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ABSTRACT: A bifunctional aminoboronic acid has been
used to facilitate for the first time the intramolecular aza- and
oxa-Michael reactions of @,f-unsaturated carboxylic acids. The
combination of an arylboronic acid with a chiral aminothiourea
allowed for these reactions to proceed successfully in an
enantioselective manner to afford the desired heterocycles in
high yields and ee’s (up to 96% ee). The overall utility of this
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dual catalytic system was demonstrated by a one-pot enantioselective synthesis of (+)-erythrococcamide B, which proceeded via

sequential Michael and amidation reactions.

N- and O-containing heterocycles bearing a stereogenic carbon
center adjacent to a heteroatom are important scaffolds, and
heterocycles containing a C2 acetic acid unit can be found in a
large number of natural products (Figure 1), most likely because
of the way in which they are biosynthesized."”
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Figure 1. Synthetic strategy for the heterocycles containing C2 acetic
acid units through an asymmetric Michael addition of a,f-unsaturated
carboxylic acids.

The development of a strategy for the construction of these
heterocyclic rings from a simple precursor that would allow for
the simultaneous control of the stereogenic centers would
represent a straightforward approach for the synthesis of these
compounds. With this in mind, it was envisioned that the direct
catalytic asymmetric intramolecular hetero-Michael reaction®~”
of a,f-unsaturated carboxylic acids would provide facile access to
heterocyclic compounds bearing a stereogenic carbon center
adjacent to the heteroatom (Figure 1). Furthermore, the
carboxylic acid moiety could then be used as a versatile synthetic
intermediate.*” There are, however, several challenging issues
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associated with reactions of this type that would need to be
addressed, including (1) the reactivity of @,f-unsaturated
carboxylic acid derivatives*® as Michael acceptors being much
lower than that of the corresponding @,f-unsaturated aldehydes,
ketones, and activated ester surrogates ;7>7 and (2) the carboxylic
acid moiety forming an inert salt with the base,'® preventing it
from behaving as a nucleophile. In fact, to the best of our
knowledge, there have been no reports in the literature
pertaining to the catalytic asymmetric Michael addition of a,f-
unsaturated carboxylic acids either intra- or intermolecularly.""
To address these challenges, we focused our initial efforts on the
boronic acids,"* because boronic acids have been utilized to
activate not only carboxylic acids'® by Yamamoto and Ishihara
but also a,f-unsaturated carboxylic acids'® by Hall’s group'*
through the formation of acyloxyborane species.'® Herein, we
report the direct aza- and oxa-Michael reactions of a,f-
unsaturated carboxylic acids using bifunctional aminoboronic
acids, together with the asymmetric versions of these reactions
using a dual catalytic sgrstern composed of a boronic acid and a
chiral aminothiourea.'*"’

We initially investigated the Michael reaction of la using
boronic acids 3a—d, which have been reported to be efficient
catalysts for the amidation of carboxylic acids'® (Table 1, entries
1—4). Disappointingly, only boronic acid 3d bearing an amine
moiety, which was developed by \/\fhiting,l()b’c’18 promoted the
reaction to give the pyrrolidine derivative 2a, albeit in a low yield
(Table 1, entry 4). We also screened various solvents for the
reaction with 3d (Table 1, entries 5—8), which revealed that
acetonitrile dramatically accelerated the reaction (Table 1, entry
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Table 1. Screening of the Reaction Conditions

cat.
NHTs (10 mol %) N o
NOH solvent WOH
1a 80°C, 24 h 22
entry catalyst solvent yield (%)°
1 3a toluene <l
2 3b toluene <l
3 3¢ toluene <1
4 3d toluene 15
s 3d acetone <1
6 3d DMEF 2
7 3d DCE 37
8 3d MeCN 99 (98)*
9 3e MeCN 18
10 3f MeCN 7
11 3g MeCN <1
12 3h MeCN <1
BEOH];; B(OH); P ¢ o B(OH)2
B-OH N(i-Pr)z
FiC cr, © ©
o
quOH;d B{OH)z (HO)B O—B
””e’ 75 \Q\/N[f Pr), K@"" Prlz

“Determined by H NMR spectroscopy. bIsolated yield.

