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An Enyne Cope Rearrangement Enables Polycycloalkane

Synthesis from Abundant Starting Materials by a Si

*[a]

Sarah K. Scott,” and Alexander J. Grenning

Dedication ((optional))

Abstract: Cyclohexanone-derived Knoevenagel adducts
(cyclohexylidenemalononitriles) and two different propargyl
electrophiles serve as carbon sources for assembling diverse 6/7/5
tricycloalkanes, a common terpenoid framework. The sequence
involves three unique reactions: (i.) deconjugative propargylation,
(ii.) one-pot enyne Cope rearrangement/deconjugative
propargylation, and (iii.) allenic-Pauson-Khand reaction.

Simplifying access to complex terpenoid scaffolds for application
in the drug discovery process is a major goal of modern organic
chemistry." For example, natural product analogs can be
accessed by (a) semisynthesis,®> (b) “total” or de novo
synthesis,® and by (c) diversity-oriented synthesis.* Efforts in our
laboratory are aimed at identifying combinations of abundant
starting materials and simple reaction sequences that can be
used to tunably and scalably assemble common terpenoid
cores.® This way, diverse scaffolds can be prepared and
derivatized for biological evaluation.
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Figure 1. Representative 6/7/5 tricycloalkane terpenes.
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Eme 1. The strategy for assembling 6/7/5 scaffolds.
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NG NC NCT| H
5aa, R =H, 35% MeO,C
5ab, R = Me, 20%
5ac, R = Ph, 25%
5ad, CH,OAc, 21%
3a+2a-d > 2 : Me
5aa — 5ad 3b +2d — 5bd 3c +2d — 5cd
R 25%, 1:1 dr2 38%, >20:1 dr
=
NC 5dd, R = CH,0Ac
NCT\ H 24%, >20:1 dr
5de, R =TMS
24%, >20:1 dr
CO,Et
3d + 2d-e — 3e +2d— 5ed 3f + 2d — 5fd
5dd — 5de 48%, >20:1 dr 56%, >20:1 dr

standard protocol: 300 mg — 2 g of 1,5-enyne substrate 3a — 3f, toluene (0.1 M),
150 °C, then swap toluene for THF (0.5 M), add NaH (1.1 equiv.) and propargy!
bromide derivative (1.5 equiv.), rt. @ reaction ran at 170 °C.

Scheme 2. Scope of 1,7-allenyne synthesis.
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To begin our studies, 1,5-enynes 3a — 3f bearing a terminal
alkyne were prepared by deconjugative propargylation. We were
pleased to find that the 1,5-enyne Cope rearrangement went
forward at 150 °C in toluene in screw-cap pressure flasks
(Scheme 2). It was most practical and efficient to perform a
telescoped sequence where the y-allenyl Knoevenagel adducts
generated in situ were directly treated with NaH and a 1°
propargyl bromide derivative to yield the 1,7-allenynes 5 (20% —
56% yields of 1,7-allenynes 5 from 1,5-dienes 3). Reported in
Scheme 2 are two-step yields, averaging 45% — 75% yield per
step, where inexpensive and abundant starting materials are
converted into synthetically useful 1,7-allenyes. Notably, the
procedure is scalable and reproducible; the sequence was
routinely examined on the 300 mg — 2 gram scale. Through the
sequence, cyclohexenyl substitution is altered by choice of
cycloalkanone starting material and alkyne substitution is varied
by choice of propargyl bromide starting material. Furthermore,
cyclohexenyl substitution renders the Cope rearrangement
diastereoselective (>20:1 dr). Finally, bicyclic 1,7-allenynes 5ed
and 5fd could be accessed from tropinone (3e) and the (4+3)
adduct (3f) of cyclopentadiene and trichloroacetone.

We next examined the Cope rearrangement of 1,5-enynes
3g — 3k bearing an internal alkyne (eq. 1 and Scheme 3).
Unfortunately, internal alkyne substrates such as 3g required
higher temperatures (200 °C) to rearrange, which resulted in
decomposition (eq. 1). However, the bridged bicyclic substrates
3h - 3k underwent an efficient Cope rearrangement and
desired allenynes could be isolated in good yields ove
telescoped sequence. We suspect that the increased stability of
the bicyclic allenynes (Scheme 3) vs. monocyclic

2).

NC A
VI
[decomposition]

CO,Et 3g

CN
CN
{
R H

non-acidic conformer

H
\ \_R

AcO
CO,Et

efficiency, as yields in the 20
utility of the tra ect that observed yields are
isomerization enabled by
° Thus, an enyne-[3,3]
reduction/alkylation sequence was
r scaffolds (Scheme 4). Fortunately,
ctive and mild reductant of the
Thus, heating a mixture of 1,5-
enyne 3 and Hantzsch es at 130 °C results in allenyl
malononitriles [Ia], which could be directly alkylated with

the high acidity o
rearrangement/alkyli

10.1002/anie.201703186

WILEY-VCH
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(i.) standard protocol: 100 mg of 1,5-enyne substrate, Hantzsch ester (2 equiv.),
toluene (0.1 M), 140 °C, then swap toluene for DMF (0.5 M), add K,CO3 (3 equiv.)
and propargyl bromide derivative 2d (2 equiv.), rt. @ major diastereomer shown

