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The first synthesis of rubrolide L, a marine ascidian butenolide and a potent inhibitor of human aldose
reductase, has been achieved by two tactically distinct pathways in 4–5 steps and 37–42% overall yield
from commercially available 3-chlorotetronic acid.
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All forms of diabetes are characterized by high levels of blood
glucose that can be caused by defects in insulin production, insulin
action, or both. The resulting hyperglycemia overwhelms the nor-
mal glycolytic pathway and an increased flux of glucose through
the polyol pathway occurs (Scheme 1).1 Aldose reductase (ALR2),
the first and rate-determining enzyme of the polyol pathway, cat-
alyzes the reduction of glucose to sorbitol which is then converted
to fructose by sorbitol dehydrogenase (SDH).

Mounting evidence suggests that the polyol pathway plays a
pivotal role in the long-term development of diabetic complica-
tions such as neuropathy, renal failure, blindness, and cardiovascu-
lar disease.1 Thus, aldose reductase inhibitors (ARIs) offer the
possibility of preventing or arresting these complications even in
the presence of elevated blood glucose.2 Furthermore, recent
in vitro and animal studies suggest that ARIs could be clinically
beneficial for preventing inflammatory diseases including asthma,
sepsis, and colon cancer.3

So far, all ARIs taken to clinical trials on diabetic patients are
either spiroimides or carboxylic acids, as represented by sorbinil,
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fidarestat, and epalrestat (Fig. 1).4 Although epalrestat was
launched in Japan in 1992, where it is still used for the treatment
of diabetic neuropathy,5 none of these ARIs were proven safe or
effective enough to meet FDA’s standards.4 The low tolerability of
some of these drugs (e.g., sorbinil)3a may arise from poor selectiv-
ity for ALR2 over aldehyde reductase (ALR1), a closely related en-
zyme that plays a role in the detoxification of aldehydes.2b,4a

Also, many spiroimides cause skin reactions or liver toxicity limit-
ing the doses usable in humans to subtherapeutic.6 On the other
hand, the low pKa values of the carboxylic acids (ca. 3–4) lead to
poor tissue penetration and pharmacokinetic profiles.3a,6 Hence,
attention is currently focused on new ARIs that are neither spiroi-
mides nor carboxylic acids.6,7

One such compound is rubrolide L (1, Fig. 1), first described by
Salvá in 2000 as an antitumor metabolite of the red tunicate Syno-
icum blochmanni, collected near the Spanish island of Tarifa.8 In
2006, it was discovered that 1 inhibits human ALR2 at the submi-
cromolar level with a 5-fold greater potency than sorbinil.9 Seven
congeners of 1, including rubrolide C and M (2–3), were also tested
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Scheme 3. Retrosynthetic analysis of rubrolide L (1).
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Figure 1. Structures of some synthetic ARIs and rubrolides.
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but none were nearly as potent.9 These findings were recently cor-
roborated by molecular docking studies indicating that the binding
mode of 1 to hALR2 is different from that of other rubrolides.10

Besides ALR2 inhibition and tumor cell toxicity, members of the
rubrolide family have been known to possess other potentially use-
ful biological properties, including antibacterial and anti-inflam-
matory activities.11 Not surprisingly, their synthesis has captured
the attention of several groups, including our own.12–15 Three of
the sixteen known rubrolides have been synthesized (C, E, and
M)12 along with the putative structure of rubrolide N (shown to
be incorrect)13 and various analogs.14,15

However, no synthesis of rubrolide L has been reported to date.
Nor is there irrefutable proof for the proposed structure 1.16,17 Previ-
ous attempts by Bellina et al. to synthesize a close relative of 1 have
been unsuccessful due to the difficulties in attaching the benzyli-
dene unit onto the butenolide nucleus through aldol reaction of 5
with 6 (Scheme 2).12b,c In sharp contrast, the aldol condensation of
5 with butenolides lacking an a-halo substituent works well,12a as
does the condensation of the parent 4-methoxybenzaldehyde with
a host of substituted butenolides,12a,13,18 including 6 and 7.12b,c
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Scheme 2. Attempted synthesis of butenolides 8 and 9.
Given the dismal prospects of arriving at 1 from 5 and 7
(Scheme 2, also vide infra), we opted for a customized strategy that
hinged upon installation of the bromo-substituents to a fully
assembled rubrolide scaffold 10 (Scheme 3). The desired regiose-
lectivity in the bromination step would arise from the more pow-
erful directing effect of the free phenol group over that of its
protected counterpart. Moreover, a bulky protecting group (PG),
such as i-propyl or t-butyl, could further improve the selectivity,
if necessary.19 Practical access to 10 was envisioned from commer-
cial 3-chlorotetronic acid (11) by the sequential attachment of the
b- and c-substituents.12a,20

