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Abstract: A bichromophoric compound33((2-(methoxycarbonyl)bicyclo-[2.2.1]hepta-2,5-diene-3-yl)carboxy)androst-
5-en-13-yl-2,2,6,68,N,N,N',N" heptamethylbenzidine (NS—B) was synthesized, and its photochemistry was examined

by using both steady-state and time-resolved techniques. Intramolecular electron transfer from the singlet excited
state of benzidine to the norbornadiene chromophore-#$NB occurs with efficiency gt ) of ca. 12% and rate
constant Ksg7) of ca. 1.1x 107 s71, resulting in the singlet radical ion pdifN*~—S—B*") followed by intersystem

crossing to the triplet stat{N*~—S—B**). Recombinatio

n of(N*~—S—B*") yields triplet norbornadiene group.

The efficiency fripiscodriprd Of the formation of the triplet norbornadiene from the radical ion pair is ca. 17%.
The singlet excited state of benzidine group ir 8B undergoes intersystem crossing to its triplet state with efficiency

(CDISC) of ca. 56%.

Intramolecular triplet energy transfer leading to the formation of the triplet norbornadiene

chromophore is efficienigt = ca. 65%krr = ca. 5.2x 1P s™Y). Selective excitation of the benzidine chromophore
results in isomerization of the norbornadiene group to quadricyclane. This isomerization proceeds either via
intramolecular triplet sensitization or radical-ion pair recombination mechanism. The long-distance intramolecular

triplet energy transfer and singlet electron transfer are

Introduction

Photoinduced electron transfer and energy transfer play an
important role in chemical and biochemical procedsé&gectron
transfer in general requires a proximity of the electron donor
and acceptor comparable to their van der Waals radii. Similarly,
triplet—triplet energy transfer proceeds via Dexter electron
exchange interactidrand may be visualized in terms of two

proposed to proceed via a through-bond mechanism.

transfer will become negligibly small as the dorn@rcceptor
distance increases beyond the sum of their van der Waals radii.
However, the evidences for long-distance electron trafisfer
and triplet energy transftr17 with great efficiency in bichro-
mophoric molecules in which the donor and acceptor are held
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transfer processés. The rate constants both for electron

transfer and Dexter energy transfer decrease exponentially with

increasing the doneracceptor distance. Thus, one might expect
that the rate constants for electron transfer or triplet energy
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Norbornadiene-Steroid-Benzidine System

at a effectively fixed separation by rigid molecular bridging
frameworks have been accumulated. Closs and his co-wérkers
studied the electron transfer in anions of bifunctional steroids
A—S—B~, where B is 4-biphenylyl, S is a rigid saturated
hydracarbon spacer, and A is one of a series of different
molecular groups. While in all cases the distance between A
and B is in excess of 10 A, the maximum rate constants for
intramolecular electron transfer reach®161. They also
employed different rigid saturated spacer groups to separate
electron donors and acceptors and to probe the effect of
thermodynamic driving force, distance, solvent, and temperature
on rate constants for electron transfer. Their work confirmed
the existence of the Marcus inverted region and provided a
theoretical foundation to guide experimentation. For molecules
with dimethoxynaphthalene as the donor, 1,1-dicyanoethylene
as the acceptor, and the rigid polycyclic norbornane structures
as the spacers, Verhoeven, Paddon-Row, and their co-wbrkers
demonstrated the occurrence of very fast photoinduced electron
transfer. They investigated the effects of the bridge configu-
ration on the rate constant of intramolecular electron transfer
and found that substitution of gauche for trans links in the spacer
significantly decreased the electron transfer rate constants.
Zimmt and Zen§ employed similar molecule systems to
demonstrate that electronic symmetry can modulate intramo-
lecular electron transfer rate constants by at least 2 orders of
magnitude. Gust, Moore, and their co-workedesigned a
series of multicomponent compounds after the model of the
bacterial reaction center and studied their intramolecular electron
transfer reaction. They revealed that molecules of this type can
use the excitation energy effectively to produce intramolecular
ion pairs with long lifetimes. Recently, Schuster and Zhu
examined the photochemical reactions of an aroyl azide group
in an aryl amine-steroid-azide system in which the two
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chromophores are separated by 17.8 A and found that the azide

group is effectively activated by the remote amine group via
long-distance electron transfer mechanism. More recently,
Burrow, Jordan, and their co-workérstudied the dissociation

of CI~ from a molecule with ethylenic and -&Cl groups
separated by a rigid nonconjugated bridge for 5.8 A. Under
low-energy electron impact the electron is initially captured into
a o* orbital localized on the ethylenic group, followed by
efficient electron transfer to the* orbital localized on the €CI
group and subsequent dissociation. Similarly, long-distance
intramolecular triplet energy transfer has also been exariinéd.
For the molecule 1-benzoyl-4-(2-naphthyl)bicyclo[2.2.2]octane
in which the benzoyl (energy donor) and naphthyl (acceptor)
spacing is fixed at ca. 7 A, Zimmerman and Mcklevéfpund

that the triplet energy transfer occurred with 100% efficiency.

