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Cyclization of Terpenoid Dicarbonitrile Polyalkenes upon Photoinduced Electron Transfer
to 1,4-Dicyano-2,3,5,6-tetramethylbenzene and Other Cyanoarenes
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Photoinduced electron transfer from terpenoid polyalkenes bearing electron-withdrawing groups, i.e., 2,6-
dimethyl-1,5-heptadiene-1,1-dicarbonitril) and its higher homologud32 andD3, as well as from 1,1

biphenyl (BP) to 1,4-dicyano-2,3,5,6-tetramethylbenzeX®),(1,4-dicyanonaphthalené3), 1-cyanonaph-
thalene A4), and 9,10-dicyanoanthracen&5), was studied in polar solvents by time-resolved -tUxs
spectroscopy and conductivity. The transients observedfan deoxygenated acetonitrile in the presence

of BP by laser flash photolysis withx: = 308 nm are the radical cation of BP (BPAm.x = 380 and 660

nm) and the radical anion of the acceptor{Mmax = 360 nm). Fluorescence quenchingAf and the
formation of BP* depend on the BP concentration; at low [BP], triplet quenchingbprevails, leading to

SBP* via energy transfer. The transients for several other acceptors are characterized; for example, the radical
anions ofA3 and A5 absorb atlm.x = 390 and 312 nm, respectively. The rate constants for secondary
electron transfer fronbn (n = 1—3) or other donors to BP were determined. Secondary electron transfer

to the polyalkenes from the radical anion A1, but not the other acceptors, was observed. The transient
conductivity of the acceptor/BP/polyalkene systems in acetonitrile in the presence or absence of water indicates
formation and disappearance of charges, in particular of protons. In addition, the effects of water and methanol
on the yields for consumption @1 and formation of the products were studied by pulsed and continuous
irradiation. A representative reaction scheme is suggested for the cyclization of the smallest polyzikene,
which, on the basis of the kinetic results, is proposed als®fandD3. Furthermore, optimized reaction
conditions for synthetic applications are discussed.

Introduction SCHEME 1:
Photoinduced electron transfer (PET) from terpenoid poly- e "
. . - 7 L1 \A"~cn PET HO CN
alkenes to cyanoaromatic electron acceptors (A) gives rise to A( ~heno” !
mono- and polycyclic products in biomimetic fashibiy. If D3 . ’ HooH

the polyalkenes bear electron-withdrawing substituents, such as
a dinitrile group, at then-terminal site, formation of radical CHART 1:

cations via photochemical electron transfer occurs exclusively
at the remotev-terminal double bond. Subsequent cyclization D1 )V\)\/CN
characteristically leads to products containing a five-membered cN

ring. The typically observed Bxo-trig ring closure as the

terminating step is most likely the result of the stabilizing effect

of the dinitrile group on the adjacent radical thus forriet. D2 A X - CN
One representative example, i.e., the cyclization & 4b)- CN
2,6,10,14-tetramethylpentadeca-1,5,9,13-tetraene-1,1-dicarboni-

trile (D3), is depicted in Scheme 1. The transformations of the

homologue®1 andD2 have also been investigated (Charf . D3 X X N X -CN
The role of radical ions in the photooxidation of unsaturated CN
compounds has been the subject of intensive stddf@sThe Thus, the reactive state @2 or A5 is the excited singlet

singlet states of cyanoaromatics are used in this connection asiate ta*), although a triplet reaction after intersystem crossing
efficient electron acceptors upon irradiation with UV light; the = ¢.0 the complex(A* -+ D) can generally not be exclud@d®
most widely employed acceptors are 1,4-dicyanobenzene aqgitives such as 1'dbi ;

. - 'dbiphenyl (BP) or phenanthrene have
(A2)2:1318252%nd 9,10-dicyanoanthraceA].o 2147161275031 - o0y o t enhance the yield of oxidation products in several
In the presence of an electron donor (D) in a polar solvent, the -55e2.14.15.1722.29 The role of BP as a cosensitizer, acting as

quantum yield and lifetime ofA* fluorescgnce decrea'se, 8S “3 catalyst” and improving charge separation, can be described
expected for an electron-transfer quenching mechanism (281).by reactions 2b and 3.

A+ hy— 1A% — A + ' (1) 'A* +BP——A" +BP" (2b)
A* + D—(A* - D)— (A" - D")— A" + D" (2a) BP"+D—BP+ D" (3)
Initially, electron transfer from BP to the excited acceptor
€ Abstract published ilAdvance ACS Abstract®ecember 1, 1997. forms the acceptor radical anion*(A and the radical cation of
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. Figure 1. Absorption and fluorescence spectra in acetonitrile of (a)
the cosensitizer (BP). Subsequent electron transfer from D a1 (full lines), (b) A3, and (c)AS; (a) absorption spectrum @1 (2

to BP* regenerates BP (the rate constankisgenerallyk, mM; - - -) and bothAl and D1 (----); phosphorescence spectrum of
refers to eq) and yields D". The advantage of this cosensitizer Al in ethanol at-196 °C (right curve).

is 2-fold. First, since BP does not absorb at wavelengths longer

than 300 nm, it can be added in high concentrations, which are trifluoroethanol (TFE, Aldrich) and methanol; water was purified
required for efficient fluorescence quenching. Thus, the ac- by a Millipore (Milli Q) system.

