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ile solvents for chemical reactions
and processes: from the laboratory to industry

Shaokun Tanga and Hua Zhao*b

Glymes, also known as glycol diethers, are saturated non-cyclic polyethers containing no other functional

groups. Most glymes are usually less volatile and less toxic than common laboratory organic solvents; in this

context, they are more environmentally benign solvents. However, it is also important to point out that

some glymes could cause long-term reproductive and developmental damage despite their low acute

toxicities. Glymes have both hydrophilic and hydrophobic characteristics that common organic solvents

lack. In addition, they are usually thermally and chemically stable, and can even form complexes with

ions. Therefore, glymes are found in a broad range of laboratory applications including organic synthesis,

electrochemistry, biocatalysis, materials, Chemical Vapor Deposition (CVD), etc. In addition, glymes are

used in numerous industrial applications, such as cleaning products, inks, adhesives and coatings,

batteries and electronics, absorption refrigeration and heat pumps, as well as pharmaceutical

formulations, etc. However, there is a lack of a comprehensive and critical review on this attractive

subject. This review aims to accomplish this task by providing an in-depth understanding of glymes'

physicochemical properties, toxicity and major applications.
1. Introduction

Glymes, i.e. glycol diethers, are saturated polyethers containing
no other functional groups. When compared with glycols (such
as polyethylene glycols, PEGs), glymes do not carry free hydroxyl
groups and thus are aprotic polar and chemically inert
compounds. There are two major types of glymes: ethylene
oxide (EO)-based glymes (also known as PEG-based) and
propylene oxide-based glymes (i.e. polypropylene glycol (PPG)-
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based). The general structure of PEG-based glymes and their
common names are illustrated in Scheme 1.

Most glymes are completely miscible with both water and
hydrocarbon solvents, and could solvate alkali cations. In
addition, glymes have many other favorable properties
including being liquid at a wide range of temperatures (typi-
cally >200 �C, except monoglyme), low viscosity, high chemical
and thermal stability, relatively low vapor pressure and low
toxicity. Due to these excellent solvent properties, glymes have
been widely used in many laboratory and commercial appli-
cations including reaction media (i.e. organometallic reac-
tions, polymerization, and reactions involving alkali metals,
oxidations and reductions), extraction solvents (for metals
and organics), gas purication, absorption refrigeration,
formulation of adhesives and coatings, textiles, solvents for
Hua Zhao studied chemistry (BS) and chemical engineering (MS)
at Tianjin University (China) before he earned his PhD degree in
2002 from New Jersey Institute of Technology (NJIT) and completed
a post-doctoral training at Rutgers University. He is currently an
Associate Professor of Chemistry at Savannah State University. He
became fascinated with new solvents at graduate school while
working on organic synthesis and enzymatic resolution of amino
acids in aqueous ionic liquids. His current research interests
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wave-assisted enzymatic reactions.
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Scheme 1 Structure of EO-based glymes, and representative common names and symbols.
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electronic industry, pharmaceutical formulation, batteries,
cleaning solutions, etc.

Despite numerous studies on glymes, there is a lack of a
comprehensive and critical review on this subject to meet the
continuing interest in glymes; in recent years, there has been a
strong focus on their applications in electrochemistry, catalysts,
Chemical Vapor Deposition (CVD), nanomaterials, and the
dissolution of CO2. This review aims to provide a comprehen-
sive set of physicochemical properties of glymes and a system-
atic overview of their applications, as well as a critical analysis of
their structure–property–application relationships. To be
focused on the subject, glycol monoethers and glycol ether
esters are not discussed herein as their physical properties,
toxicity and applications have been reviewed elsewhere.1–3
2. Preparations of glymes

Ethylene oxide (EO)-based glymes can be prepared by several
common methods on large scales using ethylene epoxide
(Scheme 2): Route 1, ethylene oxide reacts with an alcohol to
produce glycol monoether, which is further converted to glyme
following the Williamson synthesis (i.e. glycol ether reacts with
sodium to yield sodium alkoxide, which then reacts with alkyl
halide to produce the glyme); Route 2, methylation of glycol
ether withmethyl sulfate; Route 3, Lewis acid-catalyzed cleavage
of ethylene oxide by ether, typically resulting in glyme mixtures;
Route 4, the reaction of ethylene glycol with alcohol catalyzed
Scheme 2 Common routes for glyme synthesis.

11252 | RSC Adv., 2014, 4, 11251–11287
polyperuorosulfonic acid resin at high temperature and pres-
sure. Similarly, propylene oxide-based glymes can be prepared
by replacing ethylene oxide with propylene oxide in the above
methods.

In addition, Haymore et al.4 described a two-step synthesis of
pentaglyme (Scheme 3): the reaction of 2-methoxyethanol with
sodium metal to yield an alkoxide followed by a nucleophilic
substitution of dichloride. Adcock and Lagow5 prepared per-
uoroglyme and peruorodiglyme as potential high stability
uids and solvents through a direct uorination method
(uorine gas).
3. Toxicity of glymes

In general, glymes exhibit low to moderate acute toxicity (see
toxicity data in Tables 1 and 2) when compared with common
organic solvents (such as toluene, THF and chloroform).
Ethylene glycol dimethyl ether (monoglyme) triggered maternal
deaths of pregnant Sprague-Dawley rats at 1000 mg per kg per
day and was fetolethal at doses ranging from 120 to 1000 mg per
kg per day; a dose of 60 mg per kg per day caused a 7% weight
decrease and severe edema in pups surviving to birth.6 When
rats were exposed to 200 ppm diglyme vapor for an extended
period of time (15 � 6 h), no toxic effect was observed in terms
of normal blood and urine tests and normal organs by autopsy;
however, at a higher vapor concentration (600 ppm) for the
same period of time, irregular weight gain was observed and
This journal is © The Royal Society of Chemistry 2014
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Scheme 3 Synthesis of pentaglyme.
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autopsy suggested atrophied thymus and congested adrenals
although the blood and urine tests were normal.7

However, there is a rising concern that glymes may cause
reproductive and developmental harm to exposed workers and
consumers using paint, carpet cleaners, inkjet cartridges and
other products. McGregor et al.8 studied the exposure of male
rats to 250 or 1000 ppm diglyme, and found that diglyme was a
reproductive toxicant causing increased sperm abnormalities.
Schuler et al.9 examined een glycol ethers for their adverse
reproductive toxic effects using an in vivo mouse screening
bioassay; this group found that all mice exposed to glycol ethers
with terminal methyl groups, i.e., ethylene glycol monomethyl
ether, monoglyme, diethylene glycol monomethyl ether,
diglyme and triglyme produced few viable litters (0, 0, 16, 0, and
0%, respectively); similar results were also observed for ethylene
glycol monoether ether and ethyl monoglyme (0 and 11% viable
litters, respectively). However, two other ethyl ethers (diethylene
glycol monoethyl ether and ethyl diglyme), three butyl ethers
(ethylene glycol monobutyl ether, diethylene glycol monobutyl
ether, butyl diglyme), and three glycol ethers with terminal
hydroxyl groups (ethylene glycol, diethylene glycol and tri-
ethylene glycol) failed to show this kind of fetotoxicity. They also
suggested that: (1) the appending of an alkyl group considerably
increased the maternal toxicity of glycols. For example, ethyl
glycol monobutyl ether appeared to be more toxic than ethylene
glycol monomethyl ether, which was more toxic than ethylene
glycol monoethyl ether; but all three showed greater toxicity
Table 1 Estimated toxicity for glymes and common organic solventsa

Solvent
Oral rat LD50

(mg kg�1) Bioaccumulation f

Ethanol (7055b) 1.28
Toluene 1083 (636b) 48.88
Benzene 2030 (931b) 30.78
THF 932 (1652b) 2.67
Chloroform 1794 (695b) 5.07 (6.30 (ref. 19)
Monoglyme 2997 1.66
Diglyme 3779 (5404b) 2.04
Triglyme 6496 1.73
Tetraglyme 5146 (5140b) 6.97
Pentaglyme 5604 2.85
Hexaglyme 6112 6.02
Ethyl glyme 3949 (3619b) 4.60
Butyl glyme 4427 (3253b) 24.33
Ethyl diglyme 6818 (4968b) 5.82
Butyl diglyme 3378 (3901b) 15.57

a Toxicity was estimated with the consensusmethod using Toxicity Estimat
disclaimer: these estimated values are for research and evaluation purpo
values from the ChemidPlus database (http://chem.sis.nlm.nih.gov/che
www.caesar-project.eu/index.php?page¼results&section¼endpoint&ne¼5)
doc.ml.tu-berlin.de/toxbenchmark/). e ‘+’ means mutagenicity positive, ‘�

This journal is © The Royal Society of Chemistry 2014
than ethylene glycol. The diethylene glycol mono-alkyl ethers
and (alkyl) diglymes were more toxic than diethylene glycol, and
triglyme was more toxic than triethylene glycol. (2) Methyl
ethers usually seemmore toxic than ethyl or butyl ethers, except
for ethylene glycol monobutyl ether. Similarly, Johnson et al.10

found that butyl diglyme was more toxic than diethylene glycol,
but did not induce signicant developmental toxicity to the
hydra.

A review11 on the genetic toxicology of glycol ethers suggested
that diglyme lacks genotoxic potential in some mutagenicity
tests, but it was a reproductive toxicant in the mouse sperm test
and male rat dominant lethal test. Repeated daily oral doses of
diglyme at 684 mg kg�1 in a subchronic study of Sprague-
Dawley rats suggested the onset of testicular pathology, which
was similar to the pathology of equal molar doses of 2-
methoxyethanol or 2-ethoxyethanol.12 Furthermore, it was
conrmed that there were two major metabolites of the testic-
ular toxin (e.g. diglyme), (2-methoxyethoxy)acetic acid (MEAA)
(ca. 70%) and methoxyacetic acid (MAA) (ca. 6%), along with
several other unidentied metabolites, and two major metab-
olism pathways; however, only MAA is accounted for in the
reproductive toxicity of diglyme.13–15 Hardin and Eisenmann16

gave time-mated CD-1 mice oral doses of glycol ethers at a dose
of 4 mmol kg�1 on gestation day 11, and then examined fetuses
on gestation day 18 for weight and gross external malforma-
tions. All four glycol ethers (ethylene glycol monomethyl ether,
monoglyme, diglyme and triglyme) exhibited no treatment-
actor Developmental toxicity Mutagenicity

(1.00,c Toxicant) �0.10 (+)e

0.29 (non) �0.01 (�)
0.29 0.03 (+)
0.48 0.05 (�)

) 0.67 (Toxicant) 0.45 (�)
0.59 (Toxicant17) 0.59 (1.00d) (+)
0.43 (Toxicant17) 0.38
0.36 0.18 (1.00d) (+)
�0.10 0.23
�0.10 0.33
�0.06 0.26
0.32 (Toxicant17) 0.20
0.47 0.05
0.26 0.16
0.05 0.23

ion Soware Tool (TEST) (http://www.epa.gov/nrmrl/std/qsar/qsar.html);
ses, not for guiding clinical or production applications. b Experimental
midplus/). c Experimental values from the CAESAR database (http://
. d Experimental values from the Toxicity Benchmark database (http://
’ means mutagenicity negative.
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Table 2 Physical and thermodynamic properties of glymes

Glyme
Freezing
point (�C)

Boiling
point (�C)

Dynamic viscosity
(mPa s) at 20 �C

p (mm Hg)d

at 20 �C
Density (g mL�1)v

at 25 �C
Flash
pointe (�C)

LD50
f

(mg kg�1) Solubility (20 �C)

Monoglyme
(G1)

�69.0b,c,h 85.2,b,h 85,c

84.5mm
0.4236,o 0.432,q

0.417,bb 0.420,c 0.455,ll

1.1 (20 �C)b,h

54b,h 0.86124,j 0.86207,n

0.86132,o 0.8605,q

0.8613,s 0.86114,t,u

0.864,w 0.86260,y

0.86155,z 0.8615,bb

0.8626,cc,dd 0.8612,ii

0.859,ll 0.86370,mm,
0.8683 (20 �C),b,h 0.867
(20 �C),c 0.86765
(20 �C),gg

�6b,c,h 5370b Miscible with H2O

Ethyl glyme
(G1-Et)

�74.0b,h 121,b

121.4,h

121.2mm

0.593,bb 0.7 (20 �C),b

0.65 (20 �C)h
9,b 9.4h 0.83607,z 0.8362,aa

0.8360,bb 0.83510,mm

0.8417 (20 �C),b,h

27b 4400b 20.4% in H2O, 3.3%
H2O inb

Butyl glyme
(G1-Bu)

�69.1h 203.6,h 206
(dec)mm

0.09h 0.83189,mm 0.8374
(20 �C)h

85h (open
cup)

0.2 wt% in H2O, 0.6 wt
% H2O inh

Diglyme (G2) �64.0,a,c

�70,g �68h
162a,c,g 0.981,m 1.06,x 0.989,bb

0.985,cc 0.991,jj 0.976,nn

2.0 (20 �C),b,h

1.14(20 �C)x

2,b 3.0
(100 �C)h

0.93873,j 0.93882,k

0.93924,l 0.9394,m

0.93892,n 0.93871,t

0.93935,u 0.938,w

0.93897,y 0.93875,z

0.9385,bb 0.9389,cc

0.9399,jj 0.9397,kk

0.93961,nn, 0.9434
(20 �C),a 0.944 (20 �C),c

0.945 (20 �C),g,h

0.94511 (20 �C)gg

57,b 51c 4670b Miscible with H2O,
ethanol, diethyl ether

Ethyl diglyme
(G2-Et)

�44.3b 189b 1.238,bb 1.241,cc 1.4
(20 �C)b

0.5b 0.9082 (20 �C),b

0.9028,z 0.9021,bb

0.9035cc

90b 5000b Miscible with H2O

Butyl diglyme
(G2-Bu)

�60.2,b

�60c
256b,c 2.122,cc 2.4 (20 �C)b <0.01b 0.8814 (20 �C),b 0.884

(20 �C),c 0.87830,z

0.8781cc

118,b 120c 3900b 0.3% in H2O, 1.4%
H2O inb,c

Triglyme (G3) �43.8,a

�40,c

�45.0h

218,a 220,c

216h
1.96,nn,r 2.16,x 1.950,cc

3.8 (20 �C),b,h 2.41
(20 �C)x

0.02b,h 0.98001,i 0.98067,j

0.98117,l 0.9795,r

0.98058,t,u 0.981,w

0.98071,y 0.9807,cc

0.98042,ee 0.97981,ff

0.98023,nn, 0.986
(20 �C),a,h 0.987
(20 �C),c 0.98569
(20 �C),gg 0.98541
(20 �C)hh

111,b,h

113c
5000b Very soluble in H2O,

benzene

Tetraglyme
(G4)

�29.7,b,h

�30c
275b,c,h 3.295,p 3.67,x 3.40,nn

4.1 (20 �C),b,h 4.18
(20 �C)x

<0.01b,h 1.00662,i 1.00564,j

1.00627,l 1.0047,p

1.00666,t 1.00668,u

1.00628,y 1.00620,ee

1.00743,nn, 1.0132
(20 �C),b,h 1.0 (20 �C),c

1.0116 (20 �C),gg

1.01115 (20 �C)hh

141b,c,h 5100b Miscible with H2O

Proglyme
(P2)

�71b, �80c 175b,c 1.1 (20 �C)b 0.55b 0.900 (20 �C)b,c 65b,c — 35% in H2O, 4.5% H2O
inb,c

PEG-DME
200

�37c >300c 4.3 mm2 s�1 (20 �C)c — 1.01–1.02 (20 �C)c 154c —

PEG-DME
250

�23c >300c 7 mm2 s�1 (20 �C),c

7.215 mm2 s�1

(20 �C),gg

— 1.02–1.04 (20 �C),c

1.0355 (20 �C)gg
137c —

Polyglyme
(MW ¼ 236)b

�28b 275b 12 (20 �C)b 0.01b 1.03(20 �C)b 135b —

Polyglyme
(MW ¼ 275)b

�23b 275b 12 (20 �C)b <0.01b 1.04 (20 �C)b >130b — Miscible with H2O

Higlyme
(MW > 400)b

-5–10b >300b 34 (20 �C)b 0.1b 0.975 (20 �C)b 140b — Miscible with H2O

11254 | RSC Adv., 2014, 4, 11251–11287 This journal is © The Royal Society of Chemistry 2014
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Table 2 (Contd. )

Glyme
Freezing
point (�C)

Boiling
point (�C)

Dynamic viscosity
(mPa s) at 20 �C

p (mm Hg)d

at 20 �C
Density (g mL�1)v

at 25 �C
Flash
pointe (�C)

LD50
f

(mg kg�1) Solubility (20 �C)

PEG-DME
500

13c >300c 25 mm2 s�1 (20 �C)c — 1.05 (50 �C)c 220c —

PEG-DME
1000

36c >300c 11 mm2 s�1 (100 �C)c — 1.10 (50 �C)c 260c —

PEG-DME
2000

50c >300c 30 mm2 s�1 (100 �C)c — 1.08 (60 �C)c 254c —

a Ref. 40. b Production specications from Novolyte Technologies (now a part of BASF). c Production specications from Clariant (viscosity is
kinematic viscosity). d Vapor pressure. e Closed cup. f Acute toxicity. g Ref. 41. h Ref. 42. i Ref. 43. j Ref. 44. k Ref. 45 (this reference also reported
other thermodynamic properties of diglyme at 25 �C such as dipole moment m ¼ 1.87 D, heat capacity Cp ¼ 276.9 J mol�1 K�1, etc.). l Ref. 46.
m Ref. 47. n Ref. 48. o Ref. 49 (densities and viscosities of monoglyme at 308.15 K and 318.15 K were also reported). p Ref. 50. q Ref. 51. r Ref. 52
(this reference also reported a dielectric constant of 7.62 as well as refractive index and molar refraction for triglyme). s Ref. 53. t Ref. 54.
u Ref. 55. v Density data for monoglyme and diglyme were reported at temperatures between 293.15 K and 353.15 K and up to 60 MPa.56
w Ref. 57. x Ref. 58. y Ref. 59 (density data at 288.18 and 308.15 K were also reported). z Ref. 60. aa Ref. 61. bb Ref. 62 (densities and viscosities
were reported for several glymes from 288.15 K to 343.15 K). cc Ref. 63. dd Ref. 64. ee Ref. 65. ff Ref. 66. gg Ref. 67 (densities, kinematic viscosities
and heat capacities were reported for several glymes including pentaethylene glycol dimethyl ether from 283.15 to 423.15 K). hh Ref 68 (data on
density, isentropic compressibility and isothermal compressibility of triglyme and tetraglyme were reported at 293.15–353.15 K and 0.1–100
MPa). ii Ref. 69. jj Ref. 70. kk Ref. 71. ll Ref. 72. mm Ref. 73 (densities, refractive indexes, and boiling points of other 1,2-disubstituted ethylene
glycol derivatives such as propyl glyme were also reported). nn Ref. 74.
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related maternal toxicity and no impact on the intrauterine
survival; in addition, no treatment-related gross external mal-
formations other than paw defects were reported. Except for
triglyme, the other three glycol ethers produced different
degrees of paw defects: 87.5% of ethylene glycol monomethyl
ether-treated litters (68.5% of fetuses), 86.7% of monoglyme-
treated litters (33.8% of fetuses), and 77.8% of diglyme-treated
litters (39.7% of fetuses).