MNBD

norbornadiene group (acceptor) are separated by ca. 10.8 A,
the efficiency and rate constant for the long-distance intramo-
lecular triplet energy transfer were determined to be 22% and
1.5 x 10 s ! respectively’ The high efficiency of the long-
distance intramolecular electron transfer and triplet energy
transfer that occurred in rigid bichromophoric molecules was
rationalized by through-bond interactions of the donor and
acceptor obitals with those of the connectimgpond relays. It

has been revealed that the rate constants for electron transfer
and energy transfer via through-bond mechanisms decreases
exponentially with increasing the number of the bridging©

o bonds?

Using a rigid steroid spacer, which places the benzophenone UP to now, the majority of the studies for long-distance
(donor) and naphthalene (acceptor) chromophores at a distancdhtramolecular electron transfer and triplet energy transfer have

of ca. 14 A, Keller and Dolbd# found that triplet energy transfer
efficiency is about 35%. For the molecule spiro[9,10-dihydro-
9-oxoanthracene-10;%',6'-benzindan] in which the anthrone

(donor) and naphthalene (acceptor) moieties are rigidly linked

and separated by ca. 5.1 A, Weers, Rentzepis, and their co-

workers$® determined the rate constant for triplet energy transfer
to be about 3x 10 s, More recently, Morrison and W
studied the photochemistry ot dimethylphenylsiloxyl)-5.-
androstane-11,17-dione andx-8dimethylphenylsiloxyl)-%t.-
androstane-17-one in which the dimethylphenylsiloxyl (donor)

and 17-keto (acceptor) groups are separated by 11.6 A, and

estimated the efficiency of the intramolecular triplet energy
transfer having a minimum value of ca. 30%. In a preceding
report we revealed that for a benzophenesgroid-norbon-

mainly concerned photophysical processes. There are only a
few examples of application of through-bond electron transfer
and triplet energy transfer to activation of remote acceptor
groups for chemical reactiori$:16.17b |n the present work we
study the photochemistry of the bichromophoric compound
N—S—B shown in Chart 1. It has been established that
norbornadiene and its derivatives can be photochemically
converted into their valence isomers, quadricyclane, via triplet
statesl® This reaction can be photoinitiated by a triplet
sensitize? Since the bicyclo[2.2.1]hepta-2,5-diene-2,3-dicar-
boxylate group is a good electron acceptor, one can also use an
electron donor to photosensitize its isomerizafidrin this case

the rearrangement mechanism of the norbornadiene involves

(18) Kavarnos, G. J.; Turro, N. Xhem. Re. 1986, 86, 401 and

adiene system where the benzophenone group (donor) and theeferences therein.
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electron transfer from the sensitizer to the norbornadiene, inter- 1000

system crossing of resultant radical-ion pairs and recombination

of the radical-ion pairs to give norbornadiene triplets followed gogq rereenee Phosphorescence

by rearrangement to the valence isomer. FetS\-B molecule, N

we could selectively excite the benzidine group. Long-distance 600- A

triplet energy transfer activates the norbornadiene group and
initiates its isomerization to quadricyclane. We also revealed
the existence of long-distance electron transfer from the singlet
excited state of benzidine to the norbornadiene, and this process
initiates the later group isomerization via radical-ion pair
recombination mechanism. The efficiencies and rate constants
of the long-distance triplet energy transfer and electron transfer
were examined by steady-state photolysis and time-resolved
spectroscopy. These findings provide a new example of using Wavelength [ nm
an antenna chromophore to activate a remote functional grouprigure 1. Emission spectra of NS—B (—) and A-S—B (- -). The
for chemical reaction via long-distance electron transfer and fluorescence and phosphorescence spectra were obtained in cyclohexane
triplet energy transfer. at room temperature and in 2-methylhydrofuran at 77 K, respectively.
Jex =300 nm, [N-S—B] = [A—S—B] = 2 x 1075 M.

400

200
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Results and Discussion from the excited benzidine chromophore to norbornadiene chro-

mophore is impossible. Furthermore, this factor permits the
selective excitation of the benzidine moiety in the bichro-
mophoric compound NS—B.

The fluorescence spectra oFH$—B and A—S—B in cyclo-
hexane were studied and are given in Figure 1. Both compounds
exhibit strong fluorescence. The parameters of the fluorescence
spectra are given in Table 1. The general feature of these two
spectra are essentially identical. However, the fluorescence
efficiency of the benzidine chromophore irH$—B is ca. 15%

