
The Direct and Metal-Catalyzed Photochemical Dimerization of the 
Phthalide (Z)-Ligustilide Leading to Both [2+2] and  

[4+2] Cycloadducts: Application to Total Syntheses of  
Tokinolides A-C and Riligustilide 

 

Bingbing Sheng,† Yen Vo,‡ Ping Lan,† Michael G. Gardiner, ‡ Martin G. Banwell*,†,‡ and Pinghua 
Sun*,† 

† Institute for Advanced and Applied Chemical Synthesis, Jinan University,  

Zhuhai, 519070, China 

‡Research School of Chemistry, Institute of Advanced Studies 

The Australian National University, Canberra, ACT 2601, Australia 

Supporting Information Placeholder 

 
ABSTRACT: Synthetically-derived (Z)-ligustilide (1) has been subjected to photochemically-promoted dimerization pro-
cesses under a range of conditions. By such means varying distributions of the dimeric natural products tokinolides A-C 
(4, 3 and 6, respectively) and riligustilide (5) as well certain related (isomeric) compounds have been obtained. The struc-
tures of three of them have been confirmed by single-crystal X-ray analysis. The biosynthetic implications of the out-
comes of this study are discussed. 

The phthalide (Z)-lugustilide (1) (Figure 1) is a prominent 
constituent in a range of plants, perhaps most notably 
Angelica sinensis (Danggui) which is exploited extensively 
in traditional Chinese medicine (TCM).1  

 
 
Figure 1: The structure of (Z)-lugustilide (1) and its di-
meric co-metabolites 2-6. 

Compound 1 is often accompanied by one or more of a 
range of its possible [2+2]- and/or [4+2]-dimers2 includ-
ing, for example, levistolide A (2, a.k.a. diligustilide), 
tokinolide B (3), tokinolide A (4), riligustilide (5) and 
tokinolide C (6).3 Normally these dimers are isolated in 
racemic form and so suggesting they are derived, in vivo, 
from monomer 1 by non-enzymatic processes. Natural 
products such as 1-5 are also encountered in the tradi-
tional medicines based upon several genera of the plant 
family Apiaceae (Umbelliferae) and used in Native Ameri-
can cultures.3b,4 Many of the phthalide-based components 
of such medicines have been subject to biological evalua-
tions and so revealing they can exert a plethora of signifi-
cant activities. So, for example, the parent compound 1 
displays, inter alia, anti-oxidant, anti-spasmodic, anti-
asthmatic, anti-viral, analgesic, anti-microbial, insecti-
cidal, phytotoxic and vasodilatory effects as well having 
neurologically beneficial impacts.1, 3-5 

Dimers 2-5 and their various congeners exert a similarly 
broad range of activities and have also been shown to act 
as antioxidants and reduce blood viscosity. They also dis-
play progestogenic and cytotoxic effects.1,3-6 Two naturally 
occurring trimeric forms of 1 have also been reported7 



