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Abstract: We report an example of Rose Bengal-photosensitixathtion of tertiary amines for
the synthesis of bis-1,3-dicarbonyl compounds. Tpistocol employs Rose Bengal as a
visible-light absorbing photocatalyst without theed of a transition metal, and air as a green
oxidant. Various functional groups were well totechto afford products with yields of up to 80%

under mild reaction conditions.
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1. Introduction

Sunlight is an abundant and renewable energy sdahatecan meet the needs of the earth in
the future.Scientific community long ago recognized the pasrf photochemistry which plays
a crucial role in the conversion of solar energy ichemical transformatiortsHowever, most

organic molecules don't tend to absorb photongenvtsible light region that greatly limited the



potential application of photochemical reactions.order to overcome this drawback, various
photosensitizers have been widely employed in ksiight photoredox catalysfs.Costly
complexes of transition-metal catalysiave been successfully applied in organic syntheaish
as inorganic rutheniumand iridiunt based polypyridyl complexes, or copper-containing
photocatalysts. However, the potential toxicity of the metal casifymay cause pollution to the
environment when deal with it at the end of thectiea. Recently, cheap metal-free organic dyes
have been applied as effective visible light phetsitizer§ such as eosin Ymethylene blué®
Rose Bengal (RB)etc. The application of Rose Bengal in organic lsgsishas attracted the
attention of chemists. It has been successfullyd s a photosensitizer to oxidize amines to
generate highly reactive iminium ion intermediatesler visible light irradiation, which can be
attacked by a variety of nucleophiles. Many newblgslight promoted chemical reactions have
been developed utilizing Rose Bengal as a photaizns

Bis-1,3-dicarbonyl compounds are valuable intermedi or precursors for organic synthesis
and transition metal complexé$Recently, using amine as carbon source to consi@ bond
for the synthesis of bis-1,3-dicarbonyl compounds received considerable attentiblowever,
among these reactions, metdiperoxides- or inorganic oxidants are necessarfpr promoting
the oxidation. These classic methods are often fohm our environment. In order to avoid the
use of those toxic reagents, new synthetic methardihis type of reaction under mild conditions
are highly desirable. Currentlyisible light-mediated oxidation of amines to imini ions and the
subsequent addition of nucleophiles are extensigtlyglied as an efficient method for C-H

d, 14

functionalizatior® which can provide new reaction protocols for thentlsesis of

bis-1,3-dicarbonyl compounds. But, to the bestwflmowledge, up to date only two reports have



been available for the visible-light photocatalyzedctions of this typeScheme 1'° In these
two works, the range of substrates is relativelynited, and only methylene-bridged
bis-1,3-dicarbonyl compounds have been obtainecbxidation of N-methyl amines under the
condition of visible light. Visible-light-inducedx@ation of N-ethyl amines for the synthesis of
ethylidene-bridged bis-1,3-dicarbonyl compounds heger been reported. Therefore, it is still
necessary to develop the application of photoseaditoxidation of tertiary amines for synthesis
of bis-1,3-dicarbonyl compoundsloreover, as far as we know, there are no preceadettiods
for the application of Rose Bengal-photosensitizeridation of tertiary amineswith
1,3-dicarbonylcompounds for synthesis of bis-1,3-dicarbonyl coumats. We herein wish to

report our results about this work.

Previous works*®® 1%
O O
TR Ru(bpz);]2PFg, 4A MS, air R R
R R? MeCN, 30 °C, white LED
| ol o
O
O O
O O Me two 45 W white R Q2
b) RIMRZ + . /TLI\C fluorescent lamps
y y DMSO/H,0 (9/1), air R! R2
Present work: I I
O O
0 o . R] R2
R Rose Bengal, air
R'JK/U\R2 < ONTR £ R3
R4 MeCN, 32 W CFL R R2
R3=H, Me
O O

R*=Me, Et, (CH5),CH
R3= Ph, Et, (CH5),CH

Scheme 1Visible-light photocatalyzed synthesis of bis-1j8adbonyl compounds.



2.Results and Discussion

Our initial study was conducted by investigating e threaction of ethyl

3-oxo0-3-phenylpropanoatéa) with N,N-dimethyl aniling2a) in the presence of 2 mol% of Rose

Bengal in MeCN at room temperature under air atinesp After 24 h of irradiation with a 15 W

compact fluorescent light (CFL) bulh € 405-577 nm), we were delight to fiticlt the reaction

indeed proceeded and the desired methylene-britijed,3-dicarbonyl compound3d was

obtained with 72% yieldT@able 1, entry 1). To verify if visible light and Rose Bemgaere

necessary in this catalytic process, some contpérments were conductedable 1). In the

absence of visible-light irradiation, no desiredduct was observeddble 1, entry 2), indicating

that visible light was necessary for the reactMen the reaction was conducted without Rose

Bengal, a low yield of 22% was obtainethble 1, entry 3), suggesting that Rose Bengal could

promote the reaction. Additionally, to confirm if @layed a role in this process, the reaction was

performed under Ninstead of air, which only gave a very low yield386 (Table 1, entry 4). The

result indicated that air was essential for thetien.

Inspired by the promising result, different sohsninolar ratios of substrates and catalyst

loading were examined to improve the reaction gfficy (Table 1, entries 5-15). The data

confirmed that solvent played an important roléhis reaction. The reaction in MeCN gave the

best yield of 72% after 24 Wéble 1, entry 1). No better results were obtained in otksted

solvents such as MeOH,.8, 1,2-dichloroethane, DMF, DMSO and cyclohexaneslightly

improved vyield of producBa was achieved when molar ratio ranged from 1:0.5:®(la:2a)

(Table 1, entries 1, 10-12Next, the catalyst loading was screened. When asang the loading

of Rose Bengal from 0.5 mol% ton3ol%, the yield increased slightlygble 1, entries 1, 13-15).