In conclusion, although glymes show low to moderate acute
toxicity, they have raised concerns regarding chronic exposure
and reproductive effects. Therefore, glymes are recommended
as benign solvents for industrial applications, not consumer
products. The U.S. Environmental Protection Agency (EPA)
announced in July 2011 that three glymes pose “high concern to
workers, consumers and children” because they may have
reproductive or developmental effects: monoglyme and diglyme
caused reproductive and developmental damage in rodent
studies, and animal studies on ethyl glyme exhibited develop-
mental toxicity and the potential for gene mutation; EPA also
plans to restrict new uses of 11 other glymes in the U.S.
marketplace.17 Since lower molecular weight glymes have
shown reproductive toxicity in rats and mice, only higher
molecular weight glymes should be used in pharmaceutical
applications. In the European Union, products containing
monoglyme or diglyme have been regulated; their labels must
indicate “may impair fertility” or “may cause harm to the
unborn child.” On the contrary, dipropylene glycol dimethyl
ether is known as a very versatile and environmentally friendly
solvent. It is not listed as a hazardous air pollutant (HAP), and it
has been shown that propylene-based glycol ethers are less toxic
than those ethylene-based glycol ethers.18

Although toxicity and biodegradability data are not readily
available for many glymes, models based on Quantitative
Structure Activity Relationships (QSARs) can be used to predict
measures of toxicity from physical characteristics of chemical
structures. As shown in Table 1, although there are differences
This journal is © The Royal Society of Chemistry 2014
between estimated and experimental values, the estimated
toxicity may be used as an empirical evaluation of glymes. In
general, the estimated toxicity data in Table 1 are consistent
with earlier discussions based on experimental data: glymes
have low acute toxicity (high oral rat LD50 values when
compared with common organic solvents), however, there are
concerns of their developmental toxicity and mutagenicity.
Except for butyl glymes, methyl- and ethyl glymes seems to have
relatively low bioaccumulation factors.
4. Physicochemical and metal
complexing properties of glymes
4.1. General properties

Glymes are dipolar aprotic solvents with high chemical stability.
They are usually stable under neutral and basic conditions, and
only undergo pyrolysis under acidic conditions to form meth-
anol and oxycarbonium ions.20 Some of their common physical
and thermodynamic properties are systematically compiled in
Table 2. Typically, glymes have high boiling points and a wide
range of temperature at which they are liquid (>200 �C, or even
>300 �C) except monoglyme. In contrast to some volatile organic
solvents, most glymes have very low vapor pressures (<0.5
mmHg at 20 �C) except mono- and diglyme. Many simple
glymes have low viscosities in the range 1–4 mPa s at 20 �C.
Most glymes are completely miscible with both water and
organic solvents (such as ethanol, acetone, benzene, and
octane), and tend to solvate cations in the same way as crown
ethers. They are also outstanding solvents for many organic
materials (including triglycerides21,22). Different polarity
measures of several glymes are listed in Table 3; dipole
moments and dielectric constants increase with the increase in
ethylene oxide chain length. The solvatochromic polarity scales
in Table 3 also follow the same trend and conrm that glymes
RSC Adv., 2014, 4, 11251–11287 | 11255
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Table 3 Polarity and heat capacity of several glymes

Glyme Dipole moment (D) at 25 �C Dielectric constant at 25 �C

Solvatochromic polarity23

Heat capacity
at 25 �C (J mol�1 K�1)ET(30), kcal mol�1 ENT

Monoglyme 1.62,75 1.61,57 1.59,76 1.71 (in benzene)76 7.18,77 7.20,72 7.5578 38.2 0.231 191.1479

Diglyme 1.91,75 1.92,57,76 1.87,45 1.97 (in
benzene)76

7.480 38.6 0.244 277.76,79 276.9,45 279.0581

Triglyme 2.16,57,76 2.22 (in benzene)76 7.6252 38.9 0.253 367.78,79 367.3066

Tetraglyme 2.44,76 2.4555,76 — — — 457.1079
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are generally less polar than methanol (ENT ¼ 0.762) and acetone
(0.355) but more polar than THF (0.207).23

Proton affinity (PA) is a direct measure of gas-phase basic-
ities of organic molecules. Meot-Ner24 calculated the proton
affinities (in kcal mol�1) from measurements by pulsed high-
pressure mass spectrometry as: monoglyme (205), diglyme
(219), triglyme (226), 12-crown-4 (220) and 18-crown-6 (221).
Sharma et al.25 determined the proton affinities (in kcal mol�1)
of several glymes and crown ethers by measuring proton-
transfer equilibria with a pulsed electron beam high ion source
pressure mass spectrometer: Me2O (191), monoglyme (204),
diglyme (218), triglyme (224), tetraglyme (227), 12-crown-4
(221), 15-crown-5 (223) and 18-crown-6 (230) [based on PA(NH3)
¼ 204 kcal mol�1]. The ab initio calculations of 12-crown-4, 15-
crown-5, 18-crown-6, glymes and protonated species suggest
that protonated crown ethers share similar moieties with
protonated diglyme; the calculated proton affinities (in kcal
mol�1) are: diglyme (222), 12-crown-4 (221), 15-crown-5 (225),
and 18-crown-6 (227).26 Using the B3LYP density functional
method, Adötoledo et al.27 found that protonated monoglyme
Gl$H+ and protonated monoglyme dimer (Gl)2H

+, as well as
protonated 12-crown-4-ether (12c4H+), form two internal
hydrogen bonds with NH3, CH3OH, CH3NH2, and (CH3)2NH
with the exception of (Gl)2H

+$NH3 that bears four O/H bonds.
The insertion energy of NH3, CH3OH and amines into 12c4H+ or
(Gl)2H

+ increases with increasing proton affinity of the base,
while the association energy of CH3OH2

+, NH4
+, etc., with 12c4

or (Gl)2 decreases with increasing proton affinity (of NH3,
CH3OH, etc.). However, in terms of protonation equilibrium
constants (Kp), there are considerable differences between
macrocyclic polyethers and linear glymes. For example, the Kp

constant for the protonation of dicyclohexyl-18-crown-6 (DCC)
by HBr at 25 �C is about 106 M�1, while the Kp values for diglyme
and triglyme are only 0.17 and 0.20 M�1, respectively.28

Physical properties of aqueous glymes are important for the
understanding of solvent properties of glymes. Meot-Ner et al.29

examined the complexing of H+ from the formation of intra-
molecular or intermolecular hydrogen bonds with glymes
(monoglyme, diglyme or triglyme) and 0–3 water molecules by
pulsed high-pressure mass spectrometry; they found that the
bonding of H3O

+ typically involves two or three hydrogen bonds,
and complexes of H+ and H3O

+ can be stabilized by interactions
with bond dipoles of free ether groups of glymes and crown
ethers whilst such a stabilization is enhanced by the decreasing
constraints on the geometries of polar groups. Anomalous
11256 | RSC Adv., 2014, 4, 11251–11287
conformational behaviors of short glymes [CH3(OCH2CH2)-

mOCH3 with m ¼ 2–6] in water were studied by FT-IR30 and
Raman spectroscopy;31 both methods indicate that poly-
(ethylene oxide) chains progressively prefer the gauche (g)
conformation for the OCH2–CH2O segment in the rst stage,
but this direction of the conformational preference is reversed
for concentrations lower than a particular solution composi-
tion. Such an anomaly can be attributed to specic interactions
and/or structures relevant to the glyme–water system. Further-
more, molecular dynamics simulations of monoglyme and
diglyme in aqueous solutions32 conrmed that the g population
of the O–C–C–O dihedral increases with the increase in water
content; a further examination of the composition dependence
of diglyme conformational populations implies that the
decrease in the O–C–C–O g population in extremely dilute
solutions can be attributed to a decrease in the tgt population of
the C–O–C–C–O–C conformational triad. An atomistic force
eld for simulations of monoglyme reveals that the binding of
monoglyme to water is comparable to water–water binding in
water dimers, suggesting strong hydrogen bonding between
monoglyme and water.33 Bedrov and Smith34 found that the
properties of monoglyme–water solutions in a water model
depend on the solution composition; in dilute solutions,
structural and conformational properties are almost indepen-
dent of the water model. However, short glymes
[CH3(OCH2CH2)mOCH3 with m ¼ 1–4] in formamide showed a
different conformational behavior based on a Raman spectro-
scopic study:35 for the solutions with solute mole fractions
between 0.5 and 0.01, the population of the gauche conforma-
tion for the OCH2–CH2O segment increases progressively with
increasing solvent fraction. Monte Carlo simulations of mono-
glyme in water at 298 and 398 K indicate that the anti–anti–anti
conformer is the only conformer that increases its probability
with temperature; the anti–anti–gauche conformer is the most
populated one among all the types.36 The Bernal group37,38

investigated the apparent molar volumes and adiabatic
compressibilities of glymes (e.g. triglyme and tetraglyme) and
crown ethers (e.g. 18-crown-6, 15-crown-5 and 12-crown-4) in
H2O and D2O; their results suggest that the hydration of crown
ethers increases with their size and is predominated by the
hydrophobic hydration of –CH2– groups; they also indicate that
there is a subtle difference between the hydration of the
–CH2CH2O– group in crown and straight-chain compounds,
and the compressibility data reveal a more negative compress-
ibility due to the addition of a –CH2CH2O– group to crown
This journal is © The Royal Society of Chemistry 2014
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ethers compared to a similar addition to a straight-chain glyme.
Douhéret et al.39 measured the densities and ultrasound speeds
of aqueous solutions of di-, tri- and tetra-glyme, and determined
the excess molar volumes and the excess molar isentropic
compressions; the excess molar properties are generally nega-
tive values. The standard Gibbs energy changes associated with
aggregate formation are negative, implying the aggregation is
moderate in aqueous glymes (aggregation number N ¼ 4–6),
although these aggregates are less stable than those formed
from self-assembled species containing hydroxyl groups.

Other experimental or theoretical studies of the physical
properties of glymes or glyme-containing mixtures can be found
in the literature: optical anisotropies of monoglyme, diglyme,
triglyme and tetraglyme,82 excess heat capacities of liquid
mixtures of triglyme and tetraglyme with cyclohexane as well as
tetraglyme with n-heptane at 288.15, 298.15 and 308.15 K and at
atmospheric pressure,83 weak self-association of glymes based
on the evaluation of excess isobaric thermal expansion of glyme
and alkane mixtures by an associated mixture model with
equation of state contribution,84 excess molar volumes and
excess molar isobaric heat capacities of glymes and ethyl
acetate,44 excess molar volumes and viscosities of glyme and
acetonitrile,85 excess thermodynamic and equilibrium proper-
ties of glyme–n-alkane mixtures,45,65,66,71,81 isobaric vapor–liquid
equilibrium for the binary systems of monoglymes and alco-
hols,53 excess molar volumes of binary mixtures of glymes and 1-
propanol,59,60,63 a calorimetric study of interactions between
glyme and alcohol,61 dynamic viscosities of mixtures of refrig-
erant (HFC-134a) + glyme at different temperatures and pres-
sures,86 excess molar enthalpies of mixtures of methanol or
triuoroethanol + glyme,87,88 static relative permittivities of the
ternary system of 2-methoxyethanol + 1,2-dimethoxyethane +
water from �10–80 �C,78 vapor–liquid equilibrium of binary
systems consisting of monoglyme with toluene, methyl-
cyclohexane, or (triuoromethyl)benzene,69 solubility of HFC-
134a refrigerant in glymes,89 densities, viscosities, and refractive
indices of diglyme + cyclohexane or + 1,2,3,4-tetrahydronaph-
thalene,70 excess molar heat capacities of mixtures of glymes
and various alkanes,79 and excess heat capacities of glyme–
dimethylsiloxane systems at 25 �C,90 etc. López et al.91 estimated
the densities, isothermal compressibilities, and isobaric
thermal expansion coefficients of glymes in the temperature
range 293.15 K–353.15 K at pressures up to 100 MPa from the
PcT data (c is the speed of sound in glyme), and found that the
indirect predictions matched the direct experimental values.
Fig. 1 Lithium cation chelated by a tridentate diglyme molecule
(molecular geometry obtained via a PM3 semi-empirical method in
ArgusLab by Richard Terrett at the Australian National University).
4.2. Ion complexing properties

A unique feature of glymes is that they contain multiple ether-
type oxygen atoms (similar to crown ethers) and exible alkoxy
chains. Therefore, they oen behave like crown ethers in terms
of solvating metal ions through oxygen–ion complexation
(chelating) properties, which leads to many valuable applica-
tions. The chain exibility was demonstrated by the spin–lattice
relaxation of methoxy protons in glymes: the experimental T1

�l

values of glymes are signicantly lower than those calculated for
a rigid molecule although higher than those for completely free
This journal is © The Royal Society of Chemistry 2014
motion of methyl groups.92 This section places special emphasis
on the ion chelation properties of glymes while their applica-
tions in electrochemistry and chemical reactions are discussed
in later sections.

A vivid illustration of the ion–glyme complexation is
demonstrated in Fig. 1, where a lithium cation is chelated by a
tridentate diglyme molecule. Matsui and Takeyama93 conrmed
that Li+ is coordinated with six oxygen atoms in either mono-
glyme or diglyme; however, monoglyme is a bidentate ligand
and diglyme is a tridentate ligand. The trans–cis isomerization
of diglyme is necessary for the coordination to a single cation
although it typically has a trans–trans conformation of
minimum energy.94 Carvajal et al.72 studied the solvation
behaviors of [Cs+][BPh4

�], [Na+][BPh4
�] and [Bu(i-Am)3

+][BPh4
�]

in monoglyme and tetrahydrofuran (THF), and indicated that:
(a) free Cs+ coordinates with monoglyme but not with THF, (b)
in both monoglyme and THF, [Na+][BPh4

�] primarily yields
solvent-separated pairs which dissociate into solvent-coordi-
nated Na+ ions, (c) however, [Bu(i-Am)3

+][BPh4
�] forms contact

ion pairs in both media and dissociates into free Bu(i-Am)3
+ and

BPh4
� ions not coordinated with the solvent. Using Electron

Spin Resonance (ESR) spectroscopy, Hoefelmann et al.95 deter-
mined the equilibrium constant of sodium naphthalene and
tetraglyme forming a loose ion pair to be 200–300 M�1 at 27 �C.
Collins et al.96 determined the formation constants of tetra-
glyme separated ion pairs of bolaform electrolytes Na+,
�Fl(CH2)nFl

�, Na+ (Fl� is a uorenyl carbanion; n ¼ 2, 3, 4, or 6)
in THF and tetrahydropyran (THP) at 25 �C. They suggested that
it is easier to separate the ion-pair with tetraglyme in THP than
in THF. For both monoglyme and diglyme, the lithium-ion
solvation-shell coordination number is 4 at room temperature
and 5 at a lower temperature based on the matrix-solvation
FT-IR data.97 A molecular dynamics simulation study98,99 on
different concentrations of NaI dissolved in dimethyl ether and
monoglyme suggests that in diluted solutions, free ions exist as
the most common ionic species, followed by ion pairs; with a
further increase in salt concentration, ion pairs become the
predominant species and many of them are in the form of
clusters of 3–6 ions or more ions. Replacing dimethyl ether by
monoglyme substantially reduces the ion clustering due to the
chelating effect of glyme oxygens with the cation (Na+). At the
highest concentration studied in monoglyme (i.e. an oxygen/
cation ratio of 16 : 1), free ions constitute �50% of the total ion
concentration and neutral pairs constitute about 20%. For Na+–
RSC Adv., 2014, 4, 11251–11287 | 11257
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glyme systems, the electric current is mainly due to the move-
ment of free ions and the relative movement of ions within
loosely bound ion pairs. Based on the ab initio calculations of
metal ion–glyme complexes,100,101 the Lindgren group suggested
that the high chain exibility of glymes enables many stable
structures within a narrow energy range with very different
geometrical arrangements of the ether oxygens, for example, at
least 4 structures of different geometries for M-glyme complexes
(M ¼ Li+, Na+, K+, Mg2+ and Ca2+)100 and 11 structures of
different geometries for the Li+–tetraglyme systems.101 The
coordination numbers of lithium range from 4 to 6 for 1 : 1
complexes of Li+ with tetra-, penta- and hexaglyme, and the total
binding energy increases with the glyme length; the coordina-
tion gures mainly consist of the quadratic pyramid, trigonal
bipyramid and the trigonal prism type of geometries.101

Johansson et al.102 performed the ab initio calculations of 1 : 1
(cation : molecule) complexes of lithium ions with linear olig-
omers, CH3X(CH2CH2X)nCH3, (n ¼ 0–5; X ¼ O, NH or S); their
results suggest that the total binding energy increases with the
increase in glyme chain length and follows the order NH > O > S.
Shen et al.103 studied the complexing behavior between alkaline
earth cations and crown ethers/triglyme in the gas phase,
forming mainly sandwich complexes of doubly charged cations
(12-crown-4)2M

2+, (12-crown-4)(triglyme)M2+, and (trigly-
me)2M

2+; it was also found that triglyme could be easily
replaced by 18-crown-6 than 12-crown-4 possibly due to the rate-
limiting step disrupting less cation–ligand interactions for the
exible ligand than for the rigid one. Henderson et al.104 indi-
cated that both [Li2(CF3SO3)2(diglyme)] and [Li3(CF3CO2)3(di-
glyme)] contain ve-coordinate Li+ cations coordinated by a
tridentate diglyme molecule and two O atoms (each from
separate anions) (see Fig. 2). Henderson et al.105 also suggested
that the (monoglyme)2:LiClO4 crystals consist of contact ion
pairs where the anions have bidentate coordination to the Li+

cations, whilst the (diglyme)2:LiClO4 crystals consist of fully
solvated Li+ cations where the cations and anions do not
directly interact. Grondin et al.106 further studied the Raman
spectra of crystalline complexes of (monoglyme)2:LiClO4,
(diglyme)2:LiClO4 and (triglyme)1:LiClO4, and established the
vibrational assignment for ClO4

� involved in the solvent-
Fig. 2 Li+ cation coordination in [Li2(CF3SO3)2(diglyme)].

11258 | RSC Adv., 2014, 4, 11251–11287
separated ion pair, contact ion pair and aggregate solvates.
Dhuaml and Gejji107 employed ab initio Hartree–Fock and
density functional calculations to study the electronic structure,
charge distribution and vibrational characteristics of
CH3O(CH2CH2O)nCH3 (n ¼ 3–7). They found that the trans-
conformation around C–C and C–O bonds of the backbone of
tri- to hexaglymes leads to the lowest energy conformers;
however, for heptaglyme (n ¼ 7), the gauche-conformation
around the C–C bonds affords a higher stability to the
conformer.

The Watanabe group108 prepared an equimolar complex
[Li(glyme)1][Tf2N] (Tf2N

� also known as TFSA� ¼ bis(triuoro-
methane)sulfonimide), which maintains a stable liquid state
over a wide temperature range and exhibits a high thermal
stability and Li+ ionic conductivity, behaving like a room-
temperature ionic liquid (IL). The physicochemical properties
(e.g. melting point and viscosity) of the glyme–Li salt complex
can be manipulated by the glyme structure. The same group109

further observed a higher oxidative stability of glyme molecules
when complexing with Li+ cations. They found that the elec-
trochemical oxidation of [Li(glyme)1][TFSA] occurred at the
electrode potential of �5 V vs. Li/Li+, while the oxidation of
solutions with excess glymemolecules ([Li(glyme)x][TFSA], x > 1)
occurred at a lower potential of �4 V vs. Li/Li+. Further ab initio
molecular orbital calculations explained that the increased
oxidative stability is due to the donation of lone pairs of ether
oxygen atoms to the Li+ cation, lowering the highest occupied
molecular orbital (HOMO) energy level of glyme molecules. The
thermal stability of bis(dipivaloylmethanato)strontium [i.e.
Sr(dpm)2] compounds containing glyme adducts [i.e. Sr(dpm)2–
triglyme and Sr(dpm)2–tetraglyme] was examined by Cho
et al.110 using thermogravimetric analysis, mass spectrometry,
and FT-IR spectroscopy. They observed that glyme adducts are
decomposed below 200 �C, while the Sr–O and the C–C(CH3)3
bonds are dissociated at higher temperatures, and the C–O and
the C–C bonds are stable up to 400 �C. Glyme molecules in ion
complexes weaken the Sr–O bond between the Sr atom and the
dpm ligand, leading to the dissociation of the Sr–O bond in
Sr(dpm)2–glymes at lower temperatures than the bond in
Sr(dpm)2. However, Sr(dpm)2–glymes are less thermally
degradable than Sr(dpm)2, resulting in fewer residues at
elevated temperatures.

