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Abstract: Dynamic systems based on consecutive
thia-Michael and Henry reactions were generated
and transformed using lipase-catalyzed asymmetric
transformation. Substituted thiolane structures with
three contiguous stereocenters were resolved in the
process in high yields and high enantiomeric excess-
es.
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Dynamic chemistry at the constitutional level enables
generation of complex molecular systems possessing
adaptive features.!"”! The dynamic nature can be em-
ployed in resolution protocols, for example, leading to
identification of ligands and receptors. In addition to
thermodynamically controlled selection of the sys-
tems, kinetic resolution can be applied. This amounts
to dynamic systemic resolution (DSR), or dynamic
systemic asymmetric transformation (DYSAT), pro-
cesses that allow for system adaptivity through rate-
limiting pathways.”) With this concept, the dynamic
systems are coupled to a kinetically controlled secon-
dary process, such as enzyme-catalyzed asymmetric
transformation. Through constant re-equilibration of
the systems, the fittest constituents can be selectively
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transformed through kinetically favored processes,
leading to amplification of optimal species. Previous
attempts of chemoenzymatic DSR have focused on
resolutions of compounds containing single stereogen-
ic centers. These include for example dynamic nitroal-
dol,¥ a-aminonitrile,” cyanohydrin,® and hemithio-
acetal systems,”’ where DSR has yielded both high
substrate-specific and stereospecific amplifications.
However, the concept is general and may in principle
be applied to more complex systems. This has been
addressed in the present study, where expanded diver-
sity and complexity of the systems have been applied
to the selective enzymatic resolution of products pos-
sessing multi-stereogenic centers. Double covalent
thia-Michael-Henry type reaction schemes were de-
veloped and coupled to lipase-catalyzed transesterifi-
cation, leading to selective asymmetric transformation
of substituted thiolanes from a pool of isomeric con-
stituents (Figure 1).

Multiple dynamic covalent reactions operating con-
certedly or in sequence present a significant challenge
in the generation and resolution of dynamic systems.
Although a multitude of reversible reactions has been
developed, double covalent reactions are still rarely
applied. This is generally a consequence of the diffi-
culty arising from two or more chemistries being com-
patible with each other under the same reaction con-
ditions, while efficient reversibility is maintained for
the whole system. Recently, domino Michael-Henry-
type reaction schemes have emerged as a strategy in
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Figure 1. Domino dynamic systemic asymmetric resolution.

the syntheses of a variety of cyclic structures.®! A sig-
nificant advantage of these routes is that multisubsti-
tuted products can be synthesized in one-pot process-
es, potentially useful for high-throughput chemistry
formats. Furthermore, the reversible nature of both
Michael- and Henry-type reactions has been demon-
strated under basic conditions.*”) However, genera-
tion of dynamic systems based on Michael-type reac-
tions has mainly been reported in aqueous media,*”
and conditions for efficient reversibility in an organic
phase was thus first addressed, and subsequently cou-
pled to, and further developed with, the Henry reac-
tion. The conditions were furthermore optimized for
compatibility with the enzymatic resolution process.
In order to generate dynamic Michael-type systems
in organic solvents, different organic bases were ini-
tially screened. Triethylamine (TEA), having proven
suitable for the Henry reaction resolution schemes,
was first selected to initiate the reaction between (E)-
1-phenyl-2-nitropropene 1 and propane-1-thiol 2 in
CDCl; (Scheme 1, a), monitored by 'HNMR spec-
troscopy. Following consumption of the nitropropene,
phenylmethanethiol 4 was then added to the reaction
mixture, however, not resulting in any new product.
This may ascribed to the low basicity of TEA, and
several stronger bases were subsequently tested, in-
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Scheme 1. Evaluation of reversibility of a) thia-Michael re-

action; b) domino thia-Michael-Henry reaction.
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cluding 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU),
1,5-diazabicyclo[4.3.0]non-5-ene (DBN), 1,1,3,3-tetra-
methylguanidine (TMG) and 1,5,7-triazabicyclo-
[4.4.0]dec-5-ene (TBD). Reversibility of the reactions
was recorded in all cases, but only TMG provided the
final equilibrium products in a sufficiently rapid way
while avoiding any side reactions.

