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milling
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We investigated the synthesis of dialkyl carbonates under solvent-free high speed ball milling
conditions. We converted various metal carbonates with the assistance of metal complexing
reagents into a variety of dialkyl carbonates. We also observed the increased reactivity of urea
under similar reaction conditions.

Organic chemistry has a history of using hazardous chemicals
and solvents in order to perform chemical reactions. Increasing
environmental concerns about solvent-based chemistry has led
to a renewed interest in solvent-free reactions.1–3 Toda helped
pioneer the field of solvent-free reactions using a mortar and
pestle, but the mechanical method of high speed ball milling
(HSBM) has since shown to be more reproducible and efficient.
In the HSBM approach, the chemical reactants are placed
inside a custom made 1

2
¢¢ ¥ 2¢¢ screw-capped stainless steel vial

along with a stainless steel ball bearing. Shaking this vial in
the ball mill causes collisions and creates good mixing of the
reactants so that a chemical reaction can occur.4–6 The use of
commercial ball mills have allowed these reactions to be scaled
up to industrial levels, therefore understanding organic reactions
using this methodology can significantly reduce solvent waste.7–16

Our group studies different reactions using a SPEX Certiprep
Mixer/Mill 8000 in order to better understand this solvent-
free process.17–23 In addition to our work, others have also been
studying mechanochemistry as a novel alternative to solvent-
based chemistry.24–34 Here, we report our investigation of the
formation of dialkyl carbonates under high speed ball milling
conditions.

Dialkyl carbonates have been used for a variety of purposes,
such as fuel additives, dyes, agrochemicals, and drugs for the
treatment of lipidemia and depression. However, the current
methods available to make dialkyl carbonates either perform
inadequately or use unsafe reaction conditions and create large
amounts of harmful solvent waste.35–37 The most common
methods of synthesizing dialkyl carbonates involve starting
with a carbonyl source (e.g., phosgene,38–40 carbon dioxide,36,41

tetraethyl ammonium carbonate,42 or metal carbonates43,44) and
then attaching the alkyl portion of the molecule in the reaction.
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Although effective, phosgene is a deadly compound that was
the most lethal of the World War I war gases.45 Carbon
dioxide is an excellent environmentally benign alternative, but
reactions of carbon dioxide often use specialized equipment.
Metal carbonates are also environmentally benign but solubility
and reactivity issues cause sluggish reactions and low yields. We
chose to study the creation of dialkyl carbonates using metal
carbonates because HSBM is a solvent-free and high energy
method. Therefore, reactant solubility is not an issue and the
high energy of the system will alleviate sluggish reactions.

Our initial study focused on creating a baseline for studying
how effective HSBM could be in creating dialkyl carbonates
from metal carbonates. We analyzed four different metal car-
bonates, as shown in Table 1. These results are not of great
interest by themselves, but some important insights can be taken
from this study. The metal cations that are known to be more
tightly bound to oxygen (Li+ and Na+) showed no reactivity
while less tightly bound cations (K+ and Cs+)46 allowed for a
reaction to occur.47 This shows that hard–soft acid–base theory
plays a significant role in chemical reactions under ball milling
conditions. As expected, the availability of the oxygen to act as a
nucleophile is critical to the formation of the dialkyl carbonate
product. With this knowledge, we chose to investigate different
methods of increasing the oxygen’s nucleophilicity using HSBM.

18-crown-6 was first used in ball milling synthesis in 2008
by Dong et al.26 Also, studying 18-crown-6 in our previous
work on enolate chemistry,18 we observed that adding 18-
crown-6 to potassium carbonate increased its basicity but also
acts to increase nucleophilicity and create dialkyl carbonates.
The reaction between potassium carbonate and 4-bromobenzyl
bromide increases from a 2% conversion in 17 h without 18-
crown-6 to a 74% conversion in 17 h with two equivalents of
18-crown-6; one molecule of 18-crown-6 for every potassium
cation. From this, we were interested in investigating if a catalytic
amount of 18-crown-6 could be used instead of a full two
equivalents. This would cut down on waste generated and
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Table 1 Dialkyl carbonate synthesis using various metal carbonates

Metal carbonate Time % Conversion to product

17 Hours 0%

17 Hours 0%

17 Hours 2%

17 Hours 18%a

a Also 13% side products

increase the safety of the reaction. Interestingly, the reaction
did not proceed as effectively without two full equivalents of
18-crown-6 for every one equivalent of potassium carbonate.
After the 18-crown-6 complexes a potassium ion, the complex
cannot dissociate as easily as it might in solution. Therefore, if
a catalytic amount of 18-crown-6 is used, it would become less
available to react further in the solid state and thus hinder the
reaction. These results are summarized in Table 2.

