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ABSTRACT: Achieving stepwise photochromism in a combined
molecule to access all of the possible ring-open/closed isomers is a
challenge due to facile energy transfer from ring-open
dithienylethene (DTE) to an adjacent ring-closed moiety that
prohibits further photocyclization. The preparation, character-
ization, and photochromic properties of a bis(c-acetylide) bonded
ruthenium(II) complex 200 and its oxidized form 200* with two
identical DTE-acetylides (L1o) are described. Stepwise and dual
photochromic reactions are successfully achieved in both 200 and
2007, in which the ring-closing absorption band of 200" shows an
obvious blue-shift relative to 200. It is demonstrated that stepwise
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photochromic reactions 200—2co—2cc are more facile than 200" —2co*—2cc’. The lower electronic density at the reactive
carbon atoms upon oxidation of Ru(II) to Ru(III) causes photocyclization to have more difficulty proceeding in oxidized species
200"/2co’. Upon dual ring-closure, 2cc/2cc* exhibits significant electronic interaction between two identical ring-closed DTE
units across trans-Ru(dppe), spacer. The interconversion processes among six states are unambiguously demonstrated by NMR,

UV—vis—NIR, and IR spectroscopic, and electrochemical and computational studies.

B INTRODUCTION

Photochromic dithienylethene (DTE) compounds that can
undergo a reversible switch between two isomers upon
irradiation with appropriate light have been intensively
investigated due to their extensive applications in optical
memory, optoelectronics, and switching devices at the
molecular level.'~® Recently, the combined systems composed
of two or more photochromic switches are of particular interest
as they can display multicolors and multistates upon irradiation
with appropriate wavelengths of light,'>"" which are particularly
significant for achieving multifrequency optical memories and
data storage.

When two or more DTE moieties in a combined molecule
are totally separated by nonconjugated organic or organo-
metallic spacers, they always operate independently without
direct interaction between them. Each DTE unit behaves as an
isolated switching system so that ring-closure occurs simulta-
neously at several identical DTE moieties to afford the fully
ring-closed form."'™'® Low-energy absorbance due to ring-
closing reaction is simply accumulation of several independent
DTEs without changes or shifts in wavelengths. In this case,
stepwise ring-closed products containing both ring-open and
-closed DTEs are normally unattained. In contrast, if two or
more identical DTE moieties are linked by #-conjugated
organic spacers, the ring-closing reaction at one DTE unit
always results in impeding photocyclization at other ring-open
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DTE moieties because of facile intramolecular excited energy
transfer from the ring-open form to the ring-closed one that
prohibits further formation of fully ring-closed species."” > As
a result, stepwise ring-closing reactions could not be performed
in both electronically isolated and totally delocalized systems.
To attain all possible ring-open/-closed isomers in a combined
molecule, it is necessary to afford a suitable electronic
interaction between two or several identical DTE units so
that stepwise and multiplet photochromic reactions could be
conducted, but rapid intercomponent energy transfer is mostly
constrained.

Although all possible ring-open/-closed isomers in different
photochemical quantum vyields have been found in a few
organic compounds with two or three DTE units,** 8 it is
envisioned that incorporating multi-DTE ligands to a metal
coordinated system is another alternative approach to achieve
stepwise photochromic reaction as demonstrated by one
Pt(11)*° and one Au(I)*° complex with two identical DTE-
acetylide moieties bound to a trans-Pt(PBu'y), or Au(l) spacer
through a Pt—acetylide or Au—acetylide bond. It has been
demonstrated that incorporating DTE ligands with photo-,
electro-, or magneto-active metal coordinated systems®'~** not
only allows improvement of the photoswitching functionality,
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Scheme 1. Six States of Complex 2 from Stepwise Photochemical and Electrochemical Reactions

2cc

but also affords a feasible approach to modulate optical,
electronic, magnetic, and catalytic properties.” '* With judi-
cious selection of an electrochemically active metal coordinated
system bound to two DTE moieties, it is possible to modulate
stepwise photochromic reactions through reversible changes in
oxidation states.

As a redox-active metal center, Ru(II) is a better electronic
mediator than Pt(II) or Au(I) when two ferrocenyl-acetylides
(Fc—C=C) are bound to the metal center to give the Fe—C=
C—M—C=C—Fc array.® ™ It has been demonstrated that
electronic communication between two ferrocenyl (Fc) units in
Fc—C=C-M-C=C-Fc is more remarkable for M =
Ru(II)* than that for M = Pt(II)** or Au(I).* With this in
mind, Ru(II/II) coordinated system DTE—C=C-M-C=
C—DTE was elaborately designed, taking advantage of two
identical DTE-acetylides bound to trans-Ru(dppe), (dppe =
1,2-bis(diphenylphosphino)ethane). We are particularly inter-
ested in two crucial issues with this system. On the one hand,
when a ruthenium unit is bound to two identical DTE moieties,
is it possible to overcome intramolecular energy transfer from
the higher energy level of the ring-open DTE unit to the ring-
closed one so that the fully ring-closed form is attained in high
yield? On the other hand, is it possible to modulate stepwise
and dual photocyclization reactions through the oxidation of
Ru(II) to Ru(III)?

