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A general and efficient procedure for the stereoselective synthesis of (E)-(1-propenyl)phenyl esters from
readily accessible allylphenols has been developed. The process involves a two-step sequence consisting
of the initial acylation of the allylphenols with an acid chloride, followed by catalytic C]C bond isom-
erization in the resulting allylphenyl esters. The latter step was performed in methanol at 80 �C using
catalytic amounts (0.5 mol %) of the commercially available bis(allyl)-ruthenium(IV) dimer [{RuCl(m-
Cl)(h3:h3-C10H16)}2] (C10H16¼2,7-dimethylocta-2,6-diene-1,8-diyl). Reactions proceeded in high yields
(68e93%) and short times (4e9 h) with complete E-selectivity.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The catalytic isomerization of olefins is a fundamental reaction in
organic chemistry with widespread academic and industrial appli-
cations.1 Transformation of allylbenzenes into the corresponding
1-propenyl derivatives is a clear example of the synthetic utility of
this textbook reaction since the latter are common starting mate-
rials in the flavour and fragrance industries,2 as well as advanced
intermediates for the preparation of a large variety of biologically
active compounds.3 Traditionally, these isomerization reactions
have been performed with alkali hydroxides in alcoholic media
under high temperature regimes.4 However, these methods usually
suffer from drawbacks like long reactions times, low conversions,
limited tolerance to functional groups and tedious post-synthetic
work-up. During the last years, more convenient approaches
based on the use of heterogeneous and homogeneous catalysts have
been developed.5,6 In particular, since the pioneering works by
Shimizu and Blumon the isomerization of allylbenzene usingNatta-
type7 andRu-, Rh-, and Ir-based catalysts,8 respectively, awide array
of transitionmetal complexes has proveneffective for the C]Cbond
migration of allyl-aromatic compounds.9 However, despite these
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advances, there is still a high request for readily available and effi-
cient systems providing the desired 1-propenyl products in a ster-
eoselectivemanner undermild conditions. Indeed, stereoselectivity
is a key issue in the industrial isomerization of several allylbenzene
derivatives, such as estragole, eugenol or safrole, where only the E-
products are marketed due to the toxic character and unpleasant
organoleptic properties of the corresponding Z-isomers.9t

Recently, in the context of our studies on the catalytic isomeri-
zation of functionalized allylic compounds,10 we have brought to
light different organometallic ruthenium complexes able to isom-
erize estragole into anethole with E-selectivities �99%.11 Among
them, the bis(allyl)-ruthenium(IV) dimer [{RuCl(m-Cl)(h3:h3-
C10H16)}2] (C10H16¼2,7-dimethylocta-2,6-diene-1,8-diyl)12 de-
serves to be highlighted due to its outstanding activity and acces-
sibility (Scheme 1).11b In fact, it can be purchased from commercial
suppliers (SigmaeAldrich or Strem Chemicals) or easily prepared
by simple reaction of RuCl3$nH2O with isoprene.13

The remarkable E-selectivity shown by complex [{RuCl(m-
Cl)(h3:h3-C10H16)}2] in this industrially relevant transformation
prompted us to undertake a systematic evaluation of its catalytic
behaviour towards related allylbenzene derivatives. As a first result
of these studies, herein we disclose a general and efficient pro-
cedure for the stereoselective synthesis of (E)-(1-propenyl)phenyl
esters C starting from readily available allylphenols A, via initial
acylation of the OH unit of Awith an acid chloride and subsequent

mailto:crochetpascale@uniovi.es
mailto:vcm@uniovi.es
www.sciencedirect.com/science/journal/00404020
http://www.elsevier.com/locate/tet
http://dx.doi.org/10.1016/j.tet.2012.01.083
http://dx.doi.org/10.1016/j.tet.2012.01.083
http://dx.doi.org/10.1016/j.tet.2012.01.083


Scheme 1. Highly selective estragole to trans-anethole isomerization using complex
[{RuCl(m-Cl)(h3:h3-C10H16)}2] as catalyst.

Scheme 3. Synthesis of the allylphenyl esters 6e10(aed).
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stereoselective C]C bond isomerization in the resulting allyl-
phenyl esters B (Scheme 2). Note that, although compounds of type
C widely occur in nature and present interesting biological activi-
ties,14 to date no convenient routes of access have been described in
the literature.15 In fact, some representatives of this family of
compounds have shown relevant anti-inflammatory,14q anti-
malarial,14p,r anti-bacterial14p,r and anti-fungal14p,r properties, as
well as insecticidal14n and oestrogenic activities.14k

Scheme 2. General route for the stereoselective synthesis of (E)-(1-propenyl)phenyl
esters C.
2. Results and discussion

Our investigations started with the preparation of a varied
family of allylphenyl esters 6e10(aed) showing a mutual 1,2-, 1,3-
or 1,4-disposition of the ester and allyl functional groups (Scheme
3). These species were generated by acylation of the commer-
cially available, or readily accessible, allylphenols 1e5 with pro-
pionyl chloride, isobutyryl chloride, 3-methyl-butyryl chloride and
benzoyl chloride. Reactions, which were routinely performed in
dichloromethane at rt in the presence of catalytic amounts of 4-
dimethylaminopyridine (DMAP) and triethylamine as HCl scaven-
ger, delivered the desired allylphenyl esters 6e10(aed) in 70e91%
isolated yield after appropriate chromatographic purification.
Characterization of compounds 6e10(aed) was straightforward
following their HRMS, IR and 1H and 13C{1H} NMR data (details are
given in Experimental section). In particular, selective acylation of
the alcohol units was readily evidenced by the appearance of a low-
field carbon resonance at 164.5e176.1 ppm, and a strong absorption
band at 1733e1761 cm�1, in the 13C{1H} NMR and IR spectra, re-
spectively, characteristic of ester RCO2-moieties.
Once synthesized, the ability of complex [{RuCl(m-Cl)(h3:h3-
C10H16)}2] to promote the isomerization of the allyl unit in these
compounds was then evaluated. Optimization of the reaction
conditions was carried out using 2-allyl-6-methylphenyl pro-
pionate (6a) as model compound. In our previous studies on the
estragole to anethole isomerization (Scheme 1), dependence of the
activity of complex [{RuCl(m-Cl)(h3:h3-C10H16)}2] with the solvent
was evidenced.11b Consequently, our initial efforts focused on
finding the optimal solvent for the process. To this end, we con-
ducted a series of experiments in different reaction media. They
were performed at 80 �Cwith 2 mmol of 6a, a ruthenium loading of
1 mol % and 0.5 mL of the appropriate solvent (4 M solutions of 6a),
monitoring the course of the reactions by GC analyses of aliquots.
The results obtained are collected in Table 1.

As a general trend, the efficiency of the process increased with
the polarity of the solvent due to the easier chloride bridge cleavage
and ruthenium-chloride bond dissociation in [{RuCl(m-Cl)(h3:h3-
C10H16)}2], key processes to generate the required vacant sites on
the metal. However, we must note that, although acetonitrile was
one of the most polar solvents used, the conversion obtained in this
medium was particularly low (28% after 4 h, entry 7). This is
probably due to its capacity to coordinate on the active species,
competing then with the substrate. In particular, the best results
were obtained inmethanol and ethanol where 95e96% conversions
of 6a into its 1-propenyl isomer 11a were reached after 4 h of
heating (>90% after only 1 h; entries 1 and 2). The higher activities
observed in these solvents versus water or THF (69e83% yield after
4 h; entries 4 and 5) can be attributed to their ability to generate



Table 1
Isomerization of the allylphenyl ester 6a into the (E)-(1-propenyl)phenyl ester 11a
catalyzed by complex [{RuCl(m-Cl)(h3:h3-C10H16)}2] in different solventsa

Entry Solvent Yield after 1 hb (%) Yield after 4 hb (%)

1 MeOH 91 96
2 EtOH 90 95
3 Glycerol 70 77
4 Water 78 83
5 THF 61 69
6 Toluene 30 57
7 Acetonitrile 10 28
8 1,2-Dichloroethane 12 43

a Reactions performed under N2 atmosphere at 80 �C using 2 mmol of 6a (4 M
solutions). [Substrate]/[Ru] ratio¼100:1.

b Determined by GC. Formation of the corresponding Z-isomer not observed.

Table 2
Isomerization of the allylphenyl esters 6e10(aed) into the (E)-(1-propenyl)phenyl
ester 11e15(aed) catalyzed by complex [{RuCl(m-Cl)(h3:h3-C10H16)}2] in methanola

Entry Solvent Time (h) Product Yieldb (%)

1 6a 4 11a 96 (85)
2 6b 4 11b 88 (76)
3 6c 4 11c 94 (84)
4 6d 7 11d 83 (70)
5 7a 4 12a 99 (87)
6 7b 4 12b 96 (84)
7 7c 4 12c 97 (88)
8 7d 4 12d 97 (90)
9 8a 4 13a 87 (74)
10 8b 4 13b 92 (86)
11 8c 4 13c 88 (79)
12 8d 4 13d 94 (87)
13 9a 9 14a 86 (79)
14 9b 4 14b 88 (78)
15 9c 7 14c 97 (84)
16 9d 4 14d 99 (88)
17 10a 4 15a 91 (83)
18 10b 4 15b 95 (87)
19 10c 4 15c 98 (89)
20 10d 4 15d 94 (80)

a Reactions performed in methanol under N2 atmosphere at 80 �C using 2 mmol
of the corresponding allylphenyl ester 6e10(aed) (4 M solutions). [Substrate]/[Ru]
ratio¼100:1.

b Determined by GC. Isolated yields after appropriate chromatographic work-up
are given in parentheses. Formation of the corresponding Z-isomers not observed.

Scheme 4. Synthesis of the diphenol 16 from chavicol.
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catalytically active ruthenium-hydride species, via a b-hydride
elimination process on the corresponding Ru-alkoxide in-
termediates, thus suggesting that the C]C bond migration process
proceeds through a classical ‘hydride mechanism’. Although RueH
species can also be easily formed from glycerol, the use of this
emerging green solvent led to a poorer conversion (77% after 4 h;
entry 3).16 The high viscosity of glycerol, which provokes poor
substrate diffusion in the medium, could be responsible of this
disappointing result.

