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The photochromic ligand bis(terpyridyl)hexaarylbiimidazole (bistpy-HABI) and the Fe(ll) complex of bistpy-
HABI with formula [{ Fe(tpy} 2*bistpy-HABI](PFs)4:4H,O were synthesized and characterized. Bistpy-HABI

is readily cleaved into a pair of terpyridyltriphenylimidazolyl radicals (tpy<JBh irradiation with UV light.

This photochemical reaction is completely reversible, and the light-induced radicals can thermally recombine
to form bistpy-HABI in the dark.{Fe(tpy} »-bistpy-HABI]*" is the first example of a transition-metal complex

of an HABI derivative and was found to show photochromic reaction in solution. The spin state of the light-
induced radical pair in a frozen matrix was investigated by ESR spectroscopy. The triplet state of the light-
induced radical pair from{[Fe(tpy} .-bistpy-HABI]**, as well as that from bistpy-HABI, was confirmed to

be a ground state or nearly degenerated with a singlet state. Kinetic studies on the radical recombination
reaction in solution elucidated the decrease in the activation energy by forming the Fe(ll) complex. This is
the first observation of a decrease in the activation energy of the radical recombination reaction by the formation
of a metal-coordinated radical complex. The syntheses, photochemical properties, and spin states of bistpy-
HABI and [{ Fe(tpy} 2-bistpy-HABI](PFs)4 are discussed.

1. Introduction SCHEME 1. Photochromism of HABI Derivatives
!
hv N@N
—_—
" NON

R

Reversible photocontrolling of the physical properties of a R O Q
material is a significant technique for the development of
advanced photofunctional materials. A large number of photo- —
chromic compounds have been investigated in systems bearing N__N
various photoresponsive unitsAmong various photochromic %

. X g N”"N
compounds, diarylethenes having heterocyclic five-membered —
rings as the aryl groups are known to undergo thermally
irreversible and fatigue-resistant photochromic reactfdbi=- O Q R

rylethenes could change molecular structure and the manner of
thesz-conjugation pathway even in the solid state by irradiation R =H; HABI

with light of appropriate wavelengths. Noteworthy studies on = terpyridine; 6
the photoswitching of the magnetic interaction were recently

reported by Matsuda and IrfeThey have investigated the ;v cial ofo-CI-HABI by the X-ray diffraction technique and

exchange coupling between two nitronyl nitroxide radicals, joqeripe the first example of measurements of intermolecular

WT]iCh r?redlocaterc]j at bk?th erf1ds ofg diar)élethte;ne urr]IiI. Qn thefexchange coupling for the light-induced RP by ESR spectros-
other hand, we have been focused on the photochromism of . 4dfThere are two types of RPs, pair A and pair B, differing

h_exaarylbiir_nidazoles_(HABIs), aiming for d_evelopment in the only in the spatial arrangement of the two lophyl radicals. The
field of radical chemlstr)_é‘. HAE’.IS are rf*‘d"Y C'Ba"?dz both terrxllperaturepdependencge of the ESR spectraﬁ p);\ttern shows that
‘hefma”y and photochemlcally,llnto a pair of tr|ph§nyllm|da;olyl pair A converts irreversibly into pair B when the temperature
radicals (TP) that can recombine to form the imidazole dimer o j,reased. The Curie analyses of the ESR signal intensities
(Scheme 1§.There are a number of spectroscopic stu@es ON show that the triplet state of pair A is the ground state or is
the photochemlpal reaction of HAB! anc“i Its den\(atl\%Nhne. , hearly degenerate with the singlet state. On the other hand, the
the photochromism of diarylethene is a *closed-ring/open-ring’- triplet state of pair B is thermally populated and the singlet state

type SWi_th.ng’ thﬁt ﬁf HABtI) is a “clgsgd-shelll 9(§)_en-shell”-_ , is the ground state. The exchange coupling between the unpaired
type switc !ng which can be regarded as a “diamagnetic/ g|ocrons jn pair B in the crystal was determined-a& cnt?!
paramagnetic” photoswitching. We have previously reported the by assuming thermal equilibrium between the ground singlet

