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Abstract: The new ruthenium-sulfonate catalyst
Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(h3-C3H5) (p-CH3C6H4SO3)2, (Cp*= penta-ACHTUNGTRENNUNGmethylcyclopentadienyl), rapidly and regioselectively
mono-allylates dimedone to the branched products
using substituted allyl alcohols as substrates, without
acid, base or other additives, under relatively mild
conditions. We consider the ruthenium sulfonate to
be a “green” alternative in that it uses allyl alcohols

as substrate, (rather than carbonates, acetates, etc.)
and therefore does not waste the leaving group. The
catalyst induces rapid double allylation of various
1,3-diketones in high yield using allylic alcohol.
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Introduction

The use of transition metal catalysts to facilitate the
allylation of a variety of organic nucleophiles now
represents an established methodology with examples
from Pd,[1] Ir,[2] Cu[3] and Ru[4–10] chemistry all well
documented [see Eq. (1)]. The nucleophile, Nu, can
be C-, O-, N- or S-based.

Unfortunately, many of these allylation reactions
are not very “atom economical” in that they waste
the leaving group that may contain a substantial
number of atoms.[5–10] Furthermore, additives, such as
a base, in stoichiometric quantities are often necessa-
ry in order to generate an anionic nucleophile to
ensure that the chemistry proceeds in good yield.[11–14]

Even under such conditions, the reactions are often
observed to be relatively slow, requiring 10–20 h[7,15a]

and/or increased reaction temperatures[11,12] to go to
completion.

The recent literature has recorded some few exam-
ples of an improvement that involves the use of allyl
alcohols as substrates.[15] (rather than acetates, carbo-
nates or halogen derivatives); nevertheless, these re-
ports often state that additives, such as a boron or
other derivatives, are required to facilitate the reac-

tion.[16–18] Presumably these additives help to turn the
OH moiety into a better leaving group during the oxi-
dative addition step.

We have recently suggested that Ru(IV) salts,[19] 1
and 2, are excellent, rapid catalysts under mild condi-

tions for the allylation of various nucleophiles using
allyl alcohols as substrates [e.g., see Eq. (2)]. The

leaving group in the oxidative addition step is H2O
and the necessary proton is generated via the attack
of the nucleophile on the coordinated allyl in an inter-
mediate related to 1. Alternatively, we have shown
that one can use a catalyst comprised of Trost�s cata-
lyst, [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]ACHTUNGTRENNUNG(PF6), as the ruthenium
source, plus a catalytic amount of a sulfonic acid (that
serves both as the source of a proton and the sulfo-
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nate anion) to achieve the same end.[19e] Sulfonic
acids appear to be the reagents of choice in that more
conventional organic and inorganic acids do not per-
form as well.[19g]

There are now a number of Ru complexes capable
of catalyzing allylation reactions[20–26] and Scheme 1
shows a selection of these.

We show here that the neutral Ru sulfonate catalyst
precursor 3[19d] (which affords an analogue of 2 in ace-
tonitrile solution) rapidly and regioselectively mono-
allylates 1,3-diketone substrates using a substituted
allyl alcohol as substrate, without acid, base or other
additives, under relatively mild conditions.

Results and Discussion

The reaction of commercially available dimedone
(5,5-dimethylcyclohexane-1,3-dione) with 1-arylallyl

alcohols affords the new products in good yield, see
Eq. (3) and Eq. (4) and Table 1 for additional exam-
ples. Related reactions on similar diketone com-
pounds using palladium catalysts[15b,27] afford either
mixtures of mono-and bis-allylated products or only
double allylation[13,27b] and exclusively the linear
rather than the branched product. The yields shown
in Table 1 are for isolated products, after recrystalliza-

Scheme 1. A selection of literature-known Ru allylation catalysts.
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tion. These reactions proceed smoothly even in the
presence of bulky aryl groups at the tertiary carbon.

We have monitored all of these reactions as a func-
tion of time via 1H NMR spectroscopy, and find that
the conversion to the desired product is of the order
of 90%, with the losses arising from the purification
step. The reactions proceed smoothly at room temper-
ature and are complete in a few hours. In chloroform
solution the organic products exist as a mixture of the
enol and diketone forms.[28] We have measured their
NMR spectra in DMF in which the enol form domi-
nates (see Figure 1) and therefore show this product
in the equations.[29] The OH resonance of the enol
form is clearly visible at d =10.73. For this type of
1,3-diketone substrate, we know of no other catalyst
that is completely regioselective or even specific for
the mono-allyl product. Both of these characteristics
are unique. Further, we note that, as indicated in Eq.
(5), although Pd[15g] and Ru catalysts[15e] are known to

be capable of converting allyl alcohols into allyl
ethers, there is essentially no diallyl ether side prod-
uct formed in our reactions although acid is generat-
ed.

