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the Coumarin Singlet Excimer!:2
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Abstract: Photolysis of 0.3 M solutions of coumarin in the presence of 3.0 M tetramethylethylene (TME) leads to the known
cyclobutane adduct, IIT (4,4,53-tetramethyl-3,6-dihydrocyclobutafc]-2-coumarin), with a quantum efficiency of ~3 X
1073, Quenching studies indicate that the reaction proceeds via coumarin singlet and triplet excited states. Despite the inef-
ficiency of this reaction, TME completely quenches coumarin singlet and triplet photodimerization. Evidence presently avail-
able indicates the coumarin monomeric singlet species to be very short lived (~10~!2 sec) and its complete interception by
TME would require a rate constant in excess of the diffusion-controlled value. It has previously been suggested that' couma-
rin singlets dimerize via an excimer, and the present observations are interpreted as the interception of this excimer, perhaps

via an excimer-exciplex exchange reaction.

Coumarin has historically been the subject of intense
photochemical®# and spectroscopic*? interest, in great part
as a consequence of its importance in biological systems.*
Its photochemistry has been particularly fascinating be-
cause of the marked sensitivity of its photodimerization (eq
1) to solvent polarity® and halocarbon solvents.? The former
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effect has been attributed to preferential dimerization of
coumarin excimers (!CC*) in polar media, and the latter
phenomenon was interpreted as a ‘“‘heavy-atom” effect on
the probability of closure of an intermediate diradical
(°C»*) to give IIb.> The complete mechanism suggested? is
outlined in Scheme I, It should be noted that nonradiative
decay of the excited singlet state accounts for better than
99% of the absorbed photons.
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In addition to dimerizing, the coumarin excited state has
also been made to add to olefins.”-# This reaction is particu-
larly relevant to skin photosensitization by coumarin deriva-
tives, where cycloaddition with the pyrimidine bases of
DNA may be involved.5¢® Qur attention was drawn to cou-
marin-olefin photocycloaddition by the report® that triplet
sensitization was necessary for the reaction. This seemed to

contrast with the ability of coumarin to dimerize via the
singlet state, albeit only in polar solvents, and could be in-
terpreted as a manifestation of the proposed requirement
for an excimer precursor to the dimer. We thus decided to
study the mechanistic details of the cycloaddition. !0

Results

A. Coumarin Photocycloaddition to Tetramethylethylene
(TME). An ethyl acetate solution of coumarin (0.3 M) and
TME (3.0 M) was irradiated for 68 hr using a 450-W me-
dium pressure mercury lamp and a soft glass filter (A >310
nm). Vapor phase chromatographic (vpc) analysis indicated
a 4% conversion to a product, which was isolated and identi-
fied as the known® 4,4,5,5-tetramethyl-3,6-dihydrocyclobu-
ta[c]-2-coumarin (III), the expected cycloadduct®!! (eq
12). None of the normally observed coumarin dimer (IIb)

could be detected; when the irradiation was done in acetoni-
trile, the cycloadduct could again be isolated but neither Ila
nor IIb were formed.

B. Quantum Efficiencies for Formation of III. Quantum
efficiencies were determined at 313 nm in several solvents,
using coumarin photodimerization as a secondary actinom-
eter. At 3.0 M TME, values observed are (1) ¢1;;(CCly) =
44 X 1073, (2) ¢u(EtOAc) = 3.0 X 1073, (3)
o11(CH3CN) = 3.4 X 1073,

C. Quenching of III by cis-Piperylene. Quenching of the
cycloaddition by cis- piperylene is observed,!'? but it is in-
complete! The quenching data, presented in the usual
Stern-Volmer fashion, are given in Table }. Limiting
quenching appears in each of the solvents at ca. 0.2 M pip-
erylene. The limiting quenching observed (using repetitive
measurements at 0.2 M diene) is (1) CCly, 23 + 3%; (2)
EtOAc, 37 + 6%; (3) CH3CN, 30 + 4%. These data permit
the quenching efficiencies (¢y;) to be dissected into singlet
("éu1) and triplet (3¢11;) components as in Table 1.

