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and limitations
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The ability of the hydrosoluble ruthenium(II) complexes [RuCl2(h6-arene)(PTA)] 3a–d,
[RuCl2(h6-arene)(PTA-Bn)] 4a–d, [RuCl2(h6-arene)(DAPTA)] 5a–d, [RuCl2(h6-arene)(TPPMS)]
6a–d (arene = C6H6, p-cymene, 1,3,5-C6H3Me3, C6Me6) to promote the atom-economic formation
of b-oxo esters, by addition of carboxylic acids to terminal propargylic alcohols in water has been
explored. Scope, limitations and catalyst recycling have been evaluated using the most active
catalyst [RuCl2(h6-C6H6)(TPPMS)], 6a.

Introduction

b-Oxo esters are important intermediates in organic synthesis
since they can be easily transformed into the corresponding
a-hydroxy ketones,1 which are structural units present in a
large variety of biologically active natural products.2 Several
procedures are presently available to prepare these types of
compounds, such as the carbonylation of a-halo ketones,3 the
anodic oxidation of enol acetates,4 the Cu catalyzed insertion
of a-diazo ketones into the O–H bond of carboxylic acids,5 the
two-step hydration/esterification of propargylic alcohols6 or the
oxidation of ketones with metal–acetate complexes.7 However,
the scope of most of these methods is rather low, and they also
suffer from environmental problems associated with the use of
harmful reagents.

The catalytic addition of carboxylic acids to terminal propar-
gylic alcohols, 1, represents an appealing and elegant alternative
to b-oxo esters, 2 (Scheme 1); an atom-economic transformation
that can be efficiently promoted by ruthenium complexes.8

Among the different catalysts employed, the best results in terms
of activity and selectivity have been described using the mononu-
clear arene–Ru(II) derivatives [RuCl2(h6-arene)(PR3)] (arene =
p-cymene, C6Me6; PR3 = PPh3, PMe3, phosphoramidite),9

the dimeric complex [{Ru(m-O2CH)(CO)2(PPh3)}2]10 and the
catalytic system composed of [Ru(h5-C8H11)2] (C8H11 = cyclooc-
tadienyl), a trialkyl phosphine and maleic anhydride.11

Scheme 1 b-Oxo ester formation by addition of carboxylic acids to
terminal propargylic alcohols
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From a mechanistic point of view, these catalytic transforma-
tions are based on the well-known ability of ruthenium com-
plexes to promote the addition of carboxylic acids to the C≡C
bond of terminal alkynes to afford enol esters.12,13 Thus, after
the initial Markovnikov addition of the carboxylate anion to
the p-alkyne intermediate A, intramolecular transesterification
of the resulting enol ester complex B readily takes place, leading
to the alkenyl derivative C. Final protonolysis of C liberates the
b-oxo ester 2 and regenerates the catalytically active ruthenium
species (Scheme 2).

Scheme 2 Proposed mechanism for the Ru-catalyzed b-oxo ester
formation reactions

On the other hand, a crucial factor in realizing a “green
chemical” process involves the choice of a safe, non-toxic
and cheap solvent.14 Water is undoubtedly one of the most
appealing candidates.15 Therefore, the development of organic
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transformations in aqueous media has become one of the
major cornerstones in modern chemistry.16 Following this
general trend, the design of novel transition metal catalysts for
organic reactions in water has attracted a growing interest in
recent years,17 disclosing a wide variety of highly efficient and
selective synthetic approaches to date.16,17 In this context, in the
course of our current studies directed toward the application
of ruthenium catalysts in aqueous organic synthesis,18 we have
recently reported the preparation of half-sandwich ruthenium(II)
complexes [RuCl2(h6-arene)(PR3)] containing the hydrosoluble
phosphine ligands PTA (3a–d), PTA-Bn (4a–d), DAPTA (5a–d)
and TPPMS (6a–d) (see Fig. 1),19 also showing that some of
them are excellent precatalysts for the selective hydration of
organonitriles to amides in aqueous medium under neutral
conditions.20 The availability of these compounds, along with
the known effectiveness of mononuclear arene–Ru(II) derivatives
[RuCl2(h6-arene)(PR3)] in b-oxo ester formation by addition of
carboxylic acids to alkynols,9 prompted us to study this atom-
economic transformation in water. To the best of our knowledge,
no precedents on the use of environmentally benign aqueous
media in these catalytic addition reactions have been described
previously.

Fig. 1 Structure of the water-soluble ruthenium(II) catalysts used in
this study.

Results and discussion

Table 1 provides a summary of our catalyst screening. We
used the addition of benzoic acid to the commercially available
alkynol 1-phenyl-2-propyn-1-ol 1a as a model reaction. In a
typical experiment, the alkynol (1 mmol) and the acid (1 mmol)
were suspended in water (1 mL), under a nitrogen atmosphere,
and treated with 2 mol% of the corresponding ruthenium
complex 3a–6d at 60 ◦C for 24 h. Under these conditions, all
the complexes checked were found to be active catalysts in the
addition process providing the b-oxo ester 1-phenyl-2-oxopropyl
benzoate 2a in moderate to good yields. Interestingly, the nature
of the hydrosoluble phosphine played an important role in
both the efficiency and selectivity of the process.21 Thus, the
best results were obtained with complexes 6a–d, all bearing the
sulfonated ligand TPPMS, which led to the selective formation

Table 1 Ruthenium-catalyzed synthesis of b-oxo ester 2a in watera

Entry Catalyst Time/h Yieldb/%

1 [RuCl2(h6-C6H6)(PTA)] 3a 24 64c

2 [RuCl2(h6-p-cymene)(PTA)] 3b 24 39d

3 [RuCl2(h6-1,3,5-C6H3Me3)(PTA)] 3c 24 54e

4 [RuCl2(h6-C6Me6)(PTA)] 3d 24 71c

5 [RuCl2(h6-C6H6)(PTA-Bn)] 4a 24 38f

6 [RuCl2(h6-p-cymene)(PTA-Bn)] 4b 24 63
7 [RuCl2(h6-1,3,5-C6H3Me3)(PTA-Bn)] 4c 24 30
8 [RuCl2(h6-C6Me6)(PTA-Bn)] 4d 24 14
9 [RuCl2(h6-C6H6)(DAPTA)] 5a 24 62g