Scheme 4. Allenyne synthesis by enyne-[3,3]
rearrangement/reduction/propargylation
Allenes are generally useful for intramolecular

cycloisomerization.' As such, other functionalized electrophiles
were examined to prepare diverse allene/tethered-mr substrates
(Scheme 5). Enyne Cope rearrangement/allylation with
cinnamyl bromide resulted in separable products 8a and 8b in
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60% and 23% yields, respectively. Enyne Cope
rearrangement/Pd-catalyzed allylation with cinnamyl acetate
intriguingly resulted in diastereo-, y-, and branch-selective
allylation in good yield (product 8¢'®). Additionally, enyne Cope
rearrangement/Pd-catalyzed allylation with sorbyl acetate
resulted exclusively in linear-selective deconjugative a-allylation
(8d). Finally, enyne-Cope rearrangement/alkylation with a furan-
containing electrophile resulted in a separable mixture of
deconjugative a-alkylation product 8e and y-alkylated product 8f.

NC
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then
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(i.) standard protocol: 300 mg 3e, toluene (0.1 M), 150 °C, then swap tolug
THF (0.5 M), add NaH (1.1 equiv) and alkyl halide derivative (1.5 equiv.).
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as
Scheme 5. Other allene/tethered m-systems prepared.
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Using the allenic-Pauson-Khand reaction,®™'"®"" the 1,7-

allenynes were converted into their respective 6/7/5
tricycloalkane cores 6 without inci the standard literature
protocol developed and applied mond and others
(Scheme 6).5%'%"" The cores are highl and diverse,
considering the sequence is four step
materials.
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Scheme 8. Functional group interconversion reactions.
As final experiments, we examined preliminary functional

group interconversion reactions on the scaffolds (Scheme 8).
The most reactive olefin toward epoxidation was the y,d-olefin
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on the conjugated dienone for substrate 6dd yielding product  (5)
10a. For the more strained scaffold 6kd, the bicyclo[3.2.1]octene
was most reactive yielding 10c. Also, the ketone could be
reduced using NaBH, to prepare 10b. Finally, ring-opening/cross
metathesis could be performed on the bicyclo[3.2.1]octene core
yielding 10d.

In conclusion, we have examined a new route to 6/7/5
tricycloalkane frameworks. The sequence hinged on the
development of poorly understood 3,3-dicyano-1,5-enyne Cope
rearrangement. We have developed conditions and outlined
current understanding and limitation for this transformation. Per
the inspiration of the route, we examined the synthesis of
diverse linear 6/7/5 tricycloalkanes and also prepared a highly
complex 6/6/7 tricycloalkane, all in four steps from
cycloalkanone, malononitrile, and two different propargyl-, allyl-,
and/or furan-containing electrophiles. Future directions include
target and analog synthesis, rendering the strategy asymmetric,
and further examination of the enyne Cope rearrangement to
identify many previously inaccessible allenes for processing into
polycycloalkane architectures by ring-forming reactions (e.g.
Diels-Alder and cycloisomerization).

6)

@

Experimental Section

See the supporting information for detailed experimental procedures,
characterization data, and spectral reprints

Acknowledgements

We thank the College of Liberal Arts and Scien
Department of Chemistry at the University of Flori
funds.

Keywords: Knoevenagel Adducts ¢ 1,5-enyne Cope
rearrangement ¢ allenic Pauson-Khand reaction « terpenoid
natural products

eutical leads see:

1

For reviews of natural products as ph,
Huang; J.-J. Lu; M.-Q. Huang; J.-L#
(12)

(13)
2010, 15, 668. (c) G. Wang,

Springer, Berlin, 2005, pp. 19
(14)
Med. Chem. 2014, 6,

Rev. 2015, 115, 9207.
2007, 3, 396.

(15)

(16)
4)
(17
(18)

Porco Jr; J. K. Sny

Singh; J. N. Plampin . Rane; J. L. Wang; V. W. Day; J. Aubé, Nat.

10.1002/anie.201703186

WILEY-VCH

O. Lahtigui; F. Emmetiere; W. Zhang; L. Jirmo; S. Toledo-Roy; J. C.
Hershberger; J. M. Macho; A. J. Grenning Angew. Chem. Int. Ed. 2016,
55, 15792.

(a) R. A. Craig, Il.; J. L. Roizen; R. C*
M. Stoltz Chem. Sci. 2017, 8, 507. (b) S.=
2015, 17, 3486. (c) C. M. Gampe; E. M. C
2011, 50, 2962. (d) C. Chg;
Quan; Z. Yang Org. Lett.
J. Wicha J. Org. Chem. 2010,
M. M. Davis J. Org. Chem.
Hughes; J. J. Kenn
Soc. 2006, 7128,
Zakarian J. Am.
Sorensen J. A
B. Dudley; S. Li

. C. Jones; S. C. Virgil; B.
. C.-K. Sha Org. Lett.
Chem. Int. Ed.
. G. Wang; J.
) K. Michalak; M. Michalak; J.
' (f) K. M. Brummond; D. Chen;
4. (g) A. K. Miller; C. C.
rauner J. Am. Chem.
verman; R. Paulini; A.
13095. (i) W. D. Shipe; E. J.
025. (j) M. Mandal; H. Yun; G
fsky J. Org. Chem. 2005, 70,

10619. (k) Lett. 2003, 5, 3491.
(a) D. M uin; F.-H. Porée; M. Turks Nat.
Prod. Rep. . A. Vallim; J. E. Barbosa; D. N.