The generation of the domino thia-Michael-Henry
dynamic systems was subsequently evaluated in tolu-
ene, using (FE)-1-(2,4-dimethoxyphenyl)-2-nitropro-
pene 6 and 1,4-dithiane-2,5-diol 7 as a combined thiol
and aldehyde source (Scheme 1, b). In this case, (E)-
1-(3,4-dimethoxyphenyl)-2-nitropropene 9 was added
to monitor the reversibility after consumption of the
thiol. Nitropropenes of similar structures were chosen
in this case, in order to avoid an unbalanced distribu-
tion of intermediates when the dynamic system
reached equilibrium. Unfortunately, TMG did not
prove sufficiently efficient for fast reversibility, and
only small amounts of products could be detected by
"HNMR after several days. To address this effect,
various Lewis acids were evaluated to function to-
gether with TMG in order to accelerate the process,
primarily AgOTf, HgBr,, ZnBr,, Znl,, and Zn(OTf),.
Among these, Znl, proved superior, resulting in equi-
librium formation within one day.

As an advantage of the domino thia-Michael-
Henry reaction, multi-chiral centers can be generated
within the products, but a good method for enantiose-
lective resolution of the intermediates is needed. This
effect has been addressed in the synthesis of thiochro-
manes using cupreine derivatives, resulting in fair
enantiomeric purities.'”’ However, enzymes, as a most
efficient way to resolve racemic compounds have not
been applied to this domino reaction. Lipase-mediat-
ed (trans)esterification can also be used in organic
solvents, resulting in high regio- and enantioselectivi-
ties.'"" Moreover, lipases are commercially available,
environmentally friendly, and easily recoverable; fea-
tures that make them widely used in organic synthesis.
In the present study, lipases were chosen to effectuate
the resolution process through selective esterification
of compounds from the dynamic system. The selectiv-
ity of lipases would thus perturb the dynamic system
through constant re-equilibration, selecting the fittest
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Scheme 2. Reversible formation of thiolane stereoisomers
from nitropropene 1 and dithiane 7.

constituent in a kinetically controlled secondary pro-
cess.

In order to optimize the conditions suitable for the
biocatalytic transformation, compound 11 was first
synthesized from nitropropene 1 and dithiane 7,
giving rise to cyclic thiolane structures possessing
three contiguous stereocenters (Scheme 2). All stereo-
isomers were formed, four of which in a combined
yield of 95%. NOESY analysis confirmed these to be
of trans,trans (11A enantiomers) and cis,trans (11B
enantiomers) configuration, respectively, thus indicat-
ing a preferred trans-relationship between the phenyl
and nitro groups. Moreover, the ratio between the
major stereoisomers A and B was almost 2:1, indicat-
ing a preference for a trans-hydroxy/nitro relation-
ship.

OCH; NO,
N0z
s°
HsCO 6
H3CO OCH3 H3CO
HBCOWNOZ 8' 8
HsCO 9 NO,
J:SJ/OH HsCO P HsCO
HO” s HsCO 10' HzCO

— dynamic system

Different lipases and acyl donors were next evalu-
ated to find the best conditions for the resolution pro-
cess. Four enzymes were thus tested: Burkholderia
(formerly Pseudomonas) cepacia lipase (BCL), Candi-
da rugosa lipase, lipase from Pseudomonas fluores-
cens, and Candida antarctica lipase B. Of these, BCL
provided the best diastereoselectivity, giving one
major product of compound 11B. Considering the
enzyme promiscuity of lipases, individual Henry and
Michael reactions can also be catalyzed under certain
conditions."? However, in the present system, catalyt-
ic effects besides transesterification could not be dis-
cerned. From the probed acyl donors: ethyl acetate,
isopropenyl acetate, isopropyl acetate, and phenyl
acetate, isopropenyl acetate (12) was selected because
it resulted in moderate acylation rates without forma-
tion of any side reactions.

Having optimized the conditions for the lipase-cata-
lyzed kinetic resolution, dynamic asymmetric transfor-
mation and resolution of the entire system was next
evaluated (Scheme 3). The domino dynamic system
was initiated by adding 0.5 equivalents of TMG/Znl,
to equimolar amounts of nitropropenes 6 and 9, and
dithiane 7 in toluene at ambient temperature. This re-
sulted in equilibrium formation within one day, gener-
ating intermediates 8A-8'B, 8A-8D, 10A-10'B and
10A-10D. Acyl donor 12 was subsequently added,
and the resulting solution added to the enzyme prepa-
ration and the process followed by 'HNMR
(Figure 2). In analogy to the single reaction of com-
pound 11, a biased distribution of the intermediates
before enzyme resolution was observed. Compounds
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Scheme 3. Dynamic asymmetric resolution of domino thia-Michael-Henry system.
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Figure 2. "H NMR spectra of the reaction mixture at differ-
ent time intervals: a) equilibrium signals (4-H) of intermedi-
ates; b) signals (4-H) of acylated products and remaining in-
termediates.

