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Since the 1960s, it has been commonly known that seedlings of
soybean (Glycine max) respond to fungal infection or chemical in-
jury with the rapid production of antifungal compounds.’ In the
1970s, glyceollins I-IV (1-4) were isolated as phytoalexins from
soybean.” As shown in Figure 1, these compounds are isoflavonoids
with prenylated pterocarpan skeleton, and exhibit antifungal prop-
erties. Recently, in addition to their intrinsic antifungal activity,
they have become recognized as exhibiting not only antiestrogenic
but also anticancer activities.> Despite their interesting biological
activities and a general awareness of their existence, only two syn-
theses of glyceollin I (1) have been disclosed so far;*° the first was
reported by Khupse and Erhardt in 2008,** and the second was also
reported by the same authors in 2011.%® Key intermediates of both
syntheses were isoflav-3-enes 5a** and 5b.* Thus, we initiated
studies focusing on the novel synthesis of 1, considering 5a and
5b as virtual target compounds. Here, we report our original and
straightforward synthesis of 5a, namely, a novel formal synthesis
of glyceollin I (1).

Scheme 1 shows our synthetic plan. Our virtual target com-
pounds 5a/b are prepared by Suzuki-Miyaura cross coupling®
between A and B. Synthesis of the chlorochromene A is made
possible by the Claisen rearrangement-cyclization cascade reac-
tion, which can convert C into A via the unstable Claisen adduct.”
The allylic ether C is prepared from a commercially available
starting material D. Boronic acids B were easily obtainable from
3-bromoresorcinol E using conventional methods.

Scheme 2 illustrates our synthetic route to the key intermediate
8. The starting resorcinol derivative 6 was converted to the
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Figure 1. Glyceollins and their related compounds.
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Scheme 1. Synthetic plan for 5a and 5b.
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Scheme 2. Synthesis of 8. Reagents and conditions: (a) CICH,CCI=CHCI, NaH, DMF
(91%); (b) PEG-400, 270 °C, 15 min (49% after recrystallization).

corresponding allylic ether 7 in 91%. This was an E/Z-mixture (E/
Z=ca. 2:1), because the commercially available 1,2,3-trichroro-1-
propene was also an E/Z-mixture. This mixture was subjected to
the next step, that is, Claisen rearrangement-cyclization cascade
reaction, without further purification. This reaction was examined
and summarized in Table 1. Thermal conditions in toluene resulted
in no reaction (entry 1), whereas that in o-xylene resulted in
decomposition (entry 2). We then used PEG-400 as a solvent. Reac-
tion temperature was gradually increased to 220 °C, because the
desired reaction did not appear to have begun at 120 °C, and the
heating was maintained until 7 had almost disappeared (entry

Table 1
Studies on Claisen rearrangement-cyclization cascade

Entry Solvent Additive Temp® (°C) Time (h) Yield®

1 Toluene — 120 7 N.R.

2 0-Xylene — 160 5 Decomp.
3 PEG-400 — 120-220 7 2%

4 o0-Xylene PhNEt, 170 15 N.R.

5 Decalin® PhNEt; 210 7 3%°

6 PEG-400 PhNEt, 230 1 30%°

7 PEG-400 — 270 0.25 69%°

¢ Bath temperature.
b Isolated yield as a mixture of 8 and 8'.
¢ The ratio of 8:8 was around 5:2 in all cases.
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Scheme 3. Synthesis of 5a. Reagents and conditions: (a) BnBr, NaH, DMF (55%); (b)
MOMCI, 'Pr,NEt, CH,Cl, (93%); (c) TBSCI, NaH, THF (91%); (d) n-BuLi, B(OMe)s, THF
(71% for 12a; 69% for 12b); (e) Pd(PPhs)4 (5 mol %), K,COs3, aq DMF, 80 °C (89%).

3). Thus, the desired chromene 8 was obtained as a mixture with
the regioisomer 8. However, the isolated yield of a mixture of 8
and 8 was only 2%. These results suggest the instability of 7 or
8/8 under thermal conditions. One probable reason for degrada-
tion may be the resulting HCI; therefore, we attempted to prevent
this degradation by adding PhNEt, (1.0 equiv) as an acid scavenger.
Although PhNEt; is recognized as being effective against degrada-
tion (entry 4), the yield of 8/8 was only 3%, even in refluxing dec-
alin® (entry 5). We then used PEG-400 and observed a dramatic
improvement in the yield (entry 6). However, we also found that
the addition of PhNEt, made both the monitoring as well as the
purification of 8/8’ significantly more difficult. Therefore, we tried
high-temperature short-time conditions without PhNEt; (entry 7).
By using a preheated bath at 270 °C, the reaction proceeded rapidly
to give the desired 8/8 with a 69% yield in 15 min. We noted that
reactions using Lewis-acids,® and aqueous solvents® resulted in no
reaction. We also noted that a mixture of 8 and 8 was difficult to
separate by chromatography, but was easily separated by recrys-
tallization (from hexane), and the best yield of pure 8 was 49%.'°
It is expected that there are two possible pathways in this cascade,
as described in Scheme 2. However, we are unable to discuss this
matter here, because we have no experimental evidence.

With the key intermediate 8 in hand, our next challenge was
Suzuki-Miyaura cross coupling. We prepared two boronic acids
from 4-bromocresol (9). Mono-protection of 9 was attempted with
moderate selectivity to give the corresponding mono-Bn ether 10
(55%; di-Bn ether 23%, regioisomer 4%).'! This was protected in
the usual manner to give 11a and 11b (93% and 91%, respectively),
which were then converted into the corresponding boronic acids
12a and 12b (71% and 69%, respectively). Suzuki-Miyaura cross
coupling between 8 and 12a was then studied. Fortunately, the
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reaction proceeded smoothly to give the desired adduct 5a under
the most commonly used conditions: Pd(PPhs),, K,CO5, aq DMF.
The best yield of 89% was observed when the freshly prepared
Pd(PPh;), was used.'?> However, the cross coupling between 8
and 12b was difficult to realize. The desired 5b was not obtained
at all under the above mentioned conditions, and a certain amount
of ligand [P(t-Bu)s;, PCys, dppe, dppf, etc.], base (Cs,COs, KF, etc.),
and solvent (THF, dioxane, etc.) was tested according to the re-
ported modified conditions.'® However, in spite of our best efforts,
5b was not obtained. In most cases, a certain amount of 8 was
recovered, although 12b disappeared. Notable by-products were
deboronated products,'* such as 6 and its TBS ether. Especially un-
der aqueous conditions, 6 was obtained with a yield of up to 70%
yield. According to Khupse et al., 5b was a more advanced interme-
diate than 5a but could be prepared from 5a. Here, we were suc-
cessful in the novel formal synthesis of glyceollin I (1). The
overall yield of our virtual target compound 5a was 40% in 3 steps
based on 6 (Scheme 3).

In conclusion, we have realized the formal synthesis of glyceol-
lin I. The novel and straightforward synthesis of the tentative tar-
get compound 5a was achieved by starting from a commercially
available 6. We obtained an overall yield of 40% by taking three
steps. Claisen rearrangement-cyclization cascade and Suzuki-
Miyaura cross coupling were featured as the key steps. Our devel-
oped methodology enables us to synthesize not only glyceollins,
but also a wide range of other isoflavones. The synthesis of glyce-
ollins and other structurally related natural products is currently
being carried out in our group.
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