Remarkably, regardless of the solvent employed, formation of
a single reaction productwas in all cases observed byGC, suggesting
that the migration of the C]C bond in 6a proceeds in a complete
stereoselective manner. This point was unambiguously confirmed
by running a 1H NMR spectrum of one reaction crude after solvent
removal (entry 1), which showed a unique set of signals for the 1-
propenyl product 11a. The mutual coupling constant observed for
the olefinic eCH]CHMe protons (15.7 Hz) clearly indicated the
formation of the thermodynamically more stable E-isomer.17 In or-
der to improve the efficiency of the process, some experimentswere
also performed in methanol at different concentrations of the sub-
strate (from 1 M to 5 M). However, while no marked differences in
activity were observed under more concentrated conditions (5 M),
the use of more diluted solutions of 6a slowed the reaction con-
siderably (e.g., only 43% of conversion after 4 h was observed with
a 1 M solution). Much poorer results were also obtained lowering
the reaction temperature (e.g., at 50 �C only 8% of conversion was
observed after 4 h) or the ruthenium loadings (e.g., using 0.1 mol %
of [{RuCl(m-Cl)(h3:h3-C10H16)}2] only 57% of conversion was ob-
served after 4 h of heating at 80 �C). However, wemust note that, in
all these reactions, the E-isomer was again exclusively formed.

Gratifyingly, as observed for 6a, isomerization of the other
allylphenyl esters synthesized 6be10d with complex [{RuCl(m-
Cl)(h3:h3-C10H16)}2] (0.5 mol %) also proceeded with complete E-
selectivity, thus proving the wide scope of this new synthetic
methodology (Table 2). Reactions, which were performed in
methanol at 80 �C, led to the corresponding (E)-(1-propenyl)phenyl
esters 11be15d in more than 83% yield by GC (formation of Z-iso-
mers not observed by GC). No notable influence of the substitution
pattern of the arene ring on the reaction rates was noticed, most of
the reactions being completed within 4 h. Solvent removal and
appropriate chromatographic work-up on silica gel provided ana-
lytically pure samples of all these compounds in high isolated yields
(70e90%), which were fully characterized by means of high-
resolution mass spectrometry and standard IR and multinuclear
NMR spectroscopic techniques (details are given in Experimental
section; copies of the 1H and 13C{1H} are included in
Supplementary data). A characteristic AB system of quartets for the
olefinic protons of the eCH]CHMe units was found in their 1H
NMR spectra, the mutual coupling constants observed (ca. 15.7 Hz)
being in complete accord with the proposed E-alkene geometry.

At this point, we must notice that an alternative route to (E)-(1-
propenyl)phenyl esters 11e15(aed) involving the reverse reactions
sequence, i.e., initial C]C bond migration in allylphenols 1e5 fol-
lowed by acylation of the resulting (1-propenyl)phenols, proved
inoperative using complex [{RuCl(m-Cl)(h3:h3-C10H16)}2]. Formation
of complicated mixtures of products was observed upon treatment
of 1e5with [{RuCl(m-Cl)(h3:h3-C10H16)}2] (0.5 mol %) inmethanol at
80 �C. Only in the case of chavicol (5) one major reaction product
could be isolated in pure form, and identified as the known (E)-
diphenol 16 (Scheme 4).18 Compound 16 formally results from the
self-coupling of two molecules of the isomerized 4-(1-propenyl)
phenol, a processwithprecedents in acidmedia.18,19 Thehigh Lewis-
acid character of the ruthenium(IV) centres in [{RuCl(m-Cl)(h3:h3-
C10H16)}2] may be therefore responsible of this unexpected result.
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Finally, to further demonstrate the synthetic utility of our route
to (E)-(1-propenyl)phenyl esters, a series of allylphenols 17e21
containing different functionalities on the aromatic ring were
synthesized, through a Claisen rearrangement of the corresponding
allylphenyl ethers,22 and subsequently transformed into the esters
22ae26a by treatment with propionyl chloride (synthetic details
and characterization data for these new compounds are given in
Experimental section). As shown in Scheme 5, with the exception of
2-allyl-4-methylsulfanylphenyl propionate (26a), which remained
unaltered,23 all these substrates underwent a clean and E-selective
isomerization of their C]C bonds in the presence of complex
[{RuCl(m-Cl)(h3:h3-C10H16)}2] (0.5 mol %) under the standard re-
action conditions (MeOH, 80 �C), leading to the novel (E)-(1-
propenyl)phenyl esters 27ae30a in 68e93% isolated yield. The
selective E-isomerization of the two allylic units of 22a clearly re-
flects outstanding potential of [{RuCl(m-Cl)(h3:h3-C10H16)}2].
Scheme 5. Synthesis and isomerization of the allylphenyl esters 22ae26a. Reagents
and conditions: (i) EtC(]O)Cl (1.1 equiv), Et3N (2 equiv), DMAP (10 mol %), CH2Cl2, rt,
overnight, 73e88% yield; (ii) [{RuCl(m-Cl)(h3:h3-C10H16)}2] (0.5 mol %), MeOH, 80 �C,
9 h, 68e93% yield.
3. Conclusions

In summary, a general and efficient method of synthesis of (E)-
(1-propenyl)phenyl esters starting from readily accessible allyl-
phenols has been developed. The process involves the initial acyl-
ation of the allylphenols, followed by catalytic C]C bond
isomerization in the resulting allylphenyl esters. The key isomeri-
zation step proceeded with complete E-selectivity in the presence
of catalytic amounts of the commercially available dimer [{RuCl(m-
Cl)(h3:h3-C10H16)}2] (C10H16¼2,7-dimethylocta-2,6-diene-1,8-diyl).
Following this route, a large number of (E)-(1-propenyl)phenyl
esters, including the naturally occurring ones 14b and 15aec,14a,c,h,r

could be selectively synthesized in high yields. Overall, the results
reported herein represent a new example of the utility of the
bis(allyl)-ruthenium(IV) complex [{RuCl(m-Cl)(h3:h3-C10H16)}2] in
synthetic organic chemistry.12
4. Experimental section

4.1. General

Synthetic procedures were performed under an atmosphere of
dry nitrogen. Solvents were dried by standard methods and
distilled under nitrogen before use. All reagents were obtained
from commercial suppliers and used without further purification,
with the exception of compounds [{RuCl(m-Cl)(h3:h3-C10H16)}2],13

3-allylphenol (3),20 4-allylphenol (chavicol; 5),21 2,4-diallyl-6-
methoxyphenol (17),24 2-allyl-6-chlorophenol (18),25 2-acetyl-6-
allylphenol (19),26 2-allyl-4-chlorophenol (20)25 and 2-allyl-4-
methylsulfanylphenol (21),27 which were prepared by following
the methods reported in the literature. GC measurements were
made on a Hewlett-Packard HP6890 equipment using a Supelco
Beta-Dex� 120 column (30 m length; 250 mm diameter). Flash
chromatography was performed using Merck silica gel 60
(230e400mesh). Melting points were determined in a Gallenkamp
apparatus and are uncorrected. Infrared spectra were recorded on
a PerkineElmer 1720-XFT spectrometer. 1H and 13C{1H} NMR
spectra were recorded on Bruker DPX-300 (300/75 MHz) or Bruker
AV-400 (400/100 MHz) instruments. The chemical shift values (d)
are given in parts per million and are referred to the residual peak
of the deuterated solvent used (CDCl3). DEPT experiments have
been carried out for all the compounds reported. High-resolution
mass spectra (HRMS) were provided by the Mass Spectrometry
Service of Instituto de Investigaciones Químicas (IIQ-CSIC, Seville).

4.2. General procedure for the synthesis of allylphenyl esters
6e10(aed) and 22ae26a

To a solution of the corresponding allylphenol 1e5 or 18e21
(10 mmol) in 20 mL of CH2Cl2, NEt3 (20 mmol), dimethylamino-
pyridine (DMAP) (1 mmol) and the appropriate acid chloride
(11 mmol) were added at 0 �C. The reaction mixture was allowed to
reach the rt and stirred overnight at this temperature. The volatiles
were then removed under reduced pressure, and the resulting oily
residue dissolved in water and extracted with Et2O (4�30 mL). The
combined organic phases were dried over MgSO4, filtered and
evaporated to dryness under reduced pressure. Final purification by
column chromatography over SiO2, using a mixture hexanes/Et2O
(85:15) as eluent, afforded the desired allylphenyl esters
6e10(aed) and 22ae26a. Characterization data for these com-
pounds are as follows (copies of the 1H and 13C{1H} spectra are
included in Supplementary data):

4.2.1. 2-Allyl-6-methylphenyl propionate (6a). Colourless oil. Yield:
84% (1.716 g). IR (neat): n¼1639 (m, C]C), 1757 (s, C]O) cm�1. 1H
NMR (CDCl3): d¼1.34 (t, J¼7.6 Hz, 3H, CH2CH3), 2.18 (s, 3H, CH3),
2.65 (q, J¼7.6 Hz, 2H, CH2CH3), 3.30 (d, J¼6.6 Hz, 2H, CH2CH]CH2),
5.06e5.14 (m, 2H, CH2CH]CH2), 5.86e6.00 (m, 1H, CH2CH]CH2),
7.10e7.14 (m, 3H, CHarom). 13C{1H} NMR (CDCl3): d¼9.4 and 16.4 (s,
CH3), 27.5 (s, CH2CH3), 34.8 (s, CH2CH]CH2), 116.1 (s, CH2CH]CH2),
125.9, 127.8 and 129.1 (s, CHarom), 130.5, 132.1 and 147.8 (s, Carom),
136.1 (s, CH2CH]CH2), 172.2 (s, C]O). HRMS (EI): m/z¼204.1154,
calcd for C13H16O2: 204.1150.

4.2.2. 2-Allyl-6-methylphenyl isobutyrate (6b). Paleyellowoil. Yield:
80% (1.746 g). IR (neat): n¼1639 (m, C]C), 1755 (s, C]O) cm�1. 1H
NMR (CDCl3): d¼1.41 (d, J¼7.0 Hz, 6H, CH(CH3)2), 2.20 (s, 3H, CH3),
2.91 (sept, J¼7.0 Hz, 1H, CH(CH3)2), 3.30 (d, J¼6.5 Hz, 2H, CH2CH]
CH2), 5.08e5.14 (m, 2H, CH2CH]CH2), 5.89e6.03 (m, 1H, CH2CH]
CH2), 7.11e7.15 (m, 3H, CHarom).13C{1H}NMR (CDCl3): d¼16.4 (s, CH3),
19.1 (s, CH(CH3)2), 34.2 (s, CH(CH3)2), 34.6 (s, CH2CH]CH2), 116.1 (s,
CH2CH]CH2),125.9,127.8 and129.1 (s, CHarom),130.5,132.1 and147.8
(s, Carom), 136.1 (s, CH2CH]CH2), 174.7 (s, C]O). HRMS (EI): m/
z¼218.1302, calcd for C14H18O2: 218.1307.