* To whom correspondence should be addressed. E-mail: jiro_abe@ State and excited triplet state. The experimental value is in fair
chem.aoyama.ac.jp. agreement with the theoretical value e#5 cnT?! evaluated

in situ direct observation of a light-induced radical pair (RP) in
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SCHEME 2. Synthetic Procedure of the Compound®

aReagents and conditions: (i) KOH, NE&H, H,O/methanol, room temperature; (ii) NBS, benzene, reftux, (iii) hexamine, HCI, ethanol,
reflux; (iv) benzil, CHCOONH,, CH;COOH, reflux; (v) KOH, K[Fe(CN)](aq)/benzene, room temperature; (vi) [Fe(tpy)Br]Br,LH, methanol,
0 °C; (vii) KPFg, H,O, room temperature.

by the DFT B3LYP/6-31G(d) calculations. Thus, HABI deriva- on metals through the light-induced triplet RP, we did choose
tives can be potentially applicable for the construction of a a diamagnetic transition metal for the assembly of the metal-
photoresponsive spin coupler. coordinated HABI complex to confirm the possibility of the
The application of coordination chemistry is a useful approach formation of the light-induced triplet RP in the metal complex.
for molecular assembly. There has been considerable effort in The synthesis and photochromic and optical properties of bistpy-
the construction of molecular magnetic materials by the as- HABI and its Fe(ll) complex will be described.
sembly of organicr-radicals and transition-metal iofsf the ) )
complex could be assembled from a photochromic unit which 2 EXperimental Section
will produce s-radicals by light irradiation, it is potentially Materials. The synthetic route of the compound is shown in
possible to control the magnetic properties of the complex by Scheme 2. Benzene and dichloromethane were freshly distilled
light. Thus, we have come up with the idea that the metal on the appropriate drying reagents prior to use. All other reagents
complexes of HABIs should show a unique photoresponse in were obtained commercially and were used as supplied- UV
magnetic properties due to the generation of the light-induced vis absorption spectra were measured on an S-2600 Soma-
RP. However, there is no literature with regard to the metal Kogaku multichannel spectrometer. The NMR and ESR spectra
complexes of HABIs because of the synthetic difficulty owing were recorded on JNM-EPC500A (JEOL) and JES-TE200
to the high reactivities of TPFadicals that prevent themselves (JEOL) spectrometers, respectively. The FAB mass spectra were
from chemical modification. In this paper, we present a new measured with an MS-700 (JEOL) spectrometer by using
HABI derivative containing terpyridyl groups as the coordination 3-NBA (3-nitrobenzyl alcohol) as a matrix.
part 6 in Scheme 2). Prior to the investigation of the 4'-Tolyl-2,2":2" 6 -terpyridine (1). 2-Acetylpyridine (12.5 g,
photochemical control of exchange coupling between the spins103.75 mmol) and 4-tolualdehyde (6.25 g, 52.5 mmol) were
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added to 400 mL of methanol. To the solution were added
concentrated NFOH (360 mL) and 15% aqueous KOH (36
mL), and the resulting solution was stirred for 4 days. The
precipitated pale yellow solid was filtrated and frequently
washed with water (40 mlx 15), dried, and purified by silica
gel column chromatography in chloroform. The crude material
was crystallized from ethanol to give 9.5 g of white needle
crystals of a mixture oflL and 6-tolyl-2,2":4',2""-terpyridine.

J. Phys. Chem. A, Vol. 109, No. 45, 20080185

7.47 (2H), 7.41 (1H), 7.34 (2H), 7.26 (1H). FAB-M3/z 528
(IM + H]™). Anal. Calcd for GeHzsNs: C, 81.95; H, 4.78; N,
13.27. Found: C, 81.04; H, 4.87; N, 13.02.