The stability constants (log K, i.e., equilibrium constants for
complexing) for 18-crown-6 with Na+, K+, and Cs+ are 3–6 in
methanol, and are 1.5–2.2 for pentaglyme.4,112 The stability
constants (log K) of 1 : 1 complexes of alkali cations M+ (Na+, K+,
or Cs+) with glymes CH3O(CH2CH2O)nCH3 in methanol increase
with n, which is different from the complexes between M+ and
crown-ethers (–CH2–CH2–O–)n: their stability constants reached
the maximum at n ¼ 6 (Na+, K+) and 6, 7 (Cs+) (see Table
4).111,113,114 The stability constants of glymes are slightly lower
than those of corresponding PEGs, but both of them are
considerably lower than those of crown ethers.115 The higher
stability of the complexes of crown-ethers compared to those of
acyclic analogues (such as glymes) can be attributed to the so
called “macrocyclic effect” (ME), which is a function of the poly-
ether's topology and cation's size.111,112 The macrocyclic effect is
This journal is © The Royal Society of Chemistry 2014
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Table 4 Comparison of stability constants (log K) of glymes
[CH3O(CH2CH2O)nCH3] and crown ethers with alkali ions in methanol
at 25 �C111

Glyme, n ¼ Na+ K+ Cs+ Crown ether Na+c K+c Cs+c

3 1.18a 1.38a 1.17a 12c4 1.41 1.58 1.6
4 1.28b 1.72b 1.45b 15c5 3.30 3.35 3.58
5 1.47b 2.20b 1.85b 18c6 4.36 6.07 4.79
6 1.60b 2.55b 2.17b 21c7 2.54 4.41 5.01
7 1.67b 2.87b 2.41b 24c8 2.35 3.53 4.15
8 1.83a 3.28a 2.77a 27c9 2.14 3.47 3.95
9 1.96a 3.66a 3.09a 30c10 2.14 3.98 4.15

a Calculated value. b Experimental value. c Selected value from the
THECOMAC database.
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not only observed in solution, but also in the gas phase
formation of alkali metal cation-bound dimers of crown ethers
or glymes: the rates for crown ethers were about an order of
magnitude higher than those for glymes.116 Varnek et al.111

demonstrated that the Substructural Molecular Fragments
method can be used to evaluate the stability constants of these
complexes. The Smid group investigated the relative ligand
affinities of glymes, crown ethers, polyamines and other cation-
binding ligands toward lithium and sodium picrate in
toluene117 and dioxane.118 The affinity of glymes in binding
lithium and sodium picrate dramatically increases with
increasing ether chain length up to tetraglyme, and a further
increase in the affinity for longer glymes is primarily due to
the increase in the number of binding sites. However, crown
ethers generally have much higher binding equilibrium
constants toward Li+ and Na+, which could be over 100 times
higher than most glymes. Davidson and Kebarle119 indicated
that monoglyme forms a stronger complex with K+ than
ethylene diamine. Plewa-Marczewska et al.120 determined
the formation constants (Ka) of ionic pairs between Li[CF3SO3]
(or Li[BF4]) and glymes (monoglyme, diglyme or triglyme) using
the anion state sensitive 19F NMR and cation 7Li NMR tech-
niques, and found that the Ka values (log Ka ¼ 3–6) are depen-
dent on the salt concentration range used for calculation and
are generally a few orders of magnitude lower than those esti-
mated from the conductivity data.

Many studies focus on the ion complexation of glymes in
solution. Chan et al.121–123 studied the coordination of uo-
renyllithium, -sodium, and -potassium (carbanion pairs) with
various glymes: CH3O(CH2CH2O)nCH3 (1 # n # 6) in dioxane,
THF, or tetrahydropyran (THP) using optical and NMR spec-
troscopy. In the case of uorenylsodium, 1 : 1 coordination
complexes are formed for glyme-separated ion pairs with glyme-
5 (n ¼ 4), glyme-6 (n ¼ 5) and glyme-7 (n ¼ 6), but the separated
ion pair contains two glyme molecules with glyme-4 and prob-
ably glyme-3. In the case of potassium salt, glyme-separated
1 : 1 complexes are observed for glyme-6 and glyme-7, but
glyme-4 and glyme-5 yield mainly glymated contact ion pairs
and a second glyme molecule is required to convert them to
separated ion pairs. Therefore, depending on the cation size
and glyme chain length, the chelation of glyme with contact ion
pairs results in either glymated contact ion pairs or glyme-
This journal is © The Royal Society of Chemistry 2014
separated ion pairs or a mixture of both. A further study on
temperature dependence suggests that the reason for glymes
being effective complexing agents of alkali ions is mainly due to
a small loss in entropy as compared to solvent separated ion-
pair formation in THF. Takaki and Smid124 titrated diuor-
enylbarium with glymes and crown ethers in THF at 25 �C under
vacuum to examine the formation of ion pair–glyme and –crown
ether complexes, and found that 1 : 1 complexes are formed for
diuorenylbarium with mono- and dibenzo-18-crown-6 as well
as with glyme-7 and glyme-9 while a 2 : l crown–ion pair
complex is formed for monobenzo-15-crown-5. Canters58

analyzed the shi and line widths in 23Na NMR spectra of glyme
solutions of NaBPh4 and NaBH4 as a function of temperature; it
was found that the transition from solvent separated to contact
ion pairs and the type of anions show a considerable impact on
the position of alkali NMR signals, while the line width is
typically a linear function of the viscosity of pure solvent divided
by absolute temperature. Detellier and Laszlo125 observed the
tetracoordination of Na+ when studying the 23Na NMR chemical
shis for NaClO4 in binary mixtures of glyme and tetrahy-
drofurfuryl alcohol. Although monoglyme tends to form
monocyclic intermediates, diglyme and triglyme form bicyclic
intermediates. Gilkerson and Jackson126 noticed that lithium
picrate could be dissolved up to 1 mM in a solvent containing 1
equiv. of either triphenylphosphine oxide (TPPO), hexamethyl-
phosphoramide (HMPA), triglyme, or tetraglyme; however, to
dissolve 1 mM sodium picrate, at least a tenfold excess of either
TPPO, HMPA, or tetraglyme is needed; furthermore, through
the conductance and spectrophotometric measurements, they
observed a very small extent of dissociation in 1 : 1 ligand–
metal picrate complexes and the formation of 2 : 1 and 3 : 1
ligand–cation complexes in the presence of additional ligand.
Plewa et al.127 employed 19F NMR spectroscopy and conductivity
data to study the ion pair formation of mixtures of salts (LiBF4
and LiCF3SO3) with 1,4-dioxane and glyme (or water). They
suggested that mixtures containingmonoglyme or diglyme have
similar coordinating properties (in terms of donor and acceptor
numbers) to liquid PEG dimethyl ether and solid PEG.

The formation of glyme and salt into a crystal solid has been
used to probe the ion complexing properties of glymes. Smid
and Grotens128 reported the crystalline 1 : l complexes of
NaBPh4 with glyme-5, glyme-6 and glyme-7, as well as a 2 : l
complex with glyme-4. de Boer et al.129 studied alkali biphenyls
(NaBp, KBp and RbBp) in triglyme or tetraglyme solutions by
NMR and the crystal structures of NaBp$(2 triglyme), KBp$(2
tetraglyme) and RbBp$(2 tetraglyme) by X-ray diffraction; these
crystals consist of solvent-separated ion pairs in the solid state.
Magnetic experiments were performed for single crystals of
these three systems, and the susceptibility measurements sug-
gested a ferromagnetic coupling in NaBp$(2 triglyme) and
KBp$(2 tetraglyme) and an antiferromagnetic coupling in
RbBp$(2 tetraglyme). The Frech group130 analyzed the crystal
structure of diglyme:LiCF3SO3 and found that the local envi-
ronment of Li+ ions and the torsional angle sequence of bonds
in ethylene oxide units are very similar to those in the high
molecular weight poly(ethylene oxide)3:LiCF3SO3. On the other
hand, their spectroscopic data of diglyme-LiCF3SO3 solutions
RSC Adv., 2014, 4, 11251–11287 | 11259
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suggest that Li+ is coordinated by only three oxygen atoms from
diglyme and one oxygen atom from a CF3SO3

� anion (i.e. ve-
fold coordinated) while triate anions are two-fold coordinated.
The same group131 further examined the crystal structures of
monoglyme:(LiCF3SO3)2 and triglyme:(LiCF3SO3)2, and indi-
cated in the case of monoglyme:(LiCF3SO3)2, that triate anions
are three-fold coordinated and lithium ions are four-fold coor-
dinated whilst in the case of triglyme:(LiCF3SO3)2, triate
anions are three-fold coordinated and lithium ions are both
four-fold and ve-fold coordinated. They also observed the
formation of trans–gauche–trans conformations for the bond
order –O–C–C–O– in adjacent ethylene oxide sequences inter-
acting with a ve-coordinate lithium ion. Furthermore, this
group132 characterized the crystalline phases of glyme:-
NaCF3SO3 using DSC, X-ray diffraction, and vibrational spec-
troscopy, and suggested that Na+ coordinates with 5 to 7 ether
and triate oxygens and more ethylene oxide units lead to
higher coordination numbers. They also emphasized that these
structures are the result of a convoluted effect of ion–ion
interactions, ion-chain heteroatom interactions, and packing
constraints from the organic chains. Henderson et al.133 char-
acterized the crystalline phases of (triglyme)1:LiX (X ¼ CF3SO3

�,
BF4

�, ClO4
� and AsF6

�), and found that the phases are iso-
structural and are different from that of (triglyme)1:LiBPh4. The
same group134 also studied the crystal structures of lithium salt
complexes with tetraglyme including (tetraglyme)1:LiAsF6, (tet-
raglyme)1/2:LiBF4, and (tetraglyme)2/5:LiCF3CO2; and found a
novel form of six-coordinate Li+ cation coordination by glyme
oxygen atoms resembling double-helix dimers. The ionic asso-
ciation strength of LiX salts was investigated in a variety of
aprotic solvents including glymes (see a short review in the
Supporting Information of ref. 135), and is correlated with the
crystallization kinetics of glyme–LiX and PEO–LiX
mixtures.136,137 The approximate ionic association strength in
aprotic solvents is shown below in an increasing order:135,136

beti�, Tf2N
� < PF6

� < ClO4
�, I� < SCN� < BF4

� < CF3SO3
� <

Br� < NO3
� < CF3COO� < Cl�

This order implies the strength of an anion interacting with
solvated cations through ionic attraction.

In addition to alkali metals, the complexing properties of
glymes with other metal and organic cations, or even non-ionic
molecules have also been studied. Timko et al.138 compared the
complexation of t-butylammonium thiocyanate with penta-
glyme and 18-crown-6 in chloroform at 24 �C, and found a
macrocyclic effect of 18 700. The Bartsch group139 studied the
complexing effect of p-tert-butylbenzenediazonium tetra-
uoroborate with glymes in 1,2-dichloroethane at 50 �C, and
suggested a macrocyclic effect of �30 when comparing the
complexation constants (K) for pentaglyme and 18-crown-6 with
aryldiazolium ions. They also observed that the K value is
basically constant (�2) for diglyme, triglyme and tetraglyme,
followed by a steady increase for pentaglyme (4.78), hexaglyme
(7.71), and heptaglyme (11.8) due to an increasing ability of the
glyme to assume a pseudo cyclic structure; however, there is a
drastic drop in K value for octaglyme (3.81) followed by a
11260 | RSC Adv., 2014, 4, 11251–11287
gradual increase for nonaglyme (6.32) and decaglyme (13.6).
The same group140 further investigated the complexation of PEG
and their dimethyl ethers with p-tert-butylbenzenediazonium
tetrauoroborate, and found that complexation constants for
PEG 1000 and 1500 and their dimethyl ethers are 12–18% of
that for 18-crwon-6. Relying on 1H NMR spectroscopy, Otera
et al.141 suggested the formation of 1 : 1 complexes between
glymes, CH3O(CH2CH2O)nCH3 (n ¼ 2, 3, 4), and dimethyltin
dichloride (DMTC) in benzene, as well as both 1 : 1 and 1 : 2
glyme–DMTC complexes for glymes (n ¼ 5, 6) in benzene and
with all glymes studied in toluene and 1-chloronaphthalene.
Hirashima et al.142 suggested the formation of 1 : 1 complexes
between lanthanoid chlorides and triethylene glycol, tetra-
ethylene glycol, pentaethylene glycol, tetraglyme or pentaglyme.
The same group143 found that lanthanoid nitrates [i.e. Ln(NO3)3]
form solid complexes with polyethylene glycols and glymes at
different compositions: 1 : 1 (Ln : ligand) for triethylene glycol,
tetraethylene glycol, pentaethylene glycol and tetraglyme, 1 : 2
(Ln : ligand) for diethylene glycol, 2 : 1 for heptaethylene glycol,
and 4 : 3 for pentaglyme and hexaglyme. Inoue and Hakushi144

found the enthalpy–entropy compensation effect for the
complexation of cations with glymes/podands, crown ethers,
cryptands, and macrocyclic antibiotics in different solvents
(such as water and methanol, etc.). Guerra et al.145 observed that
bis(triuorosilyl)cadmium was marginally stable at 20 �C but
became very stable in monoglyme by forming alkyl–cadmium–

glyme complexes. Markies et al.146 studied the complexation of
bis(p-tert-butylphenyl)magnesium with 1,3-xylylene crown
ethers and glymes, and indicated that in the complex with
diglyme, magnesium is pentacoordinated, whilst in the
complex with tetraglyme, magnesium is pentacoordinated to
three adjacent oxygens of the ve available (including the one
from the methoxy group). In both cases, coordinative saturation
has been reached within the limits of steric restraints. Simple
ethers are usually associated with a tetrahedrally coordinated
magnesium, but polyethers induce higher coordination states,
which could result in improved reactivity of the organo-
magnesium reagent. Meot-Ner et al.147 determined the binding
energies of NH4

+ to glymes using pulsed high-pressure mass
spectrometry, and suggested that binding energies in these
complexes increase with the ligand size and the number of
available oxygen groups. The ab initio calculations of complex-
ing with monoglyme result in the following order of binding
energies of ligands: H3O

+ > Na+ > NH4
+ z K+. To prepare new

inorganic polymers as precursors for thin layer deposition, two
different dimensional compounds [Ca(monoglyme)n(H2O)m]
I2$(monoglyme)x (1: n ¼ 3, m ¼ 3, x ¼ 1; 2: n ¼ 2, m ¼ 4, x ¼ 0)
and [Ca(triglyme)(H2O)4]I2 were formed through metal ion
complexation and hydrogen bonding.148 Mishra et al.149

prepared hydroxo-bridged, centrosymmetric dimeric yttrium
complexes with glymes: [Y2L2(m-OH)2(H2O)x(ROH)y]I4 [1: L ¼
triglyme, x ¼ 2, y ¼ 2, R ¼ iPr; 2: L ¼ tetraglyme, x ¼ 2, y ¼ 0;
3$2EtOH: L ¼ diglyme, x ¼ 2, y ¼ 4, R ¼ Et; 4$2EtOH: L ¼ tri-
glyme, x¼ 4, y¼ 0; 5: L¼ tetraglyme, x ¼ 2, y¼ 2, R¼ Et]; these
ionic derivatives are potential sources of yttrium oxide in high
Tc superconductors. Chantooni et al.150 observed two poly-
morphic forms (i.e. triclinic polymorph I and orthorhombic
This journal is © The Royal Society of Chemistry 2014
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polymorph II) of crystals of the 1 : 2 : 2 pentagly-
me : dichloropicric acid : water adduct complex. The IR spectra
of the 1 : 2 : 2 tri-, tetra-, and pentaglyme : dichloropicric
acid : water complexes indicate that the hydrogen-bonding in
the triglyme complex is as strong as or stronger than that in the
pentaglyme complex, but the hydrogen-bonding in the tetra-
glyme complex is weaker than in the pentaglyme complex.

The complexing properties of some glyme analogues have
been reported in the literature. Jaycox et al.151 examined the
insoluble complexes formed in acidic aqueous media upon
mixing poly(acrylic acid) (PAA) and poly(vinylbenzo-18-crown-6)
(P18C6) or polyvinylbenzoglymes. The complex formation is a
direct result of the hydrogen bonding between carboxyl groups
and crown ether- or glyme–oxygen atoms and also from
hydrophobic interactions; such a precipitation is pH depen-
dent. Saraswathi andMiller152 studied the interaction of protons
and alkali metal ions with dinucleotide analogs of acyclic poly-
ethers using fast-atom bombardment (FAB) mass spectrometry,
and suggested the following order of chelation of alkali metal
ions, acyclic glymes < dinucleotide analogs (acyclic glymes
substituted with nitrogen bases) < crown ethers.

5. Overview of industrial applications

Glymes have a broad range of industrial applications, such as in
cleaning products, inks, adhesives and coatings, batteries and
electronics, absorption refrigeration and heat pumps, phar-
maceutical formulations, etc. For example, mixtures of meth-
anol or triuoroethanol + PEG-DME 250 or tetraglyme can be
used as working uids for absorption refrigeration
machines;87,88 triglyme and tetraglyme are lubricants for the
automotive air-conditioning (A/C) compressor when mixed with
refrigerants (such as HFC-134a).68,86,89 Table 5 summarizes some
representative commercial applications of common glymes.

In particular, dipropylene glycol dimethyl ether, known as
proglyme (P2), is considered an environmentally friendly
solvent and is not listed as a hazardous air pollutant (HAP).
Therefore, P2 has versatile applications including the replace-
ment of N-methyl pyrrolidone (NMP). NMP is known to have
reproductive toxicity whilst much less toxic P2 has similar
physical properties including similar solubility behaviors. Thus,
P2 is an excellent solvent for coatings (such as waterborne
coatings and high solid coatings) and paints (such as electro-
deposition coatings, paint strippers, coating- and graffiti-
removers), as well as for industrial cleaners for degreasing (such
as formulating hard surface cleaners containing bleach).

6. Electrochemical applications

Due to the unique ion complexing properties of glymes (as
discussed in 4.2), glymes have been extensively investigated in
electrochemistry as electrolyte solvents. Slates and Szwarc153

suggested that when sodium biphenyl coordinates with diglyme
or triglyme in a 1 : 1 stoichiometric ratio, diglyme coordinates
with the periphery of the ion pair while two isomeric ion pairs
are formed in triglyme (glyme attaching to the periphery of the
pair, and glyme separating the ions). Canters et al.154 prepared
This journal is © The Royal Society of Chemistry 2014
single crystals of the alkali radical ion pairs of [Li+][biphenyl�]
in tetrahydropyran (THP), [Na+][biphenyl�] in triglyme, and [K+]
[biphenyl�] and [Rb+][biphenyl�] in tetraglyme. They found the
presence of solvent molecules in stoichiometric quantities in
the crystals, acting as the chelating agents of alkali ions. In
particular, Na2[biphenyl]2[triglyme]5 has shown a strong para-
magnetism and electron exchange interaction, and the electron
correlation time is in the order of 10�l1 to 10�l2 s. Smyrl et al.155

suggested that a spontaneous discharge process for doped
polyacetylene in a LiI-monoglyme solution could restrict the
reversibility of this and other conductive polymers when used as
electrode materials. Foos et al.156 examined the conductivity of
LiBr dissolved in glymes (mono- and di-) and their mixtures
with other ethers, and found that solution conductivity
increases with the salt concentration up to a maximum. Inter-
estingly, they also discovered that the conductivity of 1.0 M LiBr
in a 1 : 1 (v/v) mixture of monoglyme and dioxolane increases
with the decrease in temperature; this is particularly valuable
for battery electrolytes with maximized conductivities at low
temperatures.

