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Abstract: This chapter discusses the direct C-H bond functionalization of cyclic ethers

through decarboxylation by using electronically diverse cinnamic acid derivatives in presence

of synthesized biogenic CuO/C nanocatalyst under mild conditions. The spherical CuO

nanoparticles are prepared by hydrothermal method without using any external mediator.

This methodology is suitable for electronically diverse substrates with good vyields of
alkenylated products. The synthesized catalyst is characterized by p-XRD, SEM-EDX, TEM,

and XPS analyses. The catalyst is reusable for up to four cycles without significant loss of its

catalytic activity.
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6.1 Introduction

Among different types of carboxylic acids, the significance of cinnamic acids as a
coupling partner in alkenylation has been realized in a report on Pd-catalyzed
decarboxylative coupling with aryl halides [1]. The use of cinnamic acid as a coupling
partner has significant advantages over traditional alkenylation concerning the high
temperature and stereoselectivity (E/Z) of the product [2]. In this milieu, various
methodologies have been developed for the decarboxylative coupling of cinnamic acid to
form C—C, C—N, C-Si, C-S, C—P, and C—F bonds as well as in the construction of
heterocycles [3]. The methods adopted in the literature reported the utilization of
different metal catalysts such as salts of copper (Cu), iron (Fe), ruthenium (Ru), iridium
(Ir), and manganese (Mn) [4]. In this context, Liu et al. developed a method of
decarboxylative coupling of cinnamic acids with cyclic ethers and alcohols using Cu as
the catalyst [5]. Their methodology was found to complement with the previously
reported alkenylation reactions where alkynes are used at very high temperature resulting
in the formation of both £ and Z isomers in the product [6]. On the other hand, Pan and
co-workers apprehended that cinnamic acid can be decarboxylated by using ferric
acetylacetonate [Fe(acac);] for the functionalization of cyclic ethers [7]. Fang and co-
workers also developed silver carbonate (Ag,CO;) catalyzed methodology for
decarboxylative coupling of cinnamic acids with inactivated C—H bonds [8]. Direct C—H
functionalization of cyclic ethers and alcohols is still a challenging task due to their poor
reactivity and this is the reason they enjoy widespread use as a solvent in organic
synthesis [9]. However, it is highly prevalent in some of the biologically active
compounds such as sesaminone, (-)-talaumidin, idazoxan, (+)-fragrancin, lignin, etc.
[10]. Therefore, exploration and development of simple and sustainable methodologies

for functionalization of cyclic ethers and alcohols are highly desirable.

In the recent past, the use of different NPs in organic synthesis has received considerable
interest due to their high surface to volume ratio which increases the effectiveness of the
catalysts compared to the conventional ones. Biogenic NPs, in particular, have emerged
as suitable alternative to the conventionally derived ones [11]. The use of carbonaceous
material supports such as activated carbon [12], carbon nanotubes (CNTs) [13], reduced
graphene oxides (rGO) [14], carbon quantum dots [15], graphene [16], cellulose [17],
and mesoporous carbon vesicles (MCVs) [18] can enhance the catalytic activity of Cu

NPs. The support material increases the stability of Cu NPs by altering their sensitivity to
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oxygen, water, and other chemical entities present in the reaction mixture [19]. Li and
Huang demonstrated the use of carbon layered Cu NPs in photocatalytic reduction of
CO; [20]. The carbon layer acted as an electron transfer medium and thereby increasing
the catalytic activity of the Cu NPs towards CO, reduction. Moreover, carbon layers such
as graphene and rGO promotes interfacial contact and adhesion to the catalyst layer (CL)
and thereby enhancing the ease of electron transfer or proton exchange in the reaction
medium [21]. Therefore, incorporation of carbon as layers over the catalyst is warranted.
Lately, the use of biomass for graphene or rGO like CL synthesis has gained attention as
a green alternative due to its carbon rich and renewable nature [22]. Chen and co-
workers demonstrated the use of coconut shells as a carbon source for the synthesis of
graphene like bio CLs in presence of K,CO3 at 900 °C [23]. The metals such as iron can
also catalyze the graphitization of amorphous carbon [24]. Our interest on biogenic NPs
catalyzed organic transformations and lack of literature report on its application in
decarboxylative coupling reaction compelled us to explore the prospect of bio-derived
nanocatalyst in decarboxylative coupling reactions. Therefore, in this chapter we have
reported the preparation of spherical copper oxide (CuO) NPs using orange peels by
hydrothermal method without applying any external agents. The NPs were characterized
using different spectroscopic and morphological techniques. Further, the prepared CuO
NPs were employed as a catalyst in direct decarboxylative C—H functionalization of