10 [RuCl2(h6-p-cymene)(DAPTA)] 5b 24 50e

11 [RuCl2(h6-1,3,5-C6H3Me3)(DAPTA)] 5c 24 61h

12 [RuCl2(h6-C6Me6)(DAPTA)] 5d 24 56g

13 [RuCl2(h6-C6H6)(TPPMS)] 6a 24 87
14 [RuCl2(h6-p-cymene)(TPPMS)] 6b 24 85
15 [RuCl2(h6-1,3,5-C6H3Me3)(TPPMS)] 6c 24 79
16 [RuCl2(h6-C6Me6)(TPPMS)] 6d 24 76
17i [RuCl2(h6-C6H6)(TPPMS)] 6a 3 95

a Reactions performed under N2 atmosphere at 60 ◦C using 1 mmol of
1-phenyl-2-propyn-1-ol (1 M in water) and 1 mmol of benzoic acid.
b Determined by GC. c 5% of styrene is formed. d 10% of styrene is
formed. e 7% of styrene is formed. f 1% of styrene is formed. g 2% of
styrene is formed. h 4% of styrene is formed. i Reaction performed at
100 ◦C.

of 2a in 76–87% GC yields (entries 13–16). In contrast, the
use of the PTA, PTA-Bn and DAPTA-based catalysts 3a–5d
(entries 1–12) resulted in lower yields of 2a (14–71%); in most
of these reactions the formation of minor amounts of styrene as
by-product was also observed (entries 1–5 and 9–11).

Formation of alkene side products, arising from the cleavage
of the C≡C bond of the alkynol, has been recently observed in
related addition reactions promoted by (h6-arene)ruthenium(II)-
phosphoramidite catalysts in organic media.9b Such a com-
petitive process involves the generation of a highly reactive
allenylidene–ruthenium intermediate E (Scheme 3) as the result
of an initial tautomerization of the p-alkyne complex A into
the 3-hydroxy-vinylidene D, and subsequent dehydration of
D. Then, the carbon–carbon cleavage process takes place via
nucleophilic addition of water to the electrophilic a-carbon
of the allenylidene chain, a well-known transformation in the
chemistry of metal–allenylidenes.22–24

Scheme 3 Reaction pathway explaining the formation of styrene
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It is known that, due to its p-accepting properties, the
allenylidene ligand formation is favored by electron-rich metal
fragments.22 This fact could explain why the occurrence of
styrene takes place using those catalysts bearing the aliphatic
phosphines PTA, PTA-Bn and DAPTA, all of them more
basic than the aromatic sulfonated one, TPPMS. From this
general catalyst screening, the benzene derivative [RuCl2(h6-
C6H6)(TPPMS)] 6a emerged as the top choice due to its
selectivity and efficiency (87% GC yield of 2a after 24 h; entry
13). In addition, both the yield and the rate of the process could
be significantly improved by increasing the working temperature
from 60 to 100 ◦C. Under these new reaction conditions, using
the same catalyst loading (2 mol% of 6a), the b-oxo ester 2a was
formed in 95% GC yield after only 3 h (entry 17). No appreciable
difference in activity was observed when an organic solvent
(toluene) was used instead of water. Subsequent purification by
column chromatography on silica gel provided an analytically
pure sample of 2a in 88% isolated yield.

Under these optimized reaction conditions (1 M solution of
the alkynol in water; [alkynol] : [6a] : [PhCO2H] ratio = 50 : 1 : 50;
100 ◦C) the ability of 6a to promote the addition of benzoic acid
to a number of other terminal propargylic alcohols was explored.
The results are summarized in Table 2. Thus, as observed for

Table 2 Ruthenium-catalyzed synthesis of b-oxo esters in water: gen-
erality on the propargylic alcohola

Entry Propargylic alcohol 1 Time/h Yield of 2b/%

1 R1 = H, R2 = Ph 1a 3 2a; 95 (88)
2 R1 = H, R2 = 1-naphthyl 1b 3 2b; 76 (69)c

3 R1 = H, R2 = 2-naphthyl 1c 3 2c; 72 (63)d

4 R1 = H, R2 = 2-C6H4Cl 1d 6 2d; 84 (78)e

5 R1 = H, R2 = 3-C6H4Cl 1e 6 2e; 75 (63)f

6 R1 = H, R2 = 4-C6H4Cl 1f 6 2f; 75 (65)g

7 R1 = H, R2 = C6F5 1g 6 2g; 71 (60)h

8 R1 = H, R2 = 2-C6H4OMe 1h 6 2h; 57 (48)
9 R1 = H, R2 = 3-C6H4OMe 1i 6 2i; 59 (51)
10 R1 = H, R2 = 4-C6H4OMe 1j 6 2j; 36 (25)
11 R1 = H, R2 = Me 1k 3 2k; 67 (59)
12 R1 = H, R2 = CH2Ph 1l 3 2l; 82 (77)i

13 R1 = H, R2 = CH2CH2Ph 1m 6 2m; 80 (72)
14 R1 = H, R2 = C(H)MePh 1n 6 2n; 68 (63)j

15 R1 = R2 = H 1o 3 2o; 71 (60)
16 R1 = Me, R2 = Ph 1p 6 2p; 65 (55)
17 R1R2 = –(CH2)4– 1q 2 2q; 99 (90)
18 R1R2 = –(CH2)5– 1r 3 2r; 99 (88)
19 R1R2 = –(CH2)6– 1s 3 2s; 92 (85)
20 R1R2 = Adamantane-2,2-diyl 1t 8 2t; 63 (57)k

21 R1 = R2 = Ph 1u 3 2u; 3l

22 R1 = R2 = 4-C6H4Cl 1v 3 2v; 8m

a Reactions performed under N2 atmosphere at 100 ◦C using 1 mmol of
the corresponding propargylic alcohol (1 M in water) and 1 mmol of
benzoic acid. b Determined by GC. Isolated yields are given in brackets.
c 15% of 1-vinyl-naphthalene is formed. d 10% of 2-vinyl-naphthalene is
formed. e 4% of 2-chloro-styrene is formed. f 6% of 3-chloro-styrene
is formed. g 6% of 4-chloro-styrene is formed. h 14% of 2,3,4,5,6-
pentafluoro-styrene is formed. i 7% of allyl-benzene is formed. j 4%
of (1-methylallyl)-benzene is formed. k 5% of 2-methylene-adamantane
is formed. l 80% of 1,1-diphenyl-ethene is formed. m 63% of 1,1-bis(4-
chlorophenyl)-ethene is formed.