Sharma and Bhagwat157measured the conductivities of alkali
metal picrates dissolved in tetraglyme, 18-crown-6 and tetra-
ethylene glycol diquinoline ether at 25 �C in a methanol–water
mixture. The formation constants (KML) of 1 : 1 complexes of
alkali metal ions with these ligands in 70% methanol were
found to be dependent on the anion; the log KML values of alkali
metal ions with tetraglyme, 18-crown-6 and quinoline ether are
in a decreasing order of K+ > Na+ > Rb+ z Cs+ > Li+, K+ [ Na+ >
Rb+ > Cs+, and Na+ > K+ > Rb > CS+ > Li+, respectively. They also
observed that the cyclic ligand gives a more stable complex and
a higher selectivity than non-cyclic ligands. Pyati and Murray158

found that the microelectrode voltammetry-derived heteroge-
neous electron transfer kinetic rates kET for the redox couple
cobalt tris(bipyridine) [Co(bpy)3]

2+/3+ in a series of glyme
solvents are inversely proportional to the solvent’s longitudinal
relaxation time and viscosity but directly proportional to the
diffusion coefficient of the metal complex. Teeters et al.159

measured the surface tension of a tetraglyme–lithium triate
system, and observed a preferential distribution of the triate
ion between the interface and the bulk. They indicated that the
surface concentration increases with the concentration of
lithium triate until a high ‘ion aggregation’ concentration was
reached. These results further stimulated the infrared study of
poly(ethylene oxide)–lithium triate lms, and enabled a more
mechanistic understanding of polymer electrolyte materials. To
provide an aprotic environment for lithium batteries, Cho-
quette et al.160 studied the phase diagrams, potential windows,
conductivities and the lithium interfacial resistance of Li[Tf2N]
dissolved in sulfamides and glymes. They suggested that glymes
or their mixtures with sulfamides could be useful for batteries
whose cathode is not a 2D layer structure. Plewa et al.161 con-
structed composite electrolytes comprising polyglyme (Mw ¼
500), LiX (X ¼ I�, BF4

� and CF3SO3
�) and a calix[6]pyrrole

derivative (C6P), and focused on the role of C6P as an anion
complexing agent. To probe the potential use of tin as an
alternative anode material for rechargeable lithium batteries,
Katayama et al.162 examined the charge–discharge properties of
RSC Adv., 2014, 4, 11251–11287 | 11261
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Table 5 Major solvent features and industrial applications of glymesa

Glyme Solvent features Representative industrial applications

Monoglyme (G1) � Low b.p. (85.2 �C) Production of active ingredients, metal–
organics, electrolyte solvent for sealed lithium
batteries, entrainer, chromium electroplating,
cyanoacrylate based adhesives, etching of
printed circuit boards, treating aluminum
surfaces

� High stability

Ethyl glyme (G1-Et) Solvent in paints, adhesives, coatings, shellacs,
resins, detergents, dyes and polycarbonate
products

Diglyme (G2) � High solubility for Na/K alloys API production (such as anti-AIDS drug
Nevirapine), reaction solvents for
organometallic reagents, entrainer for
azeotropic distillation, battery electrolyte,
conducting thermoplastic paste, solvent for
Teon etchants, a suspension of sodium and
naphthalene in G2 used for destruction of
polychlorinated biphenyls (PCBs) in
transformer oil, solvent in a formulation to
improve the bonding of tire cord to rubber,
solvent in printing and inkjet inks and inkjet
cartridges, brake uid, paints and other
coatings, plastics, adhesives and sealants

� Good solvent for Grignard reagents, LiAlH4

and NaBH4

� Chelate ligand for cations
� Excellent stability even at high pH values

Butyl diglyme (G2-Bu) � Hydrophobic Selective extraction of gold from hydrochloric
solutions containing other metals, used in
compositions for production of printed circuits
and diode fabrication,

� High b.p. (256 �C)

Triglyme (G3) � High b.p. (218 �C) Solvent for Teon etching, high boiling and
inert solvent for organic reactions, a solvent in
consumer adhesives and paints, a component of
consumer brake uids and paint/graffiti
removers

� Chemically inert

Tetraglyme (G4) � High b.p. (275 �C) Flue gas cleaning systems, solvent for
production of binders for paints, coalescing
agent in paint formulations, adhesives
production, electrodeposition, manufacture of
soldering uxes/solder pastes, adsorption liquid
and gas scrubbing, formulations of paint
strippers and adhesive removers, extraction of
volatile organic compounds from solid wastes,
inert additive for the xation of methylated
methylolmelamine resins in durable-press
cotton and cellulosic fabrics, an HFC/CFC
lubricant

� High stability
� High solubility of inorganic salts

Proglyme (P2) � Environmentally friendly Excellent replacement for NMP (N-methyl
pyrrolidone) in many applications,
polyurethane dispersion (PUD) formulation and
two-pack PU coatings, waterborne coatings and
high solid coatings, paint strippers, coatings-
and graffiti removers, cleaners for degreasing,
electrodeposition coatings, co-solvent in
aluminum paste formulations, replacement of
xylene for the production of alkyd and polyester
resins

� High chemical stability
� High b.p. (175 �C)
� Replacement for NMP
� Replacement for xylene

Polyglymes (MW 236 or 275) � Dissolution of gases such as CO2 and H2S Gas purication by removing CO2, H2S, COS and
water from natural gas or ammonia synthesis
gas feed stocks, solvent for manufacturing
polyester bers with improved moisture
retention and multiporous hygroscopic bers,
formulation in dyes to dye polyester-cotton
textiles, consumer paint strippers

� High b.p.

Higlyme (MW > 400) � High b.p. (>300 �C) Formulations of coatings (urethanes and inks)
and agro-chemicals� High ash point (140 �C)

PEG-DME 200 � High b.p. (>300 �C)

11262 | RSC Adv., 2014, 4, 11251–11287 This journal is © The Royal Society of Chemistry 2014
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Table 5 (Contd. )

Glyme Solvent features Representative industrial applications

Special solvent, ue gas cleaning systems,
delacquing

PEG-DME 250 � High b.p. (>300 �C) PTC, special solvent, absorption solvent for H2S,
COS, mercaptans and CO2,

PEG-DME 500 � High b.p. (>300 �C) PTC, high boiling solvent, electroplating
PEG-DME 1000 � High b.p. (>300 �C) PTC, high boiling solvent, electrodeposition
PEG-DME 2000 � High b.p. (>300 �C) PTC, high boiling solvent, electroplating,

depolymerization reactions

a Polyglymes are polyethylene glycol dimethyl ethers with different molecular weights ranging from 200–2000.
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a tin thin lm electrode in an ionic liquid, 1-butyl-1-methyl-
pyrrolidinium bis(triuoromethylsulfonyl)amide containing 0.1
M Li[Tf2N]. To reduce the interfacial resistance in the ionic
liquid electrolyte, a small amount (0.2 M) of glymes (mono-, di-,
tri- and tetra-) were added to coordinate with the Li+ ions.

As discussed in detail in Section 4.2, glymes dissolve alkali
salts and form complexes with them; such unique properties
have signicant electrochemical implications. Izutsu et al.163

studied the complexing of lithium ions in propylene carbonate
(PC) with glymes (mono-, di-, tri- and tetra-) using a univalent
cation-sensitive glass electrode. An early study by Aurbach and
Granot164 suggested that electrolytes consisting of various
lithium salts and glymes (monoglyme, diglyme and ethyl glyme)
might not be suitable for rechargeable Li battery systems using
Li metal anodes due to a rough morphology of Li upon depo-
sition–dissolution cycling causing a low Li cycling efficiency.
However, Brouillette et al.165 indicated that glymes (mono-, di-,
tri- and tetra-) are electrochemically stable, possess a good redox
window, and are analogs of PEOs used in polymer-electrolyte
batteries. Therefore, this group measured the conductance and
apparent molar volume and heat capacity of Li[Tf2N] at various
concentrations in glymes; from these data, they concluded that:
(a) at low concentrations, Li[Tf2N] is strongly associated in
glymes; (b) at intermediate concentrations, there is a stable
solvate of Li[Tf2N] in glymes in the solution state; (c) at high
concentrations, the thermodynamic properties of the lithium
salt resemble those of molten salts. Hayamizu et al.166 measured
the self-diffusion coefficients of Li+, Tf2N

�, and the solvent
(including glymes) in Li[Tf2N]–solvent systems using a pulse-
gradient spin-echo (PGSE) NMRmethod. They observed that the
ionic conductivity and the diffusion coefficients increase with
the increase in glyme chain length (monoglyme / diglyme /

triglyme), and the degree of dissociation at 30 �C is in the range
of 31–38%. To further understand the role of PEO in electrolyte
systems, the same group167 employed pulsed-eld gradient spin-
echo (PGSE) 1H, 19F, and 7Li NMR to study electrolytes of glymes
CH3O(CH2CH2O)nCH3 (n ¼ 3–50) mixed with Li[Tf2N]. They
suggested that the segmental motions of the PEO moiety in
glymes induce high chain exibility and enable high solubility
and transport of doped Li+ ions; the rate of segmental motion
decreases with the increase in PEO chain length. To probe the
molecular interactions of lithium salts in glymes used for solid
polymer and liquid electrolytes, Henderson et al.168 determined
This journal is © The Royal Society of Chemistry 2014
the phase behavior and solvate structures of glyme complexes
with Li[Tf2N] and Li[beti] (beti ¼ bis(peruoroethanesulfonyl)
imide) to be (monoglyme)1:Li[beti], (diglyme)2:Li[Tf2N],
(diglyme)1/2:Li[Tf2N], and low-temperature (triglyme)1:Li[beti];
most solvates undergo order–disorder solid phase transitions.
Kolosnitsyn et al.169,170 studied the cycling of a sulfur electrode
in a mixture of 3-methoxysulfolane and sulfolane with glymes
(mono-, di- and tetra-) and lithium triate (Li[OTf]) as the sup-
porting electrolyte. They found a decrease in the electrode
capacity with the increase in PEO units of glymes and in the
number of donor centers in sulfone molecules, which is due to
the variation of the form taken by lithium polysuldes in
solutions and the increase in electrolyte viscosity. Tobishima
et al.171 investigated the conductivity, lithium ion solvation state
and charge–discharge cycling efficiency of lithiummetal anodes
in glyme-based electrolytes for rechargeable lithium cells;
ethylene carbonate (EC) and methylethylcarbonate (MEC) were
added to glymes in order to dissolve 1.0 M LiPF6. They found
that the conductivity increases with the decrease in PEO chain
length and the solution viscosity; they also indicated that di-
and tri-glyme exhibit a better performance than mono- and
tetra-glyme in terms of conductivities at low temperature (below
0 �C) and the charge–discharge cycling at a high current. The
same group172 further demonstrated the use of such tertiary
electrolyte systems (mixing glymes with 1 M LiPF6–EC/MEC) in
rechargeable lithium cells with Si-based anodes: for both Li/Si +
C and Li/Si–C + C cells, the discharge capacity appears to be
larger than the system without glyme, and the cycling life of the
latter cells is also improved. Kaulgud et al.173 carried out ab
initio Hartree–Fock calculations to determine the electronic
structure and vibrational frequencies of CH3(OCH2CH2)nOCH3–

M+–OTf� (n ¼ 2–4, M ¼ Li, Na, and K) complexes. They sug-
gested that the metal ion has various coordinations from 5 to 7
in these complexes, and Li+ ions bind to one of the oxygen
atoms of OTf� in tetraglyme–lithium triate while Na+ or K+

ions show bidentate coordination. In addition, the metal ion
tends to bind more strongly to ether oxygens of tetraglyme than
its di- or triglyme analogues. The Watanabe group174 deter-
mined the physicochemical properties of triglyme and tetra-
glyme solutions of Li[Tf2N] and observed the formation of
complexes ([Li(glyme)][Tf2N]) in concentrated solutions. The
ionic conductivity is concentration-dependent and reaches its
maximum at �1 M. The viscosity increases with the salt
RSC Adv., 2014, 4, 11251–11287 | 11263
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concentration while the self-diffusion coefficient of each species
in the solutions decreases with the salt concentration.
[Li(glyme)][Tf2N] may be considered as a quasi-ionic liquid in
terms of similar ionicity. Orita et al.175 observed that a higher
amount of tetraglyme in tetraglyme–Li[Tf2N] complexes
decreases the viscosity and increases the ionic conductivity of
the mixture; in addition, the mixture has a higher thermal
stability than conventional organic electrolytes when the molar
ratio of tetraglyme is more than 40 mol%. They further
demonstrated the potential of [Li(tetraglyme)][Tf2N] as a
replacement of organic electrolytes in lithium ion batteries with
appropriate electrode-active materials. Tamura et al.176 prepared
glyme–cyclic imide lithium salt (Li[CTFSI]) complexes as ther-
mally stable electrolytes for lithium batteries, i.e. [Li(G3)]-
[CTFSI] (solid) and [Li(G4)][CTFSI] (liquid). The latter complex
shows a much higher thermal stability than pure G4, and a high
ionic conductivity of 0.8 mS cm�1 at 30 �C despite its high
viscosity. They also observed a stable charge–discharge cycling
behavior of a [LiCoO2|[Li(G4)][CTFSI]|Li metal] cell during 50
cycles, implying the applicability of the [Li(G4)][CTFSI] complex
in a 4 V class lithium secondary battery. The Watanabe group177

investigated the physicochemical and electrochemical proper-
ties of a 1 : 1 complexing mixture of triglyme and Li[N(SO2F)2]
(lithium bis(uorosulfonyl)amide) as a safe lithium-ion
secondary battery electrolyte. This new electrolyte has a rela-
tively high thermal stability, and enabled a stable charge–
discharge of Li+ ions with both LiFePO4 positive electrode and
graphite negative electrode leading to high coulombic efficiency
and long cycle. In addition, they achieved 82% of capacity
retention aer 100 cycles of charge–discharge operations of a
[LiFePO4 positive electrode|G3-LiFSI electrolyte|graphite nega-
tive electrode] cell. The same group178 further examined the use
of a 1 : 1 equimolar complex electrolyte of triglyme:Li[Tf2N] in
lithium secondary batteries using lithium metal and two posi-
tive electrode materials (LiFePO4 and LiNi1/3Mn1/3Co1/3O2).
They observed a relatively favorable surface formed at the
electrolyte/lithium metal electrode interface; and they also
found an excellent capacity retention with low degradation for
both 3V-class [LiFePO4|Li metal] and 4V-class [LiNi1/3Mn1/3Co1/3
O2|Li metal] cells.

The lithium/sulfur (Li/S) battery has become a promising
electrochemical system because of its high theoretical capacity
of 1675 mA h g�1.179 However, the present Li/S system has a
number of obstacles to overcome, such as its poor active
material conductivity, active material dissolution, and the
highly reactive lithium metal electrode. The Watanabe group180

examined the redox reaction of sulfur supported on inverse opal
carbon (IOC) in a [Li(tetraglyme)][Tf2N] molten complex elec-
trolyte. They found that the Li|[Li(tetraglyme)][Tf2N]|sulfur/100
nm IOC cell maintained a large discharge capacity of ca. 800 mA
h g�1-sulfur and a high coulombic efficiency of >97% aer 50
cycles. They suggested that the [Li(tetraglyme)][Tf2N] molten
salt could be a promising electrolyte enabling a high coulombic
efficiency of charge–discharge in Li–S batteries. Barchasz
et al.181 found that conventional carbonate-based electrolytes
cannot be used in Li/S cells and then suggested that Li/S cell
electrolytes require solvents with high solvation power such as
11264 | RSC Adv., 2014, 4, 11251–11287
tetraglyme and ethyl diglyme, but not those solvents (e.g.
monoglyme, butyl diglyme and 1,3-dioxolane) with low poly-
sulde solubility. Polyglyme (averageMn¼ 250) plays a vital role
in Li/S electrolytes, and could prevent fast electrode passivation
and extend the length of a second discharge plateau, resulting
in a discharge capacity of about 1100 mA h g�1 for the rst
discharge and over 550 mA h g�1 remaining aer 10 cycles.

In addition to the alkaline battery system, other metal
battery systems have also been explored using glyme-based
electrolytes. Aurbach et al.182 prepared new electrolyte solutions
based on glymes (such as mono-, di- and tetra-) andmagnesium
aluminates, giving an electrochemical window of 2.5 V and
>99% efficiency of Mg deposition–dissolution cycles. They
further developed new rechargeable Mg batteries (1–1.5 V) using
these electrolyte solutions and cathodes of the MgxMoSy type
(Chevrel phase) for delivering over 1000 charge–discharge
cycles. This group183 further constructed rechargeable Mg
battery systems by using Mg(AX4�nRn)2 complexes (A¼ Al, B, Sb,
P, As, Fe, and Ta; X ¼ Cl, Br, and F; and R¼ butyl, ethyl, phenyl,
and benzyl) in several ether solvents and glymes (mono-, di- and
tetra-). They found some of these Mg complexes in THF or
glymes gave a wide electrochemical window (>2 V) and allowed
the reversible deposition of magnesium. This group184 further
developed new magnesium batteries comprising Mg metal
anodes, an electrolyte with a general structure of
Mg(AlX3�nRnR0)2 (R, R0 ¼ alkyl groups, X ¼ halide) in ethereal
solutions (such as THF and tetraglyme), and Chevrel phases of
MgMo3S4 stoichiometry as highly reversible cathodes. The
magnesium battery systems could be cycled thousands of times
with little loss in capacity; in addition, they are environmentally
benign alternatives to lead–acid and nickel–cadmium batteries
and are constructed from abundant, inexpensive, and nonpoi-
sonous materials.

Solid-state electrolytes consisting of poly(ethylene oxide)
(PEO) doped with salts have promising applications in batteries,
capacitors and fuel cells because these electrolytes exhibit high
ionic conductivity. In addition, they are so solids, and if small
glyme molecules are used, they are monodispersed and do not
entangle like polymers. Rao and Klemann185 investigated the
behavior of Li/TiS2 cells in a low-temperature melt comprising
LiI:glyme solvate, and suggested the cells could be discharged at
high rates in the low temperature melt and could be stored in
solid electrolyte long-term. Zhang et al.186 measured the ionic
conductivities of several solid electrolytes comprising lithium
salts with glymes, and indicated that the (tetraglyme)0.5:LiBF4
electrolyte has the highest conductivity among those small-
molecule electrolytes with a lithium transport number of 0.65.
The same group187 further observed an increase in conductivity
(from around 10�7 to 10�4 S cm:1) by substituting PEO mole-
cules in conducting crystalline complexes PEO6:LiXF6 (X ¼ P or
As) with glymes (tri- and tetra-). Since the stoichiometric
compositions of glyme–salt complexes are lower than 6 : 1 (4 : 1
for G3 : LiXF6 and 5 : 1 for G4 : LiXF6), there are three phases
present, the 6 : 1 phase, the glyme complex and a liquid con-
taining some salt; and it is believed that the liquid is primarily
responsible for the conductivity. This group188 also evaluated
two glyme-based solid electrolytes: G3 : LiAsP6 and G4 : LiAsP6,
This journal is © The Royal Society of Chemistry 2014
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and reported that they have quite different transport numbers
(t+ ¼ 0.8 and 0.1 respectively). This is due to two factors: (a)
there are tunnels in the crystal structure of the G3 complex for
Li+ migration, but not in the G4 complex; (b) there is a weaker
binding of AsF6

� in the structure of G4 than in G3. The Bruce
group189 further determined the crystal structures of complexes
[CH3O(CH2CH2O)nCH3]:LiAsF6 (n ¼ 8–12), and indicated that
Li+ ions are six coordinated if only ether oxygens are involved in
coordination and the coordination number becomes ve if a
uorine from the AsF6

� anion is involved in coordination. They
also observed low lithium transport numbers (t+ < 0.3) and
lower conductivities in these complexes compared with
complexes formed with lower glymes (n ¼ 3, 4). Xia and Smid190

conducted the differential thermal analysis of solid polymer
electrolyte complexes of lithium (or sodium) triate and
homopolymers derived from three methacrylate monomers
CH2]C(CH3)COO(CH2CH2O)nCH3 (n ¼ 4, 8 or 22 on average),
and found that the conductivities of these complexes were
comparable to those known for alkali complexes of poly-
(ethylene oxide). Holzer et al.191 described a different type of
solid electrolyte containing a glyme motif, poly[1,4-(2,5-
bis(1,4,7,10-tetraoxaundecyl))phenylene vinylene] (BTEM-PPV,
see Scheme 4), for constructing red-orange light-emitting elec-
trochemical cells (LECs). The high electronic conductivity and
ionic conductivity of BTEM-PPV could be attributed to its
conjugated backbone and glyme-containing side chains. LECs
based on this polymer are relatively bright light emitting devices
with low response times. Because of the covalent linkage of PEO
chains to the PPV backbone, an ionochromic effect was also
observed in both absorption spectrum and electroluminescence
spectrum when BTEM–PPV is complexed with metal ions; this
indicates its potential application in chemical sensors.

