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ABSTRACT: Cylindradines A and B are members of the oroidin-derived pyrrole−imidazole alkaloid (PIA) family. They possess
a characteristic pyrrole-3-carbamoyl moiety, which is unusual among PIAs. We achieved a total synthesis of (+)-cylindradine B by
applying a Pictet−Spengler-type reaction followed by oxidative cyclization in the presence of hypervalent iodine to construct the
pyrrole-3-carbamoyl and cyclic guanidine with N,N′-aminal moieties at C6 and C10.

Pyrrole−imidazole alkaloids (PIAs) are a structurally diverse
family of oroidin-derived marine natural products (Figure

1)1 that can be mainly classified as monomeric, dimeric, and
tetrameric derivatives of oroidin (1). Unusual biosynthetic
pathways have been proposed.1 Many of the PIA analogues
have interesting biological activities, including antitumor, α2B

adrenoceptor agonist, and immunosuppressive activities. Thus,
PIAs have received much attention from the synthetic and
medicinal chemistry communities.2 Among the monomeric
PIAs, many synthetic efforts have been focused on phakellins
(2−4) and phakellstatins (5 and 6)2a−m because these PIAs
possess a characteristic common tetracyclic structure. In 1982,

the group of Foley and Büchi independently reported a total
synthesis of (±)-dibromophakellin (2) based on the proposed
biosynthetic pathway;2a this was the first synthesis of a
monomeric PIA. Subsequently, several total syntheses of
racemic phakellins and phakellstatins were reported. Although
these alkaloids possess only two asymmetric centers at C6 and
C10 (N,N′-aminal), stereoselective construction of these
centers is quite difficult because of their lability toward
epimerization under acidic conditions, and to date only
Romo’s group and our group have reported enantioselective
syntheses of phakellins (2−4)2k,l and dibromophakellstatin
(5).2j,m
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Figure 1. Structures of oroidin (1) and oroidin-derived pyrrole−
imidazole alkaloids.

Scheme 1. Proposed Biosynthetic Pathway of Cylindradines
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Cylindradines A (7) and B (8) are monomeric-type PIAs
isolated from the marine sponge Axinella cylindratus by
Kuramoto and co-workers. These compounds show moderate
cytotoxicities toward P388 leukemia cells.3 The cylindradines
possess an unusual pyrrole-3-carbamoyl moiety, in contrast to
the phakellins and other PIAs, which commonly have a pyrrole-
2-carbamoyl structure. A unique biosynthetic pathway for
cylindradines was proposed by Kuramoto and co-workers,
involving an “ipso” rearrangement process (from 10 into 7 in
Scheme 1).

It is noteworthy that the pyrrole-3-carbamoyl moiety in 7 is
quite unstable under acidic conditions because irreversible
elimination of the guanidine occurs as a result of the electron-
donating character of the pyrrole, generating the stable

Scheme 2. Decomposition Process of Cylindradine A (7)
under Acidic Conditions

Scheme 3. Problematic Steps in the Synthesis of
(+)-Cylindradine A (7)

Scheme 4. Synthetic Strategy for Cylindradine B (8)

Scheme 5. Synthesis of Aminal 25

Table 1. Pictet−Spengler-Type Reaction of 25 in the
Presence of Acids or Lewis Acids as Catalysts

entry
acid

(10 mol %) solvent
temp
(°C)

time
(h)

yield of 27
(%) α:β

1 TFA THF rt 48 5 9:1
2 TFA CH2Cl2 rt 48 6 10:1
3 TFA toluene rt 48 8 8:1
4 TFA toluene 100 48 70 >99:1
5 AcOH toluene 100 48 7 20:1
6 (±)-28 toluene 100 7 93 >99:1
7 Cu(OTf)2 toluene 100 1 50 4:1
8 AgOTf toluene 100 3 68 3:1

Figure 2. Plausible transition state model in the acid-mediated Pictet−
Spengler-type reaction of 26.

Scheme 6. One-Pot Formation of α-27 from Aldehyde 24
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aromatized compound 13 (Scheme 2). We recently overcame a
number of synthetic difficulties to achieve a total synthesis of
7,4 but some of the steps proceeded in low yield because of the
instability of the pyrrole-3-carbamoyl structure, i.e., construc-
tion of the B ring and introduction of azide at C6 in 15 (see
Scheme 3). Herein we describe the first total synthesis of
(+)-cylindradine B (8), which has a trans-diol on the D ring,
based on a modified and improved version of our synthesis of
cylindradine A (7).
Our previous synthesis of (+)-cylindradine A (7), outlined in

