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A bichromophoric compound £3((2-(methoxycarbonyl)quadricyclane-3-yl)carboxy)androst-5-g¥ni-{ 3,3-
dibenzoylmethanatoboron difluorifi@ropionate (QC-S—BF;) was synthesized, and its photochemistry was
examined using both steady-state and time-resolved techniques. Fluorescence quenching and lifetime
measurements indicate that intramolecular electron transfer from the QC group to the singlet excited state of
the BR, chromophore in Q€ S—BF, occurs with efficiency of ca. 25% and rate constant of ca.>.00°

s 1. Selective excitation of the BFehromophore results in the valence isomerization of the quadricyclane
group to norbornadiene group with quantum vyield of ca. 5.8%.

Introduction norbornadiene followed by rearrangement to the valence isomer.
dThe requirement of the population of the triplet state and the
involvement of the multisteps result in a low quantum yield
for the electron-transfer-initiated isomerization. This made it
difficult to analyze the dynamics of the through-bond electron
transfer in an accurate manner on the basis of the photochemical
reaction, although the rates and quantum efficiencies of the long-
distance intramolecular triplet energy transfer and singlet
electron transfer were determined by steady-state and time-
resolved spectroscopies. In the present work, we still use an
androstene skeleton as the spacer and incorporate a quadricy-
clane group and a dibenzoylmethanatoboron difluoride chro-
mophore into the spacer (@&—BF,) as shown in Chart 1. In
Ithis molecule, the Bfgroup is a powerful electron acceptor

and the QC group is an electron donor. Because the radical

There has been extensive recent interest in the photoinduce
intramolecular electron transfer in multichromophoric mol-
eculest 12 It has been well establishEdthat in rigid donor-
{saturated hydrocarbon spageacceptor (B-S—A) systems
electron transfer may occur by means of a through-space
mechanism, if the distance between D and A is small enough
to allow for direct overlap between the frontier orbitals of the
donor and acceptor. On the other hand, when the D and A
centers are too far apart for direct orbital overlap to be important,
electron transfer may occur via through-bond interactién’®.
Previous studies on through-bond electron transfer have pri-
marily chosen A and D to be chemically stable during the
electron-transfer process and mainly concerned photophysica
processes, although a few investigatfor$®have focused on

acceptors (donors) designed to undergo fast and irreversibleCation of quadricyclane can easily undergo |somer|za1tmg
chemical reactions as a tool to provide information on the might expect that the through-bond electron-transfer-initiated

dynamics of intramolecular electron transfer. In an effort to get isomerization of the QC group in QES—BF, would proceed

deeper insight into the through-bond electron transfer, we ha ewith high efficiency. Indeed, excitation of the BEhromophore
per Insight | \g W Ve QC—S—BF; resulted in the isomerization of the QC group

utilized the androstene skeleton as the spacer and mounted e - i . ;
norbornadiene moiety as the electron acceptor and a remotdto the norbornadiene group with a higher quantum yield. The

benzidine group as the electron donor on the steroidal frame- efficiency and absolute rate constant for the long-distance singlet
work 10 Irradiation of the benzidine chromophore resulted in electron transfer were also examined by steady-state and time-

the conversion of the norbornadiene group into its valence "€S0IVéd spectroscopies.
isomer, quadricyclane. Both through-bond triplet energy transfer

and through-bond singlet electron transfer were found to be Results and Discussion
operating in this photoisomerization. Because the isomerization )
of norbornadiene can occur only via its triplet state, in the . Fluorescence Quenching: Intramolecular Electron Trans-
electron-transfer-initiated isomerization, the rearrangement mech-f€" from the Quadricyclane to the Singlet Excited State of

anism of the norbornadiene group must involve electron transfer e Dibenzoylmethanatoboron Difluoride Chromophore in
from the singlet excited state of the benzidine to the norbor- QC—S—BF2. The absorption spectra of QG—BF; and the

