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An efficient cyclic ether benzoxylation was achig\®y using iron porphyrin as the cat ant
di-tert-butyl peroxide oxidant. The benzoic acid subsgabearing electron donatingr
withdrawing groups could react with cyclic etisenoothly to afford the desired products. It
found iron porphyrin catalyzed oxidative C{fH activating sterification had the advantage
short reaction time and low catalyst loading. Téaction had beeproved to proceed via

2016 Elsevier Ltd. All rights reserved

1. Introduction

The development of efficient, convenient, straightfard
and environmentally benign methods for>XC(C, O, N, etc.)
bonds formation has attracted continuous interestéent years
Cross-dehydrogenative coupling (CDC) reaction plags
important role for the construction of-& bond, in which
transition metals such as palladfymutheniuni, nickef, indiun®
are the most commonly used catalysts. An alternai@alyst is
iron. Since the first report of FeCtatalyzed CDC reactions in
2007. Lots of effort has been devoted to the iron gatsd CDC
reactiond. It demonstrated that iron catalyst was availabted-
O bond formation by the coupling of C(sp3)-H with O(spfS or
O(sp2) - H® and C(sp2)- H with O(sp2) - H via CDC
reactions. The direct esterification ofG(sp3) -H bonds is one
of the most important application of CDC reactiorhiahh may
prepare some biologically active ester of practioabhge in
medicine like artemisinfl. Compared to conventional
esterification reactions, the CDC reaction has ttheaatage of
using alkane instead of alcohol substrates. In 2B&# et al. had
reported the iron-catalyzed oxidative CDC esteriftzaof cyclic
ether GH bonds with carboxylic acids, the reaction was cdrrie
out at 20 mol% catalyst loading for 24 hours atfgerature 120
°C" The reaction time could be further reduced tch@rs by
using copper catalyst

o oK 0-_3
grooesy
0 0 =C
0 0*\ /Q ° N °
0~ o o—"

)

Scheme 1Molecular Structures of FeTECPCI and Fexo

FeTECPCI Fe-p-oxo

Metalloporphyrins are a class of versatile catal{stt shows
good catalytic activity in many reactions such akfio
oxidation’®,  cyclopropanatioff, olefinatiod’, asymmetric
synthesi¥’, three component reactionsand G H bond insertion
reaction&’. Although there are many reports on metalloporphyri
catalyzed reactions, the use of metalloporphyrtalgsts in CDC
reactions is scarce. In 2014, metal porphyrin westlyi used in
catalytic CDC reaction which enables direct activataf two
different sp3 C-H bonds of isoquinoline and nitroname
under solvent-free conditiofts Two years later, Guo and his co-
workers had also reported the application of meteplpyrin in
CDC reactioff, in which they had successfully achieved aerobic
oxidative coupling of terminal alkynes. More redgnour group
has also reported the esterification of G(spH via copper-
porphyrin catalyzed CDC reaction To continue our efforts in
the metalloporphyrin catalyzed CDC reactions, we hesh to
report the CDC esterification of cyclic ether byngsiron chloro-
5,10,15,20-tetra-(ethoxylcarbonyl) porphyrin casal{Scheme 1,
FeTECPCI) and TBHP oxidant. The reaction completed i
hours with catalyst loading only 0.5%, showing ircorghyrin
was efficient in this kind of reaction.
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2. Result and discussion

X-ray diffraction analysis showed that the structusé
FeTECPCI had a formulation unit in the cell in trthorhombic
P-1 space group, and no solvent molecule was dligstal All
crystallographically independent atoms are locatethe usual
position, except for the iron atom, which is locatedhe center
of the inversion of the crystal. The 2dembered macrocyclic
core of porphyrin is coplanar, and the five-cooad@d iron atom
is located at the center of this almost completkely porphyrin
macrocycle and forms a tetrahedron with four nitrogeoms and
one chlorine atom (Scheme 2).

The Fe-N bond lengths range from 2.058(4) to 2.068(4
with an average value of 2.063(4) A, the-€ebond length is
2.2188(15) A, which is weaker interaction than thecbohmetal
iron and nitrogen atom (Table 1). The bond betwéen four
nitrogen atoms (N1, N2, N3 and N4) and the iron atooh the
chlorine atom is 99.60(12), 104.11(12), 101.46(1R%.16(12).

