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Enantioselective Rhodium-Catalyzed Dimerization of w-Allenyl
Carboxylic Acids: Straightforward Synthesis of ,C>-Symmetric

Macrodiolides

Philip Steib and Bernhard Breit*

Abstract: Herein, we report on the first enantioselective and atom-
efficient, catalytic one-step dimerization methodology to selectively
transform w-allenyl carboxylic acids into C,-symmetric, 14- to 28-
membered bismacrolactones (macrodiolides). This convenient
asymmetric access serves as an attractive route towards multiple
naturally occuring homodimeric, macrocyclic scaffolds and
demonstrates the excellent efficiency to construct the complex,
symmetric core structures. Utilizing a rhodium catalyst with a
modified chiral cyclopentylidene-diop ligand, the desired diolides
were obtained in good to high yields, high diastereo- and excellent
enantioselectivity.

In recent decades, dimeric structures of polyketide origin
have gained increasing scientific attention, as they show a
manifold of unique structural features and a great potential to
constitute a large number of novel medicinally relevant
substances."? Aside from unsymmetrical, heterogeneous
dimers, a group of complex C,-symmetrical oxacyclic diolides
comprise a large number of biologically active compou
(Scheme 1). In this spectrum, immuno-suppressiv
antibiotics,®” anthelmintics,®® herbicides and fungicides,®
well as active agents against cancer,®? HIV and the
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e 1: Selected examples of biologically active diolides in nature,
'mon synthetic strategies and the concept of this report.

owever, when attempting the formation of lactones of the
medium size range, dimeric diolides were observed as major
products." This let us speculate whether such a rhodium-
catalyzed dimerization reaction of allenyl-carboxylates could be
developed towards a general enantioselective catalytic
macrodiolide synthesis.!"®

We herein report such a general method for the enantio-,
diastereo- as well as regioselective rhodium-catalyzed
dimerization of allenyl-carboxylic acids for the formation of C,-
symmetric macrodiolides.

Building upon prior experiences of allene/carboxylic acid
addition reactions from our group,'***! we started optimization
by using undeca-9,10-dienoic acid (9g) as model substrate.
Employing [Rh(cod)Cl]; and diop (L1) at room temperature in
DCE at a 0.01 M substrate concentration (Table 1, entry 1) with
a reaction time of 48 h a good yield of the macrodiolide dimer
was obtained albeit only in poor diastereoselectivity. The latter
could be significantly improved by lowering the reaction
temperature (Table 1, entry 1-4). Best results balancing yield
and diastereoselectivity were obtained at 0 °C (Table 1, entry 2).
A further screening of ligands proved the cyclopentylidene-
modified Cp-diop L2 as most suitable." The increased activity
of this catalyst system allowed to lower the catalyst loading for
the reaction at 0 °C (Table 1, entry 6).
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Table 1: Screening of diop derivatives at different temperatures.

o [Rh(cod)Cl], (2.5 mol%) 0.
ligand (5.0 mol%) YOHOYTS
HO _ > o) [e)
DCE (0.01 m), T, 48h \W
5 o
9g D4
Me Me Q
Q [¢] Q [¢]
thpfk/Pth thP\/_k/PPhQ
(R,R)-diop L1 (R,R)-Cp-diop L2
Entry  Ligand® T[°C) Yield [%]™ d.r. (syn:anti)®
1 diop (L1) rt. 70 57:43
2 diop (L1) 0 67 78:22
3ldel diop (L1) -5 26 81:19
4190 diop (L1) -10 19 81:19
5 Cp-diop (L2) rt. 84 63:37
69 Cp-diop (L2) 0 67 80:20
[a] Chiral variants of all ligands were used. [b] Isolated yield.

[c] Diastereomeric ratio determined by "HNMR of the vinylic signals.
[d] 5.0 mol% [Rh(cod)Cl], and 10 mol% of ligand were used. [e] 64%
conversion. [f] 47% conversion. [g] 3.0 mol% [Rh(cod)Cl], and 6.0 mol%
ligand were used. DCE=1,2-dichloroethane. cod=1,5-cyclooctadiene.