D. Photocycloaddition as a Function of TME Concentra-
tion. The overall quantum efficiency of cycloaddition de-
creases with decreasing TME concentration. Singlet and
triplet efficiencies were determined at each point using 0.20
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Figure 1. Plot of 1¢1;;~! vs. [TME]~! for formation of III in acetonitrile.

Table I. Quenching of Cycloaddition by cis-Piperylene in
Several Solvents®

Table III. Quantum Efficiencies for Singlet and Triplet
Cycloaddition as a Function of TME Concentration in
Acetonitrile®

CCl, EtOAc—— ~——CH;CN——
[Ql, M o/ [QLM ¢/ [Q, M ¢ifg [TME], M 11 X 10¢ %o X 10¢
0.10 1.03 0.08 1.22 0.10 1.19 3.0 24 10
0.10 1.04 0.09 1.23 0.10 1.20 2.0 18 9
0.10 1.13 0.10 1.36 0.13 1.19 1.0 11 12
0.13 1.02 0.11 1.38 0.13 1.21 0.60 9 11
0.16 1.12 0.12 1.41 0.16 1.34 0.30 4 8
0.20 1.27 0.13 1.35 0.16 1.29 0.10 2 15
0.20 1.36 0.14 1.39 0.20 1.40 0.05 1 14
0.25 1.28 0.15 1.53 0.20 1.39 0.01 1 3
838 } gg 8;8 i;g 8§§ 138 = All solutions are 0.30 M in coumarin.
0.25 1.75

@ Al] solutions 0.30 M in coumarin and 3.0 M in TME.

Table II. Quantum Efficiencies for Coumarin Singlet and
Triplet Cycloaddition to TME upon Direct Irradiatione

Solvent 1 X 103 o1 X 108
CCl, 3.4 1.0
EtOAc 1.9 1.1
CH,;CN 2.4 1.0

o All solutions 0.30 M in coumarin and 3.0 M in TME.

M piperylene and the data are shown in Table III. The !¢
values are plotted as 1/¢ vs. 1/TME in Figure 1. The
points from 0.30 to 3.0 M TME show good linearity, with
the least-squares derived slope = 892 + 39 M~ ! and the
intercept = 312 + 69. At the lower concentrations (<0.10
M) the reaction becomes more complex because 1Ia and 1Ib
can now be isolated from the reaction mixture.

E. Sensitized Photocycloaddition of Coumarin to TME.
As previously reported,® sensitization with benzophenone
leads to the cycloadduct, III, as well as to the benzophe-
none-TME oxetane, 1,1-diphenyl-3,3,4,4-tetramethyl-2-
oxycyclobutane. None of the triplet-derived coumarin
dimer (IIb) was detected! Quantum efficiencies for cycload-
dition (°¢111(sens)) and oxetane formation (¢e) were deter-

Table IV. Quantum Efficiencies for Sensitized Formation of 111
and the Benzophenone-TME Oxetanes

Solvent o111 (sens) Pox

CCl. 0.104 0.022
EtOAc 0.073 0.019
CH,;CN 0.073 0.020

@ All solutions 0.30 M in coumarin, 3.0 M in TME, and 0.037 M
in benzophenone.

mined in several solvents and are presented in Table IV.
Since both TME and coumarin are capable of intercept-
ing the benzophenone triplet, their effect individually on the
photoreduction of benzophenone by benzhydrol was mea-
sured. Using ethyl acetate solutions containing 0.055 M
benzophenone and 0.056 M benzhydrol, and irradiating
with Uranium Yellow glass filtered light, the quantum effi-
ciency for reduction (¢,.q) was measured with and without
quencher. The value of 0.60 without quencher!? was identi-
cally reduced by 0.31 M coumarin or 3.0 M TME to ¢req =
0.04. Thus, at these concentrations, the two substrates in-
tercept the benzophenone triplet with equal efficiency.