ceptor is selectively excited withexc > 300 nm. Second, due The emission properties were studied with a Perkin-Elmer
to the much longer half-life of BP as compared to the lifetime  fluorimeter (LS-5) or a Spex-Fluorolog and a single-photon-
(z9 of the 'A* state, the concentration of the donor, selected counting apparatd$2by standard procedures. The rate constant
for synthesis, can be much lower. Thus, direct excitation of D for guenching of the fluorescence lifetime by oxygég ) was

is minimized and possible competing reactions are suppressedobtained from the slope of 44 vs the oxygen concentration,
The spectral and kinetic properties of BRand its reactivity  usings values in argon-, air-, and oxygen-saturated solution.
with various electron donors are not well documented. Open Quenching of the fluorescence intensity &2 by BP, due to
questions concern the electron transfer from radical anions tooverlap of the absorption spectra of both, is not possible. A
BP* and the influence of solvent polarity, as well as the complication arises for the fluorescence quenchingAbfor
optimum reactant concentrations required for preparative ap- A3 by Dn (n = 1—3) due to the absorption of the latter in the
plications. BP as the cosensitizer has also been employed for300-380 nm range and the necessity to excite the acceptor at
cyclization processes of isoprenoid polyalkeBes(n = 1—3) .23 320 nm or shorter. Therefore, the determination of the Stern
The photoproducts in the presence of methanol and water arevolmer constant and the rate constéis difficult under the
cycloalkyl methyl ethers and cycloalkanols, respectively.  given conditions. The ground-state absorption spectr@lof

Recently, photoinduced electron transfer fr@t and deriva-  and Al in acetonitrile are shown in Figure 1a. The molar
tives thereof to 2,4,6-triphenylpyrylium tetrafluoroboraté 8P, ) absorption coefficients db1 areezs= 1.05x 10*M~1cm 14
has been examinéd. andez;» ~ 10 M~1 cm™1, corresponding to ®1 concentration

In the present work, photoinduced electron transfer from of ~10 mM for equal absorption db1 and Al at 316-320
various donors to cyanoarenes was studied in polar solvents bynm. Quenching measurements are therefore limitedmo
time-resolved spectroscopy and conductivity using laser flash concentrationsr(= 1—3) of less than 10 mM.
photolysis withiexc = 308 and 353 nm. The electron donors  The |aser photolysis setup with @0 ns pulses was the same
are the three 1,1-dicarbonitrile polyalkenes, and the acceptorszg described previous33for most measurements,. = 308
are 1,4-dicyano-2,3,5,6-tetramethylbenzehg)( 1,4-dicyano-  nm was used and in some cases, e.g.,for excitation measurements
naphthalene A3), 1-cyanonaphthaleneAd), A5, and 9-cy- of A2, Aexe= 248 nm was chosen. Excitation &5 was mainly
anoanthraceneA). The spectral and kinetic properties of the  carried out withiexe = 353 nm from a Nd:YAG laser. Two
radical cations and anions involved are examined, allowing a transient digitizers (Tektronix 7912AD and 390AD) were used;
more detailled 'mechanistic interpretation of such synthetically the time-resolved absorption spectra with more than 2 orders
useful cyclization processes. of magnitude differences were compiled from those using both
short and long time ranges. Note that intense fluorescence
makes observation of an absorption (e.g., of #ithin 0.5us)

The polyalkenes 2,6-dimethyl-1,5-heptadiene-1,1-dicarboni- in the relevant spectral range impossible for saturation with
trile (D1), (5E)-2,6,10-trimethyl-1,5,9-undecatriene-1,1-dicar- 0xygen under our conditions. Concerning second-order decay
bonitrile (D2), andD3 were prepared as described previoisly.  Kinetics,ty, refers generally to the first half-life. The conduc-
For preparation ofAl, see ref 2;A3 was prepared from 1,4-  tivity cell (internal width 0.4 cm) contained three glassy carbon
dibromonaphthalene according to the same procedage;  electrodes (diameter 0.2 cm, distance 1.0 &nJhe acceptor
(Merck), A4 (Aldrich), A5 (Kodak), A6 (Aldrich), BP (Fluka), concentrations were adjusted using absorbances 680854 cxc
acetophenone (Fluka), and 1,4-diazabicyclo[2.2.2]octane (DAB- (1 cm path length).

CO, Aldrich) were used as receivedy,N-dimethylaniline GC analysis was performed with a 15 m column (OV-1701
(DMA) was purified by distillation. The solvents were used FS 372) on a chromatograph (Hewlett-Packard 5890) using H
as commercially available (Merck), e.g., acetonitrile (Uvasol), as carrier gas. Continuous irradiation at 366 and 313 nm was
toluene, and dichloromethane, or purified by distillation, 2,2,2- performed with a 150 W mercury lamp combined with an

Experimental Section
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TABLE 1: Reduction Potential, Singlet-State Lifetime of 1.0
Aromatic Nitriles, and Rate Constant for Quenching? AA
B, gp keMSTx10) M
acceptor solvent V) (ns) BP D3 D1 0.5
Al acetonitrile/water 11
acetonitrile 1.91 6.3 13 =8 d
methanol 6.0 6
dichloromethane <1 100 E
A3 acetonitrile 217 101 14 14 ’ 0 Lo .l |
A4 acetonitrile 1.90 8.9 12 15 0F 03 1 3 10 30
A5 acetonitrile/water 14 <4 @ BP Concentration (mM)
acetonitrile 1.97 153 3 10 2 05l |
A6 acetonitrile 1.40 17.2 <0.2 ’
a|n argon-saturated solutiofex. = 315, 330, and 410 nm fokm, ." '\.
m= 1, 3,4, and 5,6, respectivelyTaken from refs 8, 9, 12, 20 (except A L
for Al). ¢ [H,0O] = 10 M. 9 Not possible under steady-state conditions; o LA Froees -y
see text. 300 400 500 5 @mmy 600 700

. . . Figure 2. Transient absorption spectra 8fL (0.5 mM) in argon-
interference filter and a 1000 W xenemercury lamp combined ¢4 irated acetonitrile (a) in the presence of 0.5 mM BP as 10)

with a monochromator, respectively. The samples were freshly after the 308 nm pulse (- - - ground state) and (b) for 20 mM BP after
prepared and the measurements were carried out at roomo.1us @), 1us (a), and Sus (). Inset: plots 0fAAsgo (@) andAAseo
temperature under argon unless indicated otherwise. (O) vs the BP concentration.