nadiene, intersystem crossing of resultant radical-ion pairs, andModels for the electron donor, MQC (Chart 1), and for the
recombination of the triplet radical-ion pairs to give triplet €lectron acceptor, EtBRChart 1), in acetonitrile were examined
and are shown in Figure 1. The spectrum of -€&-BF; is
" Part of the special issue “George S. Hammond & Michael Kasha €SSentially identical to the sum of the spectra of MQC and
Festschrift”. EtBF,, indicating the absence of measurable interaction between
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Figure 1. Absorption spectra of QES—BF, (—), MQC (— — —),
and EtBFR, (— - —) in acetonitrile.
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the QC and BE chromophores in QES—BF; in the ground
states. Significantly, the BFgroup exhibits strong absorption
in the wavelength range of ca. 32800 nm, where the QC
group shows no absorption. This fact permits the selective
excitation of the BE moiety in the bichromophoric compound
QC—S—BF,.

The emission spectra of G&S—BF; and EtBF, are given in
Figure 2. Both compounds in acetonitrile at room temperature
show fluorescence characteristic of the,BRromophore with
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Figure 2. Emission spectra of Q€S—BF, (— — —) and EtBR (—).

The fluorescence and phosphorescence spectra were obtained in
acetonitrile at room temperature and in 2-methylhydrofuran at 77 K,
respectively: lex = 355 nm; [QC-S—BF;] = [EtBF;] =2 x 105 M.

by the QC group in QES—BF, operates. Measurements at
different concentrations reveal that the quenching is intramo-
lecular. The fluorescence lifetimes for @S—BF, (r) and
EtBF, (7o) were measured to be ca. 0.24 and 0.32 ns,
respectively (Table 1). These data allow the calculation of the
quenching constankge7) and the quenching efficiencyge)!®
according to egs 1 and 2, respectively:

1 1
Kser= T T_o 1)
—1_T
$ser=1 T ()

kset and ¢pseT were obtained to be ca. 1.0 10° s71 and ca.
0.25, respectively. The value of the quenching efficiency thus
obtained is consisitent with that from the fluorescence quantum
yield measurements.

The energy of the singlet excited state of the,Bifro-
mophore is lower than that of the QC group, as estimated from
their absorption spectra (Table 1). Thus, singlet energy transfer
from the excited BE chromophore to the QC group is
thermodynamically impossible. Therefore, we examined the
reality of electron transfer between the excited-state &fd
the QC group in Q€ S—BF; responsible for the long-distance
intramolecular fluorescence quenching. The free-energy change
(AG) involved in a photostimulated electron-transfer process
can be estimated by the RehiwWeller equatiort?

AG (kcal/mol)= 23.06E(D/D**) — E(AJA™") — €/(re)] —
E,, (kcal/mol) (3)

whereEy is the excited-state energy and in this case represents
the singlet excited-state energy of the Bfroup (70.9 kcal/
mol). E(D/D**) and E(A/A~*) are the redox potentials of the
donor and acceptor in acetonitrile solution, respectivelre)

is the Columbic interaction in the ion-pair state, the magnitude
of which depends on the distance between the donor and

maxima at 403 and 418 nm and a shoulder at 430 nm. The acceptor () and on the dielectric constant)(of the medium
fluorescence quantum yields of these compounds were alsoseparating the charges. We used the Alchemy Il program to
determined and are given in Table 1. Evidently the fluorescence calculate the energies of the general conformations, extended

quantum yield of the BfFchromophore in QE€ES—BF; is ca.
26% less than that in the model compound EiBFhis
observation indicates that quenching of the;Blaorescence

and bent, of Q€& S—BF, and found that the extended confor-
mation has the lowest energy. In this conformation, the center-
to-center distance between the QC and Bfoup (Chart 1) is
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TABLE 1: Spectroscopic and Electrochemical Properties of QG-S—BF,, EtBF,, and MQC