With these conditions at hand, our focus turned to the sc
of the reaction. We started by investigating w-allenyl carb
acids with saturated carbon chain spacers of d| erent
lengths.'®'®!  Indeed, 14- to 22-membered
macrodiolides D1-D5 were obtained in moderate to hj
good diastereoselectivities and excellent enantiosel
to >99% ee (Table 2).2% The very high enantiosele,
syn-diastereomers relate to the
amplification, known as the HOREAU principle.%
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oligomers. When attempting to prepare 24-membered diokdes

major product."*?

and para-substitution pattern
para-substituted allenyl aci
rather strained diolide
case the addition of
beneficial to achieve fu
substrate with elongated

s found to be
ingly, using a
chain providing increased
d a higher yield for diolide
76% were obtained for the
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Table 2: Synthesis of unfunctionalized 14- to 22-membered diolides by
rhodium-catalyzed dimerization of w-allenyl carboxylic acids.

[Rh(cod)Cll, (3.04m01%)

0T
2o

(5,5)-D1 (s,5)-D3
53%2), dr = 86:14 (syn:anti) ¥ 73%%), dr = 83:17 (S )L, 71%[9), dr = 83:17 (syn:anti)®],
>99% eel®! 99% eel®! >99% eel!

(S,5)-D5
42%I2), dr = 86:14 (syn:anti)l®],
97% eel®l

[
yl-H atoms. Determined by HPLC on a chiral phase. [d] 10 mol%

Combined, isglated yield of diolides. [b] Ratio determined by "H NMR of
O3 were ed.

3: Synthesis of terephthalic and isoterephthalic acid derived 22- to 26-
ed diolides by rhodium-catalyzed dimerization of w-allenyl carboxylic
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o
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ORTEP of (S,S)-D6 o
(5,5)-D6 (5,5)-D7

75%), dr = 83:17 (syn:anti)®),

98% eel®]
t/\/\/o
oo 6

e A

(5,5)-D9
70%2), dr = 88:12 (syn:anti)l®),
98% eel®]

44%29), dr = 82:18 (syn:anti)®),
96% eel®!

)
&/
\‘7’/

(S,5)-D8
67%2), dr = 90:10 (syn:anti)®),
99% eel®!

bogased
}’L NN 4

(S)-M1
74%!¢), 82% eel®!

ORTEP of (S,5)-D9

[a] Combined, isolated yield of diolides. [b] Ratio determined by "H NMR of
arylic-H atoms. [c] Determined by HPLC on a chiral phase. [d] 4.5 mol%
[Rh(cod)Cl],, 9.0 mol% ligand and 10 mol% Cs,CO; were used. [e] Syringe
pump technique was applied.
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We also looked into the preparation of macrodiolides,
functionalized with several different heterocyclic systems. Such
heterocyclic diolides might serve as receptors for differently
charged ions and neutral molecules.’™ We were delighted to
see that thiophene- and indole-based substrates provided the
corresponding diolides D10 to D12 with good yields. Even basic,
potentially metal-coordinating pyridines (D13) were tolerated. In
addition to excellent enantioselectivities, improved
diastereoselectivities up to 90:10 were observed. Such pyridine-
containing macrocycles may become of use as attractive chiral
ligands in asymmetric homogeneous catalysis, with the feature
of being readily functionalized by modification of the vinyl group.

Table 4: Synthesis of diolides with divers heteroaryl-groups.

Ry
o o)
[Rh(cod)Cl], (3.0 mol%) n
o OH (R,R)-L2 (6.0 mol%) PN 0/
N DCE (0.01 M), 0 °C, 48 h o -
syringe pump addition 0 Ry
Nz Oy s
J _
o S o
/\/\/\/ o /\/\/\/
7 Ay o <
o o o
s ¢ -
2 X0 S\ Yo
(S,5)-D10 (S,5)-D11
74%9, dr = 87:13 (syn:anti)®], 74%2, dr = 89:11 (syn:anti)l®],
99% eel® 99% eel®!
‘ X
o
L/\/\ N/

(S,5)-D12 (S,5)-D13
77%!4), dr = 90:10 (syn:anti)®], 68%!2], dr = 90:10 (syn:anti)[®],
>99% eel®! 99% eel!

A

[a] Combined, isolated yield of diolides. [b] mined by H of
arylic-H atoms. [c] Determined by HPLC on a chi

Having managed to construct diolides enan ely, we
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Table 5: Catalyst control upon rhodium-catalyzed dimerization of an a-chiral
w-allenyl carboxylic acid. Determination of the configuration of the three

possible diastereomers.
-~

O Me
? ® o
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@ o~
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(45,75,155,185)-D14a
72%@P), dr = 92:0:8 (a:b:c) ¥

(4S,7R,155,18R)-D14b
53%%<1, dr = 0:77:23 (a:b:c)!!