This is yet another form of selectivity that, presum-
ably, arises from the relatively mild reaction condi-
tions. We have previously offered an explanation for
the generally observed regioselectivity in Ru-cata-
lyzed allyl chemistry, based on orbital control of the
reaction.[19d,30] The LUMO of the Ru(IV) allyl inter-

Table 1. Mono-allylation of dimedone with ArCH(OH)CH=
CH2 catalyzed by 3.

Entry[a] Ar Product Yield [%]

1 Ph 78

2 2-naphthyl 79

3 1-naphthyl 70

4 o-Me-C6H4- 77

5 o-Cl-C6H4- 75

6 p-MeO-C6H4- 73

7 p-Cl-C6H4- 62

8 1-thiophenyl 77

[a] Reaction conditions: CH3CN (1.6 mL), H2O (1.6 mL), di-
ketone (0.65 mmol), ArCH(OH)CH=CH2 (0.68 mmol), 3
(0.03 mmol=5 mol%), room temperature, 5 h.

Figure 1. Section of the 1H NMR spectrum of the product derived from dimedone and the allyl alcohol, (o-tolyl)-
CH(OH)CH=CH2. The resonance at d= 10.73 stems from the OH group of the enol. There are three signals (two from the
vinyl group CH=CH2 and the aliphatic CH) in the region around d=5.0. The residual CHO of the solvent appears at ca d=
8.04 (300 MHz, DMF-d7).
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mediate has relatively large coefficients on the substi-
tuted allyl carbon.

In a second catalyzed step, the mono-allylated
product can then be treated with, e.g., allyl alcohol, to
afford a mixed bis-allyl product such as 4, in 60%
yield (see Scheme 2). Compound 4 can then be ring-
closed[27a] in 96% yield to give an asymmetric spirane
derivative, 5 (and this is also indicated in Scheme 2).

Continuing, Scheme 2 also shows that sulfonate cat-
alyst 3 easily affords the products of the double allyla-
tion of a variety of 1,3-diketones using CH2=
CHCH2OH as substrate in greater than 90% yield
(see 6 and entries 1–4 of Table 2). Furthermore, one
can smoothly add an allyl function to an existing terti-
ary carbon centre, as shown by compound 7 in
Scheme 2 and entries 5–8 in Table 2. The yields are
essentially quantitative and the values shown are,
once again, for isolated yields, after column chroma-
tography.

Figure 2 gives an overview of the development of
the double-allylation compound, 6, as a function of
time using CH2=CHCH2OH as substrate. From this
figure, one can deduce that the rate of the second al-
lylation for this relatively small alcohol is similar to
that of the rate for the first allylation so that a high
yield of the mono-allyl product would be difficult to

obtain. Scheme 3 shows a proposed mechanism for
the regioselective mono-allylation of dimedone to the
branched product using a substituted allyl alcohol as
substrate.

Several points should be noted: a) the sulfonate is
not always coordinated in acetonitrile solution,[19e] b)
perhaps the nucleophile looses a proton, to form an
anion, before it attacks the Ru(IV) allyl complex and
c) based on stoichiometric reactions [see, for example,
Eq (6)], we believe the oxidative addition reaction to
be relatively fast and the nucleophilic attack on the
allyl complex to be rate-determining. In the stoichio-
metric oxidative addition chemistry of Eq. (6), where
the ratio Ru/alcohol is 1:1, the reaction goes to com-

Scheme 2. Allylation reactions.

Table 2. Allylation of 1,3-diketones with CH2=CHCH2OH
using 3.

Entry[a] Nucleophile Product Yield [%]

1 97

2 92

3 88

4[b] 89

5 96

6 92

7 98

8 96

[a] Reaction conditions: CH3CN (0.8 mL), CH2Cl2 (3.3 mL),
diketone (0.80 mmol), CH2=CHCH2OH (0.85 mmol or
1.65 mmol), 3 (0.04 mmol=5 mol%), 50 8C, 3 h.

[b] 16 h at 50 8C.