1a (entry 1), other aromatic (1b–j; entries 2–10) and aliphatic
(1k–n; entries 11–14) secondary alkynols could be converted
into the corresponding b-oxo esters 2b–n in moderate to good
yields (36–84% GC yields; 25–78% isolated yields) after 3–6 h
of heating. Concerning the aromatic substrates, an influence of
the electronic properties of the aryl rings on the efficiency of the
process was observed. Thus, alkynols with electron-donating
groups showed less reactivity (entries 8–10) compared to sub-
strates with electron-withdrawing functionalities (entries 4–7),
even when, in cases of the latter, the minor formation of olefinic
by-products, via the competitive C≡C bond scission process
discussed above was observed. As expected,9–11 this addition
process is not restricted to secondary alkynols. Thus, as shown
in entry 15, propargylic alcohol itself, 1o, can also participate in
this transformation leading to the known 2-oxopropyl benzoate
(2o)9a in 60% isolated yield after only 3 h. Regarding tertiary
alcohols (entries 16–22), the best results were obtained with
1-ethynyl-cycloalkanols (1q–s; entries 17–19) from which the
corresponding b-oxo esters 2q–s could be synthesized in excellent
yields (85–90% isolated yield; entries 17–19). The process is also
operative starting from 2-phenyl-3-butyn-2-ol (1p; entry 15) and
2-ethynyl-2-adamantanol (1t; entry 20). However, its efficiency
was found to be lower compared to the precedent cases (55–57%
yield). Solvent removal and chromatographic work-up on silica
gel provided analytically pure samples of all these b-oxo esters,
which were fully characterized by means of standard analytical
and spectroscopic techniques (see the Experimental section).

Remarkably, when the addition of PhCO2H to tertiary
diaromatic substrates, such as 1,1-diphenyl-2-propyn-1-ol (1u;
entry 21) or 1,1-bis(4-chlorophenyl)-2-propyn-1-ol (1v; entry
22), was attempted, only trace amounts of the expected b-oxo
esters could be detected by GC. In these cases, the reactions gave
the major products 1,1-diphenyl-ethene (80%) and 1,1-bis(4-
chlorophenyl)-ethene (63%), respectively.

We must also mention that, despite the ability of complex
6a to promote the addition of benzoic acid to 1-ethynyl-
cycloalkanols 1q–s (entries 17–19), attempts to synthesize b-oxo
esters derived from the hormonal steroids ethisterone, 1x, and
mestranol, 1y, also failed.25 Thus, we found that treatment of
1x–y with 1 equivalent of PhCO2H, under the same catalytic
conditions described above, led to the slow formation (48–60 h)
of the known 17,17-dimethyl-18-norandrosta-4,13-dien-3-one
726 and 3-methoxy-17,17-dimethyl-gona-1,3,5(10),13-tetraene
8,27 respectively, isolated in moderate yields (50–68%) after
appropriate chromatographic workup (Scheme 4). Compounds
7–8 most probably result from the initial ruthenium-catalyzed
dehydration and cleavage of the 2-propyn-1-ol function, via
the corresponding allenylidene intermediates,28 which affords
the olefinic intermediates F. Then, a classical acid-promoted
Wagner–Meerwein rearrangement can take place leading to the
final steroids 7–8.26,27 All these results seem to indicate that the
competitive p-alkynol to allenylidene rearrangement is governed
not only by the electronic nature of the catalyst, but also by the
steric requirements of the propargylic alcohol substituents, with
bulky substrates clearly favoring this undesirable side reaction.

Once the generality of this aqueous transformation with
respect to the propargylic alcohol had been evaluated, the scope
regarding the nature of the carboxylic acid was explored. Results
are collected in Fig. 2.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 135–143 | 137
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Scheme 4 Transformation of ethisterone and mestranol into steroids 7–8

Thus, we have found that using alkynol 1a as a model
compound, several aromatic acids, bearing functional groups
such as halide, alkoxy, ketone or sulfonamide, can be successfully
employed in this addition process, affording the corresponding
b-oxo esters 9a–g in good isolated yields (63–86%). Interestingly,
the reaction is also compatible with heteroaromatic substrates.
Thus, carboxylic acids derived from tetrahydrofuran, pyrrole,
thiophene, indole or 2-oxo-2H-chromene were efficiently (64–
91% yield) converted into the novel b-oxo esters 9h–m. In
addition, the clean formation of 9n–o, starting from the aliphatic
heptanoic and 3-cyclopentyl-propionic acid confirmed the wide
scope of this catalytic transformation.

Finally, the catalyst recycling has also been investigated using
the addition of benzoic acid to 1-phenyl-2-propyn-1-ol 1a as
model reaction (entry 1 in Table 2). Thus, we have found that
after a simple extraction of the final product 2a with hexane,
the aqueous phase, containing [RuCl2(h6-C6H6)(TPPMS)] 6a,
can be re-used in at least two consecutive runs. However, an
important decrease of the activity was observed in the third cycle
(91% GC yield after 24 h) due to the partial decomposition of
the catalyst (release of the C6H6 ligand was observed by GC after
prolonged periods in solution at 100 ◦C).