8), whereas other polar solvents such as DMF, acetone, and
dichloroethane had very little impact on the reaction outcome
(Table 1, entries S—8). The following results show the
importance of having a suitable N-substituent on the amino-
boronic acid (Table 1, entry 8 vs entries 9 and 10): boronic acid
3e bearing the N,N-dimethylamino group gave a lower yield
compared to 3d, which was attributed to the reduced Lewis
acidity of the catalyst resulting from the coordination of the less
hindered amine group to the boron atom (Table 1, entry 9).'®
The use of boronic acid 3f bearing a bulkier amino group led to a
dramatic reduction in the rate of the Michael reaction (Table 1,
entry 10), and the N,N-diisopropyl group was found to give the
most suitable results in terms of steric hindrance. In addition to
the steric effects, it was also established that the position of the
amino group was critical to the reaction outcome. For example,
the use of the para-substituted catalyst 3g did not result in the
formation of any of the desired product 2a (Table 1, entry 11).
Furthermore, the low activity of benzoxaborole 3h indicated that
the presence of two hydroxyl groups on the boron atom was
essential for the reaction to proceed efficiently (Table 1, entry
12).

With the optimized reaction conditions in hand, we proceeded
to investigate the application of this protocol to the synthesis of
other heterocyclic compounds (Figure 2). We initially examined
the effect of the N-protecting group (2b—e). Although the
Michael reaction of the substrate bearing an N-Cbz group did not
proceed even at 110 °C, the N-sulfonyl analogues reacted
smoothly, with the reaction conditions required (ie., temper-
ature) appearing to be dependent on the acidity of the NH
proton of the substrate (2c—e). It is noteworthy that the reaction
of the N-triflate group proceeded at rt to afford the cyclized
product 2e in 89% yield. These results suggested that the rate-
determining step in this reaction was the deprotonation or C—N
bond forming reaction rather than the formation of an
acyloxyborane species.
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Figure 2. Substrate scope of the Michael addition of a,f-unsaturated
carboxylic acids catalyzed by aminoboronic acid 3d (10 mol %) in
MeCN.

The aza-Michael reaction of a,f-unsaturated carboxylic acid
derivatives was also applied to the synthesis of the piperidine and
tetrahydroquinoline derivatives 2f and 2g, which were formed in
76% and 97% yields, respectively. We then moved on to
investigate the diastereoselectivity of the reaction with substrates
bearing a chiral center derived from an L-amino acid, and the f,y-
diamino acid derivative 2i was obtained in excellent yield with
complete stereoselectivity. We also used the optimized
conditions to investigate the intramolecular oxa-Michael
reactions of a,f-unsaturated carboxylic acids, which are also
challenging transformations because of the poor nucleophilicity
of the substrate and the inherent likelihood of a retro-Michael
addition. Pleasingly, the oxa-Michael reaction proceeded
smoothly under mild conditions to afford the dihydrobenzofuran
scaffolds as well as the chroman derivatives in excellent yields
(2j—q). Notably, this strategy also provided access to the
isooxazolidine ring 2r in 97% yield.