Bistpy-HABI (6). All manipulations were carried out with
the exclusion of light. A 300 mg sample 4f(0.56 mmol) and
K3[Fe(CN)] (4.0 g, 12 mmol) were added into 15% aqueous
KOH (50 mL) and benzene (50 mL3 was oxidized to tpy-
TPI* (5) that readily dimerizes t6 under dark conditions. The

These structural isomers cannot be separated by the usuammixture was stirred for 1 day. The benzene layer contaiGing

purification method but by the difference in the solubilities of
their Fe(ll) complexes. A 100 mL portion of an aqueous solution
of Mohr salt (5.7 g, 15 mmol) was added to a mixturelaind
6'-tolyl-2,2:4',2"-terpyridine (9.5 g) in 250 mL of ethanol and
250 mL of dichloromethane. After 5 min of stirring, dichlo-
romethane was removed from the mixture under reduced
pressure. An aqueous solution of KAB.4 g, 15 mmol, in 50
mL of H,0) was added to the mixture. The mixture was stirred
for 20 min to give a purple precipitate. The purple precipitate
was recrystallized three times from toluene and acetonitrile
solution to give purple needle crystals of (E§(PFs). (15.9
g). Then the pure (Fé&;)(PFs)2 was dissolved in acetonitrile
(200 mL), and 15% aqueous KOH (200 mL) was added to the
solution. To this solution was added®} dropwise with stirring,
and white precipitates appeared immediately. This precipitate
was collected, dissolved in toluene, and then filtered through
the Celite filter agent. The filtrate was evaporated in vacuo to
give white solids. Recrystallization of the white solid from
ethanol gave white needle crystals1pf7.9 g (24 mmol, yield
46%).*"H NMR (CDCl;, 500 MHz): ¢ = 8.70-8.72 (4H), 8.65
(2H), 7.86 (4H), 7.80 (2H), 7.33 (2H), 7.30 (2H), 2.42 (3H).
4'-(4-Bromomethylphenyl)-2,2:2" 6 -terpyridine (2). 1 (7.9
g, 24 mmol) andN-bromosuccinimide (6.5 g, 37 mmol) in
benzene (240 mL) were refluxedrf6 h under the irradiation
of a room fluorescent lamp. After the mixture was cooled,

benzene was removed and the precipitate was extracted with.

carbon tetrachloride (200 mL). The extract was filtrated and
evaporated to dryness. The residue was recrystallized from
ethanol to give2 as white needle crystals (8.1 g, 20 mmol, yield
83%).2H NMR (CDCls, 500 MHz): 6 = 8.73 (4H), 8.67 (2H),
7.88 (4H), 7.54 (2H), 7.35 (2H), 4.58 (2H).
4-(2,2:2",6-Terpyridyl)benzaldehyde (3). 2 (8.1 g, 20
mmol) and hexamethylenetetramine (11.3 g, 81 mmol) in 220
mL of ethanol were refluxed with stirring for 6 h. Then the
reaction mixture was cooled to room temperature, and 70 mL
of H,O and 70 mL of concentrated HCI| were added. The
solution was refluxed again for 2 h. After cooling, the solvent
was neutralized with aqueous NaHg&nd a white precipitate
appeared. The precipitate was filtrated and purified by silica
gel column chromatography in chloroform and recrystallized
from ethanol to gived as yellow plate crystals (3.1 g, 9.1 mmol,
yield 45%).'H NMR (CDCls, 500 MHz): 6 = 10.12 (1H),
8.78 (2H), 8.74 (2H), 8.69 (2H), 8.07 (2H), 8.04 (2H), 7.91
(2H), 7.38 (2H).
4'-[4-(4,5-Diphenylimidazol-2-yl)phenyl]-2,2:2" ,6'-terpy-
ridine (4, tpy-TPI). A mixture of 3 (1.00 g, 2.97 mmol), benzil
(630 mg, 3.00 mmol), and ammonium acetate (2.3 g, 30 mmol)
in acetic acid (30 mL) was heated at reflux for 10 h. After the
mixture was cooled, the solvent was neutralized with concen-
trated NHOH. The precipitate was filtered and washed with
H.O. The residue was purified by silica gel column chroma-
tography in chloroform and recrystallized from methanol to give
4 as pale green flake crystals (1.41 g, 2.68 mmol, yield 87%).
IH NMR (DMSO, 500 MHz): 6 = 12.92 (1H), 8.80 (2H), 8.71
(4H), 8.32 (2H), 8.10 (2H), 8.07 (2H), 7.59 (2H), 7.55 (2H),

