrins are highly conju-
gated, whereas B-3- and meso-meso-directly linked diporphyr-
ins are weakly conjugated owing to their twisted structures.”!
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Osuka and co-workers established an efficient method to con-
vert the meso-meso singly bonded, twisted diporphyrins to
triply fused, coplanar diporphyrins,” which showed the charac-
teristic properties of an extended 7 system.

5,15-Diazaporphyrin (DAP) possesses an intrinsic D,,-sym-
metric  system with nondegenerate HOMOs and LUMOs.
Owing to these orbital characteristics, the light-harvesting and
electron-donating/-accepting abilities of DAPs differ considera-
bly from those of porphyrins.® For example, DAPs exhibit red-
shifted and more intense Q bands. To our knowledge, however,
there have been no reports of covalently linked DAP dimers
(bis-DAPs), and the effects of the linking mode and meso-nitro-
gen atoms on the structures and fundamental properties in
a series of bis-DAPs have yet to be elucidated. Recently, we es-
tablished convenient methods for the synthesis and peripheral
functionalization of B-unsubstituted DAP-metal complexes.”®
The phenyl groups attached to the pyrrolic p-carbon atoms
have proven capable of extending the conjugation of the DAP
7t system. Thus, $-p covalently linked bis-DAPs would be
a promising design for highly conjugated azaporphyrin 7 sys-
tems. Herein, we report the first examples of B-f directly
linked, acetylene-bridged, and butadiyne-bridged bis-DAPs
with coordinated nickel(ll) or copper(ll). The structures and the
electronic and magnetic properties of these newly prepared
bis-DAPs will be discussed relative to those of the f—f-linked
diporphyrin analogues.

Results and Discussion

Scheme 1 illustrates the synthesis of directly linked bis-NiDAP
(3Ni and bis-CuDAP (3Cu). Treatment of NiDAP” (1Ni) with
N-bromosuccinimide (NBS; 1 equiv) afforded 3-brominated
NiDAP (2Ni) as the major product. The palladium-catalyzed re-
ductive homocoupling of 2Ni proceeded smoothly in the pres-
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Scheme 1. Synthesis of 3M (M =Ni, Cu).

ence of KOAc to give 3Ni as a green solid. A similar protocol
was employed in the synthesis of 3Cu, which was obtained
from CuDAPY® (1 Cu) (Scheme 1).

Scheme 2 summarizes the synthesis of the acetylene- and
butadiyne-bridged bis-NiDAPs. Sonogashira coupling of 2Ni
with triisopropylsilylacetylene gave 3-(triisopropylsilylethynyl)-
NiDAP (4), which was then converted to 3-(ethynyl)NiDAP (5)

R 2Ni
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Scheme 2. Synthesis of 6 and 7.

by treatment with tetrabutylammonium fluoride (Bu,NF). Sono-
gashira coupling between 2Ni and 5 afforded acetylene-
bridged bis-NiDAP (6). In addition, the copper-promoted oxida-
tive homocoupling of 5 under dioxygen atmosphere afforded
butadiyne-bridged bis-NiDAP (7) as the major product.
Compounds 3Ni, 3Cu, 6, and 7 are the first reported exam-
ples of covalently linked bis-DAPs and have been characterized
by "H NMR spectroscopy and high-resolution mass spectrome-
try. In the '"H NMR spectra of 3Ni, 6, and 7 in CD,Cl,, the pyrrol-
ic B protons bound to the 2(2')-carbon atoms (3-C>—H) are ob-
served at 6 =11.00 ppm for 3Ni, 6 =9.25 ppm for 6, and 6=
8.95 ppm for 7 as singlet peaks (Figure S1 in the Supporting In-
formation). Notably, the B-C>~H of 3Ni is strongly deshielded
relative to 1Ni (0 =8.78 ppm; Figure 1). In addition, the down-
field shift of the B-C*—H of 3Ni (Ad=2.22 ppm versus 1Ni) is
considerably larger than those in 6 (Ad=0.47 ppm) and 7
(A0=0.17 ppm). The B-C>~H of Osuka’s diporphyrin 8H,""
(Scheme 3, §=9.76 ppm) is less deshielded than 3 Ni. These re-
sults indicate that the two meso-nitrogen (N°) atoms play a cru-
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Figure 1. '"H NMR spectra (6 =7.0-11.5 ppm) of 1Ni and 3 Ni in CD,Cl,.
Circles indicate the f§ proton at the 2(2')-position.
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Scheme 3. Structures of Osuka’s diporphyrins 8 and 9.

cial role in producing large deshielding effects on B-C*~H in
the directly linked bis-NiDAP 3 Ni (see below).

