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ABSTRACT: We report the first enantio- and diastereoselective 1,4-
addition of butenolides to chromones. Both a,f- and B,y-butenolide
nucleophiles are compatible with the Zn-ProPhenol catalyst, and pre-
activation as the siloxyfurans is not required. The scope of electrophiles
includes a variety of substituted chromones, as well as a thiochromone
and a quinolone, and the resulting vinylogous addition products are
generated in good yield (31 to 98%), diastereo- (3:1 to >30:1), and
enantioselectivity (90:10 to 99:1 er). These Michael adducts allow
rapid access to several natural product analogs, and can be easily trans-
formed into a variety of other interesting scaffolds as well.

The chromanone lactones are a class of natural products consisting
of 4-chromanones bearing a five-membered lactone at the 2-position.
Comprised of no less than three dozen members,* this family of natural
products includes several biologically active molecules (Scheme 1).
For example, blennolides D and E have antifungal and antialgal proper-
ties,” and microdiplodiasone inhibits the bacteria responsible for Le-
gionnaires’ disease.? In light of their structural diversity and biological
activity, it is no surprise that the total synthesis of chromanone lactone
natural products has been an active area of research.! In addition to
being attractive synthetic targets themselves, chromanone lactones can
also be used as synthetic intermediates to access tetrahydroxanthone
natural products, many of which also have interesting biological

Scheme 1. Chromanone Lactones in Natural Products and as
Synthetic Intermediates.
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properties.’ To this end, Porco and coworkers demonstrated that
Dieckmann condensation of chromanone lactone 1 generates blennol-
ide B,* which is the monomeric unit of secalonic acid D. The latter
compound has antimicrobial properties,® and is also a topoisomerase
inhibitor with potential anticancer applications.”

The asymmetric preparation of butenolide-containing molecules is
of broad interest for natural product synthesis.® More specifically, the
vinylogous addition of butenolides (or their synthetic equivalents) to
chromones is an attractive strategy for accessing chromanone lactones
and while this method has been used to synthesize several natural
products, an asymmetric version of this transformation is completely
unknown. Taking advantage of the 5-hydroxy substitution that is often
present in naturally occurring chromanone lactones, Porco et. al. de-
veloped a method whereby benzopyrylium ions generated in situ from
S-hydroxychromones are trapped by siloxyfurans (Scheme 2a). The
resulting adducts were carried forward into concise total syntheses of
()-blennolides B and C,* as well as syntheses of (+)-gonytolides A
and C that relied on a kinetic resolution to set the absolute stereochem-
istry.” Based on an initial observation by Brimble,” Li and Zhang devel-
oped a moderately diastereoselective vinylogous addition of siloxy-
furans to chromones promoted by TMSI (Scheme 2b). Using this
strategy, the authors were able to complete total syntheses of (+)-
microdiplodiasone, (+)-gonytolides C and G, and (+)-lachnone C.

Scheme 2. Summary of Prior and Current Work.
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As evidenced by the examples presented in Scheme 2a-b, the 1,4
addition of activated butenolides to chromones is a well-precedented
and direct strategy for synthesizing chromanone lactone natural prod-
ucts, but the lack of an enantioselective variant is a major limitation.
Given our recent success using Zn-ProPhenol to catalyze the asymmet-
ric addition of butenolides to both aldimines® and ketimines,*! we
were curious to see whether we could use this catalyst to promote the
enantioselective addition of butenolides to chromones. We anticipated
this would be a challenging transformation. Although we knew that
butenolide nucleophiles were well-suited for ProPhenol catalysis, we
were less confident about using chromones as electrophiles. While the
use of Zn-ProPhenol to catalyze 1,2-additions to aldehydes and
imines'? is well established, ProPhenol-catalyzed 1,4-addition reactions
are much less common.*?