TABLE 2: Effects of Acceptor and Solvent on the Transient

Results and Discussion Absorption Properties®

Fluorescence Properties.The absorption and fluorescence BP]  Amx®  tf

spectra ofAl in acetonitrile are shown in Figure 1a. The acceptor solvent (mM)  (nm)  (us)  species
absor_ption band extends to 330 nm and th_e energy of the singlet™ 51 acetonitrile/water 20 360660 6/4 A BP
state is about 85 kcal mdl, in agreement with the fluorescence acetonitrile 05 360 10 3BP*
maximum at 350 nm. In argon-saturated acetonitrile= 6.3 20 360,660 4/2 A ,BPT
ns and the rate constant for quenching by oxygen,is= 1.5 200 360,660 3k2 A", BP*
x 1000 M~1 s~1. Similar values were measured in methanol, 20/z2 370,660 <05 éA'*,*BP“
7s = 6.0 ns andkoy= 1.6 x 101 M1 s71. The fluorescence methanol 200'5 3220670 2?0 9 if’ BP+
properties ofAl and A2 are similar. HoweverA2 cannot be TFE 10 360660 20 A . BP*
used for irradiation at 300 nm or above, due to its too low 10 660 20 BP*
absorption coefficient. The absorption and fluorescence spectra dichloromethane 20 360 2 *BP*

of A3 andA5 are slightly and strongly red-shifted, respectively toluene 16-50 360 2 B
(Figure 1b,c). Thers values in acetonitrile are 9.7 ns 2 A3 acetonitrile 30%;30 ggg 228 g/o . ’:_' g;
and 6-17 ns for the other acceptors (Table 1). TEE 10 660 20  BP*

Fluorescence Quenching.Linear Stern-Volmer plots for Ad acetonitrile 30/1® 390 30 A

guenching oAl fluorescence were obtained in acetonitrile with ~ A59  acetonitrile 30/186 312 40 A
several donors usindexc = 315 nm. From the slopeKéy), A6 acetonitrile 100 310660 3  A,BPT
the half-concentrations ([} = 1/Ksv) and rate constant&y aIn argon-saturated acetonitrile, [accepter]0.2—1 MM, Aexc =
= Ksv/tg) for fluorescence quenching were determined. With 308 nm (unless otherwise indicateBMaximum italicized.c Longer
BP Ksy = 80 M1, corresponding td, =1.3 x 101°M~1s71, and shorter half-lives refer to<390 and 660 nm, respectively{H.0]

Fluorescence quenching data for several acceptors in polargzv_10 MI.Ie%oncentrationslt(mM) of BP%-stln air-saturated solution.
solvents are compiled in Table 1. Wis5, due todex. = 410 irtually the same results using = nm.

nm, there is no spectral restriction for quenching ¥ in the transient is essentially first-order with a second-order
contrast toAl (see Experimental Section). component, the magnitude of which dependslprand the
Transient Absorption of Al in the Presence of BP. The wavelength of detection. Typical half-life values dgp = 4

transient absorption spectradt in acetonitrile in the presence  and 2us at 360 and 660 nm, respectively (Table 2). The 660
of BP are shown in Figure 2. Virtually no transient is observed nm band is assigned to BP213437 whereas the UV band
between 320 and 700 nm in the absence of BP. At low BP reflects the sum of the nonseparated absorbances frorard
concentrations (021 mM), a single absorption band with a BP**. At even higher BP concentration (3200 mM), the
maximum at 360 nm was found (Figure 2a). Following decay relative intensity of the signal does not change significantly.
of the fluorescence signal, i.e¥0.5us after the 308 nm pulse, The dependences dfAzs and AAsso On the BP concentration
the transient at 360 nm reaches its maximum value. The decayare shown in the insets of Figure 2 for a fixed laser intensity.
of the 360 nm transient is mixed first- and second-order and its The peaks at 360 and 660 nm must have, at least in part,
half-life depends on the concentration AflL and the laser different precursors.

intensity (.); if both [Al] and | are kept at lower values,, The transient absorption spectrumAif in methanol shows
approaches 10s. The observed species is assigned to the triplet a weak band at 460 nm. In the presence of BP the results are
state of BP IBP*, see below). similar to those in acetonitrile in the respect that there is only

The transient absorption spectrum changes on further increasthe 360 nm band at small BP concentrations and there are two
ing the BP concentration, as shown in Figure 2b for 20 mM main bands at 360 and 660 nm (Figure 3a) at [BP10—100
BP. The spectrum exhibits a major band withux = 360 nm mM. The decay is faster at 660 nm than at 360 nm (inset of
and a second maximum at 660 nm. At-9Bus after the 308 Figure 3a), and this difference is larger than in acetonitrile.
nm pulse the absorption at 360 nm is fully resolved. Decay of Transient absorption spectrast/BP are also presented in TFE
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Figure 3. Transient absorption spectra in argon-saturated methanol Figure 5. Transient absorption spectrast/BP (0.5/30 mM) in argon-
(a) of A1/BP (0.5/10 mM) at 0.s (O), 1 us (a), and 10us () after saturated acetonitrile plus 10 M water (a) in the presenc®Iof10
the 308 nm pulse and (b) @1/BP/D1 (0.5/30/5 mM) after 0.03:s mM) at 0.03us (), 0.3us (a), and 3us () after the 308 nm pulse