(4S,7R,155,185)-D14c
minor diastereomer

¢

S’[ Ca e o= NS
‘ jé AR

ORTEP of D14b

—9

ORTEP of D14a

4
ombined,%lated yield of diolides. [b] (-)-L2 was used. [c] (+)-L2 was
[d] Ratio determined by "H NMR of arylic-H atoms after filtration through
on stereogenic H-Atoms are omitted for clarity regarding the ORTEP

jon, we herein developed a highly atom-efficient,

e, one-step rhodium-catalyzed dimerization
strategy of W-allenyl carboxylic acids, furnishing C,-symmetrical
homodiolides and generating two stereogenic centers
concomitantly. Aside from good yields, the 14- to 28-membered
tric diolides were obtained in high diastereo- and
ent enantioselectivity. This methodology represents a
able alternative over existing two-step seco acid coupling
ocedures. Functionalization within the ring system and late
tage modification of the allylic moiety could grant a convenient
access to this important class of natural products and to a field
of new complexing macrocycles, chiral ligand classes as well as
interesting organic materials when polymerized.

Acknowledgements

This research was supported by the DFG. Dr. Stephanie Ganss is
acknowledged for her kind support and effort during the project.
Dr. Daniel Kratzert and Dr. Manfred Keller are acknowledged for
X-ray crystal structure analysis. Dr. Alexander M. Haydl is
acknowledged for fruitful discussions.

Keywords: asymmetric catalysis * macrolactones ¢ diolide
rhodium - allenes

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition 10.1002/anie.201803369

1

(21
(31

41

(51
61

(71

(8l

101

[10]

1]

12

(3]

a) C. Khosla, R. S. Gokhale, J. R. Jacobsen, D. E. Cane, Annu. Rev. 197-201; P. A. Wender, Nat. Prod. Rep., 2014, 31, 433-440. redox-
Biochem. 1999, 68, 219-253. b) L. Katz, Chem. Rev. 1997, 97, 2557- economy: J. M. Richter, Y. Ishihara, T. Masuda, B. W. Whitefield, T.
2575. c¢) J. Staunton, K. J. Weissman, Nat. Prod. Rep. 2001, 18, 380- Llamas, A. Pohjakallio, P. S. Baran, J. Am. Chem. Soc., 2008, 130,

416. For diolide formation by multi-enzyme-complexes see: d) J. Zhou, 17938-17945; N. Z. Burns, P. S. B . W. Hoffmann, Angew. Chem.

A. C. Murphy, M. Samborskyy, P. Prediger, L. C. Dias, P. F. Leadlay, Int. Ed., 2009, 48, 2854-2867.

Chemistry & Biology 2015, 22, 745-754. e) Y. Zhou, P. Prediger, L. C. [14] intermolecular: a) A. Lumbroso, P. Koschk autravers, B. Breit,
Dias, A. C. Murphy, P. F. Leadlay, Angew. Chem. Int. Ed. 2015, 54, J. Am. Chem. Soc. 2011, 133, 2386-238 . A. Lumbroso,
5232-5235; Angew. Chem. 2015, 127, 5321-5324. B. Breit, J. Am. Chem. SoG, ~¥C. Schotes, D.
G. Lian, B. Yu, Chemistry & Biodiversity 2010, 7, 2660-2690. Ostrovskyi, J. Senger, K. . Jung, B. Breit, Chem. Eur. J.
a) E. J. Corey, K. C. Nicolaou, T. Toru, J. Am. Chem. Soc. 1975, 97, 2014, 20, 2164-2168; d) Kéhny, B. Breit, J. Am. Chem.
2287-2288; K. F. Burri, R. A. Cardone, W. Y. Chen, P. Rosen, J. Am. Soc. 2015, 137, 3131 - Lumbroso, N. Abermil,
Chem. Soc. 1978, 100, 7069-7071; A. Zajicova, M. Muickova, M. B. Breit, Chem. Scg ; f) ANqgfydl, D. Berthold, P. A.