Conclusions

We have demonstrated that b-oxo ester formation, by catalytic
addition of carboxylic acids to terminal propargylic alcohols,
can be conveniently performed in environmentally benign
aqueous medium using the water-soluble ruthenium(II) complex
[RuCl2(h6-C6H6)(TPPMS)] 6a. The process showed a remark-
ably wide scope, tolerating the presence of several functional
groups in the substrates. In fact, its only limitation concerns
the use of bulky tertiary alkynols which, under the catalytic
conditions employed, undergo hydrolytic cleavage of the C≡C

triple bond instead of the desired addition. In summary, the
atom-economic nature of this catalytic transformation, which
allows access to valuable synthetic intermediates from readily
accessible or commercially available starting materials, along
with the remarkable activity of 6a, confer a genuine potential
for practical application in organic chemistry to the aqueous
protocol reported herein.

Experimental section

General methods

Infrared spectra were recorded on a Perkin-Elmer 1720-XFT
spectrometer. NMR spectra were recorded on a Bruker DPX-
300 instrument at 300 MHz (1H), 75.4 MHz (13C) or 282.4 (19F).
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. GC/MS measurements were performed
on a Agilent 6890 N equipment coupled to a 5973 mass
detector (70eV electron impact ionization) using a HP-1MS
column. ESI-TOF high-resolution mass spectra were provided
by the mass spectrometry service of the University of Santiago
de Compostela. Elemental analyses were performed with a
Perkin-Elmer 2400 microanalyzer. Flash chromatography was
performed using Merck silica gel 60 (230-400 mesh). Propargylic
alcohols 1a–y were obtained from commercial suppliers or
synthesized by following the classical Midland’s procedure.29

Ruthenium(II) complexes 3a–6d were prepared by following the
methods reported in the literature.20,30

General procedure for the catalytic reactions. Under nitro-
gen atmosphere, water (1 cm3), the corresponding propargylic
alcohol (1 mmol), carboxylic acid (1 mmol), and the ruthenium
catalyst 6a (12 mg, 0.02 mmol) were introduced into a sealed tube

138 | Green Chem., 2010, 12, 135–143 This journal is © The Royal Society of Chemistry 2010
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Fig. 2 Structures of the b-oxo esters 9a–o.

and the resulting reaction mixture stirred at 100 ◦C for the time
indicated (see Table 2, Schemes 3 and 4, or Fig. 2). The course of
the reaction was monitored by regular sampling and analysis by
GC. After elimination of the solvent under reduced pressure, the
crude reaction mixture was purified by column chromatography
over silica gel using an ethyl acetate–hexane mixture (1 : 10 v/v)
as eluent. Compounds 2a,31 2k,32 2o,9a 2p,9b 2q,9b 2r,9b 726 and 827

have been previously described in the literature. Characterization
data for the novel b-oxo esters synthesized in this work are as
follows:

1-(1-Naphthyl)-2-oxopropyl benzoate 2b. Pale yellow solid;
1H NMR (300.1 MHz, CDCl3): d 2.16 (s, 3H), 6.88 (s, 1H),
7.41–7.71 (m, 7H), 7.91–7.95 (m, 3H), 8.01–8.12 (m, 2H) ppm;
13C{1H} NMR (75.47 MHz, CDCl3): d 26.3, 80.0, 123.9, 125.3,
126.2, 127.2, 128.3, 128.4, 128.9, 129.2, 129.5, 129.9, 130.3,
131.3, 133.4, 134.2, 165.7, 201.8 ppm; IR (nujol): n 1716 and

1732 (C=O) cm-1; GC-MS (EI, 70eV): m/z 304 (30%, M+),
261 (30), 105 (100), 77 (25); Elemental analysis calcd (%) for
C20H16O3: C 78.93, H 5.30; found: C 78.81, H 5.23.

1-(2-Naphthyl)-2-oxopropyl benzoate 2c. Pale yellow solid;
1H NMR (300.1 MHz, CDCl3): d 2.24 (s, 3H), 6.38 (s, 1H),
7.45–7.63 (m, 6H), 7.89–7.94 (m, 3H), 8.02–8.17 (m, 3H) ppm;
13C{1H} NMR (75.47 MHz, CDCl3): d 26.2, 81.4, 124.7, 126.7,
126.9, 127.7, 127.8, 128.1, 128.4, 129.1, 129.2, 129.9, 130.6,
131.1, 133.4, 133.5, 165.8, 201.8 ppm; IR (nujol): n 1721 and
1738 (C=O) cm-1; GC-MS (EI, 70eV): m/z 304 (30%, M+),
261 (30), 105 (100), 77 (25); Elemental analysis calcd (%) for
C20H16O3: C 78.93, H 5.30; found: C 78.77, H 5.36.

1-(2-Chlorophenyl)-2-oxopropyl benzoate 2d. Colourless oil;
1H NMR (300.1 MHz, CDCl3): d 2.26 (s, 3H), 6.74 (s, 1H),
7.33–7.37 (m, 2H), 7.42–7.49 (m, 3H), 7.53–7.60 (m, 2H), 8.09–
8.12 (m, 2H) ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d 26.8,

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 135–143 | 139
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77.4, 127.5, 128.4, 129.1, 129.8, 129.9, 130.1, 130.6, 131.7, 133.5,
133.9, 165.5, 200.1 ppm; IR (neat): n 1731 and 1785 (C=O) cm-1;
GC-MS (EI, 70eV): m/z 253 (3%, M+ - Cl), 245 (10), 211 (5),
105 (100), 77 (30); HRMS (ESI-TOF): m/z 289.063254 [M+ +
H], C16H14O3Cl requires 289.063147.

1-(3-Chlorophenyl)-2-oxopropyl benzoate 2e. Colourless oil;
1H NMR (300.1 MHz, CDCl3): d 2.22 (s, 3H), 6.16 (s, 1H),
7.30–7.43 (m, 4H), 7.45–7.61 (m, 3H), 8.10–8.12 (m, 2H) ppm;
13C{1H} NMR (75.47 MHz, CDCl3): d 26.1, 80.4, 125.9, 127.7,
128.5, 128.9, 129.5, 129.9, 130.3, 133.6, 134.9, 135.2, 165.5,
201.4 ppm; IR (neat): n 1706 and 1732 (C=O) cm-1; GC-MS
(EI, 70eV): m/z 288 (1%, M+), 245 (10), 211 (2), 105 (100), 77
(30); HRMS (ESI-TOF): m/z 289.063007 [M+ + H], C16H14O3Cl
requires 289.063147.