Sct
dis)

mal

Bor

N1

Nz-rei-ci 01.00(10)

1u4.11\1s)

NO-reL-INg

N3-Fel-Cl1 101.46(12) N4-Fel-N1 104.16(12)
N4-Fel-Cl1 104.16(12) N4-Fel-N2 86.76(16)
N2-Fel-N1 156.29(16) N4-Fel-N3 154.38(16)

Initially, the intermolecular oxidative reaction bé&nzoic acid

effects of other oxidants and catalysts on theti@aavas also
investigated to pursue the higher yield (Table r&ries 6-14).
Unfortunately, we did not get satisfactory resultdie Tyield
decreased when the reaction was performed at 1qU&dle 2,
entries 15). No significant improvement in the yieldas
observed when the reaction was conducted at°X2@Table 2,
entries 16). Note that the produta was not observed in the
absence of catalyst or oxidant (Table 2, entried&)7

@Aoio]

Table 2
Optimization of Reaction Conditiohs

©i“ S0

catalyst, oxidant
B —— e ——

120°C 4h

Entry Catalyst (amt, %) Oxidant Yield"%
1 FeTECPCI (0.05) DTBP 32

2 FeTECPCI (0.25) DTBP 61

3 FeTECPCI (0.5) DTBP 74

4 FeTECPCI (1.0) DTBP 59

5 FeTECPCI (0.5) DTBP 73

6 FeTECPCI (0.5) PhI(Ac@) NR

7 FeTECPCI (0.5) PhIO NR

8 FeTECPCI (0.5) m-CPBA NR

9 FeTECPCI (0.5) O, NR

10 FeTECPCI (0.5) TBHP Trace
11 FeTPP (0.5) DTBP 15

12 MnTECPCI (0.5) DTBP Trace
13 COTECP (0.5) DTBP Trace
14 FeC} (0.5) DTBP NR

15 FeTECPCI (0.5) DTBP 25

16 FeTECPCI (0.5) DTBP 73

17 FeTECPCI (0.5) NR
18 DTBP NR

DTBP=ditert-butyl peroxide, TBHPtert-butyl hydroperoxide, 70 wt% in
H,O, m-CPBA=3-Chloroperbenzoic acid.

# Reaction condition: benzoic acid (0.5mmol), 1,éd@ine (1mL), catalyst
(0.5 mol %), oxidant (2 equiv), 120 °C, 4 h.

P|solated yield based on carboxylic acid.

°DTBP (3 equiv).

430 wt% in HO.

€100 °C

f140°C

With the above optimized conditions in hand, we ergd the
1,4-dioxane with other benzoic acid derivatives #mel results
were listed in Table 3. The CDC reaction between nethy
methoxy substituent tolerated in moderate yieldE284% Ra-
4a, 7a-93. Gratifyingly, 4tert-butylbenzoic acid also examined
and the desired product was obtained in 70% isblgiedd Ga).
Not only alkyl substituents were tested, but alsd@rylbenzoic
acid was investigated, affordirg with an isolated yield of 74%
. There is no doubt thairtho, meta, para-benzoic acid has a
good yield. The reaction yield @ftho-substituents is minimally
reduced relative taneta- and para-positions. ortho-substituted
acids were lower yields as compared to theéta and para-

(1) with 1,4-dioxane & was chosen as a model reaction tosubstituted analogues was due to steric hindrangarted by

determine the optimum conditions.
investigation in the presence of FeTECPCI as thalyst and
DTBP as the oxidant under a solvent-free conditinfirst, we
discussed the quantity of catalyst from 0.05 to rhdl %, the
most efficiency of this transformation was 0.5 mol(¥able 2,
entries 1-4). No significant improvement in the prodyield was
observed with 3 equiv of the DTBP (Table 2, entry Bhe

We commenced oufrtho-substituents4a,7a,12a,15a At the same time, we used

ortho andpara-halogen substituents and hydroxyl substituents to
illustrate the substitution effect of the substratethe reaction
(12a-183. Strikingly, Electron deficient aromatic acidschuas
4-nitrobenzoic acid, 4-halogenbenzoic acid, and/a@obenzoic
acid have lower yields in comparison to electronadimy groups
(19a-233. Unfortunately, 2-naphthoic acid is not suitatde this
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reaction 248). Hydrocinnamic acid was used in this system tohours, the yield of 2b may reach 40%, the furthereasing of
react with 1,4-dioxane under the typical reactiondittons, we the reaction time did not affect the yield sigrafitly.
were pleased to find that the reaction proceededandlgave the Interestingly, no 2b’ product could be isolated eTieaction of
corresponding produc®5a in 55% yield. 3-phenoxypropanoic other benzoic acid derivatives bearing electronatiog or
acid were reacted with 1,4-dioxane and gave the spporeding  withdrawing groups such as 4-methylbenzoic acit),( 4-
products26a (73%). Even more, the reaction did not work whenmethoxybenzoic acid 2€¢l), 2-phenylbenzoic acid 26, 2-
furan-3-carboxylic acid was used as substrate is #yistem fluorobenzoic acidZf), 4+tert-butylbenzoic acid4g) ando,a,0-
(279). trifluoro-p-toluic acid @h) with 1,4-dioxane provided moderate

i - 0,
Table 3 yield of 73-83%.