7. Uses In organic reactions

Glymes play various vital roles in organic synthesis. The most
common role is acting as the reaction media (solvent role).
Other important roles include reaction additives/metal chela-
tors, catalysts and reagents. The following sections discuss
some representative examples in each of these categories.

7.1. Reaction solvents

Glymes are liquid over a wide temperature range (Table 2) and
are suitable for reactions at low temperatures (low freezing
points). For example, monoglyme has a freezing point of�69 �C
and has been widely used in low-temperature reactions, but it
Scheme 4 Structure of BTEM-PPV.

This journal is © The Royal Society of Chemistry 2014
can also be removed easily during the workup (boiling point
85 �C). In addition, glymes have a strong solvating power and
can dissolve a variety of compounds, particularly chelating with
metal ions. For example, the solvating power of the ether-type
solvents increases in the order 2-methyltetrahydrofuran < THF <
monoglyme < diglyme < triglyme < tetraglyme; in particular,
triglyme and tetraglyme are strong chelating agents for Na+

ions.58 Therefore, glymes (especially monoglyme) have been
explored in numerous organic reactions since the 1960s, such
as reduction, oxidation, substitution, C–C coupling, borane
chemistry, and other reactions.

Reduction reactions. When norcamphor and 5-norbornen-2-
one were treated with NaH and MeI in monoglyme, reduction
products (methyl ethers) were obtained (Scheme 5); it is the
carbonyl group that is reduced and not the O-alkylation prod-
ucts, 2-methoxynorbornene and 2-methoxynorbornadiene.192

The benzocyclobutadiene radical anion was produced by the
addition of trans-1,2-dibromobenzocyclobutene to an excess of
solvated electrons in a mixture of monoglyme and diglyme at
�60 �C (Scheme 6).193 Similarly, treating cyclooctatetraene with
potassium mirror in monoglyme at �90 �C (or �80 �C) yielded
an anion radical.194,195 Miller et al.196 treated dibenzonorcar-
adiene with different electron-transfer reducing agents in
anhydrous monoglyme to form a dibenzonorcaradiene anion
radical, whose cyclopropane isomerization led to various
reduction products; for example, the Na-reduction aer 12 h at
r.t. produced 9-methylphenanthrene (25.4%), 9-methyl-9,10-
dihydrophenanthrene (47.9%), and 6,7-dihydro-5H-dibenzo[a,c]-
cycloheptene (26.6%).

Walborsky et al.197 studied the reductive cleavage of 1,1-
biphenylene-2-methylcyclopropane using sodium and lithium
in liquid ammonia, sodium in monoglyme, sodium naph-
thalide in monoglyme, and by controlled potential electrolysis
in acetonitrile at a mercury cathode (Scheme 7). The isomer
ratio of two products 9-propyluorene and 9-isopropyluorene
ranged from 96 : 4 to 81 : 19. However, the use of monoglyme as
the solvent gave a lower product ratio. In the synthesis of
Scheme 5 Reduction of norcamphor and 5-norbornen-2-one in
monoglyme.
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Scheme 6 Preparation of benzocyclobutadiene radical anion. Scheme 8 Reduction of nitrosoamides to alcohols.
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asymmetric phosphine macrocycles, Wei et al.198 eliminated the
protecting tosyl groups at �78 �C by sodium naphthalenide in
monoglyme containing t-butyl alcohol (as a proton source); this
method was used by the same group in an earlier detosylation
study.199

Partial reduction of a lactam to produce the indole alkaloid
roxburghine D was achieved by using di-isobutyl aluminium
hydride in monoglyme at �70 �C.200 Dahl et al.201 prepared
CH3Ge(PH2)2H and CH3Ge(PH2)3 by the reaction of CH3GeCl3
with LiAl(PH2)4 in triglyme at�23 �C. Saavedra202 carried out the
reduction of nitrosoamides to alcohols using NaBH4 in dry
monoglyme at room temperature for 2–8 h, achieving 50–82%
yields (Scheme 8). Ohsawa et al.203 found that the potassium
metal–crown ether–diglyme system could be effective for the
reductive removal of sulfonyl group from O-sulfonates or
sulfonamides. The Rieke group204,205 prepared highly reactive
metal powders of Fe, Co, Ni, Pd and Pt from the reduction of
anhydrous metal halides in monoglyme or THF by lithium in
the presence of a small amount of naphthalene. Inaba et al.206

prepared highly reactive metallic nickel by reducing nickel
halides with lithium in monoglyme using naphthalene as an
electron carrier, and further investigated it as a reductive
homocoupling reagent for benzylic mono- and polyhalides
(Scheme 9) to produce 1,2-diarylethanes. Specically, the
coupling of benzylic monohalides at room temperature yielded
the corresponding ethane derivatives, and the coupling of
benzylic di- and trihalides gave mixtures of cis and trans isomers
of substituted ethenes. Carbonyl-substituted closo polyhedral
boranes with B10 and B12 cages are important derivatives that
can be converted to other functional groups such as cyanide,
amide, keto, ester, amine, etc. The same group207 further
demonstrated that metallic nickel could be a versatile coupling
Scheme 7 Reductive cleavage of cyclopropane ring.

11266 | RSC Adv., 2014, 4, 11251–11287
reagent for ketone preparation by the reaction of benzylic,
allylic, vinylic, and pentauorophenyl halides with acid halides
at 85 �C in monoglyme. Reduction of the B12 1,12-dicarbonyl to
1,12-bis(hydroxymethyl)decahydrododecaborate salts was ach-
ieved by using LiAlH4 in anhydrous monoglyme at room
temperature.208

Bianconi et al.209 described a general method for the reduc-
tive coupling of carbonyl ligands in [M(CO)2(dmpe)2Cl]
complexes, M ¼ Nb or Ta and dmpe ¼ 1,2-bis(dimethylphos-
phino)ethane: the reaction of [M(CO)2(dmpe)2Cl] with 40%
sodium amalgam in THF or monoglyme, aer the ltration, the
addition of Me3SiY, Y ¼ Cl or CF3SO3 (triate), and the recrys-
tallization from pentane results in [M(Me3SiOC^COSi-
Me3)(dmpe)2Y] with 40–70% isolated yields. The Walton
group210,211 developed a general method for synthesizing dir-
henium octahydrides Re2H8(PR3)4 [PR3 ¼ PMe3, PEt3, P-n-Pr3,
PMe2Ph, PEt2Ph, PMePh2, Ph2PCH2PPh2 (dppm), and
Ph2PCH2CH2PPh2 (dppe)], via the reduction of triply bonded
complexes Re2Cl4(PR3)4 using LiAlH4 in monoglyme and the
subsequent hydrolysis step. Taking the advantage of glymes as
high-boiling inert solvents, Yang and Pittman212 studied the
dechlorination of 4-chlorobiphenyl with NaBH4 in glymes at
120–310 �C (Scheme 10). At comparable reaction conditions, the
dechlorination rates decreased in the order of tetraglyme > tri-
glyme > diglyme, and a complete dechlorination was observed
in NaBH4/tetraglyme at 310 �C in 1 h. The addition of LiCl to
NaBH4 could enhance the dechlorination rate in di-, tri-, and
tetraglyme respectively at 120–135 �C. On the other hand, the
dechlorination of 4-chlorobiphenyl was not successful in the
NaBH4/diphenyl ether system. Based on the samemethodology,
this group213 also accomplished the dechlorination of penta-
chlorophenol and 1,2,4-trichlorobenzene using NaBH4 in tet-
raglyme at 290–315 �C or by NaBH4/LiCl at 125–135 �C in
diglyme, triglyme or tetraglyme aer premixing at room
temperature. Furthermore, this group214 achieved a quantitative
dechlorination of a polychlorinated biphenyl (PCB) mixture
(Aroclor 1016) using NaBH4 in tetraglyme at 290–310 �C in 2 h in
a sealed tube, or using NaBH4/LiCl/glyme solvents (di-, tri-, or
tetraglyme) at 125–135 �C.

Kanth and Brown215 noted that NaBH4 and NaBF4 have
reasonably high solubilities in glymes (particularly triglyme and
Scheme 9 Ni-catalyzed reductive homocoupling of benzylic halides.

This journal is © The Royal Society of Chemistry 2014
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Scheme 10 Dechlorination of 4-chlorobiphenyl.
Scheme 13 Preparation of metal enolates from trialkylsilyl enol ethers.
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tetraglyme). As illustrated in Scheme 11, they developed an
improved procedure for the generation of diborane (B2H6) by
the reaction of NaBH4 in triglyme or tetraglyme, followed by the
generation of diborane through a reaction of NaBF4 with NaBH4

in triglyme (or tetraglyme) in the presence of Lewis acids such as
AlCl3 and BCl3. Triglyme (or tetraglyme) could be easily recov-
ered and recycled.

Oxidation reactions. Ouellette and Levin216 conducted the
oxidation of phenylcyclopropane by Na2PdCl4 in 2 : 1 (v/v)
monoglyme–water, and found that the product distribution is
dependent on the ratio of phenylcyclopropane to Na2PdCl4
(Scheme 12). At a low ratio of phenylcyclopropane/Pd(II), pro-
piophenone is the major oxidation product; however, at a high
ratio, an isomerization to trans-propenylbenzene occurs, which
is further oxidized to phenylacetone.

Ochiai and Fujita217,218 synthesized allylic nitrates via the
reaction of ent-16-kaurene or ent-15-kaurene with thallium(III)
trinitrate in monoglyme. McKillop et al.219 found that thalliu-
m(III) nitrate is capable of oxidizing chalcones, deoxybenzoins
and benzoins in aqueous glyme–perchloric acid; the same
group220 also oxidized diarylacetylenes to benzils in good yields
in aqueous acidic glyme or in methanol.

Substitution reactions. Stork and Hudrlik221 synthesized
different metal enolates from trialkylsilyl enol ethers using
organometallic reagents in monoglyme (Scheme 13). For
example, at room temperature, methyllithium completely
converts trimethylsilyl enol ether of 2-methylcyclohexanone
into lithium enolate in 6 min in monoglyme but in �1 h in
ether. In another study, Stork and Hudrlik222 described the
preparation of trialkylsilyl enol ethers from ketone and NaH in
monoglyme under reux conditions followed by the addition of
triethylamine and trimethylsilyl chloride and subsequent
workups. In the preparation of racemic alkaloid 3-epi-elwesine,
piperonyl cyanide was converted to cyclopropane carbonitrile
Scheme 11 Improved procedure for diborane generation.

Scheme 12 Oxidation of phenylcyclopropane by Na2PdCl4 in aqueous m

This journal is © The Royal Society of Chemistry 2014
via a two-step substitution reaction using LiNH2 in monoglyme
at room temperature with 65–75% yield (Scheme 14),223

although the use of NaNH2/glyme only afforded low yields of the
cyclopropane.224

Kice and Kasperek225 examined the hydrolysis of aryl a-
disulfones in various Et3N–Et3NH

+ buffers in 60% dioxane and
60% monoglyme as solvents; they found that the triethylamine-
catalyzed reaction is a general base catalysis (by triethylamine)
rather than nucleophilic catalysis (Scheme 15a). The same
group226 further investigated the hydrolysis of p-nitrophenyl p-
toluenesulfonate in Et3N–Et3NH

+ buffer in both 20% acetoni-
trile and 60% aqueous monoglyme, and found no signicant
catalysis by triethylamine in this case. However, they observed
that N-ethylpyrrolidine (NEP) could catalyze the hydrolysis in
60% monoglyme, which is shown to be via nucleophilic catal-
ysis (Scheme 15b).

The nucleophilic aromatic substitution of haloaryl sulfones
with alkali phenoxides was studied in glymes at 160 �C (Scheme
16).227 The reaction was found to be rst order in halo sulfone
and of fractional (�0.5) order in phenoxide ion. The longer
glyme chain length promoted a faster reaction, and when n z
20 the reaction rate was about 25 times faster than when n ¼ 2
(diglyme). The likely reason for the rate enhancement is that
polyglyme is a better cation solvating solvent than diglyme.
Pastor and Hessell228 studied the aromatic substitution of hexa-,
tetra-, tri-, di-, and monochlorobenzenes with sodium alka-
nethiolates in several glymes, and found that the product yield
decreased in the order: tetraglyme > triglyme > diglyme >
monoglyme. It was explained that tetraglyme is more effective
in solvating the sodium cation, generating a more nucleophilic
unsolvated thiolate anion.
onoglyme.

Scheme 14 Conversion of piperonyl cyanide to cyclopropane
carbonitrile.
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Scheme 15 Hydrolysis of (a) aryl a-disulfones and (b) p-nitrophenyl p-toluenesulfonate.

Scheme 16 Nucleophilic substitution of haloaryl sulfones with alkali phenoxides.

Scheme 18 Preparation of azetidine.

Scheme 19 Nucleophilic attack of a carbanion.
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Bis(h5-cyclopentadienyl)tungsten dichloromethide hydride,
Cp2WH(CHCl2), was synthesized as the insertion product from
the reaction of bis(h5-cyclopentadieny1)tungsten dihydride and
sodium trichloroacetate in monoglyme (Scheme 17); however,
in a chlorobenzene–diglyme mixture, the thermal decomposi-
tion of sodium chlorodiuoroacetate in the presence of bis(h5-
cyclopentadieny1)tungsten dihydride yielded the substitution
product, bis(h5-cyclopentadienyl)tungsten bis(chlorodi-
uoroacetate), Cp2W(O2C2ClF2)2.229

White and McGillivray230 reported an effective method for
azetidine preparation (Scheme 18) via reductive detosylation
using sodium naphthalenide in diglyme, which afforded
improved yields and simple procedures (superior to monoglyme
and THF). The azetidine–diglyme solution could be further
converted to N-aroylazetidines by adding different aroyl chlo-
rides. 6-(Arylalkylamino)uracils and 6-anilinouracils, potent
inhibitors of Bacillus subtilis DNA polymerase III, were prepared
by the reactions between 6-chlorouracil and appropriate amines
in monoglyme instead of aqueous solutions, which consider-
ably reduced the reaction time.231 Izumi and Miller232 examined
the nucleophilic attack of carbanions (R3C

�) to displace the
chloride ion from phenylchloroacetylene (Scheme 19); they
suggested that reactions in DMSO–KOH are mainly those of
ions, however, in aprotic monoglyme, reactions of R3C–Na

+ are
those of its aggregates. The DMSO–KOH medium is only
Scheme 17 Insertion reaction of bis(h5-cyclopentadieny1)tungsten dihy

11268 | RSC Adv., 2014, 4, 11251–11287
suitable for relatively strong carbon acids, while the Na–glyme
conditions have broader applications.

Banitt et al.233 carried out the nucleophilic acyl substitution
of 2,2,2-triuoroethyl 2,5-bis(2,2,2-triuoroethoxy)benzoate
with 2-aminomethylpiperidine in monoglyme (Scheme 20),
achieving 76.5% isolated yield. Okamoto et al.234 investigated
the reaction of 5-dimethylamino-1-naphthalenesulfonyl chlo-
ride with butylamine in chloroform with glymes as oligomer co-
solvents, and determined the second-order rate constants by
uorometry. The addition of glymes imposed an acceleration
effect especially when their concentrations were lower than 20%
(v/v), and such an effect became more pronounced for glymes
with longer chain length (tetraglyme > triglyme > diglyme >
monoglyme). In addition, the rate acceleration seems to
dride.

This journal is © The Royal Society of Chemistry 2014
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Scheme 20 Synthesis of N-(2-piperidylmethyl)-2,5-bis(2,2,2-tri-
fluoroethoxy)benzamide.

Scheme 23 Catalytic activity of Ni nanoparticles in an oxidative
addition reaction.
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correlate with the volume fraction of the co-solvent, which can
be attributed to the polymer effects of glymes and is explained
by the thermodynamics of polymer solutions.

Reactions of Li+, Na+, and K+ salts of 2,4,6-trimethyl-s-
triazine with 2-halomethyl-4,6-dimethyl-s-triazine (X¼ Cl, Br) in
monoglyme yielded 1,2-bis(4,6-dimethyl-s-triazin-2-yl)ethane
(Scheme 21), and other compounds including 1,2-bis(4,6-
dimethyl-s-triazin-2-yl)ethene, 1,2,3-tris(4,6-dimethyl-s-triazin-
2-yl)cyclopropane, 1,2,3-tris(4,6-dimethyl-s-triazin-2-yl)propane
and 1,2,3,4-tetrakis(4,6-dimethyl-s-triazin-2-yl)butane.235 It is
suggested that 1,2-bis(4,6-dimethyl-s-triazin-2-yl)ethane is
produced through an SN2 mechanism, while other products are
formed through carbenoid reactions.

Carbon–carbon coupling reactions. Zhu et al.236 employed a
phenyliodonium zwitterion as an efficient electrophile in the
palladium-catalyzed Suzuki-type reaction with aryl boronic
acids in monoglyme–water (4/1) (Scheme 22). The mild reaction
conditions and commercial accessibility of 4-hydroxycoumarins
and boronic acids make this method a versatile tool for the
synthesis of 3-aryl-4-hydroxycoumarins.

Kim et al.237 indicated that Ni nanoparticles (5.7 � 3.8 nm)
exhibited a moderate catalytic activity in the oxidative addition
reaction of benzylchloride and bromoacetonitrile in mono-
glyme under reux conditions to prepare 3-arylpropanenitrile
(Scheme 23), whereas larger Ni particles (3 mm and 100 mesh)
showed no activity.

Smith and Fu238 developed a stereoconvergent method for
the catalytic asymmetric Negishi cross-coupling of various
racemic secondary propargylic halides with arylzinc reagents in
Scheme 21 Reactions of 2,4,6-trimethyl-s-triazine salts with 2-hal-
omethyl-4,6-dimethyl-s-triazine.

Scheme 22 Pd-catalyzed coupling of phenyliodonium zwitterion with
aryl boronic acid.

This journal is © The Royal Society of Chemistry 2014
monoglyme catalyzed by a chiral Ni/pybox complex (Scheme
24). In most cases, they achieved 70–80% yields and ee (enan-
tiomeric excess) near or above 90%. It is important to point out
that the catalyst components (NiCl2$glyme and pybox ligand)
are commercially available.238,239

Organometallic compounds are common reagents for C–C
coupling reactions. However, Fitt and Gschwend240 pointed out
that monoglyme (and perhaps other glymes) should not be used
in metalation reactions including those using t-butyllithium (t-
BuLi). In the presence of t-BuLi, monoglyme undergoes depro-
tonation and b-elimination steps even at�70 �C to form lithium
methoxide (Scheme 25), which is characteristic of 1,2-diheter-
osubstituted ethanes. Thus, there is no complex formed
between monoglyme and t-BuLi. The reaction rates of different
butyllithiums with monoglyme decrease in the order of t-BuLi >
sec-BuLi [ n-BuLi.

