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Siamese-Twin Porphyrins: Variation of Two meso-Aryl Groups

Oliver Mitevski,[®! Sebastian Dechert,'? Christian Briickner*™®! and Franc Meyer*!]

Abstract: Variation of two out of the six meso-aryl groups in
Siamese-twin porphyrin, an expanded porphyrin incorporating
two pyrazole moieties, identified a set of substituents that result
in optimized preparation of highly crystalline products. Elec-
tron-donating and electron-withdrawing aryl substituents have

only negligible electronic and structural influences on the free-
base macrocycles (as measured by their UV/Vis absorption spec-
tra and solid-state structures, respectively) and their dicopper
complexes (as measured by their cyclic voltammograms).

Introduction

Expanded porphyrins (i.e., porphyrinoids containing more than
18 aromatic mt-electrons or more than four heterocyclic building
blocks) are much investigated. This is because of their NIR ab-
sorption, their ability to coordinate simultaneously to two metal
ions, and their conformational flexibility affecting macrocycle
mT-conjugation and aromaticity.!"?

We contributed to this field by introducing Siamese-twin
porphyrin (STP) 1a, thus named because of its two fused por-
phyrin-like binding pockets that are linked through pyrazole
moieties.! This nonplanar and non-macrocycle-aromatic mol-
ecule is characterized by the presence of two binding pockets
whose N4 coordination mean planes are nearly orthogonal to
each other. We were able to prepare a number of homo- and
heterodimetallic complexes, such as 1aCu, and 1aNiCu.>3! We
also demonstrated the electronic interaction between the metal
centers and the enormous influence of the central metal atoms
on the electronic properties of the macrocycle. Except for a
description of the oxidation chemistry of free base 1a, we
have not reported on any structural variations of parent STP 1a.

All peripheral positions of the macrocycle are substituted by
either ethyl groups (pyrrole -positions) or phenyl groups (meso
positions and 4-position of the pyrazole). The choice of the sub-
stituents and the particular substituent pattern was guided by
practical synthesis considerations (i.e., the symmetric 3,4-dieth-
ylpyrrole is readily accessible® and does not give rise to the
formation of regioisomers) and to induce the proper conforma-
tion of the precursor Siamese-twin porphyrinogen to allow its
oxidation to the final product 1a. We also found that the meso-
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phenyl groups adjacent to the pyrazole groups were necessary
for the oxidation of this position to take place; left unsubsti-
tuted, these positions resisted oxidation.®

A variation of some (or all) of the meso groups perceivably
modulates the electronic properties of the STP macrocycle,
even though the meso-phenyl groups are (in the solid state) in
an idealized orthogonal arrangement to the mean plane of the
portion of the macrocycle to which they are attached.”> How-
ever, in analogy to the findings in meso-arylporphyrins, some
rotational freedom of the meso-phenyl groups can be assumed,
with the transition state of the rotation possibly being stabilized
by resonance effects.l”? Moreover, inductive effects of the meso-
phenyl substituents are operative. Even though the electronic
effects of various meso-aryl substituents are small, they are not
negligible.’®! meso-Alkylporphyrins are also electronically much
distinct from their meso-aryl congeners.!!

We describe herein the results of a systematic variation of
the two meso-aryl groups in STPs that are located between
pyrrolic subunits along the long axis of the macrocycle and
their effects on the yield of the reaction, the crystallinity of the
products, and their electronic and structural effects.

Results and Discussion

Synthesis of Free-Base meso-Aryl STPs

Of all the substituents on the STP framework, in principle, none
are as readily varied as the meso-phenyl group located between
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Table 1. Experimental findings and Hammett parameters of the arenecarbaldehydes used.
Aldehyde Yield of 1 [%] ZotP! Armax [nm]@
a: PhCHO 50 (23)te] 0 (by definition) 640
b: 4-MeCgH,CHO 24 -0.17 640
¢ 4-FC¢H,CHO 9 0.06 637
d: 4-(MeO)C¢H,CHO 27 -0.27 640
e: 3,4,5-(Me0);CgH,CHO 15 -0.03 640
f: 2,4,6-F3C¢H,CHO -1l 0.06 -
g: CsFsCHO -1l 0.74 -
h: n-CgH,3CHO n.d.9! - -

[a] Isolated yield of (micro)crystalline material based on dipyrrolylpyrazole 2 used in the synthesis. [b] Sum of the Hammett parameters of a single meso-aryl
group, as per ref.['% [c] Longest wavelength of absorption (in CH,Cl,); see also Figure 1. [d] Ref.!! [e] The high yield reported in ref.” could not be reproduced
on a routine basis at the larger scales reported here. [f] Detected by MS; no material isolated. [g] Not detected.

two pyrrolic moieties (Scheme 1).123P1 All it requires is the varia-
tion of the arenecarbaldehyde in the 3+3 condensation step
of dipyrrolylpyrazole 2 with an arenecarbaldehyde to produce
porphyrinogen 3. This intermediate is subsequently oxidized to
the final product 1. Its practical realization, however, proved to
be more problematic.