Another interesting observation is that the reaction gives
similar percent conversions to product in 2 h with the addition
of 18-crown-6. With these results, we sought to further study
the scope of this reaction while using two full equivalents of 18-
crown-6 and running the reaction for 2 h (Table 3). Regardless
of the substituent on the aromatic ring, benzyl bromides react
relatively the same. However, benzyl chloride is much more
sluggish and proceeds in less than 1% conversion to product in 2
h. The Cl leaving group appears to slow down the reaction. We
attribute this to the carbon–chlorine bond having a higher bond
dissociation energy.48 Also, in 1968, Radhakrishnamurti and
Panigrahi showed that benzyl bromides react faster than benzyl
chlorides in an SN2 type, solution based reaction.49 Similarly,
given more time and energy in the high speed ball mill, benzyl
chloride reacts to give a 62% yield in 17 h. Although much
less reactive, Cl can be used as a leaving group in SN2 type
reactions using high speed ball milling. Also less reactive, (2-
bromoethyl)benzene gives only a 5% conversion to the dialkyl

Table 2 Using 18-crown-6 to enhance the reaction

Equivalents
of potassium
carbonate

Equivalents
of 18-crown-6

Equivalents of
4-bromobenzyl
bromide

% Conversion
to Product

1 1/2 2 48%
1 1 2 66%
1 2 2 74%

Table 3 Studying the scope of the dialkyl carbonate synthesis

Electrophile R–X Time % Conversion of product

2 Hours 74%

2 Hours 67%

2 Hours 5%

17 Hours 58%

2 Hours < 1%

17 Hours 62%

carbonate product in 2 h but jumps to 58% conversion after
17 h. We attribute this to less cationic character in the carbon
next to the bromine in (2-bromoethyl)benzene when compared
to the carbon next to the bromine in benzyl bromide. Further, we
wanted to study the reactivity of straight chain alkyl bromides
under our conditions. We looked at 1-bromopentane and 1-
bromododecane as starting materials to form their respective
dialkyl carbonates. As expected, both straight chain alkyl
bromides reacted but more slowly than the benzyl bromides.
In 17 h, 1-bromopentane formed its dialkyl carbonate in similar
conversions to the benzyl bromides. However, even after 17 h,
the 1-bromododecane still had a low conversion (<20%) to its
dialkyl carbonate. 1-bromododecane can fold in on itself making
the SN2 reactions more sluggish.

One principle of green chemistry is to use safer chemicals
whenever possible. With this in mind, we sought a safer
alternative to 18-crown-6 to complex the metal ion. In previous
literature, polysorbate 80, or Tween R© 80 (Fig. 1), has been

Fig. 1 Polysorbate 80 (Tween R© 80).
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shown to act as a phase transfer catalyst by complexing with
the potassium ion of potassium cyanide.50 Tween R© 80 is often
used as a surfactant and has been used as an emulsifier in food,
such as ice cream, and medicine.51 Therefore, this substance is
generally much safer to use than 18-crown-6. Although not as
effective as 18-crown-6, Tween R© 80 proved to be an adequate
substitute. Reacting 4 equivalents of potassium carbonate, 1
equivalent of 4-bromobenzyl bromide, and ~4 mol% Tween R© 80
gives a 22% conversion to the dialkyl carbonate product, but
there is a 53% combined conversion to 4-bromobenzyl alcohol
and di-(4-bromobenzyl)ether. These side products, as discussed
in previous literature,43 arise from the loss of carbon dioxide from
an intermediate of the reaction (Fig. 2). Utilizing Le Chatelier’s
principle, we decided to add carbon dioxide into the reaction
mixture to quench this side reaction. Because our system uses a
sealed vial to run the reaction, we are able to use dry ice as our
carbon dioxide source. We simply added dry ice to our vial before
sealing it shut and the carbon dioxide became part of the reaction
without the need for additional, specialized equipment. This
procedure served its purpose because the reaction proceeded in
a 41% conversion to the dialkyl product in 17 h while giving less
than 1% conversion to side products after the addition of carbon
dioxide (Fig. 3). We decided to vary the amount of Tween R©

80, potassium carbonate, and carbon dioxide in the reaction to
determine the optimal conditions for this reaction under HSBM
conditions.