3238 asc.wiley-vch.de � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2009, 351, 3235 – 3242

FULL PAPERS Stefan Gruber and Paul S. Pregosin

http://asc.wiley-vch.de


pletion within 5 min. In the catalytic reaction, where
the alcohol is in excess (and thus the oxidative addi-
tion should be even faster) the reaction requires sev-
eral hours. This observation, and others, supports the
view that oxidative addition is fairly facile.

Conclusions

Summarizing, because it readily accommodates allyl
alcohols as substrate, Ru sulfonate catalyst 3 repre-
sents an efficient “green” alternative to existing ally-
lation catalysts in that it does not waste the leaving
group. Furthermore, the reactions take place under
mild conditions and no additives of any kind are re-
quired. In contrast to Pd-catalyzed reactions of 1,3-di-
ketones with substituted allyl alcohols that afford
mixtures of mono- and di-allyl products, catalyst 3 is
capable of both regioselectivity and controlled mono-
allylation of these compounds. The catalyst is suffi-
ciently fast such that the desired products are formed
before the alcohol can react with acid to form diallyl
ether. The regioselectivity, specificity (for the mono-
allyl product) and ability to use alcohols make com-
plex 3 a very attractive reagent.

Experimental Section

General Information

All air-sensitive manipulations were carried out under a ni-
trogen atmosphere. DMF-d7 was dried over molecular sieves
and stored under nitrogen. Readily available starting materi-
als were purchased from commercial sources and used as re-
ceived. [RuACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(h3-C3H5)(p-CH3C6H4SO3)2]

[19d] was synthe-
sized according to a known literature procedure. 1H, 13C,
and 2D NMR spectra were recorded with Bruker DPX-300
and 700 MHz spectrometers at room temperature. 1H and
13C chemical shifts are given in ppm and referenced relative
to TMS. Mass spectroscopic studies were performed at the
ETHZ.

Synthesis of Allyl Alcohols

The allyl alcohols used in the allylation reaction were syn-
thesized according to a modified literature procedure.[31] The
modification consisted of performing the addition of vinyl-
magnesium bromide (1M in THF, 1.2 equivalents) at �78 8C
within 15 min with subsequent stirring at room temperature
for 15 min. The alcohols were isolated by distillation under
vacuum.

Typical Preparative Procedure for Allylation of the
Diketones with ArCH(OH)CH=CH2

Dimedone (0.65 mmol) was added to an acetonitrile solution
(1.6 mL) of ArCH(OH)CH=CH2 (0.68 mmol) and
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(h3-C3H5)(p-CH3C6H4SO3)2], (3) (0.020 g,
0.03 mmol). After addition of H2O (1.6 mL) the reaction
mixture was stirred for 5 h at room temperature and then
evaporated under vacuum. Addition of an excess EtOAc
followed by filtration through silica gel removed the Ru cat-
alyst. The crude material was crystallized from either
EtOAc, Et2O, hexane or mixtures of these solutions at
�30 8C. At ambient temperature the 13C NMR spectra in
DMF-d7 of all of the enol forms show only an average of
the C�O and C=O signals.

Figure 2. An overview of the development of the double-al-
lylation, giving 6, (+) and the mono-allylation (*) products
as a function of time at room temperature. The double-ally-
lation and mono-allylation compounds grow at similar rates.
The curve marked (o) represents the concentration of allyl
alcohol as a function of time.

Scheme 3. Proposed mechanism. In the first cycle, A= H.
After this cycle, A= the aryl substituents of the alcohol.

Adv. Synth. Catal. 2009, 351, 3235 – 3242 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 3239

FULL PAPERSRuthenium Catalyzed Selective Regio-and-Mono-Allylation

http://asc.wiley-vch.de


Preliminary tests on acyclic 1,3-diketones, and a few 1,3-
diesters, were not successful under our very mild conditions,
in the absence of base.

