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Abstract Oxidation of cumene with 1-methyl-1-phenyl-
ethyl hydroperoxide in the presence of copper chloride/
phase transfer catalytic systems was investigated by ESI-
MS. For catalytically active copper(Il) chloride/crown
ethers, copper(Il) chloride/crown ethers/alkaline metal
salts, and copper(Il) chloride/tetrabutylammonium chloride
systems, the presence of a few kinds of copper complexes
in the organic phase was detected by use of ESI-MS. When
copper(Il) chloride/podand systems were used, the con-
version of hydroperoxide and the yield of oxidation
product were close to zero, although the concentration of
copper complexes in the organic phase was high. Addition
of bis(2-hydroxyethyl) ether to the catalytically active
copper(Il) chloride/18-crown-6 system resulted in an
inhibition effect.

Keywords Copper(Il) chloride - Crown ethers -
Catalytic systems - ESI-MS - Oxidation - Peroxides

Introduction

Catalytic oxidation of hydrocarbons by various oxidizing
agents in the presence of copper(I), copper(Il), cobalt(Il),
or manganese(Il) salts has been widely investigated for
many years. Salts of copper(I) and copper(Il) have been
used as effective catalysts in the oxidation of hydrocarbons
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(RH) possessing an active hydrogen with tertiary hydro-
peroxides (Eq. 1) [1, 2].

2ROOH + R'H — ROOR' + ROH + H,0 (1)

Symmetric and unsymmetric di-tertiary organic
peroxides [3]—important components in the polymer
industry—are the most desired products of such reactions.

According to Kharasch’s proposal [2], the main steps of
the reaction can be described by Egs. 2-7:

ROOH + Cu™ — RO- +Cu?" + ~OH (2)
RO- +R'H — ROH + R" (3)
R’-+ROOH — R’- HOOR (4)
ROOH + Cu?* — ROO- +Cu" + H" (5)
ROO- +R'H — R - HOOR (6)
R’-HOOR + Ox — R'OOR + (Ox +e) + H* (7)

where R = (CH;);C—, R' = Ph(CH;),C—, and Ox is Cu>"
or hydroperoxide.

Kochi [1] suggested that copper catalyst was involved in
the formation of intermediate complexes (Eqgs. 8—11):

ROOH + Cu® — RO- + [CuOH]" (8)
[CUOH]* + ROOH = [CUuOOR]* + H,0 9)
RO- +R'H — ROH + R’ (10)
R’ + [CUOOR]" — R'OOR + Cu* (11)

where R = (CH3);C— and R’ = Ph(CH;),C—.

It has been found that the oxidation process is much
more efficient and can be performed under milder condi-
tions when systems composed of transition metal salts and
phase-transfer catalysts, for example onium salts or crown
ethers, were used [4-9].
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Scheme 1

In our previous papers [10, 11] we presented some results
concerning the oxidation of isopropyl arenes with tertiary
hydroperoxides in the presence of copper salt/crown ether/
alkali metal salt catalytic systems (CuCl,-H,O/12-crown-4/
LiCl, CuCl,-H,0/15-crown-5/NaCl, CuCl,-H,O/18-crown-
6/KCI). Clear evidence was provided of the occurrence
phase-transfer catalysis (PTC) in the reactions investigated.
We proposed that copper was transferred to the organic phase
in the form of complexes with crown ethers and, sometimes,
alkali metal cations, with copper being transferred in the
form CuCl,*>~ or CuCl;~ counterions, or even as Cu[CuCls]
or Cu[CuCl,] complexes. Moreover, the essential role of
water in the catalytic process was discussed.

Murahashi [12] and Komiya et al. [13] reported iso-
lation of a few types of copper/crown ether systems and
their application in oxidation of cyclohexane with
molecular oxygen, in the presence of acetaldehyde in
CH,Cl, at room temperature. The use of CuCl, with 18-
crown-6 gave the best results. The structure of the
complex of CuCl, with 18-crown-6 was established by
single-crystal X-ray structure determination. The complex
consisted of tetrameric (CuCl,),, two molecules of crown
ethers, and two water molecules. The complex of CuCl,
with 18-crown-6 and KCI, which consisted of a dinuclear
[Cu,Clg]*™ anion and two [K(18-crown-6)]" cations,
was much more efficient [14]. A similar complex with
15-crown-5/NaCl was also effective. Such observations
are in good agreement with data obtained during our
study on the oxidation of isopropyl arenes with tertiary
hydroperoxides.