A plausible mechanism for this reaction is shown in Figure 3. It
was envisioned that the aminoboronic acid 3d would form a
seven-membered H-bonded ring between its boronic acid moiety
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Figure 3. Proposed mechanism.
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and amino group (B—O—H---Ni-Pr,) rather than a dative N — B
bond, because of the potentlal for steric hindrance from the N,N-
diisopropylamino group.*>'® The trigonal planar boron species
would then form an acyloxyborane complex (complex I) bearing
the carboxylic acid moiety of substrate 1 with the aid of the Lewis
acidity of the boron atom and the Brensted basic moiety of 3d.
The subsequent C—X (X = N, O) bond-forming step would then
proceed via TS-A or TS-B. In the TS-A pathway, the consecutive
6- and 7-membered H-bonding interactions would promote the
cyclization of the complex with an s-cis conformation, which
would give intermediate III via the tautomerization of cyclo-
adduct IL For the alternative mechanism involving TS-B, the
hydroxyl group on the tetrahedral boronate anion would assist in
the formation of the C—X bond via the s-trans conformation of
the complex. Consideration of the experimental results shown in
Table 1 (entry 12), where the benzoxaborole compound 3g
bearing only one hydroxyl group did not facilitate the Michael
addition, would support the TS-B pathway. Finally, a carboxylic
acid exchange reaction would afford the desired product 2, which
would complete the catalytic cycle of 3d.

As shown in the proposed mechanism, the amino group of the
aminoboronic acid would not be directly involved in the
activation of the nucleophilic moiety of 1. It was therefore
envisioned that the reaction would be further facilitated by the
addition of an external base and that the use of a chiral base
catalyst would enable an asymmetric reaction. To evaluate this
hypothesis, we investigated the reaction of a,f-unsaturated
carboxylic acid 1m with boronic acids 3b and 3d in the presence
of several amines 4 as a dual catalytic system (Table 2).

Table 2. Screening of the Reaction Conditions for the
Asymmetric Michael Reaction

OH
@M\(OH

3 (20 mol %)
amine 4 (20 mol %)

o, OH
Uy

solvents, MS 4 A

[e] r, time
1m 2m
entry 3 4 solvent time yield ee
® ) )

1£ 3d - MeCN 8 36
#4d 3d 4a MeCN 8 65 -
3 3d 4b DCE 36 99 0
4 3b 4b DCE 36 67 31
5 3b 4b MTBE/CCls 36 79 59
6 3b  4c MTBE/CCL¢ 24 99(91)* 93
7 - 4c MTBE/CCls* 36 0 -
8 3b - MT BE/CCl4*

o Q 1,0 @ Q

S

da

“Determined by '"H NMR spectroscopy. bEstimated by chiral HPLC
after treatment with TMSCHN,. “The reactions were performed using
10 mol % of 3d (and 4a) in the absence of MS 4 A. “The ratio of
MTBE/CCl, was 1:2 (v/v). “Isolated yield.

An acceleration effect was observed when the aminoboronic
acid 3d was used in conjunction with Et;N (4a) in MeCN (entry
1vs 2). Encouraged by these results, we proceeded to investigate
the use of a chiral aminothiourea'® instead of Et;N (Table 2,
entry 3). Although the reaction itself proceeded efficiently, no
enantioinduction was observed during this reaction. It is
noteworthy that the replacement of 3d with the simple boronic
acid 3b effectively suppressed the racemic reaction, and the
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desired chromane product 2m was obtained in 31% ee, albeit in a
reduced chemical yield (Table 2, entry 4). Following a period of
extensive screening,' it was established that the yield and
enantioselectivity could be improved significantly (79% yield,
59% ee) using a mixed solvent system composed of MTBE and
CCl, (Table 2, entry S). Screening of the chiral catalysts'
revealed that the newly designed aminothiourea 4c gave a
satisfactory result in terms of the yield and enantioselectivity
(Table 2, entry 6). Both 3b and 4c were essential for the reaction
to proceed (Table 2, entries 7 and 8), which strongly suggested
that the reaction proceeded via an acyloxyborane species with
subsequent activation by an aminothiourea. Although the exact
function and role of 4c remains unclear at this stage, the
decreased H-bond-donating ability of the thiourea moiety may
have prevented the formation of an inert complex between 4c
and 1 through anion blndlng,l6 !% and consequently enhanced
the formation of an acyloxyborane species.
With the optimized reaction conditions in hand, we proceeded
to investigate the scope and limitations of this transformation
(Figure 4). These scoping reactions afforded the benzofuran