was separated, frequently washed witfOH50 mL x 20), and
then dried over Ng&5Oy. The solution was evaporated to giee

as a pale green amorphous solid (253 mg, 0.24 mmol, yield
86%). FAB-MS: m/z 1053 ([M + H]"). Anal. Calcd for
Cr2HagN10: C, 81.5; H, 4.86; N, 13.6. Found: C, 82.1; H, 4.59;
N, 13.3.

[{Fe(tpy)} 2:6](PFs)4-4H20. All manipulations were carried
out with the exclusion of light. A mixture of (terpyridine)-
bromoiron(ll) bromide (48 mg, 0.108 mmol) in methanol (20
mL) and 51.5 mg of6 (0.0489 mmol) in 20 mL of dichlo-
romethane was stirred for 10 min with ice cooling. After stirring,
20 mL of H,O was added to the solution. Dichloromethane and
methanol were removed from the mixture in vacuo. To the
mixture was added KRH45.0 mg, 0.244 mmol) in kO (20
mL), and the resulting mixture was stirred for 20 min. A purple
precipitate appeared and was collected, extracted with dichlo-
romethane, and then dried over J8&,. The solution was
filtrated and evaporated to givéHe(tpy}»-6](PFe)4:4H,0O as
a purple amorphous solid (86 mg, 0.0389 mmol, yield 79%).
FAB-MS: m/z 2065 ([M — PR — 4H,0]"). Anal. Calcd for
C1oH78N1604F24PsFe: C, 53.65; H, 3.44; N, 9.81. Found: C,
54.15; H, 3.47; N, 9.66.

3. Results and Discussion

The UV spectrum o6 in benzene (1.5« 107% M) is shown

in Figure la. On irradiation with 360 nm light, the pale yellow
solution quickly turned forest green and gave rise to an intense
absorption band around 400 nm and a broad absorption band
ranging in wavelength from 500 to 700 nm (Figure 1b). The
light-induced color change can be attributable to the formation
of 5 on the basis of the analogy of the photochromic color
change of other HABI derivatives. On standing in the dark, the
forest green color gradually faded with a decrease in these light-

1.0

absorbance

0.0

T T T

500 600 700
wavelength / nm

Figure 1. UV —vis absorption spectra of bistpy-HABI in benzene (1.5
x 1075 M) (a) before irradiation and (b) immediately after irradiation
and those of{[Fe(tpy} 2:6](PFs)4-4H0O in dichloromethane (1.5 107°
M) (c) before irradiation and (d) immediately after irradiation. Irradia-
tion was carried out with 360 nm light at room temperature. All of the
measurements were carried out by using a 10 mm quartz cell.
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induced absorption bands and the spectrum finally reached the (a)
original spectrum. Reversibility of this photochromic reaction
was also confirmed by repeated measurements of the absorption
spectra. In contrast 6, [{ Fe(tpy}2-6](PFe)4 is colored violet

due to the presence of Fe(ll) ions. The UV spectrum{&ief

(tpy)} 2:6](PFes)4 was measured in dichloromethane (k805 158 159 160 161 162
M) due to the poor solubility in benzene (Figure 1c). An intense
absorption band at 560 nm could be tentatively assigned to the
metal-to-ligand charge-transfer (MLCT);-dr*, transition that

is often observed for the N-coordinated octahedral Fe(ll) ion
in the low-spin state. On irradiation with 360 nm light, the
absorbance of the wavelength region between 350 and 680 nm
increased due to the photochromic reaction of the HABI moiety
(Figure 1d). A weak and broad absorption band appeared around . r .
420 nm after the irradiation, assumed to be the charge-transfer 300 310 320 330 340
absorption band between Fe(ll) ion and the tpy*TRiit. The magnetic field / mT

light-induced radical complex [Fe(tp$] 2+ also recombined into
[{ Fe(tpy}2:6]*" in a manner similar to that of the free ligand 60 (b)
6. The kinetics of the recombination processes of light-induced
radicals is of interest compared with that of another HABI
system; the detailed description will be discussed later.