) E oxidation reduction
absorption fluorescente phosphorescente (kcal/mol) potientiaf potientiaf
compound  Amax(nNm)  loge  Amax(nm) (O 7(NS)  Amax(Nm) 7 (usy Es Er (V vs SCE) (V vs SCE)
QC-S—-BF;, 230 5.0 403 0.26 0.24 489 7.5
360 4.1 418 508
385 3.6 430 524
560
EtBFR, 360 4.1 403 0.35 0.32 489 7.5 70.9 58.4 —0.874+0.03
385 3.6 418 508
430 524
560
MQC 230 5.0 >85 >69 1.62+ 0.03
2|n acetonitrile.? In glassy MTHF at 77 K¢ Determined by FT transient absorption.
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ca. 19 A. Thus, we setto be 19 A for QG-S—BF.. Itis likely R oo o e o a0
that other conformations of this molecule will be populated Wavelength / nm

within the lifetime of the excited state of the Behromophore. Figure 3. Transient absorption spectra of Bfiplet state formed upon

Howeve.r, analysis OT eq 3 ShOWS that at this distance small laser photolysis of Q€S—BF; (O) and EtBR, (A) in acetonitrile 0.5
change irr will result in only a minor impact om\G. Because us after the laser pulse.

the steroid skeleton acts as the medium separating the changes,

we set the: value to be the dielectric constant of cyclohexane of QC—S—BF, in degassed acetonitrile using 355 nm excitation
(¢ = 2.015 D). The oxidation potential of MQE(QC/QC™), light gives rise to a strong transient absorption spectrum with
and the reduction potential of EtBFE(BF/BF,™), were  maximum at ca. 670 nm as shown in Figure 3. This absorption
determined in acetonitrile by the cyclic volta_mmetry method g assignable to the lowest triplet state of the, BRromophore

to be ca.+1.62+ 0.03 and—0.87 4+ 0.03 V with respect to o the basis of the observation that this absorption is readily
SCE, respectively. Calculation according to_ eq 3 rev«_aals that quenchable by © Analysis of the transient spectrum at 670
electron transfer from the QC group to the singlet excited BF  y 45 a function of time yields a lifetime of the triplet state of
portion of QC-S—BF in acetonitrile is exothermic by ca. 17 ¢4 7.5us. The transient absorption of the model compound

keal/mol. Thus, the fluorescence quenching of the BRfo-  gigF s identical with that of Q& S—BF,, and the lifetime of
mophore in QC-S—BF, was attributed to the long-distance s yinjet state is the same with that of @G—BF, within

intramolecular electron transfer from the QC group to the singlet experimental error. Thus, the triplet state of AR QC—S—

excited BR, as shown in Scheme 1. This electron transfer .
S . o BF; is not quenchable by the QC group, and the phosphores-
Img?ltgs wsréssizrfcrg aggg Olilgscr:], ?:’Sh(r)?glorsf? bEelg;,v.s'on of cehee reduction of the Bfgroup in QC-S-BF as compared

P ysIS: EXCIUSI with that in EtBF, originates from the intramolecular singlet

Tnple_t Electron Transfer and I_Energy Transfer. To search electron transfer, which leads to the decrease in thetibiet
for evidence of intramolecular triplet electron transfer and energy state yield

transfer in QC-S—BF,, the phosphorescence spectra of-QC - o ]
S—BF, and EtBR in glassy 2-methyltetrahydrofuran (MTHF) Photosensmzed Isomerlzauon of the Quadrlcycla}ne t_o the

at 77 K were examined and are given in Figure 2. Both spectra Norbornadiene Group in QC—S—BF,. Photochemical inter-
show distinct vibronic transitions with maxima at ca. 489, 508, conversion of norbornadiene and quadricyclane has been the
and 525 nm and a shoulder at ca. 560 nm. The phosphorescencéUbjeCt of intense experimental and theoretical investigation in
efficiency of the BE group in QC—S—BF2 is ca. 25% less than view of its mechanistic significandez.oﬂThe forward reaction