Synthesis of Norbornadiene-Steroid—Benzidine (N-S—
B). The synthesis of NS—B involved two steps. Reductive
amination of F-hydroxy-androst-5-en-17-one with 2&,6,-
N,N',N'-heptamethylbenzidine yields a mixtur@?! of the
distereomers@hydroxyandrost-5-en-Pryl-2,2',6,6 ,N,N',N'-
heptamethylbenzidine (HO-S-AB) and 3-hydroxyandrost-
5-en-1%-yl-2,2,6,6,N,N',N'-heptamethylbenzidine (HO-S-&7
B) with a ratio close to 1:1. Assignments of HO-S51B as
the 17-Cfamine and HO-S-1d-B as the 17-Caamine were
supported byH NMR resonance at 3.40 and 3.10 characteristic less than that in the model compoune-8—B. This observa-
of 17-C-oH and 17-CBH, respectively. The isomeric amines tion indicates that quenching of the benzidine fluorescence by
could be separated by chromatography. In the present workthe norbornadiene group in-N5—B operates. Measurements
we only used HO-S-13:B as the starting material to prepare at different concentrations reveal that the quenching is intramo-
N—S—B by its esterification with 2-(methoxycarbonyl)bicyclo- lecular. The fluorescence lifetimes forf6—B and A-S—B
[2.2.1]hepta-2,5-diene-3-carboxylyl chloride. were determined to be 10.8 and 12.2 ns, respectively (Table

Intramolecular Electron Transfer from the Singlet Excited 1). These data allow the calculation of the quenching constant
State of the Benzidine to the Norboradiene Chromophores ~ (Kser) and the quantum yieldd{ser) of the quenching, which
in N—S—B. To search for evidence of ground state interactions Were obtained to be 1. 10" s™* and 0.12, respectively. The
between the donor benzidine and the acceptor norbornadiene’@lue of the quenching efficiency thus obtained is comparable
groups in N-S—B, the absorption spectra of this compound W|th_ that from the f_Iu_o_rescenc_e efflc!ency measurements.
and the models for the donorp&cetoxyandrost-5-en-7 Since the possibility of singletsinglet energy transfer
benzidine (A-S—B, Chart 1), and for the acceptor, dimeth- responsible for the long-distance intramolecular quenching of
ylbicyclo[2.2.1]hepta-2,5-diene-2,3-carboxylate (MNBD) in cy- the benizidine fluorescence by the norbornadiene group in
clohexane were examined. Table 1 gives the parameters of the—S—B is excluded on thermodynamic grounds as mentioned
absorption spectra together with those of the emission spectra@Pove, we examined the reality of electron transfer between the

and cyclic voltammetry for NS—B, A—S—B, and MNBD. The
absorption spectrum of NS—B is essentially identical with the
sum of the spectra of AS—B and MNBD, suggesting the

two chromophores as the cause of the fluorescence quenching.
The effects of solvent and distance on the thermodynamics of
long-distance electron transfer have been analyzed by \Rller

absence of measurable interaction between the benzidine and@nd by Verhoeven, Paddon-Row, and their co-workers well

norbornadiene chromophores of-4$—B in ground state.
Significantly, the absorption of AS—B extends to longer

as by Schustef® The free energy changaAG) involved in an
photostimulated electron transfer process can be estimated by

wavelength than does that of MNBD. The energy of the singlet €d 1

excited state of the benzidine chromophore (ca. 86 kcal/mol) is

lower than that of MNBD § 95 kcal/mol), as estimated from
the absorption spectra. Thus, singieinglet energy transfer

(19) (a) Arai, T.; Oguchi, T.; Wakabayashi, T.; Tsuchiya, M.; Nishimura,
Y.; Oishi, S; Sakuragi, H.; Tokumarce, Bull. Chem. Soc. Jpr1987,60,
2937. (b)Murov, S.; Hammond, G. 8. Phys. Chem1968 72, 3797. (c)
Hammond, G. S.; Wyatt, P.; Deboer, C. D.; Turro, NJ.JAm. Chem. Soc
1964 86, 2532. (d) Gorman, A. A.; Hamblett, I.; McNeeney, S. P.
Photochem. Photobioll99Q 51, 145.

(20) (a) Schwarz, W.; Dangel, K. M.; Jones, Il, G. G.; Bargad, Am.
Chem. S0c1982,104, 5686. (b) Jones, Il, G.; Schwarz, W.; Malba, X.
Phys. Chem1982 48, 2286. (c) Wu, Q. H.; Zhang, B. W.; Ming, Y. F.;
Cao, Y.J. Photochem. PhotobiolA 1991, 61, 53.

(21) (a) Hutchins, R. O.; Su, W.; Sivakumar, R.; Cistone, F.; Steroho,
Y. P.J. Org. Chem1983 86, 3412. (b) Adel-Magdid, D. F.; Maryanoff,
C. A.; Carson, K. GTetrahedron Lett199Q 31, 5595.