exhibiting trans-relationships between the aryl and
nitro groups were thus preferred, and formed in
a combined ratio of more than 24:1. However, this
thermodynamically controlled distribution was dra-
matically altered upon connecting the dynamic system
to the kinetic enzymatic esterification process, result-
ing in a different pattern of acetylated products. As
can be seen in Figure 2, the major product from this
dynamic system was compound 14B, while the con-
centration of its related intermediate 10B was compa-
ratively low. The product from intermediate 10A was
also produced to some extent, indicating that the 3,4-
substituted aromatic structures provide a better fit
with BCL than the corresponding 2,4-substituted de-
rivatives.

That low amounts of compound 13B, produced
from intermediate 8B, were also produced, even
though the structure was not preferred by BCL, im-
plies a strong preference for the B-stereoisomers by
the enzyme in comparison with the thermodynamical-
ly more stable A-stereoisomers.

Figure 3 shows the enzymatic selectivity between
the different isomers in terms of preference factors
(F,).l representing the difference of the relative
ratios between the intermediates in the dynamic
system and the final products. Positive values of F), in-
dicate selected intermediates, whereas compounds
showing negative values are deselected by the
enzyme. As can be seen, only stereoisomers 14B dis-
played a positive F, value, and intermediate 10B in
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Figure 3. Substrate preference factors!® of domino thia-Mi-
chael-Henry system. Fp=[C/product)—C,(intermediate)]/
C,(intermediate), where C,(intermediate) and C,(product)
represent the relative concentrations of the intermediate
and the product, respectively.

the dynamic system was thus clearly preferred by the
enzyme.

To explore the enantioselectivity of lipases toward
this dynamic system, chiral chromatography, support-
ed by Mosher analysis and XRD (see the Supporting
Information), was employed to monitor the enantio-
meric purities of the ester products selected by the
enzyme. High enantioselectivities were observed for
both compound 14B and compound 14A, formed in
98% ee and 95% ee, respectively, at a total conversion
of 68%. Thus, not only high chemoselectivity and
high diastereoselectivity between the different sub-
strates, but also high enantioselectivity was successful-
ly achieved through the chemoenzymatic systemic res-
olution process.

In conclusion, a dynamic systemic asymmetric
transformation process based on a domino thia-Mi-
chael-Henry reaction has been developed. Using the
double reversible covalent process, dynamic systems
of compounds possessing multi-stereogenic centers
were efficiently generated using a combination of
Lewis acid and base activation. The dynamic systems
were further coupled, directly in sifu, to a secondary
kinetically controlled enzymatic resolution step, re-
sulting in the selection of a major product in high
enantiomeric purity. This demonstrates the high pref-
erence of the Burkholderia cepacia lipase toward sim-
ilar, multi-stereogenic thiolane substrates, including
different diastereomers and enantiomers, from a com-
plex dynamic system in a one-pot process.

Experimental Section

General Remarks

Reagents were obtained from commercial suppliers and
used as received. Lipases (EC 3.1.1.3) were from Amano
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Enzyme Inc. or Sigma-Aldrich: Burkholderia (formerly
Pseudomonas) cepacia lipase (BCL, Lipase PS “AMANO”
IM), Candida rugosa lipase (Sigma L1754), lipase from
Pseudomonas fluorescens (Aldrich 534730), and Candida
antarctica lipase B (Sigma 14777). 'H and “C NMR data
were recorded on a Bruker Avance 400 (100) MHz or
a Bruker Avance 500 (125) MHz spectrometer, respectively.
Chemical shifts are reported as 0 values (ppm) with CDCl;
('HNMR 6=7.26, "CNMR 6=77.0) as an internal stan-
dard. J values are given in Hertz (Hz). Analytical high per-
formance liquid chromatography (HPLC) with a chiral sta-
tionary phase was performed on HP-Agilent 1110 Series
controller, using a Daicel Chiralpak OJ column (4.6x
250 mm, 10 um). Solvents for HPLC use were of spectro-
metric grade. Thin layer chromatography (TLC) was per-
formed on precoated Polygram® SIL G/UV 254 silica plates
(0.20 mm, Macherey—Nagel), visualized with UV detection.
Flash column chromatography was performed on silica gel
60, 0.040-0.063 mm (SDS).