that in EtBR. The reduction of the phosphorescence in-QC  occurs only from the triplet state of norbornadiene. In this case,
S—BF, may be attributed either to the direct quenching of the the triplet norbornadiene can be populated by triplet energy
triplet state of the BE chromophore by the QC group via transfet! or by triplet radical-ion pair recombination in electron-
intramolecular triplet electron transfer or triplet energy transfer transfer sensitizatioh?2*On the other hand, the back reaction
or to the quenching of BFsinglet excited state via intramo-  originates from the radical cation of quadricyclane and can be
lecular electron transfer as mentioned in the above section,initiated by photoinduced electron transfer using electron-
which results in the reduction of the triplet quantum yield. To deficient sensitizers. BFchromophore is a potent electron
clarify the reason for the reduction of phosphorescence of the acceptor and can sensitize the photoisomerization of quadricy-
BF, group in QC-S—BF; as compared with that in EtBFwe clane to norbornadiene with high efficiency via singlet electron
performed a laser flash photolysis study. Pulsed-laser photolysistransfer!” Thus, study of the intramolecular photosensitized
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isomerization of the QC group in QE€S—BF, may provide in NBD**—S—BF,*. The photoinduced intramolecular electron
evidence for the remote singlet electron transfer. transfer in QC-S—BF, and the charge recombination in
Irradiation withA > 350 nm light of a 2.5< 10> M degassed NBD*"*—S—BF,* are proposed to proceed via a through-bond
solution of QC-S—BF, in acetonitrile at room temperature mechanism.
results in valence isomerization of the quadricyclane group to
norbornadiene group (NBBS—BF;) as shown in Chart 1.  Experimental Section
Under this condition, only the BFchromophore absorbs the
light. Thus, the isomerization of the quadricyclane to the
norbornadiene group must be attributed to the sensitization via
singlet electron transfer. The yield of the isomerization product
is 100% on the basis of the consumption of the starting material.
The assignment of the product as the norbornadiene derivative
relies mainly on itsTH NMR spectrum, which is in close
agreement with that reported in the literatifté!20>!Measure-
ments of product formation at different substrate concentrations
demonstrate that the isomerization of the QC group inr-QC
S—BF;is induced by intramolecular photosensitization. On th
basis of the experimental results mentioned above, the primary
photophysical and photochemical processes ir-QEBF, can
be expressed by Scheme 1. The quantum yield of this intram
lecular photosensitized isomerizatigio(QC—S—BF,), can be
calculated by eq 4

Material. Unless otherwise noted, materials were purchased
from Beijing Chemical Work and were used without further
purification. Spectral-grade 2-methyltetrahydrofuran and aceto-
nitrile were used for absorption and emission spectra, flash
photolysis, redox potential measurements, and steady-state
photoirradiation measurements.

Synthesis of the Quadricyclane-Steroid—{Dibenzoyl-
methanatoboron Difluoride} System (QC-S—BF,). The
synthesis of Q€ S—BF; involved three steps. Reaction ¢f-3
e ((2-(methoxycarbonyl)bicyclo[2.2.1]hepta-2,5-diene-3-yl)carboxy)-
androst-5-en-13-ol (NBD—S—175-0l)?2 with 3,3-dibenzoyl-
propionyl chloride gives NBB S—174-yl-(3,3-dibenzo-
o-Ylpropionate) (NBD-S—diketone), which was used as a starting

material to prepare NBBS—BF; by its reaction with boron

fluoride. QC-S—BF, was obtained by photoirradiation of

NBD—S—BF; with 4 < 280 nm light. The synthesis procedure

te Te and identification are given in the Supporting Information.
Piso QC=S=BF)) = se1iso(QC/NBD )pger  (4) Instrumentation. *H NMR spectra were recorded at 300
MHz with a Brucker spectrometer. MS spectra were run on a
where ¢iso(QC™/NBD**) represents the efficiency of the vG ZAB spectrometer. UV spectra were measured with a
isomerization from QC* to NBD** and¢eer is the efficiency  Hitachi UV-340 spectrometer. IR spectra were run on a Perkin-
of the charge recombination in NBD-S—BF,™*. The value  E|mer 983 spectrometer. Steady-state emission spectra were
of ¢iso(QC—S—BF;) was determined to be ca. 0.058. The value recorded on either a Hitachi Em850 or a Hitachi MPF-4
of gseris ca. 0.25 as mentioned above. It has been establishedspectrofluorimter. Fluorescence lifetime was determined on a
that NBD™ cannot be isomerized to QCbecause of the  Horiba NBES-1100 single-photon-counting instrument. HPLC
unfavorable energetics for this transformatidrhus, we assume  \yas performed on a Varian VISTA 5500 liquid chromatograph
¢ger in NBD™*—S—BF,™* to be unity. This in turn givesso- with a Lichrosorb RP 18 column.
(QC™/NBD™) to be ca. 0.23 according to eq 4. It is known  Fjyorescence and Phosphorescence Measuremerféuo-
that in the isomerization of quadricyclane in polar solvents via rescence was measured in acetonitrile at room temperature. The
intermolecular e|eCtI’OI’l-tranSfer phOtOSGnSitization, reverSib|e Samples were purged W|th n|trogen for at |east 30 m|n before
and substantially diminishes the yield of isomerizafidn.our 2-methyltetrahydrofuran at 77 K, and the sample solutions were
case, although a polar solvent (acetonitrile) is used, 23% of QC degassed by at least three freepemp-thaw cycles at a
radical cation generated by intramolecular electron transfer is pressure of 5< 1075 Torr. The excitation wavelength both for