4.2.3. 2-Allyl-6-methylphenyl-3-methyl butanoate (6c). Colourless
oil. Yield: 77% (1.788 g). IR (neat): n¼1639 (m, C]C), 1757 (s, C]O)
cm�1. 1H NMR (CDCl3): d¼1.11 (d, J¼6.9 Hz, 6H, CH(CH3)2), 2.19 (s,
3H, CH3), 2.19e2.40 (m, 1H, CH(CH3)2), 2.51 (d, J¼7.0 Hz, 2H,
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CH2CH(CH3)2), 3.29 (d, J¼6.6 Hz, 2H, CH2CH]CH2), 5.06e5.13 (m,
2H, CH2CH]CH2), 5.86e6.00 (m, 1H, CH2CH]CH2), 7.09e7.14 (m,
3H, CHarom). 13C{1H} NMR (CDCl3): d¼17.0 (s, CH3), 23.0 (s,
CH(CH3)2), 26.0 (s, CH(CH3)2), 35.2 (s, CH2CH]CH2), 43.5 (s,
CH2CH(CH3)2), 116.2 (s, CH2CH]CH2), 126.3, 128.2 and 129.5 (s,
CHarom), 130.9, 132.5 and 142.3 (s, Carom), 136.5 (s, CH2CH]CH2),
171.2 (s, C]O). HRMS (EI): m/z¼232.1465, calcd for C15H20O2:
232.1463.

4.2.4. 2-Allyl-6-methylphenyl benzoate (6d). Yellow oil. Yield: 82%
(2.069 g). IR (neat): n¼1639 (m, C]C), 1737 (s, C]O) cm�1. 1H NMR
(CDCl3): d¼2.25 (s, 3H, CH3), 3.36 (d, J¼6.6 Hz, 2H, CH2CH]CH2),
5.02e5.89 (m, 2H, CH2CH]CH2), 5.90e6.03 (m, 1H, CH2CH]CH2),
7.17e8.30 (m, 8H, CHarom). 13C{1H} NMR (CDCl3): d¼16.5 (s, CH3),
34.9 (s, CH2CH]CH2), 116.2 (s, CH2CH]CH2), 126.7, 127.9, 128.7,
129.2, 130.2 and 133.6 (s, CHarom), 129.3, 130.8, 132.3 and 148.0 (s,
Carom), 136.1 (s, CH2CH]CH2), 164.5 (s, C]O). HRMS (EI): m/
z¼252.1158, calcd for C17H16O2: 252.1150.

4.2.5. 2-Allylphenyl propionate (7a). Colourless oil. Yield: 78%
(1.483 g). IR (neat): n¼1639 (m, C]C), 1761 (s, C]O) cm�1. 1H NMR
(CDCl3): d¼1.31 (t, J¼7.6 Hz, 3H, CH3), 2.63 (q, J¼7.6 Hz, 2H,
CH2CH3), 3.32 (d, J¼6.5 Hz, 2H, CH2CH]CH2), 5.05e5.12 (m, 2H,
CH2CH]CH2), 5.87e6.00 (m, 1H, CH2CH]CH2), 7.05e7.28 (m, 4H,
CHarom). 13C{1H} NMR (CDCl3): d¼9.6 (s, CH3), 28.1 (s, CH2CH3), 35.0
(s, CH2CH]CH2), 116.2 (s, CH2CH]CH2), 122.8, 126.5, 127.8 and
130.7 (s, CHarom), 132.3 and 149.4 (s, Carom), 136.3 (s, CH2CH]CH2),
173.2 (s, C]O). HRMS (EI): m/z¼190.0992, calcd for C12H14O2:
190.0994.

4.2.6. 2-Allylphenyl isobutyrate (7b). Colourless oil. Yield: 89%
(1.818 g). IR (neat): n¼1639 (m, C]C), 1756 (s, C]O) cm�1. 1H NMR
(CDCl3): d¼1.37 (d, J¼7.0 Hz, 6H, CH(CH3)2), 2.86 (sept, J¼7.0 Hz,1H,
CH(CH3)2), 3.33 (d, J¼6.5 Hz, 2H, CH2CH]CH2), 5.05e5.13 (m, 2H,
CH2CH]CH2), 5.87e6.00 (m, 1H, CH2CH]CH2), 7.04e7.31 (m, 4H,
CHarom). 13C{1H} NMR (CDCl3): d¼19.0 (s, CH(CH3)2), 34.2 (s,
CH(CH3)2), 34.4 (s, CH2CH]CH2), 116.2 (s, CH2CH]CH2), 122.3,
126.0,127.4 and 130.4 (s, CHarom), 131.9 and 149.0 (s, Carom), 135.9 (s,
CH2CH]CH2), 175.4 (s, C]O). HRMS (EI): m/z¼204.1149, calcd for
C13H16O2: 204.1150.

4.2.7. 2-Allylphenyl-3-methyl butanoate (7c). Colourless oil. Yield:
81% (1.768 g). IR (neat): n¼1639 (m, C]C), 1760 (s, C]O) cm�1. 1H
NMR (CDCl3): d¼1.12 (d, J¼6.6 Hz, 6H, CH(CH3)2), 2.28 (m, 1H,
CH(CH3)2), 2.49 (d, J¼7.2 Hz, 2H, CH2CH(CH3)2), 3.36 (d, J¼6.5 Hz,
2H, CH2CH]CH2), 5.05e5.12 (m, 2H, CH2CH]CH2), 5.89e5.98 (m,
1H, CH2CH]CH2), 7.07e7.22 (m, 4H, CHarom). 13C{1H} NMR (CDCl3):
d¼22.9 (s, CH(CH3)2), 26.2 (s, CH(CH3)2), 35.0 (s, CH2CH]CH2), 43.7
(s, CH2CH(CH3)2), 116.7 (s, CH2CH]CH2), 122.8, 126.5, 127.8 and
130.8 (s, CHarom), 132.3 and 149.4 (s, Carom), 136.3 (s, CH2CH]CH2),
171.8 (s, C]O). HRMS (EI): m/z¼218.1310, calcd for C14H18O2:
218.1307.

4.2.8. 2-Allylphenyl benzoate (7d).28 Colourless oil. Yield: 84%
(2.001 g). IR (neat): n¼1639 (m, C]C), 1736 (s, C]O) cm�1. 1H NMR
(CDCl3): d¼3.41 (d, J¼6.6 Hz, 2H, CH2CH]CH2), 5.03e5.10 (m, 2H,
CH2CH]CH2), 5.90e6.04 (m, 1H, CH2CH]CH2), 7.23e7.34 (m, 4H,
CHarom), 7.53e7.70 (m, 3H, CHarom), 8.26 (m, 2H, CHarom). 13C{1H}
NMR (CDCl3): d¼35.1 (s, CH2CH]CH2), 116.7 (s, CH2CH]CH2),
122.9, 126.7, 127.9, 129.0, 130.6, 130.8 and 134.0 (s, CHarom), 129.9,
132.6 and 149.6 (s, Carom), 136.2 (s, CH2CH]CH2), 165.4 (s, C]O).
HRMS (EI): m/z¼238.0995, calcd for C16H14O2: 238.0994.

4.2.9. 3-Allylphenyl propionate (8a). Colourless oil. Yield: 76%
(1.445 g). IR (neat): n¼1639 (m, C]C), 1761 (s, C]O) cm�1. 1H NMR
(CDCl3): d¼1.30 (t, J¼7.5 Hz, 3H, CH3), 2.63 (q, J¼7.5 Hz, 2H,
CH2CH3), 3.43 (d, J¼6.7 Hz, 2H, CH2CH]CH2), 5.10e5.17 (m, 2H,
CH2CH]CH2), 5.95e6.04 (m, 1H, CH2CH]CH2), 6.96e7.33 (m, 4H,
CHarom). 13C{1H} NMR (CDCl3): d¼9.1 (s, CH3), 27.8 (s, CH2CH3), 39.9
(s, CH2CH]CH2), 116.4 (s, CH2CH]CH2), 119.3, 121.7, 126.0 and
129.3 (s, CHarom), 136.8 (s, CH2CH]CH2), 141.8 and 150.9 (s, Carom),
173.0 (s, C]O). HRMS (EI): m/z¼190.0995, calcd for C12H14O2:
190.0994.

4.2.10. 3-Allylphenyl isobutyrate (8b). Colourless oil. Yield: 80%
(1.634 g). IR (neat): n¼1639 (m, C]C), 1757 (s, C]O) cm�1. 1H NMR
(CDCl3): d¼1.36 (d, J¼7.0 Hz, 6H, CH(CH3)2), 2.83 (sept, J¼7.0 Hz,1H,
CH(CH3)2), 3.43 (d, J¼6.7 Hz, 2H, CH2CH]CH2), 5.11e5.17 (m, 2H,
CH2CH]CH2), 5.93e6.07 (m, 1H, CH2CH]CH2), 6.95e7.33 (m, 4H,
CHarom). 13C{1H} NMR (CDCl3): d¼18.9 (s, CH(CH3)2), 34.2 (s,
CH(CH3)2), 39.9 (s, CH2CH]CH2), 116.3 (s, CH2CH]CH2), 119.2,
121.6, 125.9 and 129.2 (s, CHarom), 136.8 (s, CH2CH]CH2), 141.7 and
151.0 (s, Carom), 175.6 (s, C]O). HRMS (EI): m/z¼204.1148, calcd for
C13H16O2: 204.1150.

4.2.11. 3-Allylphenyl-3-methyl butanoate (8c). Colourless oil. Yield:
79% (1.724 g). IR (neat): n¼1639 (m, C]C), 1757 (s, C]O) cm�1. 1H
NMR (CDCl3): d¼1.10 (d, J¼6.6 Hz, 6H, CH(CH3)2), 2.21e2.35 (m, 1H,
CH(CH3)2), 2.47 (d, J¼7.0 Hz, 2H, CH2CH(CH3)2), 3.44 (d, J¼6.7 Hz,
2H, CH2CH]CH2), 5.10e5.17 (m, 2H, CH2CH]CH2), 5.95e6.04 (m,
1H, CH2CH]CH2), 6.95e7.36 (m, 4H, CHarom). 13C{1H} NMR (CDCl3):
d¼22.4 (s, CH(CH3)2), 25.9 (s, CH(CH3)2), 39.9 (s, CH2CH]CH2), 43.4
(s, CH2CH(CH3)2), 116.3 (s, CH2CH]CH2), 119.3, 121.7, 126.0 and
129.3 (s, CHarom), 136.8 (s, CH2CH]CH2), 141.8 and 150.8 (s, Carom),
171.6 (s, C]O). HRMS (EI): m/z¼218.1311, calcd for C14H18O2:
218.1307.