The crystal structures of 3Ni and 3Cu were unambiguously
elucidated by X-ray crystallography (Figure 2).”! Each unit cell
consists of two crystallographically independent molecules,
which have similar structural parameters (Table S1 and Fig-
ure S2 in the Supporting Information). As shown in Figure 23,
the two DAP rings of 3Ni are almost in the same plane with
a trans conformation (Ni--Ni=9.7 A).”! The distance between
the meso-N> and B-C*-H atoms (ca. 2.5 A) is shorter than the
sum of their van der Waals radii (2.75 A), thus implying that
there is a hydrogen-bonding interaction between these two
atoms."®™ |t should be noted that the B-f3 directly linked di-
porphyrins adopt a far more twisted conformation.'? Clearly,
the unsubstituted and electronegative meso-nitrogen atoms
play an important role in the coplanarization of the two DAP =t
systems, both sterically and electronically. The fact that the
inter-ring C—C bond between the two DAP rings (1.449(3)-
1.455(3) A) is appreciably shorter than that between the DAP
ring and the mesityl group (1.501(2)-1.508(2) &) indicates the
effective 7 conjugation between the two DAP units. The crystal
structure of 3Cu (Cu~Cu=9.8 &) closely resembles that of 3 Ni
(Figure 2b).

To obtain further insight into the effects of the linkage on
the structures of bis-DAPs, we conducted density functional
theory (DFT) calculations at the B3LYP/6-311G(d,p) level on two
models, 3Ni-m and 6-m, in which the mesityl groups were re-
placed by hydrogen atoms (for details, see the Supporting In-
formation). In the optimized structures, the two DAP rings
were almost on the same plane with torsion angles (8) about
the inter-ring bonds of 177° for 3Ni-m and 180° for 6-m
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Figure 2. Crystal structures of a) 3Ni and b) 3 Cu (one of the independent
molecules; 30% probability ellipsoids): top view (upper) and side view
(lower). Hydrogen atoms except for C>—H are omitted for clarity.

(Figure 3). Over the range 0<6<30° the twisted conforma-
tion of 3Ni-m is largely destabilized relative to the trans form
(AE>13 kcalmol™), probably owing to the steric repulsion be-
tween the two DAP rings. In marked contrast, rotation-energy
barriers of the acetylene-bridged dimer 6-m are very small
(AE<2 kcalmol™") over the range 0 to 180°. Both the experi-
mental (X-ray) and theoretical (DFT) results strongly support
the "H NMR spectroscopic observations: the large downfield

80 1
60
404

201

AE / kcal mol~! ——»

0 30 60 90 120 150 180
torsion angle 6/ ° ——»

Figure 3. Potential energies (AE) of 3 Ni-m and 6-m relative to trans con-
formers (6=180°).
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shift of the B-C>—H of 3 Ni is attributable to a large ring-current
effect from the adjacent DAP rings as well as the hydrogen-
bonding interaction with the neighboring meso-N atom.

To investigate the optical properties of bis-DAPs, UV/Vis ab-
sorption spectra of 3M, 6, and 7 were measured in CH,Cl,
(Figure 4, Figure S4 in the Supporting Information, and
Table 1). Both Soret and Q bands of 3M, 6, and 7 are broad-
ened and redshifted relative to those of 1 M. The redshifts of

e/10* M T cm™ !t ———»

T 1 T T
300 400 500 600 700 750
Wavelength / nm ——

Figure 4. UV/Vis absorption spectra of 1Ni, 3Ni, 6, and 7 in CH,Cl,.

the Q bands for 3M (A1,=89-98 nm versus 1M) are signifi-
cantly larger than that observed for the analogous diporphyrin
82Zn™ (Scheme 3; 1,=1586 nm in toluene, Aly=11 nm versus
monomer). In addition, the Alq values increase in the order
7 (62nm)<6 (76 nm)<3Ni (98 nm) with the directly linked
bis-NiDAP 3 Ni showing the most redshifted Q band. This indi-
cates that 3Ni has the narrowest HOMO-LUMO gap. The long-
range time-correlated DFT calculations on 3 Ni-m and 6-m also
qualitatively support the observed difference in i, values be-
tween 3 Ni and 6 (Figure S3 and Table S3 in the Supporting In-
formation).