(), 0.3us (a), and 3us (). Insets: kinetics at 360 nm (left) and 660  and (b) in the presence &3 (2 mM) after 0.02us (O), 0.2us (a),
nm (right). and 2us Q). Insets: kinetics at 360/380 nm (left) and 660 nm (right).

however, is unlikely sincéy, ~ 20 us was observed for BP

by flash photolysis of the BF,~ pyrylium salt in dichlo-
romethant&or using pulse radiolysis in dichloroethaife Thus

we assign the 360 nm transient 38P* and conclude that
electron transfer yielding separated ions does not take place in
these solvents of relatively low polarity.

Absorption of Radical Cations and Anions. For Al in
polar solvents in the presence of oxygen and a BP concentration
larger than 5 mM, the transient absorption spectrum shows again
two main bands with maxima in the UV and red spectral range.
However, compared to deoxygenated solution, the UV band is
slightly red-shifted, and the ratio of the absorbances changes
’.’ A 0 ol about 4-fold in favor of the 660 nm band. An example is shown

uho‘\ v in Figure 4a for air-saturated acetonitrile. This species, due to
0 Lo OO -R-F -a g its similarity with the literature spectrum, is assigned toBP
300 400 00 600 700 alone3*37 The molar absorption coefficients, obtained from
A (nm) pulse radiolysis in aqueous solution, asgo = 1.9 x 10* and
Figure 4. Transient absorption spectra All/BP (a) (0.5/30 mM) in €660 = 8.5 x 108 M~1cm 137
air-saturated acetonitrile at 0.93 (O), 0.3us (), and 3us (O) after Radical cations are known to be rather inert toward oxy&en,

the 308 nm pulse and (b) (0.5/10 mM) in argon-saturated TFE after 1 ; ; ; ; ;
45 ), 10 us (&) and 1004 (). Insets: kinetics as indicated, at while radical anions of aromatic molecules react with oxygfen.

360/380 nm (left) and 660 nm (right).

1.0

M
AANIIX
0.5

1.07

0.5

AT +0,—A+0, (4)

(Figure 4b), in methanol in the presence @i (Figure 3b),
and in acetonitrile/water in the presenceldff (Figure 5a) and Whereas quenching by oxygen of the radical anion8bf
D3 (Figure 5b). Addition of water (320 M) to the Al/BP A3, A4, andA5 occurs diffusion controlleds, > 1 x 1010 M1
system (0.5/20 mM) in acetonitrile has no significant effect on s-1, quenching of BF is negligible; the rate constant is smaller
the transient absorption spectrum. It contains two bands with than 1 M~! s™1. Generally, for A1 in argon-saturated
maxima around 660 and 360 nm, which are again assigned toacetonitrile in the presence of donors other than BP, electron
BP* and the sum of the absorbances fror A&nd BP*, transfer is observed by the appearance of the 360 nm band of
respectively. The decay kinetics are mixed first- and second- A*~. In certain cases, e.g., for DMA (at 460 nm), the absorption
order, and the half-life is longer than in the absence of water of D*+ can also be observed, depending ondhalue of D+.
(Table 2) and can slightly be enhanced by lowering To generate the absorption spectrum of the acceptor radical

To examine the effect of solvent polarity with respect to anion, BP was replaced by DABCO, because the radical cation
electron or energy transfer, toluene and dichloromethane wereof DABCO has a very low molar absorption coeffici¢ht.To
used. The transient absorption spectrumAdfin toluene in include A2 t00, Aexc = 248 nm was used. The spectra of A
the presence of BP (at low or high concentrations) is indicative exhibit characteristic major peaks at 360, 390, and 312 nm and
for 3BP* (Table 2). WithAl in dichloromethane in the presence minor maxima around 455, 490, and 500 nm Adr, A3, and
of BP (e.g., 10 mM), a weak transient with,ax ~340 nm and A5, respectively (Figure 6). Formation of*Ais overlapped
a much stronger absorption withnax = 360 nm appear.The by fluorescence and is completed after aboutud.2depending
absence of any absorption in the 6000 nm range clearly  on the DABCO concentration). The decay is mixed first- and
demonstrates that the observed transient is not".BfOne second-order; the half-lives are in the 85us range throughout.
possible explanation could be electron transfer (if the 360 nm Addition of 5-10 M water toAl and DABCO has no significant
transient would be &) and a too short half-life of BP. This, effect on the properties described above.
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Figure 6. Absorption spectra of the radical anions in argon-saturated
acetonitrile at~1 us after the 248 nm pulse fakl (O), A3 (a), and

A5 (O); the full circles refer toA2 in the presence of 10 M water.
Inset: rate constants for transient decay vs the donor concentration
using 0.1 M BP,A1 (0.5 mM, Agps = 360 nm, open symbols) k3

(0.5 mM, Agps = 390 nm, full symbols) andD1 (circles) or D3
(triangles);Aexc = 308 nm.

SCHEME 2
=) ]
A+ BP —» (1A* «+BP) —— = A" + BP
(2b)
(5)
D
e @
3% 3% . .
A +BP —= (A"+-BP) —// = A"+ BP 3)
@
hv hv' -A ) D*
sgp*
A BP

Triplet State Properties. A puzzle seems to be the appear-

Gorner et al.