3-Hydroxy-5,5-dimethyl-2-(1-phenylallyl)cyclohex-2-
enone: Crystallized from EtOAc at �30 8C; yield: 78%;
white solid; mp 129–130 8C; 1H NMR (DMF-d7, 300 MHz):
d= 11.0 (brs, 1 H) 7.47–7.28 (m, 5 H), 6.83–6.71 (m, 1 H),
5.28–5.14 (m, 3 H), 2.54 (brs, 4 H), 1.23 (s, 6 H); 13C NMR
(DMF-d7, 75 MHz): d=184.0, 144.6, 140.4, 127.9, 127.7,
125.4, 116.2, 114.4, 47.2, 43.9, 32.0, 27.9; HR-EI-MS: m/z=
256.1463, calcd. for [C17H20O2

+]: 256.1458.
2-[1-(o-Chlorophenyl)allyl]-3-hydroxy-5,5-dimethylcyclo-

hex-2-enone: Crystallized from EtOAc at �30 8C; yield:
75%; white solid; mp 169–170 8C; 1H NMR (DMF-d7,
300 MHz): d=10.8 (brs, 1 H), 7.56 (d, 1 H, J=8 Hz), 7.36–
7.17 (m, 3 H), 6.40–6.31 (m, 1 H), 5.22 (d, 1 H, J=7 Hz),
5.06–4.98 (m, 2 H), 2.34 (brs, 4 H), 1.05 (s, 6 H); 13C NMR
(DMF-d7, 75 MHz): d=141.9, 139.1, 133.5, 131.3, 129.1,
127.4, 126.4, 114.5, 114.1, 47.3, 41.7, 31.8, 27.9, C�O not ob-
served; HR-EI-MS: m/z= 290.1057, calcd. for
[C17H19ClO2

+]: 290.1068
3-Hydroxy-5,5-dimethyl-2-(1-(naphthalen-1-yl)allyl)cyclo-

hex-2-enone: Crystallized from EtOAc at �30 8C; yield:
70%; white solid; mp 165–166 8C; 1H NMR (DMF-d7,
300 MHz): d=11.0 (brs, 1 H), 8.37–7.58 (m, 7 H), 6.81–6.70
(m, 1 H), 5.82 (d, 1 H, J= 7 Hz), 5.32–5.26 (m, 2 H), 2.56–
2.43 (m, 4 H), 1.15 (s, 6 H); 13C NMR (DMF-d7, 75 MHz):
d= 140.2, 139.9, 133.9, 132.2, 128.6, 126.6, 126.2, 125.5, 125.2,
125.1, 124.4, 115.8, 113.8, 47.1, 40.3, 31.7, 27.7, C�O not ob-
served; HR-EI-MS: m/z= 306.1618,calcd. for [C21H22O2

+]:
306.1614.

3-Hydroxy-5,5-dimethyl-2-(1-o-tolylallyl)cyclohex-2-
enone: Crystallized from EtOAc at �30 8C; yield: 77%;
white solid; mp 151–152 8C; 1H NMR (DMF-d7, 300 MHz):
d= 10.7 (brs, 1 H), 7.46 (d, 1 H, J= 7 Hz), 7.12–7.04 (m, 3 H),
6.51–6.39 (m, 1 H), 5.05–4.91 (m, 3 H), 2.35–2.32 (m, 7 H),
1.04 (s, 6 H); 13C NMR (DMF-d7, 75 MHz): d= 142.6, 140.8,
136.2, 129.9, 129.2, 125.6, 125.4, 115.6, 112.9, 47.6, 41.5, 31.8,
27.9, 19.3, C�O not observed; HR-EI-MS: m/z=270.1612,
calcd. for [C18H22O2

+]: 270.1614.
3-Hydroxy-2-[1-(p-methoxyphenyl)allyl]-5,5-dimethylcy-

clohex-2-enone: Crystallized from EtOAc at �30 8C; yield:
73%; white solid; mp 126–127; 1H NMR (DMF-d7,
300 MHz): d= 10.8 (brs, 1 H), 7.19 (d, 2 H, J= 8 Hz), 6.83 (d,
2 H, J=8 Hz), 6.63–6.51 (m, 1 H), 5.07–4.89 (m, 3 H), 3.77 (s,
3 H), 2.35 (brs, 4 H), 1.05 (s, 6 H); 13C NMR (DMF-d7,
75 MHz): d=157.6, 140.7, 136.3, 128.5, 116.2, 113.8, 113.2,
54.8, 47.1, 43.1, 31.8, 27.8, C�O not observed; HR-EI-MS:
m/z= 286.1563, calcd. for [C18H22O3