We describe herein the synthesis, characterization, and
photochromic properties of ruthenium(II) complex 200
(Scheme 1) and its oxidized species 200" with two identical
DTE-acetylide units linked to a trans-Ru(dppe), spacer through
bis(Ru—acetylide) bonds. As expected, stepwise and dual
photocyclization/cycloreversion reactions are indeed achieved
for both 200 and its oxidized species 200". The quantum yields
of stepwise photochemical reactions 200—2co—2cc are
obviously higher than the corresponding 200" —2co™—2cc”.
It is intriguing that 200%/2co*/2cc” displays near-infrared
(NIR) absorption following stepwise photocyclization reactions
of two DTE units, strikingly different from 200/2co/2cc.

B RESULTS AND DISCUSSION

Complex 200 was prepared by the reaction of Ru(dppe),Cl,
with 2.5 equiv of ethynyl-DTE (Llo) ligand in CH,Cl,
(Scheme S1) in the presence of 2.5 equiv of NaPF, and
NEt; to afford the desired product in 64% yield. The oxidized
species 200" was obtained by electrochemical oxidation in an
optically transparent thin-layer electrochemical (OTTLE) cell
with the potential at 0.7 V in 0.2 M (Bu,N)(PF,) dichloro-
methane solution at ambient temperature.

Upon irradiation under UV light at 365 nm, a colorless
CH,CI, solution of Llo turned blue with the occurrence of a
broad absorption band centered at 591 nm (Figure SI,
Supporting Information) due to the formation of ring-closed
Llc. The photocyclization and cycloreversion quantum yields
of L1o and Lic are 0.41 and 0.022 (Table 1), respectively. The
conversion yield of Llo—Llc is >95% at the photostationary
state (PSS) as revealed by the NMR spectral studies.

Table 1. Photochemical Quantum Yields® and Conversion
Percentage at Photostationary State (PSS)

D o7 conversion at PSS”
Llo 041 (Llo—LIc) 0.022 (Llc—Llo) >95%
200 0.76 (200—2co) 0.065 >95% (—2co)
0.16 (2co—2cc) 75% (—2cc)
200" 0.20 (200*—>2co0") 0.033
0.02 (2co*—>2cc?)
“Data obtained with an uncertainty of +10%. “Conversion

percentages measured by NMR spectroscopy. “Data obtained with
irradiation at 365 nm. “Data obtained with irradiation at 672 nm.

UV-Vis—NIR Spectral Studies. Complex 200 (Figure 1)
exhibits a strong absorption band at ca. 313 nm due to DTE-
centered transitions together with an intense absorption band
at 347 nm tailing to S00 nm, arising mainly from z7—7z*(L10)
IL (intraligand), 4d (Ru)—z*(dppe) MLCT, and z(Llo)—
m*(dppe) LLCT states as supported by the computational
studies (vide infra). Upon irradiation of complex 200 with UV
light at 365 nm (Figure 1), while the intense absorption bands
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Figure 1. UV—vis—NIR absorption spectral changes of 200 in CH,Cl,
at 298 K upon irradiation at 365 nm, showing the stepwise
photocyclization reactions 200—2co—2cc.

at 313 and 347 nm gradually decreased, three new bands
centered at 390, 470, and 684 nm occurred, which are
progressively enhanced in intensity with the ongoing photo-
cyclization reaction of one Llo to produce singly ring-closed
species 2co (Scheme 1). Meanwhile, the colorless solution
turned cyan in 1 min. When the solution of singly ring-closed
species 2co was further irradiated with UV light at 365 nm for
30 min, the band centered at 684 nm continually increased in
intensity and meanwhile progressively red-shifted to 698 nm
due to further photocyclization reaction 2co—2cc at the
second Llo to Llc (Scheme 1). As depicted in Figure 1, the
ring-closing absorption maximum was first observed at 684 nm
and then increasingly red-shifted to 698 nm, demonstrating
unambiguously that distinctly stepwise photocyclization re-
actions occurred indeed through 200—2co—2cc (Scheme 1).
Obviously, low-energy absorption at ca. 684 nm due to ring-
closing reaction of one Llo to Llc is drastically red-shifted as
compared to that of free ligand (591 nm, Figure S1, Supporting
Information) because of the more extended z-system upon
complexation with ruthenium(II) center through bis(Ru—
acetylide) coordination. Relative to that in singly ring-closed
2co (684 nm), the low-energy absorption band in dually ring-
closed 2cc (698 nm) is further red-shifted due to the better z-
conjugation in the latter. On the other hand, when the solution
at the photostationary state (PSS) is irradiated with the light at
672 nm (Figure S4, Supporting Information), the reversed
UV—vis absorption spectral changes were observed due to
corresponding stepwise cycloreversion reactions 2cc—2co—
200.

It is noticeable that distinct two-step UV—vis—NIR spectral
changes indicate that more remarkable stepwise photocycliza-
tion occurs for Ru(II) complex 200 than for Pt(I1)* or Au(1)*°
species described previously. It appears that Ru(Il) as a
favorable electronic mediator is a better spacer than Pt(11)* or
Au(I)30 to achieve stepwise photochromic reactions when
multi-DTEs are incorporated through metal—acetylide bonds.
It is likely that the coordination of Ru(II) center to DTE-
acetylide through Ru-—acetylide o—bonding promotes inter-
system crossing through metal-perturbed IL or MLCT excited
state. Upon irradiation of 200 with the light of the wavelength
at a metal-perturbed IL or MLCT absorption band (ca. 350
nm), subsequent energy transfer from the metal-based moiety
toward a DTE-localized triplet excited state may occur, which
may then be the photoactive state undergoing cyclization.