4.2.12. 3-Allylphenyl benzoate (8d). Colourless oil. Yield: 74%
(1.763 g). IR (neat): n¼1638 (m, C]C), 1738 (s, C]O) cm�1. 1H NMR
(CDCl3): d¼3.47 (d, J¼6.7 Hz, 2H, CH2CH]CH2), 5.13e5.19 (m, 2H,
CH2CH]CH2), 5.96e6.07 (m, 1H, CH2CH]CH2), 7.10e7.70 (m, 7H,
CHarom), 8.23 (m, 2H, CHarom). 13C{1H} NMR (CDCl3): d¼40.0 (s,
CH2CH]CH2), 116.4 (s, CH2CH]CH2), 119.4, 121.8, 126.2, 128.6,
129.4, 130.2 and 133.6 (s, CHarom), 129.7, 141.9 and 151.1 (s, Carom),
136.8 (s, CH2CH]CH2), 165.2 (s, C]O). HRMS (EI): m/z¼238.0998,
calcd for C16H14O2: 238.0994.

4.2.13. 4-Allyl-2-methoxyphenyl propionate (9a).29 White solid.
Yield: 85% (1.872 g). Mp: 44e45 �C. IR (neat): n¼1639 (m, C]C),
1761 (s, C]O) cm�1. 1H NMR (CDCl3): d¼1.30 (t, J¼7.6 Hz, 3H, CH3),
2.63 (q, J¼7.6 Hz, 2H, CH2CH3), 3.40 (d, J¼6.7 Hz, 2H, CH2CH]CH2),
3.83 (s, 3H, OCH3), 5.11e5.17 (m, 2H, CH2CH]CH2), 5.93e6.04 (m,
1H, CH2CH]CH2), 6.79e6.99 (m, 3H, CHarom). 13C{1H} NMR (CDCl3):
d¼9.6 (s, CH3), 27.8 (s, CH2CH3), 40.5 (s, CH2CH]CH2), 56.2 (s,
OCH3), 113.1, 121.1 and 122.9 (s, CHarom), 116.5 (s, CH2CH]CH2),
137.5 (s, CH2CH]CH2), 138.5, 149.4 and 151.3 (s, Carom), 173.1 (s, C]
O). HRMS (EI): m/z¼220.1093, calcd for C13H16O3: 220.1099.

4.2.14. 4-Allyl-2-methoxyphenyl isobutyrate (9b).30 Colourless oil.
Yield: 84% (1.968 g). IR (neat): n¼1639 (m, C]C), 1761 (s, C]O)
cm�1. 1H NMR (CDCl3): d¼1.35 (d, J¼7.0 Hz, 6H, CH(CH3)2), 2.86
(sept, J¼7.0 Hz, 1H, CH(CH3)2), 3.41 (d, J¼6.7 Hz, 2H, CH2CH]CH2),
3.83 (s, 3H, OCH3), 5.10e5.16 (m, 2H, CH2CH]CH2), 5.95e6.04 (m,
1H, CH2CH]CH2), 6.77e6.97 (m, 3H, CHarom). 13C{1H} NMR (CDCl3):
d¼19.1 (s, CH(CH3)2), 34.0 (s, CH(CH3)2), 40.1 (s, CH2CH]CH2), 55.8
(s, OCH3), 112.8, 120.7 and 122.5 (s, CHarom), 116.1 (s, CH2CH]CH2),
137.1 (s, CH2CH]CH2), 138.2, 138.7 and 151.0 (s, Carom), 175.4 (s, C]
O). HRMS (EI): m/z¼234.1257, calcd for C14H18O3: 234.1256.

4.2.15. 4-Allyl-2-methoxyphenyl-3-methyl butanoate (9c).31 Colo-
urless oil. Yield: 87% (2.160 g). IR (neat): n¼1639 (m, C]C), 1761 (s,
C]O) cm�1. 1H NMR (CDCl3): d¼1.09 (d, J¼6.6 Hz, 6H, CH(CH3)2),
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2.22e2.33 (m, 1H, CH(CH3)2), 2.47 (d, J¼7.0 Hz, 2H, CH2CH(CH3)2),
3.40 (d, J¼6.7 Hz, 2H, CH2CH]CH2), 3.82 (s, 3H, OCH3), 5.10e5.17 (m,
2H, CH2CH]CH2), 5.92e6.05 (m, 1H, CH2CH]CH2), 6.78e7.01 (m,
3H, CHarom). 13C{1H} NMR (CDCl3): d¼22.8 (s, CH(CH3)2), 26.4 (s,
CH(CH3)2), 40.5 (s, CH2CH]CH2), 43.5 (s, CH2CH(CH3)2), 56.1 (s,
OCH3), 113.1, 121.0 and 122.9 (s, CHarom), 116.5 (s, CH2CH]CH2), 137.5
(s, CH2CH]CH2), 138.4, 139.3 and 151.3 (s, Carom), 171.7 (s, C]O).
HRMS (EI): m/z¼248.1415, calcd for C15H20O3: 248.1412.

4.2.16. 4-Allyl-2-methoxyphenyl benzoate (9d).32 White solid. Yield:
91% (2.441 g). Mp: 66e67 �C. IR (neat): n¼1638 (m, C]C), 1738 (s,
C]O) cm�1.1HNMR(CDCl3): d¼3.43 (d, J¼6.7 Hz, 2H, CH2CH]CH2),
3.83 (s, 3H, OCH3), 5.11e5.18 (m, 2H, CH2CH]CH2), 6.00e6.14 (m,
1H, CH2CH]CH2), 6.83e8.25 (m, 8H, CHarom). 13C{1H} NMR (CDCl3):
d¼40.2 (s, CH2CH]CH2), 55.9 (s, OCH3), 112.9, 120.8, 127.9, 128.6,
130.3 and133.5 (s, CHarom),116.2 (s, CH2CH]CH2),129.6,138.3,139.1
and 151.2 (s, Carom), 137.2 (s, CH2CH]CH2), 164.9 (s, C]O). HRMS
(EI): m/z¼268.1099, calcd for C17H16O3: 268.1099.

4.2.17. 4-Allylphenyl propionate (10a). Colourless oil. Yield: 73%
(1.388 g). IR (neat): n¼1639 (m, C]C), 1761 (s, C]O) cm�1. 1H NMR
(CDCl3): d¼1.29 (t, J¼7.6 Hz, 3H, CH3), 2.60 (q, J¼7.6 Hz, 2H,
CH2CH3), 3.41 (d, J¼6.7 Hz, 2H, CH2CH]CH2), 5.08e5.14 (m, 2H,
CH2CH]CH2), 5.90e6.05 (m, 1H, CH2CH]CH2), 7.01e7.23 (m, 4H,
CHarom). 13C{1H} NMR (CDCl3): d¼9.5 (s, CH3), 28.1 (s, CH2CH3), 40.0
(s, CH2CH]CH2),116.4 (s, CH2CH]CH2), 121.8 and 129.9 (s, CHarom),
137.6 (s, CH2CH]CH2), 137.9 and 149.5 (s, Carom), 173.5 (s, C]O).
HRMS (EI): m/z¼190.0990, calcd for C12H14O2: 190.0994.

4.2.18. 4-Allylphenyl isobutyrate (10b). Colourless oil. Yield: 78%
(1.593 g). IR (neat): n¼1639 (m, C]C), 1757 (s, C]O) cm�1. 1H NMR
(CDCl3): d¼1.36 (d, J¼7.0 Hz, 6H, CH(CH3)2), 2.83 (sept, J¼7.0 Hz,1H,
CH(CH3)2), 3.42 (d, J¼6.7 Hz, 2H, CH2CH]CH2), 5.10e5.17 (m, 2H,
CH2CH]CH2), 5.94e6.07 (m, 1H, CH2CH]CH2), 7.04 (d, J¼8.6 Hz,
2H, CHarom), 7.23 (d, J¼8.6 Hz, 2H, CHarom). 13C{1H} NMR (CDCl3):
d¼19.4 (s, CH(CH3)2), 34.6 (s, CH(CH3)2), 40.0 (s, CH2CH]CH2),116.4
(s, CH2CH]CH2), 121.8 and 129.9 (s, CHarom),137.6 (s, CH2CH]CH2),
137.8 and 149.6 (s, Carom), 176.1 (s, C]O). HRMS (EI):m/z¼204.1150,
calcd for C13H16O2: 204.1150.

4.2.19. 4-Allylphenyl-3-methyl butanoate (10c). Pale yellow oil.
Yield: 75% (1.637 g). IR (neat): n¼1639 (m, C]C), 1759 (s, C]O)
cm�1. 1H NMR (CDCl3): d¼1.09 (d, J¼6.7 Hz, 6H, CH(CH3)2),
2.21e2.34 (m, 1H, CH(CH3)2), 2.46 (d, J¼7.0 Hz, 2H, CH2CH(CH3)2),
3.41 (d, J¼6.7 Hz, 2H, CH2CH]CH2), 5.09e5.15 (m, 2H, CH2CH]
CH2), 5.92e6.05 (m, 1H, CH2CH]CH2), 7.03 (d, J¼8.4 Hz, 2H,
CHarom), 7.23 (d, J¼8.4 Hz, 2H, CHarom). 13C{1H} NMR (CDCl3):
d¼22.8 (s, CH(CH3)2), 26.3 (s, CH(CH3)2), 40.0 (s, CH2CH]CH2), 43.7
(s, CH2CH(CH3)2), 116.4 (s, CH2CH]CH2), 121.9 and 129.9 (s,
CHarom), 137.6 (s, CH2CH]CH2), 137.9 and 149.4 (s, Carom), 172.1 (s,
C]O). HRMS (EI): m/z¼218.1302, calcd for C14H18O2: 218.1307.