+]: 286.1563.
3-Hydroxy-5,5-dimethyl-2-(1-(naphthalene-2-yl)allyl)cy-

clohex-2-enone: Crystallized from EtOAc at �30 8C; yield:
79%; white solid; mp 121–123 8C; 1H NMR (DMF-d7,
300 MHz): d=10.9 (brs, 1 H), 7.86–7.44 (m, 7 H), 6.80–6.68
(m, 1 H), 5.22–5.15 (m, 3 H), 2.42 (brs, 4 H), 1.10 (s, 6 H);
13CNMR (DMF-d7, 75 MHz): d=143.0, 140.0, 133.6, 132.0,
127.6, 127.5, 127.2, 126.8, 125.8, 125.3, 125.1, 115.9, 114.6,
47.0, 43.9, 31.8, 27.8, C�O not observed; HR-EI-MS: m/z=
306.1613, calcd. for [C21H22O2

+]: 306.1614.
2-[1-(p-chlorophenyl)allyl]-3-hydroxy-5,5-dimethylcyclo-

hex-2-enone: Crystallized from Et2O/hexane at �30 8C;
yield: 62%; white solid; mp 135–137 8C; 1H NMR (DMF-d7,
300 MHz): d=10.9 (brs, 1 H), 7.33–7.26 (m, 4 H), 6.56–6.47

(m, 1 H), 5.121–4.93 (m, 3 H), 2.36 (brs, 4 H), 1.05 (s, 6 H);
13C NMR (DMF-d7, 75 MHz): d= 183.3, 143.6, 139.6, 130.3,
129.3, 127.7, 115.5, 114.6, 47.0, 43.1, 31.8, 27.7; HR-EI-MS:
m/z= 290.1068, calcd. for [C17H19ClO2

+]: 290.1068.
3-Hydroxy-5,5-dimethyl-2-[1-(thiophen-2-yl)allyl]cyclo-

hex-2-enone: Crystallized from Et2O at �30 8C; yield: 77%;
white solid; mp 131–132 8C; 1H NMR (DMF-d7, 300 MHz):
d= 11.2 (brs, 1 H), 7.42 (d, 1 H, J= 5 Hz), 7.09–7.07 (m, 1 H),
6.96–6.94 (m, 1 H), 6.96–6.94 (m, 1 H), 6.80–6.68 (m, 1 H),
5.31–5.17 (m, 3 H), 2.53 (brs, 4 H), 1.24 (s, 6 H); 13C NMR
(DMF-d7, 75 MHz): d=82.6, 148.7, 140.0, 126.4, 123.3, 123.0,
116.0, 114.3, 47.0, 39.9, 31.8, 27.8; HR-EI-MS: m/z =
262.1022, calcd. for [C15H18O2S

·+]: 262.1022.

2-Allyl-5,5-dimethyl-2-(1-phenylallyl)cyclohexane-1,3-
dione

3-Hydroxy-5,5-dimethyl-2-(1-phenylallyl)cyclohex-2-enone
(0.80 mmol) was added to a CH3CN solution (0.8 mL) of
allyl alcohol (0.88 mmol) and [RuACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(h3-C3H5)(p-
MeC6H4SO3)2], (3) (0.025 g, 0.04 mmol). After addition of
CH2Cl2 (3.4 mL) the reaction mixture was refluxed for 16 h
at 708, then evaporated under vacuum and separated by
column chromatography on silica gel (hexane/EtOAc gradi-
ent from 8:1 to 6:1). The product was dried under vacuum
to afford a very viscous oil; yield: 140 mg (60%); 1H NMR
(CDCl3, 700 MHz): d=7.29 (t, 2 H, J1 =8 Hz, J2 = 7 Hz), 7.24
(t, 1 H, J1 =8 Hz, J2 =7 Hz), 7.08 (d, 2 H, J1 =8 Hz), 6.32 (dt,
1 H, J1 =17 Hz, J2 = 11 Hz), 5.58–5.54 (m, 1 H), 5.21 (dd, 1 H,
J1 =1 Hz, J1 =11 Hz), 5.13 (d, 1 H, J= 17 Hz), 5.07 (dd, 1 H,
J1 =18 Hz, J2 =1 Hz), 5.00 (dd, 1 H, J1 =11 Hz, J2 =1 Hz),
3.77 (d, 1 H, J=11 Hz), 2.66 (dd, 1 H, J1 =13 Hz, J1 =7 Hz),
2.58 (dd, 1 H, J1 =13 Hz, J1 = 7 Hz), 2.42 (dd, 1 H, J1 = 15 Hz,
J1 =2 Hz), 2.38–2.36 (m, 2 H), 2.06 (d, 1 H, J= 15 Hz), 0.85
(s, 3 H), 0.77 (s, 3 H); 13C NMR (CDCl3 176 MHz): d= 209.7,
209.3, 139.2, 135.5, 133.4, 129.2, 128.5, 127.5, 119.5, 118.5,
71.3, 57.8, 54.3, 54.0, 37.5, 30.4, 30.1, 28.1; HR-EI-MS: m/z =
296.1773, calcd. for [C20H24O2

+]: 296.1771.