Complex 200 was readily oxidized to 200" through
electrochemical oxidation of Ru" to Ru™ in dichloromethane
using an OTTLE cell. The UV—vis—NIR absorption spectral
changes through electrolysis of 200 at the potential of 0.7 V at
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exhibits a NIR band at ca. 1263 nm, ascribed mainly to the
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Figure 2. UV—vis—NIR spectral changes upon electrochemical
oxidation of 200 into 200" with the potential at 0.7 V in 02 M
(BuyN)(PFg) dichloromethane at 298 K.

LMCT (ligand-to-metal charge transfer) transition from DTE-
acetylide and dppe to the Ru(IIl) center.

When the solution of 200" was irradiated under UV light at
365 nm, with gradual decrease of the NIR band at ca. 1263 nm,
two new low-energy bands centered at 656 and 953 nm
occurred progressively due to photocyclization reaction at one
of the two Llo to produce singly ring-closed species 2co®
(Figure S6, Supporting Information). Upon further irradiation
of the solution at 365 nm, the ring-closing absorption band at
656 nm is progressively red-shifted (Figure 3) to 670 nm due to
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Figure 3. UV—vis—NIR spectral changes of oxidized complex 200"
upon irradiation at 365 nm, showing stepwise photocyclization
reactions 200" —2co*—2cc”.

further photocyclization reaction at the second Llo to afford
dually ring-closed species 2cc’. Meanwhile, the NIR band at
953 nm is further intensified, whereas the band at 1263 nm
disappeared gradually due to the further conversion of 2co* to
2cc* (Figure S7, Supporting Information). Thus, the UV—vis—
NIR spectral changes indicated unambiguously that stepwise
photocyclization reactions 200" —2co"—2cc* occurred indeed
to give singly ring-closed species 2co" first and then fully ring-
closed product 2cc* upon keeping irradiation under UV light at
365 nm. Conversely, when the solution at photostationary state
(PSS) is irradiated with the light at 672 nm (Figure S12,
Supporting Information), stepwise photocycloreversion reac-
tions 2cc*—>2co"—>200" (Scheme 1) were accordingly
operated.

The NIR band in 2co* and 2cc* (953 nm) is distinctly blue-
shifted as compared to that in 200" (1263 nm), which is
elucidated by their difference in transition character between
ring-open 200" and ring-closed 2co’/2cc” as suggested by
computational studies (vide infra). The low-energy absorption
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in visible region due to ring-closed Llc also shows a significant
blue-shift in oxidized complex 2co* (656 nm) or 2cc* (670
nm) as compared to that in 2co (684 nm) or 2cc (698 nm).
The quantum yields of photochromic reactions for 200 and
200" are depicted in Table 1. The much higher photo-
cyclization quantum yield of 200—2co (® = 0.76) than Llo—
Llc (® = 0.41) in free ligand is mostly ascribed to the electron-
rich character of Ru(II) center bound to two DTE units. In
contrast, the lower photocyclization quantum yields of 200" —
2co’ (® = 0.20) and 2co™—>2cc” (@ = 0.02) than those of
200—2co (@ = 0.76) and 2co—2cc (D = 0.16) are mostly due
to the electron-deficient nature of the Ru(III) center.
Undoubtedly, the lower electronic density at the reactive
carbon atoms in oxidized species 200%/2co” causes the ring-
closing reaction to have more difficulty proceeding than that in
200/2co. For stepwise photocyclization reactions 200—2co
(® = 0.76)—>2cc (P = 0.16), the much higher quantum yield
in the first step than that in the second step reveals that ring-
closing reaction at one Llo impedes significantly photo-
cyclization at the other Llo with lower conversion for 2co—
2cc (75%) in the second step than that for 200—2co (>95%)
in the first step. The quantum yield of cycloreversion reaction is
0.065 for 2cc and 0.033 for 2cc”, both of which are obviously
improved relative to free ligand Llc (® = 0.022) due to
coordination to Ru(II) or Ru(Ill) center, thus promoting
photochromic sensitivity.

NMR Spectral Studies. When 200 in CDCI; was irradiated
with UV light at 365 nm, the 'H NMR spectral signals (Figure
4a) at 7.56 ppm for H,, and 6.26 ppm for H,, were gradually
weakened, whereas four new signals at 7.58 ppm for H,,’, 6.90
ppm for H,’, 6.34 ppm for H,,’, and 5.21 ppm for H,.' were
increasingly enhanced following the photocyclization reaction
of 200—2co (Scheme 1). Upon keeping irradiation at 365 nm
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Figure 4. "H NMR spectral changes of 200 in CDCl; upon irradiation
at 365 nm to the PSS, showing the conversion of (a) 200—2co and
(b) 2co—2cc.