To initiate our studies, we treated chromone 2a with a-angelica lac-
tone 3a in the presence of 10 mol % Zn-ProPhenol in toluene. Re-
markably, Michael adduct 4aa was obtained as the sole product in 70%
NMR yield with moderate dr and er (Table 1, entry 1). With halogen-
ated solvents (entries 2 and 3) or ether (entry 4), both the yield and
selectivities were lower than in toluene. Fortunately, THF gave signifi-
cantly better results, and 4aa was obtained in a much-improved 77%
yield, 14:1 dr, and 93:7 er (entry S). Lowering the temperature to 4 °C
improved both the diastereo- and enantioselectivity without impacting
the yield (entry 6). Interestingly, the addition of molecular sieves gave
a slightly better yield of 4aa, though the diastereoselectivity dropped
precipitously (entry 7). Attempts to improve the enantio- and dia-
stereoselectivity using non-C2-symmetric ProPhenol ligands'* were
unsuccessful (Table S1), but further lowering the temperature to -10
°C was beneficial (entry 8) and furnished 4aa in 75% isolated yield with
16:1drand 97.5:2.5er.

Table 1. Reaction Optimization.*

0]

2a(1.0equiv) 3a (1.3 equiv)

10 mol %
(S,S)-ZnProPhenol
solvent, temperature

entry solvent T yield (%) dr er

1 PhMe rt 70 6:1 74:26

2 CH»CL rt 42 2:1 55.5:44.5
3 CHCl; rt 43 2:1 52.5:47.5
4 Et.O rt S3 3:1 61:39

S THEF rt 77 10:1 93:7

6 THEF 4°C 79 14:1 95.5:4.5
7° THF 4°C 91 13:1 919

8 THEF -10°C 75¢ 16:1 97.5:2.5

* All reactions were performed on 0.1 mmol scale at 0.33 M for 12
hours. Yields are NMR vyields relative to 1,3,5-trimethoxybenzene as an
internal standard; dr determined by crude 'H NMR, er determined by
chiral HPLC. ® With 3 A MS. < Isolated yield.

With optimized conditions (Table 1, entry 8) in hand, we set out to
evaluate the scope of chromones that would participate in this trans-
formation (Scheme 3). A 6-nitro substituent did not significantly im-
pact yield or selectivity (4ba), and while 6-fluoro substitution led to
reduced diastereoselectivity, good yield and enantioselectivity were

Scheme 3. Scope of Chromone Electrophiles.?
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4 ja: 58% yield, >30:1dr® 4ka: 76% yield, >30:1dr 41a:31%y (61% brsm)
96.5:3.5er 99:1er 4:1dr,97:3 er

* All reactions performed overnight on 0.20 mmol scale. Yields are
isolated yields; dr determined by crude 'H NMR, er determined by
chiral HPLC. ® Reaction run at 4 °C.

retained (4ca). Other halogen substituents were well-tolerated, and
excellent results were observed with both 6-chlorochromone (4da)
and 6-bromochromone (4ea). Recrystallization of the latter upgraded
the er to >99.5 : 0.5 and allowed us to determine the absolute and rela-
tive stereochemistry of 4ea — and by analogy, all other products 4 - by
x-ray crystallography.

Chromones with electron-donating substituents at the 6-position
were particularly good electrophiles. With 6-methylchromone, chro-
manone lactone 4fa formed in 93% yield, S:1 dr, and 92:8 er and with
6-methoxychromone, Michael adduct 4ga was obtained in near-
quantitative yield with 7:1 dr and 98:2 er. Interestingly, shifting the
electron-donating substituent to the 7-position resulted in decreased
reactivity, though diastereo- and enantioselectivity were unaffected.
With 7-methylchromone, partial conversion was observed and 4ha was
obtained in 54% vyield with excellent dr and er. Similarly, 7-
methoxychomone also partially reacted to afford 4ia in 49% yield (78%
brsm), 6:1 dr, and 95:S er. Introduction of a second methoxy group at
the S-position was also tolerated and while the reaction stopped at 65%
conversion — presumably due to the poor solubility of 2j — adduct 4ja
was obtained as a single diastereomer in 58% yield with 96.5 : 3.5 er.
Finally, we were pleased to find that our method was not limited to
chromones. Using thiochromone as the electrophile led to the for-
mation of 4ka in 76% yield as a single diastereo- and enantiomer. Excel-
lent enantioselectivity was also observed when an N-Cbz quinolone
was used as the Michael acceptor and although the reaction was slug-
gish, 4la was still obtained in 31% yield (61% brsm).