8,8-Dimethyl-1-phenylspiroACHTUNGTRENNUNG[4.5]dec-2-ene-6,10-dione

A mixture of 2-allyl-5,5-dimethyl-2-(1-phenylallyl)-cyclohex-
ane-1,3-dione (0.11 mmol) and Grubb�s catalyst [bis(tricylo-
hexylphosphine)benzylideneruthenium(IV) dichloride]
(5 mg, 0.006 mmol) in dry CH2Cl2 (4 mL) was stirred at
room temperature for 14 h under N2 atmosphere. The reac-
tion mixture was evaporated under vacuum and separated
by column chromatography on silica gel (hexane/EtOAc=
6:1). The product was dried under vacuum to afford a white
solid; yield: 29 mg (96%); mp 135–136 8C; 1H NMR (CDCl3,
700 MHz): d=7.30–7.27 (m, 3 H), 7.13 (d, 2 H, J1 =7 Hz),
6.02–6.00 (m, 1 H,), 5.38–5.36 (m, 1 H), 4.14 (d, 1 H, J=
1 Hz), 3.25 (dd, 1 H, J1 =17 Hz, J1 = 3 Hz), 3.05–3.01 (m,
2 H), 2.51 (dd, 1 H, J1 =15 Hz, J1 =3 Hz), 2.02 (dd, 1 H, J1 =
15 Hz, J1 =3 Hz), 1.74 (d, 1 H, J= 15 Hz), 1.04 (s, 3 H), 0.76
(s, 3 H); 13C NMR (CDCl3 176 MHz): d=207.0, 206.1, 138.8,
131.6, 129.2, 128.6, 128.4, 128.0, 75.8, 63.1, 53.8, 51.6, 34.0,
30.6, 30.1, 26.7; HR-EI-MS: m/z= 268.1456, calcd. for
[C18H20O2

+]: 268.1458.
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Typical Preparative Procedure for Allylation of 1,3-
Diketones with CH2=CHCH2OH

The 1,3-diketone (0.80 mmol) was added to an acetonitrile
solution (0.8 mL) of allyl alcohol (0.85 mmol or 1.65 mmol)
and [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(h3-C3H5)(p-CH3C6H4SO3)2], (3) (0.025 g,
0.04 mmol). After addition of CH2Cl2 (3.3 mL) the reaction
mixture was stirred for 3 h at 50 8C. The reaction mixture
was then evaporated under vacuum and the product separat-
ed by column chromatography on silica gel. These products
are all known compounds and were identified by compari-
son of their spectroscopic data (1H and 13C NMR) and HR-
EI-MS with those from the literature.

2,2-Diallyl-5,5-dimethylcyclohexane-1,3-dione:[32] Hexane/
EtOAc =6:1; yield: 97%; viscous oil; 1H NMR (CDCl3,
300 MHz): d= 5.67–5.55 (m, 2 H), 5.14–5.07 (m, 4 H), 2.56 (s,
4 H), 2.52 (d, 4 H, J= 8 Hz), 1.00 (s, 6 H); 13C NMR (CDCl3

75 MHz): d=208.7, 132.4, 119.4, 68.0, 52.1, 38.9, 30.7, 28.8;
HR-EI-MS: m/z=220.1459, calcd. for [C14H20O2

+]: 220.1458.
2,2-Diallylcyclohexane-1,3-dione:[33] Hexane/EtOAc=6:1;

yield: 92%; viscous oil; 1H NMR (CDCl3, 300 MHz): d=
5.61–5.50 (m, 2 H), 5.08–5.03 (m, 4 H), 2.58 �2.52 (m, 8 H),
1.98–1.91 (m, 2 H); 13C NMR (CDCl3 75 MHz): d= 210.3,
132.4, 119.4, 68.3, 40.9, 40.0, 16.4; HR-EI-MS: m/z =
192.1147, calcd. for [C12H16O2

