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ABSTRACT: New copper(I) complexes with coordinated 2-(4'-
methyl)pyrimidinyl moieties were fabricated, and the isomerism of
their pyrimidine ring linkage was investigated. The ligands bis[2-
(diphenylphosphino)phenyl] ether (DPEPhos) and 4,4'-dimethyl-
2,2"-bipyrimidine (dmbpm) were used to synthesize a heteroleptic
copper(I) complex, [Cu'(DPEPhos)(dmbpm)]-BF, (1-BF,), and a
dinuclear copper(I) complex, [(Cu'),(DPEPhos),(u-dmbmp)]-
(BE,), [2-(BF,),]. The X-ray crystallographic structures, UV—vis
absorption spectra, and luminescence properties of the complexes
were analyzed. The thermodynamic and kinetic aspects of the
isomerism of 1-BF, were examined by variable-temperature NMR.
Double pyrimidine ring rotation was found to be restricted
sterically by the bulky DPEPhos ligands. This limited the number
of the possible isomers: 1-BF, showed only isomers with either
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one (io isomer) or both (0o isomer) of the two methyl groups positioned away from the copper center, while dinuclear 2-(BF,),
was only found as a symmetric (io—io) isomer, with each of the two methyl groups positioned toward different copper centers.
The addition of [Cu(MeCN),(DPEPhos)] (3-BF,) allowed both isomers of 1-BF, to form 2-(BF,),, although at different rates
and via different pathways, which were analyzed using time-dependent UV—vis spectroscopy. The io isomer dinucleated more
quickly than the oo isomer owing to it being able to form 2-(BE,), (i) without bond dissociation and (ii) without a sterically
congested ii configuration around the copper center. In contrast, 0o-1-BF, required (i) recombination of the bipyrimidine
coordination bonds or (ii) formation of a product with higher thermodynamic energy, unsymmetric (ii—oo) 2-(BF,),. These
findings are interpreted as demonstrating a novel kinetic property: a conversion rate determined by pyrimidine ring inversion.

B INTRODUCTION

Multistable molecules that show switchable structures and
properties are potentially useful in stimuli-responsive molecule-
based materials and devices." Copper complexes can form
dynamic multistable molecular systems: labile Cu'=N coordi-
nation bonds in copper imine complexes enable reconstruction
of the molecular structure by external stimuli, such as light and
redox reactions.”

We have previously developed a pyridylpyrimidine-ligated
copper(I) complex system that functions as a molecular rotor®
(Figure 1). The pyrimidine ring in the ligand can rotate via
dissociation and reconstruction of the Cu—N bond. Unsym-
metric substitution at the 4 position of the pyrimidine ring
affords two linkage isomers. In solution, these isomers
interconvert through rotation of the pyrimidine ring and
reach the equilibrium state shown in Figure 1, where the
notation of inner (i) and outer (o) isomers indicates the
direction relative to the copper center of the methyl group on
the pyrimidine ring. The two isomers have different steric
congestion within the coordination sphere around the copper-
(I) center. Steric congestion in complexes of copper with bis[2-
(diphenylphosphino)phenyl] ether (DPEPhos) can influence
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Figure 1. Two linkage isomers [inner (i) and outer (0)] of a
pyridylpyrimidine-ligated copper(I) complex. The two DPEPhos—
copper(I) complex isomers showed different lifetimes and heat
sensitivities of luminescence.

the luminescence properties of the complexes* and can induce
differences between the two luminescence lifetimes of the two
isomers. Therefore, rotational isomerization can enable dual
luminescence.”® Our previous work has developed complexes
with unusual properties induced by rotational isomerization,
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Scheme 1. Synthesis of 1'‘BF, and 2:(BF,),
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Figure 2. "H NMR spectra of 1-BF, in CD,Cl, at (a) 293 and (b) 243 K. (c) Equilibrium between 00-1* and io-1".
such as a rest potential change® and intramolecular electron degree of interaction between the two copper centers would be
transfer.>! We have shown that such systems can be applied to switchable by pyrimidine rotation.
molecular rotor machinery.**" Rotation can also be driven by Rotational isomerism in the mononuclear system is also
light.*® expected to affect the kinetics of dinucleation. The mono-
This study focuses on dinucleation of a copper complex with nuclear two-rotator isomers (i and o isomers) should behave
pyrimidine rotors. The integration of two rotational units is differently, and their different mechanisms of dinucleation
expected to allow the development of more diverse properties, should show different rate constants. Such differences may
which have not been achieved previously using mononuclear enable the copper complexes to act as a new class of reaction
complexes. The degree of correlation between the two rotating regulators at the single-molecular level. The regulation of
behaviors is dominated by the structure of the molecule; the chemical reactions at a molecular level, such as the on—off
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Figure 3. (a) "H NMR spectrum of 2-(BF,), in CD,Cl, at 293 K. (b) Symmetric (io—io) structure of 2-(BF,),.

switching of a catalytic reaction, has attracted much interest for
its potential use in enzyme mimicking and artificial reaction
control.’