AG =E,(D) — EfA) — AEg —
&leR, — €/2(1k, + 1r_)(1/37— 1/e) (1)

where AEg is the excited state energy, and in this case
represents the singlet excited energy of the benzidine group (86
kcal/mol). Exx(D) andEeA) are the redox potentials of the
donor and acceptor, respectively, determined in acetonitrile
solution. e¥eRy is the Coulombic interaction in the ion pair
state whose magnitude depends on the distance between the
donor and acceptoR,;) and on the dielectric constant) (of

(22) (a) Rehm, D.; Weller, Alsr. J. Chem 1970, 8, 259. (b) Weller,
A.; Z. Phys. Chem. N. F1982,113,93. (c) Grellman, K. H.; Watkins, A.
R.; Weller, A.J. Phy. Chem1972,76, 3132.
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Table 1. Spectroscopic and Electrochemical Properties of Compounds

absorptioa fluorescence phosphorescente Eoo (kcal/mol) redox potential
compd Amax  loge  Amax(nm) P Dis®  T(NS)  Ama(nM) 74 (ns) Eoo® Eoo (V vs SCE)
N-S—-B 290 3.55 370 0.11 0.56 10.8 485 1.25
514
556
A-S-B 290 3.50 370 0.13 0.64 12.2 485 3.60 86 63 (166.03
(15.0+ 0.7 kcal)
514
556
MNBD 250 3.96 >95 53 —1.67 to—1.77

(—38.5t0—40.8 kcal)

a|n cyclohexane® @, ®sc: Fluorescence and intersystem crossing quatum yields respectively. The vabug 66r N—S—B was obtained
by ®isco(N—S—B) = ®sc (A—S—B)-7 (N—S—B)/7(A—S—B), wherer(N—S—B) andt(A—S—B) are the fluorescence liftimes forN6—B and
A—S—B, respectively®In glassy MTHF at 77 K9 Determined by FT transient absorptiorf.In acetonitrile.

the medium separating the charges. The last term in eq 1 is 0.4
the Born correction to the solvation energy which depends on

the radius of the donor cation,() and the acceptor anion(). |
We used Alchemy Il program to calculate the energies of the 0.3
two general conformations, extended and bent, 615\ B and
found that the extended conformation has the lowest energy.
In this conformation the center-to-center distance between the
norbornadiene and benzidine groups, defined as the distance
between the C-2 in norbornadiene and the center oftine 0.1
Ph bond in benzidine, is 17.0 A. Thus, we $®¢ to equal to l
17.0 A for N-S—B. It is likely that other conformations of

this molecule will be populated within the lifetime of the excited 0.0
state of the benzidine group. However, analysis of eq 1 shows 300 350 400 450 500 550

that at this distance small change Rg. will result in only a Wavelength | nm

m'nor_'mpaCt OnAG. To estimate the Born correction to the Figure 2. Transient absorption spectra: 1. the spectrum of the triplet
solvation energy we sat; andr- equal to 6.7 and 3.6 A, state of the benzidine chromophore formed upon photolysis-e§A
respectively, by assuming that both donor and acceptor arep; 2. the spectrum of the radical cation of the benzidine chromophore
spherical. Cyclic voltammetric measurement of the model formed upon photolysis of NS—B in the presence of 0.05 M
compound A-S—B in acetonitrile shows reversible oxidation piperylene; 3. the spectrum observed upon photolysis-66NB. All
waves with the oxidation potentiaE¢x(D)) of 0.65+ 0.03 V the spectra were obtained in cyclohexanefsfter the laser pulse.

vs SCE. However, the electrochemical formation of the radical

anion from MNBD is found to be irreversible in acetonitrile, Thus, intramolecular triplet energy transfer from the benzidine
indicating that secondary reactions are significant on the time group to the norbornadiene group irH8—B is thermodynami-
scale of the electrochemical experiments. Thus, the value of cally possible. On the other hand, calculation from eq 1 reveals
its reduction potentialEeqA)) is more approximate and was that electron transfer from the triplet excited state of the

0.2

Absorbance

estimated from the cathodic peak potential to#e67 to—1.77 benzidine moiety to the norbornadiene group ir$-B in

V vs SCE% Calculation according to eq 1 reveals that electron cyclohexane is endothermic by 246 kcal/mol. Thus, we
transfer from the singlet excited benzidine portion cf 8B conclude that in cyclohexane only triplet energy transfer is
to the norbornadiene group in cyclohexare<{ 2.015 D) is responsible for the triplet quenching of the benzidine group in
exothermic by 79 kcal/mol. Thus, we attributed the fluores- N—S—B.

cence quenching of the benzidine chramophore #SNB to Laser Flash Photolysis Evidence for Singlet Electron