Taking into consideration of the yield and the aaghe reaction, MeCNLa:2a= 1:1 and catalyst
dosage of 1 mol% were chosen as the suitable ¢onslitor the reaction.

Table 1.Control experimentandoptimization studies for the reaction I and2a™.

(0] (0]
)O]\/[?\ . IL\ Rose Bengal, air Ph OFt
Ph OEt ©/ Solvent, 15 W CFL o ofh
la 2a O 3a R
Entry Rose Bengal (mol%) Solvent Molar ratio (La:2a) Yield (%)°
1 2 MeCN 11 72
2 2 (dark) MeCN 11 --
3 none MeCN 11 22
4 2 (N, instead of air) MeCN 11 8
5 2 EtOH 11 49
6 2 HO 11 10
7 2 EtOAc 11 45
8 2 CHCI, 11 49
9 2 CICH,CH,CI 11 5
10 2 MeCN 1:0.5 67
11 2 MeCN 1:1.5 74
12 2 MeCN 1:2 76
13 0.5 MeCN 11 68
14 1 MeCN 11 71
15 3 MeCN 11 72

2Reaction conditions: A mixture dfa (0.3 mmol),2a (0.15-0.6 mmol), Rose Bengal (0.5-3 mol %) in sol\érD
mL) was irradiated with a 15 W CFL bulb in air fot B.

PYield of the isolated product after silica gel cmatography.

Next, the effect of different solvent volume andumes of light on the reaction was
investigated (For details, please see the Suppotiiormation Table S1). Based on the
experiment results, 1.0 mL of MeCN and 32 W CFLbbwkre chosen as the optimum conditions
for the reaction (0.3 mmol dfa and 0.3 of mmoRa). Moreover, time course of the reaction was

also investigated, extending the reaction timetéedn increase of the yieldgbles S1 entries



10-13), but yield did not improve obviously aftet &.

With the optimized conditions established, the #als scope of the reaction was explored
using N,N-dimethylaniline Za) as a model substrate to react with varigiketoesters,
1,3-diketonesand 2-benzoylacetanilideTdble 2). It can be seen that substituted ethyl
benzoylacetate could be proceeded smoothly to tieecorresponding products in moderate
yields (Table 2, entries 2-5). Othef-ketoesters such as benzyl benzoylacetate andheyglb
benzoylacetate also performed wédlalle 2, entries 6 and 7), and several kinds of 1,3-diketone
were applicable to the reactiofaple 2, entries 8-10). In addition, heteroaromafi&etoesters
were also successfully applied in this transforaratfTable 2, entries 12 and 13). This is an
efficient method for the synthesis of methylenaelged bis-1,3-dicarbonyl compounds through
oxidation of N, N-dimethylaniline.

Table 2.Reaction ofl with N, N-dimethylaniline 2a)°.

O O
RIURZ N ©/TL\ Roise Bengal, MeCN R! R?
air, 32 W CFL R! R2
1 2a © 3 ©
Entry R R? Product Time (h) Yield (98)
1 Ph OEt 3a 24 76
2 4-F-GH,4 OEt 3b 29 65
3 4-Br-GH, OEt 3c 26 72
4 4-NO-CgH, OEt 3d 24 63
5 3-NO»-CgH,4 OEt 3e 24 63
6 Ph OCH-C¢Hs 3f 24 77
7 Ph Q 3g 29 56
O
8 Ph Me 3h 24 62
Ph Ph 3i 24 45
10 Ph 2-OH-GH,4 3j 24 52
11 Ph NH-GHs 3k 24 60




12 @\ OEt 3l 24 52

13 X OEt 3m 24 39

#Reaction conditions: A mixture df (0.3 mmol),2a (0.3 mmol), Rose Bengal (1 mol %) in MeCN (1.0 mLswa
irradiated with a 32 W CFL bulb in air.

PYield of the isolated product after silica gel clmatography.

The above data show that, Rose Bengal can oxidizeetllyl amines give methylene-bridged
bis-1,3-dicarbonyl compounds under the irradiatidrvisible light. We were curious to know
whether Rose Bengal can catalyze N-ethyl amingé/tothe same type of products. It was nice to
see that the results were consistent with whatxpeaed. 1.5 mmol of Bl (2b) with 0.3 mmol
of laled to a 40% vyield of the desired product ethylekdridged bis-1,3-dicarbonyl compound
(4a) after 8 h (For details, please see the SupportifggrhationTable S2. In order to study the
applicability of the substrate, 48t (2b) as a substrate was used to react WifTable 3). The
reaction with variousp-ketoesters could be proceeded smoothly to give cbreesponding
products.

It is worth mentioning that the expected productsmia achieved when using
1-(2-hydroxyphenyl)-3-phenyl-1,3-propanedione  1j)( as a substrate, but
3-benzoyl-2-methylchroman-4-onéd) and 3-benzoyl-2-methylH-chromen-4-one 5b) were
obtained insteadScheme 2. And we further found thaia could be converted into thsb by an
oxidation process under the standard conditiGthéme 3.

Table 3.Reaction ofl with E&N (2b)?