This work reports the study of a mononuclear copper(I)
complex, [Cu'(DPEPhos)(dmbpm)]-BF, (1-BF,; dmbpm
4,4'-dimethyl-2,2-bipyrimidine) and a dinuclear copper(I)
complex, [(Cu'),(DPEPhos),(u-dmbpm)](BF,), [2-(BE,),].
In 2%, the dmbpm ligand bridges the two copper(I) centers
w1th1n a short distance, allowing the centers to influence each
other.® This ligand also allows linkage isomerism via pyrimidine
rotation. "H NMR and X-ray crystallography studies indicated
that steric hindrance by DPEPhos inhibited rotation of the
pyrimidine rings, affording a limited number of isomers. The
kinetic and thermodynamic properties of rotational isomer-
ization were investigated to calculate the rate of pyrimidine
rotation. Spectroscopic study and density functional theory
(DFT) calculation assessed the steric effects of the methyl
groups on the luminescence and stability of the complexes. The
rate of formation of the dinuclear complex was isomer-
dependent; therefore, an equilibrated mixture of the two
mononuclear isomers showed a dual reaction rate. This study
discloses a novel property attributable to pyrimidine rotational
isomerization.

B RESULTS AND DISCUSSION

Synthesis. Dinuclear 2-(BF,), was synthesized by mixing
DPEPhos, [Cu(MeCN),]BF,, and dmbpm in a 2:2:1 molar
ratio in dichloromethane (Scheme 1). Recrystallization by the
addition of diethyl ether to the reaction mixture yielded a
bright-orange powder (96% yield). Mononuclear 1-BF, was
synthesized by adding excess dmbpm to 2-(BF,), in dichloro-
methane. The addition of diethyl ether to the concentrated
dichloromethane solution yielded pure 1-BF, as a yellow
powder (84% yield). Recrystallization from a dilute dichloro-
methane solution of 1-BF, gave a mixture of 1-BF, and 2-
(BF,),. This disproportionation occurred presumably due to
the lower solubility of 2-(BF,),.

'"H NMR Study. 'H NMR spectra of 1-BF, in CD,Cl, at
room temperature show broad signals, demonstrating that
interconversion between the isomers occurred on a time scale
comparable to that of "H NMR (Figure 2a). At 243 K, two sets
of signals appeared: two peaks at 6 2.64 and 2.32 were
attributed to methyl protons (Figure 2b) of the io isomer,
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which showed both inner and outer methyl groups, and a signal
at 0 2.69 was ascribed to methyl protons of the oo isomer.
Compared with the signal from the oo isomer, the signal from
the i-methyl group was shifted more upfield than that from the
0- methyl group owing to the shielding effects of the DPEPhos
hgand The existence of the 0o isomer (not the ii isomer) was
also confirmed by the crystal structure (vide infra). The ratio of
the oo isomer to the io isomer was 5:6 in CD,Cl,. No ii isomer
was observed (Figure 2c).

2-(BF,), formed only a symmetric (io—io) isomer, which had
the two methyl groups each directed oppositely toward a
different copper center (Figure 3). The symmetric structure
was also confirmed by the crystal structure (vide infra). 'H
NMR spectra in solvents of varying polarity (e.g, CD,CL,
CDCl,, acetone-dg, and methanol-d,) did not show evidence of
an unsymmetric (ii—00) isomer.

Variable-temperature "H NMR spectra of 1-BF, in CD,Cl,
and acetone-dys were measured at 193—293 K. The oo:io ratio at
each temperature was calculated by integration of the
pyrimidine proton signals. The broad spectra acquired at high
and low temperatures were excluded from thermodynamic
analyses. van’t Hoff plots were generated on the basis of the
logarithm of [0o isomer]/[io isomer] versus reciprocal
temperature (Figures Sla and S2a and Tables S1 and S2 in
the Supporting Information , SI). The linear region of the plots
was regarded as an equilibrium state, and the thermodynamic
parameters were calculated from the temperature dependence
of an equilibrium constant K,,/,. The changes in both the
enthalpy and entropy (AH and AS) for the transition from the
io isomer to the oo isomer were small (Table 1).

The rate of inversion from the io isomer to the 0o isomer was
determined by fitting the experimental 'H NMR spectra
(Figures S1b and S2b in the SI). The aromatic 6-H signals on
the pyrimidine ring were used for the simulations. As an
example, in a CD,Cl, solution at 253 K, they were at 6 8.95 and
827 for the io isomer and at & 8.38 for the oo isomer.
Equilibrium constants determined from the van’t Hoff plots
were used for simulation analysis. Arrhenius plots were drawn
setting the rate constant k;,_,,, as the rate constant for inversion
from the io isomer to the 0o isomer (Figures S1c and S2c in the
SI). The kinetic parameters were calculated from the slope and
intercept of a linear approximation to the Arrhenius plots.
Activation energies (E,) were estimated to be 89.5 kJ mol™" in
acetone-dy and 96.2 k] mol™ in CD,Cl, (Table 1). The former
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Table 1. Thermodynamic and Kinetic Parameters of the io—
00 Isomerization of 1*

parameter 1* in CD,Cl, 1" in acetone-dg

AH;,_,,/kJ mol™' ¢ 0.6 1.0

AS,_../] K™ mol™® 1.0 6.1
AG;,_.,,/k] mol™ € 0.3 -0.8
Eqig—soo/KJ mol ™ ¢ 96.2 89.5

log(4)* 19.9 19.8
Kioron(ass 10/5 1.0 X 10 14 x 10*
Kio—ao(193 )/ ' € 7.1 x 1077 9.7 x 1075

“Molar enthalpy change. “Molar entropy change. “Molar Gibbs free-
energy change at 298 K. 9Activation energy. “Common logarithm of
the preexponential factor. JRate constant at 298 K. €Rate constant at
193 K from io-1" to 0o-1".

was 6.7 k] mol ™" lower than the latter; this situation is probably
due to two reasons. One reason is the difference of AG;,_,,,; the
0o isomer is more stabilized in acetone-dg by 1.1 kJ mol™" than
in CD,Cl,, which would be reflected in E,. The second reason
is related to the higher polarity and coordinating ability of
acetone, which promotes dissociation of the nitrogen atom
from the copper center to stabilize the transition state.’*" This
leads to a decrease of E, in acetone. By extrapolation of the
Arrhenius plot, k;,_,,, values out of the range of simulation (298
and 193 K) were calculated (Kj,— (05 ) = 1.0 X 10° s and
Kip—0o(193 k) = 7-1 X 107> 57" in CD,Cl, and ki, 5(205 k) = 1.4 X
10* s7" and k;pepo(103 k) = 97 X 107° 57" in acetone-dj).
X-ray Structural Analysis. Single crystals of [00-1]-BF,:
CH,Cl, were obtained by diffusing hexane into a dichloro-
methane solution of 1-BF, (Figure 4a and Table S3 in the SI).