The Delia group241,242 reported the synthesis of mono-, di-
and tri-substituted phenylpyrimidines via Suzuki coupling
reactions in various solvents (Scheme 26). They found that the
monoglyme–water mixture, t-butanol and polar aprotic solvents
(such as acetonitrile, acetone, THF, CHCl3 and CH2Cl2) gave the
best results; polar protic solvents (such as methanol and
ethanol) induced ether byproducts under basic conditions
while nonpolar solvents (such as hexane) gave more byproducts
and a 2-substituted isomer.

Borane chemistry. Geanangel and Shore243 rstly prepared
NaB5H8 and KB5H8 by reacting B5H9 and metal hydride in
monoglyme at room temperature, and then produced B6H10 by
the reaction of alkali metal B5H8

� salts with diborane (B2H6) at
�78 �C in monoglyme; nally, reuxing glyme solutions of
B6H10 led to decaborane B10H14 in 20–30% yields. Hosmane
et al.244 quantitatively prepared boron hydride species [B11H14]

�

by reacting K[B9H14] with 0.4 equiv. of B5H9 (or directly from
B5H9 and metal hydride such as t-BuLi) in monoglyme at 85 �C
Scheme 24 Cross-coupling of racemic propargylic halides with aryl-
zinc reagents.

RSC Adv., 2014, 4, 11251–11287 | 11269
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Scheme 25 Reactivity of monoglyme with t-butyllithium.

Scheme 26 Mono-, di-, and triarylation of the pyrimidine ring.
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for 20 h. Lawrence et al.245 synthesized the tet-
radecahydrononaborate(1�) anion [B9H14]

� by the reaction of
B5H9 with NaH (or KH) in THF or monoglyme.

Pelter et al.246 prepared a thioester by the reaction of trise-
thylthioborane and benzoic acid in reuxing monoglyme for 7 h
to give 78% isolated yield. Peacock and Geanangel247 conducted
the reduction of trimethyl phosphite-borane by sodium naph-
thalide (which was prepared in monoglyme) to a new type of
diphosphine derivative (Scheme 27). Leyden et al.248 carried out
the reaction of [(h5-C5H5)2Ni] with nido-(B11H13)

2�, (B10H13)
�, or

(B9H12)
� catalyzed by Na/Hg amalgam in monoglyme to

produce closo-[(h5-C5H5Ni)B11H11]
�, nido-[(h5-C5H5Ni)B10H12]

�,
as well as isomeric closo-1- and [2-(h5-C5H5Ni)B9H9]

� anions,
respectively; they also performed the reaction of [(h5-C5H5)2Ni]
or [(h5-C5H5NiCO)2] with closo-(B11H11)

2�, (B10H10)
2�, or

(B9H9)
2� in monoglyme to yield closo-[(h5-C5H5Ni)B11H11]

�,
[(h5-C5H5Ni)2B10H10], and isomeric 1- and [2-(h5-C5H5Ni)
B9H9]

�, respectively. Wermer and Shore249 suggested that pen-
taborane (B5H9) could be reduced by alkali metal naphthalide in
THF or monoglyme to produce the nonahydropentaborate(2�)
dianion [B5H9]

2�, which could be further protonated to form
B5H11 with yields up to 38% (Scheme 28).
Scheme 27 Reduction of trimethyl phosphite-borane by sodium
naphthalide.
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Getman et al.250 synthesized arachno-[B9H13]
2� as K+ and Na+

salts via the deprotonation of K[B9H14] by KH in monoglyme
and the deprotonation of Na[B9H14] by NaNH2 in liquid
ammonia respectively. Kang et al.251 suggested that monoglyme
was the best reuxing solvent for converting arachno-S2B7H8

� to
hypho-S2B7H10

�; they further carried out the synthesis of new
metalladithiaborane clusters, derived from hypho-S2B7H10

� in
reuxing monoglyme, such as the treatment of hypho-S2B7H10

�

with Cp(CO)2FeCl to form of C5H5FeS2B7H8, with (CO)5MnBr to
form hypho-l-(CO)4Mn-2,5-S2B6H9, and with [Cp*RhCl2]2 to
form arachno-7-Cp*Rh-6,8-S2B6H8. Holub et al.252 carried out the
reaction between Na2[nido-6,9-C2B8H10] and PCl3 in monoglyme
at room temperature for 24 h to prepare phosphadicarbaborane
nido-7,8,11-PC2B8H11 (35%), which was converted to a [7,8,11-
nido-PC2B8H10]

� anion by deprotonation; following the same
strategy by using PhPCl2 as the phosphorus source, they also
synthesized the isomeric compound 7-Ph-7,8,10-nido-PC2B8H10

(64%), and nido-7,8,11-PC2B8H11 (14%) (from an accompanying
dephenylation reaction).

Miscellaneous reactions. Rosen and Sworm253 synthesized
iodine isocyanate (INCO) in 0.4 to 0.5 N at�30 �C in the dark in
ether, THF or monoglyme via the reaction of an excess of pure
silver cyanate with iodine. The reaction rate was fastest in
monoglyme, followed by THF and then ether. The decomposi-
tion of INCO at �11 �C was also the highest in glyme (75%
decomposition in 24 h) but much slower in THF and ether (15 to
25% decomposition in 24 h). INCO is a reactive pseudohalogen
used for forming C–N bonds from many unsaturated
compounds. Gassman et al.254 developed a method for the
cleavage of nonenolizable ketones by a mild cleavage reagent: a
10 : 3 ratio of potassium t-butoxide and water in aprotic
solvents including DMSO, monoglyme, hexamethylphosphor-
amide, hexane, or diethyl ether. A 90% yield was obtained aer
4 h at 30 �C in the cleavage of benzophenone to give benzoic
acid using potassium t-butoxide–water–monoglyme.

Finucane and Thomson255 oxidized triterpene 12-enes with
various substituents in ring A (e.g. taraxeryl acetate and cho-
lesteryl acetate) to their corresponding ab-unsaturated ketones
by treating them with N-bromosuccinimide in moist solvents
(dioxane, THF, monoglyme, or diglyme) under the irradiation of
visible light. Lateef et al.256 suggested that a series of meta- and
para-substituted phenyl carbanilates undergo a rapid reversible
dissociation in monoglyme (Scheme 29). They also indicated
that the reaction followed the Hammett equation with positive r
values of 1.49–1.66. As a precursor for preparing 2,5-dihydroxy-
3,6-diphenyl-5,6-dihydropyrazine-1,4-dioxide, phenylglyoxal 2-
oxime was synthesized by the acid hydrolysis of an a-oximino
acetal (Scheme 30) in a mixture of monoglyme and pH 3.5
buffer.257 The oxime substrate is insoluble in the buffer alone or
This journal is © The Royal Society of Chemistry 2014
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Scheme 28 Preparation of dianion (B5H9)
2� and B5H11.

Scheme 30 Hydrolysis of phenylglyoxal dimethyl acetal oxime.
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in aqueous methanol, but is soluble in a mixture of glyme and
buffer. Pittman et al.258 dissolved polystyrene in a mixture of
monoglyme and diglyme (2/1, v/v) for a reaction with Cr(CO)6 to
prepare styrenetricarbonylchromiumstyrene copolymers.

Monoglyme was used as the solvent in the multi-step
synthesis of D,L-muscone from cyclododecanone:259 cyclo-
tetradecenone and triethylsilane were reuxed in monoglyme
catalyzed by chloroplatinic acid to afford 1-triethylsilox-
ycyclotetradecene, which was converted to 2-chloro-2-cyclo-
pentadecenone aer adding dichlorocarbene in reuxing
glyme-tetrachloroethylene (1 : 4); the nal product was
obtained by a conjugate addition of dimethylcopper lithium in
ether, followed by a workup using saturated NH4Cl and then
chromium(II) perchlorate reduction of a-chloro ketone in
dimethyl formamide. Wilt and Rasmussen260 carried out the
Favorskii reaction of bromo ketones in methanol and mono-
glyme (sodium methoxide as the base) to prepare epimeric
methyl benzonorbornene-2-carboxylate, and found that more
polar methanol led to more exo ester (exo : endo 80 : 20) while
the less polar solvent monoglyme increased the endo ester
(exo : endo 58.5 : 41.5). In addition, higher ester yields were
reported in monoglyme than in methanol. Stang and Man-
gum261 prepared alkyl methylenecyclopropenes by the addition
of unsaturated carbenes to alkynes in monoglyme with t-BuOK
at �55 �C. The same group262 also synthesized 2-indazoles by
the reaction of triate (CH3)2C]CHOTf with azobenzene and
tert-butylazobenzene in monoglyme with t-BuOK at �20 �C via
unsaturated carbene additions to azo compounds. To encap-
sulate chalcogen atoms by transition-metal carbonyl clusters,
Vidal et al.263 synthesized the [PhCH2N(C2H5)3]3[Rh17(S)2(CO)32]
complex through reacting Rh(CO)2acac and alkali carboxylates
in tetraglyme, with H2S or SO2 under �300 atm of CO and H2 at
140–160 �C. Similarly, as an example of the encapsulation of
arsenic by transition-metal carbonyl clusters,
[PhCH2N(C2H5)3]3[Rh10As(CO)22]$C4H8O was prepared by the
reaction of Rh(CO)2acac and alkali carboxylates in tetraglyme
with Ph3As under ca. 300 atm of CO and H2.264
Scheme 29 Thermal dissociation of aryl carbanilates in monoglyme.

This journal is © The Royal Society of Chemistry 2014
Collins et al.265 demonstrated that the repeated action of a
sodium–potassium alloy in glyme–triglyme and the subsequent
quenching with CH3I or with water could be an efficient low-
temperature method to degrade coal by the cleavage of aliphatic
and aromatic–aliphatic carbon–carbon bonds. Ladika and
Stang266 carried out the elimination of triuoromethane-
sulfonic aid (CF3SO3H) from RCH]C(OSO2CF3)C^C–
C^CSiMe3 promoted by different bases in monoglyme to yield
unsymmetrical trialkynes R[C^C]3SiMe3 or R[C^C]3H (Scheme
31).

Paxson et al.267 performed cobalt carbonyl-catalyzed reac-
tions of syn gas by using a CO–H2 mixture at about 200–250 �C
and 200 bar in glymes: in diglyme, the product selectivity for
ethanol was 68% while in ethyl diglyme the selectivity for n-
propanol increased to 40% (ethanol 28%). It is suggested that
the solvent cleavage occurs and the terminal methoxy moieties
supply the methyl group of ethanol. van Tamelen and Seeley268

carried out the catalytic N2-xation by electrolytic and chemical
reduction usingmonoglyme. Pez et al.269 found that the reaction
of a titanium metallocene complex, m-(h1 : h5-cyclo-
pentadienyl)-tris(h-cyclopentadienyl)dititanium, with N2 (�10
atm) in monoglyme formed a complex giving a characteristic
n(N–N) peak at 1222 cm�1; it was further treated with THF/
monoglyme and diglyme to yield a crystalline N2 complex with
n(N–N) ¼ 1282 cm�1. These complex systems could have
potential applications in N2-xation. Budt et al.270 achieved the
regioselective NBS-epoxidation of farnesate attached to helical
peptides in monoglyme–water (5 : 1) mixture at 0 �C. Hayward
and Shapley271 reacted Re2(CO)10 with sodium dispersion in
glymes (diglyme and triglyme) to prepare the rhenium carbonyl
clusters Re4(CO)16

2�, H2Re6C(CO)18
2�, Re7C(CO)21

3�, and
Re8C(CO)24

2�, as Et4N
+ and (PPh3)2N

+ salts. Tee and Enos272

examined the kinetics of hydrolysis of six p-nitrophenyl alka-
noates in basic aqueous solutions containing up to 80% (v/v) of
the co-solvents: ethylene glycol, 2-methoxyethanol, monoglyme,
diglyme, or DMSO; they suggested that the ether-type solvents
Scheme 31 Preparation of unsymmetrical trialkynes via elimination in
monoglyme.
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Scheme 33 Preparation of trifluoromethanethiolates.
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(2-methoxyethanol, monoglyme and diglyme) are more effec-
tive than ethylene glycol or DMSO in reducing and eliminating
the hydrophobic aggregation and coiling of longer chain
alkanoates. Briggs273 carried out the trimerization of ethylene
to hex-1-ene using a homogeneous three-component catalyst
of chromium, hydrolyzed alkylaluminium and monoglyme
with 74% selectivity; the replacements (such as diglyme, tri-
glyme, THF, and o-dimethoxybenzene) for monoglyme gave
less desirable results. A tricyclic ring/cage system of
RC6H5$5BNR

0
2 products were formed by reactions between

dehalogenation products of F2BN(i-Pr)2 with mono-
alkylbenzenes using monoglyme as the co-solvent.274 Hung
et al.275 prepared linear and cyclic peruorinated polyethers
through the ionic polymerization of a triuorovinyl ether
alcohol (CF2]CFORfCH2OH, Rf ¼ CF2CF(CF3)OCF2CF2) and
the subsequent uorination of the polyuorinated polyethers
(Scheme 32). They found that without a solvent, linear poly-
mers with Mn values up to 29 000 were produced, while in
glyme solution, cyclic oligomers were the major products and
a cyclic dimer was obtained in yields up to 60%. The reaction
of arylcalcium iodides and nitrous oxide (N2O) in monoglyme
favored the formation of azobenzenes due to the insertion
with N2O into diphenylcalcium.276

Kirij et al.277 prepared [(CH3)4N][Te(CF3)3] and [(CH3)4N]-
[I(CF3)2] by the reactions of (CH3)3SiCF3/[(CH3)4N]F with
Te(CF3)2 and CF3I respectively in THF or monoglyme at �60 �C.
Yagupolskii et al.278 carried out an aza Curtius rearrangement by
reacting N-(triuoromethylsulfonyl)carboximidoyl chlorides
with sodium azide in monoglyme or acetonitrile at �5 to +10 �C
to form carbodiimides (RN]C]NSO2CF3). Israelsohn et al.279

reported that a PtCl4–CO catalyst could promote the hydration
of internal and terminal alkynes in aqueous monoglyme or
diglyme to afford aldehyde-free ketones between 80 and 120 �C.
The reaction was found to be strongly dependent on the elec-
tronic and steric nature of the alkynes. Monoglyme or THF was
used to dissolve elemental sulfur, Me3SiCF3, and uoride salts
for the preparation of triuoromethanethiolates, [NMe4]SCF3,
CsSCF3 and [(benzo-15-crown-5)2Cs]SCF3 (Scheme 33).280 It is
known that SCF3 salts are versatile nucleophilic reagents for
synthesizing a variety of organic, organometallic and inorganic
molecules. Tyrra et al.281 prepared tetramethylammonium tri-
uoromethyltellurate(0), [NMe4]TeCF3, with 60% yield from
Me3SiCF3, elemental tellurium and [NMe4]F in monoglyme;
they further carried out the cation exchange of [NMe4]TeCF3
with [PNP]Br ([PNP] ¼ bis(triphenylphosphoranylidene)ammo-
nium) and [(dibenzo-18-crown-6)K]Br and demonstrated the
high nucleophilicity of TeCF3

� when coupled with these low
coordinating cations.

It is also important to know that glymes may be inferior to
other organic solvents in some reactions. For example, the
alkylation rates of alkali enolates in DMSO were found to be
Scheme 32 Preparation of perfluorinated polyethers.
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1000-fold faster than that in glymes (mono- and di-) although
the same reaction was even slower in diethyl ether.282

7.2. Reaction additives/metal chelators

The second important role of glymes in reactions is acting as
additives or metal chelators. Shinohara et al.283 observed highly
reactive agent-separated ion pairs formed via complexing
sodium polystyryl ion pairs with tri- or tetraglyme; by adding
glyme to solutions of sodium polystyryl in THF at 25 �C, they
found propagation constants of the polymerization of living
polymers increasing with the glyme concentration. Tri-
uorosilyl substituted dialkyl compounds including trans-
Pt(SiF3)2(PMe3)2, Pd(SiF3)2(PMe3)2, and Ni(SiF3)2(PMe3)3 were
synthesized by reacting an excess amount of
Cd(SiF3)2$monoglyme with trimethylphosphine metal dibro-
mides of platinum, palladium, and nickel (Scheme 34).284

Liang and Ying285 studied the kinetics and mechanism of the
anionic equilibrium polymerization of a-methylstyrene in
cyclohexane with butyllithium as the initiator and monoglyme
or diglyme as the polar additive; kinetic equations of the equi-
librium polymerization is dependent on the mole ratio of
glyme/butyllithium; the stability of complexes formed by poly(a-
methylstyryl)lithium (PnLi) and the ether additive is in a
decreasing order of [PnLi (diglyme)] > [PnLi (monoglyme)] > [PnLi
(THF)]. Wang et al.286 employed 7Li and/or l3C NMR spectros-
copy to investigate the aggregation equilibrium and electronic
structure of methyl a-lithioisobutyrate (MIBLi) in THF with the
co-existence of various Li+-binding ligands; they found that the
addition of ligands to coexisting tetrameric and dimeric MIBLi
in THF increases the dimeric population in the order mono-
glyme < diglyme < 12-crown-4 < hexamethylphosphoric tri-
amide, which is in agreement with the increasing strength of
complexation between MIBLi (lithium cation) and the ligands.

Bis(triuoromethy1)cadmium$glyme [(CF3)2Cd$mono-
glyme] is a convenient reagent used in the preparation of tri-
uoromethyl substituted metal compounds.287 For example,
(CF3)2Cd$monoglyme exchanges ligands with GeI4, SnI4, or PI3
to form (CF3)4Ge, (CF3)4Sn, or (CF3)3P respectively at room
Scheme 34 Synthesis of trifluorosilyl substituted dialkyl compounds.