TABLE 3: T —T Absorption Maximum and Triplet Lifetime
of Acceptors and BP upon Direct and Sensitized

Excitation®

compound mad (NM) 71 (uS) max (NM) 77 (uS)
BP 360 10 360 10
Al de d
A3 470 5 460 5
A4 440 10 460 5
A5 440 430 5
A6 425 5

a[Acceptor] = 0.2—1 mM, Aexc = 308 nm.? After energy transfer
from acetonaphthonéex— 248 nm.¢ In argon-saturated acetonitrile.
9 No triplet observeds A weak T-T absorption at 440 nm in methanol.
fTaken from ref 25.

0 | |
Donor Concentration (mM)

Figure 7. Plots of the rate constant for decay of the transient at 660
nm vs the donor concentration féx1/BP (0.5/10 mM) in argon-
saturated acetonitrile (open symbols) and methanol (full symbols) using
D1 (circles) andD3 (D).

as observed on direct excitation of BP at 248 nm.-AB6°C
phosphorescence withhax = 450 nm was measured fél in
ethanol (Figure 1a); from the onset of this spectrum-dfi4

ance of the above-described 360 nm transient when traceN™m, Er = 69 kcal mot! is obtained. ThusAl is shown to

amounts of BP (less than 1% of the half-concentration) were
added toAl in acetonitrile in the absence of oxygen, such that

fluorescence quenching is negligible (Figure 2a). We propose
that the 360 nm transient originates from energy transféylof

in the triplet state to BP (Scheme 2).

'A1* —3A1% (5)

(6)

The assignment of the observed transiertBig* is supported
by the following: On addition of traces of oxygen, both the
half-life and yield of this transient decrease. The former is due
to the quenching ofBP* by oxygen, and the latter is caused
by quenching of the precursor, i.e., the triplet stat&bf{which
could not be detected under our conditions). In f&&P*
(energy: Er = 65 kcal mofl) has its absorption maximum at
360 Nm, e350 = 4.0 x 10* M~1 cm~141 Also in toluene or
dichloromethane at various BP concentratiGB®* but no
radical ions were observed (Table 2).

In addition, energy transfer (reaction 7a) from triplet aceto-
naphthone Er = 70 kcal mof?) to BP in deoxygenated
acetonitrile was studied.

’Al* + BP— Al + °BP*

3ketone*+ BP — Ketone+ BP* (7a)

The resulting spectrum withlexc = 308 nm, using an
appropriate BP concentratiosr 80% quenching), is the same

fulfill the requirement to formPBP* by energy transfer.

To distinguish between the transient absorption spectra of
the cyanoarene triplet state and the ions, energy transfer from
triplet acetonaphthone to the acceptors was also examined.

*etone*+ A — Ketone+ 3A* (7b)
The T-T absorption maxima and the half-lives for decay of
the triplet states are compiled in Table 3. The maxima are in

the 426-460 nm range, except foAl, where no FT
absorption could be detected under our conditions. Note that
the spectrum ofA5 has also a maximum at 805 rih. The
triplet energies ofA2, A4, A3, andA5 areEy = 70.1, 57.4,
55.5, and 41.8 kcal mol, respectively, as reported in the
literature825

Quenching of the Radical Cation of BP. To study the
electron transfer fronD1 to BP™*, the rate constantk§) for
decay at 660 nm vdJ1] was measured using t#el/BP system
in acetonitrile. The rate constant increases linearly with the
polyalkene concentration (Figure 7). From the slope the rate
constant for the electron transfer frddm to BP* was obtained,;
the values range frotkg = 1.3 x 1® M1 s for D1to 2 x
10 M~ s71 for DMA (Table 4). In methanol, due to the
shorter half-life of BP* than in acetonitrile (Table 2), a larger
donor concentration is necessary for sufficient quenching. On
the other hand, in methanol in the presenceDdf ks is 2.2
times larger than in acetonitrile.
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TABLE 4: Rate Constants for Electron Transfer from D to
BP* (k3) and from A*~ to D (ki2)?

ks ko
acceptor solvent donor(1®M~tsh) (1P Mts)
Al acetonitrile DMA  20(0.03 <0.1
acetonitrile/water D1 0.1
acetonitrile D1 0.13 (4) 0.2
D2 2(0.3) 1.0
D3 3.2(0.16) 1.2
methanol D1 0.29 >0.2
A3 acetonitrile D1 0.15(3) <0.05
D3 3.4(0.14) <0.05
A5 acetonitrile D1 0.1

a|n argon-saturated acetonitrile, [accepter]0.2—1 MM, Aexc =
308 nm; [BP] = 10—-20 mM (unless otherwise indicated)For
sufficient fluorescence quenching [BR]0.1 M was used Values in
parentheses refer to half-concentrations (in mM) uding= 2 us.
4[H20] = 10 M.

A significantly longer half-life of BP* was only measured
in TFE, where the stability of radical ions is prolong€d?This

indicates that the rate constant of electron back-transfer in TFE
is smaller than in acetonitriie under otherwise the same
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SCHEME 3:
+ ROH (14) e D
-ro® A°
HA' ‘/@/// 2
+H (13) @ ©
+BP D
-BP
o
2 8)
PO
o, A
@
D D
) +BP BP9 AZ’
(BP), k’//’/
(11) BP
54 + MeOH
o, ) ®
(10} © \-H
02

BP

conditions. Regardless of the solvent effect, the second-order

ion decay should be due to reaction 8.