1-(4-Chlorophenyl)-2-oxopropyl benzoate 2f. Colourless oil;
1H NMR (300.1 MHz, CDCl3): d 2.21 (s, 3H), 6.19 (s, 1H),
7.41–7.49 (m, 4H), 7.58–7.61 (m, 3H), 8.11–8.13 (m, 2H) ppm;
13C{1H} NMR (75.47 MHz, CDCl3): d 26.1, 80.5, 128.6, 129.2,
129.4, 129.9, 132.0, 132.1, 135.2, 135.5, 135.9, 165.7, 201.6 ppm;
IR (neat): n 1716 and 1737 (C=O) cm-1; GC-MS (EI, 70eV): m/z
288 (1%, M+), 245 (10), 105 (100), 77 (30); HRMS (ESI-TOF):
m/z 289.062991 [M+ + H], C16H14O3Cl requires 289.063147.

1-Pentafluorophenyl-2-oxopropyl benzoate 2g. Orange oil;
1H NMR (300.1 MHz, CDCl3): d 2.43 (s, 3H), 6.68 (s, 1H),
7.48–7.53 (m, 2H), 7.63–7.68 (m, 1H), 8.10–8.13 (m, 2H)
ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d 26.4, 70.3, 109.8
(m), 128.5, 128.7, 130.2, 134.1, 134.2, 135.8-147.3 (m), 164.9,
200.1 ppm; 19F NMR (282.4 MHz, CDCl3): d -160.8 (m, 2F),
-151.2 (t, J = 22.0 Hz, 1F), -136.6 (m, 2F) ppm; IR (neat):
n 1712 and 1731 (C=O) cm-1; GC-MS (EI, 70eV): m/z 344
(1%, M+), 301 (30), 105 (100), 77 (25); HRMS (ESI-TOF): m/z
345.054946 [M+ + H], C16H10F5O3 requires 345.055011.

1-(2-Methoxyphenyl)-2-oxopropyl benzoate 2h. Colourless
oil; 1H NMR (300.1 MHz, CDCl3): d 2.20 (s, 3H), 3.92 (s, 3H),
6.70 (s, 1H), 6.87–7.02 (m, 4H), 7.28–7.62 (m, 3H), 8.09–8.14
(m, 2H) ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d 26.3, 55.6,
75.2, 111.1, 120.6, 121.1, 128.3, 128.4, 129.4, 129.9, 133.1, 133.7,
156.9, 171.7, 202.1 ppm; IR (neat): n 1683 and 1716 (C=O) cm-1;
GC-MS (EI, 70eV): m/z 284 (1%, M+), 241 (10), 105 (100), 77
(30); HRMS (ESI-TOF): m/z 285.112721 [M+ + H], C17H17O4

requires 285.112684.

1-(3-Methoxyphenyl)-2-oxopropyl benzoate 2i. Colourless
oil; 1H NMR (300.1 MHz, CDCl3): d 2.21 (s, 3H), 3.84 (s, 3H),
6.18 (s, 1H), 6.94–7.12 (m, 4H), 7.35–7.61 (m, 3H), 8.11–8.14
(m, 2H) ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d 25.9, 55.3,
81.1, 113.4, 114.7, 120.2, 128.4, 129.2, 129.9, 130.1, 133.4, 133.7,
159.9, 165.7, 201.7 ppm; IR (neat): n 1704 and 1732 (C=O) cm-1;
GC-MS (EI, 70eV): m/z 284 (1%, M+), 241 (10), 105 (100), 77
(30); HRMS (ESI-TOF): m/z 285.112563 [M+ + H], C17H17O4

requires 285.112684.

1-(4-Methoxyphenyl)-2-oxopropyl benzoate 2j. Colourless
oil; 1H NMR (300.1 MHz, CDCl3): d 2.19 (s, 3H), 3.86 (s,
3H), 6.17 (s, 1H), 6.82–7.11 (m, 4H), 7.43–7.64 (m, 3H), 8.09–
8.14 (m, 2H) ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d 25.6,
55.1, 80.7, 114.0, 127.9, 129.1, 129.6, 129.8, 133.0, 133.6, 159.9,
171.9, 201.7 ppm; IR (neat): n 1709 and 1738 (C=O) cm-1;

GC-MS (EI, 70eV): m/z 284 (1%, M+), 241 (10), 105 (100), 77
(30); HRMS (ESI-TOF): m/z 285.112687 [M+ + H], C17H17O4

requires 285.112684.

1-Benzyl-2-oxopropyl benzoate 2l. Colourless oil; 1H NMR
(300.1 MHz, CDCl3): d 2.14 (s, 3H), 3.22 (m, 2H), 5.45 (dd,
J = 7.7 and 5.1 Hz, 1H), 7.23–7.35 (m, 5H), 7.43–7.61 (m,
3H), 8.04 (m, 2H) ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d
26.9, 36.9, 79.5, 127.1, 128.5, 128.6, 129.1, 129.4, 129.7, 133.5,
135.8, 165.9, 205.7 ppm; IR (neat): n 1720 (br, C=O) cm-1; GC-
MS (EI, 70eV): m/z 146 (40%, M+ - PhCO2), 105 (100), 77
(40); HRMS (ESI-TOF): m/z 269.117855 [M+ + H], C17H17O3

requires 269.117770.