Q\/m %H&

24, 87% (ee = 84%) 2k, 87% (ee = 78%)
©°C. 96 hy (0°C, 96 h)

OH
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(1, 24 h (1,24 h) (t, 24 h) 0 h}

OH
O

2n, 98% (ee = 94%)
(1,24 n)

Figure 4. Asymmetric Michael addition catalyzed by boronic acid 3b (20
mol %) and thiourea 4c (20 mol %).

derivatives 2j and 2k in good yields with moderate to good
enantioselectivities.”” The chromane derivatives were generally
obtained in excellent yields and stereoselectivities (93—96% ee’s)
regardless of the substituent on the aromatic ring (2n—q). In
contrast, the asymmetric aza-Michael reaction proceeded slowly
to give the Michael adduct 2a with only 50% ee.

One of the greatest advantages of this method was
demonstrated by our efficient asymmetric synthesis of
erythrococcamide B>' (7a) (Scheme 1). The asymmetric oxa-

Scheme 1. Total Synthesis of (+)-Erythrococcamide B via
One-Pot Reaction
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Michael reaction of the a,f-unsaturated carboxylic acid §
proceeded to completion within 24 h under the optimized
conditions to give the corresponding carboxylic acid 6 in 94%
yield and 94% ee. Pleasingly, the oxa-Michael reaction of $§
followed by the one-pot amidation with isobutylamine
proceeded smoothly to give highly enantioenriched (+)-eryth-
rococcamide B (7a). It is noteworthy that no racemization was
observed during the one-pot reaction process. Subsequent
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derivatization was readily achieved by changing the amine unit,
and the amide 7b, bearing a different N-substituent, was also
synthesized in an analogous manner.*’

In conclusion, we have described for the first time the use of
aminoboronic acids as efficient catalysts for the direct intra-
molecular hetero-Michael addition of a,f-unsaturated carboxylic
acids. In addition, we have developed an asymmetric version of
this protocol using a dual catalytic system composed of an
aminothiourea and an arylboronic acid”* and demonstrated the
potential of this system for the facile construction of heterocyclic
compounds with a high level of enantioselectivity. Further
studies toward elucidating the mechanism of this reaction as well
as identifying further uses for this dual catalytic system are
currently underway in our laboratory and will be reported in due
course.

B ASSOCIATED CONTENT
© Supporting Information

Experimental procedures, analytical and spectroscopic data for
new compounds. This material is available free of charge via the
Internet at http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Author

*E-mail: takemoto@pharm.kyoto-u.ac.jp.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We gratefully acknowledge a Grant-in-Aid for Scientific Research
(Y.T.) on Innovative Areas ‘Advanced Molecular Trans-
formations by Organocatalysts’ from MEXT, Japan.

B REFERENCES

(1) For recent reviews, see: (a) Modern Heterocyclic Chemistry; Alvarez-
Builla, J,, Vaquero, J. J,, Barluenga, J., Eds.; Wiley-VCH: Weinheim,
2011. (b) Progress in Heterocyclic Chemistry, Vol. 25; Gribble, G. W.,
Joule. J. A, Eds.; Elsevier: Oxford, 2013.

(2) (a) Dewick, P. M. Medicinal Natural Products: A Biosynthetic
Approach; Wiley: Chichester, UK, 2009. (b) Dictionary of Alkaloids,
2nd ed.; Buckingham, J., Baggaley, K. H., Roberts, A. D., Szabo, L. F,,
Eds.; CRC Press: Boca Raton, FL, 2010.

(3) For recent reviews on aza-Michael reactions, see: (a) Krishna, P. R.;
Sreeshailam, A.; Srinivas, R. Tetrahedron 2009, 65, 9657. (b) Enders, D.;
Wang, C; Liebich, J. X. Chem.—Eur. J. 2009, 15, 11058. (c) Wang, J.; Li,
P.; Choy, P.Y.; Chan, A. S. C.; Kwong, F. Y. ChemCatChem 2012, 4,917
and references cited therein.

