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Strigolactones are a group of apocarotenoids known as rhizosphere semiochemicals and phytohormones.
Canonical strigolactone consists of a tricyclic lactone (ABC-rings) and a butenolide moiety (D-ring).
Although strigolactone biosynthesis has been extensively studied, the process of BC-ring formation has
not been elucidated to date. In this study, the chemical conversion of an 18-hydroxycarlactonoate deriva-
tive into racemic 4-deoxyorobanchol/5-deoxystrigol was achieved by the acid-mediated cascade cycliza-
tion. The acid-mediated BC-ring formation may offer inspiring suggestion for the currently unclear BC-
ring formation in strigolactone biosynthesis.

� 2021 Elsevier Ltd. All rights reserved.
Introduction

Strigolactone (SL) is the collective name originally given to the
naturally occurring seed germination stimulants for root parasitic
weeds [1]. SLs have received considerable attention in recent years
because they have become recognized as signal substances in
arbuscular mycorrhizal symbiosis [2] and as a new class of plant
hormone regulating shoot branching [3,4]. Currently, SLs are recog-
nized as apocarotenoids, and they are classified into canonical and
non-canonical SLs according to their chemical structures. Figure 1
shows the representative structures of canonical and non-canoni-
cal SLs (e.g., strigol [5], orobanchol [6], heliolactone [7], and ave-
naol [8]). Canonical SLs have a tricyclic lactone portion (ABC-
rings), whereas non-canonical SLs do not have a BC-ring system.

To date, the biosynthesis of SL has been extensively studied, and
thus its outline has been largely clarified [9]. As shown in Figure 2,
canonical SLs are biosynthesized from b-carotene via the common
intermediates carlactone (CL) [9a] and carlactonoic acid (CLA) [9c].
Recently, the P450-mediated ‘‘stepwise” bioconversion of CLA into
orobanchol in japonica rice was disclosed [9e]. The existence of a
novel orobanchol synthase that can catalyze the ‘‘direct”
conversion of CLA into orobanchol was also reported in cowpea
and tomato plants [9f]. Furthermore, the P450-mediated
bioconversion of CLA into 5DS in cotton was disclosed [9h].
These studies clearly suggested that oxidation at the 18-position
of CLA is crucial for the biosynthesis of canonical SLs. However,
except for that, the process of BC-ring formation affording the
tricyclic lactone moiety of canonical SL has not been completely
explained.
Results and discussion

As previously mentioned, it has been established that enzy-
matic hydroxylation at the 18-position of CLA is the most crucial
step in the biosynthesis of canonical SL. It has also been established
that the hydroxylated product, 18-hydroxy-CLA, must be the pre-
cursor for BC-ring formation affording 4-deoxyorobanchol (4DO)
or 5-deoxystrigol (5DS) (Scheme 1). Similarly, it is agreed upon
that 18-oxo-CLA, probably derived from 18-hydroxy-CLA via fur-
ther oxidation, may also cyclize to furnish orobanchol. Although
there is no doubt about the above outline, there has been no evi-
dence providing considerable insight into the actual process of
BC-ring formation, and thus no precise discussion on the mecha-
nism of BC-ring formation. As such, we hypothesized that 18-
hydroxy- and 18-oxo-CLAs are reactive enough to cyclize sponta-
neously to form BC-rings. Namely, these CLA derivatives may not
be stable enough to be isolated and, without a trigger, can yield
canonical SL skeleton. To verify this hypothesis, we envisaged to
synthesize t-butyl rac-18-(methoxymethoxy)carlactonoate (1), an
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Scheme 2. Synthesis of 1.

Scheme 1. Plausible biosynthetic formation of BC-ring and our plan for BC-ring
formation.

Fig. 2. Outline of canonical SL biosynthesis.