The photochromic behavior éfand [ Fe(tpy} .-6](PFs)s was
also investigated by ESR measurements. AubGample of a
dichloromethane solution (1.5 10-3 M) of 6 in a quartz tube
was carefully prepared with exclusion of light, and the sample
was irradiated with UV light (3086400 nm) at 18 K. As shown
in Figure 2a, the ESR spectrum of the UV-irradiated solution
shows a randomly oriented triplet pattern with an overlapping
doublet signal derived from a trace of free radicals. The detection
of a forbidden weak transition at half-field indicates the presence 10
of a triplet-state species, which can be assigned to the light- 0.02 0.03 0.04 0.05 0.06
induced triplet RP. Only one type of triplet RP could be detected ut 1k
in this molecular system against the case for the light-induced g e 5 (a) ESR spectra of a Uv-irradiated dichloromethane solution
RP in the crystal 0b-CI-HABI. The inset depicts the forbidden (1.5 x 103 M) of bistpy-HABI at 18 K. The inset is the detection of
transition signal corresponding to th®Ms = 2 transition. a forbidden transition at half-field. (b) Curie plot of the ESR intensity
Lande’sg value was obtained as 2.0035, and the zero-field versus reciprocal absolute temperature for the light-induced triplet RP
splitting (zfs) parameter for the triplet RP was estimated as ©f Pistpy-HABI.

ID/hcl = 5.7 x 1073 cm™*. Applying the point-dipole ap-  jigand 6. The difference in the spin-center distance indicates
proximation, the average distance between the two radical ihat the spin distribution of tpy-TPIs somewhat affected by
centers of the light-induced RP derived frdihwas estimated  the introduction of the transition-metal ion.

as 6.12 A, which is reasonable by comparison with those of  The Curie plot of ESR intensities of the light-induced triplet
other light-induced RPs estimated for various HABI derivatives. Rp derived from {Fe(tpy} »-6](PFe)s, as well as that from the
The temperature dependence of the ESR signal intensities offree ligand6, affords a straight line in the temperature range
the AMg = 2 forbidden transition was recorded from 15 t0 45 from 7 to 80 K (Figure 3b). Thus, the triplet state of the light-
K, and Curie analyses were carried out on the ESR signal induced RP from{[Fe(tpy} »6](PFs)4 is also confirmed to be
intensities as a function of reciprocal temperature as shown ina ground state or nearly degenerated with a singlet state. The
Figure 2b. A linear Curie plot cannot prove absolutely that the spin state of the light-induced RP of [Fe(tg§]f" is found not
observed ESR spectrum belongs to a high-spin ground state buto be affected by the perturbation brought about by the
strongly supports that the triplet state of the RP is a ground introduction of an Fe(ll) ion. The presence of magnetic coupling
state or is nearly degenerate with a singlet state. These factshetween the light-induced tpy-TPmoieties of metal-coordi-
indicate that the photochromic reactionGajenerates the triplet  nated HABIs should be noted for the construction of photore-
RP in restricted environments such as a frozen matrix. The sponsive magnetic materials.

© & I3
=) o =3
1 1 1
(]

ESR intensity / a.u.