In this paper we present experimental evidences,
obtained by ESI-MS, that crown ethers in the presence
of alkali metal salts, and some other phase-transfer cat-
alysts, are able to transfer copper containing complexed
anions, and sometimes Cu® or Cu®>*/crown ether com-
plexes also, to the organic phase. ESI-MS can be used
for ionization of molecules and ionic chemical species,
and to form charged ions from relatively non-volatile,
thermally labile compounds up to a concentration of
1077 mol dm™>. ESI-MS is therefore a perfect tool for
determination of the formulae and concentrations of the
different ions and complexes of catalysts present in the
investigated reaction mixture.
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Results and discussion

The oxidation of cumene (2) with 1-methyl-1-phenylethyl
hydroperoxide (1) was chosen as model reaction because it
is used for the large-scale production of dicumyl peroxide,
an initiator of many free radical processes. Another reason
for this selection was the availability of reactants and
simple analytical methods for monitoring the course of the
reaction. Catalysts consisting of CuCl,-2H,0 and alkyl-
ammonium salts, crown ethers, or podands were used
(Scheme 1).

Table 1 presents the results of the reaction of hydro-
peroxide 1 with 2 in the presence of different catalytic
systems.

The total concentration of Cu ions in cumene solution
was about 107> mol dm— for all the catalytic systems
studied except for CuCl,/12-crown-4, for which it was
below 107® mol dm ™ (determined by ICP). Distribution
of copper salts formed in the cumene phase was determined
by ESI-MS. In negative-ion ESI-MS spectra obtained
from the cumene phase we observed the following peaks
for ion complexes with copper: m/z = 133 for CuCl,,
miz = 168 for CuCl; ™, m/z = 196 for Cu,Cl,, m/z = 231
for CuCuCls~, and m/z = 266 for CuCuCl, ", calculated
for isotopes **Cu (69%) and **Cl (75%) (Table 1). Typical
spectra are presented in Figs. 1 and 2, possible combina-
tions of the oxidation states for the observed copper
complexes are presented in Table 2 [15]. The mechanism
of reduction of Cu(Il) observed in ESI-MS was described
by Gianelli et al. [16].

For the system CuCl,-2H,0/12-crown-4, for which the
conversion of hydroperoxide 1 and the yield of peroxide 3
were very low, only traces of copper complexes were
observed in the cumene phase. On the other hand, a very
intense signal of the CuCl,™ ion (Fig. 1) occurred when
LiCl was added to the system. In that case high conversion
of hydroperoxide 1 and relatively high yield of peroxide 3
were observed. In the positive-ion ESI-MS spectrum there
were signals of a (12-crown-4/Li)" complex. Analogous
results were also obtained for the systems with other crown
ethers. For the systems with 15-crown-5 or 18-crown-6
additional signals of (crown ether/Cu)* complexes were
observed. The stability constants (log K) of Cu(Il) with 15-
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Table 1 Anions observed by negative-ion ESI-MS

Catalytic system™"® Conv. Yield of Anions observed in negative-ion ESI-MS, and relative intensity (%)
of 1 (%) 3 (%)

mlz = 133 mlz = 168 mlz = 196 mlz = 231 mlz = 266
CuCl,™ CuCl;™ Cu,Cl,™ CuCuCl;™ CuCuCly—

A 9d 8¢ - - Trace - -

B 844 46° 100 - - - -

C 824 424 - - 100 - -

D 824 48¢ 100 20 20 40 -

E 72¢ 33¢ 100 20 50 20 -

F 88" 46° 100 - 30 10 -

G 33 41 100 20 40 - -

H 92 50 100 - - - -

I 79 32 100 20 - - -

J 84 40 100 40 - - -

K 86 63 60 - 100 - -

L 0 0 100 40 25 10 6

M 0 0 100 40 20 15 8

N 23 5 100 40 20 12 8

? Catalytic systems used A CuCly2H,O + 12-crown-4, B CuCl,-2H,O + 12-crown-4 + LiCl, C CuCl,-2H,0 + 15-crown-5, D
CuCl,-2H,0 + 15-crown-5 + NaCl, E CuCl,-2H,O + 18-crown-6, F CuCl,-2H,0 + 18-crown-6 + KCI, G CuCl,-2H,0O + dibenzo-18-
crown-6, H CuCl,-2H,0 + dibenzo-18-crown-6 + KCI, I CuCl,-2H,0O + dibenzo-24-crown-8, J CuCl,-2H,0 + dibenzo-24-crown-8 + KCI,
K CuCl,-2H,0 + BuyNCl, L CuCl,-2H,0 + HOCH,CH,0OCH,CH,0OH, M CuCl,-2H,0 + CH;OCH,CH,0OCH,CH,OH, N CuCl,-2H,0
+ poly(ethylene glycol)-350-monomethyl ether