@

Figure 4. Molecular structures of crystalline (a) 1-BF, and (b) 2-
(BE,), with thermal ellipsoids at the 50% probability level and (c and
d) their respective space-filling models. Counteranions and solvent
molecules are omitted for clarity.

Single crystals of [2]-(BF,),-(CH,Cl,), were obtained by
diffusing diethyl ether into a dichloromethane solution of 2-
(BE,), (Figure 4b and Table S3 in the SI).

A crystal lattice of 00-1 formed with a slightly distorted
tetrahedral coordination environment; the two methyl groups
were directed against the copper(I) center, so as to avoid a
bulky DPEPhos ligand (Figure 4c). H-F contacts between the
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complex and BF, anion were 2.40—2.60 A, and no intra-
molecular 7—7n-stacking or CH—7 interactions were observed.

In the crystal of [2]-(BF,),(CH,ClL,),, bipyrimidine was
sandwiched by two phenyl groups. The center of the
bipyrimidine was 3.46 A from the center of the phenyl group,
indicative of a 7—7-stacking interaction, as has been observed in
other dinuclear complexes with terminal phosphines and
bridging bipyrimidine.” Coordination around the copper(I)
center of [2]-(BF,),(CH,Cl,), was in a more distorted
tetrahedral conformation than that of [o00-1]-BF,-CH,Cl,.
This was presumably due to formation of the z—r-stacking
interaction or the avoidance of collision by the two DPEPhos
ligands. Each of the two methyl groups at the 4 position was
placed between one phenyl group and one o-phenoxy group.
Opposite the methyl group, where a hydrogen atom at the 6
position is located, were two phenyl groups. These phenyl and
o-phenoxy groups likely sterically inhibited rotation of the
methylpyrimidine ring (Figure 4d).

Absorption and Emission Spectroscopy. UV-—vis
absorption spectra of 1-BF, and 2-(BF,), in dichloromethane
were compared with those of model complexes [Cu-
(DPEPhos)(bpym)]BF, (1’-BF,) and [Cu,(DPEPhos),(u-
bpym)](BF,), [2'-(BF,),; bpym = 2,2'-bipyrimidine; Figure
5].”” The model complexes 1’ and 2’ were respectively similar

20
1-BF, in CH,Cl,
‘TE (,1.0x1o'4/|\v|) \
- 15 17+BF, in CH,CI
= (1.0x 104 M)
(f,') 2-(BF,), in CH,Cl,
© 10 (5.0% 105 M)
X
- (5.0 105 M)
w O [
O 1
300 400 500 600 700

wavelength / nm

Figure 5. Absorption spectra of 1-BF, (1.0 X 10~* M, blue), 2-(BF,),
(5.0 X 107 M, red), 1"BF, (1.0 X 107™* M, green), and 2"-(BF,), (5.0
X 10™° M, orange) in dichloromethane.

to the corresponding complexes 1 and 2, although their
bipyrimidine moieties lacked methyl groups. These complexes
showed absorption bands in the near-UV and visible regions. 1-
BF, and 2-(BF,), showed spectra similar to those of 1’-BF, and
2/-(BE,),; the absorption coefficients of their absorption bands
were slightly smaller than those of the corresponding model
compounds. 1-BF, showed an absorption shoulder at ca. 390
nm (molar extinction coefficient £ = 1.85 X 10> M~ cm™), and
2-(BF,), displayed absorption maxima at 469 nm (¢ = 3.15 X
10> M~ em™) and 359 nm (& = 5.23 X 10> M~ cm™). The
assignment of the absorption bands is discussed in the DFT
Calculation section (vide infra).

Corrected emission spectra of 1-BF,, 2-(BF,),, 1'-BF,, and
2/-(BF,), in dichloromethane are shown in Figure S3a in the
SL 1-BF, and 2-(BF,), showed emission maxima (A, em = 673
and 739 nm, respectively) that were red-shifted (1.07 X 10* and
7.8 X 10°> cm™") from the absorption shoulder of 1-BF, and
absorption maxima of 2-(BF,), (4p, = 390 and 469 nm,
respectively), while 1’-BF, and 2'-(BF,), showed emission
maxima (Apyaem = ca. 750 and 780 nm, respectively) that were
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more red-shifted (1.17 X 10* and 8.5 X 10°> cm™) from the
absorption shoulders of 1'-BF, and 2'-(BF,), (44 = ca. 400
and 470 nm, respectively). 1-BF,, 2-(BF,),, 1'-BF,, and 2"
(BF,), are thought to undergo geometrical changes from the
ground state to the charge-transfer (CT) excited state similar to
those shown by copper(I) (diimine)(diphosphine) com-
plexes.*® Larger Stokes shifts in 1’-BF, and 2'-(BF,), suggest
a larger geometrical change because of the lack of steric
hindrance of the methyl group directed toward the copper(I)
atoms in the io- 1-BF, and the symmetric io—io complex 2-
(BF,),. 1-BF, and 2-(BF,), displayed stronger luminescence
than their corresponding model complexes (Figure S3a in the
SI). The relative luminescence quantum yields were ¢ = 1.1 X
107* (1-BE,), 4.2 x 107 (2-(BE,),), 4 X 107 (1"-BF,), and 4
x 107 (2'-(BF,),). Rhodamine 6G was used as the quantum
yield standard, assuming a value of 0.95 in ethanol.” These are
explained by the fact that the steric methyl groups minimized
the structural relaxation and raised the energy of the excited
state, as shown in the emission spectral shift. In addition, the
methyl groups would suppress the solvent-induced and exciplex
quenching.