the long-distance intramolecular electron transfer from the Transfer and Triplet Energy Transfer in N —S—B. The
singlet excited benzidine to the norbornadiene group as shownevidence for long-distance intramolecular singlet electron
in Scheme 1. This conclusion is supported by the results of transfer and triplet energy transfer in—4$—B based on
flash photolysis measurements, as reported later. fluorescence and phosphorescence efficiencies as well as
Intramolecular Energy Transfer from the Triplet State energetic consideration is further strengthened by flash pho-
of the Benzidine Chromophore to the Norbornadiene Group tolysis study. Pulsed laser photolysis of-8—B in degassed
in N—S—B. Since N-S—B and A—S—B are very insoluble cyclohexane by using 308 nm excition light gives a strong
in nonpolar solvents such as isopentance at low temperature transient absorption spectrum in the region of 3480 nm as
we used 2-methyltetrahydroflurane (MTHF) as the solvent to shown in Figure 2, curve 1. This absorption is assignable to
study the phosphorescence emission of these compoundsthe lowest triplet stafé of the benzidine chromophore (45—
Figure 1 gives the phosphorescence spectra 86NB and 3B"), by reference to the transient absorption of the triplet state
A—S—B in glassy MTHF at 77 K. Both spectra show distinct of N,N,N',N'-tetramethylbenzidin& Furthermore, this absorp-
vibronic transitions. The phosphorescence efficiency of the tion is readily quenchable by 1,3-pentadiene er Bulsed laser
benzidine group in NS—B is ca. 60% less than that in-AS— photolysis of N-S—B under identical condition leads to
B, suggesting that the triplet state of the benzidine chromophoreabsorption of the radical cation and the triplet state of the
in N—S—B is quenched by the norbornadiene group. We benzidine chromophore (Figure 2, curve 3). The spectra of these
estimated the triplet energy of benzidine chromophore from the two species overlap extensively in the spectral region 0350
phosphorescence spectrum to be ca. 63 kcal/mol. The triplet480 nm. However, they can be separated by employing 1,3-
energy of the norbornadiene group was reported to be 53 kcal/pentadiene as a specific triplet quencher. At concentration of
mol 2%2which is much lower than that of the benzidine group. the diene in the order of 0.05 M, the lifetime of the triplet state
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of the benzidine chromophore is decreased sufficiently (15 ns) 2,3-dicarboxylate is a good electron acceptor and can also
to allow monitoring of the radical cation absorbance at times undergo isomerization in the presence of a electron donor
close to the laser pulse. This absorbance was observed in thesensitize?® Based on the observation of chemical induced
region of 356-430 nm (Figure 2, curve 2). Analysis of the dynamic nuclear polarization (CIDNP) effects, it has been
transient spectra for NS—B at 350 nm, where the absorption proposed that this photosensitized isomerization involves elec-
is due to the radical cation, as a function of time reveals that tron transfer from the sensitizer to the norbornadiene to generate
the benzidine radical cation absorption is mainly generated in the singlet state radical-ion pair, intersystem crossing of the
the time scale of the laser pulse duration. By reference to the resultant singlet radical-ion pair to its triplet state, and recom-
fluorescence quenching mentioned in the second section, it isbination of the triplet radical-ion pair to give the triplet
clear that this benzidine radical cation is originated from long- norbornadiene followed by rearrangement to the quadricyclane.
distance singlet electron transfer from the benzidine chro- For molecular N-S—B, the energy of the radical-ion pair;N-
mophore to the norbornadiene group. S—B*t, in cyclohexane was calculated according to eq 1 to be
As shown in Figure 2, the absorption for1$—B at 450 nm 77—79 kcal/mol. This energy lies above the triplet energy of
is exclusively due to the triplet state of the benzidine chro- the norbornadiene group (ca. 53 kcal/mol). Thus, we infer that
mophore. Analysis of the transient spectrum for 8+B at the triplet radical-ion paif(N*~—S—B*") may undergo recom-
450 nm as a function of time yields a lifetime of the triplet bination to generate the triplet norbornadiene gréNp—S—
state of ca. 1.2%s. Similarly, the triplet lifetime of the B. Therefore, the isomerization of the norbornadiene group in
benzidine chromophore in the model compound$-B was N—S—B might proceed both via triplettriplet energy transfer
determined to be 3.60s. Obviously, the triplet state of the and via radical-ion pair recombination mechanisms.
benzidine group in NS—B is quenched by the norbornadiene Photoirradiation witik > 300 nm of a 2.5« 10~5 M degassed
group. By reference to the phosphorescence efficiency andsolution of N-S—B in cyclohexane at room temperature results
energetic consideration mentioned in the above section, thein valence isomerization of the norbornadiene group to quad-

triplet quenching of the benzidine group irH$—B is evidently
due to intramolecular triplet energy transfer. By comparation
of the triplet lifetime of the benzidine chromophore ir-S—B

with that in A—S—B, the efficiency ér7) and rate constank{r)

for the intramolecular triplet energy transfer were calculated to
be ca. 0.65 and 5.2 10° s7%, respectively. This quenching

ricyclane group (@S—B) as shown in Chart 1. Under this

condition only the benzidine chromophore absorbs the light.
Thus, the isomerization of the norbornadiene to quadricyclane
group must be attributed to the sensitization via triplet energy
transfer and/or electron transfer. The yield of the isomerization
product is 100% on the basis of the consumption of the starting

efficiency is close to that obtained by phosphorescence studymaterial. The assignment of the product as the quadricyclane

(ca. 60%), and the value &t is comparable to that of the
intramolecular triplet energy transfer in the norbornadiene
steroid-benzophenone systeff?. To obtain the quantum yield
(P17)?% of the triplet norbornadiene formation via triplet energy
transfer in N-S—B, the quantum vyield of the intersystem
crossing Pisc) from the singlet excited state (N5—1B") to the
triplet state (N-S—3B*) is required. By using the peperylene
isomerization methdd we determined thée. for N—S—B to
be 0.56 (see Table 1 and the footnote). Thiig; is a product
of dsc and¢rr and is equal to ca. 0.36.