This journal is © The Royal Society of Chemistry 2014
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temperature. The reaction of (CF3)2Cd$monoglyme with acyl
halides such as CH3C(O)Br formed the acyl uorides CH3C(O)F
in 95% yield at �25 �C. Krause and Morrison288 prepared Lewis
base adducts of bis(triuoromethyl)cadmium (CF3)2Cd by mix-
ing (CF3)2Hg with dimethylcadmium in THF, monoglyme,
diglyme, or pyridine; Lewis base exchange is achieved when the
glyme adduct is dissolved in a base, for example,
(CF3)2Cd$monoglyme in pyridine. They suggested that
(CF3)2Cd$base species are more reactive than (CF3)2Hg:
(CF3)4Sn (66% yield) and (CF3)4Ge (43% yield) were synthesized
by ligand exchanges between SnBr4 and GeI4 with
(CF3)2Cd$monoglyme respectively at room temperature; the
reaction of acyl halides with (CF3)2Cd$monoglyme at sub-
ambient temperature produced the acyl uoride with �90%
yield, and stereospecic diuorocarbene cis-2-butene at�30 �C.
This group289 used the same method to prepare mono-
substituted compounds (CF3)BrNi(PEt3)2, (CF3)BrPd(PEt3)2, and
(CF3)IPt(PBu

n
3)2 in 60–70% yields by the reaction of

(CF3)2Cd$monoglyme with bis(trialkylphosphine) group 8B
dihalides such as Br2Ni(PEt3)2 within 0.5–5 h; however, when an
excess amount of (CF3)2Cd$monoglyme was present, disubsti-
tuted compounds (CF3)2M(PEt3)2 (M ¼ Ni, Pd, or Pt) were found
over an extended reaction period. The Morrison group290 also
conducted the synthesis of (h5-C5H5)Co(CO)(CF3)2 (63% yield)
via the reaction of (CF3)2Cd$monoglyme with (h5-C5H5)Co(CO)
I2. This group291 further investigated the ligand exchange reac-
tions of Cd(CF3)2$monoglyme with various aryl-containing Pb,
Sn, and Ge halides, acetates, and thioethers in THF or CHCl3;
they found that when an excess of triuoromethylating agent
was used, these new compounds PbPh(CF3)3 (51%),
PbPh2(CF3)2 (61%), PbPh3CF3 (81%), SnPh2(CF3)2 (55%),
SnPh3CF3 (80%), and GePh3CF3 (72%) were obtained, and when
the triuoromethylating agent was the limiting reactant,
partially substituted compounds PbPh2(Cl)CF3 (78%),
PbPh2(O2CCH3)CF3 (89%), PbPh(O2CCH3)2CF3 (63%), and
PbPh(O2CCH3)(CF3)2 (64%) were isolated. Murray et al.292 per-
formed the reaction of [Au(CH2)2PPh2]2Br2 with Cd(CF3)2(mo-
noglyme) in CH2Cl2 to synthesize a dialkyl Au(II) phosphorus
ylide dimer [Au(CH2)2PPh2]2(CF3)2, whose X-ray crystal structure
was also determined. Nair and Morrison293 prepared TlPh(CF3)2
with 87% yield by reacting Cd(CF3)2$monoglyme with TlPhCl2
aer 72 h, and Tl(CF3)2OAc with 46% yield by reacting
Cd(CF3)2$monoglyme with Tl(OAc)3 aer 45 min. Loizou et al.294

prepared cyclopentadienyldinitrosyl(triuoromethyl)chromium(0)
CpCr(NO)2CF3 (71%), and cyclopentadienyldinitrosyl-
(triuoromethyl)molybdenum(0) CpMo(NO)2CF3 (44%) via the
reaction of Cd(CF3)2$monoglyme with the corresponding chlo-
rides at 65 �C. Ludovici et al.295 achieved nearly quantitative
yields of CnF2n+1NO (n ¼ 1, 2, 3, 6) by the reaction of NOCl with
Cd(CnF2n+1)2$monoglyme. Daniele et al.296 synthesized La(OT-
f)(OC6H3-2,6-Me2)2(glyme) [glyme ¼ triglyme or tetraglyme]
derivatives through reactions between lanthanum triate
adducts La(OTf)3(glyme) and 2 equiv. LiOAr (Ar]C6H3-2,6-Me2)
in THF. The graing of La(OTf)(OC6H3-2,6-Me2)2(triglyme) onto
silica produced a hybrid material, which was used as a catalyst
for the activation of formaldehyde in water for hydrox-
ymethylation of silyl enol ether in mild conditions. The Fu
This journal is © The Royal Society of Chemistry 2014
group at MIT has demonstrated that the NiCl2$glyme/pybox
ligand is an effective chiral catalyst for the asymmetric Negishi
cross-coupling of racemic secondary propargylic halides with
alkylzinc239 or arylzinc reagents.238
7.3. Catalysts

Glymes contain multiple ethylene oxide units, which dene
many glymes as amphiphiles (with both hydrophilic and lipo-
philic properties). Ideally, these glymes can be used as direct
phase-transfer catalysts. The second case for glymes acting as
catalysts is that glymes can form complexes with alkali cations
like crown ethers. The third category is that glyme oxygens can
form hydrogen-bonds with reaction intermediates and thus
promote the reaction by stabilizing these intermediates. The
fourth category is where glymes are ligands of metal salt
catalysts.

Direct phase-transfer catalysts. Gokel et al.115 suggested that
shorter-chain PEGs and their ether derivatives are more effec-
tive catalysts than longer-chain analogues in phase-transfer
reactions such as the nucleophilic substitution of 1-chlor-
ooctane in n-decane with aqueous sodium cyanide to synthesize
1-cyanooctane. Sukata297 synthesized alkyl p-tolyl sulfones (80–
95% yields) from sodium p-toluensulnate monohydrate and
different alkyl halides in PEG-400 or PEG-400 diethyl ether, or in
methanol containing PEG-1000 or PEG-1000 diethyl ether as a
catalyst.

Complexing with alkali cations. Lee and Chang298 found that
a mixture of PEG dimethyl ethers could be used as phase-
transfer agents to move KMnO4 from aqueous solution into
benzene or CH2Cl2; such a system was shown to be effective for
the oxidation of terminal alkenes to corresponding carboxylic
acids with one less carbon, and nonterminal alkenes to diones,
diols, ketols and carboxylic acids. Paradisi et al.299 carried out
the nucleophilic substitution reaction of 1-chloro-4-nitroben-
zene with KOH in 2-propanol to synthesize 1-isopropoxy-4-
nitrobenzene catalyzed by Bu4NBr or alkali ion complexing
agents such as 18-crown-6, Carbowax 20M, MPEG 5000, and
Triton X-100; however, tetraglyme was less effective and mon-
oglyme showed no effect. Bergbreiter and Blanton300 reduced
alkyl and aryl halides to hydrocarbons by suspensions of NaBH4

in toluene co-catalyzed by tri-n-butyltin chloride and polyether
phase-transfer catalysts (PTCs); among the three PTCs studied,
benzo-15-crown-5, polyethylene-bound benzo-15-crown-5 and
poly(ethylene glycol) dimethyl ether (MW 1000), the crown ether
is generally more active. Sukata and Akagawa301 conducted the
phase-transfer reaction of inactivated aryl halides with diphe-
nylamine catalyzed by a series of PEGs and glymes (such as PEG-
3000, PEG-400 dimethyl ether and PEG-6000 dimethyl ether)
(Scheme 35). Their results suggest that one molecule of high
molecular weight PEG or glyme could bind with more than one
K+; also, �9 ethylene oxide units are typically needed to form a
crown-shape complex, and PEGs and glymes with 4–9 ethylene
oxide units are most effective in complexing with a K+ cation. It
was found302,303 that cyclophosphazenic polypodands are
stronger complexing agents of alkali metal salts than glymes,
and thus become highly efficient catalysts for solid–liquid and
RSC Adv., 2014, 4, 11251–11287 | 11273
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Scheme 36 Phosphorylation of heptafluorobutanol with phosphorus
oxychloride.

Scheme 37 Conversion of 6,7-dichloro-3-ethyl-2-ethoxynaph-
thazarine into echinochrome trimethyl ether.

Scheme 38 Binding interaction between glyme and intermediate
during aminolysis of thiophenyl 4-nitrobenzoate with 4-
chlorobenzylamine.

RSC Advances Review

Pu
bl

is
he

d 
on

 1
8 

D
ec

em
be

r 
20

13
. D

ow
nl

oa
de

d 
on

 7
/1

4/
20

25
 2

:3
1:

29
 P

M
. 

View Article Online
liquid–liquid phase-transfer reactions including nucleophilic
substitution, alkylation, reduction and oxidation reactions. The
stronger ability of polypodands in binding ion pair aggregates
and thus activating the anion by increasing the interionic
distance in the single ion pair attributes to the higher catalytic
activities of polypodands.304 Lazrek et al.305 achieved the regio-
selective phase-transfer reaction of N-alkylation with acyclic
side chains of pyrimidine and purine heterocycles at N-1 and N-
9 respectively catalyzed by 18-crown-6 or tetraglyme in the
presence of potassium tert-butoxide at 0 �C.

Kudryavtsev and Zakharov306 investigated the phosphoryla-
tion of heptauorobutanol with phosphorus(V) oxychloride
(Scheme 36) catalyzed by complex catalysts based on Li+, Na+,
K+, or Cs+ chlorides and polydentate ligands (such as dibenzo-
18-crown-6, mono-, di-, and tetraglymes, and PEG-600 and PEG-
1000); the addition of polydentate ligands improved the solu-
bility of inorganic salts and increased the reaction rates by a
factor of 1.3–2.8. Although the LiCl and PEG systems were
shown to bemost efficient, the use of glymes with LiCl led to 91–
92% yields in 1.9–2.7 h (vs. 94% yield in 3.6 h without the
addition of any ligand). Kochergina and Anufriev307 carried out
the nucleophilic substitution of 6,7-dichloro-3-ethyl-2-ethox-
ynaphthazarine to prepare echinochrome trimethyl ether
(Scheme 37). The reaction was accelerated by the use of mon-
oglyme and diglyme as both catalysts and solvents; in partic-
ular, the reaction in diglyme produced up to 72% yield vs. 52%
without adding any glyme. It was explained that glymes effec-
tively solvate the potassium cation to form ion pairs.

Stabilizing reaction intermediates. Koh et al.308 studied the
aminolysis of thiophenyl 4-nitrobenzoate with deuterated 4-
chlorobenzylamine in acetonitrile catalyzed by glymes, and
found that the kcat/Oxy values (Oxy is the number of oxygens in
glymes) increase with the chain length up to triglyme and only
up to four oxygens per glyme molecule are used to catalyze the
aminolysis (see the interaction between zwitterionic tetrahedral
intermediate and triglyme in Scheme 38). They further indi-
cated that this reaction has primary deuterium kinetic isotope
effects (PKIEs), kH(cat)/kD(cat) ¼ 1.28–1.62.

Hogan and Gandour309 suggested that glymes are more
effective catalysts than crown ethers (an inverse macrocyclic
effect) in the butylaminolysis of p-nitrophenyl acetate in chlo-
robenzene; this group310 further observed a break in a plot of the
catalytic rate constant vs. chain length of catalyst, indicating
triglyme gives the optimum catalysis. The same group311 further
examined the transition structure complexes for the glyme- and
a,u-dimethoxyalkane-catalyzed butylaminolysis of 4-nitro-
phenyl acetate in chlorobenzene. They conrmed that the kcat/
Oxy values increase with oligomer length up to triglyme and
then plateau. The ester aminolysis in aprotic solvents involves a
Scheme 35 Phase-transfer reaction of aryl halides with
diphenylamine.

11274 | RSC Adv., 2014, 4, 11251–11287
rate-limiting breakdown of a zwitterionic tetrahedral interme-
diate, which forms a complex with a glyme molecule (Scheme
39). They further concluded that the number of polyether
oxygens required for optimum catalysis and the best spacing (in
a,u-dimethoxyalkanes) among these oxygens are strongly
dependent on the number of ammonium protons in the tran-
sition structure. More recently, Basilio et al.312,313 studied the
butylaminolysis of p-nitrophenyl acetate in chlorobenzene
catalyzed by crown ethers or glymes as phase-transfer catalysts,
and proposed a reaction pathway to reect a 1st-order depen-
dence on the catalyst concentration and a 2nd-order dependence
on butylamine concentration (Scheme 40). The new pathway
(red arrows) involves the complexing of ether-TI (ether-
Scheme 39 Complexing between zwitterionic tetrahedral interme-
diate and triglyme.

This journal is © The Royal Society of Chemistry 2014
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Scheme 40 Mechanisms of glyme-catalyzed ester aminolysis.
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tetrahedral intermediate) with an amine molecule, which is an
addition to the mechanisms (green and blue arrows) tradi-
tionally accepted for the catalysis by phase-transfer agents of
aminolysis reactions in aprotic solvents. The green arrows
indictate butylamine attacking the ester to form the tetrahedral
intermediate (TI), and the amine complexing with the ether
catalyst before binding to TI; the blue arrows indicate butyl-
amine attacking the ester to form the TI and a second butyl-
amine forming hydrogen bonds with the TI followed by glyme
binding to both butylamine components. The same group314

further examined a more complex reaction system of butyla-
minolysis of 4-nitrophenylcaprate in water–AOT–chlorobenzene
microemulsions catalyzed by triglyme (Scheme 41), and dis-
cussed four simultaneous reaction pathways.

Ligands of metal salt catalysts. The Fu group315 developed a
nickel (NiCl2$monoglyme)–diamine catalyst (diamine ¼ (S,S)-
N,N0-dimethyl-1,2-diamino-1,2-diphenylethane) to carry out
asymmetric Hiyama reactions of a-bromo esters with aryl
silanes to yield a-aryl esters in satisfactory ees (Scheme 42).

It is also interesting to note in some cases that glymes are
inactive or less active than PEGs as phase-transfer catalysts, i.e.,
reactions of aryldiazonium salts with CBrCl3 or CH3I initiated
by potassium acetate,316 dehydrohalogenation of 2-bro-
mooctane with aqueous KOH.317

7.4. Reagents

Typically, glymes are chemically inert; however, they could
become reactive under certain conditions. Newman and
Liang318 observed that when 3-nitroso-5-methyl-5-tert-butyl-2-
oxazolidone was treated with sodium phenoxide, the stereo-
specic cleavage of monoglyme occurred to form 2-methox-
yethyl trans-2,2,3-trimethyl-l-butenyl ether in 46% yield. Ishii
et al.319 studied the anodic uorination of monoglyme and
diglyme (Scheme 43) in acetonitrile using a uoride salt as a
supporting electrolyte and a uoride ion source with an undi-
vided cell; they observed that corresponding monouoromethyl
ethers were obtained as the main products in satisfactory yields.
However, the anodic uorination of crown ethers caused C–C
This journal is © The Royal Society of Chemistry 2014
bond cleavage, producing selective a,u-diuoro products with
high yields.

Grabovskiy et al.320 studied the oxidation of a series of ethers
including monoglyme by dimethyldioxirane (DMDO), and sug-
gested a second-order reaction kinetics r ¼ k[DMDO][ether].
They also determined the rate constants at 5–50 �C, as well as
the activation parameters of the reaction. The main oxidation
products of monoglyme with DMDO (10 : 1 molar ratio) in
acetone at 25 �C include methanol (32%), 2-methoxyethanal
(4%) and methoxyacetic acid (3%). Boron-based compounds
including sodium borohydride (NaBH4) and ammonia borane
(NH3BH3) have been studied as chemical hydrogen storage
materials. Yoon et al.321 developed a safe and efficient method
for preparing NH3BH3: iodine oxidation of Bu4N

+B3H8
- in

monoglyme solution yielded (glyme)B3H7, which was converted
to NH3BH3 by displacement of the coordinated glyme with
anhydrous ammonia.

In addition, there are some reactive glymes (such as poly-
glycol allyl methyl ether, polyglycol diallyl ether and PEGmethyl
ether methacrylate) commercially available. As a typical appli-
cation, the allyl-containing glymes can react with siloxanes
through a Pt-catalyzed hydrosilylation reaction to produce pol-
yether modied silicones, which have applications as silicone
surfactants and polyurethane foam stabilizers.
8. (Co-)solvents for biocatalysis

Surprisingly, glymes and their aqueous solutions are not
commonly used as solvents for enzymatic processes. There have
been some conicting results on the enzyme activity and
stability in aqueous solutions of glymes. Some studies suggest
the high enzyme activity and/or stability in aqueous glymes.
Yoshpe-Besancon et al.322 observed that a 55% triglyme solution
could shi the equilibrium of aminopeptidase A from amide
bond hydrolysis to peptide bond formation, which allowed a
selective a-amino protection of derivatives of many amino acids
(except glycine and proline) by the malyl group. Rosell et al.323

found that 50% (v/v) aqueous solutions of diglyme (G2) or
RSC Adv., 2014, 4, 11251–11287 | 11275
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Scheme 41 Butylaminolysis of 4-nitrophenylcaprate.

Scheme 42 Hiyama reactions of a-bromo esters with aryl silanes.

Scheme 43 Anodic fluorination of (a) monoglyme and (b) diglyme.
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tetraglyme (G4) depressed the hydrolytic activity of penicillin
acylase by roughly 65%, but boosted its synthetic activity by
�4.8 times. In addition, these two solutions showed negligible
impact on the enzyme stability. Berkowitz et al.324 suggested
that 10% triglyme in aqueous buffer solution enabled the
optimal efficiency for a PPL-catalyzed hydrolysis of a drug
intermediate at both lower enzyme loading and higher
temperature. Schroën et al.325 studied the enzymatic synthesis of
antibiotic cephalexin catalyzed by penicillin G acylase (Scheme
44), and found the enzyme retained 90% activity aer incuba-
tion in 30–36% (v/v) glymes (mono-, di- and tri-) at 30 �C for
24 h; compared with the direct synthesis in water, the addition
of methanol and triglyme could increase the equilibrium
concentration of cephalexin by a factor of 2–3. However, Illanes
and Fajardo326 found that in 50/50 (v/v) mixtures of organic
solvents and aqueous buffer, Escherichia coli penicillin acylase
maintained a high stability in polyols (such as ethylene glycol
and glycerol), a low stability in glyme and diglyme, and no
activity aer 24 h in methanol, DMF and DMSO.

On the other hand, there are even limited studies on the
enzymatic reactions in neat glymes although PEGs327–329 and
PEG-based aqueous biphasic systems (ABS)330 are known media
for enzymatic reactions. The Sheldon group331 indicated that
cross-linked enzyme aggregates (CLEAs) of penicillin G acylase
was not quite active in a mixture of glyme–water (95 : 5, v/v),
Scheme 44 Enzymatic synthesis of antibiotic cephalexin.

11276 | RSC Adv., 2014, 4, 11251–11287
resulting in low conversions [10% in monoglyme (log P ¼ �0.8)
and 5% in triglyme (log P ¼ �1.8) aer 1 h] for the synthesis of
ampicillin. The Zhao group21 found that long-chain glymes are
highly compatible with immobilized Candida antarctica lipase B
(Novozym 435), resulting in higher enzyme activities and
stabilities than t-butanol and some ionic liquids. Furthermore,
this group noticed that soybean oil is fully miscible with glymes,
which enables a homogeneous reaction mixture for enzymatic
preparation of biodiesel; in the presence of glymes, the immo-
bilized lipase showed a very high tolerance to high methanol
concentrations (up to 60–70% v/v), and nearly quantitative
triglyceride conversions could be obtained under mild reaction
conditions.
9. Materials

This section focuses on the applications of glymes as materials
or as media to prepare new materials.
9.1. Nanomaterials

A series of metal or nonmetal nanoparticles with functionalized
surfaces were synthesized in glyme solvents by the Kauzlarich
group. They demonstrated a straightforward and versatile
technique to control both crystal size and surface termination
of the nanomaterials. Methyl-terminated Ge nanocrystals with
an average particle size of around 3.5 nm were produced by the
metathesis reaction between the Zintl salt NaGe and GeCl4 in
degassed monoglyme or diglyme.332 The Kauzlarich and Taylor
group333,334 further extended this method to prepare alkyl-
terminated crystalline Ge nanoparticles by the reactions
between GeCl4 and NaGe, KGe, or Mg2Ge followed by surface
termination with alkyl Li and Grignard reagents in glymes. It
was observed that diglyme and triglyme seemed to support the
reaction better than monoglyme and the reactions in triglyme
were much faster than in diglyme. Moreover, the largest parti-
cles (8–10 nm) of Ge nanoparticles were produced in mono-
glyme while the smallest particles of 4.5 nm mean size were
synthesized in triglyme. Furthermore, alkyl-terminated silicon
nanoclusters were also prepared by the reaction of SiCl4 with
Mg2Si in monoglyme and surface-terminated with various alkyl
groups, R-n-Si (R ¼ methyl, ethyl, n-butyl, and n-octyl).335 Based
This journal is © The Royal Society of Chemistry 2014
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Scheme 45 PPV-based statistical copolymer with glyme-like side
groups.
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on the same technique, this group336 further synthesized the
surface-capped and organic-functionalized tin nanoparticles of
Sn/R, Sn/Si–R (R ¼ n-C4H9), and Sn/SiO2 core–shell particles via
the reaction of Mg2Sn with SnCl4 or SiCl4 in monoglyme.336

Plasma-deposited PEG-like lms have become emerging
materials as ‘non-stick’ surfaces toward protein and bacteria.
Ratner and co-workers337 designed PEG-like coatings via radio-
frequency plasma deposition of short-chain oligoglymes,
dioxane, and crown ethers onto glass cover slips; the lms were
characterized by X-ray photoelectron spectroscopy (XPS), time-
of-ight secondary ion mass spectrometry (TOF-SIMS), dynamic
contact angle goniometry, and radiolabeled brinogen adsorp-
tion. The Brétagnol group338,339 constructed new micro-
structured surfaces through a spatial arrangement of different
functional domains by a combination of the plasma polymeri-
zation of diglyme (leading to coatings with a high concentration
of ethylene oxide groups (>70%)) and photolithography. The
high stability of these lms in acetone suggests that these
coatings could be used in classical li-off processes involving
washing in acetone for designing patterned surfaces.339 The
same group340 further developed a straightforward nanoscale
writing technique, enabling the fabrication of bio-adhesive
patterns directly in a non-bio-adhesive matrix. This method
involves two major steps: (a) plasma polymerization of
diglyme to form a protein-repelling PEO-like coating, (b) direct
electron beam lithography inside the matrix by tuning the ether
bond concentration of the coating to produce nanoscale bio-
adhesive patterns.