Both 1-BF, and 2-(BF,), displayed stronger luminescence in
the solid state (powder; Figure 6 and S3b in the SI) than in

Figure 6. Fluorescent microscopy pictures of (a) 1-BF, and (c) 2-BF,
and (b and d) their respective luminescence under blue-light
excitation.

solution. Their emission maxima and absolute luminescence
quantum yields ¢ in the solid states were 4., .., = 587 nm and
¢ = 0.020 and 4, e, = 642 nm and ¢ = 0.035, respectively.
The emission maxima were red-shifted 8.6 X 10° and 5.7 X 10°
cm™!, respectively, from the absorption maxima observed in
solution. The luminescence of 1’-BF, was weaker than those of
the other complexes.

Electrochemistry. Cyclic voltammograms (CVs) were
measured in dichloromethane with 0.1 M Bu,NBF, as the
supporting electrolyte; solutions of 2.0 mM 1-BF, and 1.0 mM
2-(BF,), were tested (Figure S4 in the SI). The CV of 1-BF,
showed an irreversible oxidation peak at 1.15 V vs Ag"/Ag and
an irreversible reduction peak at —1.76 V. The CV of 2-(BF,),
exhibited an irreversible oxidation peak at 1.33 V, a reversible
reduction peak at —1.09 V, and an irreversible reduction peak at
—1.66 V. 1-BF, is more easily oxidized than 2-(BF,), because
1" is a monocation and 2** is a dication. Especially, two
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positively charged copper(I) atoms stabilized the one-electron
reduction of 2-(BF,),, and the first reduction process became
reversible. The redox sites of these compounds and the
quantitative values of the redox potentials are discussed
together with the calculated values in the following section.

DFT Calculation. The molecular and electronic structures
of 00-1*, io-1%, ii-1*, and 2** were investigated via ground-state
DFT calculations using B3LYP'® and M06'" hybrid functionals.
ii-1" is an imaginary isomer that was not experimentally
observed. The calculated structures of oo-1* and 2** were
compared with those in their crystalline forms. The 7—n
stacking between the pyrimidine and the phenyl groups that
appeared in the crystal [2]-(BF,),(CH,Cl,), was not
reproduced by B3LYP, which does not include dispersive
interactions, although the m—n stacking was retained using
MO06, which gives a good performance for the noncovalent
interactions.

The summation of the electronic and thermal free energies of
isomers of 1" was calculated to be oo = —80207.19 €V, io =
—80207.05 eV, and ii = —80206.77 eV using B3LYP and o0 =
—80166.53 eV, io = —80166.51 eV, and ii = —80166.46 eV
using M06. The per mole energies of the io and ii isomers
relative to the oo isomer were +13.5 and +40.7 kJ mol™’,
respectively, using B3LYP and +2.4 and +7.2 kJ mol™},
respectively, using M06. The order of the calculated ground-
state energies, 0o < io < ii, agreed with the experiments. The per
mole energies of the io isomer relative to the oo isomer
estimated from the 'NMR results [1:1.2:0 in CD,Cl, and
1:0.8:0 in acetone-dg; the ratio of the io isomer is doubled
because the io and oi isomers are the same (1.2 =2 X 0.6, 0.8 =
2 X 0.4)] were +1.3 k] mol™! in CD,Cl, and +2.3 kJ mol™ in
acetone-dg, and the per mole energies of the ii isomer relative to
the oo isomer should be >>+10 kJ mol™' in both solvents.
Although the relative energy of the io isomer well agreed with
the calculation using MO6, the relative energy of the ii isomer
estimated using MO06 was too small. The calculated energy
using B3LYP was large enough to exclude both the io and ii
isomers.

The contour surfaces and calculated energies of selected
molecular orbitals (LUMO+1, LUMO, HOMO, and HOMO—
1) are shown in Figures 7 and SS in the SI. For 1*, three
isomers formed similar electronic structures around the frontier
orbitals; LUMO and LUMO+1 were centered mainly on
dmbpm, and HOMO and HOMO-1 were mainly located at
the copper and DPEPhos. LUMO and LUMO+1 of 2*
exhibited electron density distributions similar to those of 1*
and were mainly centered on the dmbpm ligand. HOMO and
HOMO-1 of 2" were close to degenerate; they were expressed
as bonding and antibonding combinations of molecular orbitals
similar to the HOMO of 1*, in which the electron density was
distributed on copper and DPEPhos. Both HOMO and LUMO
of 2*" were lower in energy than those of 1Y, which was
confirmed by electrochemical measurements. The HOMO—
LUMO gaps calculated by DFT are 3.3 ¢V (B3LYP) and 3.8 eV
(M06) for 1* and 2.5 eV (B3LYP) and 3.0 eV (MO06) for 2**.
The values calculated using B3LYP are similar to eAE = e(E™ —
Ep™?) estimated by cyclic voltammetry: 2.91 eV for 1-BF, and
242 eV for 2-(BE,), where E™ is the reversible oxidation
potential, E;" is the first reduction peak potential from cyclic
voltammetry, and AE roughly indicates the electrochemical
HOMO-LUMO gap. Although the values calculated using
MO6 are a little higher than the electrochemical values, they
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LUMO (-7.10 eV)

HOMO-1 (-8.22 eV)

HOMO-1 (-9.66 eV)

Figure 7. Selected molecular orbitals of (a) oo-1* and (b) 2**
calculated using DFT (B3LYP).

also indicate a larger HOMO—LUMO gap for 1-BF, than 2-
(BE,),.