Discussion

The data presented above demonstrate that coumarin
does indeed undergo photocycloaddition to TME without
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the presence of a sensitizer. Although the quantum efficien-
cies are some 20-fold lower than with sensitization, they are
comparable to those previously observed for coumarin pho-
todimerization (¢, = ¢1p = 4 X 10~% in CH3;CN).3 Fur-
thermore, a substantial portion (70-80%) of the unsensit-
ized cycloaddition is unquenchable by piperylene, and may
be attributed to the coumarin excited singlet state. (It is of
interest that there is heavy singlet involvement in both polar
and nonpolar solvents, whereas coumarin singlet dimeriza-
tion requires a polar medium.) However, the most striking
observation is the complete quenching by TME of couma-
rin singlet dimerization in acetonitrile, when the olefin is
present at 20.3 M. This is especially so in the light of the
inefficiency of the TME cycloaddition itself.!*

That this quenching cannot be merely the result of an in-
terception of the monomeric coumarin excited singlet state
is made evident by a consideration of presently available
lifetime data. Recent attempts to measure coumarin fluo-
rescence at room temperature have been uniformally unsuc-
cessful,®9: and ¢ has been estimated’® to be <104, Inte-
gration of the absorption band leads to a calculated’? radia-
tive lifetime (7o) of 1.3 X 1072 sec, so that from ¢r = 7/7q,
we can estimate 7 < 1.3 X 107!2 sec. One empirical mani-
festation of this extremely short singlet lifetime is the re-
port® of an unsuccessful attempt to measure the lifetime of
fluorescence at 77°K (¢f = 9 X 1073), on an apparatus ca-
pable of resolving lifetimes =2 nsec. This is despite the fact
that, at this temperature, the rate of the nonradiative decay
mode has been greatly reduced from that at room temper-
ature.>24 [t is obvious that the short singlet lifetime does
not involve intersystem crossing (i, ~ 1072),3 but rather,
facile decay to the ground state.!5!9

Keeping the short lifetime of 'C* in mind, it can readily
be demonstrated that it is nor this species which TME is in-
tercepting in the course of quenching 1Ia formation. Thus,
the mechanism described in Scheme I leads to the following
expression for ¢1, (eq 13).

kes[C] > ( kg

S = (ke,[c] + Ry + Rygo/ \Eg + k7> 13)

At 0.3 M coumarin, ¢(» = 4.4 X 10~%and kg~ 10'2 sec™!
(see above); k.x may be assumed?' to be diffusion con-
trolled (1.8 X 10'© Af~! sec™!).22 Setting the probability
of excimer closure to Ila (k¢ /(ke + k7)) = Pgr, €q 13 be-
comes

4.4 X 10 = P,(5.4 x 10°/10'?) (14)
and, solving for P 4,23
Ps; = 0.081 (15)

Now, were elimination of the dimer due to interception of
IC* by TME (presumably via a reaction such as (16), with
[(C - TME)* a complex capable of nonradiative decay and
product formation), the appropriately modified Scheme I
would yield a new expression for ¢y, (eq 17).

R

IC* + TME — !(C-TME)* (16)

buta = P kel[C]
Ma = S\ IC] + Rise + Ry + B JTME]

) an

We estimate our analytical procedure would have detected
a ¢, = 4 X 1073, and one can easily calculate the value of
k o necessary for 3.0 M TME to reduce ¢, to this extent.

. 5.4 % 103)
-5 -2 .
4 x 107° = 8.1 X 10 (10 —Te (18)
kg = 3.3 x 10 M ! sec! (19)

The requisite value for kg, being 200-fold larger than the
diffusion-controlled rate constant, is physically impossible;
the interception of coumarin monomer cannot be the source
of the observed quenching.?> An alternative intermediate
of longer lifetime is necessary, and we propose that this is
the coumarin excimer.?6 The suggested reaction is shown
in eq 20 (note that though excimer interception is depicted
as leading directly to cycloadduct, an intermediate exciplex
is also feasible; see discussion below).

kr

icc* + TME — III + C (20)

Addition of eq 20 to Scheme I leads to an expression for
the quantum efficiency of formation of III from the singlet
state (1¢y11) as a function of [TME] (eq 21).