Ph
Ph Ph Ar-CHO, TFA
_ 2, _ CH,Cly, 2 h A o
N NH HN-N HN & 4a: Ar = Ph
2 4b: Ar = 4-MeCgH,

4c: Ar=4-FCgHy
4d: Ar = 4-(MeO)CgHy4

4e: Ar = 3,4,5-(Me0);CgH, 3
4f: Ar = 2,4,6-F3CgH, DDQ, toluene
4g: Ar=CgFs A8 !min '
4h: Ar=n-CgHq3 '

Cu(OAc),H,0,
5Cl,
MeOH, 30 min

Ar r «=— Ar

Ph pPh Ph Ph ph Ph
1a: Ar=Ph

1b: Ar = 4-MeCgH,
1c: Ar=4-FCgH,
1d: Ar = 4-(MeO)CgH,

1e: Ar = 3,4,5-(MeQ)sCgH,
1f: Ar = 2,4,6-F5CgH,

1g: Ar = CgF5

1h: Ar = n-CgHy3

1aCujy: Ar = Ph

1bCuy: Ar = 4-MeCgH,
1¢Cuy: Ar = 4-FCgHy

1dCuy: Ar = 4-(MeQ)CgHy
1eCuy: Ar = 3,4,5-(Me0);CgHz

Scheme 1. Synthesis of STPs 1a-1h and the corresponding copper complexes
1aCu,-1eCu,.

We used a series of arenecarbaldehydes containing electron-
donating and electron-withdrawing substituents and heptanal
for the cyclization of 2 according to the standard literature pro-
cedure for the preparation of 1a.123"! All of the aldehydes tested
resulted in the formation of the corresponding porphyrinogen
3, which was isolated as a mixture of multiple sterecisomers by
column chromatography on basic aluminum oxide and immedi-
ately oxidized with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ). The yields of isolated STP derivatives 1 are listed in
Table 1. The STP derivatives were spectroscopically character-
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ized and showed all the expected analytical data (see also Sup-
porting Information). On a routine basis, we observed the singly
and doubly protonated [M + H]*and [M + 2 H]?* species in the
ESI+ mass spectra, another indication for the distinct electronic
independence of each pyrrolic binding pocket in the STPs
shown previously also in solution-state investigations.'!

The widely varying yields of the isolated products are note-
worthy. They vary from traces for 1g to 9 % for 1c to satisfactory
yields of 24 and 27 % for 1b and 1d, respectively. While we
expected aldehydes carrying strongly electron-withdrawing
substituents [e.g., 2,4,6-trifluoro- and 2,3,4,5,6-pentafluoro-
benzaldehydes (4f and 4g)] to be more susceptible to nucleo-
philic attack and thus react faster than the electron-rich alde-
hydes, this did not translate into higher yields of the final prod-
uct. This effect may be due to a decreased reactivity of the
porphyrinogen precursor in the oxidation step. Thus, we find
the use of meso-C4F5 groups not to have any benefits, even
though this meso substituent has been particularly popular in
the field of corroles and expanded macrocycles.'" Conversely,
the somewhat more electron-rich aldehydes 4b and 4d pro-
duced high yields of product. Heptanal (4h) led to the forma-
tion of an unstable product that could not be characterized as
an STP (by HRMS and UV/Vis spectroscopy). Thus, p-tolualde-
hyde (4b), 4-fluorobenzaldehyde (4c), 4-methoxybenzaldehyde
(4d), and 3,4,5-trimethoxybenzaldehyde (4e) allowed the syn-
thesis of the corresponding STPs in multi-100 mg batches (from
2 g of 2 in 350 mL of solvent). The degrees of crystallinity of
the substituted STPs also differ significantly, and contribute to
the higher yields for some of the products. In addition, the
substituents modulate to a noticeable degree the solubility of
the STPs. In particular, the presence of methoxy groups much
increased the solubility of the SPTs in polar solvents such as
acetone and methanol.

UV/Vis Spectra of Free-Base meso-Aryl STPs

The UV/Vis spectra of the STPs 1b-1e (Figure 1) are all as ex-
pected, and nearly identical to the spectrum of all-phenyl deriv-
ative 1a. The differences observed in their extinction coeffi-
cients are within the error of the measurement.

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. UV/Vis spectra (CH,Cl,) of STPs 1.