Visible absorption spectra were compared with the results
from time-dependent DFT (TDDFT) using B3LYP. The main
transitions are listed in Table S4 in the SI. The transitions from
HOMO to LUMO and from HOMO-1 to LUMO+1
contributed considerably to absorption in 2*'; absorption in
00-1* and io-1" showed significant contributions from the four
transitions from each of HOMO and HOMO-1 to both
LUMO and LUMO+1. Thus, the visible absorption bands of 1*
and 2** were interpreted as CT bands from the copper- and
DPEPhos-based orbitals to the dmbpm-based orbitals.
Calculations of the visible bands in similar copper complexes
have also been similarly interpreted in previous works.”!?

A smaller HOMO—LUMO gap was inferred to cause 2** to
display absorption bands at longer wavelengths than those
shown by 1*. The molecular orbitals in the divalent cation (2**)
were lower in energy than those in the monovalent cation (1*),
in which the stronger electrostatic attraction between the cation
and electrons stabilized the energy of the electrons. LUMO of
2”* was between the two copper ions, suggesting that the
electrostatic interaction from the two positive charges was
much stronger to LUMO than to HOMO (HOMO is localized
on each copper ion and DPEPhos ligand). Therefore, the
energy of LUMO decreased more greatly than that of HOMO,
which led to the small HOMO—-LUMO gap.

Time-Traced UV-vis Spectroscopic Analysis of the
Formation of 2:(BF,), from 1-BF,. The reaction kinetics of
io-1" and o00-1" were next studied to elucidate isomer-
dependent properties triggered by methylpyrimidine ring
inversion. Dinucleation of 1-BF, was chosen as a model
reaction to examine because both isomers yielded the same
product [2-(BF,),] upon the addition of [Cu-
(MeCN),(DPEPhos)](3-BE,). The io and oo isomers of 1*
were expected to behave differently during dinucleation and
thus show different rate constants. io-1" reacted with 3" to
afford symmetric (io—io) 2**, while 0o-1" had two possible
pathways: (i) it undergoes concerted rotation of the
methylpyrimidine moiety during bond formation, furnishing
(io—io) 2**; (ii) it first forms (ii—o0) 2**, which will rapidly
isomerize to (io—io) 2** upon warming to room temperature
(Figure 8). Differences of reactivities between the io and oo

1-BF, Slow
Me isomerization
N /P at 193K
I >cul —_—
Me" '\¢ \P k=1x10* at193K
o ratio = 0.46 : 0.54
io isomer
R NCMe
K U funeme
10 P
- 2MeCN
2:(BF,),

P

N\ C - P

/CU\N N/ u Cu\N N/Cu
p Me P

(i) Pyrimidine ring rotating

Symmetric

Ph Ph
S p p ¥
N:EN\ 4 = p
NN P )
AF P Ph/l\=’h
00 isomer

/k

P /
or I/N cy >
Me

P

(i) Unsymmetric

transition state

Figure 8. Reaction pathways for the formation of 2-(BF,), from 0o-1-BF, and io-1-BF, at 193 K.
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isomers were observed at 193 K, which is just sufficient to
prevent interconversion of the io and oo isomers. These tests
and analyses found the coexistence of fast and slow reaction
rates, which correspond to k;, and k,, respectively. Note that
the quantitative production of (io—io) 2-(BF,), was detected by
UV—vis spectrometry and 'H NMR when 3-BF, was added to a
solution of 1-BF, at room temperature.

A 2.5 mL acetone solution of 1-BF, was cooled sufficiently
(to 193 K) to freeze interconversion of the io and oo isomers
(Kipmoo = 97 X 1075 s7! estimated at 193 K in acetone by
extrapolation of the Arrhenius plot; Figure S2c in the SI). A
total of 1.08 equiv of 3-BF, was added to this solution, and
UV—vis absorption spectra were measured every 1 s (Figure
9a). After the reaction had reached completion (10 min), the

(a) 16

1.4 —() s

1.2 p s
() w10 s
2 1 20s
g 08 —30s
[e] =50 s
2 06 =100 s
< 0.4 150 s

0.2

0

350 400 450 500 550 600 650
Wavelength / nm

() 1

0.8
o
SI{ 0.6 oog
Soalff 351/

-0.15 : ‘ ‘ J
0 50 100 150 200
02 Time/s
0 L 1
0 50 100 150 200
Time /s

Figure 9. (a) Time-resolved absorption spectra during the formation
of 2-(BF,), from 1-BF, at 193 K in acetone. (b) Time-dependent
variation of absorbance A(t) — A(0) at 470 nm. A(t) indicates the
absorbance at t seconds after the addition of 3-BF, to the solution.
Averaged experimental results (A,,,, red line), and fitting curves using
eql (Aeq 1 green line) and eq 2 Aeq 2 blue line) . Inset in b: AA =
Ay — Aeq 1 (green line), Agp — Aq2 (blue line), and App — Ay =0
(red line).