Iron-catalyzed CDC reaction of aromatic acid with-@lioxané Table 4
Iron-catalyzed CDC reaction of aromatic acid wiB-tlioxolané
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7a 75% 8a 83% 9a 88%

- o ~ o o #Catalytic condition: benzoic acid (0.5mmol), 1,4xne (1mL), catalyst
Q7 L j @)Loioj 0 L j (0.5 mol %), oxidant (4 equiv), 120 °C, 8h.
(&) O O ()
o~ oL F To investigate the reaction mechanism, a seriexpériments
102 72% ta 4% 122 75% was conducted. When the reaction was carried oheiptesence
of radical scavenger such as 2,2,6,6-tetramethigdimg N-oxide

o] ° [o} ° [e] °
Q)%LOJ c>£0j (;H%LOJ (TEMPO) or butylated hydroxytoluene (BHT), no desired
F E a product could be obtained (Scheme 3), indicatirgréfaction via
13a 79% P a7 15a trace a radical mediated pathway. The intermolecular cdimge
0 O o O o O kinetic isotope effect (KIE) experiment showed a Kfteet of
Q)koioj kaoioj Q)%LJ ky/kp = 4 (the KIE was determined by 1H NMR spectroscopy by
analyzing the ratio of 9a and [D]9a (Scheme 4). Ehiggested
¢ i o that C(sp3)-H bond cleavage of 1,4-dioxane was the kinetic
. o rate-determining stép Interestingly, the UV-Vis spectra of the
0 L j 0 £°j 9 Lj catalyst changed remarkably after adding oxidamhé®e 5),
@ﬁ% o [01 /©)H, o d 0" "o such a spectra changes revealed the transformafi@matalyst
oH 0o NO, FeTECP to its Fes -oxo specieS. That is, the real catalyst is a
porphyrin Fe+ -oxo complex. (Scheme 5).

16a 71% 17a trace 18a 74%

19a trace 20a 36% 21a N.D
o
il L0 TO
Lj%° ij%’° SOOI
standard conditions
ON NC TEMPO(O 5mm) )\/0
22a trace 23a 49% 24a 27%

o o o o (not obtained)
L) OO e o+ (J—]
0" o W \[ j 0 0" o MeO o
o o \ | e standard conditions )\/O
BHT(O 5mm)
25a 55% 26a 73% 27a trace

(not obtained)

#Catalytic condition: benzoic acid (0.5mmol), 1,4xkne (1mL), catalyst
(0.5 mol %), oxidant (2 equiv), 120 °C, 4h. Scheme 3Reaction carried out in the presencd BMPO andBHT

After finishing the investigation of the 1,4-dioxares a
substrate, we attempted to extend the substratee rapgusing
1,3-dioxolane to explore the selectivity and atyivbf the
reaction (Table 4). However, no reasonable yieldhef groduct
could be obtained with the same reaction conditidfihen
double the oxidant amount and prolong the reactiore to 8
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Scheme 4Kinetic Isotope Effect

The TEMPO was detected by electron paramagnetic

resonance (EPR) in the reaction mixture of benzwid, 1,4-
dioxane and FeTECPCI as shown in Scheme 6, line Ehvif

TEMPO as a concentration standirdAt 25 °C and then

temperature increased up to 120 °C the free ragigate slightly
weakened as shown in Scheme 6, line b, and afteri@5nm
change was observed. Followed by the addition of DiFBthe
mixture at 120 °C it very quickly reacts with TEMP@gy EPR
signal was observe. The radicals disappear showrclzne 3,
line c, indicating that the reactants produced feehicals at high
temperatures, confirming the free radical reaction.

l —— FeTECPCI
Fe-u-oxo

Absorbance

T T T 1
300 400 500 600 700
Wavelength/nm

Scheme 5UV spectrum of 1,4-dioxane (3mL), FeTECPCI (0.5 #19|
DTBP (570ul) at room temperature, measure everynieutes.

15.64G
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Scheme 6EPR spectrum of (a) Benzoic acid (0.5mmol), 1,4«di@ (1mL),
FeTECPCI (0.5 mol %) and TEMPO (50mM) in room terapére; (b)
Benzoic acid (0.5mmol), 1,4-dioxane (1mL), FeTECHLS mol %) and
TEMPO (50mM) in 120 °C after 25 min; (c) Followey the addition of
DTBP (2 equiv) in the mixture at 120 °C after 5 min

Based on the above results and the previousrte®powve
proposed that the mechanism is likely to proceeds adical
way (Scheme 7). Firstly, FeTECPCI is oxidized by ditert-

Tetrahedron

butyl peroxide to form the active catalyst (FeTELP)u-oxo-
bis[5,10,15,20-tetraarylporphyrinatoiron(lll)]), asvidenced by
UV-Vis experiment (Scheme 5). Secondly, (FeTECR)aptures
the hydrogen of 1,4-dioxane to form a tetravaleomn-hydroxyl
porphyrin A and the active free radic8 via a single electron
transfer (SET) mechanism. The axial ligand exchaofgé with
benzoic acid to generate intermedi@teFinally, the intermediate

C and the intermediatB undergoes a cross-coupling progess
giving the final produciia and regenerate the catalyst FeTECPCI.