After establishing the electrophile scope, we next set out to see what
types of butenolides would participate in this transformation. Due to
the ease of synthesis of a,f-butenolides relative to the corresponding
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B,y-unsaturated compounds, we were particularly interested in utilizing
the former. While a,p-butenolides did react under the conditions de-
veloped for a-angelica lactone 3a, reactions were sluggish and incom-
plete conversion was typically observed, presumably due to a kinetical-
ly more challenging enolization. Fortunately, this barrier could be
overcome by increasing the catalyst loading and reaction temperature,
which offered improved yields without substantially impacting dia-
stereo- and enantioselectivity.

To this end, allyl-substituted butenolide 3b reacted with both chro-
mone and 6-bromochromone to generate the corresponding Michael
adducts 4ab and 4eb respectively with good yield and diastereoselec-
tivity and 96:4 er (Scheme 4). Similarly, propargyl- (3c) and benzyl-
substituted butenolides (3d) were also suitable substrates. With the
former, 4ac was obtained in 3:1 dr and 95.5 : 4.5 er and with the latter,
4ed was isolated in 90:10 er with comparable yield and diastereoselec-
tivity. Lastly, a butenolide with a phthalimide on the side chain (3e)
was also tolerated, and 4ee was isolated in 53% yield, 4:1 dr, and 96:4
er. While our method is well-suited for S-substituted butenolides, low
conversion was always observed with unsubstituted butenolides.

Scheme 4. Scope of Butenolide Nucleophiles.

(@]
15 mol %
I+ (S,S)-ZnProPhenol
OF° S
2(1.0 equw) 3 (1.3 equiv)

4ab: 65% yield, 4:1dr
96:4 er

4eb:72% yield, 5:1dr
96:4er

4ac: 70% yield, 3:1dr
955:4.5er

4ed: 66% yield, 4:1dr
90:10er

* All reactions performed overnight on 0.20 mmol scale. Yields are
isolated yields; dr determined by crude ‘H NMR, er determined by
chiral HPLC.

4ee: 53% yield, 4:1dr
96:4 er

To demonstrate the scalability of our method, chromanone lactone
4aa was prepared on gram-scale (Scheme S). Notably, the reaction
could be performed at reduced catalyst loading with no deterioration in
yield or selectivity (cf. Scheme 3), and 4aa was obtained in 86% yield,
15:1 dr, and 98:2 er. With this material in hand, we set out to highlight
the synthetic utility of the Michael adducts accessible using our meth-
odology. Reduction of 4aa with NaBH4 was completely diastereoselec-
tive and afforded chromanol 5 as a single stereoisomer in 72% yield.
Alternatively, NaBH: in the presence of NiCl selectively reduced the
butenolide alkene, furnishing saturated lactone 6 in excellent yield.
Upon treatment with sodium hydride, lactone 6 underwent
Dieckmann condensation to afford tricycle 7, which is a tertiary alcohol
analog of blennolide B. Interestingly, this cyclization occurred with
inversion of stereochemistry at the chromanone, presumably via elimi-
nation and readdition of the phenolate ion as proposed by Porco.*

Saegusa oxidation'® of 4aa afforded chromone 8, a noteworthy result
given the prevalence of chromones in natural products and pharmaceu-
ticals.'® Baeyer-Villiger oxidation of 4aa occurred with the expected
selectivity and while it was necessary to halt the reaction prior to full
conversion to avoid decomposition, seven-membered lactone 9 could
be obtained in 40% yield based on recovered starting material. Interest-

ingly, whereas complete selectivity for aryl migration was observed

Scheme 5. Gram-Scale Synthesis and Derivatizations.
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under Baeyer-Villiger condit?ons, the opposite was true when 4aa was
treated with hydrazoic acid; the resulting Schmidt rearrangement oc-
curred with complete selectivity for alkyl migration, affording lactam
10 in 43% yield. This curious selectivity has been observed previously
for other chromanones."”

