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ABSTRACT: The transmetalation of the digold(I) complex [Au2Clo(Cy2PCH2PCy2)] with oligophenylene diboronic acids gave the
triangular macrocyclic complexes [Auz(CsHa)x(Cy2PCH2PCy2)]s (x = 3, 4, 5) with yields of over 70%. A series of [r]cyclopara-
phenylenes (n =9, 12, 15) was isolated in 78-88% yield via the oxidative chlorination of the macrocyclic gold complexes. A kinetics
study employing two acyclic dinuclear gold(I) complexes, [Au2R2(Cy2PCH2PCy2)] (R = Ph and/or C¢H4-4-F), revealed that an inter-
molecular Au(I)-C o-bond-exchange reaction proceeded. These results indicate that the triangular complexes were obtained selec-
tively via reversible intermolecular Au(I)-C o-bond exchanges. By reacting two different oligophenylene diboronic acids with the
digold(I) complex, a mixture of macrocyclic complexes incorporating different oligophenylene linkers was formed. The oxidative

chlorination of this mixture gave [n]cycloparaphenylenes with various numbers of phenylene units.

INTRODUCTION

Cyclo[n]paraphenylenes ([n]CPPs, where n is the number of
phenylene groups) are organic macrocycles that consist of 1,4-
linked phenylene units.!!! Owing to their bent m-conjugated
structure, [n]CPPs exhibit characteristic photo- and electro-
chemical properties that differ from those of linear oligo-
phenylenes and that depend on the ring size. 2! CPPs have been
widely applied in the construction of unique molecular archi-
tectures, such as supramolecular host-guest molecules,™ me-
chanically interlocked molecules (MIMs),”) and building
blocks for tubular nanostructures,/” as well as in a variety of
research fields, such as circularly polarized luminescent (CPL)
materials,’® biological fluorophores,® gas-adsorption materi-
als,”! and electron-transport materials.'” The synthesis of
[#]CPPs with a targeted ring size in high overall yield would
thus be important for future applications.!'!) Size-selective and
shotgun syntheses of [#]CPPs (n = 5-16, 18) have been
achieved by different synthetic strategies developed by
Bertozzi/Jasti,["?! Itami,['¥) Yamago,'¥ and Osakada/Tsuchido.
(5] These methods employ less-strained macrocyclic molecules
or transition-metal complexes as precursors for [#]CPPs (Figure
la).

In 2020, some of the authors of this paper reported the syn-
thesis of [6]CPP from a macrocyclic Au complex (Figure
1b).') The reaction of 4,4'-diphenylene diboronic acid (L2)
with  [AwCl(depm)] (1) (depm =  bis(dicyclohex-
ylphosphino)methane) produced the triangular hexagold(I)
complex [Auz(CsHa)2(decpm)]s (Au-2) in 77% yield. The oxida-
tive chlorination!'® of Au-2 by PhICI: afforded [6]CPP in a total
yield of 59% (over two steps from 1). Thus, our synthetic
method has the advantage of allowing cycloparaphenylenes and
related nanohoops to be synthesized from three arylene units in
a highly efficient manner.'”7 However, the scope of this

synthetic method using other oligophenylene derivatives, as
well as the mechanism of the efficient formation of the triangu-
lar Au complexes, remain to be examined. Herein, we report the
synthesis of a series of [3x]CPPs (x = 3, 4, 5) in high overall
yield and in a size-selective manner from macrocyclic Au com-
plexes with oligophenylene linkers. We have also investigated
the reversible ligand exchange in acyclic arylgold(I) complexes
as a model reaction for the formation of macrocyclic metal com-
plexes. Kinetics studies of the reaction are discussed to eluci-
date the relevance of the dynamic behavior of the Au(l)-C
bonds of the complexes to the selective and non-size-dependent
formation of the macrocycles through a self-assembly process.
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Figure 1. (a) Synthetic routes to [n]cycloparaphenylenes re-

ported by Bertozzi/Jasti, Itami, Yamago, and Osakada/Tsuchido.