cyclic ethers and the results are reported in this chapter.
6.2 Experimental Section

6.2.1 Catalyst preparation

10 g of grounded mass of waste orange peel residue was mixed with 100 mL of distilled
water. The extract was filtered through a sintered crucible and centrifuged to remove
suspended particles present in the solution. In a 100 mL teflon-lined stainless steel
autoclave, 4 mmol (0.79 g) of Cu(OAc),.H,O was dissolved in 25 mL of the aqueous
extract. The solution thus obtained was stirred at room temperature until it became a
homogeneous mixture. Subsequently, the homogeneous mixture was autoclaved at 195
°C for 7 h. The brown-coloured precipitate obtained was centrifuged and washed with
water and ethanol, dried in a vacuum desiccator, and labeled as Cu/C. Further, the
resulting brown-coloured mass of Cu/C was sintered at 590 °C for 6 h in air to get

CuO/C nanocomposite.
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6.2.2 General procedure for decarboxylative C-H functionalization

A 50 mL round bottomed flask equipped with a magnetic bar was charged with cinnamic
acid (0.5 mmol), 1,4 dioxane (2 mL), CuO/C (10 wt%), and TBHP (3 equiv.). The
reaction mixture was heated at 110 °C till the completion (monitoring by TLC) of the
reaction. After completion, it was diluted with ethyl acetate and washed with distilled
water. The combined organic layer was washed with brine, dried over anhydrous sodium
sulfate, and concentrated under reduced pressure. The crude mixture was purified by
column chromatography to afford the desired product.

6.3 Results and Discussion

6.3.1 Catalyst characterization

In a very recent report by Shi and co-workers, graphene wrapped copper catalyst was
found to be shown superior catalytic properties than carbon supported ones [25]. To
incorporate graphene-like layering over copper particles, carbonization of the biomass
and copper was achieved at 195 °C. The resultant carbonized mass of Cu/C obtained was
analyzed by p-XRD. The three peaks at 43.4°, 50.4°, and 74° were assigned to the (111),
(200), and (220) lattice planes for Cu(0), respectively. The Cu/C was used in catalytic
amount (10 wt% of Cu) for the model reaction of cinnamic acids and 1,4-dioxane in
presence of TBHP. As expected, under this reaction condition we did not observe any
conversion of the starting materials.

With these results in hand, the Cu/C obtained was heated at an elevated temperature to
generate carbon layered CuO NPs. The CuO/C was analyzed with p-XRD (Figure 6.1),
the peaks with 20 values 32.1°, 35.2°, 38.3°, 48.6°, 53.1°, 58.1°, 61.4°, 66.1°, 67.8°,
72.3°, and 74.8° were assigned to (110), (111), (111), (202), (020), (202), (113), (311),
(220), (311) and (222), respectively, lattice planes of monoclinic crystalline CuO. The
dome peak in the range of 15-30° inferred the presence of rGO type of carbon in the
sample [26]. The p-XRD pattern of Cu/C and CuO/C agrees well with existing reference
JCPDS-01-1242 and JCPDS-89-2530, respectively.
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Figure 6.1. Powder XRD pattern of Cu/C and CuO/C nanocomposites

The energy dispersive X-ray (EDX) analysis indicated the presence of Cu and O along
with C and Ca (Figure 6.2). The elements were present in the nanocomposite with an
atomic percentage of carbon 21.55%, oxygen 41.45%, calcium 1.16% and copper

35.84%.