General Procedure for Dynamic Systemic Resolution

The dynamic systems were generated by adding each nitro-
propene (1 equiv., 0.05 mmol), together with 2,5-dihydroxy-
1,4-dithiane 7 (0.5 equiv., 0.025 mmol) and tetramethylgua-
nidine (TMG, 0.025 mmol) in dry toluene (0.6 mL). After
adding acylating reagent (3 equiv., 0.15 mmol), the solution
was transferred to a 1.5-mL sealed-cap vial containing BCL
(immobilized on diatomaceous earth, Amano Enzyme Inc.,
transesterification activity >500 u/g, 150mg), Znl,
(0.5 equiv., 0.025 mmol) and ground 4 A molecular sieves
under an argon atmosphere, pre-dried for 2 days before use.
The reaction vials were subsequently kept at room tempera-
ture under continuous shaking (around 500 rpm).

Acknowledgements

This work was in part supported by the Swedish Research
Council and the Royal Institute of Technology. YZ thanks the
China Scholarship Council for a special scholarship award.

References

[1] a) M. Barboiu, Constitutional Dynamic Chemistry,
Springer Verlag, Berlin Heidelberg, 2012; B. L. Miller,
Dynamic Combinatorial Chemistry: In Drug Discovery,
Bioorganic Chemistry, and Materials Science, John
Wiley & Sons, Inc., Hoboken, NJ, 2010; J. N. H. Reek,
S. Otto, Dynamic Combinatorial Chemistry, Wiley-
VCH, Weinheim, 2010.

[2] a) P. Kovaficek, J.-M. Lehn, J. Am. Chem. Soc. 2012,
134, 9446-9455; b) M.-K. Chung, K. Severin, S.J. Lee,
M. L. Waters, M. R. Gagné, Chem. Sci. 2011, 2, 744—
747; c) M. d. F. Capela, N. J. Mosey, L. Xing, R. Wang,
A. Petitjean, Chem. Eur. J. 2011, 17, 4598-4612;
d) A. G. Santana, E. Jiménez-Moreno, A. M. Gémez, F.
Corzana, C. Gonzilez, G. Jiménez-Oses, J. Jiménez-
Barbero, J. L. Asensio, J. Am. Chem. Soc. 2013, 135,
3347-3350; e) Y. Zhang, L. Hu, O. Ramstrém, Chem.
Commun. 2013, 49, 1805-1807; f) N. Roy, J.-M. Lehn,

Adv. Synth. Catal. 2014, 356, 987 -992

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Asian J. 2011, 6, 2419-2425; ¢) Z. Fang, W. He,
X. Li, Z. Li, B. Chen, P. Ouyang, K. Guo, Bioorg. Med.
Chem. Lett. 2013, 23, 5174-5177; h) P. Reeh, J. de Men-
doza, Chem. Eur. J. 2013, 19, 5259-5262; i) N. Wilhelms,
S. Kulchat, J.-M. Lehn, Helv. Chim. Acta 2012, 95,
2635-2651; j) A. Martinez-Castaiieda, H. Rodriguez-
Solla, C. Concellén, V. del Amo, Org. Biomol. Chem.
2012, 10, 1976-1981; k) Y. Dong, X. Mao, X. Jiang, J.
Hou, Y. Cheng, C. Zhu, Chem. Commun. 2011, 47,

J. K. M. Sanders, Chem. Sci. 2011, 2, 696-700; m) F.
Mansfeld, H. Au-Yeung, J. Sanders, S. Otto, J. Syst.
Chem. 2010, I, 12; n) B. Buchs (née Levrand), G.
Godin, A. Trachsel, J.-Y. de Saint Laumer, J.-M. Lehn,
A. Herrmann, Eur. J. Org. Chem. 2011, 2011, 681-695;
0) M. Rauschenberg, S. Bomke, U. Karst, B. J. Ravoo,
Angew. Chem. 2010, 122, 7498-7503; Angew. Chem.
Int. Ed. 2010, 49, 7340-7345; p) R. Sundell, M. Turcu,
L. Kanerva, Curr. Org. Chem. 2013, 17, 672-681; q) F.
Dumitru, Y.-M. Legrand, E. Petit, A. van der Lee, M.
Barboiu, Dalton Trans. 2012, 41, 11860-11865; 1) S. Ito,
K. Ono, N. Iwasawa, J. Am. Chem. Soc. 2012, 134,
13962-13965; s) L. Marin, B. Simionescu, M. Barboiu,
Chem. Commun. 2012, 48, 8778-8780.