1 1 1

i = B Gukit. TME] @1

III

Ineq 21, ¢ex = kex[c]/(kex[c] + kat+ ki) and 7 = 1/
(k¢ + k7). The dependence of '¢;;; on [TME] has been de-
termined (Table III) and the data from 0.3 to 3.0 M TME
yield the expected linear relationship (Figure 1). The large
deviation of the intercept (312) from unity confirms the in-
volvement of at least one energy wastage step prior to for-
mation of III. If the reaction to give III involves no interme-
diate, as in eq 20, the intercept provides a value for ¢, of
ca. 3.2 X 1073, a number in surprisingly good agreement
with the value of 5.4 X 1073 one would estimate (cf. eq 14).
From the slope plus the intercept, k ,7.x = 0.350, and if one
assumes k , is diffusion controlled, the lower limit of 7.4 is
1.9 X 10~ ! sec. Since Pys = k¢ /(ke + k7) was previously
calculated as 0.081 (eq 14), k7 = 11.3k¢. Thus, kg = 4.3
X 10%sec™ and k7 = 4.9 X 10'%sec™! (these numbers will
of course be correspondingly smaller if &, is less than diffu-
sion controlled).

Although the concept of a modestly long-lived excimer
acting as a reagent seems reasonable, there have been sur-
prisingly few reports of excimer (or exciplex) involvement
in bimolecular photoreactions. One from the older literature
invokes eq 22 to rationalize an increase in anthracene for-

IAA* + A — A, + 'Ax (22)

mation at high anthracene concentrations.?® More recently,
several groups®® have observed a diene-induced enhance-
ment of anthracene dimerization concomitant with the
diene’s quenching of anthracene fluorescence and proposed
an interception of the exciplex, !AD* (eq 23 and 24). The

1A* + D — !AD* (23)
IAD* + A — A, + D (24)

enhancement is sufficient to allow photodimerization of 9-
phenylanthracene in the presence of piperylene,’%-3! where-
as the substrate is normally photostable.3? Still another ex-
ample is the protonation by solvent of a naphthalene-acry-
lonitrile exciplex.?? Though the reaction we are suggesting,
as well as those cited above, involves simultaneous quench-
ing and product formation, such does not necessarily have
to be the case, as was recently demonstrated for the quench-
ing of exciplexes of 9-cyanophenanthrene and various sty-
rene derivatives.34

There remains the question of whether eq 20 is not better
represented by the sequence 25-27, where '(C - TME)*is a
coumarin-TME exciplex.

‘cC* + TME — YC:TME)* + C {25)
I(C+TME)* — III (26)
1 -TME)* — C + TME 2
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The eventual closure of such an exciplex (eq 26), were it to
be formed, has ample precedent in the literature.?5-3¢ How-
ever, we are unaware of any prior proposal of an excimer-
exciplex exchange reaction (eq 25). In fact, though the data
in hand by no means require the inclusion of such an exci-
plex, some preliminary observations are suggestive of this
possibility. Thus, one might expect a dependence of eq 25
on ionization potential of the olefin, by analogy with other
singlet quenching acts proceeding via exciplex formation.?’
Our initial data with two additional olefins are consistent
with these expectations; i.e., product formation via singlet
cycloaddition to TME (IP 8.05 eV),37¢ ethyl vinyl ether
(EVE) (IP 8.49 ¢V),37 and trans- 2-heptene (TH) (IP ca.
9.1 eV),?® 3.0 M in ethyl acetate, is in the ratio 1.0:0.077:
0.0068.3940 Likewise, the pattern of products produced by
the triplet cycloaddition to EVE and TH are identical with
those observed from the singlet,? an occurrence most easily
rationalized by invoking a common (exciplex) intermediate.
There is precedent for singlet and triplet exciplexes having
such identical product stereoselectivity.’*#2 Were the trip-
let cycloaddition to proceed through an exciplex, one might
expect a dependence on olefin ionization potential analo-
gous to that reported above for the singlet,*? and such ap-
pears to be the case; i.e., for TME-EVE-TH in ethyl ace-
tate, the ratio of reactivities is 1.0:0.21:0.015.44

As regards the triplet component of the coumarin-TME
cycloaddition, several facts are noteworthy. First, that there
is a quenchable (triplet) component at all, while singlet
dimerization has been totally eliminated, provides confir-
mation that intersystem crossing and singlet dimerization
involve different species (/.e., monomer vs. excimer). Sec-
ond, the dimer derived from the coumarin monomer triplet
(ITb) is completely quenched by 0.3 to 3.0 M TME,** and
there is no apparent dependence of 3¢;; on TME concen-
tration in that range (Table III). These observations are en-
tirely consistent when one considers that at a concentration
of 0.3 M, coumarin effectively intercepts all coumarin trip-
lets (rate constant = 3.5 X 108 M~! sec™' (ethyl ace-
tate)).? Thus the complete elimination of IIb requires total
capture of coumarin triplets by TME and 3¢;;; must neces-
sarily be independent of TME concentration. The rate con-
stant required for the 3C* + TME reaction to pre-empt
dimerization is estimated? to be about 6 X 10° M~ ! sec™ !
This is close of diffusion controlled and again consistent
with an initial complexation (see above).