(Figure 4b) to the PSS, while the signals at 7.58 ppm for H,,/,
6.34 ppm for H,,, 6.90 ppm for H,/, and 521 ppm for H, /'
gradually decreased, two new peaks at 6.93 ppm for H,.” and
5.28 ppm for H,." appeared increasingly, implying a further
ring-closure of singly ring-closed 2co to dually ring-closed 2cc.
As depicted in Scheme 1 and Figure 4, the changes of CHj
protons also demonstrated the occurrence of stepwise ring-
closing reactions 200—2co—2cc. The signals of CH; protons
in 200 were observed at 1.97 (methyl b) and 1.83 ppm (methyl
a) (Figure 4a). Upon irradiation of 200 at 365 nm, the two
methyl signals were gradually attenuated with the occurrence of
two new low-field shifted signals at 2.19 ppm (methyl b’) and
2.17 ppm (methyl a’) together with another two new methyl
signals at 1.98 ppm (methyl d’) and 1.85 ppm (methyl ¢’) with
a slight low-field shift relative to methyl signals b (1.97 ppm)
and a (1.83), suggesting the occurrence of 200—2co
conversion due to the photocyclization reaction of one of the
two DTE moieties (Figure 4a). Further keeping irradiation at
365 nm resulted in gradual reduction in intensity for both sets
of methyl signals of 2co (signals a’, b’ and ¢/, d'), whereas two
new overlapped methyl signals b” and a” at 2.20 and 2.18 ppm
were observed because of further photocyclization of the
second DTE to produce the dually ring-closed form 2cc
(Figure 4b).

Stepwise photochromic reactions were unambiguously
supported by *'P NMR spectral studies (Figure S). When a
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Figure 5. *'P NMR spectral changes of 200 in CDCl, upon irradiation
at 365 nm, showing stepwise conversion 200—2co—2cc.

CDCl; solution of 200 was irradiated at 365 nm, the P signal at
53.08 ppm decreased gradually and vanished finally, whereas a
new P signal was first observed at 52.09 ppm due to the
photocyclization reaction of one of the two ring-open Llo to
give 2co. When the solution of 2co was further irradiated with
UV light at 365 nm, the P signal at 52.09 ppm for 2co
decreased gradually, whereas a new peak occurred at 51.04 ppm
due to the photocyclization reaction of the second ring-open
Llo to produce dually ring-closed 2cc. From the *'P NMR
spectral changes, the contents of 200, 2co, and 2cc against
irradiation time are estimated as shown in Figure 6. It is
revealed that 200 was first converted to 2co quickly and then to
2cc slowly upon irradiation at 365 nm so that singly ring-closed
intermediate 2co was successfully accessed with ca. 85% of
maximum percentage. At the PSS, the P signal integral ratio
between 2co (52.09 ppm) and 2cc (51.04 ppm) suggested the
presence of ca. 25% of 2co and 75% of 2cc (Figure 6).
Electrochemical Studies. The electrochemical data of
200, 2co, and 2cc versus Ag/AgCl in 0.1 M (Bu",N)(PFy)-
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Figure 6. Relative contents of 200 (red), 2co (green), and 2cc (blue)
under UV light irradiation at 365 nm, revealed from *'P NMR spectral
studies in CDCl; solution.

dichloromethane solutions are summarized in Table 2. The
electrochemical behavior of 200 was in situ monitored under

Table 2. Electrochemical Data of 200, 2co, and 2cc versus
Ag/AgCl in 0.1 M (Bu",N)(PF)-Dichloromethane Solutions

E\p (AEp)a'b

Ru-centered DTEs
200 0.52 (0.07) 1.29 (E,)°
2co 0.47 (0.08) 0.95 (0.10), 1.23 (0.13)

2cc 0.49 (0.09) 0.85 (0.08), 1.04 (0.08)

“Potential data in volts vs Ag/AgCl are from single scan cyclic
voltammograms recorded at 25 °C in 0.1 M dichloromethane solution
of (Bu,N)(PF). Detailed experimental conditions are given in the
Experimental Section. bAEP denotes the difference between the anodic
and cathodic potentials from cyclic voltammogram. “E, is anodic
potential.

UV irradiation at 365 nm using cyclic and differential pulse
voltammetry. The plots of cyclic voltammogram (CV) and
differential pulse voltammogram (DPV) in 0.1 M (Bu,N)(PFy)
dichloromethane solutions are shown in Figure 7. Complex
200 displays a reversible wave at 0.52 V (vs Ag/AgCl) due to
the oxidation of Ru(Il) to Ru(Ill) together with a quasi-
reversible wave at 1.29 V, resulting most likely from the Llo-
centered oxidation process because free Llo exhibits similar
electrochemical behavior in this potential. When singly ring-
closed species 2co was formed upon irradiation of 200 with UV
light at 365 nm, both waves at 0.52 and 1.29 V gradually
decreased and finally disappeared (Figure S13a, Supporting
Information), while three new oxidation waves were observed
at 0.47, 0.95, and 1.23 V (vs Ag/AgCl), respectively. The wave
at 0.47 V is due to the Ru"-centered oxidation process of 2co,
which shows some negative potential shift (0.05 V) relative to
200 (0.52 V). The waves at 0.95 and 1.23 V are assigned to one
ring-closed Llc and the other ring-open Llo in 2co,
respectively, in which the oxidation potential of ring-closed
Llc (095 V) is distinctly lower than ring-open Llo (1.23 V)
due to the better z-conjugation in ring-closed DTE. Upon
further irradiation of singly ring-closed species 2co with UV
light at 365 nm, the waves at 0.95 and 1.23 V were gradually
reduced (Figure S13b, Supporting Information), whereas two
new waves at 0.85 and 1.04 V occurred progressively due to the
sequential oxidation of two ring-closed DTEs in 2cc. A stepwise
oxidation of two identical Llc in 2cc with potential difference
AE,,, = 0.19 V (Figure 7b) and corresponding comproportio-
nation constant K. = exp(AE,,,/25.69) = 1629 implies that
significant electronic communication®® is substantially trans-
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Figure 7. Plots of cyclic voltammogram (top) and differential pulse
voltammogram (lower) of 200 (blue), 2co (red), and 2cc (green) in
0.1 M (Bu,N)(PFy) dichloromethane upon irradiation at 365 nm.