(b) Synthesis of [6]CPP by a gold(I)-templated method (our pre-
vious study).['

RESULTS AND DISCUSSION

Synthesis and Characterization of Au Complexes and
[3x]CPPs. The transmetalation of [Au2Cla(dcpm)] (1) with an
equimolar amount of 4,4"-terphenylene diboronic acid pinacol
ester (L3) was conducted in the presence of Cs2COs in tolu-
ene/ethanol/water at 50 °C. After stirring overnight, the result-
ing white solid was collected by filtration and characterized as
the triangular macrocyclic complex [Au2(CsHa)3(depm)]s (Au-
3) (Scheme la, reaction i). By employing oligoparaphenylene
diboronic acid pinacol ester with a quaterphenylene group (L4)
or a quinquephenylene group (L5) under otherwise identical re-
action conditions, the corresponding Au complexes (x = 4 from
Au-4, 5 from Au-5) were obtained in 55 and 63% yield, respec-
tively (Scheme 1b, c, reaction i).
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Scheme 1. Synthesis of [3x]CPP by the Au-template method.
(a) [9]CPP (x =3), (b) [12]CPP (x =4), and (c) [15]CPP (x =5).
Reagents and conditions: (i) [AuClz(depm)] (1) (1.0 equiv.),
Cs2C0;3 (6.0 equiv.), toluene/ethanol/water (4:1:1), 50 °C, over-
night; (ii) PhICL (3.0 equiv.), DMF, —60 °C, 0.5 h, then r.t.,
overnight. Linker lengths were determined from the molecular

structures of oligophenylene simulated using MMFF force-field
calculations.

Single crystals of Au-3 (Figure 2a) and Au-4 (Figure 2b, S42)
suitable for X-ray crystallography were obtained via the vapor
diffusion of CH3CN into (C1.CH). solutions of each complex.
Both molecules adopt a triangular molecular structure similar to
that of Au-2,I'>) consisting of three oligophenylene linkers and
three Aux(dcpm) units. The complex with the terphenylene
linker, Au-3, adopts a pseudo-Cz-symmetrical structure with
MPP- or PPM-helical AuP2C groups at the three corners. Au-
4 gave polymorphic crystals with a D3-symmetrical structure
and PPP or MMM helicity (Figure 2b) along with the C2-sym-
metrical structure (Figure S42).l'8 These triangular molecular
structures were stabilized by aurophilic interactions!” between
the two Au(l) centers in each corner. In the C>-symmetrical
structure of Au-3 (Figure 2a), the distance between the two
neighboring gold atoms in one helical corner (3.297(1) A) is
longer than that of the other two corners (3.142(8), 3.118(1) A).
The same phenomenon was observed in the X-ray structures of
Au-2and Au-4 (Figure S42) with Ca-symmetry. On the other
hand, the X-ray structure of Au-4 with Ds-symmetry (Figure
2b) exhibits Au-Au distances of 3.091(1) A, which are shorter
than those of the C> isomer. These results indicate stronger au-
rophilic interactions in the D3 isomer compared to those in the
(> isomer. Additionally, the phenylene linkers adopt a bent con-
formation in the D3 symmetry, which would be difficult to form
with short oligophenylene linkers.
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Figure 2. Molecular structures of (a) Au-3 and (b) Au-4 with
thermal ellipsoids at 30 % probability. Hydrogen atoms and sol-
vent molecules are omitted for clarity.



The oxidative chlorination'® of Au-3 occurs upon the addi-
tion of three equivalents of PhICIl, in DMF at —60 °C. The C—C
bond formation between two phenylene linkers via reductive
elimination gave [9]CPP when the reaction temperature was
raised to 25 °C (Scheme 1a, reaction ii). The 'H NMR spectrum
of the crude product showed only one singlet aromatic signal at
7.52 ppm (CDCls, 25 °C), which was assigned to [9]CPP based
on the literature.[?! Purification of the reaction mixture using
column chromatography on silica gel afforded the desired prod-
uct in good yield (78%), along with the Au complex 1, which
was also obtained in 78% yield. [3x]CPPs (x =4 for Au-4, 5 for
Au-5) were obtained from the corresponding Au complexes in
78% and 88% yield, respectively (Scheme 1b, c, reactions ii).
Based on our strategy, [3x]CPPs (x = 3, 4, 5) were obtained in
two steps from oligophenylene diboronic acids L3-5. The over-
all yields using our methods are better than those reported by
other groups (cf. Tables S1-S3).2% The selective and efficient
formation of the triangular complexes, which were isolated in
pure form by filtration, is critical for the efficient synthesis of
the CPPs, even though macrocyclization is usually a low-yield
reaction. Interestingly, the macrocyclic Au complex can be se-
lectively formed not only for the short biphenylene linker, ']
but also for the long quinquephenylene linker, for which the dis-
tance between ipso carbon atoms at the terminal phenylene
groups is up to 20.2 A.