Krulova, Z. Rychnavska, V. Holan, Int. Immunopharmacol. 2001, 1, Spreider, B. Brei 2016, 55, 5765-5769; Angew.
1939-1945. b) K. C. Nicolaou, A. L. Nold, R. R. Milburn, C. S. Schindler, Chem. 2016, 125859-5863; g) S. Gqlls, B. Breit, Angew. Chem. Int.
K. P. Cole, J. Yamaguchi, J. Am. Chem. Soc. 2007, 129, 1760-1768; P. Ed. 2016, 55, Og-9742; Angew. Cheliill 2016, 128, 9890-9894; h) A.
A. Evans, M.-H. Huang, M. J. Lawler, S. Maroto, Nat. Chem. 2012, 4, Haydl, B. Breit, , 541-545. For a mechnistic
680-684; H. C. Kwon, C. A. Kauffman, P. R. Jensen, W. Fenical, J. Am. i igati : ich, A. er, A. Steffani, M. Kahny, H. -J.
Chem. Soc. 2006, 128, 1622-1632. c) J. F. Grove, J. Chem. Soc. C, : eit, J. Am. Chem. Soc. 2014, 136,
1971, 2261-2263; J. S. Yadav, U. V. Subba Reddy, B. V. Subba Reddy,

Tetrahedron Lett. 2009, 50, 5984-5986. d) H. R. Y. Jois, A. Sarkar, S. [15] Koschker, B. Breit, Acc. Chem. Res. 2016, 49,
Gurusiddaiah, Antimicrobial Agents and Chemotherapy 1986, 30, 458- . ent coupling reactions: Z. Liu, B. Breit, Angew.
464. e) S. Nozoe, K. Hirai, K. Tsuda, K. Ishibashi, M. Shirasak, 83; Angew. Chem. Int. Ed. 2016, 55, 8440-
Tetrahedron Lett. 1965, 6, 4675-4677. f) C. D. Hopkins, P. Wipf, Nat. 8443; P. Sprel M. Heinrich, B. Breit Angew. Chem. 2016,
Prod. Rep. 2009, 26, 585-601; W. H. Kim, S. K. Hong, S. M. Lim, M-.A. 128, 15798-15802; Angew. Chem. Int. Ed. 2015, 55, 15569-15573; T.
Ju, S. K. Jung, Y. W. Kim, J. H. Jung, M. S. Kwon, E. Lee, Angew. M. Beck, B Breit, Eur. J. Org. Chem. 2016, 93, 5839-5844; N. Thieme,

Chem. 2006, 118, 7230-7233; B. Proksa, D. Uhrin, J. Adamcova,
Pharmazie, 1993, 48, 738-740. g) A. Furstner, M. Albert, J. Mlynarski,
M. Matheu, E. DeClerq, J. Am. Chem. Soc. 2003, 125, 13132-13142. h)
A. Dramae, S. Nithithanasilp, W. Choowong, P. Rachtawee, S. Prabpai,
P. Kongsaeree, P. Pittayakajonwut, Tetrahedron 2013, 69, 8205-8208.
E. M. Driggers, S. P. Hale, J. Lee, N. K. Terrett, Nat. Rev.
Discovery 2008, 7, 608-624; E. Marsault, M. L. Peterson, J. Med, .
2011, 54, 1961-2004; B. Proska, Ceska Slov. Farm. 2000, 49, 221-228.

E. J. Kang, E. Lee, Chem. Rev. 2005, 105, 4348-4378.
For a review on synthetic methods for macrolactones, pleagfi#fefer to: A.
Parenty, X. Moreau, J.-M. Campagne, Chem. Rev. 2006
A. Parenty, X. Moreau, G. Niel, J.-M. Campagne, C
113, PR1-PR40.

A. Quintard, B. M. Trost, Angew. Chem. Int. Ed.
Angew. Chem. 2012, 124, 6808-6812.

a) Q. Su, A. B. Beeler, E. Lobkovsky, J. A. Porco, J. S. Panek, O
2003, 5, 2149-2152; A. B. Beeler, D. E. Acquilano, Q. Su, F. Yan, B.
Roth, J. S. Panek, J. A. Porco, J. Comb. Chem. 2005, 7, 673-681,b) T.
Nishimaru, M. Kondo, K. Takeshita, Takahashi, J. Ishihar:

B. Breit, ew. Chem. 2017, 129, 1542-1546; Angew. Chem. Int. Ed.
2017, 1520-1524; T. M. Beck, B. Breit, Angew. Chem. 2017, 129,
1929-1933; Angew. Chem. Int. Ed. 2017, 56, 1903-1907; V.
hakyzadeh, Y.-H. Wang, B. Breit, Chem. Commun. 2017, 53, 4966-
68; J. Schmidt, C. Li, B. Breit, Chem. Eur. J. 2017, 23, 6531-6534; S.
en, C. Li, A. Hassan, B. Breit, Org. Lett. 2017, 19, 2326-2329; J.
arveen, B. Breit, Angew. Chem. 2017, 129, 8542-8545;
hem. Int. Ed. 2017, 56, 8422-8425

[16] For the use of a single diastereoselective example of such a diolide
construction in our recent total synthesis of Clavosolide A see: A. M.
Haydl, B. Breit, Angew. Chem. Int. Ed. 2015, 54, 15530-15534; Angew.
hem. 2015, 127, 15750-15754.