Fig. 2 The addition of CO2 quenches side product formation.

The first trial we attempted was varying the amount of Tween R©

80 added to the reaction while keeping the amount of CO2,
potassium carbonate, 4-bromobenzyl bromide, and time (17 h)
constant. Adding too much Tween R© 80 to the reaction proved
to be detrimental to the percent conversion to product (Fig.
4). Tween R© 80 is a large molecule (Fig. 1) and very viscous, so
the reactants get trapped and cannot react with each other if
too much Tween R© 80 is present in the reaction. Four to five

Fig. 3 Tween R© 80 as a substitute for 18-crown-6.

Fig. 4 Varying the amount of Tween R© 80.

mole percent of Tween R© 80 proved to catalyze the reaction most
effectively without dampening the reaction due to its size and
viscosity.

Next, using 4 mole% of Tween R© 80 and a full vial of dry ice,52

we varied the amount of potassium carbonate added into the
reaction while keeping the reaction time at 17 h. Using four
equivalents of potassium carbonate allowed the reactants to
find each other more readily in our system and increase the
percent conversion to product (Fig. 5). As discussed earlier,
the size and viscosity of Tween R© 80 can trap reactants so
excess potassium carbonate allowed more interactions between
potassium carbonate and 4-bromobenzyl bromide.

Fig. 5 Varying the amount of potassium carbonate.

3158 | Green Chem., 2011, 13, 3156–3161 This journal is © The Royal Society of Chemistry 2011
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Finally, we wanted to determine how varying the amount
of CO2 while keeping all other variables constant affects the
reaction. The easiest way to vary the CO2 amount was to simply
change how full we filled the reaction vial with dry ice.52 Filling
the vial too full with dry ice partially hinders the reaction’s
progress towards the product side of the reaction. While the
difference is not substantial, the over-abundance of CO2 causes
less efficient mixing and the rate of the reaction decreases. Filling
the reaction vial a quarter full of dry ice allowed the reaction to
proceed in the highest percent conversion while still quenching
side product formation (Fig. 6).53

Fig. 6 Varying the amount of dry ice.

Overall, our best results occurred in 17 h using 5 mole%
Tween R© 80, 4 equivalents of potassium carbonate, and 1

4
vial

full of dry ice where we observed a 56% conversion to product.
We have shown that we can mimic the success of 18-crown-6 as
a complexing reagent in our system with a catalytic amount of
a safer reagent (Tween R© 80) under HSBM conditions. However,
solely considering reaction time and percent conversion to
product, 18-crown-6 outperforms Tween R© 80.

Using cesium as the countercation of the metal carbonate
is another method we implemented in order to increase the
nucleophilicity of the metal carbonate’s oxygen. As discussed
earlier, cesium carbonate reacts with 4-bromobenzyl bromide in
17 h to show an 18% conversion to the dialkyl product, but there
is also a 13% combined conversion to 4-bromobenzyl alcohol
and di-(4-bromobenzyl) ether. If the reaction is run for 92 h,
the dialkyl product is found in a 26% conversion, but there is
also a 36% combined conversion to 4-bromobenzyl alcohol and
di-(4-bromobenzyl) ether. As with the Tween R© 80 situation, we
attempted to minimize side product formation by the addition
of carbon dioxide. After addition of the carbon dioxide, the
conversion to side products went down to less than 2% while
the conversion to the dialkyl carbonate remained similar at 16%
after 17 h. The dialkyl product is formed in 37% yield while
less than 2% is converted to side product when 4 equivalents of
cesium carbonate are added to 1 equivalent of 4-bromobenzyl
bromide and a full vial of carbon dioxide (Table 4). Again,
we used Le Chatelier’s principle to push the reaction towards
completion and we showed that simply changing the cation of
the metal carbonate can have a profound effect on the outcome
of the reaction under HSBM conditions.