1-Phenethyl-2-oxopropyl benzoate 2m. Colourless oil; 1H
NMR (300.1 MHz, CDCl3): d 2.24 (s, 3H), 2.30 (m, 2H), 2.85
(m, 2H), 5.27 (dd, J = 6.0 and 6.0 Hz, 1H), 7.22–7.35 (m, 5H),
7.49–7.54 (m, 2H), 7.65 (m, 1H), 8.13 (m, 2H) ppm; 13C{1H}
NMR (75.47 MHz, CDCl3): d 26.2, 31.6, 32.1, 78.5, 126.4,
128.5, 128.6, 128.7, 129.3, 129.8, 133.5, 140.4, 166.0, 205.4 ppm;
IR (neat): n 1716 and 1734 (C=O) cm-1; GC-MS (EI, 70eV):
m/z 282 (1%, M+), 105 (100), 77 (25); HRMS (ESI-TOF): m/z
283.133166 [M+ + H], C18H19O3 requires 283.133420.

1-(1-Phenylethyl)-2-oxopropyl benzoate 2n. Colourless oil;
1H NMR (300.1 MHz, CDCl3): d 1.51 (d, J = 6.0 Hz, 3H),
2.00 (s, 3H), 3.45 (m, 1H), 5.31 (d, J = 5.7 Hz, 1H), 7.26–7.35
(m, 5H), 7.47–7.65 (m, 3H), 8.10 (m, 2H) ppm; 13C{1H} NMR
(75.47 MHz, CDCl3): d 16.1, 27.9, 41.2, 82.8, 127.7, 127.8, 128.4,
128.5, 128.7, 129.8, 133.5, 141.3, 166.0, 205.6 ppm; IR (neat):
n 1721 and 1743 (C=O) cm-1; GC-MS (EI, 70eV): m/z 239
(1%, M+ - MeCO), 161 (15), 105 (100), 77 (25); HRMS (ESI-
TOF): m/z 283.133276 [M+ + H], C18H19O3 requires 283.133420.

1-Acetyl-cycloheptyl benzoate 2s. Colourless oil; 1H NMR
(300.1 MHz, CDCl3): d 1.58–1.64 (m, 7H), 2.08–2.16 (m, 3H),
2.12 (s, 3H), 2.23–2.33 (m, 2H), 7.44–7.62 (m, 3H), 8.05 (m, 2H)
ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d 21.3, 23.6, 24.8,
27.7, 29.3, 89.3, 128.4, 129.7, 129.8, 133.3, 165.5, 206.9 ppm;
IR (neat): n 1716 (br, C=O) cm-1; GC-MS (EI, 70eV): m/z 231
(5%, M+ - 2CH2), 105 (100), 77 (20); HRMS (ESI-TOF): m/z
261.148865 [M+ + H], C16H21O3 requires 261.149070.

2-Acetyl-adamantan-2-yl benzoate 2t. Yellow oil; 1H NMR
(300.1 MHz, CDCl3): d 1.70–1.91 (m, 8H), 2.13 (s, 3H), 2.22
(m, 4H), 2.57 (br, 2H), 7.47–7.64 (m, 3H), 8.10 (d, J = 7.2 Hz,
2H) ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d 24.1, 26.8,
26.9, 32.6, 33.7, 33.9, 37.7, 88.8, 128.6, 129.8, 130.0, 133.4,
165.2, 205.9 ppm; IR (neat): n 1673 and 1722 (C=O) cm-1;
GC-MS (EI, 70eV): m/z 255 (20%, M+ - MeCO), 105 (100), 77
(30); HRMS (ESI-TOF): m/z 299.164630 [M+ + H], C19H23O3

requires 299.164720.

1-Phenyl-2-oxopropyl 2-chlorobenzoate 9a. Pale yellow oil;
1H NMR (300.1 MHz, CDCl3): d 2.21 (s, 3H), 6.22 (s, 1H), 7.31–
7.54 (m, 8H), 8.00 (m, 1H) ppm; 13C{1H} NMR (75.47 MHz,
CDCl3): d 25.7, 81.3, 126.2, 127.6, 128.4, 128.7, 129.0, 130.7,
131.6, 132.5, 132.7, 133.8, 164.2, 200.9 ppm; IR (neat): n 1738
(br, C=O) cm-1; GC-MS (EI, 70eV): m/z 245 (10%, M+ -
COMe), 139 (100), 111 (20), 75 (15); HRMS (ESI-TOF): m/z
289.063188 [M+ + H], C16H14O3Cl requires 289.063147.
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1-Phenyl-2-oxopropyl 2-bromo-5-methoxybenzoate 9b. Or-
ange oil; 1H NMR (300.1 MHz, CDCl3): d 2.22 (s, 3H), 3.84
(s, 3H), 6.22 (s, 1H), 6.92 (dd, J = 8.7 and 3.1 Hz, 1H), 7.43–
7.58 (m, 7H) ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d 26.2,
55.7, 81.9, 112.3, 117.2, 119.2, 128.1, 129.1, 129.5, 131.6, 132.8,
135.2, 158.6, 165.1, 201.2 ppm; IR (neat): n 1730 (br, C=O) cm-1;
GC-MS (EI, 70eV): m/z 364 (3%, M+), 321 (10), 213 (100), 187
(10), 170 (10); HRMS (ESI-TOF): m/z 363.023211 [M+ + H],
C17H16O4Br requires 363.023202.

1-Phenyl-2-oxopropyl 3-bromo-5-iodobenzoate 9c. Orange
oil; 1H NMR (300.1 MHz, CDCl3): d 2.19 (s, 3H), 6.21 (s, 1H),
7.46–7.53 (m, 5H), 8.07 (dd, J = 1.7 and 1.7 Hz, 1H), 8.19
(dd, J = 1.7 and 1.7 Hz, 1H), 8.35 (dd, J = 1.7 and 1.7 Hz,
1H) ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d 26.2, 81.8,
94.0, 123.0, 128.2, 129.3, 129.7, 132.1, 132.4, 132.6, 137.3, 144.2,
163.1, 200.6 ppm; IR (neat): n 1716 and 1738 (C=O) cm-1; GC-
MS (EI, 70eV): m/z 415 (20%, M+ - MeCO), 309 (100), 281 (15),
182 (10), 156 (15); HRMS (ESI-TOF): m/z 458.909398 [M+ +
H], C16H13O3BrI requires 458.909284.