recently and these, too, were obtained in racemic form. 
Preliminary biological evaluation of them revealed that 
they possess dose-dependent anti-inflammatory proper-
ties but do not exert any notable cytotoxic or anti-
microbial effects.7  
Given the significant therapeutic potential of compounds 
such as 2-5 and their likely biogenesis, both the thermally 
and photochemically-promoted dimerization reactions of 
(Z)-lugustilide (1) have been studied, albeit in a cursory 
fashion. So, for example, heating a solution of compound 
1 in benzene at  80 °C provided a mixture of the Diels-
Alder dimers 2 and 3 in 2% and 3% yields, respectively.8 
The former adduct can be obtained in 22% yield by heat-
ing the neat monomer 1 in a sealed tube at 160 °C.9 Fur-
thermore, it was shown8 that on heating adduct 3 at 200 
°C this is converted into isomer 2, a process that presum-
ably involves a cycloreversion/re-addition process operat-
ing under thermodynamic control. In attempts to pro-
mote such Diels-Alder reactions, substrate 1 was treated 
with a range of Lewis acids but only linear dimers result-
ing from intermolecular Michael addition reactions were 
observed.10 There has been just one study of the photoly-
sis of compound 1 and this involved irradiating an acetone 
solution of it with a low-pressure mercury lamp under 
nitrogen at near ambient temperatures.11 Under such (pre-
sumably triplet sensitized) conditions a mixture of four 
products was obtained, one of which was shown to be 
riligustilide 5 (7%) and the other three being described as 
“novel” (but see below) and symmetrical [2+2] photodi-
mers that were obtained in 18.5%, 11% and 7.5% yields. 
The structure of one of these was established by single-
crystal X-ray analysis.11  
The advent of new techniques for effecting photocycload-
dition reactions of olefins12 prompted us to consider ap-
plying certain of these to substrate 1 in an effort to estab-
lish how they might influence the distribution of product 
dimers and higher order oligomers. In order to do so we 
required access to compound 1 and obtained this from the 
parent phthalide (7) using the route reported by Stermitz 
(Scheme 1).13 Thus, the enolate derived from compound 7 
was trapped with butanal and the mixture of aldol-type 
products 8 (98%) so-formed was subjected to a dissolving 
metal reduction using sodium in liquid ammonia/iso-
propanol and thereby affording the dihydro-aromatic 9 
(60%). Mesylation of the hydroxyl group within this last 
compound was achieved under standard conditions and 
heating the resulting ester 10 in refluxing pyridine afford-
ed the target monomer 1 in 55% yield (from 9). All the 
spectral data recorded on the latter material matched 
those reported previously for the natural product,11 a 
compound that we found was readily oxidized (when ex-
posed to air as a solution in a range of solvents) to its fully 
aromatic, previously reported14 and naturally occurring 
counterpart 11.  
Scheme 1: The synthesis of (Z)-lugustilide (1) from 
phthalide (7) 

 

In commencing our studies of the photochemical behav-
iors of (Z)-lugustilide (1) (Table 1) we first exposed a ca. 
0.13 M toluene solution of this compound in a sealed 
quartz cuvette to Australian summertime sunlight for 10 h 
(Entry 1, Table 1) but only observed extensive decomposi-
tion.  

Table 1: Outcomes of the photochemical reactions of 
compound 1 under a range of different conditions 

En
try 

light 
source 

solventa 

catalyst 
temp.e 
time 

products 
(%) 

 
1 

 
sun-
light 

 
toluene 

none 

 
amb.f 
10 h 

 

 
decomposition 

2 halo-
gen 

acetone 
none 

amb.e 
72 h 

 

12 (<5%) 
13 (<5%) 

3 halo-
gen 

tolueneb 
rose bengal 

–78 °C 
72 h 

complex mixture 

 
4 

 
halo-
gen 

 
tolueneb 

none 

 
–78 °C 
72 h 

 
3, 4 ,5 and 6 (2% 

each) 
14 (7%), 15 (2%) 

16 and 17 (<1% each) 
 

5 halo-
gen 

tolueneb 
Ir(ppy)3 

–78 °C 
48 h 

3 and 5 (5% each) 
14 (55%), 15 (5%) 

 
 

6 

 
 

halo-
gen 

 
 

tolueneb 
F-Ir(ppy)3c 

 
 

–78 °C 
36 h 

3 and 5 (9% each) 
 

14 (58%), 15 (9%) 
18 or 19 (15%) 

 
7 halo-

gen 
CH2Cl2b 

aromatic 
 ketoned 

5 °C 
48 h 

3 and 5 (6% each) 
14 (63%), 15 (6%) 

18 or 19 (11%) 
 

8 330 
nm 
LED 

MeCNb 
Ir(ppy)3 

i-PrNEt2 

LiBF4 

amb.e 
36 h 

3 and 5 (8% each) 
14 (70%), 15 (8%) 

18 or 19 (5%) 
 

9 390 
nm 

(“blue”
) LED 

MeCNb 
Ru(bpy)Cl2 

i-PrNEt2 

LiBF4 

amb.e 
4 h 

3 (5%)  
14 (46%) 

21/22 (4%) 