® Jonic diameters, Cu®* 1.38 A; Li™ 1.20 A; Nat 1.90 A; K* 2.66 A

¢ Cavity diameters of crown ethers, 12-crown-4 1.1+-1.4 A; 15-crown-5 1.7+2.2 A; 18-crown-6 2.6 =-3.2 A; dibenzo-18-crown-6 2.6 3.2 A

4 Refs. [10, 11]

Fig. 1 ESI-MS spectrum 100 -
obtained from the CuCl,-2H,0O ki }as
and 12-crown-4-LiCl system in I
cumene solution

crown-5 and 18-crown-6 are 2.26 and 2.01 in 90% DMSO- The highest concentration and variety of different ionic
water solvent [17] or 2.04 and 1.85 in 40% ethanol-water ~ copper complexes were observed for podands, whereas for
solvent [18]. The stability constants of (crown ether/Cu) ™ the CuCl,-2H,0/BuyNCl system (Fig. 2) the concentration
complexes are smaller. of copper complexes was approximately a factor of two
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Fig. 2 ESI-MS spectrum 100 -
obtained from the CuCl,-2H,0

and BuyNCl system in cumene

solution

135

Table 2 Possible combinations of the oxidation states for the copper
complexes observed [15]

Chemical formula Description (oxidation states)

CuCl,~ [Cu(D) + 2 CI]™

CuCl;~ [Cudl) + 3 CI]™
Cu,Cl,™ [Cu(0) + Cu(D) + 2 CI]™
CuCuCl3™ [2 Cul) + 3 CI]™
CuCuCl,~ [Cu(@) + Cu(I) + 4 CI]™

lower. Unexpectedly, with podands the high concentration
of copper complexes in the organic phase was accompa-
nied by conversion of hydroperoxide 1 and a yield of
peroxide 3 close to zero, whereas for the system with
BuyNCl both conversion and yield were extremely high.
When bis(2-hydroxyethyl) ether was added to the cata-
Iytically active CuCl,-2H,0/18-crown-6 system, the
conversion and the yield of peroxide decreased signifi-
cantly from 72 to 14%, and from 33 to 5%, respectively.

Conclusion

Our results confirm that the transfer of copper complexes
with crown ethers or crown ethers and alkali metal salts or
BuyNCl to the cumene phase is responsible for the catalytic
effect in the process of the oxidation of cumene with
1-methyl-1-phenylethyl hydroperoxide.

It seems that with podands no reaction is observed
because the complexation of copper ions by podands is too
strong, or because specific inhibition caused by above
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mentioned compounds occurs. This assumption accounts
for the inhibition effect observed for bis(2-hydroxyethyl)
ether added to the catalytically active CuCl,-2H,0/18-
crown-6 system.

The ESI-MS method provides new opportunities for
examination of the oxidation of cumene with 1-methyl-1-
phenylethyl hydroperoxide in the presence of catalytic
systems consisting of CuCl,-2H,0 and crown ethers or
other phase-transfer catalysts [19].

Experimental
Materials

1-Methyl-1-phenylethyl hydroperoxide was purchased as
technical product from PKN “Orlen”, Plock, Poland. It
was purified using the method described in the literature
[20]. Cumene was purchased from Merck and washed with
concentrated sulfuric acid, neutralized, dried with anhy-
drous magnesium sulfate, and distilled over sodium (152.0-
152.5 °C). Other reagents and catalysts were purchased
from Merck and used as received.