For further details/screening please refer to the supporting information.
G. llluminati, M. Mandolini, Acc. Chem. Res. 1981, 14, 95-102; C. Galli,
G. llluminati, L. Mandolini, J. Am. Chem. Soc. 1973, 95, 8374-8379; C.
Galli, G. llluminati, L. Mandolini, P. Tamborra, J. Am. Chem. Soc. 1977,
99, 2591-2597; L. Mandolini, J. Am. Chem. Soc. 1978, 100, 550; M.
Stoll, A. Rouvé, Helv. Chim. Acta 1935, 18, 1087-1125.

[19] F. A. Carey, R. J. Sundberg, Advanced Organic Chemistry, Part A:

Hatakeyama, Angew. Chem. Int. Ed. w. Structure and Mechanisms, fifth Edition, Springer Science+Business
Chem. 2014, 126, 8599-8602. Media 2007.

M. R. Gesinki, S. D. Rychnovski, J. Am. Ch 9727- [20] The assignment of the relative configuration of the formed
9729. diastereomers, was confirmed by X-ray analysis.

a) A. W. H. Speed, T. J. Ma . V. O'Brian, R. R. CH. [21] J. P. Vigneron, M. Dhaenes, A. Horeau, Tetrahedron, 1973, 29, 1055-
Hoveyda, J. Am. Chem. Soc, 6, 16136 , 1059; C. L. Covington, P. L. Polavarapu, Chirality 2016, 28, 181-185; V.

Rautenstrauch, Bull. Soc. Chim. Fr. 1994, 131, 515-524; S. Baba, K.
mstadius, R. (¥ S. Niblock, A. N. Sator, H. Kagan, Bull. Soc. Chim. Fr. 1994, 131, 525-533.

Ed. 2015, 54, 7 0; Angew. Chem., [22] The assignment of the absolute configuration of syn diastereomer was
Thiel, L. Ackermalin, A. Fiirstner, Org. confirmed by X-ray analysis. Please refer to the given Flack-parameter.
e, R. H. Grubbs, J. Org. Chem. 2001, [23] M. I. Rednic, N. D. Hadade, E. Bogdan, |. Grosu, J. Incl. Phenom.
Macrocycl. Chem. 2015, 81, 263-293.

Angew. Chem. Int. EqA1986, 25,
a) K. J. Ralston, H.
Hulme, Angew. Chem.
2015, 127, 7192-7196; OY
Lett. 2001, 3, 449-451; C.
66, 7155-71
J. B. Hendricl
P. S. Baran, J
Kirschning, D. A.

1975, 97, 5784-5800; T. Gaich,
: , 4657-4673; G. Jlrjens, A.
ito, Nat. Prod. Rep., 2015, 32, 723-737.

Anastas, J. C. Warner, Green Chemistry:
rd University Press, Oxford, 1998. atom-
e, 1991, 254, 1471-1477. step-economy:
P. A. Wender, M. 1= \Witulski, Tetrahedron, 2006, 62, 7505-
7511; P. A. Wender, V. A. Verma, T. J. Paxton, T. H. Pillow, Acc. Chem.
Res., 2014, 41, 40-49; P. A. Wender, B. L. Miller, Nature, 2009, 460,

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

COMMUNICATION

enantioselective Ry

(o]
[0} one-step /\N\f
o,,
RxﬁLOH Bb— 7 /\HJ/\
\(")f\/\ catalytic \n?/ N
O X

atom-efficient

16 examples; up to 77% yield
up to 92:8 d.r. and >99% ee
14- to 28-membered ring systems

A highly atom-efficient, enantioselective, one-step rhodium-
catalyzed dimerization strategy of w-allenyl carboxylic acids, furnishing
Co-symmetrical homodiolides, a structural motif found in numerous
natural products, has been developed. The method features high
enantioselectivies generating two stereogenic centers concomitantly.
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