spectra appeared similar to that of 2-(BF,), at 193 K, indicating
that 2-(BF,), was indeed produced. The product from the oo
isomer could be assigned as the symmetric (io—io) isomer or
the unsymmetric (ii—o0) isomer (vide infra). The complete
formation of symmetric 2-(BF,), indicates that ring rotation,
which is stopped in 1-BF, at 193 K, was promoted by the
addition of another copper center. Spectral differences between
two periods of time after the addition of 3-BF, to a 1-BF,
solution at 193 K were calculated and normalized at the
maxima, and all of these graphs showed similar spectral shapes
within the margin of error (Figure S6 in the SI). This indicates
that io-1* and o00-1" showed negligibly different UV—vis
absorption spectra in these experiments.
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Time dependence of the absorbance at 470 nm during
dinucleation was examined six times (Figure S7 in the SI). The
six curves showed basically identical shapes with little
discrepancy, indicating the repeatability of these experiments.
The curves show apparent inflection points at around S s
[around absorbance change A(f) — A(0) & 0.4]. Two model
equations are proposed to interpret the experimental results:

d[2?%]/dt = k[11][3"] )

d[2°*]/dt = k,[io-17][3"] + k,,[00-1"][3"] )

Equation 1 is a rate equation for a one-component second-
order reaction, and eq 2 is that for a two-component (k;, and
k,,) second-order reaction. Equation 1 is a special case of eq 2
for k;, = k,,. The equilibrium constants derived from 'H NMR
and the absorption coefficients obtained from UV-—vis
absorption spectra at 193 K were used as fixed parameters.
The average of the six curves (red line, Figure 9b) is fitted by
these equations, with the optimized fitting curve calculated
using eq 1 (k = 337 M™' s7/; green line, Figure 9b) showing an
inferior fit to that calculated using eq 2 ({k;, k,,} = {1054 M
s7!, 216 M™' s7'}; blue line, Figure 9b). The differences
between the simulation and experimental results were
quantified using residual sums of squares; these were 0.1701
for eq 1 and 0.0090 for eq 2 (see also Figure S8 in the SI for a
further comparison of eqs 1 and 2). These results strongly
indicate that the reaction is rationalized by eq 2, i.e., that the
reaction involves two second-order processes with different rate
constants, k;, and k,,. The two obtained kinetic constants, 1054
and 216 M™" s™!, were assignable to k;, and k., respectively. io-
1" simply reacted with 3* to afford symmetric (io—io) 2**, while
00-1* required a greater activation energy (i) to allow rotation
of the pyrimidine ring or (ii) to accept a less stable dinuclear
(ii—00) 2*" configuration, which yielded the smaller rate
constant. Dinucleation from io-1" occurred § times more
quickly than the reaction from oo-1". This is a novel property
change triggered by rotational isomerization: the reaction
pathways were affected by isomerization.

We proposed two possible mechanisms for dinucleation of
00-1*. One possible mechanism is the direct formation of
symmetric (io—io) 2**. In this pathway, the exergonic
dinucleation reaction assists ring rotation. In the postulated
transition state (Figure 8, hypothetic transition state), the bond
formation energy of a new Cu—N bond compensates for a
considerable proportion of the dissociation energy of one of the
Cu—N bonds. As a result, one pyrimidine ring is released and
can rotate to form symmetric (io—io) 2**. The formation of
unsymmetric (ii—o00) 2** is the other possible mechanism. In
this pathway, the explanation of ring rotation is not needed,
while 00-1" has to form a (ii—00) 2% intermediate, which would
have a congested structure with more steric restraints than ii-1*.

We attempted to monitor the dinucleation reaction at 193 K
by 'H NMR spectroscopy in an effort to reveal which pathway
could interpret the reaction. The acetone-dy solution of 1-BF,
was mixed with 1.2 equiv of 3-BF, in acetone-dg at 179 K using
a liquid N,—acetone bath, and the 'H NMR spectrum was
quickly obtained at 193 K (Figure S9a in the SI). The protons
on dmbpm showed only one set of signals at 5 9.68 (2H), 7.95
(2H), and 2.15 (6H) in the spectrum. The chemical shifts of
the signals became identical with that of the (io—io) 2*" isomer
cooled to 193 K (Figure S9b in the SI)."* These results support
the direct formation of symmetric (io—io) 2**. Thus, the
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concerted ring rotation and Cu—N bond formation mechanism
is likely from 'H NMR observation.

B CONCLUSIONS

Mono- and dinuclear DPEPhos—copper(I) complexes that
incorporated dmbpm ligands were successfully synthesized.
The dinuclear complex assumed only a symmetric (io—io)
structure, while the mononuclear complex showed oo and io
isomers. The absence of a mononuclear ii isomer was also
supported by DFT calculations. Crystal structural analysis
suggested that rotation of the pyrimidine ring is strongly
affected by steric hindrance from the DPEPhos ligands. These
complexes showed CT bands in the visible region and displayed
luminescence. The absorption and luminescence spectra were
considerably influenced by the presence of the methyl groups.
Spectroscopic differences between the mono- and dinuclear
complexes were interpreted with the support of TDDFT
calculations and electrochemical tests. Formation of the
dinuclear copper complex by the addition of a copper source
to the mononuclear complex was found to have two kinetic
components. The faster reaction rate was attributed to the io
isomer and the slower rate to the oo isomer because the oo
isomer required (i) oo — io inversion before it could form the
symmetric (io—io) isomer or (ii) formation of the unsymmetric
(ii—o00) isomer, which only exists at low temperature.