mitted between the two L1c across the trans-Ru(dppe), moiety.
Such a large electronic interaction between two identical L1c in
2cc (AE, ), = 0.19 V) is comparable to that between two Fc in
trans-Ru(dppe),(C=C—Fc), (AE,;, = 0.205 V),” but larger
than that between two TTF in trans-[Ru(C=
CMe,TTF),(dppe),]** (AE,), = 0.11 V, HC=CMe,TTF =
4-ethynyl-trimethyltetrathiafulvalene) across the trans-Ru-
(dppe), spacer. This is obviously more pronounced than
electronic communication between two identical DTE-
acetyldes across the trans-Pt(PBu'y), moiety in the DTE—
C=C-Pt(PBu’;),—~C=C-DTE compound.”

IR Spectra Studies. The IR band of the C=C stretching
mode in 200 is located at 2055 ¢cm™ in CH,Cl, solution
(Figure S14, Supporting Information). When the solution of
200 was irradiated under UV light at 365 nm, the v(C=C)
band at 2055 cm™ was first red-shifted to 2015 cm™" with the
conversion of 200 to 2co (Figure Sl4a, Supporting
Information), and then further red-shifted to 2010 cm™'
upon singly ring-closed 2co being converted to fully ring-
closed 2cc (Figure S14b, Supporting Information). A
progressive red-shift of the v(C=C) is ascribed to the
increased 7-system with stepwise photocyclization reactions
200—2c0—2cc so that 7 electron density of the acetylide is
largely delocalized to whole coordinated system, thus
attenuating the C=C bonding.

With the electrochemical oxidation of 200 into 200" in
dichloromethane using an OTTLE cell, the »(C=C) band at
2055 cm™! was significantly red-shifted to 1947 cm™' because
electronic density of the acetylide is remarkably reduced upon
the oxidation of Ru" to Ru". When the solution of 200" is
irradiated under UV light at 365 nm, the (C=C) band at
1947 cm™ is slightly red-shifted to 1943 cm™, and then further
to 1941 cm™' with stepwise ring-closing reactions 200"—
2co*—>2cc* (Figure S16, Supporting Information). Obviously,
the stepwise ring-closure-triggered red-shift of the v(C=C)
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band in 200 is much more remarkable than that in the oxidized
species 200", coinciding with the trend observed in the UV—vis
spectral studies.

Computational Studies. TD-DFT computational studies
have been performed on six ring-open/closed isomers (Tables
S1-S6). The HOMO of 200 is distributed on Ru(II) center
and two Llo, while the LUMO is mainly resident on one ring-
open Llo. The low-energy absorption arises primarily from 7—
7* (Llo) IL and 4d (Ru)—z* (dppe) MLCT transitions,
mixed with some 7(Llo)—z*(dppe) LLCT state. For 2co,
both the HOMO and the LUMO are mostly contributed by the
ring-closed Llc (77% for HOMO and 93% for LUMO). The
low-energy absorption of 2co is featured with the z—7z* (L1c)
IL transition from ring-closed L1c, mixed with some 4d(Ru)—
7*(Llc) MLCT state. For 2cc, the HOMO is uniformly
distributed on two ring-closed L1lc and Ru(lIl) centers, while
the LUMO is mainly localized on one ring-closed Llc. The
low-energy absorption results primarily from z—z* (Llc) IL
and #(Llc)—a*(Llc’) LLCT states, mixed with a minor
contribution from the 4d(Ru)—z*(Llc) MLCT state. A
remarkable LLCT character from one ring-closed Llc to the
other ring-closed L1c" in 2cc is experimentally reflected by
significant electronic communication between two ring-closed
Llc as revealed from electrochemical studies.