(a) in every instance a 0.13 M solution of substrate 1 was used and this 
was normally contained in a Pyrex® vessel with either a ca. 0.4 or 2 
mm thick wall; (b) this reaction was conducted under nitrogen; (c) F-
Ir(ppy)3 = Ir[dF(F)ppy]2 (dtbbpy)PF6 where ppy = 2-phenylpyridinyl; 
(d) acetophenone, benzophenone or 2-acetylnaphthalene; (e) temp = 
temperature; (f) amb. = ambient 

 



When a 0.13 M acetone solution of the substrate was irra-
diated with a 500 W halogen lamp in a vessel open to the 
air for 72 h (Entry 2) a complex mixture of products was 
again formed but now small amounts (<5%) of the mono-
epoxides 12 and 13 (Figure 2) could be isolated from the 
product mixture by flash chromatography. The former 
product, viz. 12, has been obtained previously14,15 from 
natural extracts that may also contain substrate 1 while 
the isomeric system 13 does not appear to have been re-
ported before. In an effort to suppress decomposition 
pathways, a deoxygenated toluene solution of substrate 1 
containing rose bengal was cooled to –78 °C then irradiat-
ed with the halogen lamp (Entry 3) but, once again, only 
complex mixtures of products were observed.  

 

Figure 2: The mono-epoxides 12 and 13 obtained by pho-
tolysis of an acetone solution of substrate 1 in the pres-

ence of air. 
In contrast, under the same conditions but now without 
sensitizer (Entry 4), a mixture of eight photoproducts was 
obtained and these could be isolated as discrete com-
pounds using a combination of flash chromatographic 
and reverse-phase HPLC techniques. Five of these were 
identified, through comparison with published spectro-
scopic data, as the natural products tokinolide B (3)8,16 
(2%), tokinolide A (4)6d (2%), riligustilide 5 (2%),6a,7,17 
tokinolide C (6)6d (2%), and exo-Z,Z-3.3′,8.8′-diligustilide 
(14)11,18-20 (7%) (Figures 1 and 3).  

 

Figure 3: The structures of the four cyclobutane-
containing  

photoproducts 14-17 
 
The structures of compounds 5 and 14 were confirmed by 
single-crystal X-ray analysis (See Supporting Information 
– SI – for details). Of the remaining three compounds, one 
proved to be, as established by single-crystal X-ray analy-
sis, the exo-isomer of riligustilide, namely compound 15 

(2%). The other two, which were the chromatographically 
most mobile ones, must be (based on the nature of the 
olefinic proton resonances observed in the derived 1H 
NMR spectra) dimers linked through the ∆3,8- and ∆3a,7a-
bonds of two separate (Z)-lugustilide (1) subunits. Since 
the two possible head-to-head forms of such dimers have 
been found to occur naturally (as tokiaerialide21 and neo-
diligustilde22) and for which the 13C NMR data do not 
match, we conclude these photoproducts are the corre-
sponding head-to-tail adducts 16 and 17 (each obtained in 
<1% yield). 
A significantly cleaner dimerization process was observed 
when 5 mole % Ir(ppy)3