@A:ioj

Fe(lIN)Cl DTBP
O O Fe(lll)
€l
N\
0
Fe(lll)

N .V><@

Scheme 7Proposed Mechamsm for Esterification
—( i £>
@A x3

Scheme 8Regioselectivity of the Reaction on 1,3-Dioxolane

path A o el

o Fe(llp)”

\\\ —~Fe 2
path B ;o Fe(lil)’

bridgehead radical

Ha

o—~Fe(III) o

;o Fe(llp)”

According to the previous report on the stereoebedtr
effects in hydrogen atom abstraction from cyclibees, we
proposed the mechanism is illustrated in Schenih8.reaction
of benzoic acid with 1,4-dioxane go through the path A
rather than the pathway B, this is probably mainlg tb the fact
that bridgehead radicals are notoriously more diffi to form.
Therefore, we constructed the abnormal regiosegtioit the
reaction to give the final produc2b.

3. Conclusion

In summary, we have demonstrated iron-porphyrinlyzed
C(SP) -H activation for the formation of C-O bond via cross-
dehydrogenative coupling of cycloether and aromadticl. This
examples the first application of Fe porphyrin imoss-
dehydrogenative coupling reactions. When using phemd
cycloether as substrate, the CDC reaction could rgoothly
also. Systematic investigation of iron porphyrirtatgzed CDC
reactions is still going on in our laboratory.

4. Experimental section
4.1.

All the reagents were commercial grade and purified
according to the established procedures. Organiaast were
dried over anhydrous sodium sulphate. Solvents vesm@ved in
a rotary evaporator under reduced pressure. Sjitg100-200
mesh size) was used for the column chromatographyVid\ble
absorption spectra were measured on Hitachi 3900H om
optical path length quartz cell at room temperatbdR spectra
were recorded in CDglwith tetramethylsilane as the internal
standard forH NMR (400 MHz) CDC} solvent as the internal
standard for®C NMR (100 MHz). HRMS spectra were
recorded on Bruker maxis impact mass spectrometérami ESI
source.

General experimental



4.2. Preparation of Catalyst

The synthesis of 5,10,15,20-tetrakis(ethoxycarbenyl
porphyrin ligand (TECP) and 5,10,15,20-tetrakis-
(ethoxycarbonyl)porphyrin manganese (lll) (MnTECP@lere
performed by our recently reported procedlre The
metalloporphyrin  5,10,15,20-tetrakis(ethoxycarbyogtphyrin
Cobalt(ll) (CoTECP), 5,10,15,20-tetrakis(ethoxycar)-
porphyrin iron (lll) (FeTECPCI) andu-oxo-bis[5,10,15,20-
tetraarylporphyrinatoiron (Ill) ((FETECK)) were prepared
using literature procedurds

FeTECPCI was obtained by refluxing TECP with FedH,O
in DMF solution for 2 h. After that it was diluted WitCH,Cl,
and washed with saturated aqueous solution of NaGirakev
times. The organic layer was collected and dried amaydrous
N&SQ,. The filtrate was concentrated and the crude prodas
purified on silica gel (10200 mesh) using Cj€l, as eluent.
Purple crystal was obtained after slow evaporatioomfr
CH.Cl,/hexane (1:4 v/v). Yield: 90%. HRIS calcd for [M-CIT:
C;,HygFeN,Og 652.1252, found 652.1248.

5
7.4 Hz, 1H), 7.35 (t, J = 7.6 Hz, 2H), 5.99 (s, 1HL64- 4.06
(m, 1H), 3.78 (s, 2H), 3.71 (d, J = 5.1 Hz, 2H), 386X = 11.8
Hz, 1H).*C NMR (101 MHz, CDGJ) 5 165.19, 133.40, 129.89,
129.74, 128.46, 89. 83, 67.81, 66.10, 61.75.

4.3.2. 1,4-dioxan-2-yl 2-methylbenzogi@a). Yellow oil, yield
72%;™H NMR (400 MHz, CDC})  8.10 — 8.03 (m, 1H), 7.47 —
7.39 (m, 1H), 7.28 (t, J = 7.0 Hz, 2H), 6.10 (t, J.8 Bz, 1H),
4.31 — 4.16 (m, 1H), 3.90 (d, J = 1.8 Hz, 2H), 3.88 (= 6.7,
2.6 Hz, 2H), 3.70 (dt, J = 11.8, 2.6 Hz, 1H), 2.673H€). °C
NMR (101 MHz, CDC)) & 165.97, 140.86, 132.49, 131.84,
131.04, 128.87, 125.80, 89.69, 67.93, 66.13, 62893.

4.3.3. 1,4-dioxan-2-yl 3-methylbenzodga). Yellow ail, yield
80%; 'H NMR (400 MHz, CDCJ) & 7.91 (d, J = 5.8 Hz, 2H),
7.34 (dt, J = 15.6, 7.6 Hz, 2H), 6.07 (t,1H), 4.29.3224m, 1H),
3.86 (t, J = 6.1 Hz, 2H), 3.80 (dd, J = 6.6, 2.1 H4),3.65 (dt, J
=11.8, 2.6 Hz, 1H), 2.39 (s, 3HJC NMR (101 MHz, CDG)) §
165.37, 138.27, 134.18, 130.35, 129.69, 128.35,002789.78,
67.87, 66.12, 61.82, 21.23.