R! R?
o 0 Rose Bengal, air
1 JJ\/lL , + EtN >
R R MeCN, 32 W CFL R! R?
(0] (0]
1 2b 4
Entry R R? Product Time (h) Yield (98)
1 Ph OEt 4a 8 40
2 4-F-GH, OEt 4b 4 60
3 4-Br-GH,4 OEt 4c 5 80
4 4-NO,-CgH,4 OEt 4d 8 40
5 3-NO-CgH, OEt 4e 8 33
6 OEt 4f 8 55
/ \
(83\
7 X OEt 49 4 65

#Reaction conditions: A mixture df (0.3 mmol),2b (1.5 mmol), Rose Bengal (1 mol %) in MeCN (1.0 mLswa

irradiated with a 32 W CFL bulb in air.

®Yield of the isolated product after silica gel cmatography.

o 0 o o 0o 0
Rose Bengal (1 mol %)
O O * EuN MeCN, 32 W CFL O O ' O | ‘
HO . o 0
1 2b air,4 h 5a sh
0.3 mmol 1.5 mmol 35% 31%

Scheme 2Reaction oflj with E:N (2b).

O O O O
Et;N, Rose Bengal (1 mol%)
O O MeCN, air, 32 W CFL, 24 h O | O
O @)
Sa 5b
0.1 mmol 30%

Scheme 3Conversion obato 5b.

Encouraged by the above experimental results, dénéary amines were also investigated. In
the case of N-ethyl-N-methylethanamirZe)( methylene-bridged bis-1,3-dicarbonyl prodGet

was obtained as a major product in a yield of 4a%ng with a 12% yield ofla after 11 h
8



(Scheme 4. The N-ethyl-N-isopropylpropan-2-amin2dj reacted witiLa only led to a 25% vyield
of 4aafter 24 h, but no reaction was observed when usimgppylamine as a substrate.
In total, 21 bis-1,3-dicarbonyl compounds were prefd, and 11 of them are new compounds

and their structures were confirmed by HRM3NMR and“*CNMR.

O O O O
O 0]
Ph)J\/U\ OFt * Et,N-Me Rose Bengal (1 mol %) Ph OEt Ph OEt
t +
MeCN, 32 W CFL
1a 2 air, 11 h Ph OEt Ph OEt
0.3 mmol 1.5 mmol o0 O O O
3a 4a
45 % 12%
O O O O
M )\ J\ Rose Bengal (1 mol %) Ph OEt Ph OEt
+ +
Ph OEt N
§ MeCN, 32 WCFL — pp OEt  Ph OEt
air, 24 h
1a 2d o (0] (0] (0]
6a 4a
0.3 mmol 1.5 mmol 0% 25 %

Scheme 4Reaction oflawith tertiary amine&c and2d.

Finally, in order to understand the mechanism efRlose Bengal-photosensitized oxidation of
tertiary amines, a number of control experimentseweonducted. The UV-visible absorption
spectra of Rose Bengalas performed (the spectrum was shown in the Stipganformation).
Rose Bengal exhibited a strong absorption in te#h light region akmax = 563 nm £ = 33290
L mol™* cm™). On the other hand, undes Mstead of air conditions, the reaction only gavew
yield of 8% {Table 1, entry 4), indicating that £is involved in the reaction. It has been revealed
that in polar aprotic solvents, molecular oxygemlddorm singlet oxygerfO, through energy
transferfrom the RB* to ground-statdO, under visible light irradiation® and 'O, is able to

oxidize tertiary amines! In order to understand the role of molecular oxyiethe reaction, we



determined the rate of product formation in the eabs and presence of
1,4-diazabicyclo[2.2.2]octane (DABCO) which is knoas a quencher of singlet oxyderable

4). The data showed that DABCO (1 equiv) indeedihlaibitive effect on the reaction, especially
at the early stage of the reaction, indicating giaglet oxygen may be involved in the reaction
process. However after 24 h, nearly the same yeldd be obtained as the reaction under
standard conditions suggesting that even in theepiee of DABCO the reaction still can proceed.
Recently, we reported a chlorophyll-catalyzed \esight-mediated synthesis of
tetrahydroquinolines from N,N dimethylanilines and maleimidé®. Like Rose Bengal,
chlorophyll is also a well-known singlet oxygen pogensitizer. In that chlorophyll-mediated
photocatalysis, the addition of 1 equiv of DABCOnabt completely suppressed the reaction
which ruled out the possibility that N,N-dimethyliine might be more reactive to singlet oxygen
than DABCO, Thus, in consideration of the fact ttiet present reaction still can proceed at a
lower rate with the presence of 1 equiv of DABCQe speculate that besides singlet oxygen
(energy transfer), a photoredox catalysis mechamsay also be involved in the reaction.
Furthermore, a test experiment with the presenc @6,6-tetramethylpiperidin-1-yl)oxidanyl
(TEMPO), a free radical scavend@rwas performed. No desired produga was obtained
(Scheme % but some complicated by-products were observad, starting materials did not
consumed completely. This result suggested thatdécal process must be involved in this
reaction. The reduction potential of excited stft&ose Bengal [Es (RB/ RB™) = 0.99 Vvs.
SCE in MeCNF* ?%is sufficient enough for the oxidation of N,N-dithgt aniline (2a) [Half-peak
oxidation potential (B:°) = 0.71 Vvs. SCE in MeCNj? and E4N (2b) [Half-peak oxidation
potential (£,>?) = 0.96 Vvs. SCE in MeCNF?