Kinetics Studies of Au—C o¢-Bond Exchange Reaction.
Highly efficient macrocyclizations have been achieved using
Pd(II) or Pt(II) complexes bound to N-coordinating aromatic
ligands.?!! The success of these reactions has been attributed to
the rapid and reversible dissociation of the linker ligands from
and their re-coordination to the metal center (Scheme S2a). On
the other hands, metal complexes with M-C c-bonds such as the
one used in this study hardly undergo such reversible bond-
cleavage and -formation processes. However, organic transi-
tion-metal complexes, especially complexes of Pd(IT) and Pt(II)
with organic ligands,?>*>?* can replace their organic ligands via
reversible homonuclear transmetalation processes (Scheme
S2b). We assumed that the exchange of the aryl ligands between
Au(I) complexes should lead to the formation of the Au com-
plexes Au-3, Au-4, and Au-5. Nevertheless, homonuclear
transmetalations between two arylgold(I) complexes to ex-
change their aryl ligands have not been reported to date, alt-
hough heteronuclear transmetalations of Au(I)-C o bonds with
Pd(II)- or Rh(I)~C o bonds have been reported.?>-2% 281 Accord-
ingly, we examined the dynamic bond-exchange reaction of two
acyclic gold complexes to elucidate the mechanism of the effi-
cient formation of the macrocyclic gold complexes.

We studied the aryl-group-exchange reaction between two
acyclic dinuclear gold(I) complexes with different aryl groups
(Figure 3a). The formation of the unsymmetrical arylgold(I)
complex [AuPh(C¢Hs-4-F)(dcpm)] (Auc-HF) was observed
upon mixing equimolar amounts (1.7 mM each) of
[Au2Ph2(depm)] (Auc-HH) and [Auz(CesHa-4-F)2(dcpm)] (Auc-
FF) in CDCls at 25 °C. The '°F NMR spectroscopic analysis
indicated that the reaction reached equilibrium after 30 min
(Figure 3b).”! To our surprise, rapid bond exchange of the Au~-
C o-bonds was clearly observed even at or below room temper-
ature. The kinetic constants of the comproportionation (k1) and
disproportionation (k.1) employing a mixture of Auc-HH and
Auc-FF at -20 °C were determined to be k1 = (6.9 £ 0.64) x 10

2M st and ka1 = (1.4 £ 0.080) x 102 M!-s™! (Figure 3c). The
values are in good agreement with the reversible second-order
reaction model.?” In order to understand the effect of the ancil-
lary ligand on this surprisingly fast bond-exchange behavior, a
comparative reaction was carried out with Au complexes in
which the dcpm ligand was replaced by dppm (bis(diphe-
nylphosphino)methane), Aur-HH, and Aup-FF (Figure 3a). As
expected, the comproportionation did not occur, not even after
1 h at room temperature, suggesting that the cyclohexyl groups
on the phosphines of the dcpm ligands are essential for the pro-
gress of the reaction.
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Figure 3. (a) The comproportionation of aryl ligands on Au
complexes (Auc-HH and Auc-FF, Aupr-HH and Aup-FF). (b)
F NMR spectra (376 MHz, CDCls, 23 °C): pristine Auc-FF
(top), a mixture of Auc-HH and Auc-FF 15 min after its prep-
aration (center), and the mixture after 30 min (bottom). (c) Re-
action profile of the comproportionation at 0 (circles), —10 (tri-
angles), and —20 (squares) °C (inset: Eyring plot).

The different dynamic behavior of the arylgold(I) complexes
with dcpm and dppm can be explained by comparing their crys-
tal structures and molecular orbitals. X-ray crystallography of
Auc-FF and Aupr-FF revealed their solid-state structures (Fig-
ure 4a). The lengths of the two Au—Cipso bonds of Auc-FF
(2.072(4) and 2.092(5) A) are slightly longer than those of Aup-
FF (2.062(5) A), which suggests that the Au(I)~C c-bonds in
Auc-FF are weaker than those in Aup-FF. In addition, the
shorter Au-P bonds of Auc-FF (2.2903(17) and 2.2938(16) A)
compared to those of Aup-FF (2.3013(13) A) indicate inferior
back-donation from Au to Cipso in Auc-FF due to the electron-
donating cyclohexyl groups. Theoretical calculations demon-
strated that the lowest unoccupied molecular orbital (LUMO)
of Auc-HH is localized at the apical position of the gold atom
(E=-0.737 eV), while it is delocalized to the ancillary ligand in
the case of Aup-HH (Figure 4b). The localization of the unoc-
cupied orbital of Aup-HH on the gold atom was observed at the
LUMO+10 level (E=0.113 V). These results support the idea
that the electrophilic gold atom of the Au complex with dcpm
ligands could react with the aryl ligand.
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Figure 4. (a) ORTEPs of Auc-FF and Aup-FF with thermal el-
lipsoids at 50% probability; hydrogen atoms are omitted for
clarity. Selected bond distances (A) are summarized in the in-
serted table. (b) Energy levels of the frontier orbitals of Auc-
HH and Aup-HH and a depiction of their LUMOs (M06/6-31G
for C, H, P, LANL2TZ(f) for Au, iso value = 0.025); hydrogen
atoms are omitted for clarity. (c) Proposed mechanism of the
aryl-ligand-exchange reaction of the Au complex via an associ-
ative intermediate.