isomerization is probably due to the separation of' Q&nd  \yas found that the feature of the emission spectra was
BF,™* groups in QC*—S—BF,™*, which suppresses the charge jndependent of the excitation wavelengths. For comparison of
recombination. the emission efficiency of Q€ES—BF, with EtBF,, the spectra

As mentioned above, the BEnd QC chromophores in Q€ were run using solutions with identical optical density at the
S—BF; are separated by 15-bonds, and the center-to-center  excitation wavelength. The relative emission efficiencies were
distance between the two chromophores in the extended QC  measured from the peak areas of the emission spectra. The
S—BF, conformation is ca. 19 A. At such separation between fyorescence quantum yields of the Bgroup in EtBR and
the chromophores, electron transfer via a through-space procesg)c—s—BF, were determined in acetonitrile relative to quinine
would be very inefficient. With reference to the precedent pisyifate h 1 N sulfuric acid3
works!~*5it is proposed that through-bond mechanisms operate  Redox Potentials of B and QC. The redox potentials of
in the photoinduced intramolecular singlet electron transfer in EtBF, and MQC were determined by cyclic voltammetry in

QC-S-BF: and in the charge recombination in NBD-S— acetonitrile, using a glassy carbon working electrode and a Ag/
BF2™ AgCI/KCI (saturated) reference electrode in the presence of 0.1

. M tetrabutylammonium hexafluorophosphate as the supporting
Conclusions electrolyte.

Spectroscopy and photosensitized reaction experiments reveal Laser Flash Photolysis.The laser flash photolysis system
that excitation of the Bf-chromophore in Q€ S—BF; results has been described elsewh&&he pump light source was the
in a remote intramolecular singlet electron transfer from the QC third harmonic (355 nm) of an Nd:YAG laser (Spectra-Physics,
to BF, group with an efficiency of ca. 25% and a rate constant GCR-11-1). The probe light source was a xenon arc lamp
of 1.0 x 10° s™1. The generated radical cation of QC undergoes (Vshio, UXL-500-0). The probe light transmitting through the
the isomerization to the norbornadiene radical cation with an sample cell was fed to a detection system, which consists of a
efficiency of ca. 23%, which subsequently leads to the formation monochromator (Ritsu, MC-10L), photomultiplier (Hamamatsu,
of NBD—S—BF; by the recombination of the radical-ion pair R928), digital oscilloscope (Tektronix, 2440), and microcom-
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puter. The decay curves were analyzed by using nonlinear least-  (3) Davis, W. B.; Svec. W. A.; Ratner, M. A.; Wasielewski, M. R.
S T Nature 1998 396, 60.

quares fitting. (4) Paddon-Row, MAcc. Chem. Red.994 27, 18

Photoirradiation and Product Analysis. Photoirradiation addon-row, MAcc. Lhem. e o

was carried out in a Pyrex reactor, and the solution of-QC 198_(5) Gust, D.; Moore, T. A.; Moore, A. LAcc. Chem. Re4.993 26,
S-BF; (ca. 1 x 107° M) in acetonitrile was purged with (6) Gaillanrd. E. R.; Whitten., D. GAcc. Chem. Re<.996 29, 292.
nitrogen. A 450-W Hanovia high-pressure mercury lamp was (7) Lokan, N.; Paddon-Row, M. N.; Smith, T. A.; Rosa, M. L;
used as the excitation source. After irradiation, the solvent was Ghiggino, K. P.; Speiser, §. Am. Chem. Sod.999 121, 2917.
evaporated from the samples under reduced pressure. The (8) Zhu,Y.; Schuster, G. Bl. Am. Chem. Sod993 115 2190.
product was separated from the starting material by preparative (%) Timberlake, L. D.; Morrison, HJ. Am. Chem. S06999 121, 3618.