Oxidation of cumene with 1-methyl-1-phenylethyl
hydroperoxide

In a typical procedure a 70% solution of 35 g 1-methyl-1-
phenylethyl hydroperoxide (0.23 mol) in cumene was added
at a rate of 0.27 cm®/min to a mixture of 16.4 g cumene
(0.14 mol), copper(Il) chloride dihydrate (4.1 mmol),
phase-transfer catalyst (8.4 x 1072 mmol) and, in some
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experiments, lithium chloride, sodium chloride, or potas-
sium chloride (4.1 mmol). Crown ethers, tetrabuty-
lammonium salts, and podands were used as phase-transfer
catalysts. The reaction was carried out at 70 °C for ~3 h.
The reaction rate and the composition of the post-reaction
mixture were analysed by use of iodometric [21] and HPLC
[22] methods.

Mass spectrometry

The ESI-MS spectra were recorded on a Waters/Micro-
mass (Manchester, UK) ZQ mass spectrometer equipped
with a Harvard Apparatus syringe pump. A solution of
cumene with alkylammonium salts, podands, or crown
ethers was shaken with CuCl,-2H,O for 10 min. The
sample solutions were prepared in methanol-water (1:1) at
a concentration of approximately 107> mol dm~>. The
samples were infused into the ESI source using a Harvard
pump at a flow rate of 20 mm® min~'. The ESI source
potentials were: capillary 3 kV, lens 0.5 kV, extractor 4 V.
For standard ESI-MS spectra the cone potential was 30 V.
Source temperature was 120 °C and desolvation tempera-
ture was 300 °C. Nitrogen was used as the nebulizing and
desolvation gas at flow rates of 100 and 300 dm?® h_l,
respectively.

References

1. Kochi JK (1962) Tetrahedron 18:483
2. Kharasch MS, Fono A (1958) J Org Chem 23:324

10.

11.

12.
13.

14.
15.
16.
17.
18.
19.
20.

21.
22.

. Matsugo S, Saito I (1992) In: Ando W (ed) Organic Peroxides,

Wiley, New York, p 167

. Zawadiak J, Stec Z, Kulicki Z, Burghardt A, Staniowski B,

Jozwicki R, Stolarczyk G (1992) PL Patent 156,813

. Zawadiak J, Gilner D (1995) Pol J Appl Chem 39:225
. Feldberg L, Sasson Y (1996) Tetrahedron Lett 37:2063
. Zawadiak J, Stec Z, Knips U, Zellerhoff R, Gilner D, Orlifiska B,

Polaczek J (1999) US Patent 5,990,357

. Zawadiak J, Stec Z, Knips U, Zellerhoff R, Gilner D, Orlifiska B,

Polaczek J (2000) EP Patent 0,796,835

. Zawadiak J, Stec Z, Knips U, Zellerhoff R, Gilner D, Orlifiska B,

Polaczek J (2002) PL Patent 182,675

Zawadiak J, Gilner D, Mazurkiewicz R (1999) Tetrahedron Lett
40:4059

Zawadiak J, Gilner D, Mazurkiewicz R, Orlifiska B (2001) Appl
Catal A 205:239

Murahashi SI, Komiya N (1998) Catal Today 41:339

Komiya N, Naota T, Oda Y, Murahashi SI (1997) J Mol Catal A
Chem 117:21

Murahashi SI, Komiya N, Hayashi Y, Kumano T (2001) Pure
Appl Chem 73:311

Zhang J, Frankevich V, Knochenmuss R, Friess SD, Zenobi R
(2003) J Am Soc Mass Spectrom 14:42

Gianelli L, Amendola V, Fabbrizzi L, Pallavicini P, Mellerio GG
(2001) Rapid Commun Mass Spectrom 15:2347

Sil A, Ijeri VS, Srivastava AK (2003) Supramol Chem 15:451
Tjeri VS, Srivastava AK (2001) Eur J Inorg Chem 943
Schneider HJ, Yatsimirsky A (2000) Principles and methods in
supramolecular chemistry. Wiley, Weinheim

Kulicki Z (1967) Zesz Nauk Politech Slask Chemia 183:61
Zawadiak J, Gilner D, Kulicki Z, Baj S (1993) Analyst 118:1081
Baj S, Kulicki Z (1991) J Chromatogr 588:33

@ Springer



	ESI-MS study of copper chloride/phase-transfer catalytic �systems for oxidation of cumene with 1-methyl-1-phenylethyl hydroperoxide
	Outline placeholder
	Abstract

	Introduction
	Results and discussion
	Conclusion
	Experimental
	Materials
	Oxidation of cumene with 1-methyl-1-phenylethyl hydroperoxide
	Mass spectrometry

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