12d was added to the reaction mix-
ture and irradiation sustained for just 48 h (Entry 5). Di-
mer 14 was now produced in 55% yield with the remaining 
three, viz. 3, 5 and 15, each being obtained in 5% yield. 
Using an iridium catalyst incorporating fluorinated lig-
ands, viz. Ir[dF(F)ppy]2(dtbbpy)PF6,23 led (Entry 6) to 
slightly better outcomes in terms of the yields of these 
same products but now a new and chromatographically 
less mobile one was also obtained in 15% yield. This must 
be (based on the nature of the olefinic proton resonances 
observed in the derived 1H NMR spectrum) a dimer linked 
through the ∆3,8- and ∆6,7-bonds of two separate (Z)-
lugustilide (1) subunits and a head-to-tail analogue of 
compounds 5 and 15 and thus represented by either struc-
ture 18 or 19 (Figure 4). Unfortunately, the unstable na-
ture of this crystalline product prevented the acquisition 
of spectroscopic data that would allow a distinction to be 
made between these two possibilities.  
The same combination of products was obtained (Entry 7) 
in similar proportions on irradiating a dichloromethane 
solution of compound 1 at 5 °C for 48 h in the presence of 
acetophenone, benzophenone or 2-acetylnaphthalene24 as 
sensitizer. However, the most effective protocol (Entry 8) 
involved irradiating an acetonitrile solution of substrate 1, 
containing Ir(ppy)3, Hünig’s base and lithium tetra-
fluoroborate maintained at ambient temperatures, with a 
330 nm LED source (see Experimental Section for details) 
for 36 h. Under such conditions the same range of prod-
ucts was obtained but now in essentially quantitative 
combined yield. When the same light source was em-
ployed at ambient temperatures in the presence of cop-
per(II) triflate, (Ph3P)3AuCl, rhodium acetate dimer or 
acetophenone then very slow reactions occurred and so 
only delivering small amounts of a mixture of dimers 3, 5, 
6, 14 and 15. 

 

Figure 4: The structures of dimers 18 and 19 

In an effort to establish a capacity to change product dis-
tributions by manipulating the reaction conditions, an 

 



acetonitrile solution of compound 1 was irradiated, in the 
presence of Ru(bpy)Cl2, Hünig’s base and lithium tetra-
fluoroborate,25 with a 390 nm (“blue”) LED at –78 °C for 4 
h (Entry 9). This gave, in addition to the previously ob-
served products 3 (5%) and 14 (46%), a small amount (5%) 
of two inseparable centro-symmetric dimers wherein, as 
judged by 1H NMR spectroscopic analysis, the ∆3,8-bond of 
two separate monomer units had been joined in the for-
mation of these cyclobutane-containing adducts. There 
are four possible products of such a dimerization process, 
namely two head-to-head and two head-to-tail adducts2 
and given that dimeric pairs of the same type have very 
similar chromatographic properties (see 5/15 and 16/17) 
and that the corresponding head-to-head dimer 14 had a 
distinctly different mobility, we tentatively propose that 
this inseparable and ca. 1:1 mixture is comprised of com-
pounds 20 and 21 (Figure 5). Interestingly, structure 20 
has been assigned11 to a photo-dimer derived from (Z)-
lugustilide (1) while the isomeric one 22 has been assigned 
to a natural product isolated from Angelica sinensis.19 
However, comparisons of the 13C NMR spectral data sets 
reported for these compounds reveal that they should 
both, in fact, be represented by structure 14.20 

 

Figure 5: Structures of the centro-symmetric dimers 20, 
21 and 22 

In attempts to prepare the recently isolated trimeric 
forms of (Z)-lugustilide,7 1:1 mixtures of the last com-
pound (viz. 1) and the naturally occurring dimers 4, 5 or 6 
were each subjected to photolysis under a range of differ-
ent conditions but in no instance could any such adducts 
(trimers) be isolated from these reaction mixtures. It is 
also interesting to note that photolysis of the (Z)-
lugustilide precursor 9 under various of the conditions 
detailed above did not produce any reaction. We have not 
investigated Lewis-acid catalyzed12e variants of such pro-
cesses or those that could afford the dimers themselves. 
The foregoing results clearly demonstrate that a diverse 
array of dimeric adducts of (Z)-lugustilide (1) can be ob-
tained under under a range of photolytic conditions and 
that the precise distribution of products is influenced, to a 
significant degree, by the mode of irradiation. The biosyn-
thetic implications of our studies remain to fully under-
stood but raise questions, for example, about whether or 
not naturally-occurring photosensitizers are involved in 
the production of cyclobutane-containing natural prod-
ucts 4-6. The persistent formation, albeit at modest levels, 
of the thermodynamically less-favored Diels-Alder adduct 
tokinolide B (3) in these photochemically-promoted reac-
tions is also intriguing and clearly indicates that mecha-
nistic studies of all of these processes are warranted. We 

are currently pursuing such matters as well as investigat-
ing the dimerization of monomer 1 under various (other) 
open-shell conditions.26 
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