The activation parameters for the comproportionation be-
tween Auc-HH and Auc-FF were determined to be AG* = 17
kcal mol!, AH* = 9.5 kcal mol!, and AS* =-26 cal mol! K! (at
25 °C) based on the Eyring plot (Figure 3c, inset). The negative
value of AS* implies that the bond-exchange process proceeds
via an associative mechanism.?>3! We assumed that the bond
exchange or metathesis between the metal centers and organic
ligands should proceed via the formation of a four-membered
Cay—Au—Cay—Au ring with an auxiliary Au-Au interac-
tion628! followed by Au—Caryi bond exchange to yield Auc-HF
(Figure 4c¢). Similar intermediates with bridging organic ligands
have been proposed in kinetic studies in which arylcopper(I)
and arylgold(I) complexes caused trans—cis isomerization of

Pd(IT) complexes™! and exchange of their aryl and alkynyl lig-
ands bound to Pd(IT) and Rh(I) complexes.[?2]

We have previously reported the similar comproportionation
of [PtPha(cod)] and [Pt(CsHs-4-F)2(cod)] to yield the organic-
ligand-exchanged complex [PtPh(CsHs-4-F)(cod)].**! These
arylplatinum(IT) complexes are configured as 16-electron sys-
tems, similar to the dinuclear arylgold(I) complex in this
study.?? Due to the similar reactivity of the two metal-Caryi
bonds as well as the shared electronic nature of the metal in the
above complexes, the kinetic and thermodynamic parameters of
the reaction of [PtPha(cod)] were compared to that of
[AuzPh2(depm)]. In the case of [PtPha(cod)] and [Pt(CsHa-4-
F)2(cod)], the comproportionation proceeds at 50 °C with rate
constants of k&1 = (6.4 £ 0.6) x 10° and k2= (2.0 £0.2) x 10 M~
U5l which indicates slower aryl ligand exchange than in the
Au; system in this study. The thermodynamic parameters for
the above Pt system are AG* = 27 kcal mol™!, AH* = 23 kcal mol’
!, and AS* = —11 cal mol' K. The AH* for the Pt system is
larger than that for the Auz system, suggesting that the Au-C
bond dissociation via the formation of the association complex
can be expected to occur more easily (Figure 4c) .

These results imply that the highly efficient macrocyclization
in this study should be attributed to reversible intermolecular
exchanges of Au(I)-C c-bonds (Figure 5). In the early stage of
the reaction between 1 and L3, the formation of a mixture of
acyclic and cyclic oligomers would initially proceed. The trian-
gular complex must become the major product via the dynamic
bond-exchange reaction between these species. The high ther-
modynamic stability and/or the poor solubility of the triangular
complex could account for the isolation of the triangular com-
plex as the sole product.

Starting materials 1 and L3 \

4+4 and larger macrocycles

3+3 macrocycle
(major product)

Figure 5. Illustration of a plausible mechanism for the for-
mation of the triangular Au(I) complex Au-3 via a self-assem-
bly process between 1 and L3.

Synthesis of CPPs from two different oligophenylene link-
ers. To explore the scope of the potential applications of the
present synthetic method, the transmetalation of [AuCl2(dcpm)]
(1) was conducted with a 1:1 mixture of two different oligo-
phenylene diboronic acids (L3/L4 or L4/L5) (Figure 6a). **
The products gave complicated 'H and *'P{'H} NMR spectra,
which suggested the formation of mixtures of the macrocyclic
gold(I) complexes with different ring sizes. Oxidation of the
product by PhICL: afforded a mixture of CPPs with different
ring sizes, which were characterized by comparison of their
NMR spectra.