Solid-State Structures of Free-Base meso-Aryl STPs 1b and
1c

We determined the single-crystal X-ray structures of 1c (Fig-
ure 2) and 1b (not shown, see Supporting Information). The
framework structures of 1a, 1b, and 1c are all nearly identical
to each other, although the compounds crystallized in different
space groups (1a: PT;* 1b,1¢: P2,/c). Thus, changing two of the
meso substituents did not alter the twisted conformation of
the macrocycle (Figure 3). This underlines the conformational

Figure 2. Ball-and-stick model of the molecular structure of 1¢, determined by
single-crystal XRD. All carbon-bound hydrogen atoms, disorder, and solvent
molecules are omitted for clarity (gray: carbon; blue: nitrogen; green: fluorine;
white: hydrogen). For details, see Supporting Information.

14

Figure 3. Overlay of the macrocycle core structures of 1a (black), 1b (red),
and 1c (blue), as determined by single-crystal XRD, indicating their near-
identical conformations. For details, see Supporting Information.

—1a
—1b
—1c
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rigidity of the macrocycle imposed by the substituents, which
was previously also shown experimentally.!

DFT calculations were shown to predict the conformations
of STPs and their metal complexes with high fidelity.>3! The
computed conformations of 1d and 1e indicated retention of
the conformation observed and calculated for 1a, that is, the
perpendicular arrangement of the aryl groups also prevents any
steric clashes between the aryl substituents and the neighbor-
ing B-ethyl groups (see Supporting Information).

Formation of the Dicopper Complexes 1Cu, of the meso-
Aryl STPs

The blue dicopper complexes 1bCu,-1eCu, were formed by
reaction of the free-base STPs with a source of copper(ll) in a
polar solvent (Scheme 1), as described previously for the forma-
tion of 1aCu,,'23! but by using a modified purification protocol.
All dicopper complexes showed the expected analytical data.
Mirroring the trend seen for the free bases, the UV/Vis spectra
of the dicopper complexes were also nearly identical (see Sup-
porting Information).

Cyclic Voltammetry of the Dicopper Complexes 1Cu,

The STP dicopper complex 1aCu, exhibited well-defined redox
waves in its cyclic voltammogram, associated with oxidations
that mainly take place at the dipyrromethene subunits of the
macrocycle.®a It thus could be expected that the oxidation po-
tentials of the copper complexes 1bCu,-1eCu, would reflect
the electronic influence of the meso-aryl groups. This is indeed
the case (Figure 4, Table 2).

0.1

0.04 /

-0.11 ——1aCu,

——1bCu,

E 0.2+ ——1c¢Cu,

——1dCu,

0.3 ——1eCu,

4 ]
0.4 /
v T b Ll ¥ 1 ¥ T ¥ T . '05 T T v T T T T 1
-06 -04 -02 00 02 03 -02 -01 0.0 0.1
E/V vs. Fc/Fc’ o

Figure 4. Left: Square-wave voltammograms of 1aCu,-1eCu, (CH,Cly, 0.1 m
[BusNIPF). Right: Hammett plots of the first (lower line) and second (upper
line) oxidation potentials of 1aCu,-1eCu, vs. Fc/Fc*; the data for 1eCu, were
excluded from the linear regression of the first oxidation potentials.

Cyclic (see Supporting Information) and square-wave voltam-
metry measurements of the dicopper complexes 1aCu,-1eCu,
showed the expected two oxidation events.33 The potentials
are shifted to higher values with the electron-withdrawing
fluorine substituent and to lower values with electron-donating
substituents, and the shifts conform to a linear Hammett corre-
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Table 2. Potential difference of the first two oxidations of the different metal
complexes in comparison to 1aCu, and the corresponding meso-
tetrakis(aryl)porphyrin complexes.

Complex AE(Ox1) AE(Ox2) Ref.
1aCu, 0 mVvte! 0 mV®! [3a]
1bCu, -35mV -34 mV this work
1cCu, 20 mV 14 mV this work
1dCu, -40 mV -60 mV this work
1eCu, 20 mV -6 mV this work
1aCuNi 30 mV 260 mV 13¢]

1aNi, 210 mV 320 mV 3]
TPPCul 0 mvie! 0 mv®! (12a)
T(pMe)PPCu'“] -70 mV -20 mV [8d]
T(pOMe)PPCu'® -140 mV - [120]
TPPNi(" 10 mV 60 mV [12q

[a] Values as determined by square-wave voltammetry (in CH,Cl,, 0.1 m
[BusNIPFy), cf. Figure 4. [b] By definition. [c] (meso-tetraphenylporphyrin-
ato)copper(ll). [d] [meso-tetrakis(4-methyphenyl)porphyrinato]copper(ll). [e]
[meso-tetrakis(4-methoxyphenyl)porphyrinato]copper(ll). [f] (meso-tetraphen-
ylporphyrinato)nickel(ll).

lation (Figure 4 and Supporting Information). Only the first oxid-
ation peak of the trimethoxyphenyl-substituted complex 1eCu,
lies outside this trend (see Supporting Information for more
details).