4.2.20. 4-Allylphenyl benzoate (10d).33 White solid. Yield: 70%
(1.668 g). Mp: 61e62 �C. IR (Nujol): n¼1641 (m, C]C), 1733 (s, C]
O) cm�1. 1H NMR (CDCl3): d¼3.45 (d, J¼6.7 Hz, 2H, CH2CH]CH2),
5.11e5.18 (m, 2H, CH2CH]CH2), 5.95e6.09 (m, 1H, CH2CH]CH2),
7.18 (d, J¼8.4 Hz, 2H, CHarom), 7.28 (d, J¼8.4 Hz, 2H, CHarom),
7.51e7.66 (m, 3H, CHarom), 8.22 (m, 2H, CHarom). 13C{1H} NMR
(CDCl3): d¼40.0 (s, CH2CH]CH2), 116.5 (s, CH2CH]CH2), 122.0,
129.0 and 130.0, 130.3 and 133.9 (s, CHarom), 130.1, 138.1 and 149.7
(s, Carom), 137.6 (s, CH2CH]CH2), 165.7 (s, C]O). HRMS (EI): m/
z¼238.0997, calcd for C16H14O2: 238.0994.

4.2.21. 2,4-Diallyl-6-methoxyphenyl propionate (22a). Colourless
oil. Yield: 73% (1.900 g). IR (Nujol): n¼1638 (m, C]C), 1763 (s, C]O)
cm�1. 1H NMR (CDCl3): d¼1.32 (t, J¼7.5 Hz, 3H, CH3), 2.64 (q,
J¼7.5 Hz, 2H, CH2CH3), 3.30 (d, J¼7.9 Hz, 2H, CH2CH]CH2), 3.39 (d,
J¼6.7 Hz, 2H, CH2CH]CH2), 3.82 (s, 3H, OCH3), 5.07e5.19 (m, 4H,
CH2CH]CH2), 5.86e6.07 (m, 2H, CH2CH]CH2), 6.69 (s, 1H, CHarom),
6.70 (s, 1H, CHarom). 13C{1H} NMR (CDCl3): d¼9.7 (s, CH3), 27.7 (s,
CH2CH3), 35.0 and 40.6 (s, CH2CH]CH2), 56.3 (s, OCH3), 111.1 and
122.1 (s, CHarom), 116.4 and 116.5 (s, CH2CH]CH2), 133.4, 136.9, 138.6
and 151.6 (s, Carom), 136.5 and 137.6 (s, CH2CH]CH2), 172.6 (s, C]O).
HRMS (EI): m/z¼260.1416, calcd for C16H20O3: 260.1412.

4.2.22. 2-Allyl-6-chlorophenyl propionate (23a). Pale yellow oil.
Yield: 81% (1.819 g). IR (Nujol): n¼1639 (m, C]C), 1771 (s, C]O)
cm�1.1HNMR(CDCl3): d¼1.34 (t, J¼6.4 Hz, 3H, CH3), 2.67 (q, J¼6.4 Hz,
2H, CH2CH3), 3.33 (d, J¼6.6 Hz, 2H, CH2CH]CH2), 5.08e5.15 (m, 2H,
CH2CH]CH2), 5.83e5.97 (m, 1H, CH2CH]CH2), 7.14e7.39 (m, 3H,
CHarom).13C{1H}NMR (CDCl3): d¼9.6 (s, CH3), 27.8 (s,CH2CH3), 35.3 (s,
CH2CH]CH2), 116.7 (s, CH2CH]CH2), 127.1, 128.6 and 129.0 (s,
CHarom),127.8,135.0 and 145.9 (s, Carom),135.7 (s, CH2CH]CH2),171.9
(s, C]O). HRMS (EI):m/z¼224.0611, calcd for C12H13O2Cl: 224.0604.

4.2.23. 2-Acetyl-6-allylphenyl propionate (24a). Colourless oil.
Yield: 88% (2.042 g). IR (Nujol): n¼1639 (m, C]C), 1693 and 1760 (s,
C]O) cm�1.1HNMR (CDCl3): d¼1.30 (t, J¼7.6 Hz, 3H, CH2CH3), 2.55 (s,
3H, COCH3), 2.66 (q, J¼7.6 Hz, 2H, CH2CH3), 3.34 (d, J¼6.6 Hz, 2H,
CH2CH]CH2), 5.05e5.12 (m, 2H, CH2CH]CH2), 5.83e5.96 (m, 1H,
CH2CH]CH2), 7.27 (dd, J¼7.7 and7.4 Hz,1H, CHarom), 7.43 (d, J¼7.7 Hz,
1H, CHarom), 7.66 (d, J¼7.4 Hz,1H, CHarom).13C{1H}NMR(CDCl3): d¼9.2
(s, CH2CH3), 28.1 (s, CH2CH3), 29.5 (s, COCH3), 34.8 (s, CH2CH]CH2),
117.1 (s, CH2CH]CH2), 126.1, 128.8 and 134.6 (s, CHarom), 131.5, 134.4
and 147.5 (s, Carom), 135.8 (s, CH2CH]CH2), 173.1 (s, OC]O), 198.5 (s,
COCH3). HRMS (EI): m/z¼232.1098, calcd for C14H16O3: 232.1099.

4.2.24. 2-Allyl-4-chlorophenyl propionate (25a). Pale yellow oil.
Yield: 77% (1.730 g). IR (Nujol): n¼1635 (m, C]C), 1762 (s, C]O)
cm�1. 1H NMR (CDCl3): d¼1.29 (t, J¼7.5 Hz, 3H, CH3), 2.61 (q,
J¼7.5 Hz, 2H, CH2CH3), 3.28 (d, J¼6.6 Hz, 2H, CH2CH]CH2),
5.06e5.15 (m, 2H, CH2CH]CH2), 5.82e5.95 (m, 1H, CH2CH]CH2),
7.00 (d, J¼8.2 Hz, 1H, CHarom), 7.20e7.25 (m, 2H, CHarom). 13C{1H}
NMR (CDCl3): d¼9.5 (s, CH3), 28.0 (s, CH2CH3), 34.7 (s, CH2CH]
CH2), 117.4 (s, CH2CH]CH2), 124.1, 127.8 and 130.6 (s, CHarom), 131.6,
134.2 and 147.9 (s, Carom), 135.4 (s, CH2CH]CH2), 172.9 (s, C]O).
HRMS (EI): m/z¼224.0602, calcd for C12H13O2Cl: 224.0604.

4.2.25. 2-Allyl-4-methylsulfanylphenyl propionate (26a). Yellow oil.
Yield: 75% (1.772 g). IR (Nujol): n¼1639 (m, C]C), 1757 (s, C]O)
cm�1. 1H NMR (CDCl3): d¼1.29 (t, J¼7.3 Hz, 3H, CH2CH3), 2.48 (s, 3H,
SCH3), 2.60 (q, J¼7.3 Hz, 2H, CH2CH3), 3.28 (d, J¼6.5 Hz, 2H,
CH2CH]CH2), 5.06e5.12 (m, 2H, CH2CH]CH2), 5.83e5.97 (m, 1H,
CH2CH]CH2), 6.98 (d, J¼8.4 Hz, 1H, CHarom), 7.15 (m, 2H, CHarom).
13C{1H} NMR (CDCl3): d¼9.5 (s, CH2CH3), 16.9 (s, SCH3), 28.0 (s,
CH2CH3), 35.0 (s, CH2CH]CH2), 116.9 (s, CH2CH]CH2), 123.2, 126.3
and 129.3 (s, CHarom), 132.8, 136.1 and 147.2 (s, Carom), 135.9 (s,
CH2CH]CH2), 173.2 (s, C]O). HRMS (EI): m/z¼236.0867, calcd for
C13H16O2S: 236.0871.

4.3. General procedure for the synthesis of (E)-(1-propenyl)
phenyl esters 11e15(aed) and 27ae30a

Under nitrogen atmosphere, the corresponding allylphenyl ester
6e10(aed) or 22ae25a (2 mmol), the ruthenium(IV) catalyst pre-
cursor [{RuCl(m-Cl)(h3:h3-C10H16)}2] (6 mg, 0.01 mmol; 1 mol % of
Ru) and methanol (0.5 mL) were introduced into a Teflon-capped
sealed tube. Then, the mixture was heated at 80 �C in an oil-bath for
the indicated time. The course of the reaction was monitored by
taking regularly samples of ca. 10 mL, which after dilution were ana-
lyzed by GC. Solvent removal under reduced pressure, followed by
purification of the resulting oily residue by column chromatography
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over SiO2, using a mixture hexanes/Et2O (85:15) as eluent, afforded
the (E)-propenylphenyl esters 11e15(aed) and 27e30a. Character-
ization data for these compounds are as follows (copies of the 1H and
13C{1H} spectra are included in Supplementary data):

4.3.1. (E)-2-Methyl-6-(1-propenyl)phenyl propionate (11a). Yellow
oil. Yield: 85% (0.347 g). IR (neat): n¼1653 (w, C]C), 1759 (s, C]O)
cm�1. 1H NMR (CDCl3): d¼1.38 (t, J¼7.6 Hz, 3H, CH2CH3), 1.93 (dd,
J¼6.4 and 1.5 Hz, 3H, HC]CHCH3), 2.20 (s, 3H, CH3), 2.70 (q, J¼7.6 Hz,
2H, CH2CH3), 6.26 (part A of AB system of q, J¼15.7 and 6.4 Hz, 1H,
HC]CHCH3), 6.42 (part B of AB system of q, J¼15.7 and 1.5 Hz, 1H,
HC]CHCH3), 7.12e7.40 (m, 3H, CHarom). 13C{1H} NMR (CDCl3): d¼9.8,
16.8 and19.3 (s, CH3), 27.9 (s, CH2),124.5,125.0,126.3,128.6 and129.8
(s, CHarom and]CH), 130.9, 131.1 and 146.9 (s, Carom), 172.7 (s, C]O).
HRMS (EI):m/z¼204.1155, calcd for C13H16O2: 204.1150.

4.3.2. (E)-2-Methyl-6-(1-propenyl)phenyl isobutyrate (11b). Yellow
oil. Yield: 76% (0.331 g). IR (neat): n¼1657 (w, C]C), 1757 (s, C]O)
cm�1. 1H NMR (CDCl3): d¼1.44 (d, J¼7.0 Hz, 6H, CH(CH3)2), 1.93 (dd,
J¼6.4 and 1.6 Hz, 3H, HC]CHCH3), 2.20 (s, 3H, CH3), 2.95 (sept,
J¼7.0 Hz, 1H, CH(CH3)2), 6.25 (part A of AB system of q, J¼15.7 and
6.4 Hz, 1H, HC]CHCH3), 6.43 (part B of AB system of q, J¼15.7 and
1.6 Hz, 1H, HC]CHCH3), 7.36e7.42 (m, 3H, CHarom). 13C{1H} NMR
(CDCl3): d¼16.4 and 18.9 (s, CH3), 19.2 (s, CH(CH3)2), 34.3 (s,
CH(CH3)2), 124.1, 124.6, 125.8, 128.2 and 129.4 (s, CHarom and]CH),
130.5, 130.7 and 146.4 (s, Carom), 174.7 (s, C]O). HRMS (EI): m/
z¼218.1306, calcd for C14H18O2: 218.1307.