Photosensitized Isomerization of the Norbornadiene to
Quadricyclane Group in N—S—B. The photosensitized

derivative relies mainly on itdH NMR spectrum, which is in
close agreement with that reported in the literature. Measure-
ments of product formation at different concentrations revealed
that the isomerization is induced by intramolecular photosen-
sitization. The quantum yield of this intramolecular photosen-
sitized isomerization was measured to be ca. 0.07. According
to Scheme 1, this quantum vyield should be a product of the
guantum yield for the formation of the triplet state norbornadiene
group resulted both from triplet energy transfer and radical-ion
pair recombination and the efficiency of the isomerization
reaction from the norbornadiene triplet statsf). In the
previous work™ we determinedpso to be ca. 0.185. This in

valence isomerization of norbornadiene to quadricycylane hasturn gives the quantum yield for the formation of the triplet
been the subject of intense experimental and theoretical Norbornadiene in NS—B to be ca. 0.38. This value is slightly

investigation in view of its significance in solar energy stofdge
and mechanistic interest$2%.28 The isomerization mechanism
involving triplet—triplet energy transfer has been well under-
stood!® Furthermore, dimethyl bicyclo[2.2.1]hepta-2,5-diene-

(23) It has been documented that photolysisNgfl,N',N'-tetramethyl-

benzidine in degassed acetonitrile leads to absorptions due to the triplet

state and the cation of this compound. For%-B, we used a nonpolar

solvent (cyclohexane) and only observed the absorption of the triplet state.

greater than the quantum yield of the norbornadiene triplet
formation via triplet energy transfef(+ = ca. 0.36) given in
the above section. Thus, formation of the norbornadiene triplet
state via recombination of the triplet radical-ion pair should
operate, and the quantum vyield of the triplet norbornadiene
formation via this process is ca. 0.02.

Formation of triplet state of the norbornadiene chromophore
via recombination of the triplet radical-ion pair was supported

Indeed, in acetonitrile cation absorption was detected. Analysis of the cation by the determination of the quantum yield for the isomerization

absorption in acetonitrile as a function of laser intensity reveals that the
cation is formed via monophotonic excitation of-&—B to its singlet
excited state followed by spontaneous ejection of an electron.

(24) (a) Das, P. R.; Muller, A. J.; Griffin, G. W.; Gould, I. R.; Tung,
C.-H.; Turro, N.J. Photochem. Photobiol984 39, 281. (b) Alkaitis, S.
A.; Gratzel, M.J. Am. Chem. S0d.976 98, 3549.

(25) We use the terms “quantum yield” and “efficiency” in the
conventional definition. The quantum yield of formation of a given species

of the norbornadiene group in-N6—B in the presence dfans
piperylene. The triplet state energy toéns-piperylene is ca.

59 kcal/mol2® which lies below the triplet state benzidine (63
kcal/mol) but above the triplet norbornadiene group (53 kcal/
mol). Thus,transpiperylene may selectively quench triplet
benzidine in the presence of triplet norbornadiene. Therefore,

is based on photons absorbed by the system. The efficiency of formation the intramolecular photosensitized isomerization of the norbor-

of a given species from a given state is based on the gived state. See: Turro

N. J. Modern Molecular Photochemistrigenjamin/Cumming: Menlo Park,
CA, 1978; P243.

(26) Lamola, A. A.; Hammond, G. Sl. Chem. Phys1965 43, 2129.

(27) (&) Yoshida, Z. 1.J. Photochem 1985, 29, 27. (b) Harel, Y.;
Adamson, A. W.; Kuta, C.; Gutsch, P. A.; Yasufuku, K.Phys. Chem
1987 91, 901. (c) Basu, A.; Saple, A. R.; Sapre, N. ¥. Chem. Soc.,
Dalton Trans1987, 1797. (d) Orchard, S. W.; Kutal, thorg. Chim. Acta
1982 64, 195.

nadiene group in NS—B in the presence of sufficient amount
of transpiperylene should exclusively originate from the singlet
electron transfer path. Under this condition the quantum yield

(28) (a) Takumemans, A. H. A.; den Ouden, B.; Bs, H. J. T.; Mackor A.
Recl. Tra. Chim. Pays-Ba4985,104,109. (b) Roth, H. D.; Schilling, M.
L. M.; Jones, Il, G.J. Am. Chem. Sod.98], 103 1246.

(29) Kellogg, R. E.; Simpson, W. T. Am. Chem. Sod965 87,4230.