The exchange of one or both copper ions with one or two
nickel ions has a much bigger influence on the corresponding
redox potentials than the substitution patterns of the two
meso-aryl groups (Table 2). In comparison, the shifts observed
in the corresponding meso-tetraarylporphyrin copper com-
plexes T(p-X)PPCul8912212b] on variation of the (four) meso-aryl
groups are significantly larger, while the shifts on switching the
metal from copper to nickel are much smaller than those ob-
served for the STP complexes. This further underlines the fun-
damentally different electronic structures of the non-macro-
cycle-aromatic STPs compared to the aromatic porphyrins.

Conclusions

We synthesized a number of free-base and dicopper STPs in
which the two meso-aryl groups flanked by two pyrrole moie-
ties were varied with differently strong electron-donating or
electron-withdrawing substituents. The influence of this varia-
tion on the experimental and computed structures of the STP
core is vanishingly small. Likewise, the influence on the elec-
tronic structure of the free-base macrocycles and their dicopper
complexes, as assessed by their nearly identical optical spectra,
is minute. On the other hand, the oxidation potentials of the
dicopper complexes are somewhat more affected by the sub-
stituents, which reflects their influence on the oxidation site,
namely, the dipyrromethene subunits of the STP that include
the meso position to which the substituents are attached.
Such derivatization is thus unsuitable to significantly modu-
late the electronic structure of STPs. However, their influence
on the synthetic yield, solubility, and degree of crystallinity of
the STPs are remarkably large. Particularly the meso-tetraphen-
ylbis(tolyl) derivative 1b is suitable for further investigation of
the chemistry of the STPs owing to its ease of synthesis on
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relatively large scales, solubility, relative chemical stability, and
crystallinity.

Experimental Section

Materials: STP 1a was synthesized according to a literature proce-
dure.># All other materials were obtained from commercial suppli-
ers and used as received.

Instrumentation: 'H and '3C NMR spectra were recorded with a
Bruker Avance 500 MHz spectrometer at 238 K. Chemical shifts ¢
are reported in ppm relative to residual proton and carbon signals
of CD,Cl, at 6 = 5.32 ppm and 54.00 ppm, respectively. HRMS meas-
urements were recorded with a Bruker Maxis ESI-QTOF-MS spec-
trometer by using MeOH as a carrier solvent. UV/Vis spectra were
recorded with a Varian Cary 5000 spectrophotometer using quartz
cuvettes. IR spectra were recorded with a Bruker VERTEX 70 spec-
trometer.

Computation: DFT calculations were carried out with the ORCA
program (version 3.0.3).I'3! Atom coordinates were obtained from
the crystal structure of the parent STP™ and refined by using the
Becke-Perdew 1986 functional (BP86) and the def2-tzvp basis set
for the copper atoms and the def2-svp basis set for all other at-
oms.33l Structure optimizations of all compounds readily con-
verged.

Crystal Structure Analysis: XRD data for 1b and 1c were collected
with a STOE IPDS Il diffractometer (graphite-monochromated Mo-
K, radiation, A = 0.71073 A) by use of w-scans at —140 °C (Table S1).
For further details, see Supporting Information. CCDC 1484865 (for
1b) and 1484866 (for 1c) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.

Cyclic Voltammetry: Electrochemical measurements were per-
formed in dichloromethane with [BusNIPF¢ (0.1 m) as electrolyte by
using a Perkin—Elmer 263A potentiostat controlled by Electrochem-
istry Powersuite software (Princeton Applied Research). A glassy-
carbon electrode was used as working electrode, together with a
platinum wire counter electrode and a silver reference electrode.
Decamethylferrocene was added as internal standard (E,,, = 0.59 V
vs. Fc/Fct).'4

General Procedure for the Synthesis of STPs 1b-1e: Aldehydes
4b-4e (0.180 mmol) and 3,5-bis(3,4-diethyl-1H-pyrrol-2-ylbenzyl)-
1H-pyrazole (2; 0.180 mmol, 100 mg, 1.0 equiv.) were dissolved in
dichloromethane (18.6 mL) and protected from light. TFA (180 pL,
1 m in CH,Cl,, 0.180 mmol, 1.0 equiv.) was added, and the solution
was stirred for 2 h. The solvent was reduced to less than 5 % of its
volume, and the solution was filtered through a plug of basic alumi-
num oxide. The only fraction that passed through was the por-
phyrinogen, which was obtained as a yellow solid after removal of
the solvent (approximate yields of 1b: 66 mg, 27 %; 1c: 65 mg,
27 %; 1d: 45 mg, 18 %; 1e: 46 mg, 17 %). Typically, it was directly
used in the subsequent oxidation step, but if needed can be stored
under nitrogen in the freezer. Porphyrinogens 3b-3e (0.310 mmol)
were dissolved in toluene (60.0 mL) at 80 °C, and DDQ (1.24 mmol,
280 mg, 4.0 equiv.) was added all at once, and the solution was
stirred at 80 °C for 8 min. The solvent was then immediately re-
moved under reduced pressure. The residue was dissolved in tert-
butyl methyl ether/CH,Cl,/EtOAc (10:3:1) and filtered through a
plug of basic aluminum oxide. The only fraction that passed
through the column was raw product 1. These crude fractions were
further purified by column chromatography (silica; MeOH). STPs 1b—
1e were obtained as bluish green solids.