One can use the ¢, value previously obtained? for cou-
marin in acetonitrile (7 X 1073) and 3¢;;; (1 X 1073) to es-
timate that ~14% of the triplet intermediate(s) (exciplex
and/or diradical) goes on to cycloadduct. This is the same
estimate one obtains from the sensitized cycloaddition
(Coii(sens) = 0.07), after correction for equally efficient
transfer from sensitizer to 3.0 A TME and 0.3 M couma-
rin. The value of 14% may be compared with the corre-
sponding value for coumarin triplet dimerization of ~2%.

Conclusions

The data presented herein are most readily rationalized
by a mechanism of coumarin cycloaddition to TME at high
concentrations as detailed in Scheme II. The novel aspect of
this scheme is the proposed interception of the coumarin ex-
cimer by TME (eq 32), perhaps via an excimer-exciplex
exchange reaction (eq 33). The observations reported herein
constitute strong supportive evidence for the proposed? in-
termediacy of a coumarin excimer as a precursor to the sin-
glet derived photodimer.

Experimental Section

Chemicals. Acetonitrile (Baker Analytical reagent grade) was
dried over calcium hydride and distilled through a Todd still prior

Scheme II
c — Ic* (28)
Icx — C (29)
1C* —_ 3C* (30)
Icx + ¢ — !ccx (31)
IcC* + TME — III + C (32)
> lcc* + TME — (C-TME)* + C (33)
C-TME)* — 11 (34)
(C-TME)* — C + TME (35)
3c* + TME — %(C-TME)* (36)
3(CTME)* — C + TME (37
3C-TME)* — I (38)

to use. Carbon tetrachloride (Baker spectral grade or Mallinckrodt
analytical reagent grade) and ethyl acetate (Matheson Coleman
and Bell anhydrous, 99.5%) were distilled following treatment with
Fisher type 4A molecular sieve. Benzophenone and coumarin (both
from Eastman) were used as received. Deoxybenzoin (Aldrich)
was purified by sublimation. Ethyl vinyl ether was dried over Fish-
er type 4A molecular sieve and distilled. trans- 2-Heptene, cis- pip-
erylene, and tetramethylethylene were all from Chemical Samples
Co. and were molecularly distilled before use.

Analyses. All gas-liquid partition chromatography (glpc) data
were obtained using a Varian-Aerograph Model 90-P chromato-
graph and disk integrator for preparative work and a Varian-Aero-
graph Model 1200 flame ionization chromatograph and disk inte-
grator for analytical work. In all experiments designed to study the
cycloaddition (and oxetane formation) of coumarin and the olefins,
analyses were performed on a 5 ft X !4 in. stainless steel column
packed with 3% SE-30 on Chromosorb W (acid washed, DMCS
treated, 60/80 mesh) and programmed from 100 to 140° at 2°/
min. Deoxybenzoin was used as an internal standard and retention
times (air flow 300 ml/min, hydrogen flow 30 ml/min, and nitro-
gen flow 30 ml/min) were: 4 min, coumarin; 8 min, benzophenone;
11 min, deoxybenzoin; 13 min, TME cycloadduct; and 17 min,
TME oxetane. Analyses for the coumarin dimers were performed
as previously described.?