(4) For selected recent examples of asymmetric intramolecular aza-
Michael reactions using a,f-unsaturated esters, see: (a) Bandini, M.;
Eichholzer, A,; Tragni, M,; Umani-Ronchi, A. Angew. Chem., Int. Ed.
2008, 47, 3238. (b) Bandini, M.; Bottoni, A.; Eichholzer, A.; Miscione,
G. P.; Stenta, M. Chem.—Eur. J. 2010, 16, 12462.

(5) For recent reviews on oxa-Michael reactions, see: (a) Nising, C. F.;
Brise, S. Chem. Soc. Rev. 2008, 37, 1218. (b) Hintermann, L. Top.
Organomet. Chem. 2010, 31, 123. (c) Nising, C. F.; Brise, S. Chem. Soc.
Rev. 2012, 41, 988 and references cited therein.

(6) For selected recent examples of asymmetric intramolecular oxa-
Michael reactions using a,f-unsaturated esters and amides, see:
(a) Gioia, C; Fini, F.; Mazzanti, A,; Bernardi, L.; Ricci, A. ]. Am.
Chem. Soc. 2009, 131, 9614. (b) Tokunou, S.; Nakanishi, W.; Kagawa,
N.; Kumamoto, T.; Ishikawa, T. Heterocycles 2012, 84, 104S.
(c) Hintermann, L.; Ackerstaff, J.; Boeck, F. Chem.—Eur. ]. 2013, 19,
2311. (d) Kobayashi, Y.; Taniguchi, Y.; Hayama, N.; Inokuma, T.;
Takemoto, Y. Angew. Chem., Int. Ed. 2013, 52, 11114.

4259

(7) For a recent review on the asymmetric hetero-Michael reaction,
see: (a) Hartmann, E.; Vyas, D. J.; Oestreich, M. Chem. Commun. 2011,
47,7917. For selected recent examples of asymmetric intermolecular
hetero-Michael reactions, see: (b) Vanderwal, C. D.; Jacobsen, E. N. J.
Am. Chem. Soc. 2004, 126, 14724. (c) Matsunaga, S.; Kinoshita, T;
Okada, S.; Harada, S.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 7559.
(d) Yamagiwa, N.; Qin, H.; Matsunaga, S.; Shibasaki, M. J. Am. Chem.
Soc. 2008, 127, 13419. (e) Bertelsen, S.; Dinér, P.; Johansen, R. L,;
Jorgensen, K. A. J. Am. Chem. Soc. 2007, 129, 1536. (f) Sibi, M. P.; Itoh,
K. J. Am. Chem. Soc. 2007, 129, 8064.

(8) (a) Tale, R. H; Patil, K. M. Tetrahedron Lett. 2002, 43, 9715.
(b) Tale, R. H,; Patil, K. M.; Dapurkar, S. E. Tetrahedron Lett. 2003, 44,
3427. (c) Maki, T.; Ishihara, K; Yamamoto, H. Synlett 2004, 135S.
(d) Sakakura, A.; Ohkubo, T.; Yamashita, R.; Akakura, M.; Ishihara, K.
Org. Lett. 2011, 13, 892.

(9) (a) Curtius, T. Ber. 1890, 23, 3023. (b) Shioiri, T.; Ninomiya, K;
Yamada, S. J. Am. Chem. Soc. 1972, 94, 6203. (c) Schmidt, R. F. Ber.
1924, 57,704. (d) Hunsdiecker, H.; Hunsdiecker, C. Ber. 1942, 75, 291.