Element “Weight Atomic

_ % %
CK 7.92 giEs
0K 2044 | 4145
CaK 143 1.16

Cu K 7016 3584

Full Scale 3724 cts Cursor: 0.000

Figure 6.2. Energy dispersive X-ray (EDX) of CuO/C nanocomposite

The surface morphology of the synthesized CuO/C was studied by SEM analysis and it
showed spherical shaped nano structure formation (Figure 6.3). Further, elemental

mapping images showed the homogeneous distribution of the elements (Figure 6.4).
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TEM analysis of the synthesized CuO clearly showed a carbon layer over CuO particles
(Figure 6.5a). Interestingly, the d spacing (0.33 nm) obtained for carbon layer
corresponds to the rGO form of carbon (Figure 6.5a). The TEM image showed different

lattice fringes for different facets associated with monoclinic CuO (Figure 6.5¢).

20kV  X2,000 10pm 0000 1160SEl

Figure 6.3. SEM image of CuO/C nanocomposite

Cakal (a) 0 Kal (b)

Ckal_2 (c) Cu Kal (d)

Figure 6.4. EDS mapping images of (a) Ca, (b) O, (¢) C, and (d) Cu
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21/nm

Figure 6.5. TEM images of (a) Carbon layered CuO, (b) CuO nano, and (¢) SAED

pattern

To investigate the electronic state of the as-synthesized CuO NPs, XPS analysis was
performed. The survey spectra suggested the presence of C 1s, O 1s and Cu 2p electrons
in the synthesized material (Figure 6.6a). The binding energy (B.E.) of C-C bond
electrons originating from C 1s has a range of 284.6 eV to 285.2 eV. Herein, C Is
binding energy at 284.6 eV for C-C bond was taken as reference for the calibration of
binding energies of other elements (Figure 6.6b). The peak at 284.6 eV indicates the
presence of sp> C-C type of bond in the material [27]. The shoulder peak at 288.7 eV can
be attributed to O-C=0 bond present in the material [28,29]. The high resolution XPS
spectra for Cu 2p showed two major peaks corresponding to Cu 2ps, and Cu 2p;; at

933.93 eV and 953.62 eV, respectively (Figure 6.6d) [30].
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Figure 6.6. (a) XPS survey scan spectrum and high resolution XPS spectra of (b) C 1s,
(¢) O 1s, (d) Cu 2p.

Further, two distinct satellite peaks approximately 9 eV higher than that of the main
peaks indicated the presence of Cu”" species in the sample [28,31]. The high resolution O
Is XPS spectra were deconvoluted into three peaks (Figure 6.6¢). The peak at 529.6 eV
corresponds to the photoemission of 0> of CuOQ, 531.2 ¢V was assigned to the emission
of surface —OH and carbonate groups. From the literature, the peak at 532.8 eV was

assigned to the adsorbed water on the surface of the sample [32].

6.3.2 Catalytic activity of CuQO/C
6.3.2.1 Optimization of reaction conditions

We started the investigation of decarboxylative alkenylation with cinnamic acid (1a) and
1,4 dioxane (2a) as model substrates. The screening results were presented in Table 6.1.
When 10 wt% of CuO/C nanocomposite was employed in presence of 1.5 equivalent of

TBHP at 100 °C, a moderate yield of the desired product was obtained (entry 1, Table
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6.1). An increase in temperature (entries 2 and 3, Table 6.1) had a significant impact on
the reaction yield. The yield of 3a was improved up to 74% when the 3 equivalents of
TBHP was employed (entry S, Table 6.1). The desired product 3a was isolated in 66%
yield in presence of 2 equivalents of TBHP (entry 7, Table 6.1). A decrease in product
yield was recorded with a decrease in the amount of CuO/C (entry 6, Table 6.1). When
we used di-tert-butyl peroxide (DTBP), a very less amount of product formation was
observed (entry 9, Table 6.1). Similarly, in the oxidant-free condition the reaction
furnished a trace amount of product (entry 13, Table 6.1). Furthermore, the reaction
failed in absence of the catalyst (entry 12, Table 6.1), confirming that the presence of the
catalyst as well as the oxidant were necessary for radical formation and decarboxylation.
Other radical initiators such as H,O,, and K,S,0s could not produce the desired product.
Based on these reactions the optimized reaction condition was found to be: 1a (0.6

mmol), 2a (2 mL), catalyst (10 wt%), and TBHP (3 equiv.) at 110 °C.