10



Table 4 The rate of product formation in the absence arderce of DABCO

O O
Q@ 9 | Ph OF
M N._ Rose Bengal (1 mol%), air t
Ph OEt +
la 2a 0] 0]
3a
Entry Time (h) Yield (%)
With DABCO (0.3 mmol) Standard conditions
1 6 27 43
2 12 51 51
3 18 55 70
4 24 75 76

&Standard conditions: A mixture @f (0.3 mmol),2a (0.3 mmol), and Rose Bengal (1 mol %) in MeCN (110 m

was irradiated with a 32 W CFL bulb in air.

®Yield of the isolated product after silica gel cmatography.

O O
o O Ill ) Ph OEt
)j\/[]\ ~ . Rose Bengal (1 mol%), air
Ph OEt * N
6 MeCN, 32 W CFL, 24 h Ph OEt
O O
la 2a TEMPO 3a
0.3 mmol 0.3 mmol 0.3 mmol 0%

Scheme 5Control experiment.

On the basis of our results and the commonly aedepiechanism from the literatut& *%a
plausible mechanism was depict&tiieme § On absorption of visible light, the ground stafe
RB is induced to its excited state RB*. In patheférgy transfer), RB* transfers its energy to the
ground-state oxygeri@.) forming the singlet oxygert®,). A single-electron transfer (SET) from
the tertiary amin& to 102 leads to the amine cation radi@al At the same timel,Og accepts an
electron to form superoxide anion radicab{® Meanwhile, in path B (photoredox catalysis), a
single electron transfer (SET) from the tertiaryirm@? to RB* leads to the amine cation radical

2' % 14b. 14,140, 2304 at the same time, RB* is reduced to thé” RBpon transfer of an electron to

11



O, to form the superoxide radical anion, Owith the concurrent regeneration of RB, the
photocycle completes. Next, the radical cat®ngenerated from the both paths gave up a
hydrogen atom, presumably to the superoxide radinan to afford hydrogen peroxide anion
(HOO) and iminium ion2". Subsequently, the nucleophilic addition of immiuon 2" with
deprotonated nucleophil® (HOO abstracts the proton df to form HO, and 1") affords the
intermediatea. The product3 or 4 can beformed through an elimination/Michael addition
pathway via an intermediatein the presence df.?* Additionally, the generation of 40, was
indirectly proved by the evidence thatsPttould be oxidized to BRO™ by the reaction mixture
of laand2a (After completion of the model reaction, Phwas added to the reaction mixture and
stirred in the dark for 12 h. The formation of;P® could be detected by both HPLC and TLC

through comparison with the authentic sample).

Visible light

Path A

RB Energy RB*

transfer
302
R4
I, 3 1
N . 0, 4 4
RS “CH, R X R
N7 -H* L R3
R’ “CH R> "CH’
2' 2"
. o
RB
RB* Ppath B ?
Photoredox
catalysis

HOO™
o O O
>
H,0, -H' R'J\)J\W
l’

Visible light = RB

(0] (0]
RIMR2
(@) O 1
(@) (@)
R! R?
(0] (0] Rl R2
R3 1 1 , Elimination A
B —— B ————— /R
R! R’ Michael R | R R? N
0O 0 R’ R

3or4 b a
12



Scheme 6Proposed reaction mechanism for the formatio® arfid4.

From the proposed mechanism as show8dheme 6it can be seen that whénreacts with
N,N-dimethylaniline, Rin the intermediat is H. While1j reacts with BN, R® is Me. The latter
is more sterically hindered, which is not easydact with bulky diketondj to form the normal
bis-1,3-dicarbonyl compound, but instead to fd@enby intramolecular Michael addition. Thus,
we also tried to propose the possible reaction ar@sm for the formation dda and5b (Scheme
7). By the same process as describe@céheme 6jntermediatea’ can be obtained. Produsa
could be formed through elimination/intramolecWéichael addition o&'. And productsb could

be formed by oxidation daunder the standard conditions.

| By the same process as described in Scheme 6

O (0]

‘)% + Et;N elimmatlon O Cl O
A\
HO Et/N‘) HO HO

J 2b a' b'

(0] (0] (0] (0]
intramolecular
Michael addition O O [0]
e —
(6) O

Scheme 7Proposed reaction mechanism for the formatiob. of

3. Conclusion

In conclusion, cheap and readily available RosegBemas used as a photosensitizer to

oxidize tertiary amines for the synthesis of bi8-dicarbonyl compounds under the irradiation of

visible light. This work avoids the use of metatatgst and peroxides as terminal oxidant, and

instead air was used as a clean oxidant. The abilty of the substrate is good. Various

13



methylene- and ethylidene- bridged bis-1,3-dicayh@ompounds were obtained with yields of
up to 80%. Meanwhile, the 3-benzoyl-2-methylchromamne and

3-benzoyl-2-methyl-Bi-chromen-4-one were obtained under the standarditooms.

4. Experimental Section
4.1.General experimental details

Rose bengal was purchased from aladdin industr@iporation Shanghai, China.
R104993-1g, 95%. Unless otherwise noted, all relsgevere purchased from commercial
suppliers and used without further purification. aB#ons were monitored by thin-layer
chromatography (TLC) with Haiyang GF 254 silica geates (Qingdao Haiyang chemical
industry Co Ltd, Qingdao, China) using UV light awdnillic aldehyde as visualizing agents.
Flash column chromatography was performed using3®@mesh silica gel at increased pressure.
'H NMR spectra and®C NMR spectra were respectively recorded on 600 MHd 150 MHz
NMR spectrometers. Chemical shiftd (vere expressed in ppm with TMS as the interraaidsrd,
and coupling constantd)(were reported in Hz. High-resolution mass spewsieae obtained by
using ESI ionization sources (Varian 7.0 T FTICR)MBelting points were taken on a WPX-4

apparatus and were uncorrected (Yice instrumerpewgnt Co Ltd, Shanghai).