To assess the linkage effects on the electrochemical proper-
ties of the bis-DAPs, the redox potentials of 3M, 6, and 7 were
measured in CH,Cl, by using cyclic voltammetry (CV) and dif-
ferential pulse voltammetry (DPV) with Bu,NPF, as a supporting
electrolyte (Table 1 and Figure S5 in the Supporting Informa-
tion). As reported previously, 1Ni showed a reversible oxida-
tion process at +0.80V (1e”) and reduction processes at
—1.40 (1e7) and —2.02V (1e7) within the observable range
from —2.1 to + 1.1V (potentials versus ferrocene/ferrocenium
(Fc/Fct)).”” However, 3Ni displayed reversible peaks at +0.74
(Te7) and +0.93V (1e") for the oxidation processes and at
—1.18 (1e7), —1.37 (1e7), and —1.90V (1e7) for the reduction
processes. Similarly, 3Cu, 6, and 7 showed split peaks for the
oxidation processes. The splitting of the redox processes is
most likely due to electronic coupling of the two DAP m sys-
tems through the inter-ring covalent bonds. It should also be
noted that the coupling energy observed for the oxidation
processes of 3Ni (AE,,=0.19V, AE,,=E,,—E..) is larger than
those of 6 (E,,=0.14V) and 7 (E,,=0.09 V). Clearly, the direct
linkage is more effective than the acetylene and butadiyne
bridges in delocalizing the it electrons over the two DAP units.
The electrochemical HOMO-LUMO gaps (E,y;—Eeq,) increase in
the order 3Ni (1.92V)<6 (2.05V)<7 (2.19V), which agrees
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) - spin resonance (ESR) measure-
Table 1. Optical and electrochemical data for DAPs.”! R
ments of 1Cu and 3Cu in tolu-
DAP Ao [nm] E,, V]9 Eeq [VIY AE V]9 ene at 40 K (Figure 6). The mo-
TNi® 571 +080 (1e) —140 (1), —2.02 (1e") 2.20 nomer 1Cu exhibited an ESR
3Ni 669 +0.74 (1e7), +0.93 (1e") —1.18 (1e7), —1.37 (1e7), —1.90 (1e) 1.92 signal  (g=2.052-2.168)  with
1Cu® 577 +077 (1e") —137(1e), —1.95(1e") 2.14 well-resolved  hyperfine  struc-
3Cu 666 +0.69 (1e7), +0.88 (1e") —121(1e7), —=1.38 (1e7), —1.96 (1) 1.90 .
6 647 +0.79 (1e7), +0.93 (1e") —1.26 2e7), —1.86 (1e7), —2.05 (1e") 2.05 tures _ (Figure 6a). The = spectral
7 633 4083 (1e), +0.92 (1e) -1.36 2e7), —1.78 (1e7), —1.91 (1e") 2.19 features of 1Cu resemble those
- of copper(ll)-5,10,15,20-tetraphe-
[a] Measured in CH,Cl, at room temperature. [b] Data from Ref. [7]. [c] Versus Fc/Fc™. [d] AE=E,,;—Eyeqs- . 4
nylporphyrin ~ (CuTPP) and
with the order of the optical HOMO-LUMO gaps estimated a)
from the A4 values.
To obtain some insight into the optical properties of the
electrochemically oxidized species, we performed spectroelec-
trochemical measurements on 3 Ni in CH,Cl, by using Bu,;NPF,
as the electrolyte. As shown in Figure 5, 3Ni displayed clear omo 0% 050 055 00
Magnetic Field /T —»
b)
a)
1.0
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- Figure 6. ESR spectra of a) 1Cu and b) 3Cu in toluene at 40 K. c) Variable-
}’_j temperature ESR measurements of 3Cu in the range of 15 and 140 K. The
g solid line represents the fitting curve based on the Bleaney-Bowers equa-
2 tion.
3
<
Y T T T T N —phthalocyanine (CuPc)™ and can be simulated by taking into
300 400 500 600 700 800 850