Since the relative stereochemistry of our products matches that ob-
served by Porco in his work on the addition of siloxyfurans to chro-
mones, we believe that the diastereoselectivity is a feature inherent to
this type of transformation. As noted by Porco,* the Si - Si transition
state (Scheme 6, top) bears a remarkable resemblance to an endo
Diels-Alder transition state, and may thus be stabilized by secondary
orbital overlap. On the other hand, the diastereomeric Re > Si transi-
tion state could be destabilized by lone pair-lone pair repulsion

Scheme 6. Proposed Explanation for Selectivity.
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between the ring oxygens in the chromone and the butenolide. To
explain the observed enantioselectivity, we propose a model based on a
crystal structure of the dinuclear Zn-ProPhenol complex bound to a 4-
nitrophenolate ion (Scheme 6, bottom)."* We posit that like the phe-
noxide, the enolate of the butenolide acts as a bridging ligand between
the two zinc centers. The Si > Si transition state — which leads to the
major (R,R) product — places the bulk of the chromone in an open
quadrant of the catalyst pocket, whereas the enantiomeric Re > Re
transition state generates a steric clash between the chromone and the
aryl groups of one of the diphenylprolinol units.

In conclusion, we developed the first asymmetric vinylogous addi-
tion of butenolides to chromones. This transformation occurs with
good to excellent enantio- and diastereoselectivity and yields are typi-
cally high. A variety of substituted chromones - as well as a thiochro-
mone and a protected quinolone - can be used as electrophiles, and
both a,f- and B,y-butenolides function as nucleophiles. Notably, the
butenolides participate directly, and preactivation as the siloxyfurans is
not necessary. The chromanone lactones accessible using this method-
ology are versatile scaffolds for further functionalization, and can be
rapidly transformed into chromanols, chromones, and tetrahydroxan-
thones.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the ACS
Publications website.

Experimental procedures, characterization data, and ‘H/**C NMR
spectra for 4 — 10 and crystallographic data for 4ea (CCDC 1879288).

AUTHOR INFORMATION

Corresponding Author
*Email: bmtrost@stanford.edu

Author Contributions
+ E. G.and C. A. K. contributed equally.

Notes
The authors declare no competing financial interests.

ACKNOWLEDGMENT

We thank Dr. Jana Maclaren (Stanford University) for obtaining a
crystal structure of compound 4ea.

REFERENCES

1. Dictionary of Natural Products, version 27.1; CRC Press: Boca Raton, FL,
2018; accessed Dec 12, 2018. A substructure search for the chromanone lactone
core returned 40 molecules.

2. Zhang, W.; Krohn, K,; Zia-Ullah; Florke, U.; Pescitelli, G.; DiBari, L.; An-
tus, S.; Kurtén, T.; Rheinheimer, J.; Draeger, S.; Schulz, B. New Mono- and
Dimeric Members of the Secalonic Acid Family: Blennolides A-G Isolated from
the Fungus Blennoria sp. Chem. Eur. J. 2008, 14,4913 - 4923.

3. Siddiqui, I. N.; Zahoor, A.; Hussain, H.; Ahmed, 1; Ahmad, V. U,; Padula,
D.; Draeger, S.; Schulz, B.; Meier, K.; Steinert, M.; Kurtén, T.; Florke, U.; Pesci-
telli, G.; Krohn, K. Diversonol and Blennolide Derivatives from the Endophytic
Fungus Microdiplodia sp.: Absolute Configuration of Diversonol. J. Nat. Prod.
2011, 74,365 - 373.