4.2. General procedure for the synthesis of products

A mixture of1 (0.3 mmol),2a (0.3 mmol) or2b-d (1.5 mmol) and Rose Bengal (1.0 mol%) in
MeCN (1.0 mL) was stirred under irradiation of a B2 compact fluorescent light bulb (The
parallel distance between the bulb and the reafiask was about 2 cm) for the specified reaction

14



time, and monitored by thin layer chromatographiyQJ. The MeCN was removed under reduced
pressure. The crude products were purified by colehromatography on silica gel (petroleum

ether/EtOAc: 20/1~4/1) to give the desired products

4.2.1. Compound 3a'*?

Yellow solid; 76% vyield (45 mg); m.p. 80.4-81°C; R = 0.30 (PE/EtOAc, 6:1); The ratio of
two diastereomers is 1.4:Two diastereomers *H NMR (600 MHz, CDCJ): § = 8.05-8.03 (m,
4H), 7.61-7.56 (m, 2H), 7.51-7.45 (m, 4H), 4.62( 7.3 Hz, 1.17H), 4.55 (§ = 7.3 Hz, 0.85H),
4.25-4.18 (m, 2.40H), 4.12-4.08 (m, 1.76H), 2.76@%6 2H), 1.21 (t) = 7.1 Hz, 3.46 H), 1.11 (t,
J=7.1 Hz, 2.57 H)®*C NMR (150 MHz, CDG)): § = 196.1, 194.8, 169.60, 169.3, 136.1, 135.6,
133.7,128.9, 128.81, 61.6, 61.5, 51.6, 51.4, 287, 14.0, 13.8.

4.2.2. Compound 3b'??

Yellow solid; 65% vyield (42 mg); m.p. 61.6-62C; R = 0.30 (PE/EtOAc, 5:1); The ratio of
two diastereomers is 1.6:Two diastereomers *H NMR (600 MHz, CDCJ): § = 8.14-8.04 (m,
4H), 7.27-7.14 (m, 4H), 4.59 @ = 7.2 Hz, 1.21 H), 4.50 (§ = 7.2 Hz, 0.78 H), 4.26-4.19 (m,
2.52 H), 4.12-4.10 (m, 1.59 H), 2.73-2.53 (m, 2HP2 (t,J= 7.1 Hz, 3.65 H), 1.13 (§,= 7.1 Hz,
2.39 H);*C NMR (150 MHz, CDG)): §193.5, 193.2, 169.5, 169.1,167.0, 165.3, 132.4,9131
131.7,131.6, 131.6, 131.5, 116.0, 61.7, 61.7,,51.5, 28.1, 27.5, 14.0, 13.9.

4.2.3. Compound 3¢

Yellow oil; 72% yield (60 mg); R= 0.30 (PE/EtOAc, 15:1); The ratio of two diasterers is
1.4:1.Two diastereomers *H NMR (600 MHz, CDCY): & = 7.92-7.9(m, 4H), 7.65-7.61 (m, 4H),
4.56 (t,J= 7.2 Hz, 1.20 H), 4.48 (§,= 7.2 Hz, 0.83 H), 4.25-4.18 (m, 2.50 H), 4.129%4(M, 1.71

15



H), 2.73-2.51 (m, 4H), 1.22 (§,= 7.1 Hz, 3.75 H), 1.13 (8 = 7.1 Hz, 2.66 H)**C NMR (150
MHz, CDCk): § = 194.1, 193.7, 169.3, 169.0, 134.7, 134.3, 13230,3, 130.2, 129.2, 129.1,
61.8, 51.4, 51.3, 28.0, 27.4, 14.0, 13.9.

4.2.4. Compound 3d'*?

Yellow oil; 63% vyield (46 mg); R= 0.30 (PE/EtOACc, 4:1);The ratio of two diastereomis
1:1. Two diastereomers'H NMR (600 MHz, CDCJ): & = 8.37-8.34 (m, 4H), 8.24-8.21 (m, 4H),
4.68 (t,J = 7.0 Hz, 1H), 4.58 (1) = 7.0 Hz, 1H), 4.27-4.20 (m, 2H), 4.16-4.10 (m,)2B178-2.56
(m, 2H), 1.22 (t) = 7.1 Hz, 3H), 1.13 (] = 7.1 Hz, 3H)*C NMR (150 MHz, CDG)): 5 = 193.7,
193.4, 168.9, 168.5, 150.7, 150.7, 140.4, 140.0,912129.8, 124.0,123.9, 62.17, 51.70, 27.47,
26.9, 13.9, 13.8.

4.2.5. Compound 3e

Yellow oil; 63% yield (46 mg); R= 0.30 (PE/EtOACc, 6:1); The ratio of two diasterews is
1:1. Two diastereomers *H NMR (600 MHz, CDCJ): § = 8.87 (d,J = 5.6 Hz, 2H), 8.47 () =
8.4 Hz, 2H), 8.40 (t) = 7.5 Hz, 2H), 7.76-7.72 (m, 2H), 4.69 t= 7.0 Hz, 1H), 4.59 () = 7.0
Hz, 1H), 4.28-4.21 (m, 2H), 4.18-4.11 (m, 2H), 2861 (m, 2H), 1.22 (1 = 7.1 Hz, 3H), 1.15 (t,
J= 7.1 Hz, 3H);}*C NMR (150 MHz, CDGJ): 6 = 193.0, 192.7, 168.8, 168.5, 148.7, 137.3, 137.0,
134.3, 130.1, 130.1, 127.9, 123.7, 123.6, 62.2,6.5, 51.4, 27.4, 27.0, 13.9,13.8. HRMS (ESI)
calc. for GiH2406 (M-H): 485.1190, found: 485.1198.