Table 6.1. Optimization of the reaction conditions”

X~ COOH o CuOIC (Wt%) - ©/%)ioj
©/\/ + [O] oxidant, temperature -
1a 2a 3a
Entry CuO/C Temperature Oxidant Yield”
(Wt%) °O) (equiv.) (%)
1 10 100 TBHP (1.5) 46
2 10 110 TBHP (1.5) 57
3 10 120 TBHP (1.5) 58
4 10 90 TBHP (1.5) 31
5 10 110 TBHP(3.0) 74
6 5 110 TBHP (3.0) 42
7 10 110 TBHP (2.0) 66
9 10 110 DTBP ( 3.0) Trace
10 10 110 H,0, (3.0) -
11 10 110 K»S,05(3.0) -
12 - 110 TBHP (3.0) -
13 10 110 - Trace

“Reaction conditions: 1a (1 equiv.), 2a (2 mL), for 24 h. ’Isolated yields
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6.3.2.2 Substrate scope study

With the optimized condition in hand (entry 5, Table 6.1), we explored the general
applicability of this condition with cinnamic acids of different electronic environments.
Under this reaction condition, a series of desired alkenylation products of 1,4-dioxane
and THF were obtained in good yields. Among chloro-substituted cinnamic acids, para-
(3b, Table 6.2) and meta- (3¢, Table 6.2) derivatives yielded the desired product in
moderate yield whereas ortho- (3d, Table 6.2) derivatives produced an average yield of
the desired product. Cinnamic acid with bromo-substituent at para-position also
produced the desired product (3g, Table 6.2) in moderate yield. Compounds containing
electron-withdrawing groups reacted efficiently under this reaction condition.
Substituents such as -OCHj3 (3h, Table 6.2) and -CH3 (3e, Table 6.2) at para- position
produced the alkenyl products in good yields. The frans-3-(3-pyridyl)acrylic acid is also
a good reactant and the desired alkene (3i, Table 6.2) was obtained in moderate yield.
Cinnamic acids also showed a similar reactivity pattern with THF under the optimized
reaction condition. Cinnamic acids having -OCHj3 group at meta- and para-positions
along with ortho- and meta-positions resulted in good yields of alkenylated product (3j
and 3p respectively, Table 6.2). Similarly, substrates containing electron-withdrawing
groups (3k and 3m, Table 6.2) also carried out the reaction smoothly and furnished good
to moderate yields of the desired product. In all the reactions only trans-configured (F)

products were obtained which was confirmed by the NMR spectra.
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Table 6.2. CuO/C catalyzed decarboxylative alkenylation of cyclic ethers with cinnamic

acid derivatives”

©/\/COOH [XH) CuOJ/C (10 wt%) (j/\)i ﬁ
n
+
0 TBHP (3 equiv.), 110° C
2

1

n=1,X=0
n=0;X=CH,
o o S o
j Cl X j j
o | (¢]]
3a, 74% 3b, 77% 3¢, 67% 3d, 55%
/©/\): D/\)i /(D/\)i o /@/\)i
OCH,3
3e, 68% 3f, 58% 3g, 70% 3h, 78%
O i __
L)
S (o) X
(e}
| = H3COM C|\©/§/(o> ©/\/(>
0,
3i, 53% HaCO
””””””””””””””””” 3j, 78% 3k, 74% 3, 51%
OCH3
/(D/\I> @Ap H3CO\©/\/E\
OCHs

3m, 56% 3n, 70% 30, 68% 3p, 75%

“Reaction conditions: 1 (1 equiv.), 2 (2mL), 24 h
6.3.2.3 Heterogeneity test

To verify the heterogeneous nature of the catalyst, a hot filtration test was done. In a
round bottomed flask, CuO/C (10 wt%), TBHP (3 equiv.), and THF (2 mL) were added
and stirred at 110 °C for 12 h. Then the reaction mixture was filtered and to that filtrate
cinnamic acid (1 equiv.) was added. After 24 h of stirring, no product formation was

observed. This suggested the heterogeneous nature of the catalyst.
6.3.2.4 Reusability test