4.3.4. 1,4-dioxan-2-yl 4-methylbenzodia). Yellow oil, yield

MNnTECPCI was synthesized similar to the procedure of79%;'H NMR (400 MHz, CDCJ) & 8.00 (t, J = 8.3 Hz, 2H), 7.24

FeTECPCI, except Fe@#H,O was wused instead of

Mn(OAC),*4H,0. Yield: 80%".

CoTECP was synthesized similar to the procedure o

instead of

[M]:

FeTECPCI, except Feg#H,O was used
Co(OAC)*4H,0. Yield: 82%. HRMS calcd for
C;,H,gCoN,Og 655.1234, found 655.1236.

for 1 h, Yield: 95%. MALDI-TOF calcd for
CssHssFesNgO7Na 1343.2340, found 1343.0590.

4.3. General procedure

[M+Na]

In a Schlenk tube equipped with a magnetic stimos added
FeTECPCI (0.33 mg, 0.mmol) and benzoic acid (61 mg, 0.5
mmol). 1,4-Dioxane (1.0 mL, 7.5 — 12.5 mmol) and DT@R
tert-butyl peroxide, 1 mmol, 190L) were added. The resulting
reaction mixture was stirred at 120 °C for 4 h. Attez required
reaction time, the mixture was cooled to room temjpee. The
reaction mixture was extracted with dichloromethaée
organic phases were evaporated under reduced presBue
crude product was purified by column chromatograpmitica
gel (hexanel/ethyl acetate 95/5) to accord the spomding
product.

For ESR experiments, 1 mL glass micropipettes qumpap
with a stopper at the bottom were used as ESR tubasr(
diameter 1.2mm). Spectra were recorded on an X-b&BR E
instrument (Bruker-A300) using the following adjustrtee HF
(100 kHz) field modulation amplitude 100 kHz; microwav
power 20 mW; scan range 100 G; sweep time 122 s; csione
time 120 ms, time constant 655 ms, temperature-120 C and
23-24°C.

4.4. Mechanistic investigation:
intermediates with radical scavenger.

Trapping of radical

TEMPO (or BHT): An oven-dried reaction vessel was ghdr
with p-Anisic acid (2) (76 mg, 0.5 mmol), FeTECPCI7(Ing,
0.5 mol%), DTBP (190 pL, 1 mmol), radical scavend@es
mmol) in 1,4-dioxane (&) (1 mL). The flask was fittéo a
condenser and the resultant reaction mixture waeedtin a
preheated oil bath at 12@ for 4 h. The reaction after 4 h
afforded traces (<5%) of the desired product (9a).

4.3.1. 1,4-Dioxan-2-yl benzoatéa). Yellow oil, yield 74%;'H
NMR (400 MHz, CDC}) 4 8.02 (d, J = 7.7 Hz, 2H), 7.46 (d, J =

(d, J = 8.0 Hz, 2H), 6.08 (s, 1H), 4.30 — 4.10 (m, BHB8 (d, J =

1.8 Hz, 2H), 3.81 (d, J = 5.6 Hz, 2H), 3.66 (dt, J 5612.2 Hz,
H), 2.40 (s, 3H)"°C NMR (101 MHz, CDGJ) § 165.23, 144.15,
20.94, 129.15, 127.00, 89.67, 67.86, 66.10, 6RTHA.

4.3.5. 1,4-dioxan-2-yl 4-(tert-butyl)benzoatba). Yellow oil,
yield 70%;'H NMR (400 MHz, CDCJ) & 8.05 (d, J = 8.5 Hz,
2H), 7.46 (d, J = 8.5 Hz, 2H), 6.08 (s, 1H), 4.30 44, 1H),

Feq-oxo was synthesized by FeTECPCI with NaOH solutlon?).91 —3.76 (M, 4H), 3.65 (dt, J = 11.7, 2.5 Hz, THB3 (s, OH).

*C NMR (101 MHz, CDG)) § 165.19, 157.13, 129.83, 126.97,
125.43, 89.63, 67.89, 66.13, 61.78, 35.12, 31.10.

4.3.6. 1,4-dioxan-2-yl [1,1'-biphenyl]-2-carboxy@dBa). Yellow
oil, yield 73%:;*H NMR (400 MHz, CDCJ) 6 7.94 (d, J = 6.9 Hz,
1H), 7.58 (t, J = 7.5 Hz, 1H), 7.48 — 7.33 (m, 7H)55(8, 1H),
3.70 — 3.57 (m, 4H), 3.42 (dd, J = 28.5, 10.7 Hz, 2f).NMR
(101 MHz, CDCY}) & 167.51, 142.74, 141.42, 131.55, 130.87,
130.44, 130.14, 128.53, 128.17, 127.23, 90.12, %765%.84,
61.57.

