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Research (RIKEN), Hirosawa, Wako, Saitama, Japan Figure 1. (a) UV—vis—near-IR spectral change df8-FeAq (5 x 1075
M) in benzonitrile upon the addition of2 equiv of CERSO;H. (b) UV—
vis—near-IR spectral change &f5-FGAqQ (5 x 10°° M) in benzonitrile

. . . -~ upon the addition of 82 equiv (dotted lines and arrows) anet2 equiv
acceptor molecules is a fundamentally important chemical reaction (sojig lines and arrows) of GBOH.

Receied June 4, 2001
Proton-coupled electron transfer (PCET) between donor and

closely related to various energy conversion events in biological

systems.We have recently reported the intramolecular PCET of Scheme 1

1:1-donor/acceptor compounds, 1-ferrocenylethynylanthraquinone,

1-FcAg,?2and 2-(2-ferrocenylvinyl)hydroquinone, causing novel ?Cz &

structural change®.These reactions are realized by a combination < "6 °

of several factors such as the PCET ability of quinones, the P =\

existence of az-conjugated spacer between ferrocene and

quinone, and a matching of doreacceptor levels controlled by 1.8-FeAq

protonation. These phenomena prompted us to investigate the =)

PCET reaction in 2:1-donor/acceptor compounds, 1,8-bis(ferro- kel o= )=0

cenylethynyl)anthraquinond,8-FgAq, and 1,5-bis(ferrocenyl- ()=
ethynyl)anthraquinonel,,5-FGAq, because the quinone moiety .

can undergo double protonation, drastically changing the acceptor _ 15-FeAa [1,5-FeEvAqH _
level. In this communication we report that only5-FGAQ == ") .
undergoes a facile two-step proton response, leading to a doubly g Ho—/ )—OH \‘??'
protonated species with unique physical properties due to the ,/} i
existence of three possible valence tautomers. The most favorable Ta=c=e={_) .

valence tautomer is different between the solution and solid states,

+H*
—

and also dependent on temperature.
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Two isomers1,8-FeoAq and1,5-FGAQ, were synthesized by

. L2+ + —_
the Pd(lly-Cu(l)-catalyzed cross-coupling reactidof ethynyl- (1.5-Fevaahy] ‘\\& lz,:ﬁ“tc {2 T
ferrocené with 1,8-dibromoanthraquinone and 1,5-dibromoan- > HO 8 “:C Fe

thraquinon& in 88 and 75% yields, respectively. Their structures
were confirmed by X-ray crystallography (Figure S3, Supporting
Information).

The spectroscopic responsesio8-FGAQ and 1,5-FGAQ to
CR:SGOsH in benzonitrile are significantly different. The solution o
of 1,8-FeAq changed immediately from deep red to deep reddish- cUmulene moieties 1[8-FCcFVAQH]™ (Scheme 1j.
purple after the addition of the acid, corresponding to the-Uv ~_ In contrast, the addition of several equivalents of;8B;H
vis—near-IR absorption spectral change, as shown in Figufe 1a. into @ benzonitrile solution of,5-FeAq resulted in a two-step
The n#* band of the anthraquinone moiety decreases, two MLCT color change, initially to deep reddish-purple, and then to deep-
bands increase in intensity at 491 and 546 nm, and a new broaddreent ESI-mass spectra have indicated that deep reddish-purple
band with the half-widthAv,, = 5.4 x 10° cm* appears over ~ and deep-green solutions are derived from singly and doubly
the visible and near-IR regiong = 934 nm). This spectral protonated species, respe_ctlvéﬁ]he first spectral change in the
change is quite similar to that @FcAq.22 The protonated species UV —Vis—near-IR absorption spectra, as depicted by the dotted
of 1,8-FeAq was isolated from the acidic solution, and its ESI-  lines in Figure Ib, is quite similar to those #fFcAg?* and1,8-
mass!H NMR, 13C NMR, and IR spectra revealed tHa8-FoAq Fc,Ag, suggesting a conversion to a similar fulveriee(ll)
undergoes a single protonation of the carbonyl oxygen adjacentcomplex-cumulene structure,1{5-FcFvAgH]™. In the second

to the ethynylene bond, causing a structural change to create aStep, the MLCT band atmax = 522 nm decreases in intensity,
two intense bands appear at 748 and 850 nm, and the broad band

with the half-width Avyp, = 7.2 x 10° cm L, Amax = 909 nm) is
shifted to longer wavelengtig,, = 5.2 x 10° cm™%, Amax =
1309 nm) (Figure 1b, solid line). The two bands in the visible
region are quite similar to those of the semiquinone form of
anthraquinone derivativésThe EPR spectrum of the frozen acidic

[1,5-FcFoAqH, >

compound involving both ferrocenylethynyl ang-fulvene—
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12 areal intensity ratio ¢ = Fe(lll)/[Fe(ll) + Fe(lll)]) is 0.44

X0 | (b) § (£0.01). The QS value of the Fe(ll) component is smaller than
Sos the value of the Fe(ll) nucleus of the nonprotonates-FGAQ

c 06 (QS=2.39 mms?, IS= 0.55 mms?, at 9.2 K), and this smaller

E 0.4 QS value indicates a conversion to the fulvere(ll) complex

structure through protonatidh.The absorption of the ferroce-
nium—Fe(lll) nucleus increases compared to that of Fe(ll), when
the temperature is raised, as shown in the spectrum at 293 K