[3] M. Sakulsombat, Y. Zhang, O. Ramstrom, Top. Curr.
Chem. 2012, 322, 55-86.

[4] P. Vongvilai, M. Angelin, R. Larsson, O. Ramstrom,
Angew. Chem. 2007, 119, 966-968; Angew. Chem. Int.
Ed. 2007, 46, 948-950.

[5] a) P. Vongyvilai, O. Ramstrém, J. Am. Chem. Soc. 2009,
131, 14419-14425; b) P. Vongyilai, M. Linder, M. Sakul-
sombat, M. Svedendahl Humble, P. Berglund, T.
Brinck, O. Ramstrom, Angew. Chem. 2011, 123, 6722—
6725; Angew. Chem. Int. Ed. 2011, 50, 6592-6595.

[6] M. Sakulsombat, P. Vongvilai, O. Ramstrom, Org.
Biomol. Chem. 2011, 9, 1112-1117.

[7] M. Sakulsombat, Y. Zhang, O. Ramstrém, Chem. Eur.
J. 2012, 18, 6129-6132.

[8] a) Z. Mao, Y. Jia, Z. Xu, R. Wang, Adv. Synth. Catal.
2012, 354, 1401-1406; b) P. Chintala, S. K. Ghosh, E.
Long, A.D. Headley, B. Ni, Adv. Synth. Catal. 2011,
353, 2905-2909; c) B. Zhang, L. Cai, H. Song, Z. Wang,
Z. He, Adv. Synth. Catal. 2010, 352, 97-102; d) C. C. I.
Loh, 1. Atodiresei, D. Enders, Chem. Eur. J. 2013, 19,
10822-10826; e) K. Albertshofer, B. Tan, C. F. Barbas,
Org. Lernt. 2012, 14, 1834-1837; f) W. Li, X. Liu, Z.
Mao, Q. Chen, R. Wang, Org. Biomol. Chem. 2012, 10,
4767-4773; g) H. Uehara, R. Imashiro, G. Herndndez-
Torres, C. F. Barbas, Proc. Natl. Acad. Sci. USA 2010,
107, 20672-20677; h) Y. Wang, D.-F. Yu, Y.-Z. Liu, H.
Wei, Y.-C. Luo, D.J. Dixon, P-F. Xu, Chem. Eur. J.
2010, 76, 3922-3925; i) A. Quintavalla, M. Lombardo,
S. P. Sanap, C. Trombini, Adv. Synth. Catal. 2013, 355,
938-946.

[9] a) M. Angelin, P. Vongvilai, A. Fischer, O. Ramstrom,
Chem. Commun. 2008, 768-770; b) B. Shi, M. F. Grea-
ney, Chem. Commun. 2005, 886-888; c) M. Suzuki, M.
Mori, T. Niwa, R. Hirata, K. Furuta, T. Ishikawa, R.
Noyori, J. Am. Chem. Soc. 1997, 119, 2376-2385;
d) M. R. Johnson, J. Org. Chem. 1986, 51, 833-837.

asc.wiley-vch.de 991


http://asc.wiley-vch.de

Advanced

Synthesis &
Catalysis Yan Zhang et al. COMMUNICATIONS

[10] R. Dodda, J.J. Goldman, T. Mandal, C.-G. Zhao, G. A.  [12] a) M. S. Humble, P. Berglund, Eur. J. Org. Chem. 2011,

Broker, E. R. T. Tiekink, Adv. Synth. Catal. 2008, 350, 2011, 3391-3401; b) E. Busto, V. Gotor-Fernandez, V.
537-541. Gotor, Chem. Soc. Rev. 2010, 39, 4504-4523; c) Q. Wu,

[11] a) C. A. Denard, J. F. Hartwig, H. Zhao, ACS Catal. B.-K. Liu, X.-F. Lin, Curr. Org. Chem. 2010, 14, 1966—
2013, 3, 2856-2864; b) A. Ghanem, Tetrahedron 2007, 1988.

63, 1721-1754.

992 asc.wiley-vch.de © 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2014, 356, 987-992


http://asc.wiley-vch.de