Reusability is an important feature in heterogeneous catalysis. In our protocol, CuO/C
was reusable for up to four catalytic cycles (Figure 6.7). A little change in the reactivity

of the catalyst over repeated cycles might be due to the physical loss of the catalyst. In
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this test, the reaction mixture was centrifuged and then washed with ethyl acetate, and
the residue obtained was dried in a vacuum desiccator. The dried catalyst was again used

for the next cycle.

100

1 78 75 i
BO 66
70
-5'50 1
T |
T 50
40
30
20
10
P
1st 2nd 3rd

Fresh

Cycles

Figure 6.7. Reusability of the catalyst over four cycles
6.3.2.5 Control experiment

Since TBHP is known as the free radical initiator, therefore it is considered that this
decarboxylative functionalization proceeds through radical pathway. To investigate the
possible mechanistic route, the reaction was performed in presence of a well-known
radical trapping agent 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) (3 equivalents)
under the optimized conditions and we observed that the reaction failed to furnished the

desired product. This confirms that the current protocol follows a radical pathway.
6.3.2.6 Plausible mechanism

Based on the literature reports and experimental study, we have proposed a plausible
mechanism (Scheme 6.1) for our methodology [5,7,33]. At first, Cu(Il) reacts with TBHP
to form Cu(Ill) and tert-butoxy radical species in the reaction medium. This Cu(II)
undergoes reduction to form Cu(Il) on reaction with TBHP by releasing BuOO radical
and H,O. Then rBuOO radical reacts with cyclic ether to generate the radical species A.
This BuOO radical along with Cu(Il) forms the cupric cinnamate (B) by reaction with
cinnamic acid. Now the reaction between cupric cinnamate and A finally provides the
desired product D via decarboxylation and Cu(I) elimination. Oxidation of Cu(I) by fert-
butoxy radical regenerates the cupric cinnamate that again undergoes reaction with cyclic

ether.
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Cu(ll) + tBuOOH —— > Cu(llhOH + tBuO

Cu(lllOH  + BuOOH
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Scheme 6.1. Possible mechanism for decarboxylative alkenylation

A comparison of the activity of the synthesized catalyst with some reported works of
decarboxylative alkenylation of cyclic ethers is enlisted in Table 6.3. From Table 6.3 it is
seen that in the case of Cu and Ag-catalyzed methodologies (entries 1 and 3, Table 6.3)
only two examples are available for the direct functionalization of cyclic ethers.
Moreover, other reported works (entries 2 and 4, Table 6.3) are carried out either in N,
atmosphere or in presence of a base. By comparing with these literatures, we can state
that under air atmosphere we have developed a more efficient methodology for the direct
decarboxylative functionalization of cyclic ethers with electronically and sterically
diverse cinnamic acids in presence of easily synthesized cost-effective biogenic CuO

NPs without using any additives.
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Table 6.3. Comparison of catalytic activity of reported works

Entry Catalyst Oxidant/Temperature(°C)/Base  Yield (%) Reference

1 Cu TBHP/110 (under air) 52-74 5
(only two
examples)

2 Fe(acac); DTBP/120 (under N») 65-81 7

3 Ag,CO; DTBP/110 (under Ny) 88-89 8
(only two
examples)

4 Mn(OAc),. TBHP/100 (under air)/DBU 25-80 34

4H,0
5 CuO/C TBHP/110 (under air) 51-78 Our work

6.4 Conclusion

In summary, we have developed a new catalytic methodology for the direct
functionalization of cyclic ethers with cinnamic acid derivatives using a cheap and easily
available CuO NPs. The synthesis of biogenic CuO NPs from organic waste is very easy
and can be directly used in the reaction. The formation of bio-carbon layered CuO NPs
is proved by different experimental techniques including, p-XRD, EDX, SEM, TEM, and
XPS. The functionalization demonstrates well-tolerance towards various functional

groups under ligand and base-free condition.