4.3.7. 1,4-Dioxan-2-yl 2-methoxybenzod#a). Yellow oil, yield
75%; '*H NMR (400 MHz, CDCJ) & 7.89 (d, J = 7.5 Hz, 1H),
7.48 (t, J = 7.7 Hz, 1H), 7.06 — 6.87 (m, 2H), 6.08L(3), 4.34 —
4.12 (m, 1H), 3.90 (s, 3H), 3.86 (s, 2H), 3.79 (d,4%Hz, 2H),
3.66 (d, J = 11.7 Hz, 1H)’C NMR (101 MHz, CDGJ) § 164.56,
159.60, 134.02, 131.87, 120.09, 119.40, 112.13608967.80,
66.10, 61.73, 55.98.

4.3.8. 1,4-Dioxan-2-yl 3-methoxybenzo#8a). Yellow oil, yield
83%; 'H NMR (400 MHz, CDCJ) & 8.02 (d, J = 8.8 Hz, 2H),
6.87 (d, J = 8.7 Hz, 2H), 6.01 (s, 1H), 4.26 — 4.06 1ki), 3.82
(d, 3 = 0.5 Hz, 2H), 3.79 (s, 3H), 3.75 (dd, J = 8.2,Hz, 2H),
3.61 (d, J = 11.8 Hz, 1H)’C NMR (101 MHz, CDGJ) § 165.09,
159.61, 131.02, 129.48, 122.27, 119.75, 114.439289%7.77,
66.08, 61.79, 55.43.

4.3.9. 1,4-Dioxan-2-yl 4-methoxybenzo#®a). Yellow oil, yield
88%; 'H NMR (400 MHz, CDCJ) & 8.02 (d, J = 8.8 Hz, 2H),
6.87 (d, J = 8.7 Hz, 2H), 6.01 (s, 1H), 4.26 — 4.06 1hi), 3.82
(d, 3 = 0.5 Hz, 2H), 3.79 (s, 3H), 3.75 (dd, J = 8.2, Hz, 2H),
3.61 (d, J = 11.8 Hz, 1H)’C NMR (101 MHz, CDGJ) & 164.86,
163.73, 131.96, 122.00, 113.69, 89.49, 67.87, 6&DF7, 55.40.

4.3.10. 1,4-Dioxan-2-yl 2,6-dimethoxybenzoét@a) Yellow oil,
yield 72%;'H NMR (400 MHz, CDCJ) § 7.29 (t, J = 8.4 Hz, 1H),
6.56 (d, J = 8.4 Hz, 2H), 6.10 (s, 1H), 4.32 — 4.201ht), 3.86 —
3.77 (m, 10H), 3.65 (d, J = 11.8 Hz, 1H)C NMR (101 MHz,



6
CDCl) 8 165.34, 157.55, 131.29, 112.63, 103.96, 89.84.47.
66.11, 61.36, 56.00.

4.3.11. 1,4-dioxan-2-yl 2,4-dimethoxybenzogit&a) Yellow oil,
yield 74%;'H NMR (400 MHz, CDC})) 6 7.89 (d, J = 8.4 Hz,
1H), 6.44 (d, J = 10.2 Hz, 2H), 6.00 (s, 1H), 4.22084m, 1H),
3.83 (s, 3H), 3.79 (s, 5H), 3.74 (d, J = 6.1 Hz, 2H03d, J =
11.7 Hz, 1H)."*C NMR (101 MHz, CDG)) & 164.71, 163.79,
161.94, 134.11, 111.52, 104.69, 98.92, 89.25, 666111, 61.81,
55.96, 55.47.

4.3.12. 1,4-dioxan-2-yl 2-fluorobenzogta) Yellow oil, yield
75%;'H NMR (400 MHz, CDCJ) § 7.94 (t, J = 7.5 Hz, 1H), 7.48
(dd, J = 13.5, 6.9 Hz, 1H), 7.17 (dd, J = 14.8, 7.2 HH), 7.12 —
7.05 (m, 1H), 6.05 (s, 1H), 4.28 — 4.05 (m, 1H), 3(822H),
3.61 (d, J = 11.8 Hz, 1H)’C NMR (101 MHz, CDG)) § 163.51,
160.92, 134.92, 132.30), 124.01, 118.27, 117.22X067.72,
66.14, 61.80™°F NMR (376 MHz, CDCJ) 5 -108.66 (S).

4.3.13. 1,4-dioxan-2-yl 4-fluorobenzogtE3a) Yellow oil, yield
79%;'H NMR (400 MHz, CDCJ) & 8.12 (dd, J = 8.9, 5.4 Hz,
2H), 7.11 (t, J = 8.7 Hz, 2H), 6.07 (t, J = 1.7 Hz, 1426 — 4.13
(m, 1H), 3.87 (d, J = 1.9 Hz, 2H), 3.81 (dd, J = @.8,Hz, 2H),
3.66 (dt, J = 11.8, 2.6 Hz, 1HYC NMR (101 MHz, CDG)) &
167.30, 164.77, 164.23, 132.55, 125.99, 115.75,58189.97,
67.81, 66.11, 61.80°F NMR (376 MHz, CDG)) & -104.83 (s).