4.2.6. Compound 3f

Yellow oil; 77% yield (60 mg); R= 0.30 (PE/EtOAc, 10:1); The ratio of two diasterers is
1.3:1. Two diastereomers *H NMR (600 MHz, CDC)): § = 7.95-7.94 (m, 4H), 7.57-7.52 (m,
2H), 7.43-7.38 (m, 4H), 7.28-7.22 (m, 10H), 5.1065(m, 4H), 4.65 () = 7.3 Hz, 1.10 H), 4.56
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(t, J = 7.3 Hz, 0.87 H), 2.82-2.59 (m, 2HJC NMR (150 MHz, CDGJ)): & = 194.7, 194.5, 169.4,
169.1, 135.9, 135.5, 135.3, 135.2, 133.7, 128.8,8,2128.7, 128.6, 128.5, 128.4, 128.3, 128.2,
128.1, 67.4, 67.3, 51.63 (s), 51.6, 51.4, 28.26,277.0. HRMS (ESI) calc. for4H».0s (M+Na)':
543.1778, found: 543.1783.

4.2.7. Compound 3g

Yellow oil; 56% yield (42 mg); R= 0.25 (PE/EtOAc, 20:1); The ratio of two diasterers is
1.4:1. Two diastereomers *H NMR (600 MHz, CDCJ)): 8 = 8.05-8.01 (m, 4H), 7.59-7.55 (m,
2H), 7.50-7.44 (m, 4H), 4.86 (br, 1.11 H), 4.75 B2 H), 4.59-4.50 (m, 2H), 2.78-2.57 (m, 2H),
1.48-1.21 (m, 20H)**C NMR (150 MHz, CDG)): § = 195.1, 194.9, 169.0, 168.8, 136.2, 135.8,
133.6, 128.8, 128.7, 128.6, 51.9, 51.7, 31.3, 33119, 27.9, 27.5, 25.2, 25.1, 23.4, 23.3, 23.2.
HRMS (ESI) calc. for GHs0s (M+Na)': 527.2404, found: 527.2411.

4.2.8. Compound 3h**2

Yellow oil; 62% yield (31 mg); R= 0.30 (PE/EtOACc, 6:1); The ratio of two diasterews is
1:1. Two diastereomers'H NMR (600 MHz, CDCJ): & = 8.06-8.02 (m, 4H), 7.64-7.59 (m, 2H),
7.53-7.44 (m, 4H), 4.71 (8 = 6.9 Hz, 1.08 H), 4.64 (8 = 6.9 Hz, 0.91 H), 2.60-2.15 (m, 2H),
2.19 (s, 3H), 2.15 (s, 3H}’C NMR (150 MHz, CDG): & = 203.8, 203.3, 196.6, 196.4, 136.0,
135.8, 134.0, 129.0, 128.9, 128.9, 128.8, 59.48,58.3, 29.0, 27.4, 27.1.

4.2.9. Compound 3i**?

Yellow oil; 45% yield (31 mg); R= 0.25 (PE/EtOAc, 15:T NMR (600 MHz, CDCJ): & =
8.13 (d,J = 7.7 Hz, 8H), 7.58 (] = 7.2 Hz, 4H), 7.48 (} = 7.4 Hz, 8H), 5.74 ({) = 6.8 Hz, 2H),
2.78-2.75 (m, 2H)}*C NMR (150 MHz, CDG)): § = 196.6, 135.6, 133.9, 129.0, 128.8, 54.1,
29.0.
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4.2.10. Compound 3

Yellow oil; 52% vyield (41 mg); R= 0.30 (PE/EtOAc, 6:1)'H NMR (600 MHz, CDC}): & =
11.91 (s, 1H), 11.87 (s, 1H), 8.19 {d5 7.9 Hz, 1H), 8.14 (dl = 7.6 Hz, 2H), 8.06 (d] = 7.6 Hz,
2H), 7.98 (dJ = 7.9 Hz, 1H), 7.62-7.57 (m, 2H), 7.52-7.46 (m,);7H02-6.99 (m, 3H), 6.94-6.91
(m, 1H), 5.72-5.70 (m, 2H), 2.80-2.79 (m, 2K NMR (150 MHz, CDG)): & = 202.4, 202.3,
195.7, 195.7, 163.5, 163.4, 137.4, 130.4, 130.9,212129.2, 128.8, 128.6, 119.9, 119.0, 118.9,
118.4, 118.2, 53.8, 29.2, 29.0. HRMS (ESI) cala. ®&;H,,0s (M+Na)": 515.1465, found:
515.1472.

4.2.11. Compound 3k™?

Yellow oil; 60% yield (44 mg); R= 0.25 (PE/EtOAc, 5:1)}H NMR (600 MHz, DMSOdg): &
=10.41 (s, 1H), 10.36 (s, 1H), 8.14 (m, 4H), 7/680 (m, 10H), 7.35-7.27 (m, 4H), 7.10-7.04 (m,
2H), 4.74-4.72 (m, 2H), 2.49-2.37 (m, 2HJC NMR (150 MHz, DMSOde): & = 196.4, 195.6,
167.4, 139.4, 139.1, 136.5, 135.9, 134.1, 129.9,312129.2, 129.2, 129.2, 128.9, 124.2, 124.1,
120.1, 120.0, 53.9, 53.7, 29.1, 29.0.