4.3.3. (E)-2-Methyl-6-(1-propenyl)phenyl-3-methyl butanoate
(11c). Yellow oil. Yield: 84% (0.390 g). IR (neat): n¼1653 (w, C]C),
1759 (s, C]O) cm�1. 1H NMR (CDCl3): d¼1.14 (d, J¼6.6 Hz, 6H,
CH(CH3)2), 1.91 (dd, J¼6.5 and 1.6 Hz, 3H, HC]CHCH3), 2.20 (s, 3H,
CH3), 2.30e2.41 (m, 1H, CH(CH3)2), 2.56 (d, J¼7.0 Hz, 2H,
CH2CH(CH3)2), 6.25 (part A of AB system of q, J¼15.7 and 6.5 Hz, 1H,
HC]CHCH3), 6.43 (part B of AB system of q, J¼15.7 and 1.6 Hz, 1H,
HC]CHCH3), 7.12e7.39 (m, 3H, CHarom). 13C{1H} NMR (CDCl3):
d¼16.9 and 19.3 (s, CH3), 23.0 (s, CH(CH3)2), 26.1 (s, CH(CH3)2), 43.5
(s, CH2), 124.5, 125.3, 126.3, 128.6 and 129.8 (s, CHarom and ]CH),
130.9, 131.2 and 146.9 (s, Carom), 171.3 (s, C]O). HRMS (EI): m/
z¼232.1466, calcd for C15H20O2: 232.1463.

4.3.4. (E)-2-Methyl-6-(1-propenyl)phenyl benzoate (11d). Yellow
oil. Yield: 70% (0.353 g). IR (neat): n¼1639 (w, C]C), 1737 (s, C]O)
cm�1. 1H NMR (CDCl3): d¼1.86 (dd, J¼6.5 and 1.5 Hz, 3H, HC]
CHCH3), 2.25 (s, 3H, CH3), 6.34 (part A of AB system of q, J¼15.7 and
6.5 Hz, 1H, HC]CHCH3), 6.52 (part B of AB system of q, J¼15.7 and
1.5 Hz, 1H, HC]CHCH3), 7.19e7.70 (m, 6H, CHarom), 8.32e8.39 (m,
2H, CHarom). 13C{1H} NMR (CDCl3): d¼16.9 and 19.3, (s, CH3), 124.5,
124.9, 126.5, 128.8, 129.1, 129.8, 130.7 and 134.1 (s, CHarom and ]

CH), 129.7, 131.2, 131.3 and 147.0 (s, Carom), 165.0 (s, C]O). HRMS
(EI): m/z¼252.1157, calcd for C17H16O2: 252.1150.

4.3.5. (E)-2-(1-Propenyl)phenyl propionate (12a). Yellow oil. Yield:
87% (0.331 g). IR (neat): n¼1657 (w, C]C), 1763 (s, C]O) cm�1. 1H
NMR (CDCl3): d¼1.34 (t, J¼7.6 Hz, 3H, CH2CH3), 1.93 (dd, J¼6.5 and
1.5 Hz, 3H, HC]CHCH3), 2.67 (q, J¼7.6 Hz, 2H, CH2CH3), 6.28 (part A
of AB system of q, J¼15.8 and 6.5 Hz, 1H, HC]CHCH3), 6.46 (part B
of AB system of q, J¼15.8 and 1.5 Hz,1H,HC]CHCH3), 7.04e7.26 (m,
4H, CHarom). 13C{1H} NMR (CDCl3): d¼9.6 and 19.3 (s, CH3), 28.1 (s,
CH2), 122.9, 124.8, 126.4, 126.9, 128.0 and 128.7 (s, CHarom and ]

CH), 130.9 and 147.9 (s, Carom), 173.2 (s, C]O). HRMS (EI): m/
z¼190.0992, calcd for C12H14O2: 190.0994.

4.3.6. (E)-2-(1-Propenyl)phenyl isobutyrate (12b). Yellow oil. Yield:
84% (0.343 g). IR (neat): n¼1657 (w, C]C), 1758 (s, C]O) cm�1. 1H
NMR (CDCl3): d¼1.40 (d, J¼7.0 Hz, 6H, CH(CH3)2), 1.92 (dd, J¼6.5
and 1.6 Hz, 3H, HC]CHCH3), 2.90 (sept, J¼7.0 Hz, 1H, CH(CH3)2),
6.26 (part A of AB system of q, J¼15.7 and 6.5 Hz, 1H, HC]CHCH3),
6.46 (part B of AB system of q, J¼15.7 and 1.6 Hz, 1H, HC]CHCH3),
7.01e7.57 (m, 4H, CHarom). 13C{1H} NMR (CDCl3): d¼19.3 (CH]
CHCH3), 19.5 (s, CH(CH3)2), 34.6 (s, CH(CH3)2), 122.8, 124.7, 126.4,
126.9, 128.0 and 128.6 (s, CHarom and ]CH), 131.0 and 148.0 (s,
Carom), 175.8 (s, C]O). HRMS (EI): m/z¼204.1153, calcd for
C13H16O2: 204.1150.

4.3.7. (E)-2-(1-Propenyl)phenyl-3-methyl butanoate (12c). Yellow
oil. Yield: 88% (0.384 g). IR (neat): n¼1653 (w, C]C), 1759 (s, C]
O) cm�1. 1H NMR (CDCl3): d¼1.13 (d, J¼6.6 Hz, 6H, CH(CH3)2), 1.92
(dd, J¼6.5 and 1.6 Hz, 3H, HC]CHCH3), 2.31e2.35 (m, 1H,
CH(CH3)2), 2.52 (d, J¼7.0 Hz, 2H, CH2CH(CH3)2), 6.27 (part A of AB
system of q, J¼15.8 and 6.5 Hz, 1H, HC]CHCH3), 6.47 (part B of
AB system of q, J¼15.8 and 1.6 Hz, 1H, HC]CHCH3), 7.05e7.55 (m,
4H, CHarom). 13C{1H} NMR (CDCl3): d¼18.9 (s, CH]CHCH3), 22.5
(s, CH(CH3)2), 25.9 (s, CH(CH3)2), 43.3 (s, CH2), 122.5, 124.5, 126.0,
126.5, 127.6 and 128.3 (s, CHarom and ]CH), 130.6 and 147.6
(s, Carom), 171.4 (s, C]O). HRMS (EI): m/z¼218.1307, calcd for
C14H18O2: 218.1307.

4.3.8. (E)-2-(1-Propenyl)phenyl benzoate (12d). Colourless oil.
Yield: 90% (0.429 g). IR (neat): n¼1656 (w, C]C), 1735 (s, C]O)
cm�1. 1H NMR (CDCl3): d¼1.89 (dd, J¼6.6 and 1.6 Hz, 3H, HC]
CHCH3), 6.35 (part A of AB system of q, J¼15.8 and 6.6 Hz, 1H, HC]
CHCH3), 6.56 (part B of AB system of q, J¼15.8 and 1.6 Hz, 1H, HC]
CHCH3), 7.18e7.33 (m, 3H, CHarom), 7.56e7.74 (m, 4H, CHarom), 8.31
(m, 2H, CHarom). 13C{1H} NMR (CDCl3): d¼19.3 (s, CH3), 123.1, 124.7,
126.7, 126.9, 128.2, 128.9, 129.1, 130.7 and 134.1 (s, CHarom and ]

CH), 129.9, 131.1 and 148.1 (s, Carom), 165.5 (s, C]O). HRMS (EI): m/
z¼238.1001, calcd for C16H14O2: 238.0994.

4.3.9. (E)-3-(1-Propenyl)phenyl propionate (13a). Yellow oil. Yield:
74% (0.281 g). IR (neat): n¼1657 (w, C]C), 1761 (s, C]O) cm�1.
1H NMR (CDCl3): d¼1.30 (t, J¼7.5 Hz, 3H, CH2CH3), 1.90 (dd,
J¼6.4 and 1.3 Hz, 3H, HC]CHCH3), 2.62 (q, J¼7.5 Hz, 2H,
CH2CH3), 6.24 (part A of AB system of q, J¼15.7 and 6.4 Hz, 1H,
HC]CHCH3), 6.41 (part B of AB system of q, J¼15.7 and 1.3 Hz,
1H, HC]CHCH3), 6.93e7.09 (m, 4H, CHarom). 13C{1H} NMR
(CDCl3): d¼9.1 and 18.5 (s, CH3), 27.8 (s, CH2), 118.7, 119.8, 123.4,
126.9, 129.3 and 130.4 (s, CHarom and ]CH), 139.6 and 151.1
(s, Carom), 173.0 (s, C]O). HRMS (EI): m/z¼190.0992, calcd for
C12H14O2: 190.0994.

4.3.10. (E)-3-(1-Propenyl)phenyl isobutyrate (13b). Colourless oil.
Yield: 86% (0.351 g). IR (neat): n¼1657 (w, C]C), 1760 (s, C]O)
cm�1. 1H NMR (CDCl3): d¼1.35 (d, J¼7.0 Hz, 6H, CH(CH3)2), 1.91 (dd,
J¼6.4 and 1.3 Hz, 3H, HC]CHCH3), 2.83 (sept, J¼7.0 Hz, 1H,
CH(CH3)2), 6.28 (part A of AB system of q, J¼15.7 and 6.4 Hz, 1H,
HC]CHCH3), 6.41 (part B of AB system of q, J¼15.7 and 1.3 Hz, 1H,
HC]CHCH3), 7.07e7.31 (m, 4H, CHarom). 13C{1H} NMR (CDCl3):
d¼18.4 (s, CH3), 18.9 (s, CH(CH3)2), 34.2 (s, CH(CH3)2), 118.6, 119.7,
123.3, 126.8, 129.3 and 130.2 (s, CHarom and ]CH), 139.6 and 151.2
(s, Carom), 175.6 (s, C]O). HRMS (EI): m/z¼204.1145, calcd for
C13H16O2: 204.1150.