The oxidized species 200%/2co"/2cc” have two groups of
orbitals (@ and ) due to the unpaired electron in the
unrestricted calculations. The calculated NIR absorption of
200" is mainly featured with LMCT transition from ring-open
Llo and dppe to Ru(Ill). For 2co*, the NIR absorption is
mainly assigned to the LLCT state from ring-open L1o to ring-
closed Llc, mixed with some LMCT character from ring-open
Llo to Ru(III). The low-energy band in the visible region is
primarily featured with IL transition within ring-closed Llc,
mixed with minor character of LLCT state from ring-open Llo
to ring-closed Llc. For 2cc”, the calculated NIR absorption is
ascribed to LLCT transition from one ring-closed Llc to the
other ring-closed L1c¢’, mixed with some LMCT transition from
Llc to Ru(III). The low-energy absorption band in the visible
region is featured with the Llc-centered IL transition, mixed
with some LLCT character from one Llc to the other L1c¢’. A
distinct blue-shift of the NIR bands in 2co* and 2cc* relative to
that in 200" is probably elucidated by their difference in
transition character. The NIR band in 200" arises primarily
from the z(Llo/dppe)—>4d(Ru) LMCT state, whereas that in
2co" or 2¢cct is mostly contributed by z(L1o/L1c) — #*(L1c")
LLCT transitions mixed with some LMCT character.

As shown in Figure 8, the energy levels of frontier molecular
orbitals involving in ring-closing transitions of Llc are much
lower in electron-deficient Ru(III) species 2cc’ than those in
electron-rich complex 2cc. The transition energy of 1.93 eV
corresponding to the dually ring-closing absorption due to
BHOMO—-3—pBLUMO and SHOMO-5—pLUMO in 2cc*
(Table S6, Supporting Information) is distinctly larger than
that of 1.83 ¢V due to HOMO—LUMO, HOMO—LUMO+1,
HOMO-1-LUMO, and HOMO-1-LUMO+1 in 2cc
(Table S3, Supporting Information). Thus, ring-closing
absorption bands of Llc in 2cc” show an obvious blue-shift
relative to 2cc upon oxidation of Ru(Il) to Ru(Ill) as
demonstrated experimentally, in which the measured ring-
closing absorption at 698 nm (2cc) is obviously blue-shifted to
670 nm (2cc*).

From TD-DFT studies, it is found that the unpaired electron
in 200" (Figure S27, Supporting Information) is mainly

'
i
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-2 LUMO+1 (-2.42)

] LUMO (-2.47)
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Figure 8. Energy levels of frontier molecular orbitals and the
transitions due to ring-closing of L1 in 2cc and oxidized product 2cc”.

localized onto the bis(acetylide)-Ru(III) moiety. When 200"
is converted to 2co”, the spin density is distributed on the ring-
closed Llc and Ru(Ill) center. For 2cc’, the spin density is
delocalized over the entire molecule with significant inhabitant
on two L1c and Ru(III) center. A stability study was performed,
and the plots of In(A/A,) versus time for the absorbance decay
of 200" at 1263 nm and 2co*/2cc” at 953 nm are shown in
Figure S28 (Supporting Information). It is revealed that 200"/
2c0*/2cc” undergo slow decay in CH,Cl, solution at room
temperature with the stability following 200" < 2co* < 2cc’,
coinciding well with the increasingly enhanced delocalization of
the unpaired electron.

B CONCLUSIONS

Bis(o-acetylide) ruthenium(II) complex 200 and its oxidized
ruthenium(II1) species 200" with two identical DTE-acetylides
are elaborately designed and prepared. Both complexes exhibit
distinctly stepwise photochromic reactions, which could be
modulated by reversible oxidation/reduction of Ru(ll) <
Ru(IIl). It is found that stepwise photochemical conversion
percentage and quantum yield in 200 are much higher than
those in its oxidized complex 200", ascribed to the reduced
electronic density at the reactive carbon atoms upon the
oxidation of Ru(II) to Ru(III). Electrochemical studies indicate
that a significant electronic interaction is operating between
two identical DTE units spaced by trans-Ru(dppe), in dually
ring-closed 2cc/2cc”. It is demonstrated that stepwise photo-
chromism in a coordination system with two identical DTE-
acetylides bound to a Ru(II) center is more remarkable than
that bonded to a Pt(I1)** or Au(I)*® center described
previously.

B EXPERIMENTAL SECTION

General Procedures and Materials. All of the synthetic
procedures were carried out by using Schlenk techniques and
vacuum-line systems under a dry argon atmosphere unless otherwise
specified. Solvents were distilled under argon atmosphere in the
presence of sodium and benzophenone (THF) or calcium hydride
(dichloromethane and methanol). cis-Ru(dppe)ZCl{wa’b and 3-bromo-
2-methyl-5-thienyl boronic acid*’® were prepared according to the
literature procedures. Other chemicals were commercially available
and used as received without further purification.

2-(2'-Pyridyl)-4-bromo-5-methylthiophene. 2-Bromopyridine
(1.9 g 0.012 mol), 3-bromo-2-methyl-S-thienyl boronic acid (2.2 g,
0.01 mol), and tetrakis(triphenylphosphine) palladium(0) (0.8 g, 0.68
mmol) were dissolved in THF (80 mL). Upon stirring for 15 min, an
aqueous (30 mL) solution of sodium carbonate (6.4 g, 60 mmol) was
added. The mixture was vigorously stirred under reflux, and the
reaction was monitored by TLC. The product was extracted with
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diethyl ether, dried with MgSO,, and concentrated under reduced
pressure. The residue was purified by column chromatography on
silica gel using dichloromethane—petroleum (2:1, v/v) as eluent. Yield:
84% (2.1 g). "H NMR (DMSO, ppm): & 8.52—8.51 (m, 1H), 7.91 (d,
] =8.0 Hz, 1H), 7.82 (td, J; = 7.72 Hz, ], = 1.32 Hz, 1H), 7.76 (s, 1H),
7.29—-7.26 (m, 1H), 2.39 (s, 3H). ESI-MS: m/z (%) 253 (100) [M]*.