6.5 'H and C NMR analytical data

0 (E)-2-styryl-1,4-dioxane (3a): 'H NMR (400 MHz,
X O] CDCl3): 0 (ppm) 7.63-7.34 (m, 2H), 7.34-7.27 (m, 2H),
7.27-7.09 (m, 1H), 6.68 (d, J = 16.0, 1H), 6.07 (dd, J =

3a

16.0, 6.0, 1H), 4.26-4.21 (m, 1H), 3.92-3.77 (m, 3H),
3.75-3.72 (m, 1H), 3.68-3.61 (m, 1H), 3.41 (dd, J = 11.5,
10.0, 1H); *C NMR (100 MHz, CDCL;): 6 (ppm) 136.64,
132.86, 128.81, 128.15, 126.71, 125.34, 76.30, 71.20,
66.82, 66.52.
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(E)-2-(4-chlorostyryl)-1,4-dioxane (3b): 'H NMR (400
MHz, CDCl3): 6 (ppm) 7.60-7.02 (m, 5H), 6.63 (dd, J =
16.0, 6.0, 1H), 6.04 (dd, J = 16.0, 6.0, 1H), 4.31-4.16 (m,
1H), 3.92-3.58 (m, 5H), 3.39 (dd, J = 11.0, 10.0, 1H); *C
NMR (100 MHz, CDCls): 6 (ppm) 134.97, 133.66, 131.46,
128.85, 127.79, 125.86, 75.97, 70.95, 66.69, 66.38.

(E)-2-(3-chlorostyryl)-1,4-dioxane (3c¢): 'H NMR (400
MHz, CDCL): 6 (ppm) 7.39-7.34 (m, 1H), 7.25-7.19 (m,
3H), 6.63 (dd, J = 16.0, 1.3, 1H), 6.09 (dd, J = 16.0, 6.0,
1H), 4.30-4.20 (m, 1H), 3.93-3.71 (m, 4H), 3.65 (m, 1H),
3.40 (dd, J = 11.5, 10.0, 1H); *C NMR (100 MHz, CDCl5):
5 (ppm) 138.39, 134.63, 131.21, 129.89, 127.90, 126.77,
126.46, 124.81, 75.83, 70.96, 66.67, 66.39.

(E)-2-(2-chlorostyryl)-1,4-dioxane (3d): 'H NMR (400
MHz, CDClL): 6 (ppm) 7.57-7.45 (m, 1H), 7.38-7.31 (m,
1H), 7.24-7.14 (m, 2H), 7.07 (dd, J = 16.2, 1.1, 1H), 6.07
(dd, J = 16.0, 6.2, 1H), 4.31-4.26 (m, 1H), 3.94-3.71 (m,
4H), 3.71-3.62 (m, 1H), 3.43 (dd, J = 11.5, 10.0, 1H); "°C
NMR (100 MHz, CDCls): 6 (ppm) 134.79, 133.48, 129.95,
129.07, 129.02, 128.33, 128.23, 127.05, 76.19, 71.05,
66.78, 66.50.

(E)-2-(4-methylstyryl)-1,4-dioxane (3e): 'H NMR (400
MHz, CDCl3): § (ppm) 7.26 (d, J = 8.4, 1H), 7.11 (d, J =
8.0, 1H), 6.65 (d, J = 16.1, 1H), 6.02 (dd, J = 16.1, 6.3,
1H), 4.29-4.18 (m, 1H), 3.79 (m, 2H), 3.65 (m, 1H), 3.41
(dd, J=11.5, 10.0, 1H), 2.33 (s, 1H); *C NMR (100 MHz,
CDCls): 6 (ppm) 138.05, 133.84, 132.92, 129.51, 126.66,
124.24, 76.44, 71.24, 66.84, 66.53, 21.45.
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o] (E)-5-(2-(1,4-dioxan-2-yl)vinyl)benzo[d][1,3]dioxole (3f):

o N~ '"H NMR (400 MHz, CDCly): d (ppm) 6.91 (d, J = 1.7, 1H),
<O 6.81 (dd, J= 8.0, 1.6, 1H), 6.74 (d, J = 8.0, 1H), 6.59 (dd, J
af =16.0, 1.2, 1H), 5.95 (s, 2H), 5.90 (dd, J = 16.0, 6.3, 1H),

4.23-4.18 (m, 1H), 3.92-3.70 (m, 4H), 3.67-3.61 (m, 1H),
3.40 (dd, J=11.5, 10.0, 1H); *C NMR (100 MHz, CDCl):
0 (ppm) 148.04, 147.52, 132.46, 130.87, 123.28, 121.40,
108.28, 105.72, 101.12, 76.12, 70.99, 66.61, 66.29.