4.3.14. 1,4-dioxan-2-yl 4-(trifluoromethyl) benzeat(14a)
Yellow ail, yield 74%:"H NMR (400 MHz, CDC}) 6 8.15(d, J =
8.1 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 6.03 (s, 1H)64-24.07
(m, 1H), 3.82 (s, 2H), 3.75 (d, J = 4.8 Hz, 2H), 3.60) = 11.8
Hz, 1H)."*C NMR (101 MHz, CDG)) 5 164.04, 134.96, 134.64,
133.04, 130.27, 125.47, 90.40, 67.68, 66.07, 61"F6.NMR
(376 MHz, CDC}) § -63.23 (s).

4.3.15. 1,4-Dioxan-2-yl 4-chlorobenzoafé6a) White solid,

yield 71%;'H NMR (400 MHz, CDCJ) & 8.05 (d, J = 8.6 Hz,
2H), 7.43 (d, J = 8.6 Hz, 2H), 6.08 (s, 1H), 4.28 -04rh, 1H),

3.88(d, J = 1.8 Hz, 2H), 3.82 (dd, J = 6.7, 2.5 HH), 3.68 (dt, J
= 11.8, 2.5 Hz, 1H)*C NMR (101 MHz, CDG) & 164.41,

139.93, 131.30, 128.85, 128.20, 90.07, 67.79, 6G131.

4.3.16. 1,4-Dioxan-2-yl 4-bromobenzoaft8a) Yellow solid,
yield 74%;'H NMR (400 MHz, CDC)) & 7.93 (d, J = 8.4 Hz,
2H), 7.55 (d, J = 8.4 Hz, 2H), 6.04 (s, 1H), 4.22 -441®, 1H),
3.84 (s, 2H), 3.78 (d, J = 5.3 Hz, 2H), 3.63 (d, D18 Hz, 1H).
*C NMR (101 MHz, CDG)) & 164.46, 131.80, 131.38, 128.65,
128.56, 90.06, 67.73, 66.08, 61.75.

4.3.17. 1,4-dioxan-2-yl 4-((1,4-dioxan-2-yl)oxy)lzrate (20a)
Yellow soild, vyield 36%; HRMS calcd for [M+Na]-:
CisH1NaO, 333.2918, found 333.0945H NMR (400 MHz,
CDCls) 4 8.09 (d, J = 8.8 Hz, 2H), 7.13 (d, J = 8.8 Hz, 2H)76.
(s, 1H), 5.36 (d, J = 13.8 Hz, 1H), 4.27 — 4.05 (m,,2H)0 —
3.73 (m, 8H), 3.64 (dd, J = 26.7, 11.8 Hz, 2HE NMR (101
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5.3 Hz, 2H), 3.73 (d, J = 11.7 Hz, 1HjC NMR (101 MHz,
CDCl,) § 165.95, 133.98, 131.59, 130.97, 128.64, 128.06.2E
125.79, 124.49, 89.90, 67.99, 66.21, 61.94.

4.3.20. 1,4-dioxan-2-yl 3-phenylpropanoa2sd). Yellow solid,
'H NMR (400 MHz, CDCJ) 5 7.39 — 7.13 (m, 5H), 5.83 (s, 1H),
4.12 - 3.88 (m, 1H), 3.83 — 3.62 (m, 4H), 3.56 (m,, 1298 (t, J
= 7.7 Hz, 2H), 2.71 (t, J = 7.7 Hz, 2H)C NMR (101 MHz,
CDCly) 6 171.65, 140.24, 128.54, 128.33, 126.35, 89.317/(%67.
66.02, 61.65, 35.86, 30.77.

4.3.21. 1,4-dioxan-2-yl 3-phenoxypropanoa2éd). Yellow oil,
'H NMR (400 MHz, CDCJ) § 7.31 — 7.24 (m, 2H), 7.00 — 6.87
(m, 3H), 5.91 (t, J = 1.8 Hz, 1H), 4.34 — 4.23 (m, 287 —
4.06 (m, 1H), 3.80 — 3.71 (m, 4H), 3.61 (dt, J = 12.8 Hz, 1H),
2.89 (t, J = 6.3 Hz, 2H}*C NMR (101 MHz, CDCJ) 5 169.92,
158.47, 129.48, 121.13, 114.71, 89.57, 67.67, 6&BA.8, 61.65,
34.74. HRMS (ES): m/z calcd for [G:H:¢0s * Na] 275.0890,
found 275.0886.

4.3.22. 1,4-Dioxolan-4-yl 4-methylbenzoat@c). Yellow oil,
yield 79%;'H NMR (400 MHz, CDCJ)) § 7.83 (d, J = 8.2 Hz,
2H), 7.13 (d, J = 8.0 Hz, 2H), 6.47 (dd, J = 4.0,Hz8 1H), 5.06
(d, J=17.5 Hz, 2H), 4.03 (ddd, J = 11.3, 9.5, 3.0}, 2.30 (s,
3H). ®C NMR (101 MHz, CDGJ)) & 165.83, 144.30, 129.83,
129.17, 126.72, 95.85, 94.56, 70.68, 21.66.