(10) (a) Ishihara, K.; Ohara, S.; Yamamoto, H. J. Org. Chem. 1996, 61,
4196. (b) Arnold, K; Davies, B; Giles, T. L.; Grosjean, C.; Smith, G. E.;
Whiting, A. Adv. Synth. Catal. 2006, 348, 813. (c) Arnold, K;; Batsanov,
A. S.; Davies, B.; Whiting, A. Green Chem. 2008, 10, 124. (d) Nguyen, T.
B.; Sorres, J.; Tran, M. Q.;; Ermolenko, L.; Al-Mourabit, A. Org. Lett.
2012, 14, 3202. (e) Yamashita, R.; Sakakura, A.; Ishihara, K. Org. Lett.
2013, 15, 3654. (f) Gernigon, N.; Al-Zoubi, R. M.; Hall, D. G. J. Org.
Chem. 2012, 77, 8386.

(11) Wang, S.-Q; Wang, Z.-W.; Yang, L.-C,; Dong, J.-1; Chi, C.-Q;
Sui, D.-N.; Wang, Y.-Z.; Ren, J.-G.; Hung, M.-Y,; Jiang, Y.-Y. ]. Mol.
Catal. A: Chem. 2007, 264, 60.

(12) For recent books and reviews, see: (a) Ishihara, K.; Yamamoto, H.
Eur. J. Org. Chem. 1999, 527. (b) Lewis Acids in Organic Synthesis;
Yamamoto, H., Ed.; Wiley-VCH: Weihneim, 2000. (c) Duggan, P.;
Tyndall, E. M. J. Chem. Soc, Perkin Trans. 1 2002, 1325. (d) Boronic
Acids, 2nd ed; Hall, D. G, Ed; Wiley-VCH: Weinheim, 2011.
(e) Dimitrijevi¢, E.; Taylor, M. S. ACS Catal. 2013, 3, 94S.

(13) (a) Al-Zoubi, R; Marion, O.; Hall, D. G. Angew. Chem.,, Int. Ed.
2008, 47, 2876. (b) Zheng, H.; Hall, D. G. Tetrahedron Lett. 2010, 51,
3561. (c) Zheng, H.; McDonald, R.; Hall, D. G. Chem.—Eur. . 2010, 16,
5454.

(14) Zheng, H.; Ghanbari, S.; Nakamura, S.; Hall, D. G. Angew. Chem.,,
Int. Ed. 2012, 51, 6187.

(15) Marcelli, T. Angew. Chem., Int. Ed. 2010, 49, 6840. (b) Wang, C.;
Yu, H-Z,; Fu, Y.; Guo, Q.-X. Org. Biomol. Chem. 2013, 11, 2140.

(16) For recent reviews on thiourea catalysts, see: (a) Doyle, A. G.;
Jacobsen, E. N. Chem. Rev. 2007, 107, 5713. (b) Connon, S. J. Chem.
Commun. 2008, 2499. (c) Zhang, Z.; Schreiner, P. R. Chem. Soc. Rev.
2009, 38, 1187. (d) Takemoto, Y. Chem. Pharm. Bull. 2010, §8, 593.
(e) Auvil, T. J.; Schafer, A. G.; Mattson, A. E. Eur. J. Org. Chem. 2014,
2633.

(17) Yamaoka, Y.; Miyabe, H.; Takemoto, Y. J. Am. Chem. Soc. 2007,
129, 6686.

(18) Coghlan, S. W.; Giles, R. L.; Howard, J. A. K; Probert, M. R;;
Smith, G. E.; Whiting, A. J. Organomet. Chem. 2008, 690, 4784.

(19) The detailed optimization is described in the Supporting
Information (SI).

(20) The method for determining the absolute configuration is
described in the SI.

(21) Latif, Z.; Hartley, T. G.; Rice, M. J.; Waigh, R. D.; Waterman, P. G.
J. Nat. Prod. 1998, 61, 614.

(22) Very recently, an interesting reaction using an achiral boronic acid
with a chiral diol has been reported; see: Hashimoto, T.; Galves, A. O,;
Maruoka, K. J. Am. Chem. Soc. 2013, 135, 17667.

dx.doi.org/10.1021/01501954r | Org. Lett. 2014, 16, 4256—4259