Cavalcanti; J.
Teixeira; I. C. N.

os De-Paula; V. A. G. Galvao da Silva; V. L.
Paixao J. Med. Plants Res. 2010, 4, 2379. (c) A.
Russell; F. A. Ayaz Clin. Toxicol. 2008, 46,
437. cy; N. Towers; P. J. Gunning; L. Breau J.
Nat. Prod. 2004, 67, ) C.-Y. Duh; S.-K. Wang; M.-C. Chia; M. Y.
Chiang Tetrahedron Lett. 1999, 40, 6033. (f) G. R. Pettit; R. H. Ode; C.
L. Heraldy B. Von Dreele; C. Michel J. Am. Chem. Soc. 1976, 98,
4677. 0{ B. Rao; G. Trimurtulu; D. V. Rao; S. C. Bobzin; D. M.
Kushlan;D. J. Faulkner Phytochemistry 1991, 30, 1971. (h) X. Wei; I. I.
Rodriguez; A. D. Rodriguez; C. L. Barnes J. Org. Chem. 2007, 72, 7386
a) W. Zhang; |. Ghiviriga; A. J. Grenning Tetrahedron. In press. DOI:
.1016/j.tet.2016.11.055 (b) P. V. Navaratne; A. J. Grenning Org.
Chem. 2017, 15, 69. (c) P. Vertesaljai; P. V. Navaratne; A. J.
JAngew. Chem. Int. Ed. 2016, 55, 317. (d) W.-B. Liu; N.
; E. J. Alexy; A. Y. Hong; K. Tran; B. M. Stoltz J. Am. Chem.
Soc. 2016, 138, 5234. (e) R. B. Grossman; M. A. Varner J. Org. Chem.
1997, 62, 5235.

(a) D. K. Black; S. R. Landor J. Chem. Soc. 1965, 6784. (b) W. D.
untsman; J. A. De Boer; M. H. Woosley J. Am. Chem. Soc. 1966, 88,
5846. (c) R. F. C. Brown; C. G. McAllan Aust. J. Chem. 1977, 30, 1747.
(d) K. A. Black; S. Wilsey; K. N. Houk J. Am. Chem. Soc. 1998, 120 ,
5622.

For a review of allenic-PKR see: B. Alcaide; P. Aimendros Eur. J. Org.
Chem. 2004, 3377.

For select examples of allenic-PKR in synthesis see: (a) L. Jargensen;
S. J. McKerrall; C. A. Kuttruff; F. Ungeheuer; J. Felding; P. S. Baran,
Science 2013, 341, 878. (b) B. Wen; J. K. Hexum; J. C. Widen; D. A.
Harki; K. M. Brummond Org. Lett. 2013, 15, 2644. (c) T. Hirose; N.
Miyako-shi; C. J. Mukai Org. Chem. 2008, 73, 1061.

A. J. Grenning Synlett 2017, 28, 633.

For a review of [3,3] rearrangements in natural product synthesis see: E.
A. llardi, C. E. Stivala, A. Zakarian, Chem. Soc. Rev. 2009, 38, 3133—
3148.

D. Tejedor; G. Méndez-Abt; L. Cotos; F. Garcia-Tellado Chem. Soc.
Rev. 2013, 42, 458.

C. Aubert; L. Fensterbank; P. Garcia; M. Malacria; A. Simonneau Chem.
Rev. 2011, 111, 1954.

Heating 7a at 150 °C in toluene results in ~75% conversion (71%
isolated yield) to the Cope rearrangement product 7c.

C. O. Kappe; S. S. Murphree; A. Padwa Tetrahedron 1997, 53, 14179.
(a) A. Rudi; Y. Kashman J. Nat. Prod. 1992, 55, 1408. (b) S. Spa-dari;
F. Sala; G. Pedrali-Noy Trends Biochem. Sci. 1982, 7, 29. (c) M. Cueto;
P. R. Jensen; W. Fenical Org. Lett. 2002, 4, 1583.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition 10.1002/anie.201703186

WILEY-VCH
COMMUNICATION

Text for Table of Contents

e and Alexander J.
i. 140 — 200 °C
NC AN ,
N g R with or without
[ Hantzsch ester
Ri" R? ...then base

' abundant starting materials 3 _ .
| @ operationally simple chemistry | 23 B ?Ikyn§,4PI;R ii.
| ® complex products | = furan; [4+2]

earrangement
loalkane Synthesis
ing Materials by

CO,Me

Pauson-Khand reaction .
(PKR) product Diels-Alder [4+2] product

This article is protected by copyright. All rights reserved.