Photochemical Apparatus. Most comparative runs were done
using a rotating turntable holding 25-mm o.d. Pyrex or soft glass
photolysis tubes. A Hanovia 450-W type L mercury arc lamp fil-
tered through soft glass or Uranium Yellow glass or through a po-
tassium chromate—potassium hydroxide solution (for the 313-nm
line)4* was used. A Rayonet Photochemical Reactor and associ-
ated turntable (3500-A lamps, Southern New England Ultraviolet
Co.) were used in some experiments. Light intensities were deter-
mined by secondary actinometery using coumarin photodimeriza-
tion.3 The Pyrex or soft glass tubes were filled with 10-ml aliquots
from a standard solution of the solid reactants. This ensured a re-
producible quantity of reactants in each tube. In experiments
where the amounts of reactants varied, the reactants were weighed
into each tube and then 10 ml of the appropriate solvent was
added. A slow stream of argon was bubbled through each of the so-
lutions using 2 mm o.d. glass tubing for 45-60 min; each was
sealed with a rubber stopple immediately after the delivery tube
was withdrawn. If necessary, the tubes were refilled to a pre-
marked solvent level with degassed solvent. Volatile olefins or
quenchers were also injected through the rubber stopple, weighing
the syringe before and after delivery.

Preparation of III. A solution of 0.69 g of coumarin, 0.10 g of
benzophenone, and 3.96 g of TME in ethyl acetate was irradiated
with Uranium Yellow filtered light from a 450-W Hanovia lamp
for 5.75 hr. From 1500 mg of residue, 100 mg of I1l and 35 mg of
oxetane were separated on a 5 ft X 0.25 in. 20% SF-96 column at
190°. 111 melted at 80-81° (81°)% and the oxetane melted at
123-124° (123-125°).46 111 showed the following characteristics:
nmr (CDCl3) 6 0.74 (s, 3 H), 0.98, (s, 3 H), 1.20 (s, 3 H), 1.26 (s,
3 H), 3.05, 3.35 (AB quartet, 2 H), and 7.10 (m, 4 H); ir (KBr)
3.37,3.44,5.74,6.33, 6.80, 6.93, 8.10, 8.50, 9.10, 13.25 u; molecu-
lar ion, m/e 230. The oxetane showed the following characteristics:
nmr (CDCl3) § 1.06 (s, 6 H), 1.23 (s, 6 H), and 7.35 (m, 10 H); ir
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(KBr) 3.42, 3.48, 6.32, 6.94, 8.72, 9.96, 10.42, 11.00, 11.70, 13.14
id.

Quantum Efficiencies for Formation of IIL. Direct Irradiation.
The quantum efficiency of cycloadduct formation under direct ir-
radiation conditions was determined at 313 nm. Pyrex photolysis
tubes were irradiated with a 450 Watt mercury arc lamp equipped
with a Vycor filter sleeve and the 313-nm filter solutions. All the
incident light was absorbed by 0.30 M coumarin. In this experi-
ment the coumarin IIb dimerization in CCls was used as a secon-
dary actinometer for the determination of the average light intensi-
ty. The values obtained were 1.555 X 10'6 photons/sec and 1.585
X 10'6 photons/sec for an average light intensity of 1.570 X 10'¢
photons/sec. After 164 hr and 10 min of irradiation, the following
quantities of cycloadduct, III, had formed: carbon tetrachloride,
16 mg (1.4% conversion); ethyl acetate, 11 mg (1.0% conversion):
and acetonitrile, 12 mg (1.1% conversion). The calculated quan-
tum yields for cycloadduct formation are: carbon tetrachloride,
0.0044; ethyl acetate, 0.0030; and acetonitrile, 0.0034.

Quantum Efficiencies for Formation of III by Sensitization. So-
lutions 0.30 M in coumarin, 0.037 M in benzophenone, and 3.0 M
in TME were irradiated in Pyrex photolysis tubes with Uranium
Yellow filtered light from a 450-Watt mercury lamp. Under these
conditions, the light absorbed is predominantly the 366-nm line,
for which wavelength epy,co 50 and écoumarin 0.11. A secondary ac-
tinometer, the sensitized coumarin IIb dimerization in ethyl ace-
tate, was used to determine the light intensity of the lamp. The
values obtained were 1.638 X 10'7 and 1.642 X 10!7 photons/sec
for an average value of 1.640 X 10!7 photons/sec. After 5.75 hr of
irradiation, the following quantities of I1I were found: carbon tet-
rachloride, 135 mg (12.6% conversion); ethyl acetate, 95 mg (8.8%
conversion); and acetonitrile, 90 mg (8.4% conversion). The calcu-
lated quantum yields for cycloadduct formation are: carbon tetra-
chloride, 0.104 + 0.001; ethyl acetate, 0.073 & 0.001; and acetoni-
triie, 0.070 + 0.002.