Table 4 Cesium carbonate study

Reaction
time Modification

% Conversion to
dialkyl carbonate

% Conversion to
side products

17 Hours NONE 18% 13%
92 Hours NONE 26% 35%
17 Hours add CO2

a 16% < 2%
17 Hours add CO2

a plus excess
cesium carbonate

37% < 2%

a The addition of CO2 was ~3.2 g (a full vial)

After studying the formation of dialkyl carbonates from
metal carbonates, we decided to look into the formation of
dialkyl ureas from urea. Traditionally, urea is considered very
unreactive. However, under HSBM conditions we were able to
increase the reactivity of this generally inert compound (Fig. 7).
The use of sodium hydroxide proved crucial to the success of this
reaction. Without NaOH, there was a negligible conversion to a
dialkyl urea product. We believe that the hydroxide deprotonates
the urea, increasing the nucleophilicity of the nitrogen. To
run the reaction, two equivalents of NaOH were milled with
one equivalent of urea for 17 h followed by addition of 2
equivalents of 4-bromobenzyl bromide and an additional 17 h
of milling. The resulting solids were washed with ethyl acetate to
eliminate any remaining 4-bromobenzyl bromide. This resulted
in a 41% conversion to di-(4-bromobenzyl) urea with the rest
being unreacted urea. Di-(4-bromobenzyl) urea can be further
purified by recrystallization from ethanol. This reaction proves
that we can manipulate chemical reactions under high speed ball
milling conditions in order to increase the nucleophilicity of an
otherwise weakly-nucleophilic substance.

Fig. 7 Urea study.

In conclusion, the synthesis of dialkyl carbonates can be
improved by increasing the nucleophilicity of the oxygens of
metal carbonates. This can be accomplished using a traditional
cation complexing reagent (18-crown-6), a more novel com-
plexing reagent (Tween R© 80), or a loosely bound countercation
(Cs+). We also found that adding CO2 as dry ice can diminish
side product formation in the sealed vial of the high speed ball
milling method. Along with these findings, the nucleophilicity
of urea can be increased using HSBM. These studies, along
with our previous work, lead us to believe that both the
basicity and nucleophilicty of reactants can be increased under
HSBM conditions. As we increase our knowledge about the
solvent-free method of HSBM, we are creating a unique and
environmentally friendly toolbox for organic chemists, which

This journal is © The Royal Society of Chemistry 2011 Green Chem., 2011, 13, 3156–3161 | 3159
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will cause a paradigm shift in the way we conduct organic
reactions.

Experimental

All NMR spectra were recorded on a Bruker Avance 400
spectrometer. Deuterated NMR solvents were obtained from
Cambridge Isotope Laboratories, Inc., Andover MA, and
used without further purification. All products were confirmed
by comparison to literature 1H NMR (di-(4-bromobenzyl)
carbonate,18 dibenzyl carbonate,54 di-phenethylcarbonate,44 di-
dodecyl carbonate,55 di-pentyl carbonate,44 di-(4-bromobenzyl)
urea56). 4-bromobenzyl bromide, 18-crown-6, benzyl chloride,
benzyl bromide, 1-bromododecane, 1-bromopentane and (2-
bromoethyl)benzene were purchased from Acros Organics and
used without further purification. Sodium hydroxide and potas-
sium carbonate were purchased from Fisher Chemical and
used without further purification. Ball milling was carried out
in an 8000 M SpexCertiprep Mixer/Mill. Ball bearings were
purchased from Small Parts incorporated. Custom made vials
were made by the machine shop at the University of Cincinnati
with metal rods purchased from ESPICorp Inc.

Typical procedure

Dialkyl carbonate

Potassium carbonate (0.69 g, 0.5 mmol), 18-crown-6 (0.264 g,
1 mmol), and 4-bromobenzyl bromide (0.250 g, 1 mmol) were
added to a custom-made 2¢¢ by 1

2
¢¢ screw capped stainless steel

vial along with a 3/16¢¢ inch stainless steel ball bearing. The
vial was placed in an 8000 M Spex Certiprep mixer/mill and
the contents were ball milled for 2 h. The resulting mixture was
dissolved in ethyl acetate (15 mL) and washed with H2O (3 ¥
15 mL). The organic layer was dried over anhydrous MgSO4

and the solvent was evaporated under reduced pressure. This
afforded di-(4-bromobenzyl) carbonate in a 74% conversion.