. : (10) Tung, C. H.; Zhang, L. P.; Li, Y.; Cao, H.; Tanimoto, ¥. Am.
thin-layer chromatography, eluted with ethyl acetatel/petroleum 5 Soc1997 119 5348,

ether (1/2.5 in volume), and characterizedlyNMR and mass (11) Tung, C. H.; Zhang, L. P.; Li, Y.; Cao, H.; Tanimoto, ¥.Phys.
spectroscopes (see Supporting Information). Product yields wereChem.1996 100, 4480.
determined by analysis of tHél NMR spectra and by HPLC (12) Shiratori, H.; Ohno, T.; Nozaki, K.; Yamazaki, I.; Nishimura, Y.;

analysis. Quantum yield for intramolecular photosensitization OSuka, A.J. Org. Chem2000 65, 8747. _

isomerization of the quadricyclane group in ©6—BF, was (13) Gosztola, D.; Wang, B.; Wasielewski, M. R. Photochem.
. . Photobiol. A: Cheml996 102 71.

det_erm'ned by using a benZOphenone/b_enZhydrOl system as the (14) Closs, G. L.; Johnson, M. D.; Miller, J. R.; Piotrowiak, .Am.

actinometry ¢ = 0.74 in benzené® In this measurement, we  Chem. Soc1989 111, 3751.

control the conversion of QES—BF, to NBD—S—BF; to be (15) Closs, G. L.; Piotrowiak, P.; Macinnis, J. M.; Fleming, G. R.

less than 20% to suppress the reversed isomerizétion. Am. Chem. Soc198§ 110 2652
(16) Antonello, S.; Maran, FJ. Am. Chem. S0d.998 120, 5713.

. ; (17) Liu, Z. L.; Zhang, M. X.; Yang, L.; Liu, Y. C.; Chow, Y. L,;
Acknowledgment. We thank the Ministry of Science Johansson. C. . Chem. Soc., Perkin Trans. 1294 3, 585.

and Technology of China (Grant Nos. G2000078104 and "~ (1g) the parametelger andeser denote the rate constant and efficiency
(G2000077502), the National Science Foundation of China, andof intramolecular electron transfer from the QC group to the singlet excited

the Bureau for Basic Research of Chinese Academy of Sciencesstate of BE group, respectively. Here, we assume that the fluorescence
for financial support quenching totally originates from the singlet electron transfer.

(19) Rehm, D.; Weller, Alsr. J. Chem.1970Q 8, 259.

. . . . - (20) Schwarz, W.; Dangel, K. M.; Jones, G. G., Il; BarganJ.JAm.
Supporting Information Available: Synthesis procedures 5.7 S0c1982 104 5686,

and data of melting points, elemental analysis, mass spec- (1) jones, G., II; Schwarz, W.; Malba, V. Phys. Chem1982 86,

troscopies, infrared spectroscopies, ahtiNMR of 35-((2- 2286.
(methoxycarbonyl)bicyclo[2.2.1]hepta-2,5-diene-3-yl)carboxy)-  (22) The synthesis of NBBS—173-0l has been described in ref 11.
androst-5-en-13-yl-(3,3-dibenzoylpropionate) (NBBS—dike- (23) Berlman, J. BHandbook of Fluorescence Spectra of Aromatic
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dibenzoylmethanatoboron difluorigderopionate (QG S—BF,). (I)ZS)_ The triprllet eﬂerg); C;:‘tf;%\lhBD groﬁp in(’;lgri—Blllzz (Cls'i 53 keal/
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