4.2.12. Compound 3/*%

Yellow oil; 52% vyield (32 mg); R= 0.30 (PE/EtOACc, 6:1);The ratio of two diastereomis
1.1:1.Two diastereomers *H NMR (600 MHz, CDCJ): & = 7.92 (dd,) = 16.0, 3.2 Hz, 2H), 7.71
(dd,J=21.2, 4.9 Hz, 2H), 7.18-7.12 (m, 2H), 4.43)(% 7.3 Hz, 1.06 H), 4.38 (§,= 7.3 Hz, 0.94
H), 4.23-4.21 (m, 2.28 H), 4.15-4.13 (m, 1.84 HY422.60 (m, 2H), 1.24 (4 = 7.1 Hz, 3.44 H),
1.16 (t,J = 7.1 Hz, 2.66 H)**C NMR (150 MHz, CDG)): & = 187.5, 187.3, 169.1, 168.8, 143.1,
142.8, 135.2, 135.1, 133.9, 133.7, 128.4, 61.§,,68R.6, 28.6, 28.0, 14.0, 13.9. HRMS (ESI) calc.
for C1gH2006S, (M+Na)': 431.0594, found: 431.0598.
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4.2.13. Compound 3m

Yellow oil; 39% yield (23 mg); R= 0.30 (PE/EtOAc, 4:1); The ratio of two diasterews is
1:1. Two diastereomers *H NMR (600 MHz, CDCJ): § = 8.59 (d,J = 4.4 Hz, 1H), 8.51 (d] =
4.4 Hz, 1H), 8.06 (d) = 7.8 Hz, 2H), 7.84-7.81 (m, 2H), 7.45-7.40 (m,)2#92 (t,J = 7.3 Hz,
1H), 4.85 (tJ = 7.3 Hz, 1H), 4.14-4.08 (m, 4H), 2.76-2.67 (m,)2H14 (t,J = 7.1 Hz, 3H), 1.10
(t, J = 7.1 Hz, 3H);*C NMR (150 MHz, CDGCJ): & = 196.2, 195.9, 170.2, 170.1, 152.3, 148.8,
136.9, 127.2, 122.4, 61.1, 50.7, 50.5, 26.9, 26359, 13.8. HRMS (ESI) calc. for,@,,N,Os
(M+Na)": 421.1370, found: 421.1378.

4.2.14. Compound 4a*’

Yellow oil; 40% yield (25 mg); R= 0.25 (PE/EtOAc, 10:1}H NMR (600 MHz, CDC}) 5 =
8.08-7.98 (m, 4H), 7.62-7.56 (m, 2H), 7.52-7.44 @H), 4.88-4.71 (m, 2H), 4.21-4.05 (m, 2H),
4.09-4.03 (m, 2H), 3.40-3.29 (m, 1H), 1.26-1.18 &), 1.09-1.06 (M, 4H)C NMR (150 MHz,
CDCly): 8 = 195.1, 194.9, 169.2, 168.7, 137.1, 136.2, 13®8,8, 128.7, 128.7, 61.6, 61.4, 61.3,
61.2, 56.5, 56.0, 55.7, 33.7, 32.9, 14.0, 13.8,183.7, 13.4.

4.2.15. Compound 4b

Yellow oil; 60% yield (40 mg); R= 0.3 (PE/EtOAc, 10:1)'H NMR (600 MHz, CDC}) & =
8.13-8.02 (m, 4H), 7.20-7.12 (m, 4H), 4.84-4.66 (H), 4.67-4.66 (m, 1H), 4.21-4.18 (m, 2H),
4.09-4.07 (m, 4H), 3.37-3.24 (m, 1H), 1.24-1.05 9#); **C NMR (150 MHz, CDCJ): § = 193.5,
193.3, 169.1, 168.9, 168.5, 167.0, 165.3, 133.2,5.3132.2, 131.6, 131.5, 131.4, 131.2, 131.1,
116.1, 116.0, 115.9, 115.8, 61.7, 61.6, 61.4, 56543, 55.5, 54.9, 33.6, 32.8, 14.0, 13.9, 13.8,
13.7, 13.4. HRMS (ESI) calc. for,H,4F,0s (M+Na)": 469.1433, found: 469.1431.

4.2.16. Compound 4c
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Yellow oil; 80% yield (68 mg); R= 0.3 (PE/EtOAc, 10:1)'H NMR (600 MHz, CDC}) & =
7.94-7.83 (m, 4H), 7.66-7.59 (m, 4H), 4.79-4.74 (H), 4.63-4.62 (d, 1H), 4.22-4.16 (m, 2H),
4.11-4.05 (m, 2H), 3.36-3.22 (m, 1H), 1.23-1.15 i), 1.12-1.04 (m, 4H)*C NMR (150 MHz,
CDCly): 6 = 194.1, 194.0, 193.8, 168.9, 168.8, 168.4, 13534,8, 134.6, 132.2, 132.2, 132.1,
130.2, 130.2, 130.2, 129.9, 129.2, 129.1, 61.%,61.5, 61.4, 56.4, 55.8, 55.5, 54.9, 33.5, 32.6,
14.0, 14.0, 13.9, 13.8, 13.5. HRMS (ESI) calc. @uH24Br,0s (M+Na)": 588.9832, found:
588.9831.