0 100 200 300 lg=2.00

T/K (Figure S6b, Supporting Information). Tlgevalues at 50, 150,
Figure 2. (a) The EPR spectrum of doubly protonatie8-FAq in the 220, and 293 K were estimated to be 0.5D(04), 0.70 £0.08),
solid state at 6.6 K. (b) ThauT—T plot of doubly protonated,5-FeAq 0.70 (0.08), and 1.00+£0.09), respectively.
(O) andywmT values estimated from the ERR/alues and’Fe Mssbauer The EPR spectrum of the solid state of the doubly protonated
¢ values (). 1,5-FeAqQ at 6.6 K showed a superposition of two components

of Fe(lll) nuclei from a ferrocenium catioig(= 3.93,g; = 1.59f
acetonitrile solution ol,5-FGAQ at 5.0 K showed a strong, sharp  and a semiquinone radical of the anthraquinone moggty 2.00)
signal atg = 2.02 assignable to a semiquinone radical of the (Figure 2a). The ratio in signal intensity of the semiquinone radical
anthraquinone moiety as well as weak broad signats at4.12 to the ferrocenium cation is considerably smaller in the solid state
andgy = 1.5 originating from a ferrocenium cation including an  than in the frozen solution state (vide supra). Jh&—T plot of
Fe(lll) nucleus (Figure S4, Supporting Informatiénlthese  this doubly protonated.,5-FGAqQ is shown in Figure 2b. The
spectroscopic results suggest the generation of a spin-separategMT value decreases with decreases in temperature.
form, [1,5-FcFvAqH 2" (Scheme 1). The temperature-dependent change of ¥fiee Missbauer
Electrochemistry of the protonated compounds supported the g can be ascribed to the thermal equilibrium between the
reactions given in Scheme 1. The series of monoprotonated, a valence tautomerd, §-FVFVAqH,]2", [1,5-FcFvAqQH ]2+
complexes exhibits a reversible two-step one-electron reduction ;4 [L,5-FCFCAqH )2 in’ the solid state’(S(,:heme 1). At hig’her
of the protonatgd anthraquipone moiety (AgH) in the cyclic tempe’ratures, the paramagneficsiFc Fc‘AqH22+,WitH its two
;?g?g:gqe?g?r:?f?elg E)w;ln ci)lr(z;/gcl)cs?tlic\)/ ?Eiﬁ?ﬁgggﬂ?igﬁgsggﬂf‘e d ferrocenium Fe(lll) nuclei, is dominantly formed. ThgT value
) : : : at 348 K is 0.95 crifmol~K, which is close to the calculated
forms (Table S1, Supporting Information). The reversible omda—dXMT value of 1.05 for 1,5-FcFCAqH ]2, as estimated from the

tion waves of non- and monoprotonated complexes are derive : : ot
from the metal-centered oxidation of the ferrocenyl (Fc) and EF_>Rg vaI_ues._Wlth decreasesmtemperatuldS{FCFc'AqH_z]
might primarily be transformed into the diamagnetit,5-

ful lex (F ieties. IL[5-FcFVAgQH »']%T, th
ulvene complex (Fv) moieties. IrL[S-FCFVAGHT™, the redox d FvFvAQH )", which has two fulveneFe(ll) and doubly pro-

reaction occurs in a different pattern from that of non- an d anthrahvd : . h | val
monoprotonated complexes, with the rest potential being posi- tonated anthrahydroguinone moieties, as the calcujgiédalues

tioned between the reduction wave of the ferrocenium moiety I typical temperatures estimated from the E¢#alues and’Fe

(Fc*) and the oxidation wave of Fv. Therefore, based on the above MOssbauer value$ correspond well with the experimentajT
results, the spin-separated forr,-FCFvAQH ]2+, among the  values (Figure 2b). A small distribution of 5-FCFVAqH 2>,

three possible canonical structures,5-FcFVAqQH ]2, [1,5- which is dorr_unant in _the solution, cannot be rl_JIed out at low
FVFVAQH 2%, and [L,5-FcFcAgH 52+, is considered to be the temperature in the solid state because of the existence of a weak
most thermodynamically favorable in solution as the doubly EPR signal for the radical (Figure 2a).

protonated species df,5-FGAQ. In summary, we have described novel intramolecular PCET

The difference in second-protonation capability between 1,8- causing a drastic change in structure and physical properties in
and 1,5- isomers can be attributed to the discrepancy in thethe donor-acceptor conjugated complexds8-FGAq and 1,5-
conjugation of ferrocene moieties with the carbonyl moieties. Two Fc,Ag. In particular, the doubly protonated form df5-FGAq
ferrocenyl groups il,5-FGAQ conjugate with different carbonyl  reaches an equilibrium involving three valence tautomers, depend-
moieties, whereas those in8-FGAQ conjugate with the same  ing on the maitrix and temperature. These findings should be useful
carbonyl moiety. Thus a second-protonation can occur only in jn designing novel functional molecular systeffis.
[1,5-FcFvAqH]*.
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