The following quantities of oxetane were found by glpc analysis:
carbon tetrachloride, 32 mg (21.2% conversion); ethyl acetate, 28
mg (18.2% conversion); and acetonitrile, 30 mg (20.1% conver-
sion). The calculated quantum yields for oxetane formation are:
carbon tetrachloride 0.022 + 0.002; ethyl acetate, 0.019 £ 0.001;
and acetonitrile, 0.020 + 0.001.
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Abstract: d/- Camptothecin has been synthesized in 15% overall yield from isocinchomeronic acid. The synthetic design in-
corporates three rearrangements: rearrangement of a nipecotic acid to an a-methylenelactam, selenium dioxide oxidation of
an olefin to an allylic alcohol and acid catalyzed rearrangement of the latter, and Claisen rearrangement involving an allylic
alcohol-orthoester system. Thus, isocinchomeronic acid was converted to 1-acetoxy-6-methylene-5-oxooctahydroindolizine
via 1-oxooctahydroindolizine-6-carboxylic acid in 62% yield. Allylic oxidation-rearrangement led to 1-hydroxy-6-hydroxy-
methyl-5-ox0-AS-hexahydroindolizine (43%), and the a-butyrate side chain was then introduced by Claisen rearrangement
with trimethyl orthobutyrate. The 1-hydroxyl was oxidized to keto and condensed with N- (2-aminobenzylidene)-p- toluidine
to give the tetrahydroindolizino[1,2-4 Jquinoline. Selenium dioxide in acid gave both allylic oxidation-rearrangement and
aromatization to the pyridone. Acid catalyzed lactonization and a-hydroxylation (O,-CuCl,-DMF) of the lactone com-

pleted the synthesis.

Camptothecin (1) is a novel alkaloid originally isolated
from Camptotheca acuminata (Nyssaceae)! and more re-
cently from Mappia foetida Miers (Olacaceae).? Its struc-
tural elucidation was accomplished in 19683 and with the
initial report of its potent antileukemic and antitumor activ-
ity,* many attempts were made to synthesize camptothecin,
culminating in a number of successful total syntheses.’

Our approach to the synthesis of camptothecin, a prelim-
inary account of which has appeared,!® was based funda-
mentally on the bicyclic ketoacid 1-oxooctahydroindolizine-
6-carboxylic acid (3), which was obtained as the hydrochlo-
ride in 85% yield from an inexpensive, commercially avail-
able starting diacid, isocinchomeronic acid (2). The choice

HO.C
L 0N
NT ScoH
COH
2 3

of the bicyclic ketoacid was made with the knowledge that
the characteristic 2-pyridone D ring of camptothecin (1)
can be introduced by a simple rearrangement of a nipecotic
acid to an a-methylenelactam. The resulting 3-methylene-
2-piperidone, after appropriate substitution, can subse-
quently be oxidized to a pyridone.

From bicyclic ketoacid 3 the overall synthesis consists of
three phases: (i) a-methylenelactam rearrangement of a ni-
pecotic acid, (ii) introduction of the quinoline AB rings via
the Friedldnder condensation, and (iii) oxidation of the a-
methylenelactam to an allylic alcohol followed by introduc-

tion of the butyrate residue at the 4-position of the piperi-
done D ring, oxidation, and lactonization. As Scheme I
shows, the sequence need not be in this order for the synthe-
sis was designed to allow maximum flexibility before con-
verging on camptothecin.

Scheme .  Convergent Routes for Camptothecin Synthesis from 3
X
& N =, N
0 Y
CO.H COR

CO.R 3

0 NG * N O
— — Y
CH, CH.
COR CO.R

R = H. alkyl
NX.Y = H.OH.or OR’

Preparation of bicyclic ketoacid 3 from isochinchomeron-
ic acid (2) was begun by hydrogenation of 2 in aqueous am-
monia using 5% rhodium on alumina catalyst following a
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