+]: 192.1145.
2-Allyl-2-ethylcyclopentane-1,3-dione:[34] Hexane/

EtOAc =6:1; yield:92%; viscous oil; 1H NMR (CDCl3,
300 MHz): d=5.64–5.50 (m, 1 H), 5.08–5.03 (m, 2 H), 2.67
(brs, 4 H), 2.36 (d, 2 H, J=8 Hz), 1.71 (q, 2 H, J=8 Hz), 0.79
(t, 3 H, J= 8 Hz); 13C NMR (CDCl3 75 MHz): d= 216.9,
131.6, 119.7, 61.8, 39.2, 36.4, 28.2, 9.1; HR-EI-MS: m/z=
166.0990, calcd. for [C10H14O2

+]: 166.0988.
2,2-Diallylcyclopentane-1,3-dione:[35] Hexane/EtOAc=

6:1; yield: 88%; viscous oil; 1H NMR (CDCl3, 300 MHz):
d= 5.64–5.50 (m, 2 H), 5.09–5.04 (m, 4 H), 2.63 (brs, 4 H),
2.38 (d, 4 H, J=8 Hz); 13C NMR (CDCl3 75 MHz): d= 216.4,
131.3, 120.0, 61.2, 39.4, 36.4; HR-EI-MS: m/z=178.0989,
calcd. for [C11H14O2

+]: 178.0988.
2-Allyl-2-methylcyclopentane-1,3-dione:[34] Hexane/

EtOAc =6:1; yield: 98%; viscous oil; 1H NMR (CDCl3,
300 MHz): d= 5.64–5.53 (m, 1 H), 5.09–5.04 (m, 2 H), 2.82–
2.63 (m, 4 H), 2.35 (d, 2 H, J=8 Hz), 1.12 (s, 3 H); 13C NMR
(CDCl3 75 MHz): d=216.2, 131.5, 119.8, 56.7, 40.0, 35.4,
18.8; HR-EI-MS: m/z= 152.0830, calcd. for [C9H12O2

+]:
152.0832.

2-Allyl-2-phenyl-indene-1,3-dione:[36] Hexane/EtOAc=
6:1; yield: 98%; viscous oil; 1H NMR (CDCl3, 300 MHz):
d= 8.05–8.03 (m, 2 H), 7.88–7.86 (m, 2 H), 7.45 (d, 2 H, J=
5 Hz), 7.35–7.26 (m, 3 H), 5.62–5.56 (m, 1 H), 5.15 (d, 1 H,
J=10 Hz), 4.96 (d, 1 H, J=6 Hz), 3.06 (d, 2 H, J= 4 Hz);
13C NMR (CDCl3 75 MHz): d=201.5, 142.5, 137.0, 136.3,
132.2, 129.2, 128.2, 127.3, 123.9, 124.0, 120.4, 62.6, 40.5; HR-
EI-MS: m/z=262.0992, calcd. for [C18H14O2

+]: 262.0988.
2-Allyl-2-methylcyclohexane-1,3-dione:[37] Hexane/

EtOAc =6:1; yield: 96%; viscous oil; 1H NMR (CDCl3,
300 MHz): d=5.63–5.54 (m, 1 H), 5.10–5.05 (m, 2 H), 2.68
�2.64 (m, 4 H), 2.54 (d, 2 H, J= 8 Hz), 2.05–1.87 (m, 2 H),
1.25 (s, 3 H); 13C NMR (CDCl3 75 MHz): d= 209.8, 132.2,
119.2, 65.2, 41.3, 38.2, 19.5, 17.5; HR-EI-MS: m/z= 166.0989,
calcd. for [C10H14O2

+]: 166.0988.
2,2-Diallyl-1-indene-1,3(2H)-dione:[36] Hexane/EtOAc=

6:1; yield: 89%; viscous oil; 1H NMR (CDCl3, 300 MHz):

d= 7.97–7.93 (m, 2 H), 7.86–7.82 (m, 2 H), 5.54–5.40 (m,
1 H), 5.03 (d, 2 H, J= 17 Hz), 4.89 (d, 2 H, J=10 Hz), 2.55
(d, 4 H, J=8 Hz); 13C NMR (CDCl3 75 MHz): d= 203.3,
142.23, 135.7, 131.4, 123.0, 119.5, 58.3, 38.8; HR-EI-MS:
m/z= 226.0983, calcd. for [C15H14O2

·+] 226.0988.
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