Wavelength / nm ——»

Figure 5. Spectroscopic changes observed in the electrochemical oxidation
processes a) from 3 Ni to its m-radical cation 3Ni** and b) from 3Ni*" to di-
cation 3Ni** in CH,Cl, containing Bu,NPF,.

spectral changes in the one-electron oxidation processes with
several isosbestic points. The characteristic absorption bands
of a DAP m-radical cation appeared at 700-800 nm (A=
737 nm). In the next step, the second oxidation generated a di-
cation, which showed characteristic absorptions at 650-
750 nm (A,,,,=665 and 711 nm).

To investigate any exchange interaction of electron spins be-
tween the two CuDAP m systems, we also conducted electron
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consideration the nuclear spins of one copper(ll) and four core
nitrogen atoms (Figure S6 in the Supporting Information). The
spin Hamiltonian parameters of 1Cu are consistent with those
of CuTPP and CuPc (Table S4 in the Supporting Informa-
tion).'"*™ The spin densities on the meso-nitrogen atoms of
1Cu are negligible relative to those on the core atoms. The
dimer 3 Cu showed an ESR signal with the following features:
1) The hyperfine splitting for four nitrogen nuclei was merged
out, and 2) the hyperfine splitting width for the copper nuclei
in 3Cu seemed to be half that of 1Cu (Figure 6b). These distin-
guishing features could be reproduced by the spectral simula-
tion for two magnetically coupled CuDAPs (Figure S7 in the
Supporting Information). The spin Hamiltonian parameters of
3Cu are summarized in Table S4 in the Supporting Informa-
tion.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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To estimate the exchange interaction between two
copper(ll) spins of 3Cu, we also examined the temperature de-
pendence of the ESR signal intensity (/), which is proportional
to the magnetic susceptibility. The observed IT values de-
creased sharply as the temperature dropped below 50 K (Fig-
ure 6¢), which is indicative of an antiferromagnetic coupling
between the two copper(ll) ions. Therefore, 3Cu appears to
have a singlet ground state, and the ESR signal is likely due to
a thermally populated triplet state (S=1). Furthermore, the ob-
served IT/T plot of 3Cu was fitted by the Bleaney-Bowers
equation," which gave an exchange coupling constant (J/kg,
in which kg is the Boltzmann constant) of —13.8 K. It is remark-
able that the —J/kg value of 3Cu is approximately 7-15 times
larger than those of Osuka’s 3—f-linked Cu—diporphyrin 8Cu
(J/kg=—0.94K) and triply fused Cu-diporphyrin 9 (/ks=
—2.06 K).'? The relatively large antiferromagnetic coupling of
3 Cu shows the effectiveness of the 3—f3 direct linkage in pro-
moting the electron-spin communication between the two
DAP 7t systems. The complementary N--H hydrogen-bonding
interaction might also contribute to the enhancement of the
magnetic coupling.'®

Conclusion

We have successfully prepared the first examples of three
types of covalently linked bis-DAPs 3 M, 6, and 7 by using pal-
ladium-catalyzed coupling reactions and investigated their op-
tical and electrochemical properties. Both the electronic and
steric effects of the meso-nitrogen atoms play an important
role in the coplanar trans geometry of the directly linked bis-
DAPs 3M, which exhibits the narrowest HOMO-LUMO gaps
among the series of DAP dimers examined. Such a linkage
effect is unprecedented in diporphyrin chemistry and high-
lights the characteristics of the DAP & systems. Moreover, the
ESR measurements of the directly linked bis-CuDAP 3 Cu show
the relatively large long-range antiferromagnetic coupling be-
tween the paramagnetic copper(ll) ions. These results confirm
that the direct connection at the 8 positions of DAPs is highly
promising for elaborating optically and magnetically coupled
azaporphyrin-based materials, and further studies on covalent-
ly linked DAP derivatives are now in progress.

