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The herqulines (1–3, Figure 1) were initially isolated from 
 Penicillium herquei in 1979 by Omura and co-workers (J. 
 Antibiot. 1979, 32, 786–790). Preliminary biological evalu-
ations of these compounds revealed that the herquline con-
geners are effective inhibitors of platelet aggregation and in-
fluenza virus replication. Architecturally, these small, highly 
 strained alkal oids bear an unsymmetrical N-methyl Lewis 
basic piperazine core residing at the base of a bowl-shaped 
macrocycle. Addition ally, two bridging β,γ-cyclic enones con-
stitute the north ern portion of 2 and 3. The group of Prof. 
 Corinna Schindler at the University of Michigan (USA) became 
inter ested in  these structures as targets due to the challenge 
in synthesizing the highly strained core. Professor Schindler 
remarked: “We postul ated that mycocylosin (4) or a related 
analogue would serve as a key synthetic intermediate towards 
the herquline family via a series of well-coordinated stereose-
lective reductions.” 

At the outset of their preliminary studies, the group devel-
oped a scalable and robust metal-catalyzed biaryl coupling 
of cyclodipeptide bis-iodides 5 (Scheme 1) to afford the re-

quisite cyclophane on scale. “These cyclodipeptide bis-iodide 
substrates were readily available from 3-iodo-L-tyrosine,” 
explained Professor Schindler. She continued: “Our detailed 
studies (Org. Lett. 2018, 20, 2862–2866) revealed that the 
palladium-catalyzed macrocyclization of 5 to 6 benefitted 
from the addition of exogenous air and water. We postulated 
that palladium(0) could be oxidized to a palladium(II)–per-
oxy intermediate by air, while exogenous water would sub-
sequently facilitate the formation of a palladium(II)–hydroxy 
species suitable for transmetallation of the in situ formed bis-
boronic ester. Notably, without the addition of air and water 
to the palladium-catalyzed macrocyclization, the cyclophane 
products were routinely formed in lower yields and/or the 
reaction proved not scalable. This carefully optimized biaryl 
coupling reaction readily afforded mycocyclosin derivatives 
on gram scale, which proved suitable to advance to the her-
quline natural products.” 

With a suitable synthetic strategy in hand to attain myco-
cyclosin derivatives on scale, the group’s next challenge was 
to evaluate the highly strained biaryl system’s compatibility 
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Figure 1 Structures of herqulines A–C (1–3) and mycocyclosin (4)

Scheme 1 Scalable Pd-catalyzed oxidative coupling
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under Birch reduction conditions. “When symmetrical piper-
azine 7 (Scheme 2A) was exposed to standard Birch reduction 
conditions (Na, liq. NH3, THF, –78 °C) the biaryl subunit was 
readily converted into the 1,3-diene 9 in good overall yields,” 
said Prof. Schindler. “Unfortunately, the incorrect regiochem-
istry of the requisite olefin (red bond in 9) was incompatible 
in terms of further elaboration to the herqulines.” She con-
tinued: “We presumed that this undesired Birch product arose 
from the in situ isomerization of 1,4-diene 8 to 9 due to the 
inherent high ring strain. In a concerted effort to overturn this 
undesirable reactivity, we evaluated different Birch reduction 
conditions, including: proton sources, reaction time and tem-
perature, metal equivalences, proton sources, and substrate 
variations. However, despite extensive evaluation of various 
reaction conditions we were not able to observe the forma-
tion of the desired 1,4-diene product. As such we developed 

an alternative strategy to access the herquline family (Scheme 
2B).” Following debenzylation of 10 (BCl3, C6HMe5), the free 
phenol was subjected to oxidative dearomatization condi-
tions (PhI(OAc)2, MeOH) followed by L-Selectride mediated 
conjugate reduction to give rise to 11. Single-electron reduc-
tion of 11 with SmI2 led to 12 as a single diastereomer. The 
authors were able to confirm by single-crystal X-ray analysis 
that the corresponding β,γ-enone (12) bore the correct unsa-
turation needed to elaborate to the final targets. At this stage, 
reduction of the diketopiperazine ring in 12 initially proved 
difficult. Professor Schindler remarked: “Various standard di-
ketopiperazine reduction conditions were evaluated and led 
to either no reaction or complete decomposition of the start-
ing material. However, utilizing conditions (Fe3(CO)12, silanes) 
initially reported by Beller (Angew. Chem. Int. Ed. 2009, 48, 
9507–9510) we observed that 12 undergoes complete and 
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Scheme 2 a) Preliminary Birch reduction evaluation; b) alternate strategy for the selective synthesis of herqulines B and C
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chemoselective reduction to piperazine 13 in the presence 
of a cyclic ketone. We expect that these reaction conditions 
will be useful for diketopiperazine reductions in other com-
plex molecular settings.” The selective regiochemical reduc-
tion of the remaining aromatic ring was the next objective. 
When Prof. Schindler and co-authors subjected 13 to a variety 
of distinct Birch reduction conditions, they observed only re-
duction of the ketone to the corresponding secondary alco-
hol (not shown) as well as complex over-reduction mixtures. 
Furthermore, they found that the corresponding cyclic acetal 
of 13 proved to be completely recalcitrant under a variety of 
Birch reduction conditions. 

In a final effort to effect reduction of the remaining arom-
atic ring, the group took inspiration from earlier work by 
Paddon-Row, who demonstrated that spatially proximate, 
but remotely connected hydroxyl groups to aromatic rings 
can facilitate Birch reductions via intramolecular protona-
tion (J. Chem. Soc., Chem. Commun. 1982, 1206–1208). “As 
such, we selectively reduced 13 with NaBH4 (not shown) to 
access 15. Exposure of 15 to Birch reduction conditions, with 
no exogenous proton sources, led to smooth formation of the 
 desired enone 17 after acidic hydrolysis (Scheme 3),” said Prof. 
Schindler. She continued: “We hypothesized that not only can 
an intramolecular protonation occur, but also coordination of 
a metal to an alkoxy intermediate can help stabilize an inter-

mediate anion (16). We were able to complete the synthesis of 
herquline C by oxidizing the secondary alcohol to 18, followed 
by hydrogenolysis. Furthermore, 18 was readily isomerized 
with DBU at room temperature, and following hydrogenolysis 
gave rise to herquline B.” 

Prof. Schindler concluded: “We have been able to com-
plete the total synthesis of herqulines B and C in a concise and 
effi cient approach. Our reported strategy reflects the unique 
reductive biosynthetic origins of these highly strained natur-
al products by taking advantage of mycocyclosin derivatives 
as key synthetic intermediates. Our ongoing work in the lab 
seeks to establish a better understanding of the distinct reac-
tivity of highly strained biaryl systems in the context of natur-
al product total synthesis.” 
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Scheme 3 Completion of the total synthesis of herqulines B and C
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