Fig. 1. Structures of canonical and non-canonical SLs.
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appropriate and more stable 18-hydroxy-CLA equivalent, as a sub-
strate for ‘‘biomimetic” cyclization. If this hypothesis is correct,
both methoxymethyl (MOM) ether and t-Bu ester linkages in 1
can be cleaved by treating with acid to afford 18-hydroxy-CLA
(or its equivalent), which may then cyclize spontaneously ‘‘in a
cascade manner” to furnish racemic 4DO/5DS under acidic condi-
tions. The key compound 1 would be prepared from aldehyde 2
by employing our original method based on the Knoevenagel-type
condensation [9f,10]. It was anticipated that aldehyde 2 would be
prepared from the known compound 3 according to the
conventional method.

As shown in Scheme 2, our synthesis of 1 commenced with the
known ketone 3, easily prepared from 2-methycyclohexanone [11].
The Grignard reaction between 3 and allylmagnesium bromide and
2

the subsequent acidic work-up afforded an aldehyde. This alde-
hyde was then treated with LiAlH4 to give alcohol 4 (71%, 2 steps).
Alcohol 4 was then protected as MOM ether to furnish 5 (81%). The
oxidative cleavage of the side-chain double bond gave the desired
aldehyde 2 in 81% yield. The Knoevenagel-type condensation
between 2 and di-t-butyl malonate was not successful under the
following previously developed conditions: di-t-butyl malonate,
NaH, 1,4-dioxane, reflux [10a]. The reason for this failure was the
elimination of the MOM-oxy group at the d-position of the b,c-
unsaturated aldehyde 2 under strong basic conditions. Thus, this
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condensation needed to be investigated again under milder condi-
tions. Fortunately, in previous studies, it was demonstrated that
this condensation could be mediated by an over-stoichiometric
amount of proline (see Table S1 in SI) [12]. Therefore, proline-
mediated condensation was re-investigated, and the desired Kno-
evenagel-type condensation product 6 was obtained in 8% yield
under the following conditions: di-t-butyl malonate (3.0 eq.), L-
proline (3.0 eq.), DMSO, 60 �C, 2 days. Note that the yield was lower
at higher temperature probably due to the decomposition of 2 and/
or 6. It should be mentioned that the TBS-protected aldehyde was
also prepared, but this did not stand up to the condensation reac-
tion. Although the yield of this condensation is far from satisfac-
tory, we continued with our studies. Diester 6 was reduced with
DIBAL (2.0 eq.) in CH2Cl2 at �78 �C, and the resulting crude prod-
ucts were then treated with 5-bromo-3-methylfuran-2(5H)-one
(7) and t-BuOK in THF to furnish the desired 18-hydroxy-CLA
derivative 1 in 23% yield. This yield was less than moderate but
similar to previous cases [10].

With the desired substrate 1 in hand, the critical acid-mediated
BC-ring formation was attempted. Table 1 shows the representa-
tive results of these attempts. The substrate 1 contains an enol
ether linkage, which is labile, so the first choice of acid was a weak
Brønsted acid AcOH (pKa 4.8). However, AcOH did not promote not
only the desired BC-ring formation but also deprotection of the
MOM group (entry 1). Next, the stronger acid TFA (pKa 0.5) was
examined. To our delight, the desired cyclized products rac-4DO/
5DS were obtained by treatment with an excess amount of TFA
(entry 3). However, it was revealed that the obtained rac-4DO/
5DS contained other constitutional isomers, which would be dis-
cussed later. The acid-mediated BC-ring formation was also suc-
cessfully performed by treatment with p-TsOH (pKa � 2.8), and
the obtained rac-4DO/5DS contained only a small amount of the
corresponding constitutional isomers (entries 5–7). The use of
TESOTf, used for the conversion of t-butyl carlactonoate to CLA
[9b,9f], was not effective for this reaction (entry 8). In the
successful cases of the cyclization, no notable by-product with D-
ring was detected by LC-MS analysis, even though the isolated
yield of rac-4DO/5DS was rather low. This analysis was
conducted on the crude products for the fragment ion at m/z 97
(D-ring). This result clearly suggested that the acid-mediated BC-
ring formation might proceed in a cascade manner and not be
interrupted. The acid-mediated cyclization afforded essentially
the same amount of rac-4DO and rac-5DS, whereas the
biosynthesis in planta generally gives canonical SLs in a
diastereoselective manner.