The Stucky group341 developed a time evolution kinetic-
dependent crystal growth model to examine the nanocrystal
growth of CdS from cadmium acetate and sodium sulde in
different solvents (e.g. ethylene glycol, monoglyme, diglyme,
and trioctylphosphine), using trialkylphosphine oxide (alkyl ¼
ethyl or octyl) as a surfactant. They observed that the size of
nanoparticles is controllable by the reaction time and temper-
ature; the nanoparticle sizes are suitable for spectroscopic
analysis of electron quantum connement. The same group342

also prepared CdS nanorods through the reaction of cadmium
acetate and sodium sulde at low temperature (25–65 �C) in an
aqueous phase using nonionic pluronic amphiphilic triblock
copolymers, (EO)x(PO)y(EO)x, as structure-directing agents.
However, when the same reaction is reuxed in ethylene glycol
and monoglyme without surfactant, a new morphology of
microrods with at ends, dumbbell-shaped microrods, and
cotton-ball-like microparticles is produced. Chiu and Kauzlar-
ich343 synthesized crystalline germanium nanoparticles by the
reduction of GeCl4 with sodium naphthalide in monoglyme
within 10 min. Pickering et al.344 prepared octyloxy-capped
boron nanoparticles through a reduction of BBr3 with sodium
naphthalenide in dry monoglyme followed by the addition of
excess octanol at room temperature. The size distribution of the
nanoparticles can be controlled by tuning the reaction condi-
tions, such as concentration and reducing agent. Similarly,
Cho345 performed the reaction of SnCl4 and GeCl4 with sodium
naphthalide in monoglyme and RLi (R ¼ butyl, ethyl, methyl) to
prepare Sn70Ge30@carbon core–shell nanoparticles. The core
sizes and shell thicknesses of these nanoparticles are
This journal is © The Royal Society of Chemistry 2014
dependent on the alkyl terminator. Electrochemical studies
suggest that nanoparticles synthesized with butyl terminators
exhibit the highest capacity retention aer 40 cycles (95%) and a
rst charge capacity of 1040 mA h g�1. Shirahata and Sakka346

synthesized highly luminescent Si nanoparticles (NPs) termi-
nated with alkoxy monolayers through the reduction SiCl4 by
sodium biphenylide in a toluene–monoglyme mixture using an
inverse micelle method; they also observed the size-dependent
UV photoluminescence (PL) properties for non-oxidized Si NPs
at room temperature, as well as a high quantum efficiency of the
UV uorescence. Mishra et al.347 prepared heterometal–organic
complexes including NaY(TFA)4(diglyme), [Na(triglyme)2]
[Y2(TFA)7(THF)2], Na2Y(TFA)5(tetraglyme), NaLn(TFA)4(di-
glyme), [Ln¼ Er, Tm, or Yb], and Na2Ln(TFA)5(tetraglyme) [Ln¼
Er, or Yb] (TFA ¼ triuoroacetate), and used them as precursors
for up-converting NaY(Ln)F4 (Ln¼ Yb, Er, Tm) nanocrystals and
thin lms, which have potential applications as lanthanide-
doped up-conversion (UC) emission materials.
9.2. Polymeric materials

Shirai et al.348 carried out radical polymerization to prepare
polymers carrying glyme units as alkali cation binding sites and
photodimerizable cinnamoyl units. They found that the pho-
todimerization of the cinnamoyl groups with relatively short
glyme chains could improve their cation binding ability, and
the addition of alkali metal cations as templates enforced the
effect of photodimerization on the cation binding properties.
Morgado et al.349 found that an orange-emitting PPV-based
statistical copolymer with glyme-like side groups (Scheme 45)
has a photoluminescence efficiency of �17%. The presence of
glyme units enables the solvation of salts and the ion mobility
under the applied electric eld, thus this copolymer carries both
ion-coordinating and luminescence moieties.

Moore et al.350 dissolved poly(enaminonitrile) (PEAN) or
miscible blends of PEAN with poly(ethylene oxide) in a number
of glymes, and observed the cloud points of these solutions
when the temperature increases. The Sneddon and Remsen
groups351,352 found that polyborazylene could be dissolved in
monoglyme or THF, and could be further precipitated by the
addition of pentane. Monoglyme was used as a solvent for
dissolving and mixing two polymeric precursors, namely
allylhydridopolycarbosilane (AHPCS) ([Si(CH2CH]CH2)2CH2]0.05
[SiH2CH2]0.95) and polyborazylene (PBz) [B3N3H4�x]n, which serve
as the sources for the SiC and BN phases respectively.353

Following the removal of solvent, the co-pyrolysis of these two
RSC Adv., 2014, 4, 11251–11287 | 11277
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precursors at 1000 �C affords a two-phase SiC–BN ceramic
composite whose highly unusual microstructure resembles that
of certain polymer blends.

López and Ratner354 reported weakly ionized, radio-
frequency and glow-discharge plasmas from the vapor of glyme
precursors (mono-, di- and tri-), and then used them to deposit
organic thin lms on polytetrauoroethylene (PTFE). Sandner
et al.355 performed the free-radical photopolymerization of an
oligo(ethylene glycol) dimethacrylate ((EG)23DMA) in two
glymes ((EG)3DME and (EG)11DME) as plasticizers in the pres-
ence of LiCF3SO3, which was analyzed by differential scanning
calorimetry (DSC), FT-Raman spectroscopy and sol–gel analysis.
The addition of LiCF3SO3 increased the polymerization rate.
9.3. Inorganic materials

Baker et al.356 prepared homoleptic dicyclohexylphosphide
(PCy2) complexes of early transition metals using monoglyme
(G1) as the complexing agent for Li+; these new complexes
include [Li(G1)][Zr(PCy2)5], [Li(G1)][Hf(PCy2)5], [Li(G1)]-
[Ti(PCy2)4], [Li(G1)][V(PCy2)4], [Li(G1)][Re(PCy2)4], [Li(G1)2]-
[Nb(PCy2)4], Mo(PCy2)4, [Li(G1)3][Cr2(PCy2)5], [Li(G1)3]-
[W2(PCy2)5] and [Li(G1)][Mn2(PCy2)5]. Baxter et al.357 synthesized
the adducts of [Gd-(tmhd)3] (tmhd-H ¼ 2,2,6,6-tetrame-
thylheptane-3,5-dione) with a series of glyme ligands from
monoglyme to heptaglyme. These complexes were evaluated as
precursors for Atmospheric Pressure Chemical Vapor Deposi-
tion (APCVD) coatings of Ce0.9Gd0.1O1.95 thick electrolyte lms
for solid oxide fuel cells (SOFCs). The advantages of using these
complexes for metal organic chemical vapor deposition
(MOCVD) include: (1) readily available in crystalline solids of
xed stoichiometry; (2) soluble in hydrocarbons (both aliphatic
or aromatic) and air stable; and (3) better mass transport
properties of more stable complexes can be prepared from
longer chain glymes. Drake et al.358 synthesized the monomeric
materials [M(b-diketonate)2(L–L)] by reacting oligomeric alka-
line earth metal b-diketonate complexes, [M(b-diketonate)2]
with a glyme (tri- and tetra-) ligand (L). The same group359

further prepared eight-coordinate triglyme-bridged dimeric
complexes, [(Ln(tmhd)3)2L

1] (Ln ¼ Eu or Tb, L1 ¼ triglyme, and
tmhd ¼ ButCOCHCOBut) through the reaction of hydrated b-
diketonate complexes [Ln(tmhd)3(H2O)] with triglyme in
hexane. They also prepared the nine-coordinate monomeric
compound [La(tmhd)3L

2] via the reaction of [La(tmhd)3(H2O)]
with tetraglyme (L2) in hexane. These complexes are stable in air
with moisture and also have a good volatility and thermal
stability. Arunasalam et al.360 used carbonate and hydroxide
compounds to prepare a number of Group 2 b-diketonate
complexes supported by multidentate glyme ligands (tri-, tetra-
or heptaglyme), including a single-crystal structure of a calcium
complex of [(Ca(hfpd)2)2(heptaglyme)] where [H-hfpd ¼
1,1,1,5,5,5-hexauoropentane-2,4-dione]. These b-diketonate
and carboxylate compounds have potential applications as CVD
precursors for both MO and MF2 thin lms. Arnáiz et al.361

synthesized outer-sphere addition compounds of
MoO2Br2(H2O)2 with diethyl ether, dioxane, glyme, diglyme,
triglyme and tetraglyme by crystallizing diethyl ether extracts of
11278 | RSC Adv., 2014, 4, 11251–11287
a solution of sodium molybdate in concentrated hydrobromic
acid and the respective ether. They also suggested that the
polyether interacts with the MoO2Br2(H2O)2 units through
hydrogen bonds based on the X-ray structure analysis of
diglyme and tetraglyme adducts. Crochet and Fromm362

prepared and characterized crystalline cobalt, nickel, zinc, and
mercury halide adducts with polyethers as ligands including
[Co(m-Cl)2CoCl2(monoglyme)2], cis-[CoI2(H2O)2(monoglyme)2]

2+-
[CoI4]

2–, [NiI2(monoglyme)2], [ZnI2(monoglyme)], [HgCl2-
(monoglyme)], [CoI2(diglyme)], [ZnI2(diglyme)], [HgI2(diglyme)],
[CoCl(m-Cl)(diglyme)]2, [NiI(m-I)(diglyme)]2, [Co(m-Cl)(trigly-
me)]2

2+[CoCl2(m-Cl)]2
2�, and cis-[(NiI2)(triglyme)]n. Some of

these adducts exhibit unusual coordination numbers and
arrangements.

10. Other applications
10.1. Chemical Vapor Deposition (CVD)

CVD is an important method for producing new materials.
When preparing f-element oxides by the CVD procedure, the
reproducibility becomes a challenge because regular precursors
oen self-associate, form a hydrate and undergo hydrolysis or
cleavage of the ligands on storage. As an effort to design new
lanthanide complexes with suitable mass transport properties
for metal–organic chemical vapor deposition (MOCVD) appli-
cations, the Fragalà group363,364 have developed new adducts
La(hfac)$monoglyme$H2O, La(hfac)$diglyme and La(hfac)$tri-
glyme (hfac ¼ CF3COCHCOCF3), which possess better volatility
and thermal stability than conventional lanthanum CVD
precursors. Pollard et al.365 found that monoglyme and diglyme
formed neutral complexes of [Y(hfac)3(glyme)], whilst triglyme
and tetraglyme produced ionic complexes [Y(hfac)2(glyme)]+

[Y(hfac)4]
�; upon CVD at 250–350 �C using oxygen as a

carrier gas, these complexes yielded mixed yttrium oxide–
uoride ceramics. The Fragalà group366 prepared and
characterized [Y(hfac)3$monoglyme], [Y(hfac)3$diglyme],
[Y(hfac)3$(H2O)2$triglyme] and [Y(hfac)2$tetraglyme]+[Y(hfa)4]

�;
they found these adducts were suitable for MOCVD applications
due to their high volatility and high thermal stabilities with a
residue lower than 2–4%. In particular, a YBaCuO HTc super-
conductor was produced from the low-pressure MOCVD process
of a [Y(hfa)3$monoglyme] complex using a multimetal molten
single source. Kang et al.367 synthesized thermally stable
Ln(hfac)3$monoglyme (Ln ¼ Ho or Y) complexes and indicated
their high potential as MOCVD precursors. Pollard et al.368

designed new glyme-adduct precursors of [Ce(hfac)3(glyme)]
(glyme ¼mono-, di-, or tri-) and [(Ce(hfac)3)2(m-tetraglyme)] and
used them in the CVD formation of lms of cerium oxides on
substrates Si, Pt, and TiN. The Fragalà group369 also prepared
Ce(hfac)3$diglyme, Ce(hfac)3$diethyldiglyme and Ce(h-
fac)3$dibutyldiglyme, and found that these complexes are ideal
for CeO2 lm deposition due to their high volatility and high
thermal stability with low residue. Malandrino et al.370 synthe-
sized novel complex precursors Eu(hfac)3$glyme (glyme ¼
mono- or di-) and found that both complexes are thermally
stable and could be evaporated with <4% residue. Another study
by this group371 suggested that La(hfac)3$diglyme could be
This journal is © The Royal Society of Chemistry 2014
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Scheme 46 Glyme-substituted polysiloxane stationary phase.
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evaporated from the melt up to 130 �C without side decompo-
sition processes. The Malandrino group372 further prepared and
characterized Nd(hfac)3$monoglyme$H2O and
Nd(hfac)3$diglyme, which exhibit high volatility and good
thermal stability with a remaining residue lower than 3%. In
particular, Nd(hfa)3$diglyme was used in a low-pressure
MOCVD preparation of NdBa2Cu3O7�d thin lms.

In addition to these lanthanide adducts using glymes, other
metal complexes have also been investigated. In an attempt to
prepare precursors for Supercritical Fluid Transport (SFT) CVD,
Blake et al.373 synthesized new S-donor tetraphenyldithioimi-
dodiphosphinate compounds [Na(Ph2P(S)NP(S)Ph2)(L)] (where
L ¼ triglyme or tetraglyme); however, these complexes are not
quite soluble in supercritical CO2. TheWinter group374 prepared
calcium complexes with h2-pyrazolato ligands including those
adducts containing glymes [e.g. Ca(tBu2pz)2(triglyme), and
Ca(tBu2pz)2(tetraglyme) Ca(Me2pz)2(triglyme), and
Ca(Me2pz)2(tetraglyme)], resulting in volatile, thermally stable
precursors for CVD applications.

10.2. NMR solvents

Deuterated monoglyme can be used as a co-solvent for low-
temperature reactions monitored by a direct NMR analysis to
probe the underlying reaction mechanism, as pioneered by the
Buncel group. This group375 performed low-temperature (�40
�C) NMR studies using a new solvent mixture of CD3CN–mon-
oglyme-d10 (1 : 1, v/v) as the medium for a reaction of 2,4,6-tri-
nitroanisole (TNA) with phenoxide; their results suggest the 1,1
adduct is the only species produced and no 1,3 O-adduct of
phenoxide formed either prior to the 1,1 species or later. A
further study of this reaction system by this group376 revealed
both O- and C-bonded phenoxide s-complex adducts, implying
the formation of the former via kinetic control and of the latter
through thermodynamic control. This group377 also used the
same solvent system at �40 �C to room temperature to inves-
tigate the regioselectivity in Meisenheimer complexation of the
reaction of 2,4,6-trimethylphenoxide ion (MesO�) with 2,4,6-
trinitroanisole (TNA) via 1H and 13C NMR, and suggest a kinetic
preference for C-1 attachment and the s-adduct from C-3 attack
being more thermodynamically stable. The same deuterated
solvent system was also employed by this group to examine the
reactivity of 4-nitrobenzofuroxan (NBF) with several aryloxide
nucleophiles; they observed the formation of a C-7 O-adduct
with the ambident (O– and C–) nucleophile phenoxide ion at
�40 �C.378

10.3. Chromatography

Rouse et al.379 synthesized new glyme-substituted polysiloxane
(Scheme 46) and 18-crown-6-substituted polysiloxane and
applied them as the stationary phase for gas chromatography.
The glyme polysiloxane has an operational temperature range of
20–280 �C and a selectivity comparable to that of Carbowax 20
M. Schuetz et al.380 found that an eluent of hexane/monoglyme/
formic acid (85%) (150 : 50 : 3) could be used to purify p-
biphenyl-n-hexanoic acid in silica-based column chromatog-
raphy, achieving 98% purity.
This journal is © The Royal Society of Chemistry 2014
10.4. Dissolution of CO2 and other gases

Sciamanna and Lynn381 determined the gas solubilities of H2S,
SO2, CO2, propane and n-butane in glymes (di-, tri- and tetra-)
and PEG monoethers at the partial pressure of gas solute
between 3 and 100 kPa. The temperature dependence of gas
solubility was described by Henry's law coefficients. The pres-
ence of a small amount of water (<6 wt %) decreases the gas
solubility in glymes; the hydrogen-bonding properties of PEG
monoethers also reduces the gas solubility. Henni et al.382

reported the solubilities of CO2 in 14 solvents including glymes,
PEG monoethers, selexol® and sulfolane at 25, 40 and 60 �C;
they suggested that glymes (particularly diglyme, triglyme and
tetraglyme) are outstanding solvents for CO2 removal. Kodama
et al.74 measured the solubilities and saturated densities of CO2

in glymes (di-, tri- and tetra-) at 313.15 K as a function of pres-
sure (at high pressures, CO2 mole fraction is 0.857 at 7.126 MPa
in diglyme, 0.827 at 7.202 MPa in triglyme and 0.822 at 7.316
MPa in tetraglyme). These data of CO2 solubilities and saturated
densities were further correlated with a three parameter
pseudo-cubic equation of state.
10.5. Other applications

Monoglyme was used in aqueous solutions to improve the
solubility of oxiranes in order to determine their nanomole
quantities spectrophotometrically.383 Interestingly, Dasilva-
Carbalhal et al.384 studied the effect of glymes on the conduc-
tance percolation of AOT/isooctane/water microemulsions. The
addition of glymes (mono-, di-, tri-, and tetra-) to the micro-
emulsion led to a decrease in the percolation threshold. This
modication promotes the exchange of matter between drop-
lets in the AOT lm. More recently, various glymes were used to
dissolve triglycerides, and thus were investigated as co-solvents
for the CaO-catalyzed transesterication of soybean oil (>50% v/
v loading) into biodiesel; under the optimum conditions, a
>98% conversion of triglycerides could be achieved in 4 h using
dipropylene glycol dimethyl ether (P2) as the co-solvent.22
11. Perspectives

Recent active research on glymes seems to focus on their
applications in electrochemistry, catalysis, CVD, nanomaterials,
and the dissolution of CO2. However, there could be renewed
interest in exploring their solvent role in organic reactions,
biocatalysis and biofuel production. Glymes can also be derived
RSC Adv., 2014, 4, 11251–11287 | 11279
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to contain functional groups such as double bonds, and thus
become precursors for other applications. Many glymes are less
volatile and less toxic than some common laboratory organic
solvents; however, there is still lack of a systematic database on
their acute and long-term toxicity as well as biodegradability. In
addition, despite their versatile roles in industrial and
consumer products, glymes have not been well studied in terms
of their physicochemical properties such as dielectric constant,
polarity, hydrophobicity (log P), heat capacity, phase equilib-
rium, etc.

In addition to glymes, other solvents carrying polyether or
polyol moieties have also been extensively studied; these
solvents include glycol monoethers and glycol ether esters,1–3

polyethylene glycol (PEG) and aqueous solutions,330 and glycerol
and its derivatives.385–387 New solvents can also be developed to
carry the functionality of these moieties, for example, ionic
liquids can be functionalized with various glycol groups to
become tailored-made solvents.388 As another example, a new
family of glycerol derivatives including 1,3-dialkoxy-2-propanols
and 1,2,3-trialkoxypropanes were prepared by Garćıa et al.;389

these new solvents share some structural features with glymes
and have a wide range of polarity properties, implying their high
potential for solvent substitution.
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J. C. Mejuto and M. Pérez-Lorenzo, J. Colloid Interface Sci.,
2005, 292, 591–594.
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