BPf+A”—BP+A (8)

The first-order ion decay could be ascribed to a reaction
involving the solvent. A reaction of BP with acetonitrile is
unlikely because of its relatively long half-life of +A5 us
with a pyrylium salt as acceptdr.Decay of BP* via reaction
with the solvent, however, is indicative for alcohols (eq 9) since
its half-life in methanol is only 0.8&s (Table 2); i.e.ko ~ 3 x
1P M tsl

BP"" + MeOH— BP'—OMe + H™ (9)

In the presence of oxygen, electron transfer to*Bffom
O,*~ should be considered.

BPF"+0,”—BP+0, (10)

Reaction 10, although the decay at 660 nm is not significantly

faster in the presence of oxygen, is supported by conductivity

measurements (see below).
An open question is the formation of the dimer radical cation.
BP" + BP— (BP),”" (11)
Such a reaction is known for other systethsFor BP,
however ty/, does not strongly decreasef0%) with increasing

the BP concentration (38200 mM). If the spectrum of (BR)"
is markedly different from that of BP, it can be concluded

that reaction 11 does not play a role under the applied conditions.

Otherwise, the reactivity of (BR)" toward Dn (n = 1-3)
should be comparable to that of B8P

Quenching of the Radical Anion of Al. So far, no reaction
of A*~ with a polyalkene was expected under the above
quenching conditions. However, fé&1/BP/D1 the transient
absorption at 360 nm (due to*A exhibits a faster decay than
in the absence oD1. Close inspection of the transient

absorption spectra in the presence of various concentrations ofrole as reactive state in electron transfer.

D1 reveals that the decay of Abecomes faster with increasing
D1 concentration. In fact, the spectrum withax = 380 nm
(Figure 5a) after fast decay of*Ais only due to BPf. Thus,
A*~ reacts with eitheD1 or a subsequent intermediate. The

former process could be described by reaction 12 (Scheme 3).

Al +Dn—Al1+Dn" (12)
The rate constantk{,) for decay at 360 nm vsOJ1] using
A1/BP (0.5/100 mM) in acetonitrile increases linearly frer.3
x 10° s71in the absence of a second donor to .4 s tin
the presence of 6 mND1 (inset of Figure 6). From the slope
avalue ofk;; ~ 2 x 108 M~1s1for this “unexpected” electron
transfer was obtained. With2 and D3 a similar effect and
largerki» values were measured.
The transient absorption spectra for h&/BP/Dn (n = 1,
3) systems do not significantly change in the presence of water
(1—10 M). Whether the transient absorption spectrum is mainly
due to A~ or BP* depends on the rate constakgsand k..
For example, ik;, is significantly larger thaks, as in the case
of D1, the intermediate species is BR(Figure 5a). On the
other hand, ifks > ki, as in the case db3, only A*~ can be
observed (Figure 5b). To investigate the possibility for proto-
nation of A,

A"+ H =HA" (13)
the decay oA1l*~ was examined in argon-saturated acetonitrile
in the presence of 15 M water. No discernible changg n
could be detected on addition of HGJQup to 1 M), corre-
sponding tdk;3 < 1 x 10° M~1 s~ (similar results were found
for A3 andA4). The only K, value available in the literatute
(besides a g, ~7 for benzonitrilé®) is close to zero foA2.
Also a reaction of A~ with the solvent,

A" + ROH—HA*+ RO (14)
may be excluded on the basis of longer half-lives for fan
for BP* (or nearly the samgy,) in several solvents (Table 2).

Electron Transfer to A3 and A5. The triplet state of the

naphthalene and anthracenecyano derivatives, eventhiibggh
is larger than zero, is not dominant in absorption and plays no
The transient
absorption spectra &3 andA5 in acetonitrile in the presence
of BP are shown in Figures 8a and 9a, respectively. The major
maximum ofA3/BP at 390 nm and oA5/BP at 312 nm is due
to A~ (Table 2). ForA3 the observed spectrum ofAis in
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mM) after 0.05us (O), 0.5us (a), and 2Qus @). Insets: decay kinetics
at 310 nm (left) and 660 nm (right).
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agreement with the literatufé,but for A4, A5, and A6 the
maxima in the UV range are presented here for the first time.
The spectrum oA3/BP in acetonitrile at the end of the pulse
is not changed on addition @1 (1 mM); that is, the initial
species are A and BP". At a higherD1 concentration (5
mM), the spectrum at 3 us resembles that of*A; that is, there

Gorner et al.
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Figure 10. Conductivity signals in argon-saturated acetonitrile (open
symbols) and in the presence of 10 M water (full symbols) vs time
(log scale) forA1/BP (0.5/30 mM) (circles) and in the presenceDdf
(4 mM, triangles) orD3 (1 mM, squares)dexc = 308 nm. Insets:
kinetics (a) in the absence and (b) in the presend@3f

TABLE 5: Normalized Signals of Transient Conductivity?

AxlAx®
compound solvent loy -6 -5 -4 -3
A1/BP  acetonitrile none 0.25 0.008 0.002 0.001

D1 038 0.15 0.05 o0.01
Al1/BP acetonitrile/watér none 0.42 0.12 0.02 0.01
D1 0.65 0.25 0.10 0.02
D3 0.85 045 0.22 0.08
A3/BP acetonitrile none 0.25 0.02 0.003 0.001
D1 051 0.15 0.04 o0.01
A3/BP acetonitrile/watér none 0.28 0.08 0.02 0.01
D1 0.65 0.25 0.10 0.02
D3 0.78 045 0.18 0.06
A5/BP acetonitrile/watér none 0.28 0.09 0.03 0.01
D3 0.60 0.37 0.20 0.07

a|n argon-saturated solution, [accepter]1—1.8 MM, Aexc = 308
nm for Al or A3 and 353 nm foA5, [BP] = 30 mM, [donor]= 5—10
and -2 mM for D1 andD3, respectivelyAx® refers to the end of the
pulse.b[H,O] = 10 M.