(E)-2-(4-bromostyryl)-1,4-dioxane (3g): 'H NMR (400
X ] MHz, CDCls): 6 (ppm) 7.43 (dd, J = 8.8, 2.1, 2H), 7.26—
7.01 (m, 2H), 6.63 (d, J=16.6, 1H), 6.07 (dd, J=16.0, 6.2,
1H), 4.26-4.21 (m, 1H), 3.92-3.72 (m, 4H), 3.68-3.65 (m,
1H), 3.40 (dd, J = 11.4, 10.1, 1H); *C NMR (100 MHz,
CDCl): & (ppm) 135.55, 131.96, 131.62, 128.27, 126.10,
121.96, 76.10, 71.01, 66.83, 66.52.

Br
39

o) (E)-2-(3,4-dimethoxystyryl)-1,4-dioxane (3h): 'H NMR

/@/\)io] (400 MHz, CDCls): & (ppm) 6.97-6.84 (m, 2H), 6.79 (d, J
4O — 8.2, 1H), 6.60 (dd, J = 16.1, 0.9, 1H), 5.93 (dd, J = 16.0,
OCH, 6.4, 1H), 4.34-4.11 (m, 1H), 3.87 (s, 3H), 3.85 (s, 3H),

3h 3.84-3.75 (m, 3H), 3.75-3.69 (m, 1H), 3.66-3.60 (m, 1H),

3.41 (dd, J=11.5, 10.0, 1H); *C NMR (100 MHz, CDCl5):

o (ppm) 149.27, 149.19, 132.81, 129.62, 123.25, 120.08,
111.22, 108.93, 76.35, 71.14, 66.78, 66.47, 56.02, 55.92.

0 (E)-3-(2-(1,4-dioxan-2-yl)vinyl)pyridine (3i): 'H NMR

] (400 MHz, CDCl3): 6 (ppm) 8.60 (d, J = 1.6, 1H), 8.48 (dd,
J =148, 12, 1H), 7.80-7.57 (m, 1H), 7.27-7.23 (m, 1H),
3i 6.69 (dd, J = 16.0, 0.8, 1H), 6.17 (dd, J = 16.0, 5.8, 1H),
4.30-4.25 (m, 1H), 3.88-3.73 (m, 4H), 3.69-3.65 (m, 1H),
3.41 (dd, J=11.4, 10.0, 1H); °C NMR (100 MHz, CDCl):
d (ppm) 148.92, 148.41, 133.29, 132.26, 129.0, 127.80,
123.68, 75.90, 70.93, 66.81, 66.51.

A/
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(E)-2-(3,4-dimethoxystyryl)tetrahydrofuran (3j): 'H
NMR (400 MHz, CDCls): § (ppm) 6.93-6.73 (m, 3H),
6.61-6.43 (m, 1H), 6.05 (dd, J = 15.8, 6.8 Hz, 1H), 4.43 (q,
J=7.0 Hz, 1H), 3.99-3.74 (m, 8H), 2.17-1.67 (m, 4H); °C
NMR (100 Hz, CDCl3): § (ppm) 148.99, 148.77, 130.51,
129.91, 128.42, 119.82, 117.27, 111.10, 108.85, 79.96,
68.21, 55.91, 32.52, 26.06.
(E)-2-(3-chlorostyryl)tetrahydrofuran (3k): 'H NMR
(400 MHz, CDCl3): 6 (ppm) 7.44-7.13 (m, 4H), 6.57-6.47
(m, 1H), 6.34-6.10 (m, 1H), 4.46 (m, 1H), 4.03-3.75 (m,
2H), 2.21-1.63 (m, 4H); C NMR (100 Hz, CDCl): &
(ppm) 138.87, 134.53, 132.32, 130.15, 129.27, 127.48,
126.57, 124.81, 79.44, 68.33, 32.42, 25.96.