1-(5-Methyl-2-(2’-pyridyl)-4-thienyl)perfluorocyclopentene.
2-(2/-Pyridyl)-4-bromo-S-methylthio-phene (1.27 g, 5.0 mmol) was
dissolved in dry THF (30 mL) under argon atmosphere. The solution
was cooled to —78 °C, to which was slowly added n-butyllithium (1.6
M in hexane, 3.3 mL, 5.25 mmol). Upon stirring at —78 °C for 1 h,
perfluorocyclopentene (0.68 mL, 5.0 mmol) was added quickly. The
solution was stirred at —78 °C for 2 h, and then put aside at ambient
temperature. A dilute HCI aqueous solution was added to the reaction
mixture, which was then extracted with diethyl ether for three times.
The combined organic layer was dried with MgSO,, and then filtered
and evaporated in vacuo. The residue was purified by column
chromatography on silica gel using dichloromethane—petroleum ether
(v/v = 1:2) as eluent. Yield: 73% (1.24 g). 'H NMR (CDCl,, ppm): §
8.57—8.55 (m, 1H), 7.71 (td, J; = 7.56 Hz, J, = 1.72 Hz, 1H), 7.63 (d,
J = 8.0 Hz, 1H), 7.51 (s, 1H), 7.20—7.16 (m, 1H), 2.50 (d, J = 3.12
Hz, 3H). ESI-MS: m/z (%) 368 (100) [M + H]".

Synthesis of 1-(5-Methyl-2-(2'-pyridyl)-4-thienyl)-2-(2-meth-
yl-5-trimethylsilylethynyl-3-thienyl)perfluorocyclopentene.
When a dry THF (40 mL) solution of 3-bromo-2-methyl-5-
trimethylsilyl-ethynylthiophene (548 mg, 2 mmol) was cooled to
—78 °C, n-butyllithium (1.6 M in hexane, 1.3 mL, 2.1 mmol) was
added slowly to the solution. Upon stirring at —78 °C for 30 min, to
the solution was added 1-(S-methyl-2-(2'-pyridyl)-4-thienyl) perfluor-
ocyclopentene (734 mg, 2 mmol) dissolved in dry THF (S mL). After
the reaction mixture was stirred at —78 °C for 2 h, dilute hydrochloric
acid was added. The product was extracted with diethyl ether, which
was dried with MgSO, and then concentrated under reduced pressure.
The residue was purified by silica gel column chromatography using
dichloromethane—petroleum ether (v/v = 1:1) as eluent to afford the
product as pale blue oil. Yield: 68% (735 mg). '"H NMR (CDCl,,
ppm): 6 8.55 (d, ] = 7.88 Hz, 1H), 7.71 (td, J, = 7.72 Hz, ], = 1.52 Hz,
1H), 7.62 (d, ] = 7.96 Hz, 1H), 7.51 (s, 1H), 7.24 (s, 1H), 7.18 (dd, J;
=7.28 Hz, ], = 4.80 Hz, 1H), 1.95 (s, 3H), 1.89 (s, 3H), 0.25 (s, 9H).
ESI-MS: m/z (%) 5424 (100) [M + H]*.

Synthesis of 1-(5-Methyl-2-(2'-pyridyl)-4-thienyl)-2-(2-meth-
yl-5-ethynyl-3-thienyl)-perfluorocyclopentene (L10). To a
THF—methanol (40 mL, v/v = 1:1) solution of 1-(5-methyl-2-(2’-
pyridyl)-4-thienyl)-2-(2-methyl-S-trimethylsilylethynyl-3-thienyl)-per-
fluorocyclopentene (542 mg, 1 mmol) was added excess of anhydrous
potassium carbonate. Upon stirring overnight, the solution was
concentrated, to which water was added. The product was extracted
with ethyl acetate, dried with anhydrous MgSO,, and concentrated
under reduced pressure. The residue was purified by chromatography
on a silica gel column using dichloromethane—petroleum ether (v/v=
2:1) as eluent to afford to the product as pale blue oil. Yield: 92% (431
mg). '"H NMR (CDCl,, ppm): 5 8.55 (d, J = 4.32 Hz, 1H), 7.71 (td, ],
=8 Hz, ], = 1.72 Hz, 1H), 7.63 (d, ] = 8 Hz, 1H), 7.51 (s, LH), 7.28 (s,
1H), 7.18 (dd, J, = 7.42 Hz, ], = 4.80 Hz, 1H), 3.36 (s, 1H), 1.94 (s,
3H), 1.92 (s, 3H). ESI-MS: m/z (%) 470 (100) [M + H]*.