We were successful in demonstrating the feasibility of the ‘‘hy-
pothetical” and ‘‘biomimetic” BC-ring formation in flask. However,
there was an additional problem to be solved, because the obtained
Table 1
Studies on the acid-mediated BC-ring formation.

Entry Acid (eq.); Solvent; Temp.; Time Yield (%)a,b

1 AcOH (>100); CH2Cl2; 0 �C to rt; 4 h N.R.c

2 TFA (0.3); CH2Cl2; rt; 3 h N.R.c

3 TFA (30); CH2Cl2; 0 �C to rt; 3 h 22–28 (1:1.5–1:2.5)d

4 p-TsOH (0.1); CH2Cl2; 0 �C to rt; 1 h trace
5 p-TsOH (0.3); CH2Cl2; 0 �C to rt; 3 h 18 (>20:1)
6 p-TsOH (1.0); CH2Cl2; 0 �C to rt; 3 h 22 (>20:1)
7 p-TsOH (3.0); CH2Cl2; 0 �C to rt; 1 h 19 (>20:1)
8 TESOTf (5.0)e; CH2Cl2; 0 �C to rt; 1 h Decomp.

a Combined yield.
b The ratio of rac-4DO/5DS to the corresponding constitutional isomers is given in

parentheses.
c No reaction.
d The ratio was considerably fluctuated.
e The same amount of 2,6-lutidine was also added.

3

rac-4DO/5DS contained structurally quite similar compounds. This
was particularly true under the conditions of entry 3, where the
‘‘counterfeit” isomers were more abundant than the ‘‘genuine”
rac-4DO/5DS. On the basis of NMR analysis, we concluded that
the structures of the counterfeits were constitutional isomers
regarding the position of the gem-dimethyl group (Scheme 3)
[13]. They were named ‘‘reverse” isomers and identified by the pre-
fix ‘‘rev-” for convenience. The unambiguous determination of the
relative stereochemistry of rev-4DO/5DS was difficult without
using X-ray analysis. However, it could be assigned by the follow-
ing experimental fact. To understand the reaction mechanism that
result in rev-4DO/5DS, the purified rac-5DS [14] was exposed to
the excess amount of TFA. Consequently, rac-5DS (Rf = 0.55,
EtOAc/hexane = 1/1) was converted into a mixture of rac-5DS itself
and ‘‘a rev-isomer” (Rf = 0.42). Both of these products were found
to be virtually diastereomerically pure on the basis of NMR analy-
sis. This fact suggested that the isomerization of ‘‘genuine” to ‘‘re-
verse” proceeded in a stereospecific manner. Scheme 3 shows the
plausible reaction mechanism, where the acid-mediated elimina-
tion of the acyloxy group might proceed and generate the allylic
cation A, which could isomerize to the corresponding regioisomer
A0. Then, A0 was captured by the carboxy group to furnish ‘‘a rev-
isomer”. Therefore, the structure of ‘‘a rev-isomer” could be esti-
mated as rac-rev-4DO. Although the precise mechanism of isomer-
ization of A into A0 is uncertain, it may involve the formation of a
cyclopentadiene-type intermediate. Note that the isomerization
of rac-4DO into rac-rev-5DS was also successfully performed.

Next, the other 18-hydroxylated CLA analog 9 [methyl rac-18-
(methoxymethoxy)carlactonoate] was prepared in the same man-
ner, and then 9 was subjected to the acid-mediated BC-ring forma-
tion (Scheme 4). However, under similar conditions, the formation
of rac-4DO/5DS was not detected, even though the substrate 9 had
disappeared smoothly [15]. This result should be explained by the
fact that methyl ester is less labile than t-butyl ester under acidic
condition, but may also offer insight into the biosynthetic distinc-
tion between canonical and non-canonical SLs. Judging from their
structural features, non-canonical SLs are considered to be derived
from methyl carlactonoate (MeCLA) or its derivative (Fig. 1).
Specifically, both in planta and in flask, the BC-ring formation does
not proceed from MeCLA and its derivatives.
Scheme 3. Relationship between 4DO/5DS and rev-4DO/5DS.