4.3.11. (E)-3-(1-Propenyl)phenyl-3-methyl butanoate (13c). Pale
yellow oil. Yield: 79% (0.345 g). IR (neat): n¼1657 (w, C]C), 1757 (s,
C]O) cm�1. 1H NMR (CDCl3): d¼1.11 (d, J¼6.6 Hz, 6H, CH(CH3)2),
1.91 (dd, J¼6.5 and 1.3 Hz, 3H, HC]CHCH3), 2.23e2.36 (m, 1H,
CH(CH3)2), 2.47 (d, J¼7.0 Hz, 2H, CH2CH(CH3)2), 6.28 (part A of AB
system of q, J¼15.7 and 6.5 Hz, 1H, HC]CHCH3), 6.42 (part B of AB
system of q, J¼15.7 and 1.3 Hz, 1H, HC]CHCH3), 6.94e7.10 (m, 4H,
CHarom). 13C{1H} NMR (CDCl3): d¼18.5 (s, CH3), 22.4 (s, CH(CH3)2),
25.9 (s, CH(CH3)2), 43.4 (s, CH2), 118.8, 119.9, 123.4, 126.8, 129.3 and
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130.3 (s, CHarom and]CH),139.6 and 151.0 (s, Carom),171.5 (s, C]O).
HRMS (EI): m/z¼218.1306, calcd for C14H18O2: 218.1307.

4.3.12. (E)-3-(1-Propenyl)phenyl benzoate (13d). White solid. Yield:
87% (0.414 g). Mp: 58e59 �C. IR (Nujol): n¼1655 (w, C]C), 1745 (s,
C]O) cm�1. 1H NMR (CDCl3): d¼1.94 (dd, J¼6.4 and 1.4 Hz, 3H,
HC]CHCH3), 6.33 (part A of AB system of q, J¼15.7 and 6.4 Hz, 1H,
HC]CHCH3), 6.47 (part B of AB system of q, J¼15.7 and 1.4 Hz, 1H,
HC]CHCH3), 7.10e7.71 (m, 7H, CHarom), 8.26 (m, 2H, CHarom). 13C
{1H} NMR (CDCl3): d¼18.5 (s, CH3), 118.9, 120.0, 123.6, 127.0, 128.6,
129.5, 130.2, 130.3 and 133.6 (s, CHarom and ]CH), 129.7, 139.8 and
151.3 (s, Carom), 165.2 (s, C]O). HRMS (EI):m/z¼238.0999, calcd for
C16H14O2: 238.0994.

4.3.13. (E)-2-Methoxy-4-(1-propenyl)phenyl propionate (14a).34 Col-
ourless oil. Yield: 79% (0.348 g). IR (neat): n¼1645 (w, C]C), 1763 (s,
C]O) cm�1. 1H NMR (CDCl3): d¼1.30 (t, J¼7.5 Hz, 3H, CH2CH3), 1.90
(dd, J¼6.5 and 1.6 Hz, 3H, HC]CHCH3), 2.63 (q, J¼7.5 Hz, 2H,
CH2CH3), 3.85 (s, 3H, OCH3), 6.21 (part A of AB system of q, J¼15.7 and
6.5 Hz, 1H, HC]CHCH3), 6.40 (part B of AB system of q, J¼15.7 and
1.6 Hz, 1H, HC]CHCH3), 6.80e7.28 (m, 3H, CHarom). 13C{1H} NMR
(CDCl3): d¼9.2 and 18.4 (s, CH3), 27.4 (s, CH2), 55.8 (s, OCH3), 109.6,
118.4, 122.7, 125.9 and 130.5 (s, CHarom and ]CH), 136.9, 138.7 and
151.0 (s, Carom), 172.7 (s, C]O). HRMS (EI): m/z¼220.1099, calcd for
C13H16O3: 220.1099.

4.3.14. (E)-2-Methoxy-4-(1-propenyl)phenyl isobutyrate (14b).14h Col-
ourless oil. Yield: 78% (0.365 g). IR (neat): n¼1656 (w, C]C), 1760 (s,
C]O) cm�1. 1H NMR (CDCl3): d¼1.36 (d, J¼7.0 Hz, 6H, CH(CH3)2), 1.90
(dd, J¼6.5 and 1.5 Hz, 3H, HC]CHCH3), 2.87 (sept, J¼7.0 Hz, 1H,
CH(CH3)2), 3.82 (s, 3H, OCH3), 6.20 (part A of AB system of q, J¼15.7
and 6.5 Hz, 1H, HC]CHCH3), 6.40 (part B of AB system of q, J¼15.7
and 1.5 Hz,1H,HC]CHCH3), 6.90e6.98 (m, 3H, CHarom). 13C{1H} NMR
(CDCl3): d¼18.8 (s, CH3), 19.4 (s, CH(CH3)2), 34.4 (s, CH(CH3)2), 56.2 (s,
OCH3), 110.1, 118.7, 123.0, 126.2 and 131.0 (s, CHarom and ]CH), 137.2,
139.3 and 151.5 (s, Carom), 175.7 (s, C]O). HRMS (EI): m/z¼234.1255,
calcd for C14H18O3: 234.1256.

4.3.15. (E)-2-Methoxy-4-(1-propenyl)phenyl-3-methyl butanoate
(14c).35 White solid. Yield: 84% (0.417 g). Mp: 41e42 �C. IR (Nujol):
n¼1656 (w, C]C), 1761 (s, C]O) cm�1. 1H NMR (CDCl3): d¼1.11 (d,
J¼6.6 Hz, 6H, CH(CH3)2), 1.91 (dd, J¼6.5 and 1.6 Hz, 3H, HC]
CHCH3), 2.23e2.37 (m, 1H, CH(CH3)2), 2.48 (d, J¼7.1 Hz, 2H,
CH2CH(CH3)2), 3.83 (s, 3H, OCH3), 6.22 (part A of AB system of q,
J¼15.7 and 6.5 Hz, 1H, HC]CHCH3), 6.40 (part B of AB system of q,
J¼15.7 and 1.6 Hz, 1H, HC]CHCH3), 6.90e6.99 (m, 3H, CHarom). 13C
{1H} NMR (CDCl3): d¼18.8 (s, CH3), 22.8 (s, CH(CH3)2), 26.3 (s,
CH(CH3)2), 43.5 (s, CH2), 56.1 (s, OCH3), 110.0, 118.8, 123.1, 126.3 and
131.0 (s, CHarom and ]CH), 137.3, 139.1 and 151.5 (s, Carom), 171.5 (s,
C]O). HRMS (EI): m/z¼248.1407, calcd for C15H20O3: 248.1412.

4.3.16. (E)-2-Methoxy-4-(1-propenyl)phenyl benzoate (14d).36 White
solid. Yield: 88% (0.472 g). Mp: 49e50 �C. IR (Nujol): n¼1651 (w, C]
C), 1732 (s, C]O) cm�1. 1H NMR (CDCl3): d¼1.92 (dd, J¼6.5 and
1.5 Hz, 3H, HC]CHCH3), 3.85 (s, 3H, OCH3), 6.26 (part A of AB
system of q, J¼15.7 and 6.5 Hz, 1H, HC]CHCH3), 6.43 (part B of AB
system of q, J¼15.7 and 1.5 Hz, 1H, HC]CHCH3), 6.95e7.11 (s, 3H,
CHarom), 7.28e7.63 (m, 3H, CHarom), 8.24 (m, 2H, CHarom). 13C{1H}
NMR (CDCl3): d¼18.8 (s, CH3), 56.3 (s, OCH3), 110.2, 118.8, 123.2,
126.5, 128.9, 130.7, 130.9 and 133.8 (s, CHarom and ]CH), 129.9,
137.5, 139.2 and 151.6 (s, Carom), 165.2 (s, C]O). HRMS (EI): m/
z¼268.1103, calcd for C17H16O3: 268.1099.

4.3.17. (E)-4-(1-Propenyl)phenyl propionate (15a).14r Colourless oil.
Yield: 83% (0.316 g). IR (neat): n¼1645 (w, C]C), 1755 (s, C]O)
cm�1. 1H NMR (CDCl3): d¼1.29 (t, J¼7.5 Hz, 3H, CH2CH3), 1.99 (dd,
J¼6.5 and 1.6 Hz, 3H, HC]CHCH3), 2.60 (q, J¼7.5 Hz, 2H, CH2CH3),
6.20 (part A of AB system of q, J¼15.7 and 6.5 Hz, 1H, HC]CHCH3),
6.41 (part B of AB system of q, J¼15.7 and 1.6 Hz, 1H, HC]CHCH3),
7.02 (d, J¼8.6 Hz, 2H, CHarom), 7.34 (d, J¼8.6 Hz, 2H, CHarom). 13C{1H}
NMR (CDCl3): d¼9.5 and 18.9 (s, CH3), 28.2 (s, CH2), 121.9 and 127.1
(s, CHarom), 126.3 and 130.5 (s, ]CH), 136.0 and 149.9 (s, Carom),
173.4 (s, C]O). HRMS (EI): m/z¼190.0999, calcd for C12H14O2:
190.0994.

4.3.18. (E)-4-(1-Propenyl)phenyl isobutyrate (15b).14r Pale yellow
solid. Yield: 87% (0.355 g). Mp: 43e44 �C. IR (Nujol): n¼1658 (w,
C]C),1757 (s, C]O) cm�1. 1H NMR (CDCl3): d¼1.35 (d, J¼7.0 Hz, 6H,
CH(CH3)2), 1.91 (dd, J¼6.5 and 1.6 Hz, 3H, HC]CHCH3), 2.83 (sept,
J¼7.0 Hz, 1H, CH(CH3)2), 6.22 (part A of AB system of q, J¼15.7 and
6.5 Hz, 1H, HC]CHCH3), 6.42 (part B of AB system of q, J¼15.7 and
1.6 Hz, 1H, HC]CHCH3), 7.03 (d, J¼8.6 Hz, 2H, CHarom), 7.35 (d,
J¼8.6 Hz, 2H, CHarom). 13C{1H} NMR (CDCl3): d¼18.9 (s, CH3), 19.3 (s,
CH(CH3)2), 34.6 (s, CH(CH3)2), 121.9 and 127.1 (s, CHarom), 126.2 and
130.6 (s,]CH),136.0 and 150.1 (s, Carom),176.0 (s, C]O). HRMS (EI):
m/z¼204.1158, calcd for C13H16O2: 204.1150.