Acknowledgements

We would like to thank the National Science Foundation (CHE-
0548150) and the University of Cincinnati’s Research Council
(URC) for the financial support for this research. We would
also like to thank the National Science foundation-iREU, The
American Chemical Society and the Deutscher Akademischer
Austausch Dienst for the financial support for Indre Thiel to
conduct the research.

References
1 K. Tanaka and F. Toda, Chem. Rev. (Washington, DC, U. S.), 2000,

100, 1025–1074.
2 G. Rothenberg, A. P. Downie, C. L. Raston and J. L. Scott, J. Am.

Chem. Soc., 2001, 123, 8701–8708.
3 K. Tanaka and F. Toda, Solvent-free Organic Synthesis, Wiley VCH,

Weinheim, 2003.
4 C. Suryanarayana, Prog. Mater. Sci., 2000, 46, 1–184.
5 L. Takacs, Prog. Mater. Sci., 2002, 47, 355–414.
6 B. Rodriguez, A. Bruckmann, T. Rantanen and C. Bolm, Adv. Synth.

Catal., 2007, 349, 2213–2233.
7 V. V. Boldyrev, J. Mater. Sci., 2004, 39, 5117–5120.
8 G. Kaupp, CrystEngComm, 2003, 5, 117–133.

9 G. Kaupp, CrystEngComm, 2006, 8, 794–804.
10 M. A. Mikhailenko, T. P. Shakhtshneider and V. V. Boldyrev, J.

Mater. Sci., 2004, 39, 5435–5439.
11 G. Kaupp, M. R. Naimi-Jamal, H. Ren and H. Zoz, Adv. Tech-

nol. Self-Propag. Mechanochem. React. Environ. Prot., 2003, 83–
100.

12 G. Kaupp, M. R. Naimi-Jamal, H. Ren and H. Zoz, Process
Worldwide, 2003, 6, 24–27.

13 H. Zoz, D. Ernst, R. Reichardt, T. Mizutani, M. Nishida and H.
Okouchi, Adv. Powder Metall. Part. Mater., 1998, 6/69–66/79.

14 H. Zoz, D. Ernst, R. Reichardt, H. Ren, T. Mizutani, M.
Nishida and H. Okouchi, Mater. Manuf. Processes, 1999, 14, 861–
874.

15 A. Bose, S. D. Torre, K. Ameyama, D. J. Vigueras, D. Madan, T.
S. Wei, P. Hightower and H. Zoz, Adv. Powder Metall. Part. Mater.,
2002, 1/175–171/190.

16 H. Zoz, D. Ernst, T. Mizutani and H. Okouchi, Adv. Powder Metall.
Part. Mater., 1997, 11/35–11/42.

17 D. C. Waddell and J. Mack, Green Chem., 2009, 11, 79–82.
18 D. C. Waddell, I. Thiel, T. D. Clark, S. T. Marcum and J. Mack,

Green Chem., 2010, 12, 209–211.
19 J. Mack, D. Fulmer, S. Stofel and N. Santos, Green Chem., 2007, 9,

1041–1043.
20 J. Mack and M. Shumba, Green Chem., 2007, 9, 328–330.
21 P. Vogel, S. Figueira, S. Muthukrishnan and J. Mack, Tetrahedron

Lett., 2009, 50, 55–56.
22 D. A. Fulmer, W. C. Shearouse, S. T. Medonza and J. Mack, Green

Chem., 2009, 11, 1821–1825.
23 W. C. Shearouse, C. M. Korte and J. Mack, Green Chem., 2011, 13,

598–601.
24 R. Trotzki, M. M. Hoffmann and B. Ondruschka, Green Chem.,

2008, 10, 767–772.
25 E. Colacino, P. Nun, F. M. Colacino, J. Martinez and F. Lamaty,

Tetrahedron, 2008, 64, 5569–5576.
26 Y.-W. Dong, G.-W. Wang and L. Wang, Tetrahedron, 2008, 64, 10148–

10154.
27 N. Giri, C. Bowen, J. S. Vyle and S. L. James, Green Chem., 2008, 10,

627–628.
28 G. Mugunthan and K. P. R. Kartha, J. Carbohydr. Chem., 2008, 27,

294–299.
29 P. R. Patil and K. P. Ravindranathan Kartha, J. Carbohydr. Chem.,

2008, 27, 411–419.
30 B. Icli, N. Christinat, J. Tonnemann, C. Schuttler, R. Scopelliti and