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1b: Yield of isolated product: 99 mg (24 %). '"H NMR (500 MHz,
CD,Cl,, 238 K): 0 = 13.36 (s, 1 H, NHP?), 11.32 (s, 1 H, NHPY), 7.54
(m, 2 H, Ph), 7.23-7.34 (m, 5 H, Ph), 6.97 [td, *J(H-H) = 1.3, 3J(H-H) =
7.5 Hz, 1 H, Ph],6.84 [d, 3J(H-H) = 7.7 Hz, 1 H, Ph], 6.92 [d, 3J(H-H) =
7.7 Hz, 1 H, Ph],6.79 [td, J(H-H) = 1.5, 3J(H-H) = 7.5 Hz, 1 H, Ph],6.74
[td, *J(H-H) = 1.5, 3J(H-H) = 7.5 Hz, 1 H, Ph],6.55 [td, *J(H-H) = 1.3,
3J(H-H) = 7.5 Hz, 1 H, Ph1,6.29 [td, *J(H-H) = 1.3, 3J(H-H) = 7.5 Hz,
1 H, Ph], 6.17 [d, 3J(H-H) = 7.7 Hz, 1 H, Ph], 2.32 (s, 3 H, CH5),1.98
[q, 3J(H-H) = 7.3 Hz, 2 H, CH,],1.86 [q, 3J(H-H) = 7.3 Hz, 2 H, CH,],1.55
[q, 3J(H-H) = 7.3 Hz, 2 H, CH,],1.55 [q, 3J(H-H) = 7.3 Hz, 2 H, CH,],
143 [q, 3J(H-H) = 7.3 Hz, 2 H, CH,],1.20 [q, 3J(H-H) = 7.3 Hz, 1 H,
CH,], 1.20 [q, 3J(H-H) = 7.3 Hz, 1 H, CH,],0.89 [q, 3J(H-H) = 7.3 Hz,
1 H, CH,], 0.55 [t, 3J(H-H) = 7.3 Hz, 6 H, CHs], 0.45 [t, 3J(H-H) = 7.3 Hz,
3 H, CH31,0.41 [t, 3J(H-H) = 7.3 Hz, 3 H, CH3] ppm. "*C NMR (125 MHz,
CD,Cl,, 238 K): 6 = 167.7 (Ph), 151.4 (Ph), 151.2 (Ph),148.2 (Ph),147.5
(Ph),145.3 (Ph),141.4 (Ph),141.3 (Ph),140.7 (Ph),139.4 (Ph),139.1 (Ph),
137.4 (Ph),135.3 (Ph),134.8 (Ph),133.9 (Ph),133.1 (Ph),132.9 (Ph),132.5
(Ph),132.3 (Ph),131.6 (Ph),130.7 (Ph),128.3 (Ph),127.9 (Ph),127.8
(Ph),127.7 (Ph),127.7 (Ph),127.6 (Ph),127.2 (Ph),127.2 (Ph),127.0
(Ph),126.5 (Ph),126.5 (Ph),126.1 (Ph),124.4 (Ph),124.2 (Ph),123.9
(Ph),113.8 (Ph),106.0 (Ph),21.4 (CH3),18.9 (CH,),18.5 (CH,),18.1
(CH,),18.0 (CH,),16.3 (CH3),15.9 (CH5),15.6 (CH3),14.7 (CH3) ppm.
IR (KBr): see Supporting Information. UV/Vis (CH,CL,): Anax
(e [Lmol”" cm™") = 278 (30600), 307 (32700), 390 (89000), 640
(37800), 734 (13500) nm. HRMS (ESI*, MeOH): m/z (%) = 1329.7217
(caled. 1329.7205) [M + H]*, 665.3634 (calcd. 665.3639) [M + 2 HI**.