of the 308 nm pulse and decreases within a few microseconds,
reaching values of less than 5% a&k° (in the absence of
polyalkenes) afterx10us (Figure 10). Thé\k® value increases
with the BP concentration (keepirlg constant), thus demon-
strating the prevalence of free charge formation due to electron
transfer, reaction 2b. The decay Ak is in agreement with
charge annihilation via electron back-transfer, reaction 8. The
contribution of a second-order decay process was proven by
the ~50% reduced half-life on 4-fold increase &f. On
saturation with oxyger«®° is moderately lowered, in agreement
with reduced electron transfer from BP %&* due to fluores-

is no new transient formed (Figure 8b). This may be interpreted cence quenching by oxygen with otherwise a similar decay. This

by formation of BP* (reaction 2b) and its subsequent efficient
quenching byD1 (reaction 3). In contrast t&1, the radical
anions ofA3 andA5 show no reaction wittb1 (Table 4). The
rate constants for reaction of BPwith a given donor should
be independent of the nature of the acceptor. In factDfo(n
= 1-3) ks is the same (within experimental error) applyiAd
or A3. On addition ofD1 to A5/BP in acetonitrile, the spectrum
is due to A~ and BP* (Figure 9b). At later times, i.e., after
efficient quenching of BP, the spectrum of A remains and
a component of the decay at 312 nm is significantly longer
(Figure 9b, inset) than for the other acceptors.

Transient Conductivity. A conductivity increase was
observed upon excitation &1 in acetonitrile in the presence
of BP (>2 mM). The signal has its maximum®) at the end

supports involvement of reactions 2b, 4, and 10. The presence
of 1-15 M water in acetonitrile does not change the pattern
markedly. However, addition dD1 to (aqueous) acetonitrile
gives rise to a longer lived component&é. This is illustrated
in Figure 10 for theA1/BP/D1 (0.5/30/4 mM) system. The
results from evaluation of the conductivity decay signals of
several cases are compiled in Table 5.

We have previously suggested that the cyclizatio®fin
the presence of water involves the release of a proton in an
intermediate step.® To examine whether the longer lived
conductivity signal results from a proton, phosphate buf}.8
mM) was added. Under these conditions, a total disappearance
of the conductivity signal, apart from the first parZ us),
was observed. We therefore conclude that the longer lived
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TABLE 6: Relative Quantum Yields for Consumption of D1 acceptors neither the concentrations of methanoH0.8 M)
and Formation of Ethers (®¢) and Alcohols @)* nor water (0.£28 M) show a significant effect od(—D)
[additive] [BP]  ®(—D)/ o/ @/ (Table 6). While a strong decrease®i or 5 was observed
acceptor M mM  ®(—D)™  P(—D)ma  P(—D)m in the presence of oxygen throughout, the oxygen effect on
methanol d(—D) is relatively small.
Al 0.2 10 0.55 0.1 Conditions for Synthetic Work. The choice of the acceptor
1.6 10 0.8 0.2 <0.01 is related to the wavelength of irradiation, 35620 nm forA5
i-g 118 8'2 8'3 and, if possible, 306330 nm forAl andA3; A2 is not suitable
e 10 0.55 <0.01 owing to the spectral overlap with BP. The acceptor concentra-
) 10 0.9 0.25 tion seems not to be limited by secondary reactions; note that
13 10 0.7 the acceptors are fully restored; that is, they act as cat@lysts.
A3 0.2 10 0.8 0.2 For the Al, A3, or A5/BPDn (n = 1-3) systems in polar
1.6 10 0.8 0.4 <0.01 solvents, the concentrations should be chosen as follows. [BP]
411 & i(()) 8'.3 <0(.)f)31 should be larger than Kéy; appropriate values are 330 mM,
10 10 06 01 except forA6, wherek, is much lower than the diffusion-
A5 0.2 3 0.4 0.1 controlled limit (Table 1). The donor concentration is limited
0.2 9 0.95 0.3 <0.05 by competition of reaction 3 with the other decay routes of'BP
0.2 30 0.9 0.2 and by competition of reaction 12 with the other decay routes
16 10 10 0.5 of A*~ (Scheme 3). Concentrationsab mM for D1 and~0.5
water ..
Al 0.05 10 0.1 0.02 mM for D3 are sufficient (see Table 4).
05 10 0.4 0.15 The choice of the solvent is related to the specific secondary
5 10 0.6 <0.01 0.2 reactions for the polyalkene which involve a nucleophilic
14 10 0.7 0.3 addition and require protonation after cyclization. In this respect
ng 118 3'25 <00051 the ®(—D) values in Table 6 are helpful. A high methanol
A3 <0.05 10 0.08 <0.02 <0.02 concentration may reduce@(—D) due to competition of
0.5 10 0.5 <0.02 0.2 reactions 9 and 3; this can, in principle, be compensated by a
A5 <0.05 10 0.5 0.2 larger donor concentration. The optimum amount of water may
8-?}) 11(()) g-f <00623 depend on the choice of the acceptor sincebithe ® values
15 10 0.9 <0.01 0.05 increase with increasing the water concentration up to3D

M, whereas foA5 the steady increase of tldevalues is limited
to [water]~ 5 M.