Norbornadiene-Steroid-Benzidine System

Scheme 1

N-S-'B
(86 kcal/mol)

& . Keipisc 3 _ N
kxsc I(N"S'B’> - (N'S'B)
(77 to 79 kcal/mol)
hv|
N-S-B
(63 kcal/mol)
w
N*-S-B
(53 kcal/mol)
kVSO
N-S-B Q-S-B

2 The data in parentheses represent the energies of the correspondin
states relative to the ground state. The energy of the radical ion pair
was obtained by calculation from eq 1, and the energies-eSN'B*
and N-S—3B* were determined by fluorescence and phosphorescence
spectra, respectively. The energy®dif —S—B is from ref 20a. ¢ser
= 0.12,¢1sc = 0.56,¢11 = 0.65,¢ripiscdriprc = 0.17,¢hso = 0.185,
kser= 1.1 x 107 Sﬁl, kisc = 5.2 x 107 Sﬁl, krt=5.2 x 10 sL

for the photosensitized isomerization was determined to be
0.004. By usingiso (ca. 0.185) the quantum yield of the triplet
norbornadiene formation via the singlet electron transfer path
is calculated to be 0.02. This value is consistent with that
obtained by the quantum yield of triplet norbornadiene formation
in the absence of a triplet quencher subtracting.

The quantum yield of the triplet norbornadiene formation via
the singlet electron transfer pathway (0.02) is a produd<,
the efficiency of the intersystem crossinfk(pisd from (N*——
S—B*") to 3(N*~—S—B**) and the efficiency of the recombina-
tion of the resultant(N*"—S—B*1) (¢riprd. Since®ser (0.12)
is known, ¢ripiscdripra the efficiency of the triplet norbor-
nadiene formation from(N*~—S—B**) via intersystem crossing
and the subsequent recombination is calculated to be ca. 0.17

Mechanism of the Long-Distance Electron Transfer and
Triplet Energy Transfer in N —S—B. Scheme 1 outlines the
photophysical and photochemical processes which occurred in
N—S—B. These involve one long-distance triplet energy
transfer process and two long-distance electron transfer pro-

J. Am. Chem. Soc., Vol. 119, No. 23, 15853

photophysical and photochemical processes #1SNB. The
efficiencies of the various processes shown in this scheme may
involve large error, since the uncertainty introduced in one
measurement is accumulated in the successive calculations.
Nevertheless, regardless of the exact numbers of these efficien-
cies, this work demonstrated that the valence isomerization of
the norbornadiene to the quadricyclane group inSNB is
induced by long-distance intramolecular triplet photosensitiza-
tion and by radical-ion pair recombination mechanism. It is
evident that the triplet state norbornadiene group is generated
by the following two paths: (1) The singlet excited state
benzidine chromophore undergoes intersystem crossing with the
guantum yield of ca. 0.56 to its triplet state followed by triplet
giplet energy transfer to yield the triplet norbornadiene group
with efficiency of ca. 0.65 and the rate constant of ca. %.2

1% s™1. Thus, the quantum yield of the triplet norbornadiene
formed via these processes amounts to ca. 0.36. (2) The singlet
excited state of the benzidine undergoes electron transfer to the
norbornadiene to give singlet radical-ion p&N*~—S—B*")

with the quantum vyield of 0.12. The resultd{iN*——S—B*")
intersystem crosses #N*~—S—B**) followed by recombina-

tion to generate the triplet norbornadiene group with the
efficiency of ca. 0.17. The quantum vyield of the triplet
norbornadiene generated via this path is only ca. 0.02. The
total quantum yield of the triplet formation of the norbornadiene
group via the above two paths amounts to ca. 0.38. The long-
distance intramolecular electron transfer and triplet energy
transfer in N-S—B are believed to proceed via a through-bond
mechanism.

Experimental Section

Material. Unless otherwise noted, materials were purchased from
Beijing Chemical Work and were used without further purification.
Spectral-grade cyclohexane, 2-methyltetrahydrofuran, and acetonitrile
were used for absorption and emission spectra, flash photolysis, redox
potential measurements, and steady-state photoirradiation measurements.
HO-S-175-B, HO-S-1%-B, and N-S—B were synthesized and identi-
fied by elemental analysis, IR, MS, afldl NMR spectroscopies (see
Supporting Information).

Instrumentation. *H NMR spectra were recorded at 300 MHz with

cesses (the electron transfers from the Singlet benzidine and th% Brock spectrometer. MS spectra were run on a VG ZAB spectrom-

recombination of the radical-ion pair). It is normally expected

eter. UV spectra were measured with a Hitachi UV-340 spectrometer.

that electron transfer and triplet energy transfer will become IR spectra were run on a Perkin-EImer 983 spectrometer. Steady-state
very inefficient as the doneracceptor distance increases beyond emission spectra were recorded either on a Hitachi EM850 or a Hitachi
5—-10 A. In this study the benzidine and norbornadiene MPF-4 spectrofluorimter. Fluorescence lifetime was determined on a

chromophores are separated byoclBonds. As mentioned
above, calculation revealed that among the various conformation
of N—S—B, the extended conformation has the lowest energy.
In this conformation the edge-to-edge distance between the
norbornadiene and the benzidine groups, defined as the distanc
between the 8-O and 15-N atoms, is ca. 10.8 A, and the
center-to-center distance, defined as the separation between th
C-2 in norbornadiene and the center of tAe—Ph bond in
benzidine, is ca. 17.0 A. At such separation between the
chromophores electron transfer and triplet energy transfer via a
through-space process would be very inefficient. By reference
to the precedent works of the long-distance through-bond
electron transfér'? and energy transféf 1” we infer that
through-bond mechanisms operate in the intramolecular electron
transfer and triplet energy transfer in1$—B.