1c: Yield of isolated product: 37 mg (9 %). '"H NMR (500 MHz,
CD,Cl,, 238 K): 0 = 13.34 (s, 1 H, NHP?), 11.37 (s, 1 H, NHPY"), 7.48-
7.55 (m, 2 H, Ph), 7.21-7.38 (m, 5 H, Ph), 7.13-7.17 (m, 1 H, Ph),
6.89-7.05 (m, 5 H, Ph), 6.83-6.86 (m, 1 H, Ph),6.79 [td, *J(H-H) = 1.5,
3J(H-H) = 7.5 Hz, 1 H, Ph],6.75 [td, “J(H-H) = 1.5, 3J(H-H) = 7.5 Hz, 1
H, Ph],6.56 [td, “J(H-H) = 1.3, 3J(H-H) = 7.5 Hz, 1 H, Ph],6.29 [td, *J(H-
H) = 1.3, 3J(H-H) = 7.5 Hz, 1 H, Ph], 6.17 [d, 3J(H-H) = 7.7 Hz, 1 H,
Ph], 1.98 [q, 3J(H-H) = 7.3 Hz, 1 H, CH,],1.86 [q, 3J(H-H) = 7.3 Hz, 1 H,
CH,1,1.57 [q, 3J(H-H) = 7.3 Hz, 2 H, CH,], 1.45 [q, 3J(H-H) = 7.3 Hz,
2 H, CH,1,1.20 [q, 3J(H-H) = 7.3 Hz, 1 H, CH,], 0.90 [q, 3J(H-H) =
7.3 Hz, 1 H, CH,], 0.56 [t, 3J(H-H) = 7.3 Hz, 6 H, CHs], 0.45 [t, 3J(H-
H) = 7.3 Hz, 3 H, CH3],0.42 [t, 3J(H-H) = 7.3 Hz, 3 H, CH3] ppm ppm.
T3C NMR (125 MHz, CD,Cl,, 238 K): 6 = 167.5 (Ph), 163.5 (Ph), 161.5
(Ph), 151.4 (Ph), 151.2 (Ph), 148.4 (Ph), 147.8 (Ph), 145.0 (Ph), 141.8
(Ph), 141.1 (Ph), 140.4 (Ph), 139.3 (Ph), 139.1 (Ph), 135.2 (Ph), 134.7
[d, 3J(C-F) = 7.9 Hz, p-F-CgHgl, 134.2 [d, 3J(C-F) = 7.9 Hz, p-F-CgH,],
134.1 (Ph), 134.1 (Ph), 133.8 (Ph),133.1 (Ph), 132.3 (Ph),131.6 [d, "J(C-
F) = 227.7 Hz, p-F-C¢H,4], 131.6 (Ph), 128.0 (Ph), 127.8 (Ph), 127.7
(Ph), 127.3 (Ph), 127.2 (Ph), 127.1 (Ph), 126.6 (Ph), 126.5 (Ph), 126.2
(Ph), 124.4 (Ph), 124.0 (Ph), 114.6 [d, 2J(C-F) = 21.0 Hz, p-F-CgH,],
114.4 (Ph), 114.1 [d, 2J(C-F) = 21.0 Hz, p-F-CgH,], 104.6 (Ph), 18.9
(CH,), 18.5 (CH,), 18.2 (CH,), 18.1 (CH,), 16.2 (CH5), 15.9 (CHs), 15.5
(CH3), 14.8 (CH3) ppm. "°F NMR (470 MHz, CD,Cl,, 238 K): 6 = 115.3
(m) ppm. IR (KBr): see Supporting Information. UV/Vis (CH,Cl,):
Amax (€) = 306 (30877), 389 (83182), 637 (36908), 734
(12717 L mol™" cm™") nm. HRMS (ESI*, MeOH): m/z (%) = 1337.6704
(caled. 1337.6703) [M + H]*, 669.3384 (calcd. 669.3388) [M + 2 HI**.

1d: Yield of isolated product: 113 mg (27 %). '"H NMR (500 MHz,
CD,Cl,, 238 K): & = 13.37 (s, 1 H, NHP?), 11.33 (s, 1 H, NHPY"), 7.49-
7.55 (m, 2 H, Ph), 7.21-7.37 (m, 5 H, Ph), 7.06 [dd, “J(H-H) = 1.5,
3J(H-H) = 7.5 Hz, 1 H, Ph], 7.02 [dd, *J(H-H) = 1.5, 3J(H-H) = 7.5 Hz,
1 H, Ph], 6.97 [td, *J(H-H) = 1.5, 3J(H-H) = 7.5 Hz, 1 H, Ph], 6.93 [dd,
4J(H-H) = 2.0, 3J(H-H) = 7.5 Hz, 1 H, Ph], 6.84 [dd, *J(H-H) = 1.5, 3J(H-
H) = 7.5 Hz, 1 H, Ph], 6.79 [td, “J(H-H) = 1.5, 3J(H-H) = 7.5 Hz, 1 H,
Ph], 6.69-6.76 (m, 3 H, Ph), 6.55 [td, *J(H-H) = 1.3, 3J(H-H) = 7.5 Hz,
1 H, Ph], 6.29 [td, “J(H-H) = 1.3, 3J(H-H) = 7.5 Hz, 1 H, Ph], 6.17 [dd,
3J(H-H) = 7.7 Hz, 1 H, Ph], 3.76 (s, 3 H, OCHs), 1.98 [q, 3J(H-H) =
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73 Hz, 1 H, CH,l, 1.87 [q 3(H-H) = 7.3 Hz, 1 H, CH,], 1.56 [q,
3J(H-H) = 7.3 Hz, 2 H, CH.], 1.44 [q, 3J(H-H) = 7.3 Hz, 2 H, CH.], 1.24
[q, 3J(H-H) = 7.3 Hz, 1 H, CH,], 0.94 [q, 3J(H-H) = 7.3 Hz, 1 H, CH,],
0.56 [t, 3J(H-H) = 7.3 Hz, 6 H, CHs], 0.45 [t, 3J(H-H) = 7.3 Hz, 3 H,
CHs], 043 [t, 3J(H-H) = 7.3 Hz, 3 H, CHs] ppm. '3C NMR (125 MHz,
CD,Cl,, 238 K): 0 = 167.8 (Ph), 159 (Ph), 151.4 (Ph), 151.2 (Ph), 148.4