1-Phenyl-2-oxopropyl pentafluorobenzoate 9d. Orange oil;
1H NMR (300.1 MHz, CDCl3): d 2.18 (s, 3H), 6.23 (s, 1H), 7.42-
7.54 (m, 5H) ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d 28.0,
84.7, 130.0, 130.7-134.1 (m), 138.2-149.7 (m), 160.3, 201.9 ppm;
19F NMR (282.4 MHz, CDCl3): d -160.1 (m, 2F), -147.2 (m,
1F), -136.6 (m, 2F) ppm; IR (neat): n 1739 (br, C=O) cm-1;
GC-MS (EI, 70eV): m/z 301 (20%, M+ - MeCO), 195 (100), 167
(10), 117 (5), 105 (5); HRMS (ESI-TOF): m/z 345.055126 [M+

+ H], C16H10F5O3 requires 345.055013.

1-Phenyl-2-oxopropyl 4-benzoylbenzoate 9e. Yellow oil; 1H
NMR (300.1 MHz, CDCl3): d 2.23 (s, 3H), 6.26 (s, 1H), 7.46–
7.66 (m, 8H), 7.81–7.88 (m, 4H), 8.24 (d, J = 8.3 Hz, 2H) ppm;
13C{1H} NMR (75.47 MHz, CDCl3): d 26.2, 81.6, 128.1, 128.5,
129.2, 129.6, 129.8, 130.1, 132.3, 133.0, 133.1, 136.9, 141.8,
165.1, 195.9, 201.2 ppm; IR (neat): n 1667, 1717 and 1738
(C=O) cm-1; GC-MS (EI, 70eV): m/z 315 (10%, M+ - MeCO),
252 (5), 209 (100), 152 (10), 105 (20); HRMS (ESI-TOF): m/z
359.128577 [M+ + H], C23H19O4 requires 359.128334.

1-Phenyl-2-oxopropyl 2-chloro-5-sulfamoylbenzoate 9f. Yel-
low solid; 1H NMR (300.1 MHz, CDCl3): d 2.16 (s, 3H), 5.44
(br, 2H), 6.22 (s, 1H), 7.43–7.59 (m, 6H), 8.16 (dd, J = 8.3 and
2.1 Hz, 1H), 8.73 (d, J = 2.1 Hz, 1H) ppm; 13C{1H} NMR
(75.47 MHz, CDCl3): d 26.6, 82.4, 128.6, 129.1, 129.7, 130.2,
131.3, 132.4, 132.9, 134.9, 137.0, 140.5, 164.1, 201.4 ppm; IR
(nujol): n 1714 (br, C=O), 3390 (N–H) cm-1; GC-MS (EI, 70eV):
m/z 324 (15%, M+ - MeCO), 218 (100), 138 (10), 105 (15), 77
(20); Elemental analysis calcd (%) for C16H14O5ClNS: C 52.25,
H 3.84, N 3.81; found: C 52.33, H 3.96, N 3.70.

1-Phenyl-2-oxopropyl 4-(4-chlorophenoxy)benzoate 9g. Yel-
low oil; 1H NMR (300.1 MHz, CDCl3): d 2.21 (s, 3H), 6.22
(s, 1H), 7.01 (m, 4H), 7.34–7.55 (m, 7H), 8.11 (m, 2H) ppm;
13C{1H} NMR (75.47 MHz, CDCl3): d 26.1, 81.3, 117.5, 121.3,
124.0, 128.0, 129.1, 129.4, 130.1, 132.2, 133.4, 154.2, 161.8,
165.2, 201.8 ppm; IR (neat): n 1715 (br, C=O) cm-1; GC-MS
(EI, 70eV): m/z 337 (5%, M+ - MeCO), 231 (100), 168 (15), 139
(10), 105 (10); HRMS (ESI-TOF): m/z 381.089428 [M+ + H],
C22H18O4Cl requires 381.089363.

1-Phenyl-2-oxopropyl tetrahydrofuran-2-carboxylate 9h. Or-
ange oil; 1H NMR (300.1 MHz, CDCl3): d 1.89–2.04 (m, 2H),
2.15 (s, 3H), 2.26–2.40 (m, 2H), 3.92–4.11 (m, 2H), 4.59–4.67 (m,
1H), 6.03 (s, 1H), 7.42 (br, 5H) ppm; 13C{1H}NMR (75.47 MHz,
CDCl3): d 25.1, 26.2, 30.3, 69.5, 76.3, 80.9, 128.2, 129.1, 129.4,
132.9, 172.8, 201.1 ppm; IR (neat): n 1731 and 1755 (C=O) cm-1;
GC-MS (EI, 70eV): m/z 205 (5%, M+ - MeCO), 177 (10), 105
(10), 71 (100), 43 (50); HRMS (ESI-TOF): m/z 249.112745 [M+

+ H], C14H17O4 requires 249.112692.

1-Phenyl-2-oxopropyl 1H-pyrrole-2-carboxylate 9i. Brown
oil; 1H NMR (300.1 MHz, CDCl3): d 2.20 (s, 3H), 6.16 (s, 1H),
6.31 (dd, J = 6.5 and 2.8 Hz, 1H), 7.00–7.09 (m, 2H), 7.42–7.53
(m, 5H), 9.24 (br, 1H) ppm; 13C{1H}NMR (75.47 MHz, CDCl3):
d 26.0, 80.6, 110.7, 116.5, 123.7, 127.9, 128.1, 128.7, 129.3, 133.5,
160.0, 202.3 ppm; IR (nujol): n 1732 (br, C=O), 3315 (NH) cm-1;
GC-MS (EI, 70eV): m/z 200 (20%, M+ - MeCO), 94 (100), 66
(20), 39 (20); HRMS (ESI-TOF): m/z 244.097459 [M+ + H],
C14H14O3N requires 244.097378.