4.2.17. Compound 4d

Yellow oil; 40% vyield (30 mg); R= 0.3 (PE/EtOAc, 5:1)*H NMR (600 MHz, CDC}) § =
8.35-8.15 (m, 8H), 4.90-4.69 (m, 2H), 4.20-4.04 4H), 3.34-3.30 (m, 1H), 1.26-1.02 (m, 9H);
%C NMR (150 MHz, CDG)): § = 193.9, 193.5, 193.2, 168.5, 168.3, 167.9, 15I50,7, 150.6,
141.5, 141.2, 140.6, 140.4, 138.3, 130.3, 129.9,41228.0, 124.0, 123.8, 62.1, 62.0, 61.9, 61.7,
60.0, 56.5, 55.7, 33.2, 33.2, 14.3, 14.0, 13.97.18RMS (ESI) calc. for GH,sN,01o (M+Na)':
523.1323, found: 523.1320.

4.2.18. Compound 4e

Yellow oil; 33% vyield (25 mg); R= 0.3 (PE/EtOAc, 5:1)*H NMR (600 MHz, CDC}) § =
8.89-8.81 (m, 2H), 8.48-8.32 (m, 4H), 7.77-7.72 @H), 4.91-4.86 (m, 1H), 4.70-4.69 (m, 1H),
4.23-4.22 (m, 2H), 4.21-4.12 (m, 2H), 3.42-3.32 {H), 1.26-1.20 (m, 5H), 1.16-1.12 (m, 4H);
%C NMR (150 MHz, CDG)): § = 193.2, 193.1, 192.8, 192.5, 168.5, 168.4, 16858,0, 148.7,
138.1, 137.4, 134.1, 130.2, 130.1, 127.9, 127.9,8,223.5, 123.4, 123.2, 62.2, 62.0, 62.0, 56.7,
56.3, 55.6, 33.2, 32.2, 14.3, 14.0, 13.9, 13.98,133.7. HRMS (ESI) calc. for £H24N,01
(M+Na)": 523.1323, found: 523.1322.
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4.2.19. Compound 4f

Yellow oil; 55% vyield (35 mg); R= 0.3 (PE/EtOAc, 6:1)*H NMR (600 MHz, CDC}) § =
7.97-7.67 (m, 4H), 7.21-7.10 (m, 2H), 4.68-4.59 @H), 4.23-4.17 (m, 2H), 4.13-4.09 (m, 2H),
3.31-3.27 (m, 1H), 1.26-1.20 (m, 5H), 1.19-1.12 4id); *C NMR (150 MHz, CDGJ)): 5 = 187.6,
187.4, 187.3, 168.9, 168.6, 168.3, 144.4, 143.3,214135.3, 135.2, 134.9, 133.8, 133.6, 128.5,
128.3,61.7,61.4, 61.3, 57.4, 57.2, 56.7, 34.38,3B1.1, 14.0, 13.9, 13.7, 13.2. HRMS (ESI) calc.
for CooH2:06S; (M+K)™: 461.0489, found: 461.0483.
4.2.20. Compound 4g

Yellow oil; 55% vyield (34 mg); R= 0.3 (PE/EtOAc, 3:1)*H NMR (600 MHz, CDC}) § =
8.62-8.36 (m, 2H), 8.10-8.04 (m, 2H), 7.84-7.80 @H), 7.46-7.37 (m, 2H), 5.25-5.20 (m, 1H),
5.05 (d,J = 6.06 Hz, 0.49H), 4.90 (d,= 6.72 Hz, 0.52H), 4.19-4.00 (m, 4H), 3.52-3.37 ),
1.21-1.18 (m, 3H), 1.13-1.02 (m, 6HC NMR (150 MHz, CDCJ): § = 196.7, 196.1, 195.5,
195.3, 169.9, 169.7, 169.3, 169.2, 152.7, 148.8,714148.6, 136.8, 136.8, 127.2, 127.1, 127.1,
127.0, 122.2, 122.1, 122.0, 61.0, 60.9, 60.9, 58604, 54.4, 54.3, 33.3, 32.0, 30.2, 15.1, 14.8,
14.5, 14.0, 13.9, 13.8, 13.7. HRMS (ESI) calc. @#H2N,0s (M+Na)": 435.1527, found:
435.1524.
4.2.21. Compound 5a

Yellow solid; 35% yield (14 mg); m.p. 105.6.1-106@ R = 0.3 (PE/EtOAc, 15:1)H NMR
(600 MHz, CDC}) & = 7.98-7.97 (m, 2H), 7.88-7.87 (m, 1H), 7.63-7(6Q 1H), 7.53-7.49 (m,
3H), 7.04-7.01 (m, 2H), 5.10-5.07 (m , 1H), 4.64J¢& 11.5 Hz, 1H), 1.49 (d] = 6.2 Hz, 3H);
¥C NMR (150 MHz, CDG)): § = 196.5, 190.0, 161.3, 137.8, 136.4, 133.7, 12R8,7, 127.3,
121.5, 120.6, 117.9, 76.3, 60.0, 19.9. HRMS (ESl}.cfor G/H1403(M+Na)":289.0835, found:
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289.0832.
4.2.22. Compound 5b%

Yellow solid; 31% yield (12 mg); m.p. 76.4-768; R, = 0.3 (PE/EtOAc, 5:1)*H NMR (600
MHz, CDCh) & = 8.18 (d,J = 7.9 Hz, 1H), 7.92 (d] = 8.2 Hz, 2H), 7.72-7.69 (m, 1H), 7.60-7.57
(m, 1H), 7.49-7.41 (m, 4H), 2.38 (s, 3Hjc NMR (150 MHz, CDGJ): 5 = 193.8, 175.8, 165.4,

156.0, 137.1, 134.0, 133.8, 129.4, 128.7, 126.3,51423.5, 123.2, 117.9, 19.1.
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