Experimental Section

All melting points were recorded using a Yanagimoto micro melt-
ing-point apparatus and are uncorrected. 'H and *C{'"H} NMR spec-
tra were recorded using a JEOL JNM-EX400 or JEOL JNM-AL300
spectrometer using CD,Cl, as a solvent unless otherwise noted.
Chemical shifts are reported in ppm as relative values versus tetra-
methylsilane. High-resolution mass spectra (HRMS) were obtained
using a Thermo Fisher Scientific EXACTIVE spectrometer. UV/Vis ab-
sorption spectra were measured at room temperature using
a Perkin—-Elmer Lambda 900 UV/Vis-NIR spectrometer. Electrochem-
ical measurements were performed at room temperature using
a CH Instruments model 660A electrochemical workstation using
a glassy carbon working electrode, a platinum wire counter elec-
trode, and an Ag/Ag* (0.01m AgNO;, 0.1 m Bu,NPF; (MeCN)) refer-
ence electrode. The potentials were calibrated with ferrocene/fer-
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rocenium (Fc/Fct). Compounds 1Ni and 1Cu were prepared ac-
cording to the reported procedure.” Other chemicals and solvents
were of reagent-grade quality and used without further purifica-
tion unless otherwise noted. Thin-layer chromatography was per-
formed using Alt. 5554 DC-Alufolien Kieselgel 60 F254 (Merck), and
preparative column chromatography was performed using silica
gel 60 (Nacalai Tesque). All reactions were performed under an
argon atmosphere.

Synthesis and characterization of new compounds

Compound 2M: N-Bromosuccinimide (72 mg, 0.40 mmol) was
added to a solution of 1TNi (222 mg, 0.367 mmol) in CHCl,
(100 mL), and the resulting mixture was heated under reflux condi-
tions. After 3 h, the solvent was evaporated under reduced pres-
sure, and the resulting solid residue was subjected to column chro-
matography on silica gel (CH,Cl,/hexane=1:1) to give 2Ni (R;=
0.6) as a purple solid (150 mg, 60%). According to a similar proce-
dure, 2Cu was prepared from 1 Cu. Compound 2Ni: M.p. >300°C;
"H NMR (400 MHz, CD,Cl,): 6=1.79 (s, 12H; ortho-Me), 2.61 (s, 6H;
para-Me), 7.30 (s, 4H; meta-ArH), 8.76-8.80 (m, 3H; pyrrole-f3), 8.84
(s, 1H; pyrrole-f), 9.12-9.15 (m, 2H; pyrrole-B), 9.21 ppm (d, J=
48Hz, 1H; pyrrole-f); UV/NVis (CH,Cl,): A, (6)=394 (81000),
564 nm (110000 m~'cm™"); HRMS (ESI): m/z calcd for C3gH;oBrNgNi:
683.1063; found: 683.1050 [M+H]*. Compound 2Cu: M.p.
>300°C; UVNis (CH,CL): A,.. (¢)=388 (100000), 401 (110000),
582 nm (95000m 'ecm™"); HRMS (ESI): m/z calcd for CygH;0BrCuNg:
688.0992; found: 688.1006 [M+H] ™.