K. Severin, J. Am. Chem. Soc., 2009, 131, 3154–3155.
31 S. Li, W. Yan and W.-x. Zhang, Green Chem., 2009, 11, 1618–1626.
32 J. Mokhtari, M. R. Naimi-Jamal, H. Hamzeali, M. G. Dekamin and

G. Kaupp, ChemSusChem, 2009, 2, 248–254.
33 E. M. C. Gerard, H. Sahin, A. Encinas and S. Braese, Synlett, 2008,

2702–2704.
34 T. Friscic and G. M. Day, CrystEngComm, 2011, 13, 4303.
35 A.-A. G. Shaikh and S. Sivaram, Chem. Rev. (Washington, DC, U.

S.), 1996, 96, 951–976.
36 J. P. Parrish, R. N. Salvatore and K. W. Jung, Tetrahedron, 2000, 56,

8207–8237.
37 D. Chaturvedi, N. Mishra and V. Mishra, Tetrahedron Lett., 2007,

48, 5043–5045.
38 R. M. Burk and M. B. Roof, Tetrahedron Lett., 1993, 34, 395–398.
39 A. R. Choppin and J. W. Rogers, J. Am. Chem. Soc., 1948, 70, 2967.
40 G. Bertolini, G. Pavich and B. Vergani, J. Org. Chem., 1998, 63,

6031–6034.
41 F. Gasc, S. Thiebaud-Roux and Z. Mouloungui, J. Supercrit. Fluids,

2009, 50, 46–53.
42 M. Verdecchia, M. Feroci, L. Palombi and L. Rossi, J. Org. Chem.,

2002, 67, 8287–8289.
43 J. A. Cella and S. W. Bacon, J. Org. Chem., 1984, 49, 1122–1125.
44 R. Jorapur Yogesh and Y. Chi Dae, J. Org. Chem., 2005, 70, 10774–

10777.
45 J. Borak and W. F. Diller, J. Occup. Environ. Med., 2001, 43, 110–

119.
46 I. D. Brown and K. K. Wu, Acta Crystallogr., Sect. B: Struct.

Crystallogr. Cryst. Chem., 1976, B32, 1957–1959.
47 We also created ammonium carbonate in situ and reacted this with

4-bromobenzyl bromide in the presence of 18-crown-6. The reaction
proceeded but very sluggishly and the main product was the formation
of 4-bromobenzyl alcohol..

3160 | Green Chem., 2011, 13, 3156–3161 This journal is © The Royal Society of Chemistry 2011

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

A
ri

zo
na

 o
n 

20
 D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 3
0 

Se
pt

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1G

C
15

59
4F

View Article Online

http://dx.doi.org/10.1039/c1gc15594f


48 R. K. P. V. K. Ahluwalia, Organic reaction mechanisms, Alpha Science
International, Harrow, U.K., 2nd edn, 2005.

49 P. S. Radhakrishnamurti and G. P. Panigrahi, Bull. Chem. Soc. Jpn.,
1970, 43, 81–84.

50 C. J. Thoman, T. D. Habeeb, M. Huhn, M. Korpusik and D. F. Slish,
J. Org. Chem., 1989, 54, 4476–4478.

51 http://www.sigmaaldrich.com/etc/medialib/docs/Sigma-
Aldrich/Product_Information_Sheet/p8074pis.Par.0001.File.tmp/
p8074pis.pdf.

52 A full vial of dry ice is approximately 3.2 g CO2.
53 When performing reactions with CO2 in the ball mill it is important

to remember that there will be a release of pressurized CO2 gas
upon opening the reaction vial. Proper safety precautions should be
taken.

54 P. Tundo, C. R. McElroy and F. Arico, Synlett, 2010, 1567–1571.
55 M. Lissel and E. V. Dehmlow, Chem. Ber., 1981, 114, 1210–1215.
56 J. E. McCusker, A. D. Main, K. S. Johnson, C. A. Grasso and L.

McElwee-White, J. Org. Chem., 2000, 65, 5216–5222.

This journal is © The Royal Society of Chemistry 2011 Green Chem., 2011, 13, 3156–3161 | 3161

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

A
ri

zo
na

 o
n 

20
 D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 3
0 

Se
pt

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1G

C
15

59
4F

View Article Online

http://dx.doi.org/10.1039/c1gc15594f

