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ABSTRACT: We synthesized the dextrorotatory enantiomers of gregatin B (1.3 g scale) and E, establishing their diene side
chains in the last step by Heck coupling with variable iodoolefins. Their counterpart was synthesized in 30% overall yield and
with high enantiopurity (97% ee) from benzyl tiglate, beginning with an asymmetric dihydroxylation. The stereostructure of
gregatin E followed from HPLC comparisons between the four synthetic stereoisomers of this compound and natural gregatin E,
which we isolated from Cadophora gregata.

The gregatins (Figure 1) are secondary metabolites from the
fungus Cadophora gregata.1,2 They are phytotoxins and

display antimicrobial activity.1 The structures initially attributed
to gregatin A and B1 (and to their congeners C−E1) were
synthesized by Clemo and Pattenden in 1982.3 They turned out
to be distinct from the natural products.3,4 The gregatin formulas
advocated thereupon3 yielded to a synthesis from our group in
2011, which targeted gregatin B.5 Yet our material differed from
the natural product, too. The rerevised scaffold of the gregatins,
which we put forward thereupon, was read from a side product,
which our misled approach to gregatin B had afforded in trace
amounts. This insight allowed reaching the gregatins A−D by
synthesis purposefully5b and assigning their 3D-structures
concomitantly.5b

Accessing the hexadiene side chain of the mentioned gregatins
from trans-H3C−CH2−CH2−CHCH−CHO and the
lithium enolate of Seebach’s pivaldehyde acetal of L-lactic acid6

gave a 93:7 mixture of the respective E,E- and Z,E-isomers.5b

This ratio increased to 98:2 when we processed trans-H3C−

CH2−CHCH−CH2−CHO likewise.5b Analogous routes
to synthetic gregatin E would have constructed its side chain from
trans-H3C−C(Oprotected)H−CH2−CHCH−CHO or, con-
sidering the promise of higher E,E-selectivity, preferably from
trans-H3C−C(Oprotected)H−CHCH−CH−CHO. Making
the latter building block would entail a non-negligible number
of steps, which would have to deal with an aggravating factor: At
the outset of the present study, the side-chain configuration of
gregatin E was unknown. Circumventing these constraints we
now synthesized gregatin B, gregatin E,7 and epi-gregatin E7 by a
different strategy. Its objectives were (1) to establish the diene
moiety without a Z-configuration and (2) to introduce the side-
chain stereocenter as late as possible.
We addressed the mentioned objectives concomitantly as

revealed by our retrosynthetic analysis (Scheme 1). We traced
back the (R,E,E)- or (S,E,E)-configured 5-hydroxyhexa-1,3-diene
side chain of gregatin Eor whatever hexa-1,3-diene a different
gregatin would requireto an E,E-selective8 Heck coupling as its
origin. It would engage an appropriately substituted (E)-1-
iodobut-1-ene and the vinyl substituent of an appropriately
substituted furanone (shown in the upper right-hand corner of
the scheme). The vinyl group should arise from the β-elimination
of a secondary mesylate. The latter was present in every
precursor except in the starting olefin and in the product of its
asymmetric dihydroxylation. This is because these mesylates
represent a protected alcohol of sorts. The furanone core should
be established by a Knoevenagel-type condensation9 (right-hand
part of Scheme 1). It would start from a β-ketoester, which
looked like it originated from a Claisen condensation. In fact this
compound would bemade by condensing an activated α-acyloxy-
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Figure 1. The Gregatins A−E have been known for decades.1 Their
original structures were revised twice.3,5
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β-mesyloxy carboxylic acid with the “dianion” of monomethyl
malonate (bottom of Scheme 1).
Our synthesis began with a (DHQ)2PHAL-mediated

Sharpless dihydroxylation of benzyl tiglate (1; Scheme 2). It

established the diol (2R,3S)-2 with 91% ee.10 The secondary
hydroxy group wasmesylated selectively.11 The acetylation of the
resulting tertiary alcohol (2R,3S)-3 was performed in pure Ac2O
[→ (2R,3S)-4]. AgOTf as a catalyst12 did not work reproducibly
whereas FeCl3 did (other than in a related derivatization,5b we
omitted a cosolvent). In contrast, attempted acetylations using
AcCl in CH2Cl2 with catalytic DMAP effected no acetylation at
all. The benzyl ester moiety in triester (2R,3S)-4 was cleaved
hydrogenolytically in THF13 [→ (2R,3S)-5].
The C2-elongation of the carboxylic acid (2R,3S)-5 to the β-

ketoester (4R,5S)-6 was difficult to realize (Scheme 2). This was
mostly because the mesylate had to be left intact.14 This limited
“allowed” conditions for activating the carboxylic acid (2R,3S)-5
chemoselectively and for engaging the resulting intermediate in a
chemoselective Claisen(-type) condensation. The last-men-
tioned need suggested using stabilized rather than simple
enolates.15 Experimenting accordingly we found that many
activating agents [(COCl)2,

16 (COCl)2 + cat. DMF,17 CDI18]
and nucleophile/base pairs (potassium monomethyl malonate/
NEt3 +MgCl2,

19 Meldrum’s acid/pyridine20) failed to extend the
acid (2R,3S)-5 to the β-ketoester (4R,5S)-6 or would achieve
that transformation irreproducibly. At long last a suspension of