1-Phenyl-2-oxopropyl thiophene-2-carboxylate 9j. Red oil;
1H NMR (300.1 MHz, CDCl3): d 2.21 (s, 3H), 6.18 (s, 1H),
7.34 (dd, J = 5.1 and 3.1 Hz, 1H), 7.43-7.55 (m, 5H), 7.60 (dd,
J = 5.1 and 1.1 Hz, 1H), 8.24 (dd, J = 3.1 and 1.1 Hz, 1H)
ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d 26.1, 81.0, 126.3,
127.9, 128.0, 129.1, 129.4, 132.6, 133.4, 133.8, 161.8, 201.8 ppm;
IR (nujol): n 1719 (br, C=O) cm-1; GC-MS (EI, 70eV): m/z 217
(20%, M+ - MeCO), 111 (100), 83 (15), 39 (20); HRMS (ESI-
TOF): m/z 261.05846 [M+ + H], C14H13O3S requires 261.058541.

1-Phenyl-2-oxopropyl 3-(1H-indol-3-yl)propionate 9k. Or-
ange oil; 1H NMR (300.1 MHz, CDCl3): d 2.09 (s, 3H), 2.28
(m, 2H), 3.17 (t, J = 7.3 Hz, 2H), 5.99 (s, 1H), 7.09-7.39 (m,
9H), 7.60 (d, J = 7.9 Hz, 1H), 7.97 (br, 1H) ppm; 13C{1H} NMR
(75.47 MHz, CDCl3): d 20.9, 26.4, 35.0, 81.3, 111.5, 115.1, 119.0,
119.7, 121.9, 122.5, 127.8, 128.4, 129.5, 129.7, 133.7, 136.7,
173.0, 202.3 ppm; IR (nujol): n 1716 and 1738 (C=O), 3412
(NH) cm-1; GC-MS (EI, 70eV): m/z 321 (20%, M+), 188 (10),
146 (10), 130 (100), 105 (10), 77 (10); HRMS (ESI-TOF): m/z
322.144280 [M+ + H], C20H20O3N requires 322.144319.

1-Phenyl-2-oxopropyl (5-methoxy-2-methyl-1H -indol-3-
yl)acetate 9l. Yellow oil; 1H NMR (300.1 MHz, CDCl3): d
2.04 (s, 3H), 2.38 (s, 3H), 3.80 (s, 3H), 3.83 (s, 2H), 5.97 (s, 1H),
6.77 (dd, J = 8.7 and 2.5 Hz, 1H), 7.01 (d, J = 2.5 Hz, 1H), 7.13
(d, J = 8.7 Hz, 1H), 7.39 (br, 5H), 7.82 (br, 1H) ppm; 13C{1H}
NMR (75.47 MHz, CDCl3): d 11.8, 25.9, 30.1, 55.8, 81.1, 100.2,
103.9, 111.0, 111.2, 127.9, 128.9, 129.0, 129.2, 130.1, 133.3,
133.7, 154.2, 171.2, 202.0 ppm; IR (nujol): n 1719 (br, C=O),
3391 (NH) cm-1; GC-MS (EI, 70eV): m/z 351 (30%, M+), 174
(100), 158 (15), 131 (15), 105 (10), 77 (10); HRMS (ESI-TOF):
m/z 352.154709 [M+ + H], C21H22O4N requires 352.154883.

1-Phenyl-2-oxopropyl 2-oxo-2H-chromene-3-carboxylate 9m.
Orange oil; 1H NMR (300.1 MHz, CDCl3): d 2.20 (s, 3H), 6.21
(s, 1H), 7.26–7.65 (m, 9H), 8.62 (s, 1H) ppm; 13C{1H} NMR
(75.47 MHz, CDCl3): d 26.0, 81.7, 116.7, 117.0, 117.7, 124.9,
127.9, 129.1, 129.4, 129.7, 132.8, 134.7, 149.5, 155.2, 156.3,
162.0, 201.4 ppm; IR (nujol): n 1713 (br, C=O) cm-1; GC-MS
(EI, 70eV): m/z 280 (10%, M+ - MeCO), 216 (10), 173 (100),
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146 (20), 105 (15), 89 (20); HRMS (ESI-TOF): m/z 323.092216
[M+ + H], C19H15O5 requires 323.091949.

1-Phenyl-2-oxopropyl heptanoate 9n. Yellow oil; 1H NMR
(300.1 MHz, CDCl3): d 0.87 (t, J = 6.9 Hz, 3H), 1.25–1.38 (m,
6H), 1.66 (m, 2H), 2.11 (s, 3H), 2.41 (m, 2H), 5.97 (s, 1H), 7.37–
7.42 (m, 5H) ppm; 13C{1H} NMR (75.47 MHz, CDCl3): d 14.0,
22.4, 24.7, 26.1, 28.6, 31.3, 33.9, 80.7, 127.9, 129.0, 129.3, 133.3,
173.1, 201.8 ppm; IR (neat): n 1734 (br, C=O) cm-1; GC-MS
(EI, 70eV): m/z 219 (20%, M+ - MeCO), 134 (10), 113 (100),
105 (20), 85 (15), 77 (10); HRMS (ESI-TOF): m/z 263.164689
[M+ + H], C16H23O3 requires 263.164725.

1-Phenyl-2-oxopropyl 3-cyclopentylpropionate 9o. Yellow
oil; 1H NMR (300.1 MHz, CDCl3): d 1.10–1.89 (m, 11H), 2.11
(s, 3H), 2.47 (m, 2H), 5.97 (s, 1H), 7.40 (br, 5H) ppm; 13C{1H}
NMR (75.47 MHz, CDCl3): d 24.6, 25.7, 30.5, 31.9, 32.8, 39.1,
80.3, 127.6, 128.6, 128.8, 132.8, 172.7, 201.4 ppm; IR (neat): n
1768 (br, C=O) cm-1; GC-MS (EI, 70eV): m/z 274 (2%, M+), 231
(40), 134 (10), 125 (100), 107 (60), 97 (10), 79 (50); HRMS (ESI-
TOF): m/z 275.164641 [M+ + H], C17H23O3 requires 275.164724.
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