Scheme 4. Synthesis of 9 and its cyclization.
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We would like to mention the reaction mechanism of the BC-
ring formation. Although the detail of BC-ring formation in biosyn-
thesis is not certain, our results may offer considerable suggestion
for it. We are speculating that the formation of rac-4DO/5DS ‘‘in
flask” may procced as follows (Scheme 5). The pentadienyl
cation-like intermediate B would be generated by acid treatment
of 1. Then, Bmight undergo a conrotatory 4p-electrocyclic reaction
(ECR) yielding the allylic cation C, which should be captured spon-
taneously by the oxygen of carboxylate, affording rac-4DO/5DS.
Note that the cation B can be generated not only via the deprotec-
tion of the MOM group and the subsequent dehydration but also
via the direct elimination of the MOM-oxy group from 1. According
to our understanding, the biosynthesis of orobanchol from 18-oxo-
CLA can be explained analogously by the sequence via D and E. Par-
ticularly, the 4p-ECR-based cascade cyclization, demonstrated
herein, must be possible in biosynthesis. A similar 4p-ECR-based
ring formation has been reported by Lin et al. in their gold-cat-
alyzed cascade cyclization [16]. The possibility of the 4p-ECR-
based cyclization was also suggested in the biosynthesis of zeapy-
lanolactone, a novel non-canonical SL isolated from maize [17]. On
Scheme 5. Insight into the BC-ring formation mechanism.

4

the other hand, Chojnacka et al.were successful in synthesizing the
ABC-ring portion of an SL-analog by the acid-mediated cascade
cyclization, even though the A-ring of their substrate was benzene
and there was no D-ring portion [18]. However, they did not men-
tion 4p-ECR but proposed the nucleophilic addition-based mecha-
nism for the cascade cyclization (see Scheme S1 in SI). As with the
discussion on the reaction mechanism of the Piancatelli rearrange-
ment (see Scheme S2 in SI) [19], the genuine mechanism may not
be easily clarified and settled. However, putting the detailed mech-
anism aside, this study demonstrated successful construction of
the whole skeleton of canonical SL from a synthetic analog of 18-
hydroxy-CLA (1). Therefore, these results offer inspiring suggestion
for the biosynthetic process. Essentially, the process of BC-ring for-
mation in biosynthesis may be similar to the acid-mediated cas-
cade cyclization described here. Despite no direct evidence, it
seems reasonable to suppose that the 4p-ECR-based cyclization
is the probable mechanism, rather than the nucleophilic substitu-
tion-based cyclization of 18-hydroxy-CLA to 4DO/5DS or the nucle-
ophilic addition-based cyclization of 18-oxo-CLA to orobanchol
(Scheme 1). Studies on the BC-ring formation mechanism based
on DFT calculations are currently underway (see Fig. S1 in SI).
Conclusion

We have accomplished the chemical conversion of an 18-
hydroxycarlactonoate derivative (1) into rac-4DO/5DS via the
acid-mediated cascade cyclization. The BC-ring formation demon-
strated ‘‘in flask” may be analogous to that in biosynthesis. Even
though there is no particular evidence of the precise reaction
mechanism, the results of this study may provide a basis for dis-
cussion on the unclarified BC-ring formation mechanism in biosyn-
thesis. Our proposed mechanism can explain some of the unsolved
problems in biosynthesis of canonical SLs. To gain additional
insight into the BC-ring formation, studies on the synthesis of the
18-oxo-CLA derivative and its conversion into orobanchol are cur-
rently in progress and will be reported in due course.
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