4.3.23. 1,4-Dioxolan-4-yl 4-methoxybenzogtd). Yellow oil,
yield 76%;'H NMR (400 MHz, CDCJ)) & 7.96 (d, J = 8.9 Hz,
2H), 6.88 (d, J = 8.9 Hz, 2H), 6.53 (dd, J = 4.1,Hz91H), 5.13
(d, J=17.1 Hz, 2H), 4.10 (ddd, J = 11.4, 9.5, 3.0}, 3.82 (s,
3H). C NMR (101 MHz, CDCJ)) & 165.48, 163.82, 131.89,
121.76, 113.71, 95.81, 94.43, 70.67, 55.43.

4.3.24. 1,4-Dioxolan-4-yl 2-phenylbenzoaf@e) Yellow oil,
yield 73%;'H NMR (400 MHz, CDCJ)) & 7.90 (d, J = 7.9 Hz,
1H), 7.56 (t, J = 7.0 Hz, 1H), 7.49 — 7.27 (m, 8H),26(8d, J =
4.3, 1.9 Hz, 1H), 4.95 (s, 1H), 4.61 (s, 1H), 3.87 (1d,9.4, 4.4
Hz, 1H), 3.37 (dd, J = 9.4, 1.9 Hz, 1HfC NMR (101 MHz,
CDCl;) 6 167.95, 142.83, 141.47, 131.76, 130.82, 130.20,083
128.45, 128.10, 127.30, 95.49, 94.34, 69.98.

4.3.25. 1,4-Dioxolan-4-yl 2-fluorobenzodff). Yellow oil, yield
83%;'H NMR (400 MHz, CDCJ) 5 7.91 (t, J = 7.5 Hz, 1H), 7.51
(dd, J = 12.8, 6.0 Hz, 1H), 7.14 (dt, J = 19.2, 7.8 1), 6.56
(dd, J = 4.1, 1.8 Hz, 1H), 5.14 (d, J = 9.6 Hz, 2H),14dd, J =
24.3, 12.5 Hz, 2H)*C NMR (101 MHz, CDCJ) & 163.42,
160.83, 135.12, 132.18, 124.01, 118.00, 117.17909594.83,
70.64."F NMR (376 MHz, CDGJ) & -108.79 (s).

4.3.26. 1,4-Dioxolan-4-yl 4-tert-butylbenzogf2g). Yellow oil,
yield 80%;'H NMR (400 MHz, CDC}) 6 7.88 (d, J = 8.5 Hz,
2H), 7.35 (d, J = 8.5 Hz, 2H), 6.48 (dd, J = 4.1,Hz9 1H), 5.06
(d, J = 14.4 Hz, 2H), 4.03 (ddd, J = 11.3, 9.5, 3.0, 1.23 (s,
9H). *C NMR (101 MHz, CDG)) & 165.77, 157.24, 129.71,

MHz, CDCk) $ 165.13, 161.14, 132.00, 123.23, 121.52, 116.01126.70, 125.43, 95.83, 94.55, 70.70, 35.12, 32820.

115.38, 93.19, 89.43, 67.90, 66.11, 61.71, 61.07.

4.3.18. 1,4-Dioxan-2-yl 4-cyanobenzoaig3a) Yellow solid,

yield 49%;'H NMR (400 MHz, CDCJ))  8.21 (d, J = 8.3 Hz,
2H), 7.76 (d, J = 8.3 Hz, 2H), 6.10 (s, 1H), 4.36 7418, 1H),

3.90 (d, J = 1.7 Hz, 2H), 3.84 (dd, J = 6.9, 2.3 H#), 3.69 (d, J
= 11.8 Hz, 1H)*C NMR (101 MHz, CDCJ) § 163.70, 133.61,
132.32, 130.39, 117.88, 116.85, 90.65, 67.66, 6G1LF9.

4.3.19. 1,4-Dioxan-2-naphthalenecarboxyRda) Yellow solid,

yield 27%;'H NMR (400 MHz, CDC}) 6 9.02 (d, J = 8.5 Hz,
1H), 8.36 (d, J = 7.0 Hz, 1H), 8.06 (d, J = 7.9 Hz, THJ0 (d, J
=7.9 Hz, 1H), 7.64 (t, J = 7.4 Hz, 1H), 7.54 (dd, 164, 8.1 Hz,
2H), 6.22 (s, 1H), 4.44 — 4.19 (m, 1H), 3.96 (s, 2HB63d, J =

4.3.27. 1,4-Dioxolan-4-yl  4-(trifluoromethyl)benzeat (2i).
Yellow oil, yield 74%;'H NMR (400 MHz, CDC}) 5 7.83 (d, J =
8.2 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 6.47 (dd, J&; 4.8 Hz,
1H), 5.06 (d, J = 17.5 Hz, 2H), 4.03 (ddd, J = 11.8, 9.0 Hz,
2H), 2.30 (s, 3H)**C NMR (101 MHz, CDCJ) & 164.63, 134.77,
132.73, 130.19, 125.51, 122.17, 96.12, 95.13, 70°FINMR
(376 MHz, CDC}) 5 -63.25 (s).
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