4. (a) Qin, T.; Johnson, R. P; Porco, J. A,, Jr. Vinylogous Addition of Siloxy-
furans to Benzopyryliums: A Concise Approach to the Tetrahydroxanthone
Natural Products. J. Am. Chem. Soc. 2011, 133, 1714 — 1717. (b) Bréhmer, M.
C.; Bourcet, E.; Nieger, M.; Brise, S. A Unified Strategy for the Asymmetric

Total Syntheses of Diversonol and Lachnone C. Chem. Eur. J. 2011, 17, 13706
- 13711. (c) Tietze, L. F.; Jackenroll, S.; Hierold, J.; Ma, L.; Waldecker, B. A
Domino Approach to the Enantioselective Total Syntheses of Blennolide C and
Gonytolide C. Chem. Eur. J. 2014, 20, 8628 — 8635. (d) Sudhakar, G.; Bayya,
S.; Kadam, V. D.; Nanuboly, J. B.,; Total Synthesis of Gonytolides C and G,
Lachnone C, and Formal Synthesis of Blennolide C and Diversonol. Org. Bio-
mol. Chem. 2014, 12, 5601 - 5610. (e) Liu, J.; Li, Z.; Tong, P.; Xie, Z.; Zhang,
Y.; Li, Y. TMSI-Promoted Vinylogous Michael Addition of Siloxyfuran to 2-
Substituted Chromones: A General Approach for the Total Synthesis of Chro-
manone Lactone Natural Products. J. Org. Chem. 20185, 80, 1632 - 1643. (f) Li,
F. F; Atkinson, D. J.; Furkert, D. P.; Brimble, M. A. A Convergent Synthesis of
Gonytolide C Using an Intramolecular Oxa-Michael Addition. Eur. J. Org.
Chem. 2016, 1145 - 1158. (g) Liu, P.; Wang, P.-S. Palladium-catalyzed Asym-
metric Allylic C-H Oxidation for the Formal Synthesis of Gonytolide C. Chem.
Lett. 2017, 46, 1190 — 1192. (h) Adachi, K.; Hasegawa, S.; Katakawa, K.; Ku-
mamoto, T. Total Synthesis of (+)-Blennolide C and (+)-Gonytolide C via
Spirochromanone. Tetrahedron Lett. 2017, 58, 4479 — 4482. (i) Senthilkumar,
S.; Valdomir, S.; Ganapathy, D.; Zhang, Y.; Tietze, L. F. Enantioselective Total
Synthesis of the Fungal Metabolite Blennolide D and the Enantiomers of Blen-
nolide E and F. Org. Lett. 2018, 20, 2186 - 2189. (j) Wu, X.; Iwata, T.; Scharf,
A.; Qin, T.; Reichl, K. D.; Proco, J. A, Jr. Asymmetric Synthesis of Gonytolide
A: Strategic Use of an Aryl Halide Blocking Group for Oxidative Coupling. J.
Am. Chem. Soc. 2018, 140, 5969 — 5975.

S. Masters, K.-S.; Brise, S. Xanthones from Fungi, Lichens, and Bacteria:
The Natural Products and Their Synthesis. Chem. Rev. 2012, 112,3717 - 3776.

6. Andersen, R.; Biichi, G.; Kobbe, B.; Demain, A. L. Secalonic Acids D and
F are Toxic Metabolites of Aspergillus aculeatus. J. Org. Chem. 1977, 42, 352 -
353.

7.(a) Zhang, J.-Y.; Tao, L.-Y,; Liang, Y.-J.; Yan, Y.-Y,; Dai, C.-L.; Xia, X.-K;
She, Z.-G.; Lin, Y.-C.; Fu, L.-W. Secalonic Acid D Induced Leukemia Cell
Apoptosis and Cell Cycle Arrest of G1 with Involvement of GSK-3f/p-
Ccatenin/c-Myc Pathway. Cell Cycle 2009, 8, 2444 — 2450. (b) Hong, R. Seca-
lonic acid D as a Novel DNA Ttopoisomerase I Inhibitor from Marine Lichen-
derived Fungus Gliocladium sp. T31. Pharm. Biol. 2011, 49, 796 — 799.

8. For a review, see: Mao, B.; Fanands-Mastral, M.; Feringa, B. L. Catalytic
Asymmetric Synthesis of Butenolides and Butyrolactones. Chem. Rev. 2017,
117,10502 - 10566. .