(Ph), 147.5 (Ph), 145.3 (Ph), 141.4 (Ph), 141.3 (Ph), 140.7 (Ph), 139.4
(Ph), 139.1 (Ph), 135.3 (Ph), 134.1 (Ph), 133.9 (Ph), 133.5 (Ph), 133.1
(Ph), 132.4 (Ph), 132.4 (Ph), 131.6 (Ph), 130.7 (Ph), 130.1 (Ph), 127.9
(Ph), 127.7 (Ph), 127.7 (Ph), 127.2 (Ph), 127.2 (Ph), 127.0 (Ph), 126.5
(Ph), 126.5 (Ph), 126.1 (Ph), 124.4 (Ph), 124.2 (Ph), 123.9 (Ph), 113.9
(Ph), 112.5 (Ph), 112.4 (Ph), 105.5 (Ph), 55.3 (OCHjs), 18.9 (CH,), 18.5

(CH,), 18.2 (CH,), 18.1 (CH,), 16.3 (CH3), 16.0 (CH3), 15.6 (CH3), 14.8
(CH3) ppm. IR (KBr): see Supporting Information. UV/Vis (CH,Cl,):
Amax (€) = 277 (33500), 306 (33600), 390 (91000), 640 (39600), 734
(14700 L mol™" cm™") nm. HRMS (ESI*, MeOH): m/z (%) = 1361.7104
(caled. 1361.7103) [M + H]*, 681.3582 (calcd. 681.3588) [M + 2 H]**.

1e: Yield of isolated product: 67 mg (15 %). '"H NMR (500 MHz,
CD,Cl,, 238 K): 6 = 13.20 (s, T H, NHP?), 11.49 (s, 1 H, NHP¥"), 7.48-
7.54 (m, 2 H, Ph), 7.21-7.35 (m, 5 H, Ph), 7.00 [dd, *J(H-H) =

3J(H-H) = 7.5 Hz, 1 H, Ph], 6.96 [td, *J(H-H) = 1.5, 3J(H-H) = 7.5 Hz, 1
H, Ph], 6.83 [dd, *J(H-H) = 1.5, 3J(H-H) = 7.7 Hz, 1 H, Ph], 6.78 [td,
4J(H-H) = 1.5, 3J(H-H) = 7.5 Hz, 1 H, Ph], 6.72 [td, “J(H-H) = 1.5, 3J(H-
H) = 7.5 Hz, 1 H, Ph], 6.54 [td, *J(H-H) = 1.3, 3J(H-H) = 7.5 Hz, 1 H,
Ph], 6.43 [d, *J(H-H) = 1.5, 3J(H-H) = 7.5 Hz, 1 H, Ph], 6.31 [td,
4J(H-H) = 1.3, 3J(H-H) = 7.5 Hz, 1 H, Ph], 6.21 [d, *J(H-H) = 1.5 Hz, 1
H, Ph], 6.13 [dd, #J(H-H) = 2.0, 3J(H-H) = 7.5 Hz, 1 H, Ph], 3.79 (s, 3
H, OCH3), 3.71 (s, 3 H, OCH3), 3.68 (s, 3 H, OCHs), 2.01 [q, 3J(H-H) =
7.3 Hz, 1 H, CH,], 1.90 [q, 3J(H-H) = 7.3 Hz, 1 H, CH,], 1.63 [q, 3J(H-
H) = 7.3 Hz, 1 H, CH,], 1.56 [q, 3J(H-H) = 7.3 Hz, 1 H, CH,], 1.38-1.45
(m, 2 H, CH,), 1.30 [q, 3J(H-H) = 7.3 Hz, 1 H, CH,], 1.10 [q, 3J(H-H) =
73 Hz, 1 H, CH,], 065 [t, 3J(H-H) = 7.3 Hz, 3 H, CHs], 0.56 [t,
3J(H-H) = 7.3 Hz, 3 H, CH5], 0.52 [t, 3J(H-H) = 7.3 Hz, 3 H, CH5], 0.44
It, 3)(H-H) = 7.3 Hz, 3 H, CH;] ppm. '3C NMR (125 MHz, CD,Cl,,
238 K): & = 167.1 (Ph), 152.3 (Ph), 151.7 (Ph), 151.4 (Ph), 151.1 (Ph),