Conclusions

Photochemical reaction and flash photolysis studies revealed
that long-distance intramolecular triplet energy transfer and
singlet electron transfer from the benzidine to the norbornadiene
chromophores occur in NS—B. Scheme 1 summarizes the

Horiba NBES-1100 single photon counting instrument. HPLC was
performed on a Varian VISTA 5500 liquid chromatograph with a
Lichrosorb RP 18 column.

Fluorescence and Phosphorescence Measurementuorescence
was measured in degassed cyclohexane at room temperature. Phos-

%horescence studies were performed in 2-methyltetrahydrofuran at 77

K, and the sample solutions were degassed by at least three-freeze
Bump-thaw cycles at a pressure of 6 107° Torr. The excitation
wavelength both for fluorescence and phosphorescence spectra was 300
nm. For comparison of the emission efficiency of 8~B with A—S—
B, the spectra were run using solutions with identical optical density
at the excitation wavelength. The relative emission efficiencies were
measured from the peak areas of the emission spectra. The fluorescence
guantum yields of the benzidine groups ir-&—B and N-S—B were
determined in cyclohexane relative to quinine bisulfaté N sulfuric
acid3® The intersystem crossing quantum yield of the benzidine group
in N—S—B was determined in cyclohexane by using the piperylene
isomerization method relative to benzophenone as a sensitizer of known
intersystem crossing yiefd.

Redox Potentials of BP and NBD. The redox potentials of AS—B
and MNBD were determined by cyclic voltammetry in acetonitrile,

(30) Berlman, J. BHandbook of Fluorescence Spectra of Aromatic
Molecules;Academic Press: New York, 1971.
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using a glassy carbon working electrode and an Ag/AgCI/KClI  Acknowledgment. We thank the National Science Founda-
(saturated) reference electrode in the presence of 0.1 M tetrabutylam-tion of China for financial support. C.-H. Tung also thanks

monium hexafluorophosphate as the supporting electrolyte. Japen Society for the Promotion of Science for a fellowship.
Laser Flash Photolysis. The laser flash photolysis system has been
described elsewhefé. The pump light source was an XeCl excimer Supporting Information Available: Synthesis procedures

laser (Lumonics 500, _308 nm, 10 ns). The probe _Iight soure was a gnqd data of melting points, elemental analysis, mass spec-
xenon arc lamp (Ushio, UXL-500-0). The probe light transmitting troscopies, infrared spectroscopies, dhtiNMR of 33-hy-
through the sample cell was fed to a detection system which ConSiStsdroxyandrc’)st-S—en-ﬂyl-Z > 6.6.NN N'-heptamethylbenzi-

of a monochromater (Ritsu, MC-10L), photomultiplier (Hamamatsu, . .
R928), digital oscilloscope (Tektronix, 2440) and microcomputer. The dine (HO-S-1B-B), 35-hydroxyandrost-5-en-1#yl-2,2,6,6,-

decay curve was analyzed by using nonlinear least-squares fiting. \:N'.N'-heptamethylbenzidine (HO-5-4-B), 35-((2-(methoxy-
Photoirradiation and Product Analysis. Photoirradiation was  carbonyl)bicyclo[2.2.1]hepta-2,5-diene-3-yl)carboxy)androst-5-

carried out in a Pyrex reactor, and the samples were purged with en-15-yl-2,2,6,6,N,N',N'-heptamethylbenzidine (NS—B) and

nitrogen. A 450-W Hanovia high-pressure mercury lamp was used as 33-((2-(methoxycarbonyl)quadriclane-3-yl)carboxy)androst-5-

the excitation source. After irradiation the solvent was evaporated from en-1PB-yl- 2,2,6,8,N,N,'N'-heptamethylbenzidine (@5—B) (3

the samples under reduced pressure. The product was separated frofpages). See any current masthead page for ordering and Internet

the starting material by preparative thin-layer chromatography and gccess instructions.

characterized byH NMR and mass spectroscopes (see Supporting

Information). Product yields were determined by analysis of'the JA9619925

NMR spectra and by HPLC analysis. Quantum yields for intramo- (31) Tanimoto, Y. Takashima, M.; Itoh, N&ull. Chem. Soc. Jpri989

lecular photosensitization isomerization of the norbornadiene group in g5 "39o3. T T ' ‘ ' ' '

N—S—B was determined by using a benzophenone/ benzohydrol system  (32) Hammond, G. S.; Moore, W. M.; Eaker, W.P.Am. Chem. Soc.
as the actinometryd® = 0.74 in benzene® 1961,83, 2795.