9. Stubbing, L. A.; Li, F. F.; Furkert, D. P.; Caprio, V. E.; Brimble, M.

A. Access to 2-Alkyl Chromanones via a Conjugate Addition Approach. Tetra-
hedron 2012, 68, 6948 — 6956.

10. Trost, B. M.; Gnanamani, E.; Tracy, J. S.; Kalnmals, C. A. Zn-ProPhenol
Catalyzed Enantio- and Diastereoselective Direct Vinylogous Mannich Reac-
tions between a,p- and B,y-Butenolides and Aldimines. . Am. Chem. Soc. 2017,
139,18198 — 18201.

11. Trost, B. M.; Hung, C.-L; Scharf, M. J. Direct Catalytic Asymmetric Vi-
nylogous Additions of a,- and p,y-Butenolides to Polyfluorinated Alkynyl
Ketimines. Angew. Chem. Int. Ed. 2018, 130, 11578 - 11582.

12. For a recent example of 1,2-additions to imines, see: Trost, B. M.; Hung,
C.-L; Saget, T.; Gnanamani, E. Branched Aldehydes as Linchpins for the Enan-
tioselective and Stereodivergent Synthesis of 1,3-Aminoalcohols Featuring a
Quaternary Stereocentre. Nat.Catal. 2018, 1, 523.

13. (a) For a previous example of a ProPhenol-catalyzed vinylogous 1,4-
addition with a butenolide nucleophile, see: Trost, B. M.; Hitce, J. Direct
Asymmetric Michael Addition to Nitroalkenes: Vinylogous Nucleophilicity
Under Dinuclear Zinc Catalysis. J. Am. Chem. Soc. 2009, 131, 4572 - 4573. (b)
For a review on ProPhenol-catalyzed processes, including 1,4-addition reac-
tions, see: Trost, B. M.; Bartlett, M. J. ProPhenol-Catalyzed Asymmetric Addi-
tions by Spontaneously Assembled Dinuclear Main Group Metal Complexes.
Acc. Chem. Res. 2015, 48,688 — 701.

14. Trost, B. M; Hung, C.-I; Koester, D. C.; Miller, Y. Development of
Non-C2-symmetric ProPhenol Ligands. The Asymmetric Vinylation of N-Boc
Imines. Org. Lett. 20185, 17,3778 - 3781.

15. Diao, T.; Stahl, S. S. Synthesis of Cyclic Enones via Direct Palladium-
Catalyzed Aerobic Dehydrogenation of Ketones. J. Am. Chem. Soc. 2011, 133,
14566 — 14569.

16. For a review on the relevance of chromones in medicinal chemistry, see:
Gaspar, A,; Matos, M. J.; Garrido, J.; Uriarte, E.; Borges, F. Chromone: A Valid
Scaffold in Medicinal Chemistry. Chem. Rev. 2014, 114, 4960 — 4992.

ACS Paragon Plus Environment

Page 4 of 6



Page 50of 6 Journal of the American Chemical Society

17. Crosby, I. T.; Shin, J. K; Capuano, B. The Application of the Schmidt
Reaction and Beckmann Rearrangement to the Synthesis of Bicyclic Lactams:
Some Mechanistic Considerations. Aust. J. Chem. 2010, 63,211 - 226.

18. Xiao, Y.; Wang, Z.; Ding, K. Copolymerization of Cyclohexene Oxide
with CO: by Using Intramolecular Dinuclear Zinc Catalysts. Chem. Eur. J.
2008, 11, 3668 - 3678.

oNOYTULT D WN =

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

Insert Table of Contents artwork here

Page 6 of 6

N 0 THF,-10°Ctort
R

0. (S,S)-ZnProPhenol
Ph Ph
O Et O
Ph \Zn/ Zn/ Ph
BV AR
N O N

R \
17 examples 3:1to >30:1dr
31t0 98% yield 90:10t099:1er

Z | | cat. ZnProPhenol

ACS Paragon Plus Environment