These findings are interpreted as evidence of a new type of
property: conversion by pyrimidine rotation; the restricted
double pyrimidine rotation regulates the reaction rates of
dinucleation. This study suggests that the present molecular
rotor is a potential new reaction regulator at the single-
molecular level.

B EXPERIMENTAL SECTION

Materials. Tetrakis(acetonitrile)copper(I) tetrafluoroborate'*
([Cu(MeCN),]BE,) and [Cu(MeCN),(DPEPhos)]'* (3-BE,) were
prepared accordin§ to reported methods. 4,4’-Dimethyl-2,2"-bipyr-
imidine (dmbpm)'® was synthesized from 2-hydroxy-4-methylpyr-
imidine hydrochloride using a reported method for the synthesis of
2,2'-bipyrimidine.'” [Cu,(DPEPhos),(u-bpym)](BE,), [2"-(BE,),]
and [Cu(DPEPhos)(bpym)]BF, (1'-BF,) were prepared using
modified literature procedures,”” as were 2-(BF,), and 1-BF,. The
complexes were characterized by 'H NMR. Bis[2-
(diphenylphosphino)phenyl] ether (DPEPhos), 2-hydroxy-4-methyl-
pyrimidine hydrochloride, and spectroscopy-grade acetone were from
Wako Pure Chemical Industries, Ltd.

Synthesis of [Cu,(DPEPhos),(u-dmbpm)](BF,), [2:(BF,),]. The
bipyrimidine-bridged dinuclear copper comglex 2-(BF,), was synthe-
sized using a modified literature procedure.*” [Cu(MeCN),]BF, (63.1
mg, 0.20 mmol) was added to DPEPhos (107.8 mg, 0.20 mmol) in §
mL of CH,Cl,. dmbpm (18.6 mg, 0.10 mmol) in S mL of CH,Cl, was
added dropwise, and the reaction mixture was stirred for 30 min.
Diethyl ether was added to precipitate the product as an orange solid,
which was filtered and washed with diethyl ether (149.8 mg, 0.0958
mmol, 95.8% yield). '"H NMR (500 MHz, CD,Cl,, 293 K, 'H-'H
COSY spectrum is shown in Figure S10 in the SI): § 9.17 (d, ] = 54
Hz, 2H), 7.76 (d, ] = 5.4 Hz, 2H), 7.42—7.34 (m, 12H), 7.32 (t, ] = 7.6
Hz, 4H), 7.21 (q, 8H), 7.13 (t, ] = 7.5 Hz, 4H), 7.05 (t, ] = 7.5 Hg,
4H), 6.99 (t, 12H), 6.84 (m, 4H), 6.73 (q, 8H), 2.06 (s, 6H). 'H
NMR (500 MHz, acetone-dg, 293 K): § 9.34 (d, ] = 5.4 Hz, 2H), 7.84
(d, ] = 5.2 Hz, 2H), 7.47—7.43 (m, 8H), 7.37—7.31 (m, 16H), 7.24—
7.12 (m, 20H), 6.98—6.88 (m, 12H), 2.26 (s, 6H). Elem anal. Calcd
for 2-(BF,),-0.8CH,Cl,: C, 60.94; H, 4.18; N, 3.43. Found: C, 60.73;
H, 4.54; N, 3.44. ESL-TOF-MS: m/z 147528 ([2-BF,]*).

Synthesis of [Cu(DPEPhos)(dmbpm)]BF, (1:BF,). The hetero-
leptic copper complex 1-BF, was synthesized using a modified
literature procedure.”® dmbpm (37.2 mg, 0.20 mmol) was added to 2-
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(BF,), (156 mg, 0.10 mmol) in CH,Cl, and stirred for 30 min. The
product was obtained by concentration of the reaction mixture
followed by precipitation by the addition of diethyl ether. A yellow
solid was filtered and washed with diethyl ether (146.1 mg, 0.167
mmol, 83.5% yield). "H NMR (500 MHz, CD,Cl, 243 K, oo/io ~
0.83, "H—"H COSY spectrum is shown in Figure S11 in the SI): & 8.95
(d,] = 5.0 Hz, 1H, io), 8.37 (d, ] = 5.0 Hz, 2H, 00), 8.26 (d, ] = 5.4 Hz,
1H, io), 7.36—6.87 (28H, io, 28H, 00), 6.77 (m, 2H, i0), 6.66 (m, 2H,
00), 2.69 (s, 6H, 00), 2.64 (s, 3H, io), 2.32 (s, 3H, io). "H NMR (500
MHz, acetone-dg, 233 K, 00/io ~ 1.21): § 9.06 (d, ] = 5.0 Hz, 1H, io),
9.02 (d, ] = 5.0 Hz, 1H, i0), 8.81 (d, J = 5.2 Hz, 2H, 00), 7.71 (d, ] =
4.9 Hz, 1H, io), 7.57 (d, ] = 5.3 Hz, 1H, io, 2H, 00), 7.47—7.03 (26H,
io, 26H, 00), 6.82—6.77 (2H, io), 6.68—6.64 (2H, 00), 2.68 (s, 6H, 00),
2.63 (s, 3H, io), 2.26 (s, 3H, io). Elem anal. Calcd for 1-BF,
0.1CH,Cl,: C, 62.66; H, 4.36; N, 6.34. Found: C, 62.47; H, 4.61; N,
6.09.