Synthesis of Complex 200. cis-Ru(dppe),Cl, (96.8 mg, 0.1
mmol) and Llo (117 mg, 0.25 mmol) were dissolved in dichloro-
methane (40 mL), and then NaPF¢ (42 mg, 025 mmol) and
triethylamine (60 uL) were added. After the mixture was stirred at
ambient temperature for 8 h, the solvent was removed under vacuum.
The residue was purified by chromatography on a short alumina
column using CH,Cl, as eluent. The product was recrystallized in
dichloromethane—hexane solution to give a pale green solid. Yield:
64% (116 mg). "H NMR (CDCly, ppm): 5 8.56 (d, ] = 4.64 Hz, 2H),
7.67 (td, J; = 7.44 Hz, ], = 1.56 Hz, 2H), 7.63 (d, ] = 7.88 Hz, 2H),
7.56 (s, 2H), 7.43—6.97 (m, 40H), 7.04 (t, ] = 8.0 Hz, 2H), 6.26 (s,
2H), 2.57 (s, 8H), 1.97 (s, 6H), 1.83 (s, 6H). 3*C NMR (CDCl,,
ppm): 149.6, 136.8, 136.5, 134.6, 134.4, 134.0, 133.9, 133.6, 129.0,
128.8,128.7, 127.2, 127.1, 127.0, 1264, 124.1, 122.3, 122.1, 118.5, 31.3
(P(CH,),P), 14.8 (CH,). P NMR (CDCl,, ppm): & 53.1. ESI-MS:

m/z (%) 1857 (80%) [M + Na]*, 1366 (100%) [M — Llo]*. Anal.
Caled for CogH-,F,N,P,RuS,: C, 62.84; H, 3.96; N, 1.51. Found: C,
62.69; H, 4.08; N, 1.53. IR (CH,Cl,): 2055 cm™' (C=C).

Physical Measurements. 'H and *P NMR spectra were
performed on a Bruker Avance III (400 MHz) spectrometer with
SiMe, as the internal reference and H;PO, as the external reference,
respectively. UV—vis absorption spectra were measured on a Perkin-
Elmer Lambda 25 UV—vis spectrophotometer. The UV—vis—NIR
spectra were measured on a Perkin-Elmer Lambda 900 UV—vis—NIR
spectrometer. Infrared spectra (IR) were recorded on a Magna 750
FT-IR spectrophotometer. Elemental analyses (C, H, and N) were
carried out on a Perkin-Elmer model 240 C elemental analyzer.
Electrospray ionization mass spectrometry (ESI-MS) was recorded on
a Finnigan DECAX-30000 LCQ_mass spectrometer using dichloro-
methane—methanol as mobile phases. UV light was produced using a
ZF5 UV lamp (365 nm), and visible light irradiation (672 nm) was
carried out by using a LZG220 V 1 kW tungsten lamp with cutoff
filters. The quantum yields were determined by comparing the
reaction yields of the diarylethenes relative to 1,2-bis(2-methyl-S-
phenyl-3-thienyl)perfluorocyclopentene.*®

The cyclic voltammogram (CV) and differential pulse voltammo-
gram (DPV) were measured using a potentiostat/galvanostat model
263A in dichloromethane solutions containing 0.1 M (Bu,N)(PFy) as
the supporting electrolyte. CV was performed at a scan rate of 100 mV
s™' and DPV at a rate of 20 mV s™" with a pulse height of 40 mV.
Platinum and glassy graphite were used as the counter and working
electrodes, respectively, and the potential was measured against Ag/
AgCl reference electrode. Controlled-potential electrolyses were
performed in a two-compartment electrochemical cell with a glass
frit junction of fine porosity under argon atmosphere. The UV—vis—
NIR spectra of oxidized species were measured in an optically
transparent thin-layer electrochemical cell (OTTLE) with the
potential at ca. 0.7 V in 02 M (Bu,N)(PF;) dichloromethane at
298 K.

Theoretical Methodology. The ground-state geometries of 200,
2c0, 2cc, 200", 2¢co*, and 2cc” as isolated molecules were optimized
using density functional theory (DFT)** with the gradient corrected
correlation functional PBEIPBE.*" In the optimization processes, the
convergent values of maximum force, root-mean-square (rms) force,
maximum displacement, and rms displacement were set by default. To
analyze the spectroscopic properties, 80 simple excited states of the
studied complexes were calculated by TD-DFT*® method with the
same functional used in the optimization processes considering the
dichloromethane solution on the basis of the optimized geometrical
structures. The solvent effects were taken into account by the
polarizable continuum model method (PCM).*>" The self-consistent
field (SCF) convergence criteria of rms density matrix and maximum
density matrix were set at 10~ and 1076 au, respectively, in all of the
electronic structure calculations. The iterations of excited states
continued until the changes on energies of states were no more than
1077 au between the iterations, and then convergences were reached in
all of the excited states. In these calculations, the SDD** basis set
consisting of the effective core potentials (ECP) was employed for the
ruthenium, phosphorus, and sulfur atoms, and the 6-31G(p,d) basis set
for the remaining atoms was used. To precisely describe the molecular
properties, one additional d-type polarization function was imple-
mented for phosphorus (ay = 0.34) and sulfur (@q = 0.421) atoms,>**
and the f-type polarization function was implemented for the
ruthenium (o = 1.235) atom.>*® All calculations were performed
with the Gaussian 03 program package.>*

B ASSOCIATED CONTENT

© Supporting Information

Tables and figures giving additional spectroscopic, electro-
chemical, and computational data. This material is available free
of charge via the Internet at http://pubs.acs.org.
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