148.4 (Ph), 147.8 (Ph), 145.3 (Ph), 141.7 (Ph), 141.2 (Ph), 140.7 (Ph),
139.5 (Ph), 139.1 (Ph), 137.1 (Ph), 135.3 (Ph), 134.1 (Ph), 133.7 (Ph),
133.2 (Ph), 132.6 (Ph), 132.5 (Ph), 131.7 (Ph), 130.8 (Ph), 127.9 (Ph),
127.8 (Ph), 127.7 (Ph), 127.7 (Ph), 127.3 (Ph), 127.2 (Ph), 127.0 (Ph),
126.6 (Ph), 126.4 (Ph), 126.1 (Ph), 123.9 (Ph), 114.8 (Ph), 109.6 (Ph),
108.8 (Ph), 105.9 (Ph), 60.9 (OCHs), 55.9 (OCHs), 55.7 (OCHs), 18.9

(CH,), 18.5 (CH,), 18.1 (2 C, CH,), 16.7 (CH5), 16.0 (CH5), 15.9 (CHs),
14.7 (CH3) ppm. IR (KBr): see Supporting Information. UV/Vis
(CHyClL): Amax (€) = 278 (37200), 306 (38700), 390 (86800), 640
(33500), 734 (15000 L mol~' cm™") nm. HRMS (ESI*, MeOH): m/z
(%) = 1481.7526 (calcd. 1481.7526) [M + H]*, 741.3794 (calcd.
741.3799) [M + 2 HJ*".

1f: HRMS (ESI*, MeOH): m/z (%) = 1409.6327 (calcd. 1409.6326) [M
+ HI*, 705.3198 (calcd. 705.3200) [M + 2 H]**.

1g: HRMS (ESI*, MeOH): m/z (%) = 1481.5955 (calcd. 1481.5950) [M
+ HI*, 741.3005 (calcd. 741.3011) [M + 2 H]**.

General Procedure for the Synthesis of STP Dicopper Com-
plexes 1bCuy-1eCuy: Cu(OAc),*H,O (69.0 mg, 345.6 pmol,
9.0 equiv.) was added to a solution of 1b-1e (38.4 umol, 1.0 equiv.)
in dichloromethane (10 mL) and methanol (20 mL) and the reaction
mixture stirred at ambient temperature for 30 min. The solvent was
removed under reduced pressure. The residue was dissolved in di-
chloromethane and filtered through a plug of basic aluminum ox-
ide. The filtrate contained the desired product; removal of the sol-
vent yielded the copper complexes 1Cu, as blue solids.

1bCus,: Yield of isolated product: 33.6 mg (60 %). IR (KBr): see Sup-
porting Information. UV/Vis (CH,CL,): Amax (€) = 284 (31700), 391
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(55900), 578 (13400), 636 (24000), 682 (18200 L mol~" cm™") nm.
HRMS (ESI*, MeOH): m/z (%) = 1450.5394 (calcd. 1450.5405) [M]*.

1cCuy: Yield of isolated product: 10.3 mg (18 %). IR (KBr): see Sup-
porting Information. UV/Vis (CH,Cl,): 1.« () = 300 (30700), 390
(59100), 549 (14400), 632 (25400), 682 (19200 L mol" cm™") nm.
HRMS (ESI*, MeOH): m/z (%) = 1458.4890 (calcd. 1458.4904) [M]*.

1dCu,: Yield of isolated product: 29.4 mg (52 %). IR (KBr): see Sup-
porting Information. UV/Vis (CH,Cl,): Anax (€) = 291 (34200), 389
(58500), 542 (21500), 639 (21900), 682 (19200 L mol~' cm™") nm.
HRMS (ESI*, MeOH): m/z (%) = 1482.5295 (calcd. 1482.5304) [M]*.

1eCu,: Yield of isolated product: 41.1 mg (67 %). IR (KBr): see Sup-
porting Information. UV/Vis (CH,Cl,): Anax (€) = 300 (31300), 389
(57100), 546 (20000), 632 (21000), 682 (18000 L mol" cm™") nm.
HRMS (ESI*, MeOH): m/z (%) = 1602.5720 (calcd. 1602.5726) [M]*.
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