»n
o
1

diamagnetism of Fe(ll) ions in the® tbw-spin ground state of The ESR signal intensities db, [Fe(tpy)}5]2", and the
[{Fe(tpy}26](PFe)a is revealed from the ESR-silent character reference compound DPPH (diphenylpicrylhydrazyl) were re-
of the dichloromethane solution (1.5% 103 M) at room corded in dichloromethane at 293 K to estimate the degree of

temperature. On irradiation with UV light, a randomly oriented photodissociation in the photostationary state on irradiation with
triplet pattern withg = 2.0017 appeared similarly to that of the UV light. By comparing the ESR signal intensity of the sample
free ligand 6 as shown in Figure 3a. The forbidden spin- solutions with that of the dichloromethane solution of DPPH,
transition signal assignable to thés = 2 transition indicating the degree of photodissociation ®fvas estimated to be 45%.
the presence of a triplet-state species was also observed as show@n the other hand, that of Fe(tpy} »*6]*" was ascertained to

in the inset of Figure 3a. The average distance between the twobe only 18% at the photostationary state, indicating the
radical centers of the light-induced RP froffrg(tpy} 2+6](PFs)4 acceleration of the thermal recombination reaction of [Feftpy)
calculated from the zfs parametéD(hc| = 5.4 x 1073 cm™?) 512t into [{Fe(tpy}2-6]*". Indeed, the increase in the decay
is 6.23 A, and the value is slightly longer than that of the free rate of the metal-coordinated radical species was confirmed by
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Figure 3. (a) ESR spectra of a UV-irradiated dichloromethane solution Figure 5. Second-order plot of the decay of @)and (b) [Fe(tpy)
(1.5 x 1073 M) of [{ Fe(tpy} 6](PFs)a-4H,0 at 15 K. The insetisthe  5]2+ in dichloromethane kept in the dark at 286, 294, and 302 K after
detection of a forbidden transition at half-field. (b) Curie plot of the irradiation. The solid lines are the best fit of the experimental points.
ESR intensity versus reciprocal absolute temperature for the light- The inset is an Arrhenius plot of the second-order rate constants of the

induced triplet RP of {{Fe(tpy} »-6](PFe)a*4H:0. dimerization reaction of the radical species.
40x10° intensities and were calculated las= 48.4 L mol! s™1 and
Kre(ipyys = 504.6 L molt s™* at 302 K. Moreover, the activation
< energies for the radical recombination reaction were investigated
S 301 from Arrhenius plots as shown in the inset of Figure 5. The
w activation energy for the radical recombination reaction of [Fe-
3 (a) (tpy)-5]2* (Ea = 24.3 kd/mol) is about half that & (E. = 48.6
& 20- kJ/mol). As far as we know, this is the first observation of a
8 decrease in the activation energy of the radical recombination
3 reaction by the formation of a metal-coordinated radical
- complex. Though the detailed mechanism cannot be clarified
(b) at pre§ent, this finding would give significant insight into radical
chemistry.
0 - - T 4. Conclusion
0 500 1000 1500
time / sec In conclusion, we have successfully synthesized the first
Figure 4. Decay of the concentration of (&)and (b) [Fe(tpy)s]** in photochromic radical ligands, and the Fe(ll) complex{Fe-
dichloromethane kept in the dark at 302 K. The concentration of the (tpy)} 2+6](PFe)s. Both the ligand and the Fe(ll) complex
radical species was determined from the ESR measurement. exhibited reversible photochromic behavior at room temperature.

measuring the time course of ESR signal intensities as shownThe triplet states of the light-induced RPs have successfully
in Figure 4. The decay kinetics of light-induced radical species been detected by ESR spectroscopy in frozen matrixe$ for
can be described by second-order kinetics in a manner similarand [ Fe(tpy}»-6](PFs)s. The degree of photodissociation of
to that of the decay kinetics that were found in other HABI [{Fe(tpy}.-6](PFs)s was smaller than that &, because of the
derivatives. Figure 5 shows the second-order plot relating to rapid recombination process of the Fe(ll) complex of tpy<TPI
the radical recombination processe$aind [Fe(tpy)5]2". The The result reported here would help the progress of a new
kinetic constants of the recombination processes of the two category of HABI chemistry, namely, the coordination chemistry
compounds were determined on the basis of the ESR signalof the photochromic radical ligand.
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