2 Continuous irradiation in argon-saturated acetonitrile in the presence  pechanistic Aspects. In contrast to the FBF,~ pyrylium
of D1 (4.0 mM) andAl (0.8-8 mM) or A3 (0.3-3 mM), 4 = 313 salt? the acceptor triplet state does not play a role in electron
nm or A5 (0.3—0.9 mM), Aix = 366 nm.P Oy -saturated. . S

transfer to cyanoarenes. The yields of cyclization products are

strongly enhanced by BP, which acts as a cosensitizer in a
generally accepted fashidi#17-22.29 Apart from triplet energy
transfer to BP (Scheme 2) and the coaccepting properties of
Dn (n = 1—3), the reaction scheme f&3 andA5 is suggested
to be the same as fa1 (Scheme 3). Quenching of tHA*
state by BP in a sufficiently large BP concentration is more
effective than byD1, that is, reaction 2b is dominant.

The secondary reactions of tiEl/Am systemsih = 1, 3,

5 10 0.4 <0.01 0.2

conductivity signal in the absence of a buffer indeed originates
in a proton (see below). An even longer lived component was
found for theAm/BP/D3 (m = 1, 3, 5) systems (Figure 10 and
Table 5). This should be the result of two additional slow
6-endo-trigcyclization steps prior to final Bxo-trigcyclization
(as forD1) and subsequent protonation.

Steady-State Photolysis. On irradiation of Al in argon-

saturated acetonitrile in the presence of BP Bd4i, = 313 5) are illustrated in Scheme 4. Cyclization in the presence of

nhm), [D.l] decreases as a function of dose, whitd] remains a nucleophilic solvent, such as water £RH) or methanol (R
essentially constant. From these dependences, the quantum

. . ! = Me), , in principle, ither directly f he initial
yields for consumption oD1, ®(—D), and for the formation e), can, in principle, occur either directly from the initia

of the alcohols ) or ethers @) were obtained (sum of two radical cation (which leads to a distonic radical cation and is
A E iti i
diastereomers). The results for the th BPDI (m= 1, followed by addition of ROH and deprotonation) or from the

. . ! > . noncyclicD1'OR type radicals. In both cases, a cyclic radical
3, 5) systems and various concentration ratios are compiled in y yp y

. : ! 1*) shoul f .
Table 6. The relativeb(—D) values in the presence &l in (1Y) should be formed
acetonitrile and small amounts of methanol increase with the

ot . +
BP concentration, reach a maximum~at0 mM, and remain D1 + ROH—I"+H (15)
constant even up to [BRF 140 mM. Keeping [BP] constant ) - _
at 10 mM, the®(—D) values increase with the methanol In view of the lifetime 0.1 ns¥® of the cyclohexyl radical

concentration, reach a maximunwra8 M, and decrease slightly ~ cation in aqueous solution (being formed by electron transfer
on going to [MeOH]= 13 M. Replacing methanol by water ~ from cyclohexene) and the previous attempt to obs&¥ef
leads to largerd(—D) values with increasing water concentra- N aqueous ethanol under the conditions of direct photoioniza-
tion, approaching a maximum value at{B] = 20—30 M. The tion,* anti-Markovnikov addition of the nucleophile ©1°*,
relative ®¢ and @, values are generally substantial when followed by radical cyclization, is the most plausible reaction.
CI)(—D) is |arge, i_e_’ under argon and Sufficient|y |arge BP Three pathWayS may be considered for the termination Step in
concentration, but small in the presence of oxygen. the absence of oxygen: _

Similar results were obtained fé&3 andA5, A;; = 313 and (1) H-atom transfer, for example, from a M#ype radical,
366 nm, respectively. The concentrationf decreases as a
function of dose, whileA3 or A5 are not consumed. The HA® +1I'— A + HI (16)
photoproducts in the presence of methanol and water are
likewise ethers and alcohols, respectively. For the three (2) electron transfer from A
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SCHEME 4: decreases fror* og= 2.67 V forA2 to 1.40 V forA6.7:16:26.47
The oxidation potential of BP is estimated to Bg = 1.8 V
S SESUIERN and those of the polyalkenes aré.8 V for D2 (data not shown)
// e on \\ andD1 and~1.7 V for D3. This is based on thk, values
Q%CN .l + ROH \l j{ /CN ngiaFl)o‘Ig 1) assuming that they follow the Reriveller relation
N |\ _H® (15) /1 RO . >//\CN '
\\ // AG=E, —E—E (20)
\ /%CN ¥ .
, RO ( Here, AG is the free enthalpy change for electron transfer
/ . eN and the ternk; accounts for ion pairing (0.06 V in acetonitrile).
/’ A? I 01? The decrease of the oxidation potential in the orDér D2,
! andD3is also reflected by thks values for electron transfer to
! 17) (18) BP* (Table 4).
+HA |
A A D1 Concluding Remarks
(e // In the present work, time-resolved techniques are successfully
‘\ RO %CN © applied to characterize the accessible intermediates, to determine
| Cﬁ their reactivities, and to establish the reaction mechanism of
\ photoinduced cyclization of isoprenoid polyalkenes. A new
I +H® | (19) secondary electron-transfer reaction from the radical anion of
AN Al to the polyalkenes is suggested. On the basis of the reaction
3\ kinetics the optimum conditions for preparative applications are
RO%CN M given for theAm/BPDn (m= 1, 3, 5,n = 1-3) systems. The
g N appropriate concentrations of protic solvents such as methanol
or water for nucleophilic trapping of radical cations are verified
AT +IT—A+I (a7) by the product quantum yields which also reflect the importance
of BP.
or (3) electron transfer fronD1*~ in the case ofAl, where
reaction 12 is involved (see above). Acknowledgment. We thank Professor K. Schaffner for his
generous support, and Mrs. C. Berling, E'ttéy G. Klihm and
DI" +1I"—D1+1" (18) U. Westhoff and Mr. L. J. Currell for technical assistance.
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