The synthesis commenced with the conversion of 11 to triflate
12, obtained in 73% yield after purification by Kugelrohr distilla-
tion21 (Scheme 4). Since triflates can undergo hydrolysis under
harsher Suzuki conditions,22,23 we also prepared the more robust,
crystalline tosylate 13 (91%).24 Both of these reagents were sub-
jected to Suzuki–Miyaura coupling with 4-methoxyphenylboronic
acid (18) under a variety of conditions, including those shown in
Table 1. With either sulfonate, the best results were obtained using
Fu’s Pd(OAc)2/P(Cy)3 catalyst system,25 albeit under different base/
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Scheme 4. Reagents and conditions: (a) Tf2O/Et3N (1.2 equiv each), CH2Cl2,
0 �C?rt, 2 h (73%); (b) TsCl/Et3N (1.2 equiv each), CH2Cl2, 0 �C?rt, 2 h (91%); (c)
see entries 5 and 8 in Table 1 (87% from 12, 55% from 13); (d) TBSOTf (2.2 equiv), 16
(1.2 equiv), i-Pr2NEt (3 equiv), CH2Cl2, rt, 1 h; DBU (2 equiv), rt, 3 h; aq HCl (3 N)/
THF (1:5), rt, 12 h (72%); (e) Br2 (2.1 equiv), KBr (0.2 equiv), dioxane/H2O (8:1),
5 �C?rt, 1 h (96%); (f) as in (d) but using 17 instead of 16 (61%); (g) BBr3 (3 equiv),
CH2Cl2, �78 �C to rt, 16 h, (95%).



Table 1
Condition screen for the Suzuki–Miyaura coupling of boronic acid 18 with sulfonates 12 and 13a

O O

RO Cl

12 R = Tf
13 R = Ts

O O

Cl

MeO

7

+

B(OH)2

OMe
18

Entry Sulfonate Palladium catalyst Ligand Base/solvent Reaction temp. (�C)/time (h) Yield of 7b (%)

1 12 PdCl2(PPh3)2 — Na2CO3/THF-H2O 60/24 18
2 12 PdCl2(PPh3)2 — KF/THF-H2O 60/12 9

3c 12 Pd(PPh3)4 — Na2CO3/PhMe-H2Ob 80/12 54
4c 12 Pd(PPh3)4 P(Cy)3 Na2CO3/PhMe-H2Ob 24/12 59
5c 12 Pd(OAc)2 P(Cy)3 Na2CO3/PhMe-H2Ob 24/3 87
6c 13 Pd(OAc)2 P(Cy)3 Na2CO3/PhMe-H2Ob 60/2 <5
7d 13 Pd(OAc)2 P(Cy)3 Na2CO3/MeOH 60/2?24/10 25
8d 13 Pd(OAc)2 P(Cy)3 NaHCO3/MeOH 60/2?24/10 55
9 13 PdCl2(dppf) — Cs2CO3/THF-H2O 60/24 18

a Boronic acid (1.2 equiv); Pd-cat. (5 mol %); P(Cy)3 (5 mol %); base (3 equiv).
b Yields are based on the sulfonate; they refer to isolated 7 after flash chromatography (except for entry 6).
c BnEt3N+Cl� (5 mol %) was used in these experiments (entries 3–6).
d A larger amount of P(Cy)3 (10 mol %) was used (entries 7–8).
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solvent/temperature combinations (entries 5 and 8). However, the
triflate proved substantially more reactive affording the highest
yield of 726 (87% vs 55%) under milder reaction conditions.

Appendage of the benzylidene unit proceeded without incident
by application of our one-pot vinylogous aldol condensation proto-
col, originally developed during the synthesis of rubrolides C and
E.12a Thus, aldol reaction of 7 with 4-hydroxybenzaldehyde (16)
in the presence of TBSOTf and i-Pr2NEt, followed by in situ b-elim-
ination with DBU and eventual treatment of the crude product
with aq HCl provided the corresponding (Z)-benzylidenebuteno-
lide 1427 as a single stereoisomer in 72% yield (Scheme 4). Next,
bromination of 14 with KBr3

28 generated in situ from Br2

(2.1 equiv) and a catalytic amount of KBr delivered lactone 1529

as the only detectable product in excellent yield (96%).
In an ancillary study, a more convergent pathway to the bromi-

nated rubrolide scaffold was also explored. As we had anticipated
on the basis of Bellina’s work,12c all attempts to accomplish aldol
condensation of 7 with 3,5-dibromo-4-methoxybenzaldehyde (5)
by using several variants of our method,12a,18a,b and other proce-
dures (e.g., heating with Na2CO3 in MeOH),30 failed to give 9
(Scheme 2). We were therefore pleased to discover that by simply
replacing 5 with unprotected 3,5-dibromo-4-hydroxybenzalde-
hyde (17), from which 5 is prepared,12a the desired product 1529

was obtained in a decent yield of 61% (Scheme 4). It is worthy of
note that despite numerous applications of our method in recent
years, there have been no examples involving unprotected
hydroxybenzaldehydes.13,15b,c,18

Finally, demethylation of 15 with boron tribromide afforded
rubrolide L (1) as an amorphous yellow-orange solid (95%, Scheme
4) whose 1H and 13C NMR properties31 were in excellent agree-
ment with those reported in the literature.8

To conclude, the first synthesis of rubrolide L has been achieved
from commercially available 3-chlorotetronic acid by two tacti-
cally distinct pathways in 4 or 5 steps and overall yields of 37%
and 42%, respectively. The synthesis confirms the proposed struc-
ture (1) while making the natural product accessible for further
biological studies, such as ALR2/ALR1 selectivity, and efficacy in
diabetic mice. In conjunction with the existing SAR picture on a
series of rubrolides9 and supporting computational studies,10 the
above chemistry provides the groundwork for production of new,
custom-designed analogs of improved therapeutic performance.
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