Compound 3M: A mixture of 2Ni (33 mg, 0.048 mmol), [PdCl,-
(dppf] (7.1 mg, 9.7 umol; dppf=1,1"-bis(diphenylphosphanyl)ferro-
cene), potassium acetate (14 mg, 0.14 mmol), and DMF (6 mL) was
stirred at 90 °C. After 5 h, toluene and water were added. The tolu-
ene layer was separated, washed with brine several times, and
evaporated under reduced pressure to leave a solid residue, which
was subjected to column chromatography on silica gel (hexane/
CH,Cl, 1:1). Compound 3 Ni (R;=0.4) was isolated as a green solid
(26 mg, 89%). According to a similar procedure, 3 Cu was prepared
from 2Cu. Compound 3Ni: M.p. >300°C; '"HNMR (400 MHz,
CD,Cl,): 6=1.86 (s, 12H; ortho-Me), 2.06 (s, 12H; ortho-Me), 2.65 (s,
6H; para-Me), 2.81 (s, 6H; para-Me), 7.34 (s, 4H; meta-ArH), 7.54 (s,
4H; meta-ArH), 8.79 (d, J=4.8 Hz, 2H; pyrrole-f3), 8.84 (d, J=4.4 Hz,
2H; pyrrole-f3), 8.96 (d, J=4.8 Hz, 2H; pyrrole-f}), 8.97 (d, /=4.8 Hz,
2H; pyrrole-p), 9.14 (d, J=4.4 Hz, 2H; pyrrole-f), 9.19 (d, J=4.8 Hz,
2H; pyrrole-B), 11.00 ppm (s, 2H; pyrrole-B); UV/Vis (CH,CL): A4
(e)=365 (94900), 406 (72400), 669 nm (57000m 'cm™'); HRMS
(ES): m/z calcd for C;,HsN;,Niy: 1207.3687; found: 1207.3664
[M+H]". Compound 3 Cu: M.p. >300°C; UV/Vis (CH,CL,): Ay (€)=
375 (89600), 410 (63000), 666 nm (61000m 'cm™"); HRMS (ESI):
m/z calcd for C,,HgoCu,N;,: 1217.3565; found: 1217.3572 [M+H] ™.

Compound 4: (Triisopropylsilyl)acetylene (35.8 mg, 0.20 mmol) was
added to a mixture of 2Ni (45 mg 0.066 mmol), Cul (3.75 mg,
0.020 mmol), [Pd(PPh,),Cl,] (9.2 mg, 0.013 mmol), Et;N (0.8 mL), and
THF (4.8 mL), and the resulting mixture was heated to reflux at
75°C. After 2 h, the solvent was evaporated under reduced pres-
sure, and the resulting solid residue was subjected to column chro-
matography on silica gel (hexane/EtOAc 5:1) to give 4 (R;=0.7) as
a purple solid (54.3 mg, 100%). M.p. >300°C; '"H NMR (400 MHz,
CD,Cl,): 6=1.38 (s, 21H; iPr), 1.80 (s, 12H; ortho-Me), 2.61 (s, 6H;
para-Me), 7.26 (s, 4H; meta-ArH), 8.73-8.77 (m, 4H; pyrrole-f}),
9.10-9.14 ppm (m, 3H; pyrrole-f); UV/Vis (CH,Cl,): A,.. (e)=364
(44000), 398 (64000), 587 nm (47000m 'cm™'); HRMS (ESI): m/z
caled for C,,Hs;NgNiSi: 785.3292; found: 785.3304 [M+H]".

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@‘* ChemPubSoc
x Europe

Compound 5: Bu,NF (THF solution, 1.0m x 0.34 mL, 0.34 mmol)
was added to a solution of 4 (54 mg, 0.069 mmol) in THF (30 mL)
at room temperature. After 30 min, water and CH,Cl, were added
to the mixture, and the organic phase was separated, washed with
brine, and evaporated under reduced pressure to give 5 as
a purple solid (42 mg, 97%). "H NMR (400 MHz, CD,Cl,): 6=1.80 (s,
12H; ortho-Me), 2.61 (s, 6H; para-Me), 4.11 (s, 1H; ethynyl-H), 7.29
(s, 4H; meta-ArH), 8.77 (d, J=4.8 Hz, 3x 1H; pyrrole-f}), 8.89 (s, 1H;
pyrrole-B), 9.12 (d, J=4.8 Hz, 1H; pyrrole-f3), 9.13 (d, J=4.8 Hz, TH;
pyrrole-B), 9.21 ppm (d, J=4.8 Hz, 1H; pyrrole-f3); HRMS (ESI): m/z
calcd for CygH5,NgNi: 629.1948; found: 629.1948 [M+H]*.
Compound 6: Compound 2Ni (43 mg, 0.063 mmol) was added to
a mixture of 5 (8.0mg, 0.013 mmol), [Pd,(dba);] (3.3 mg,
0.004 mmol), triphenylarsine (7.3 mg, 0.024 mmol), Et;N (2.3 mL),
and THF (14 mL), and the resulting mixture was stirred at room
temperature. After 3 h, the solvent was removed under reduced
pressure, and a solid residue was subjected to column chromatog-
raphy on silica gel (hexane/EtOAc 5:1) to give 6 (R;=0.25) as
a green solid (9.9 mg, 62% based on 5). M.p. >300°C; 'H NMR
(400 MHz, CD,Cl,): 6=1.79 (s, 12H; ortho-Me), 1.90 (s, 12H; ortho-
Me), 2.63 (s, 6H; para-Me), 2.66 (s, 6H; para-Me), 7.32 (s, 4H; meta-
Ar—H), 7.36 (s, 4H; meta-Ar—H), 8.80 (d, J=4.4 Hz, 2H; pyrrole-f}),
8.838 (d, J=4.8 Hz, 2H; pyrrole-B), 8.844 (d, J/=4.8 Hz, 2H; pyrrole-
), 9.157 (d, J=4.8 Hz, 2H; pyrrole-f), 9.160 (d, J=4.8 Hz, 2H; pyr-
role-B3), 9.25 (s, 2H; pyrrole-f), 9.42 ppm (d, J=4.8 Hz, 2H; pyrrole-
B); UVNVis (CH,CL): A,. (e)=366 (81300), 405 (80400), 647 nm
(45300m 'em™"); HRMS (ESI): m/z caled for CyyHsoN,,Niy:
1233.3687; found: 1233.3675 [M+H]*.