Vilsmeyer reagent21 proved fastest and cleanest at activating the
mesylated carboxylic acid (2R,3S)-5. Employing it had the
additional benefit that the reaction progress could be monitored
by watching the solid disappear. The resulting carboxylic chloride
acylated the “dianion” of monomethyl malonate generated from
monomethyl malonate and 2 equiv of iPrMgCl in THF.22 It, too,
was a suspended solid. It dissolved gradually after the carboxylic
chloride was added, to proceed toward the β-ketoester (4R,5S)-6
(72% yield).
The subsequent Knoevenagel-type condensation9 delivered

the furanone (1′S,5R)-7 under mildly basic conditions
(NaHCO3 in MeOH) in 85% yield (Scheme 2). Again, the
mesylate had not been affected. Initially, the enantiopurity of
(1′S,5R)-7 was 91% ee. This value equaled the ee which had
resulted from the Sharpless dihydroxylation 1 → (2R,3S)-2. To
our delight the ee of (1′S,5R)-7 became 97% after precipitating
crystals of rac-(1′S,5R)-7 (no rotatory power!) from the
supernatant oil. This improvement followed from an analysis
of the follow-up product (R)-10 of such an “optically enriched
specimen” of (1′S,5R)-7 by chiral HPLC.23

The upper part of Scheme 3 summarizes our efforts at effecting
the β-elimination of 1′-OMs and 2′-H from the secondary

mesylate (1′S,5R)-7 to reach the vinyl-substituted furanone (R)-
10. We failed no matter which base/solvent combination we
used:24 Either the unchanged mesylate (1′S,5R)-7 was reisolated
(up to quantitative yield) or a ring expansion to the pyranone
1125 occurred (up to 84% yield).26 The conversion of the
mesylate (1′S,5R)-7 into the vinyl-substituted furanone (R)-10
was accomplished via the small detour depicted in the lower part
of Scheme 3. We substitued the mesyloxy group with buffered27

phenyl selenide28 (→ 74% 12). With H2O2 in amine-free THF
we oxidized to the corresponding selenoxide(s). A β-
elimination,29 still in the absence of amines, was complete
within 3 h at rt. It furnished the vinyl-substituted furanone (R)-
10 in 81% yield.
The vinyl-substituted furanone (R)-10 was a Heck coupling

step short of reaching our target gregatins shown in Scheme 4. In
each case the nucleophilic component was the vinylfuranone
(R)-10. The electrophilic components were the (E)-1-iodobut-1-
ene 1430 or the (E)-3-hydroxy-1-iodobut-1-enes31 (S)-16

Scheme 1. Our Second Generation Retrosynthetic Analysis of
the Gregatins

Scheme 2. Part I of Our Second Generation Route to
Gregatins: Obtaining the [(Mesyloxy)ethyl]furanone
(1′S,5R)-7

Scheme 3. Part II of our Second Generation Route to
Gregatins: Forming the Vinyl-Furanone (R)-10 without an
Interfering Ring Enlargement
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(>99% ee) and (R)-16 (>99% ee). The Heck coupling between
vinylfuranone (R)-10 (2.00 g) and 2.0 equiv of (E)-1-iodobut-1-
ene 14 furnished (+)-(R)-gregatin B (15, 1.26 g) in 49% yield
(97% ee). Its side-chain configurations were exclusively E. The
Heck couplings between the vinylfuranone (R)-10 and the (S)-
and (R)-enantiomer of (E)-3-hydroxy-1-iodobut-1-ene (16)
were conducted similarly but on a smaller (70 mg) scale. They
delivered the diastereomers (+)-(5R,5′S)-17 and (+)-(5R,5′R)-
17 of gregatin E in 58% and 61% yield, respectively. Again, the
side-chain configurations were exclusively E.
Whether our Heck coupling product (+)-(5R,5′S)-17 or its

diastereomer (+)-(5R,5′R)-17 equals natural gregatin E was not
revealed unequivocally by their specific rotations because they
are too alike: [α]D

25 = +154.6 (c = 0.78, CHCl3), [α]D
25 = +173.8 (c

= 0.78, CHCl3), and [α]D = +144 (c = 0.18, CHCl3),
1a

respectively. Indeed, independent syntheses by another group,
which paralleled our own study, used a completely different
strategy, requiring 16 linear steps,7 which provided the same
diastereomers (+)-(5R,5′S)-17 {[α]D

15 = +165.5 (c = 0.60,
CHCl3)} and (+)-(5R,5′R)-17 {[α]D

15 = +165.7 (c = 0.54,
CHCl3)}.

7 Their specific rotations had been even less indicative
than our values. As a consequence the other workers compared
the melting points of their compounds [(+)-(5R,5′S)-17: 87−88
°C;7 (+)-(5R,5′R)-17: 101−102 °C7] with that of the natural
product (mp 89−91 °C1a). Their inference was that
(+)-(5R,5′S)-17 equals gregatin E.32 We felt that this conclusion
was not safe beyond reasonable doubt.
We therefore tailored an unquestionable configurational proof

by the following measures: (1) We obtained the two stereo-
isomers of structure 17, which are missing in Scheme 4.33 (2)
The resulting set of all conceivable gregatin E candidates was
differentiated by chiral HPLC.34,35 (3) We cultivated Cadophora
gregata,36,37 extracted the culture broth, and isolated natural
gregatin E. (4) The latter compound and the four gregatin E
candidates were compared by chiral HPLC.35 The result was that
natural gregatin E is (5R,5′S)-17. This is identical with what the
earlier workers had suggested.7

Comprising 9 linear steps and affording a 15% overall yield or
more, our “second generation gregatin syntheses” disclosed in
Schemes 2−4 demonstrate the viability of the novel approach
outlined in Scheme 1. Future work will reveal whether the same
strategy suits synthesizing, and clarifying configurationally, the
following natural products as well: (+)-penicilliol A,38 (+)-pen-
icilliol B,38 (−)-graminin A,39 (+)-cyclogregatin,40 and (+)-huas-
penone A.41
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