Scheme 3, utilized an intramolecular Friedel−Crafts-type
reaction of aldehyde 14 for construction of the B ring,
affording alcohol 16 stereoselectively. However, elimination−
aromatization of 16 took place simultaneously to generate 15 in
10% yield as a side product. In addition, the yield upon
azidation at C6 was very low (29% yield) because of a
concomitant elimination process of the hydroxyl group from
intermediate 18 activated by diphenyl phosphoryl azide
(DPPA).
With the above points in mind (Scheme 3), we focused on

devising a novel approach for the synthesis of cylindradine B
(8) (Scheme 4). Thus, Pictet−Spengler-type reaction of imine
19 was planned for the formation of the B ring. In this reaction,
the amine at C6 would be constructed simultaneously. This
strategy should suppress elimination of the amine because of
the higher pKa value of the protonated amino group compared
with the hydroxyl group.
The synthesis of aminal 25, a precursor of imine 26 for the

desired Pictet−Spengler-type reaction,5,6 is illustrated in
Scheme 5. The condensation reaction of prolinol 227 with N-
Ts-protected pyrrole-3-carboxylic acid 238 was carried out
using 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(EDCI) in the presence of 4-(N,N-dimethylamino)pyridine
(DMAP) to give the amide in 80% yield. Then the p-
toluenesulfonyl group on the pyrrole was converted to a Boc
group by hydrolysis with potassium hydroxide followed by a
reaction with (Boc)2O in the presence of triethylamine to give
the Boc-protected pyrrole in 69% yield over two steps. After
oxidation of the alcohol with IBX (91% yield), the resulting
aldehyde 24 was reacted with benzyl carbamate in the presence
of a catalytic amount of TFA in acetic anhydride to give aminal
25 in 73% yield.
With aminal 25 in hand, the Pictet−Spengler-type reaction

was examined under acid-catalyzed conditions to promote in

situ formation of imine 26 and subsequent cyclization (Table
1).5,6 With TFA (10 mol %) as a catalyst, the Pictet−Spengler-
type reaction took place to generate α-27 as the major product
in a ratio of 8:1−10:1 in THF or dichloromethane or toluene as
a solvent, but the yield was extremely low (5−8%) at room
temperature (entries 1−3). The yield and selectivity were
improved by conducting the reaction at 100 °C in toluene, and
α-27 was obtained with 70% stereoselectivity (entry 4). We
selected toluene as the solvent at 100 °C and further examined
other acid catalysts. In the case of AcOH, α-27 was obtained
selectively, but the yield was only 7% (entry 5). The best result
was obtained with (±)-1,1′-binaphthyl-2,2′-diyl hydrogen
phosphate (28), with which α-27 was obtained as a single
diastereomer in 93% yield (entry 6).9 Interestingly, in the case
of Lewis acid catalysts such as Cu(OTf)2 and AgOTf, the
diastereoselectivity of 27 decreased to 4:1 and 3:1, respectively
(entries 7 and 8). This may be attributed to the formation of a
six-membered transition state for 26b through the metal in the
Lewis acid,10 leading to the undesired β-2711 (Figure 2). Under
the conditions examined in Table 1, no elimination product of
27 was observed.
The Pictet−Spengler-type reaction for the synthesis of amine

27 was eventually successfully accomplished in a one-pot
reaction with aldehyde 24. Thus, reaction of aldehyde 24 with
benzyl carbamate in the presence of (±)-28 and heating at 100
°C in toluene (0.01 M) gave α-27 selectively in 84% yield
(Scheme 6).
Our total synthesis of cylindradine B (8) was achieved from

α-27 (Scheme 7). Deprotection of the Cbz group from 27 with
hydrogen in the presence of 10% Pd/C was followed by a
reaction with S-methyl N-(2,2,2-trichloroethoxysulfonyl)-
carbon-chloroimidothioate (29)12 in the presence of triethyl-
amine, which gave 30 in 75% yield (two steps). The two TBS
groups in 30 were removed with HF·pyridine, and the S-methyl
isothiourea was converted into guanidine 31 by reaction with
NH3/MeOH in the presence of HgCl2. Then oxidative
cyclization of 31 was carried out by reaction with the
hypervalent iodine reagent iodosobenzene (PhIO) to give
cyclic guanidine 32 in 44% yield (three steps).4 The Tces group
on the guanidine was changed to a Boc group prior to
bromination of the pyrrole, since removal of Tces in the
presence of the dibromopyrrole moiety at the final stage was
troublesome.4 Thus, the reaction of 32 with hydrogen in the
presence of Pd(OH)2 in a mixed solvent of methanol and ethyl

Scheme 7. Total Synthesis of (+)-Cylindradine B (8)
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acetate followed by reaction with Boc-ON13 in the presence of
triethylamine gave a mixture of tris- and tetra-Boc-protected 33,
as confirmed by mass spectrometric analysis.14 Then
bromination of the pyrrole moiety in 33 was carried out with
bromine in the presence of sodium bicarbonate to give Boc-
protected cylindradine B (34). Finally, all of the Boc groups in
34 were removed with TFA to afford (+)-cylindradine B (8) in
14% yield from Tces-protected tetracyclic guanidine 32. The
1H and 13C NMR and HRMS data for synthetic 8 were in good
agreement with reported values.9

We have presented the first total synthesis of (+)-cylin-
dradine B (8), a structurally unique monomeric PIA analogue.
In this synthesis, the B ring was constructed by a Pictet−
Spengler-type reaction with an aminal in the presence of a
phosphoric acid catalyst. A one-pot reaction using aldehyde 24
and benzyl carbamate enabled the stereochemistry at C6 to be
simultaneously controlled without generation of the elimination
product. Further oxidative cyclization of protected guanidine 31
with hypervalent iodine constructed the cyclic N,N′-aminal
structure, and this was followed by bromination to furnish
(+)-cylindradine B (8).
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