Compound 7: N,N,N,N-Tetramethylethylenediamine (7.8 uL,
0.069 mmol) was added to a mixture of 5 (43 mg, 0.068 mmol),
CuCl (2.0 mg, 0.020 mmol), and CHCI; (18 mL) under an O, atmos-
phere, and the resulting mixture was heated at 40°C under an O,
atmosphere. After 24 h, the reaction mixture was subjected to
column chromatography on silica gel (hexane/EtOAc=10:1) to
give 7 (Rr=0.30) as a green solid (24 mg, 56%). M.p. >300°C;
"H NMR (400 MHz, CD,Cl,): 6=1.75 (s, 12H; ortho-Me), 1.77 (s, 12H;
ortho-Me), 2.54 (s, 6H; para-Me), 2.56 (s, 6H; para-Me), 7.23 (s, 4H;
meta-Ar—H), 7.25 (s, 4H; meta-Ar—H), 8.68-8.74 (m, 6H; pyrrole-f3),
8.95 (s, 2H; pyrrole-f), 9.045 (d, J=4.8Hz, 2H; pyrrole-f3), 9.055 (d,
J=4.80Hz, 2H; pyrrole-f), 9.31 ppm (d, J=4.8 Hz, 2H; pyrrole-f);
UV/Vis (CH,CL): Ana (€)=367 (82200), 407 (93000), 633 nm
(49100m 'cm™); HRMS (ESl): m/z caled for CygHsoN,,Niy:
1255.3687; found: 1255.3695 [M+H]*.

X-ray crystallographic analyses

Single crystals of 3Ni and 3Cu were grown from toluene/octane.
All measurements were made using a Rigaku Saturn CCD area de-
tector with graphite-monochromated Moy, radiation (0.71070 A) at
—130°C. The data were corrected for Lorentz and polarization ef-
fects. The structures were solved by using direct methods (SHELXS-
2013 or SIR-97%% and refined by full-matrix least-squares tech-
niques against F? using SHELXL-2013."" The non-hydrogen atoms
were refined anisotropically, and hydrogen atoms were refined
using the rigid model. Compound 3 Ni: C;,HsgN;;Niy-2 (CHg), M, =

1392.99; 0.40x0.30%0.20 mm, triclinic, P1; a=12383(2), b=
14.997(3), ¢=20.0854)A; a=102.184(2), B=96.765(2), y=
103.331(3)°; V=3493.0(11) A%, Z=2; pow=1324gcm?>; u=