X-ray Structural Analysis. Yellow single crystals of [00-1]-BF,-
CH,Cl, were obtained by diffusing hexane into a dichloromethane
solution of 1-BF,. Orange single crystals of [2]-(BE,),-(CH,Cl,), were
obtained by diffusing diethyl ether into a dichloromethane solution of
2-(BF,),. Diffraction data for X-ray analysis were collected with an
AFC10 diffractometer coupled with a Rigaku Saturn CCD system
equipped with a rotating-anode X-ray generator producing graphite-
monochromated Mo Ka radiation (4 = 0.7107 A). Lorentz
polarization and numerical absorption corrections were performed
with the program CrystalClear].3.6. Structures were solved by direct
methods using SIR92 software'® and refined against F* using SHELXL-
97."° WinGX software was used to prepare the material for
publication.”® The crystallographic data are listed in Table S3 in the
SI Crystal structure data (CIF; CCDC 959042 and 959043) are given
in the SI and can be obtained free of charge via the Internet from The
Cambridge Crystallographic Data Centre via www.ccde.cam.ac.uk/
data_request/cif.

Instruments. '"H NMR spectra were recorded using a Bruker
DRXS00 spectrometer. The reported chemical shifts of the solvent
residual peaks were used for calibration of the '"H NMR spectra in
CD,Cl, (6 5.32) and acetone-ds (8 2.05).>" Electrospray ionization
time-of-flight mass spectrometry (ESI-TOF-MS) spectra were
recorded using an LCT Micromass spectrometer. UV—vis absorption
spectra of 1-BF, and 2-(BF,), in CH,Cl, were recorded with a Jasco
V-570 spectrometer. Solid-state luminescence images were measured
under blue-light excitation using an Olympus BXS51 fluorescence
microscope. Steady-state emission spectra and relative quantum yields
were measured with a Hitachi F-4500 spectrometer. Absolute
photoluminescence quantum yields were measured with a Hamamatsu
Photonics C9920-02G. Kinetic assessment of the synthesis of 2-(BF,),
from 1-BF, and 3-BF, at 193 K was conducted using UV—vis
absorption spectra recorded in acetone in 1-cm-optical-path-length
quartz cells using a Hewlett-Packard 8453 spectrometer equipped with
a temperature controller (UNISOKU USP-203A). Electrochemical
measurements were recorded with an ALS 650DT electrochemical
analyzer (BAS. Co., Ltd.). The working electrode was a 0.3-mm-o.d.
glassy carbon electrode, a platinum wire served as the auxiliary
electrode, and the reference electrode was an Ag*/Ag electrode (a
silver wire immersed in 0.1 M Bu,NCl0,/0.01 M AgClO,/CH;CN).
The solutions were deoxygenated with pure argon prior to the
electrochemical measurements.

Thermodynamic and Kinetic Analyses of '"H NMR. 1-BE, was
analyzed using the aromatic '"H NMR signals of the dmbpm moiety.
The solution-state molar ratios of the isomers at several temperatures
were determined from 'H NMR signal integration. The broad spectra
acquired at high and low temperature were excluded from
thermodynamic analysis. The generated van’t Hoff plots were based
on an equilibrium constant corresponding to the value of [0o-isomer]/
[io-isomer]. A rate of inversion from the io isomer to the oo isomer was
determined via simulation analysis of the experimental 'H NMR
spectra. The simulations were performed using the iNMR software
package. Equilibrium constants determined from the van’t Hoff plot
were used for simulation analysis. Arrhenius plots were drawn setting
the rate constant k as the inversion rate constant. The rates of
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inversion at different temperatures were calculated from the slope and
intercept of the approximated Arrhenius plots.

Kinetic Assessment of the Synthesis of 2:(BF,;), from
Equimolar 1-BF, and 3:BF, at 193 K. In a 25 mL volumetric
flask, 1-BF, (4.37 mg, 4.99 mmol) was dissolved in acetone to yield a
yellow solution (2.00 x 10™* M). 3-BF, (7.76 mg, 10 mmol) was
dissolved in 0.5 mL of acetone; the concentration of this colorless
solution was determined to be 1.80 X 107> M by titration with 1-BF,
at room temperature. Using a volumetric pipet, 2.5 mL of a 1-BF,
solution was added to a cell, stirred with a magnetic stirrer tip, and
cooled to 193 K, and then the solution of 3-BF, (30 uL, equivalent to
2.15 X 107" M in 2.5 mL) was added by syringe at once. Absorption
spectra and absorbance at 470 nm were recorded every 1 s.

Computational Details. DFT calculations were executed using
the Gaussian09 program package.”> The geometries of the complexes
were optimized without symmetry constraints using the crystal
structure coordinate as the starting structure for oo-1* and 2** and
employing minor changes (Me and H exchange) to the crystal
structure of 0o-1" for io-1* and ii-1*. Calculations were performed
using Becke’s three-parameter exchange functional with the Lee—
Yang—Parr correlation functional (B3LYP)" and the hybrid functional
of Truhlar and Zhao (M06),"" together with the 6-31G basis set™ for
carbon, phosphorus, hydrogen, nitrogen, and oxygen atoms and the
“double-{” quality LANL2DZ basis set”* for the copper element.
Cartesian coordinates of all of the optimized geometries are listed in
the SI. Frequency calculations were carried out to ensure that the
optimized geometries were minima on the potential energy surface, in
which no imaginary frequencies were observed in any of the
compounds. TDDFT calculations were performed using B3LYP to
calculate the first 30 singlet transitions for 0o-1" and the first 20 singlet
transitions for 2%*.

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic data for [00-1]-BF,-CH,Cl, and [2]
(BF,),-(CH,Cl,), in CIF format, crystal structure data, van’t
Hoff and Arrhenius plots, emission spectra, CVs, DFT and
TDDFT, and kinetic assessment data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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