(E)-2-styryltetrahydrofuran (31): 'H NMR (400 MHz,
CDCl3): 0 (ppm) 7.40-7.34 (m, 2H), 7.34-7.26 (m, 2H),
7.23-7.18 (m, 1H), 6.59 (t, J= 11.7 Hz, 1H), 6.26-6.15 (m,
1H), 4.46 (m, 1H), 4.01-3.92 (m, 1H), 3.82 (m, 1H), 2.20—
2.06 (m, 1H), 2.05-1.87 (m, 2H), 1.78-1.66 (m, 1H); "*C
NMR (100 Hz, CDCls): 6 (ppm) 136.96, 130.66, 130.52,
128.63, 127.56, 126.50, 79.74, 68.25, 32.47, 25.99.

(E)-2-(4-bromostyryl)tetrahydrofuran (3m): '"H NMR
(400 MHz, CDCl3): 6 (ppm) 7.45-7.40 (m, 2H), 7.27-7.22
(m, 2H), 6.52 (d, J=15.9 Hz, 1H), 6.23-6.17 (m, 1H), 4.46
(q, J = 6.8 Hz, 1H), 3.99-3.82 (m, 2H), 2.17-1.60 (m, 6H);
C NMR (100 Hz, CDClLy): 6 (ppm) 135.84, 131.62,
131.40, 129.21, 128.00, 121.23, 79.47, 68.24, 32.34, 25.92.

(E)-2-(3-methylstyryl)tetrahydrofuran (3n): 'H NMR
(400 MHz, CDCls): d (ppm) 7.39-6.94 (m, 4H), 6.57 (t, J =
15.4 Hz, 1H), 6.31-6.01 (m, 1H), 4.46 (g, J = 6.9 Hz, 1H),
4.09-3.75 (m, 2H), 2.33 (s, 3H), 2.24-1.63 (m, 4H); "°C
NMR (100 Hz, CDCly): § (ppm) 138.12, 136.89, 130.64,
130.39, 128.53, 128.39, 127.32, 123.71, 79.95, 68.55,
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H,CO

OCH,

OCHj

3o

32.50,25.87,21.91.
(E)-2-(3-methoxystyryl)tetrahydrofuran (30): 'H NMR
(400 MHz, CDCl3): 6 (ppm) 7.28-6.73 (m, 4H), 6.54 (d, J
= 15.8 Hz, 1H), 6.18 (m, 1H), 4.46 (m, 1H), 4.01-3.80 (m,
2H), 3.80-3.76 (m, 3H), 2.24-1.66 (m, 4H); >C NMR (100
Hz, CDCL): § (ppm) 159.95, 138.46, 130.95, 130.94,
129.59, 119.56, 113.81, 112.12, 79.94, 68.27, 55.39, 32.91,
25.88.

(E)-2-(2,5-dimethoxystyryl)tetrahydrofuran (3p): 'H
NMR (400 MHz, CDCls): 6 (ppm) 6.99 (d, J = 2.8 Hz, 1H),
6.92-6.70 (m, 3H), 6.31-6.10 (m, 1H), 4.45 (q, J=7.1 Hz,
1H), 3.95 (m, 1H), 3.85-3.78 (m, 1H), 3.77 (s, 3H), 3.75 (s,
3H), 2.18-1.64 (m, 4H); *C NMR (100 Hz, CDCl): 6
(ppm) 153.92, 151.40, 131.57, 126.83, 125.38, 113.82,
112.35, 112.14, 112.07, 80.20, 68.36, 56.27, 32.55, 25.97.
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'H and C NMR spectra of (E)-5-(2-(1,4-dioxan-2-yl)vinyl)benzo[d][1,3]dioxole
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'H and *C NMR spectra of (E)-2-(3-methoxystyryl)tetrahydrofuran
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