5.96 cm™'; reflections collected 28 114, independent 15248, param-
eters 956; R, =0.0971 (all data), R,=0.0355 (I>20(/)); GOF =1.093.
Compound 3Cu: C;,HssCu,N;5:2 (CHg), M, =1402.65, 0.50%0.50%
0.30 mm, triclinic, PT; a=12.4306(19), b=14.882(2), c=20.257(3) A;
a=101.548(2), $=97.5610(11), y =103.8003(16)°; V=3501.5(9) A;
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Z=2; Paa=1330gcm™3; u=6.64cm™’; reflections collected

28311, independent 15337, parameters 915; R,=0.1163 (all data),
R,=0.0402 (/>20(/)); GOF=1.074. Selected bond lengths, bond
angles, torsion angles, and interatomic distances are summarized
in Table S1 of the Supporting Information. Each unit cell consists of
two crystallographically independent molecules, which have similar
structural parameters.

CCDC-964638 (3Ni) and 964641 (3Cu) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Computational details

The geometries of 3Ni-m and 6-m were optimized using the DFT
method. The basis sets used were the 6-311G(d,p) basis set®?" for
H, C, and N, and the Wachters—Hay all-electron basis set® supple-
mented with one f-function (exponent: 1.29) for Ni. The functional
of DFT was the Becke three-parameter Lee-Yang-Parr (B3LYP) ex-
change-correlation functional.”” We confirmed that the optimized
geometries were not in saddle but in stable points. The Cartesian
coordinates are summarized in Table S2 of the Supporting Informa-
tion. The excitation energies and oscillator strengths listed in
Table S3 of the Supporting Information were computed with the
time-dependent density functional theory (TD-DFT) method, in
which the solvent effect of CH,Cl, was included by the polarizable
continuum model (PCM) method.?” The TD-DFT functional was the
long-range corrected Becke-Lee-Yang-Parr (LC-BLYP) exchange-
correlation functional.” All the calculations were carried out using
the Gaussian 09 suite of programs.”® Selected molecular orbitals
and their energies are summarized in Figure S3 of the Supporting
Information.

ESR measurements

A solution of 1Cu or 3Cu in toluene (1 mL) in a sealable ESR tube
was degassed by repeated freeze/pump/thaw cycles and sealed
under vacuum by flame. The ESR spectra were recorded using
a Bruker E500 spectrometer equipped with an Oxford ESR900 He-
flow-type cryostat. The temperature was controlled by using an
Oxford ITC503 temperature controller. Spectral simulation was per-
formed using the EasySpin program package.””” The simulated
spectra are in good agreement with the ones observed at 40 K
(Figures S6 and S7 in the Supporting Information). The spin Hamil-
tonian in each spin system is indicated in Figures S6 and S7 in the
Supporting Information, and the selected spin-Hamiltonian param-
eters are summarized in Table S4 of the Supporting Information.

The spin Hamiltonian for 1Cu is expressed by Equation (1):

H =S e g°eBy+uylc, ©9¢, @By +SeAg, el

4 o (1)
+3 ' lunly 0 gy ¢ By + S e Al ol

in which ug, un S, 9. A, By, and | denote the Bohr magneton, the
nuclear magneton, the electron-spin operator, the g tensor of the
electron spin, the hyperfine structure tensor, the external magnetic

field, and the nucleus spin operator, respectively. The spin Hamilto-
nian for 3 Cu is expressed by Equation (2):
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+(ugS; @ 9, @ By + tnlc; 9o, @By +- S, 0 Ay e l,) +-S, 0Dy 05,
(2)

in which D stands for the fine structure tensor. The estimated
spin-spin distance (9.8 A) from the observed |D| value based on
the point dipole approximation is in good agreement with the de-
termined Cu"—Cu" distance (9.8 A) by X-ray diffraction.

In the case of 3Cu, we also examined the temperature depend-
ence for the signal intensity / (Figure 4), which is proportional to
the magnetic susceptibility y, in the range of 15 and 140 K. The ob-
served temperature dependence of IT values was fitted by the
Bleaney-Bowers Equation (3):

2Ng*uy
ksT[3 + exp(—J/ksT)]

Xspin = (3)

in which N, g, kg, T, and J denote the Avogadro number, the mean
value of the principal values of the g tensor, the Boltzmann factor,
the temperature, and the exchange coupling constant, respectively.
As a result, J/k; could be estimated as —13.8 K.
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