The 'H NMR spectrum of the products obtained using an
equimolar mixture of L3 and L4 (Figure 6b, top) contained four
singlet signals that were assigned to [9], [10], [11], and
[12]CPPs in a statistical ratio. The formation of the [10] and
[11]CPPs as the major products indicates the formation of tri-
angular macrocyclic complexes that incorporate two different
oligophenylene linkers. No signals corresponding to other
[#]CPPs were observed, suggesting the exclusive formation of
macrocyclic hexagold(I) complexes with three linker ligands.
The NMR yields of [10]CPP (1.7%) and [11]CPP (2.5%),
which are CPPs derived from Au complexes with differing link-
ers, were slightly higher than those of [9]CPP (1.1%) and
[12]CPP (1.0%), which are CPPs derived from Au complexes
with identical linkers (Figure 6¢). In contrast, in the L4/LS5 sys-
tem, the yields of [12]CPP (12%) and [15]CPP (7.9%) were sig-
nificantly higher than those of [13]CPP (1.0%) and [14]CPP
(1.5%). This result implies that a self-sorting process occurs in
the L4/L5 system.

These results indicate that the Au-templated CPP synthesis
outlined in this study allows the synthesis of [#]CPPs with num-
bers of phenylene units other than multiples of three via mixing
two different oligophenylene linkers. The fact that the differ-
ences in the ratios of the CPP products depends on the linker
length should be attributed to the thermodynamically stability
of the corresponding precursor complexes. Our crystallographic
study (Figure 2) revealed that macrocyclic complexes with long
oligophenylene linkers can form Ds-isomers with strong au-
rophilic interactions, to which the self-sorting in the L4/LS5 sys-
tem could be attributed.
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Figure 6. (a) Synthesis of [2x+y] and [x+2y]CPPs by reacting
mixtures of two different oligophenylene diboronic acids, Lx
and Ly (x =3,y =4 or x = 4, y = 5; pin = pinacol) with
[AuClx(dcpm)] (1), followed by oxidative chlorination of the
resulting complex. Reagents and conditions: (i) Cs2CO; (6.0
equiv.), toluene/ethanol/water (4:1:1), 50 °C, overnight; (ii)
PhICl2 (3.0 equiv.), DMF, —60 °C, 0.5 h, then r.t., overnight. (b)
"H NMR spectra of the reaction mixtures after treatment with
PhICl> (400 MHz, CDCl3, 25 °C). The signals were assigned
with reference to reports in the literature.>?! The asterisk indi-
cates the residual solvent signal. (c) List of NMR yields of the
CPPs over 2 steps. The NMR yields were determined from the

'H signal intensities relative to an internal standard (1,2,4,5-tet-
rabromobenzene).

CONCLUSIONS

We have demonstrated the highly efficient self-assembly of tri-
angular macrocyclic Au complexes,
[Auz(CeHa)(Cy2PCH2PCy2)]3 (x =3, 4, 5), which were obtained
from the transmetalation of [Au2Cl(Cy:PCH2PCys>)] with oli-
gophenylene diboronic acids. The chemical oxidation of the
complexes produced the corresponding [3x]cyclopara-
phenylenes ([3x]CPPs) (x = 3, 4, 5) in good yields. Kinetics
studies of the acyclic Au2 complexes [Au2Ra2(Cy2PCH2PCyn)]
(R = Ph and/or Ce¢H4-4-F) revealed that the intermolecular
transmetalation of the aryl ligands proceeds with low activation
energy, which would explain the high efficiency of the macro-
cyclization via the thermodynamically controlled self-assembly
process. We have also demonstrated that the reaction of two dif-
ferent oligophenylene diboronic acids with the digold(I) com-
plex resulted in the formation of a mixture of triangular macro-
cyclic complexes that incorporate different oligophenylene
linkers, which produced [2x+y] and [x+2y]CPPs together with
[3x] and [3y]CPPs (x =3,y =4 or x =4, y = 5). The concise
synthetic strategy outlined in this study allows facile access to
a variety of [n]CPPs in high overall yield. Our method thus pro-
vides a new pathway for the synthesis of a variety of function-
alized CPPs and related nanohoops.?! The synthesis of
[3x]CPPs (x > 5) from macrocyclic Au(I) complexes with oli-
gophenylene linkers longer than those in this study is currently
in progress.
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