4.3.19. (E)-4-(1-Propenyl)phenyl-3-methyl butanoate (15c).14a,c Pale
yellow oil. Yield: 89% (0.388 g). IR (neat): n¼1657 (w, C]C), 1761 (s,
C]O) cm�1. 1H NMR (CDCl3): d¼1.09 (d, J¼6.6 Hz, 6H, CH(CH3)2),
1.90 (dd, J¼6.5 and 1.5 Hz, 3H, HC]CHCH3), 2.25e2.34 (m, 1H,
CH(CH3)2), 2.46 (d, J¼7.1 Hz, 2H, CH2CH(CH3)2), 6.21 (part A of AB
system of q, J¼15.8 and 6.5 Hz, 1H, HC]CHCH3), 6.40 (part B of AB
system of q, J¼15.8 and 1.5 Hz, 1H, HC]CHCH3), 7.05 (d, J¼8.6 Hz,
2H, CHarom), 7.37 (d, J¼8.6 Hz, 2H, CHarom). 13C{1H} NMR (CDCl3):
d¼18.9 (s, CH3), 22.8 (s, CH(CH3)2), 26.3 (s, CH(CH3)2), 43.8 (s, CH2),
122.0 and 127.1 (s, CHarom), 126.2 and 130.5 (s, ]CH), 136.1 and
149.9 (s, Carom), 172.0 (s, C]O). HRMS (EI): m/z¼218.1304, calcd for
C14H18O2: 218.1307.

4.3.20. (E)-4-(1-Propenyl)phenyl benzoate (15d). White solid.
Yield: 80% (0.381 g). Mp: 53e54 �C. IR (Nujol): n¼1652 (w, C]C),
1745 (s, C]O) cm�1. 1H NMR (CDCl3): d¼1.93 (dd, J¼6.5 and 1.5 Hz,
3H, HC]CHCH3), 6.25 (part A of AB system of q, J¼15.7 and 6.5 Hz,
1H, HC]CHCH3), 6.45 (part B of AB system of q, J¼15.7 and 1.5 Hz,
1H, HC]CHCH3), 7.15 (d, J¼8.6 Hz, 2H, CHarom), 7.41 (d, J¼8.6 Hz,
2H, CHarom), 7.64e7.70 (m, 3H, CHarom), 8.23 (m, 2H, CH of CHarom).
13C{1H} NMR (CDCl3): d¼18.5 (s, CH3), 121.7, 126.8, 128.6, 129.6 and
130.2 (s, CHarom), 126.2 and 133.6 (s, ]CH), 135.8 and 149.7 (s,
Carom), 165.2 (s, C]O). HRMS (EI): m/z¼238.0987, calcd for
C16H14O2: 238.0994.

4.3.21. (E,E)-2-Methoxy-4,6-di(1-propenyl)phenyl propionate (27a).
Colourless oil. Yield: 68% (0.354 g). IR (Nujol): n¼1656 (m, C]C),
1760 (s, C]O) cm�1. 1H NMR (CDCl3): d¼1.33 (t, J¼7.5 Hz, 3H, CH3),
1.90 (dd, J¼6.4 and 1.3 Hz, 6H, HC]CHCH3), 2.67 (q, J¼7.5 Hz, 2H,
CH2CH3), 3.83 (s, 3H, OCH3), 6.16e6.33 (m, 2H, HC]CHCH3), 6.41
(part B of AB system of q, J¼15.8 and 1.3 Hz, 1H, HC]CHCH3), 6.52
(part B of AB system of q, J¼15.7 and 1.3 Hz, 1H, HC]CHCH3), 6.82
(d, J¼1.6 Hz,1H, CHarom), 7.05 (d, J¼1.6 Hz,1H, CHarom). 13C{1H} NMR
(CDCl3): d¼9.7 (s, CH2CH3), 18.4 and 18.9 (s, ]CHCH3), 27.3 (s,
CH2CH3), 55.9 (s, OCH3), 107.6 and 115.8 (s, CHarom), 124.3, 125.8,
128.5 and 130.7 (s, ]CH), 131.4, 135.9, 136.1 and 151.3 (s, Carom),
172.4 (s, C]O). HRMS (EI): m/z¼260.1417, calcd for C16H20O3:
260.1412.

4.3.22. (E)-2-Chloro-6-(1-propenyl)phenyl propionate (28a). Pale
yellow oil. Yield: 93% (0.417 g). IR (Nujol): n¼1654 (m, C]C), 1769
(s, C]O) cm�1. 1H NMR (CDCl3): d¼1.36 (t, J¼7.5 Hz, 3H, CH2CH3),
1.91 (dd, J¼6.1 and 1.1 Hz, 3H, HC]CHCH3), 2.71 (q, J¼7.5 Hz, 2H,
CH2CH3), 6.25 (part A of AB system of q, J¼15.8 and 6.1 Hz, 1H, HC]
CHCH3), 6.37 (part B of AB system of q, J¼15.8 and 1.1 Hz, 1H, HC]
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CHCH3), 7.13 (dd, J¼8.0 and 7.8 Hz, 1H, CHarom), 7.30 (d, J¼8.0 Hz,
1H, CHarom), 7.39 (d, J¼7.8 Hz, 1H, CHarom). 13C{1H} NMR (CDCl3):
d¼9.6 (s, CH2CH3), 19.3 (s, ]CHCH3), 27.8 (s, CH2CH3), 124.3, 125.2,
127.0, 128.6 and 130.2 (s, CHarom and ]CH), 128.0, 133.4 and 144.4
(s, Carom), 172.1 (s, C]O). HRMS (EI): m/z¼224.0607, calcd for
C12H13O2Cl: 224.0604.

4.3.23. (E)-2-Acetyl-6-(1-propenyl)phenyl propionate (29a).
Colourless oil. Yield: 82% (0.381 g). IR (Nujol): n¼1652 (w, C]C),
1689 and 1762 (s, C]O) cm�1. 1H NMR (CDCl3): d¼1.31 (t, J¼7.5 Hz,
3H, CH2CH3), 1.89 (dd, J¼6.5 and 1.5 Hz, 3H, HC]CHCH3), 2.52 (s,
3H, COCH3), 2.69 (q, J¼7.5 Hz, 2H, CH2CH3), 6.25 (part A of AB
system of q, J¼15.8 and 6.5 Hz, 1H, HC]CHCH3), 6.43 (part B of AB
system of q, J¼15.8 and 1.5 Hz, 1H, HC]CHCH3), 7.23 (dd, J¼7.8 and
7.2 Hz, 1H, CHarom), 7.63 (m, 2H, CHarom). 13C{1H} NMR (CDCl3):
d¼8.9 (s, CH2CH3), 18.9 (s, ]CHCH3), 27.6 (s, CH2CH3), 29.2 (s,
COCH3), 123.7, 125.7, 128.5, 129.7 and 130.3 (s, CHarom and ]CH),
131.2, 132.5 and 145.5 (s, Carom), 172.7 (s, OC]O), 198.0 (s, COCH3).
HRMS (EI): m/z¼232.1098, calcd for C14H16O3: 232.1099.

4.3.24. (E)-4-Chloro-2-(1-propenyl)phenyl propionate (30a). Pale
yellow oil. Yield: 86% (0.386 g). IR (Nujol): n¼1653 (w, C]C), 1762
(s, C]O) cm�1. 1H NMR (CDCl3): d¼1.32 (t, J¼7.6 Hz, 3H, CH2CH3),
1.92 (dd, J¼6.0 and 1.0 Hz, 3H, HC]CHCH3), 2.65 (q, J¼7.6 Hz, 2H,
CH2CH3), 6.27 (part A of AB system of q, J¼16.0 and 6.0 Hz,1H, HC]
CHCH3), 6.35 (part B of AB system of q, J¼16.0 and 1.0 Hz, 1H, HC]
CHCH3), 6.98 (d, J¼8.6 Hz, 1H, CHarom), 7.19 (dd, J¼8.6 and 2.5 Hz,
1H, CHarom), 7.99 (d, J¼2.5 Hz, 1H, CHarom). 13C{1H} NMR (CDCl3):
d¼9.2 (s, CH2CH3), 18.9 (s, ]CHCH3), 27.6 (s, CH2CH3), 123.3, 123.9,
126.3, 127.4 and 129.8 (s, CHarom and ]CH), 131.4, 132.1 and 145.9
(s, Carom), 172.6 (s, C]O). HRMS (EI): m/z¼224.0600, calcd for
C12H13O2Cl: 224.0604.

4.4. Synthesis of (E)-1,3-di(4-hydroxyphenyl)-2-methyl-1-
pentene (16)18

Under nitrogen atmosphere, 4-allylphenol (5) (0.268 g,
2 mmol), the ruthenium(IV) catalyst precursor [{RuCl(m-Cl)(h3:h3-
C10H16)}2] (6 mg, 0.01 mmol; 1 mol % of Ru) and methanol (0.5 mL)
were introduced into a Teflon-capped sealed tube. Then, the mix-
ture was heated at 80 �C in an oil-bath for 24 h. Solvent removal
under reduced pressure, followed by purification of the resulting
oily residue by column chromatography over SiO2, using a mixture
hexanes/Et2O (85:15) as eluent, afforded diphenol 16 in 57% yield
(0.153 g) as a yellow oil. Characterization data for this compound
are as follows (copies of the 1H and 13C{1H} spectra are included in
Supplementary data): IR (Nujol): n¼1651 (w, C]C), 3324 (s, OeH)
cm�1. 1H NMR (CDCl3): d¼0.93 (t, J¼7.3 Hz, 3H, CH2CH3), 1.65 (d,
J¼1.2 Hz, 3H, CH3), 1.79e1.92 (m, 2H, CH2), 3.19 (t, J¼7.6 Hz,1H, CH),
5.37 (br, 1H, OH), 5.47 (br, 1H, OH), 6.41 (br, 1H, ]CH), 6.79e6.85
(m, 4H, CHarom), 7.14e7.16 (m, 4H, CHarom). 13C{1H} NMR (CDCl3):
d¼13.0 and 16.1 (s, CH3), 25.8 (s, CH2), 56.2 (s, CH),115.3,115.4,129.5
and 130.7 (s, CHarom), 124.9 (s,]CH),131.7,136.5,154.0 and 154.1 (s,
Carom), 140.3 (s,]C). HRMS (EI):m/z¼268.1459, calcd for C18H20O2:
268.1463.
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